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Purpose: To investigate the osteogenic potential of human embryonic stem cell-derived exosomes (hESC-Exos) and their effects on
the differentiation of human umbilical cord mesenchymal stem cells (WWCMSCs).

Methods: hESC-Exos were isolated and characterized using transmission electron microscopy (TEM), nanoparticle tracking analysis
(NTA), and Western blotting. hUCMSCs were cultured with hESC-Exos to assess osteogenic differentiation through alizarin red
staining, quantitative PCR (qPCR), and Western blotting. miRNA profiling of hESC-Exos was performed using miRNA microarray
analysis. In vivo bone regeneration was evaluated using an ovariectomized rat model with bone defects treated with exosome-loaded
scaffolds.

Results: hESC-Exos significantly promoted the osteogenic differentiation of hUCMSCs, as evidenced by increased alizarin red
staining and the upregulation of osteogenesis-related genes and proteins (ALP, RUNX2, OCN). miRNA analysis revealed that miR-21-
5p is a key regulator that targets YAP1 and activates the Wnt/B-catenin signaling pathway. In vivo, hRESC-Exos enhanced bone repair
in ovariectomized rats, as demonstrated by increased bone mineral density and improved bone microarchitecture compared to those in
controls.

Conclusion: hESC-Exos exhibit significant osteogenic potential by promoting the differentiation of hUCMSCs and enhancing bone
regeneration in vivo. This study revealed that the miR-21-5p-YAP1/B-catenin axis is a critical pathway, suggesting that the use of
hESC-Exos is a promising therapeutic strategy for bone regeneration and repair.
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Introduction

Fractures pose a substantial global health concern, impacting millions annually and giving rise to both immediate and
long-term consequences for affected individuals." Osteoporosis is a skeletal disorder that significantly exacerbates the
risk of fractures and is particularly prevalent among the aging population, notably among postmenopausal women.”
Statistically, osteoporotic fractures transpire every three seconds globally, with 1 in 3 women and 1 in 5 men over the age
of 50 expected to experience such a fracture in their lifetime.® This disorder arises from an imbalance between bone
formation and resorption, the latter overshadowing the former. A leading contributor to this disequilibrium is post-
menopausal estrogen deficiency,”> which results in deteriorated bone microarchitecture, heightened bone fragility, and
increased fracture risk.’ Importantly, delayed bone healing is a consistent finding among osteoporotic patients, an

observation well documented in both human and animal research.®’
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Additionally, hip fractures among the elderly raise serious health concerns, given their association with significant
morbidity and an up to 30% one-year mortality rate.'® Fractures are more acute than other bone disorders, such as
osteoarthritis, which is a chronic degenerative condition. While osteoarthritis leads to long-term pain and functional
limitations, fractures have an immediate impact and can lead to chronic pain and disability if not managed
appropriately.!! Osteoporotic patients further challenge orthopedic surgical procedures, particularly those involving
traumatic bone defects, severe infections, and tumor resections.'? Economically, fractures incur hefty treatment and
rehabilitation expenses, with indirect costs, such as lost work productivity, adding to the financial strain.'*'* Current
treatments primarily involve autologous and allogeneic bone transplantation and scaffold materials fortified with growth
factors or cells. Nevertheless, these modalities have limitations, emphasizing the need for more effective approaches.'”

Exosomes, which are small extracellular vesicles secreted by cells, have gained significant attention in recent years
due to their role in intercellular communication and potential therapeutic applications.'®'” Exosomes contain a variety of
biomolecules, including proteins, lipids, and nucleic acids (mRNA, miRNA, and other noncoding RNAs). These
components play essential roles in modulating cell behavior and physiological processes.'®2° Recent studies have
shown that exosomes, especially those derived from mesenchymal stem cells (MSCs), have the potential to promote
bone regeneration.”’ MSC-derived exosomes contain specific miRNAs and proteins that can accelerate osteogenic

differentiation, promote angiogenesis, and inhibit inflammatory responses, which are crucial for bone healing.**** In
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preclinical models, MSC-derived exosomes have shown promise in enhancing bone healing following fractures. This is
attributed to their role in stimulating osteoblast proliferation and differentiation while inhibiting osteoclast activity.>>*
They also help modulate the inflammatory environment at the fracture site, thereby promoting faster and better-quality
bone healing.”’

Human embryonic stem cells (hESCs) are pluripotent cells capable of differentiating into almost all cell types in the
human body.?® Exosomes derived from hESCs contain a specific set of proteins, lipids, and nucleic acids that reflect their
origin. The molecular cargo of these exosomes often includes pluripotency markers and other molecules associated with
the unique biology of hESCs.?’~® Due to their origination from pluripotent cells, the regenerative capacities of hESC-
derived exosomes have been explored. Preliminary studies suggest that they might promote tissue repair and regeneration
in various contexts, including lung and liver injuries.’'** However, despite the positive therapeutic effects of bone
marrow mesenchymal stem cells on tissue damage repair and their potential role in reversing aging and age-related
osteogenic dysfunction,®® the role of hESC-Exos in bone regeneration remains relatively unexplored.

This study aimed to determine the potential of hESC-Exos to facilitate bone regeneration and promote osteogenesis in
an osteoporotic animal model while simultaneously exploring their impact on the proliferation and differentiation of
human umbilical cord mesenchymal stem cells (hUCMSCs) in vitro. Our findings underscore the significant osteogenic
potential of hESC-Exos, suggesting that they are promising candidates for therapeutic interventions in osteoporotic bone
defects.

