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Bone regeneration remains a significant clinical challenge in conditions such as trauma, osteoporosis, and aging-
related bone loss. Recent advances have highlighted the crucial role of extracellular vesicles, especially exo-
somes, in intercellular signaling pathways that support bone homeostasis and repair. Among their bioactive
cargoes, exosomal RN As—particularly messenger RNAs and microRNAs—have emerged as central regulators
of osteogenesis by modulating gene expression, cellular differentiation, and communication within the bone
microenvironment. In this review, we provide a comprehensive summary of exosome biology, including their
biogenesis, secretion, uptake mechanisms, and RNA cargo characteristics. We critically examine current evi-
dence on how exosomal RNAs influence the molecular mechanisms of bone formation, remodeling, and regener-
ation under both physiological and pathological conditions such as fractures, diabetes, osteoporosis, and
osteoarthritis. Furthermore, we discuss the emerging therapeutic potential of engineered exosomes as RNA
delivery systems in bone tissue engineering and regenerative medicine. A better understanding of the functional
roles and clinical relevance of exosomal RNAs may pave the way for next-generation, RNA-based therapies in
skeletal repair and treatment of bone-related diseases.
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Impact Statement

This review highlights the crucial role of exosomal mRNAs and microRNAs in regulating osteogenesis and bone regenera-
tion. By elucidating the molecular mechanisms and signaling pathways involved, it provides new insights into the potential of
exosome-based therapies in bone tissue engineering. This work may accelerate the development of innovative RNA-based
regenerative strategies, ultimately improving treatment outcomes for bone diseases and injuries.

Introduction

Bone is a metabolically active tissue with an intrinsic
capacity for regeneration and remodeling." These proc-
esses are regulated by the coordinated activity of osteo-
blasts, osteoclasts, osteocytes, and their interactions with
the surrounding stromal, endothelial, and immune cells.?*
However, in pathological conditions such as osteoporosis
(OP), large fractures, aging, or chronic inflammation, this

regenerative capacity becomes impaired, necessitating ther-
apeutic intervention. !

Recent research has shifted attention toward the role of
extracellular vesicles (EVs), particularly exosomes, in medi-
ating communication between bone cells and modulating
bone regeneration.* Exosomes are nanosized vesicles
secreted by various cell types, enriched with a complex
cargo of RNAs, proteins, and lipids. Among them, exosomal