Materials and Methods
Cell Culture

Human umbilical cord samples used for the isolation of hUCMSCs were obtained from healthy newborns, with written
informed consent provided by the parents. The parents were fully informed about the purpose of the research and
explicitly agreed to the use of these samples for scientific studies, including the isolation and culture of hUCMSCs. The
study was approved by the Medical Ethical Committee of the Affiliated Hospital of Guangdong Medical University
(Approval number: PJKT2023-024). All procedures were conducted in accordance with the Declaration of Helsinki.
Immediately postdelivery, the umbilical cord was harvested and preserved on ice, and sample processing was initiated
within 3 hours. Wharton’s jelly was meticulously isolated, dissected into 1-2 mm? fragments, and washed with antibiotic-
containing phosphate-buffered saline (PBS). The tissue fragments were plated in 100 mm culture dishes and maintained
in minimum essential medium (a-MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS). The
medium was refreshed after an initial 6 days and subsequently changed every 3 days. Upon reaching 70-80% confluence,
the cells were detached utilizing TrypLE™ Express (Gibco, Grand Island, NY, USA) and replated in a 10 cm Petri dish at
a density of 2000 cells/cm?. Cells from passages 2—5 were used in the study.

hESCs were obtained from the National Engineering Research Center of Human Stem Cells (Changsha, Hunan,
China), utilizing cell lines from passages 29 to 40. Cultivation was conducted under serum- and feeder-free conditions,
employing mTeSR™ PLUS medium (STEMCELL Technologies, Vancouver, BC, CA), and the cells were housed on
Matrigel (Corning, Brooklyn, NY, USA)-coated plates within a humidified incubator at 37°C and 5% CO,. After reaching
~80% confluence, the cells were passaged as clumps with ReLeSR™ Buffer (STEMCELL Technologies) and replated on
Matrigel-coated plates using mTeSR™ PLUS medium.

Characterization of hUCMSCs

Flow cytometry analysis was performed to characterize the hUCMSCs. The cells were cultured in a-MEM supplemented
with 10% FBS. Approximately 1x10* cells were exposed to a panel of specific antibodies: PE-conjugated anti-human
CD45, PE-conjugated anti-human CD11b, PE-conjugated anti-human CD19, APC-conjugated anti-human CD73, PE-
conjugated anti-human CD34, PE-conjugated anti-human CDHLA-DR, FITC-conjugated anti-human CD90, and PerCP-
conjugated anti-human CD105 (all acquired from BD Biosciences, San Jose, CA, USA). After this incubation, flow
cytometry was utilized for cell analysis.

International Journal of Nanomedicine 2024:19 hetps: 13097
ove!


https://www.dovepress.com
https://www.dovepress.com

Huang et al Dove

Induction and Validation of the Multilineage Differentiation of hUCMSCs

hUCMSCs were subjected to differentiation into chondrogenic, adipogenic, and osteogenic lineages utilizing lineage-
specific induction media. Osteogenic differentiation was promoted with osteogenesis induction medium (OIM) contain-
ing 10 mm p-glycerophosphate, 50 uM ascorbic acid, and 107’ M dexamethasone. Adipogenic differentiation was
initiated using adipogenesis induction medium (AIM) comprising 0.2 mm indomethacin, 0.1 mg/mL insulin, 1 mm
3-isobutyl-1-methylxanthine, and 10~® M dexamethasone (all products from Sigma—Aldrich Corp., St. Louis, MO, USA).
Chondrogenic differentiation was induced using chondrogenic differentiation medium (Gibco, Grand Island, NY, USA).
The cells were cultured in these differentiation media for 14, 21, or 28 days. After the differentiation period, the cells
were fixed in a 4% paraformaldehyde solution and then subjected to staining procedures using Alizarin Red (osteogen-
esis), Oil Red O (adipogenesis), and Alcian Blue (chondrogenesis) to validate successful differentiation.

Isolation and Characterization of hESC-Exos

hESCs were maintained in mTeSR™ PULS medium. Every 48 hours, conditioned media enriched with exosomes were
harvested. The collected supernatants were subjected to sequential centrifugation to exclude dead cells and cellular
debris: initial centrifugation at 300 x g for 10 minutes, followed by centrifugation at 2000 % g for 10 minutes, and finally
centrifugation at 10,000 x g for 30 minutes, all at 4°C. The resulting supernatant was subjected to ultracentrifugation
(Beckman Coulter, Brea, CA, USA) for 1 hour at 100,000 xg and 4°C. The obtained pellet was rinsed with PBS,
followed by another round of ultracentrifugation under identical conditions. The harvested hESC-Exos were quantified
using a BCA protein assay (Beyotime, Shanghai, China). To identify the isolated exosomes, Western blotting was used to
evaluate the expression of typical exosome markers.

Exosome size and concentration were assessed via NTA using the Zetaview PMX 110 system (Particle Metrix, Meerbusch,
Germany) in conjunction with ZetaView 8.04.02 software (Particle Metrix, Meerbusch, Germany). Exosomes were diluted in
1x PBS (dilution factor: 1:1000) and introduced into the sample holder. NTA measurements were captured and evaluated at 11
distinct positions. Prior to analysis, the ZetaView system was calibrated with 110 nm polystyrene beads.

For TEM visualization, exosomes were fixed in 2% paraformaldehyde (PFA) for 5 minutes. The exosome solution was
deposited onto an EM grid, allowing a 1-minute incubation. Next, the exosomes were stained with a 1% uranyl acetate (UA)
solution for 1 min atop the grid. Superfluous UA was carefully absorbed with filter paper, and the grids were air-dried under
ambient conditions. Exosome morphology and integrity were evaluated using TEM (JEOL, Tokyo, Japan).

Labeling and Visualization of hESC-Exos in hUCMSCs

hESC-Exos were labeled using a PKH-67 kit (Sigma—Aldrich Corp., St. Louis, MO, USA) according to the manufac-
turer’s guidelines. In brief, the exosomes were exposed to 500 pL of dilution C solution and 4 pL of PKH-26 dye solution
and incubated for 5 minutes at room temperature in the dark. The staining reaction was halted by adding 500 pL of 1%
bovine serum albumin. After centrifugation at 100,000 x g for 70 minutes, the labeled exosomes were resuspended in
200 pL of cold PBS. hUCMSCs were cultured with these labeled exosomes in a 48-well plate for 48 hours. Subsequently,
the cells were fixed with 4% paraformaldehyde, stained with phalloidin (PHA) for 1 hour, and counterstained with DAPI
for 5 minutes. The samples were visualized using fluorescence microscopy (Olympus, Japan).

Western Blot Analysis

Cells were lysed utilizing RIPA lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) to obtain endogenous
proteins from cell lysates. Subsequently, protein concentrations were determined with a BCA protein assay kit
(Beyotime, Shanghai, China). Equal quantities of proteins (20 pg) were separated on a 10% SDS-PAGE gel and
transferred to a polyvinylidene difluoride (PVDF) membrane.

For chemiluminescence detection, membranes were blocked with 5% fat-free milk at room temperature for 1-2 hours,
followed by an overnight incubation with primary antibodies at 4°C. After three washes with TBST (Tris-buffered saline
with Tween 20) for 5 minutes each, the membrane was exposed to horseradish peroxidase-conjugated secondary
antibodies for 1 hour. After an additional three washes with TBST (10 minutes each), the protein bands were visualized
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utilizing a chemiluminescence detection reagent (Merck Millipore, Billerica, MA, USA) and captured on a CCD camera
(Azure Biosystems C500, Dublin, CA, USA).

For fluorescence detection, the membranes were blocked with Azure Fluorescent Blot Blocking Buffer (Azure
Biosystems, Dublin, CA, USA), subjected to identical incubation and washing steps as described previously, washed
with TBS (Tris-buffered saline), and visualized under an Odyssey Clx camera (Azure Biosystems, Dublin, CA, USA).
All the Western blot data were quantified using ImageJ software (National Institutes of Health, Bethesda, MD).

The primary antibodies used for Western blot analysis were as follows: anti-CDS81 (#ab109201, Abcam), anti-CD63
(#ab134045, Abcam), anti-CD9 (#ab92726, Abcam), anti-o-tubulin (#sc-32293, Santa Cruz), anti-f-actin (#sc-47778,
Santa Cruz), anti-Osteri (#ab22552, Abcam), anti-OPN (#ab8448, Abcam), anti-B-catenin (#8480, CST), anti-DVL2
(#ab277903, Abcam), anti-DVL3 (#ab290351, Abcam), anti-YAP1 (#386123, ZEN-BIOSCIENCE), anti-RUNX2
(#860139, ZEN-BIOSCIENCE), anti-ALP (#R23427, ZEN-BIOSCIENCE), and anti-OCN (#514636, ZEN-
BIOSCIENCE).

Cell Transfection

hUCMSCs were plated in 6-well plates at a density of 1x10° cells/well one day before transfection. The transfection
process was performed using RNAIMAX transfection reagent (Life Technologies, Carlsbad, CA, USA) and 100 pmol/
mL microRNA mimic according to the manufacturer’s guidelines. The medium was replenished 8 hours posttransfection.
Cells were harvested 48 hours posttransfection, and transfection efficiency was assessed using qRT-PCR.

Luciferase Reporter Assay

Transfection was performed using Lipofectamine 2000 reagents (Life Technologies, Carlsbad, CA, USA) following the
manufacturer’s protocols. Briefly, luciferase reporter vectors, including pmir-report-YAP1 wt, were transfected into
HEK-293T cells along with miR-21-5p or miR-NC (nontargeting control mimic). After 24 hours of transfection, the
cells were lysed using passive lysis buffer, and the fluorescence intensity was evaluated with the Dual-Luciferase
Reporter Assay System (Life Technologies, Carlsbad, CA, USA).

siRNA-Mediated Knockdown of YAPI| in hUCMSCs

hUCMSCs were subjected to siRNA-mediated knockdown using YAPI1-specific siRNA (siYAP1) purchased from
GenePharma (Shanghai, China). For transfection, Lipofectamine™ RNAIMAX reagent (Thermo Fisher Scientific,
USA) was used according to the manufacturer’s instructions. After 24 hours posttransfection, the culture medium was
replaced with either standard growth medium or OIM. The cells were then harvested at predetermined time points for
subsequent analyses and experimental procedures.

Antagomir-21-5p Treatment

hUCMSCs were cultured in serum-free medium and treated with 100 nM antagomir-21-5p or antagomir-NC (control) in
a humidified incubator with 5% CO, for 6 hours. After treatment, the supernatant was removed, and the cells were further
cultured in osteogenic induction medium for differentiation.

lcg-001 Treatment

Following the manufacturer’s instructions, we prepared a 10 mm stock solution of Icg-001 using DMSO. This stock
solution was added to the osteogenic induction medium to achieve a final concentration of 25 uM. The medium was
replaced every three days to ensure consistent exposure to the inhibitor.

Quantitative RT-PCR

To quantify gene expression at the mRNA level, total RNA was extracted from cells utilizing TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The extracted RNA was then transcribed into cDNA using a first-strand cDNA synthesis kit
(Vazyme, Nanjing, China). gqRT-PCR was conducted using SYBR Premix EX Taq™ II (Vazyme, Nanjing, China)
according to the manufacturer’s guidelines. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and small U6 RNA
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served as internal reference genes for mRNA and miRNA, respectively. The primers used for qRT-PCR are listed in

2*AACt

Supplementary Table 1. The relative expression of genes was calculated using the method.** The data are shown

as the mean + standard deviation (SD) from three replicate experiments.

miRNA Microarray Analysis

Total RNA was isolated from hESC-Exos for miRNA analysis utilizing the miRNeasy Serum/Plasma Kit (QIAGEN,
Dusseldorf, Germany) according to the manufacturer’s protocol. The concentration of the retrieved total RNA was
determined using a Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA), and its integrity was evaluated via an
Agilent 2100 Bioanalyzer (Applied Biosystems, Carlsbad, CA, USA). A small RNA library, prepared from approxi-
mately 100 ng of total RNA, was constructed using the VAHTS Small RNA Library Prep Kit for Illumina® (Vazyme
Biotech), involving the ligation of specific adapters to the 3’ and 5’ termini of miRNA, siRNA, and piRNA molecules,
followed by reverse transcription, PCR amplification, and purification of the PCR products. The library quality and
concentration were evaluated using an Agilent 2100 Bioanalyzer implemented with a DNA 1000 chip. Quantification for
sequencing was precisely determined using the KAPA Biosystems Library Quantification Kit (Kapa Biosystems, Inc.,
Woburn, MA, USA) based on qRT-PCR. Subsequently, the libraries were diluted, pooled equimolarly, and subjected to
clustering. Single-end sequencing, featuring a 50 bp read length, was performed on all the samples.

Preparation and Characterization of Exosome-Loaded Natural Polymer Scaffolds

The scheme for the preparation of the natural polymer-derived scaffold is shown in Supplementary Figure 1. Chitosan
(Chi, Sigma—Aldrich Corp, St. Louis, MO, USA) was dissolved in 2% acetic acid at a concentration of 1% (wt%) and
then homogeneously mixed with type I collagen solution (Coll, 1.5%, MingRang Biotechnology, Sichuan, China) at

a volume ratio of 5:1 with magnetic stirring. The mixed solutions were then poured into either rectangular molds or 384-
well plates at a volume of 100 pL per well and freeze-dried for 24 hours in a freeze-drying machine (Scientz
Biotechnology, Ningbo, China). After drying, a composite scaffold composed of Chi and Col I was obtained and
designated Chi/Col I. To improve the stability and mechanical strength of the composite scaffold, Chi/Col I scaffolds
were further crosslinked with oxidized chondroitin sulfate (oCS), which was prepared and characterized as described
previously.* Briefly, the Chi/Coll scaffolds were immersed in 10 mg/mL oCS solution (dissolved in distilled water) and
incubated overnight with gentle shaking to ensure full interaction between oCS and Chi or Col I. Thereafter, the scaffolds
were thoroughly rinsed with distilled water and freeze-dried. The resulting scaffolds were denoted as [Chi/Coll]-oCS and
preserved in a dry environment.

To load these scaffolds with a consistent quantity of 200 pg of exosomes, exosome solutions were adjusted to
a concentration of 20 pg/uL. A volume of 10 pL of this exosome solution was then added to each scaffold. To view the
microstructure and distribution of exosomes in the scaffolds, the original and exosome-loaded scaffolds were spun coated
with platinum-palladium using an Ion Sputter E-100 coating system (Hitachi High-Technologies, Japan) and detected
with a field emission scanning electron microscope (FE-SEM, S-4800, Hitachi High-Technologies) under ambient (air)
laboratory conditions.

Animal Experiments

All animal procedures were approved by the Ethical Review Committee of Guangdong Medical University and were
carried out under sterile conditions (Approval number: GDY2202200). All experiments complied with the Chinese Law
on Laboratory Animal Welfare (Guideline for Ethical Review of Animal Welfare, Standard number: GB/T 35892-2018),
the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the Helsinki Declaration of the
World Medical Association. A total of 46 female Sprague—Dawley (SD) rats (9 weeks old) were procured from
Changsheng Biological (Benxi City, Liaoning, China). After one week of acclimatization, the rats were randomly divided
into two groups: a sham group of three rats and an ovariectomized (OVX) group of 43 rats. The rats were anesthetized by
intraperitoneal injection of sodium thiopental. For the OVX group, bilateral ovariectomies were conducted through
double dorsolateral incisions, resulting in surgical exposure and removal of both ovaries. In the sham group, a similar
procedure was followed, but equivalent amounts of fat tissue adjacent to the ovaries were removed. After surgery, the
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OVX rats were allowed to recover for 2 weeks in individual cages. To confirm the establishment of the osteoporosis
model, femur samples were collected from both the OVX and sham groups (three rats for each group) and subjected to
X-ray evaluation to confirm the successful establishment of the osteoporosis animal model.

The bone defect model was established following a previously published method with minor modifications.*® In brief,
OVX rats were anesthetized by an injection of 4% avertin (1 mL/100 g), and bone defects with a diameter of 1.5 mm and
depth of 3 mm were created in the knee joint using an electric drill. The rats were then randomly assigned to four groups
(8 rats/group): (1) the control group; (2) the [Chi/Coll]-oCS group; (3) the [Chi/Coll]-oCS/hESCs-Exo group (200 pg);
and (4) the [Chi/Coll]-oCS/hUCMSCs-Exo group (200 pg). For groups 2 to 4, exosome-loaded scaffolds were implanted
directly into the bone defects. At 6 or 8 weeks postsurgery, all rats were euthanized via excessive isoflurane inhalation,
and the femurs were harvested for further analysis.

Microcomputed Tomography Analysis

The left femurs of the mice were analyzed using microcomputed tomography (LCT) to assess their structural properties. The
harvested femurs were fixed in 4% paraformaldehyde (PFA) for 72 hours and then scanned using a microcomputed tomography
system (Scanco Medical, vivaCT 80, Switzerland) at a voltage of 70 kVand a current of 114 pA. Cross-sectional images were used
for 3D trabecular bone histomorphometric analysis, with a region of interest (ROI) representing 5% of the femoral length situated
100 um below the growth plate. Data from this ROI, including bone mineral density (BMD), trabecular thickness (Tb. Th),
trabecular separation (Tb. Sp), trabecular number (Tb. N), and bone volume fraction (BV/TV), were analyzed.

Statistical Analysis

Data analysis was conducted using GraphPad Prism 8.0 software (GraphPad, La Jolla, CA, USA). The results are presented
as the mean =+ standard deviation (SD). Two groups were compared using the unpaired Student’s ¢ test, while multigroup
comparisons utilized one-way ANOVA, followed by Tukey’s post hoc test. A p value less than 0.05 (*P < 0.05) was
considered to indicate statistical significance.

Results
Characterization of hUCMSCs

Observation of the morphology of the hUCMSCs was conducted under a light microscope after 3 days of primary isolation and
cultivation, revealing a characteristic spindle-like shape (Supplementary Figure 2A). To evaluate the multilineage differentiation

potential of hUCMSCs, osteogenic, adipogenic, and chondrogenic induction media were utilized. Successful differentiation into
osteogenic, adipogenic, and chondrogenic lineages was demonstrated through staining with Alizarin Red, Oil Red O, and Alcian
Blue, respectively (Supplementary Figure 2B-2D). Flow cytometry analysis was employed to further validate the identity of the

isolated hUCMSCs and ensure their adherence to international MSC standards through the assessment of specific surface marker
expression. The analysis revealed that a substantial majority (>96%) of cells expressed the MSC characteristic markers CD105,
CD90, and CD73, while a minority (<2%) expressed CD45, CD34, CD11b, CD19, and HLA-DR, which are markers typically
associated with hematopoietic and immune cells (Supplementary Figure 2E). Consequently, morphological observations,

multilineage differentiation potential, and specific surface marker expression collectively confirmed the successful identification
of hUCMSC:s, substantiating their applicability as stem cells for subsequent experiments.

Isolation and Characterization of hESC-Exos

To isolate hESC-Exos from the conditioned medium of hESCs, we used ultrafast differential centrifugation.
Concentrations of the hESC-Exos, ranging from 2.8 to 4.3 mg/mL, were quantified by the BCA method. Multiple
experiments were conducted to identify and validate the characteristics of hESC-Exos. TEM revealed a spherical
microvesicle structure of hESC-Exos, with diameters spanning approximately 50 nm to 200 nm (Figure 1A). NTA was
performed to analyze the content and size distribution of the precipitate, revealing an average microvesicle diameter of
approximately 164.5 nm + 63.7 nm (Figure 1B). Furthermore, Western blot analysis revealed the expression of the
exosomal surface markers CD81, CD63, and CD9 on hESC-Exos, which were not expressed on hESCs (Figure 1C).
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Figure | Characterization and identification of hESC-Exos. (A) Morphology of hESC-Exos visualized via TEM. The blue arrows indicate exosomes of different sizes. (B)
Particle size distribution of hESC-Exos, as measured by NTA. (C) Surface markers of hESC-Exos, as determined by Western blotting.

Collectively, these findings confirmed that the isolated hESC-Exos expressed characteristic exosome-specific markers
and maintained the desired size and morphology.

Osteogenic Differentiation of hUCMSCs Facilitated by hESC-Exos

We demonstrated the uptake of PKH67-labeled hESC-Exos by hUCMSCs. Over a coincubation period of 48 hours, there
was a discernible increase in the green fluorescence intensity, suggesting the progressive internalization of the labeled
exosomes within the cytoplasm of the hUCMSCs. As a cellular reference, blue fluorescence, indicating nuclear staining
with DAPI, and red fluorescence, indicating cytoskeletal staining, indicate contextual localization of the assimilated
exosomes. These observations confirmed the ability of hUCMSCs to internalize hESC-Exos, hinting at a conceivable
cellular interplay between the exosomes and their recipient cells (Figure 2A).

Treatment with hESC-Exos notably augmented the osteogenic differentiation potential of hUCMSCs. Culturing
hUCMSCs in osteogenic induction differentiation medium enriched with hESC-Exos elicited a conspicuous increase
in alizarin red staining and activity, which was evident after 14 days of osteogenic induction. A concentration of 20 pg/
mL of hESC-Exos had a particularly pronounced osteogenic effect compared to that of the other groups (Figure 2B and
C). Moreover, hUCMSCs treated with 20 pg/mL hESC-Exos for 3 days exhibited upregulated mRNA expression levels
of early osteogenesis-associated genes, namely, ALP and RUNX2. A similar pattern was observed for the late
osteogenesis-related gene OCN after treatment with 20 pg/mL for 7 days. Importantly, the group treated with 20 pg/
mL hESC-Exos exhibited more pronounced upregulation of osteogenesis-associated genes than both the control group
and the group treated with 10 ug/mL hESC-Exos (Figure 2D). Additionally, hESC-Exo treatment increased the protein
expression of OSX, ALP, OPN, RUNX2, and OCN and notably increased the protein levels of these osteogenic markers
in the hESC-Exo-treated group (Figure 2E). Collectively, these findings indicate that hESC-Exos can significantly
promote the osteogenic differentiation of hUCMSCs in a concentration-dependent manner.

miRNA Profiling and Validation in hESC-Exos

An extensive exploration of the miRNA expression profile in hESC-Exos was undertaken utilizing a miRNA microarray,
revealing a varied assortment of miRNAs encased within the exosomes (Figure 3A). Subsequent sequencing data
analysis, oriented toward identifying miRNAs on the premise of their abundance, revealed the top 13 miRNAs
(Figure 3B). To substantiate the sequencing results, total RNA was isolated from hESC-Exos, and qRT-PCR was used
to determine the expression levels of 12 miRNAs, which were previously underscored for their high abundance in the
sequencing data. Remarkably, miR-21-5p and miR-221-3p were more than 1000-fold more abundant in hESC-Exos than
was miR-144-3p (Figure 3C). This intriguing pattern suggests that hESC-Exos might exert their biological effects by
transporting miR-21-5p and miR-221-3p to target cells. Nevertheless, comprehensive experiments are needed to elucidate
the definitive roles and intricate mechanisms associated with these miRNAs in hESC-Exos.
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Figure 2 hESC-Exos promote the osteogenic differentiation of hUCMSCs. (A) Uptake of hESC-Exos by hUCMSCs over 48 hours. The green fluorescence indicates PKH-
67-labeled hESC-Exos. The hUCMSC nuclei were distinctly illuminated by blue fluorescence through DAPI staining, whereas cellular F-actin, which was stained with FITC-
phalloidin, was visualized as red fluorescence. (B) Alizarin red staining of hUCMSCs after 14 days of treatment with exosomes. (C) Quantitative analysis of alizarin red
staining. (D) mRNA expression levels of ALP, RUNX2, OCN, and OPN were assessed by qRT-PCR. (E) The protein levels of OSX, ALP, OPN, RUNX2, and OCN in
hUCMSCs were measured by Western blotting and statistically analyzed using Image) normalization, and the quantified protein levels were normalized to those of a-tubulin.
The data are presented as the means + SDs; n=3. *P<0.05, **P<0.01, ***P<0.001, compared to the control group; ‘ns’ indicates no significant difference.

To further explore the functional role of miR-21-5p in hESC-Exo-mediated bone regeneration in vitro, we used antagomir-
21-5p to specifically silence miR-21-5p expression. Compared with that in the control group, the mineralization capacity of the

hUCMSC:s in the antagomir-21-5p group was significantly diminished (Figure 3D). These findings suggest that miR-21-5p is
a crucial effector molecule in the osteogenic promotion facilitated by hESC-Exos in hUCMSCs.

Role of miR-21-5p in Enhancing Osteogenic Differentiation of hUCMSCs Induced by
hESC-Exos

To elucidate the contribution of miR-21-5p to the osteogenic differentiation mediated by hESC-Exos, hUCMSCs were
transfected with miR-21-5p mimics. After transfection, a notable increase in miR-21-5p expression was observed within
8 hours. Subsequently, we examined the potential influence of miR-21-5p on osteogenic differentiation in hUCMSCs. Alizarin
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red staining revealed that compared with NC treatment, miR-21-5p mimic treatment notably intensified osteogenic differ-
entiation (Figure 4A and B). Complementary gRT-PCR analyses on day 3 revealed increased mRNA expression of ALP,
RUNX2, and OCN in the miR-21-5p mimic cohort. By day 7, the RUNX2 and OCN mRNA concentrations remained
distinctly elevated in the miR-21-5p mimic group relative to those in the mimic NC group (Figure 4C). Western blot assays
further confirmed a marked increase in the protein expression levels of ALP, RUNX2, and OCN in the miR-21-5p mimic
group (Figure 4D). Taken together, these findings underscore the pivotal role of miR-21-5p in bolstering the osteogenic
differentiation of hUCMSCs orchestrated by hESC-Exos.

Influence of miR-221-3p on the Osteogenic Differentiation of hUCMSCs

After transfection of miR-221-3p mimics into hUCMSCs, a notable increase in calcification deposition was detected
compared to that in the NC-transfected control group, as evidenced by alizarin red staining after 14 days of osteogenic
induction (Supplementary Figure 3A and B). qRT-PCR analyses revealed a significant increase in the mRNA levels of
ALP and OCN at both 3 and 7 days postosteogenic induction in the miR-221-3p transfection group, while the RUNX2
mRNA levels remained unaffected (Supplementary Figure 3C). In contrast, Western blot analyses did not reveal any
significant differences in the protein expression of ALP, RUNX2, or OCN between the miR-221-3p-transfected and NC
groups after the 14-day osteogenic induction period (Supplementary Figure 3D). These findings suggest that miR-221-3p

may modulate calcification deposition during the osteogenic differentiation of hUCMSCs at the mRNA level; however,
its influence on protein expression warrants further exploration.

Mechanistic Role of miR-21-5p in Regulating Osteogenic Differentiation via YAPI

Downregulation

Based on the sequencing results above, we hypothesized that hESC-Exos might chiefly regulate the osteogenic
differentiation of hUCMSCs through the conveyance of miR-21-5p. Computational target identification for miRNAs
was performed by employing the web-based algorithms TargetScan and miRanda. Notably, YAP1 not only achieved
a relatively high score among the projected results but also exhibited an association with the osteogenic differentiation-
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initiating transcription factor RUNX2.>” However, the underlying mechanism, particularly whether miR-21-5p mediates
the osteogenic differentiation of hUCMSCs by targeting YAP1, remains to be elucidated (Figure 5A).

To verify the direct targeting of YAP1 by miR-21-5p, we transfected 293T cells with luciferase reporter constructs
containing the putative 3'UTR of YAP1. A marked decrease in luciferase activity after incubation with miR-21-5p
indicated a strong interaction between YAP1 and miR-21-5p (Figure 5B). Following miR-21-5p transfection into
hUCMSCs and induction of osteogenic differentiation for 14 days, Western blotting revealed pronounced YAP1 down-
regulation in the miR-21-5p mimic group. Concurrently, the levels of B-catenin, which is integral to the Wnt pathway,
increased, while the levels of DvI2 and Dvl3, which are markers of alternative Wnt pathway activation, decreased
substantially (Figure 5C).

In further experiments, to ascertain whether the influence of miR-21-5p on the osteogenic differentiation of
hUCMSCs was mediated by YAPI, knockdown experiments were conducted using a YAP1-specific siRNA (siYAP1).
After one day of siYAP1 exposure, the culture medium was replaced with MEM-Alpha. Subsequently, the medium was
transitioned to OIM, and the cells were induced for 14 days. Alizarin red staining revealed that compared with siCtrl,
siRNA substantially enhanced osteogenic differentiation (Figure 5D). Western blot analysis demonstrated a substantial
reduction in YAP1 protein levels in the siYAP1 group, accompanied by a corresponding increase in B-catenin and
RUNX2 levels (Figure 5E). These findings indicate that miR-21-5p might enhance the osteogenic differentiation of
hUCMSCs by activating the Wnt pathway via YAP1 downregulation.

To further confirm whether the osteogenic effects of miR-21-5p are mediated through WNT pathway activation,
hUCMSCs transfected with the miR-21-5p mimic were treated with osteogenic induction medium, either with or without
the WNT pathway inhibitor Icg-001 (25 uM). Western blot analysis revealed that in the Icg-001-treated group, the protein
levels of RUNX2, OCN, and YAP1 were significantly elevated, whereas B-catenin levels were markedly reduced, indicating
successful inhibition of the WNT pathway (Figure 5F). These results strongly indicate that the osteogenic promotion effect of
miR-21-5p on hUCMSCs is mediated primarily through the activation of the WNT signaling pathway.

Integration and Surface Characterization of Exosome-Loaded Scaffolds
To assess the potential of exosomes for in vivo bone defect repair, we integrated two distinct exosome types into
individual scaffolds. Specifically, we soaked [Chi/Col I]-oCS scaffolds in exosome solutions to ensure complete
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Figure 5 Investigation of miR-21-5p targeting of YAPI and its subsequent influence on the osteogenic differentiation of \UCMSCs. (A) The TargetScan and miRanda online
databases were used to predict potential miR-21-5p target genes and construct plasmids harboring the YAPI 3’UTR. (B) Cotransfection of the plasmid and miR-21-5p into
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absorption before performing scanning electron microscopy (SEM) to analyze their surface topography. Notably, all the
scaffolds maintained a well-interconnected 3D pore structure after freeze-drying. However, it is worth noting that a more
uniform and smooth surface structure was found for the pure [Chi/Col I]-oCS scaffold (Figure 6A). In contrast,
a somewhat rougher surface structure with homogenous and dense nanoparticles was observed on both the hUCMSC-
Exo- and hESC-Exo-loaded scaffolds (Figure 6B and C). These nanoparticles exhibited a typical sphere-shaped structure
with a diameter of approximately 150 nm, indicating successful exosome loading.

Vivo Efficacy of hESC-Exos in Bone Defect Repair

To elucidate the therapeutic potential of hESC-Exos for bone repair in vivo, a series of animal experiments were
conducted (Figure 7A). Three months postbilateral ovariectomy, a substantial reduction in cancellous bone was observed
in the OVX group, indicating the successful induction of osteoporosis (Figure 7B). Wang et al demonstrated that
hUCMSC-Exos, when coated with hydrogels, effectively promoted rat bone defect healing;*® thus, hUCMSC-Exos
were selected as a control in this study. At 6 and 8 weeks following bone defect repair, 3D reconstructed images revealed
notable differences in bone defect repair among the different groups (Figure 7C). Both the hESC-Exo- and hUCMSC-
Exo-loaded scaffolds exhibited enhanced bone healing, and no significant differences were found between them.
Furthermore, both the hESC-Exo and hUCMSC-Exo groups displayed elevated BMD, BV/TV, Tb.Th, and Tb.N values
in comparison to those of the OVX and [Chi/Col I]-0oCS groups, while the Tb.Sp values were lower (Figure 7D). These
findings demonstrated the efficacy of hESC-Exos in treating bone defects in vivo.

Discussion

Postmenopausal osteoporosis, which is predominantly characterized by osteoporotic defects, remains a considerable
therapeutic challenge. Existing treatments such as bisphosphonates, calcitonin, and selective estrogen receptor modula-
tors primarily emphasize the prevention and management of osteoporosis.>’ Autogenous bone grafting, although
regarded as the gold standard for bone defect treatment, has inherent limitations, such as donor site morbidity and
limited bone supply.***' These constraints underscore the urgent need for innovative strategies that not only bolster bone

[Chi/Col T -0CS

hUCMSC-Exos

hESC-Exos

Figure 6 SEM characterization of [Chi/Col I]-oCS scaffolds laden with exosomes. (A) SEM image highlighting the surface morphology of the pure [Chi/Col 1]-0CS scaffold.
(B) SEM image of the [Chi/Col 1]-oCS scaffold postloaded with hUCMSC-Exos. (C) SEM image of the surface topography of the [Chi/Col 1]-oCS scaffold postloaded with
hESC-Exos.
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Figure 7 Therapeutic effects of hESC-Exos on bone defect repair in OVX rats. (A) Schematic representation of the animal experimental design. (B) Micro-CT detection of
femoral spongy bone content three months after bilateral ovary removal. The sham group, which underwent identical adipose tissue removal adjacent to the ovaries, served
as a control. (C) Three-dimensional microCT reconstruction of each group’s bone defect site at 6 and 8 weeks postrepair, with arrows indicating the location of the bone
defects. (D) Quantitative analyses of BMD, BV/TV, Tb.N, Tb.Th, and Tb.Sp for each group at 6 and 8 weeks following bone defect repair. The data are presented as the
means * SDs; n=3; *P<0.05, **P<0.01, compared to the OVX group.

regeneration but also inhibit bone loss and minimize side effects. In this context, our research demonstrated the
exceptional osteogenic potential of hESC-Exos both in vitro and in vivo.

Stem cell therapy has been lauded for its immense potential in bone tissue repair and regeneration, with osteoporosis
being a primary target.*** Among stem cell types, htUCMSCs are of particular significance due to their advantages,
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including easy accessibility, noninvasive procurement, robust immunomodulatory properties, and enhanced self-renewal
capabilities.**** Therefore, focusing on the osteogenic differentiation of hUCMSCs seems to be a promising approach
for clinical bone tissue repair. Our findings emphasize the pronounced osteogenic differentiation of hUCMSCs, which is
further potentiated by hESC-Exos, as indicated by the expression of key markers such as ALP, RUNX2, and OCN.

Exosomes have recently been recognized as critical modulators of particular cellular functions, chiefly owing to their
capacity to transfer bioactive proteins and miRNAs.*® The Wnt/B-catenin pathway, which encompasses extracellular signals
and membrane, cytoplasmic, and nuclear segments, is integral in this context. Predominantly, Wnt proteins mediate extra-
cellular signals, while the membrane segment principally consists of Wnt receptors such as FZD (specifically, the sevenfold
transmembrane receptor, Frizzled protein) and LRP5/6. The cytoplasmic segment notably includes B-catenin, DVL, and
AXIN. When Wnts are recognized by FZD and LRP5/6, the “destruction complex”, which loses its ability to degrade [-
catenin, is recruited to the cell membrane through interaction with FZD. Consequently, induced B-catenin translocates to the
nucleus, activating the transcription of target genes.*” Our study revealed a complex mechanism following the internalization
of hESC-Exos by hUCMSCs. On the one hand, miR-21-5p in hESC-Exos, through a sponge effect, targets YAP1 to inhibit its
expression, subsequently promoting the activity of the Wnt/B-catenin pathway, which in turn leads to an increase in the
osteogenic differentiation ability of the cells. On the other hand, reduced expression of YAP1 might directly facilitate the
transcriptional activity of RUNX2, thereby promoting the osteogenic differentiation process. Specifically, miR-21-5p has been
previously shown to influence osteogenic differentiation.*® An increase in the expression of miR-21-5p in hUCMSCs led to an
increase in the expression of osteogenic markers and enhanced calcification.

To comprehensively evaluate the therapeutic potential of hESC-Exos in vivo, a series of animal experiments were
performed. The significant reduction in cancellous bone three months postbilateral ovariectomy in OVX rats reaffirmed
the induction of osteoporosis, consistent with our preliminary hypotheses. We aimed to further explore the effectiveness
of hydrogel-coated hUCMSC-Exos in promoting rat bone defect healing, as highlighted in a previous study.*®
Importantly, 3D reconstructed images of rat femurs after bone defect repair revealed significant differences in the healing
processes among the different experimental groups. Although both the hESC-Exo and hUCMSC-Exo groups exhibited
enhanced bone repair, the differences were not significant, and a closer examination highlighted the unique advantages
associated with hESC-Exos. These advantages are rooted in the fact that hESCs, the source of hESC-Exos, possess
remarkable characteristics, including the ability to indefinitely pass through. Consequently, exosomes derived from
hESCs maintain a high degree of uniformity in terms of quality and properties. On the other hand, exosomes derived
from hUCMSCs might face challenges in maintaining consistent quality and characteristics due to individual variations
in umbilical cord-derived material and potential differences between batches. As a result, exosomes derived from hESCs
offer distinct advantages, making them more promising for clinical applications.

The regulatory influence of miR-21-5p on YAPI, as delineated in our study, resonates with past research pointing to
the multifaceted roles of YAP and TAZ in osteoblast differentiation.*’ In a paradigm shift, YAP and TAZ act as nuclear
relays, translating mechanical signals from extracellular matrix rigidity and cell morphology into biochemical cues.’® An
interaction between YAP and RUNX2, as evidenced in our work and others, appears pivotal in regulating mesenchymal
stem cell osteogenic differentiation, potentially influenced by external pathways such as Wnt signaling.”'

Our findings highlighted the prominent role of miR-21-5p in augmenting the osteogenic differentiation of hUCMSC:s,
revealing a novel miR-21-5p-YAP1/B-catenin axis that is a promising arena for activating the Wnt signaling pathway,
which is crucial for the osteogenic differentiation of hUCMSCs.

Lineage decisions emanating from mesenchymal stem cells into osteogenic and adipogenic spectra are finely
modulated, as detailed by studies elucidating the crucial role of SOX2 in these processes.”’ Further research has shed
light on how pathways such as Wnt signaling are modulated by other effectors, accentuating the nuanced nature of these
interactions.”*>° However, our study has several limitations that should be addressed in future work. First, we utilized
only one type of mesenchymal stem cell (hUCMSC) for the in vitro experiments, which may limit the generalizability of
our findings. Future studies should consider examining the effects of hESC-Exos on other types of mesenchymal stem
cells (eg, bone marrow-derived MSCs) and primary osteoblasts to evaluate whether the observed osteogenic effects are
consistent across different cell types. This broader analysis could provide a more comprehensive understanding of the
therapeutic potential of hESC-Exos in bone tissue engineering. Additionally, while our in vivo experiments demonstrated
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that hESC-Exos directly enhance bone healing at the site of bone defects in mice, the long-term safety and efficacy of
using hESC-Exos in clinical settings remain to be investigated. Future research should include extended in vivo studies
with larger animal models to assess the durability of bone repair and to monitor for potential adverse effects.

In the realm of tissue repair, exosomes have been proven to be potent vectors, as multiple studies have
substantiated.’”->® Prior research emphasizing the efficacy of hydrogels combined with hUCMSC-derived exosomes in
repairing bone defects in rats sets the stage for our exploration.”® We elucidated the synergistic effect of hESC-Exos and
[Chi/Col 1]-0CS, culminating in a composite scaffold that significantly enhances bone formation.

Conclusion

In conclusion, our study underscores the crucial role of hRESC-Exos in promoting the osteogenic differentiation of hUCMSCs. We
demonstrated both the in vitro and in vivo efficacy of hESC-Exos, particularly in enhancing bone healing in an osteoporotic rat
model, and provided mechanistic insights into the function of miR-21-5p. Our findings highlight the importance of the miR-21-
5p-YAP1/B-catenin axis, a key regulatory pathway that activates Wnt signaling and drives the osteogenic differentiation of
hUCMSCs. Overall, our findings suggest that targeting the miR-21-5p-YAP1/B-catenin axis through hESC-Exos represents
a novel strategy for enhancing osteogenic differentiation. This pathway offers a promising direction for the development of
exosome-based therapies for bone defects, warranting further exploration and optimization in future research.
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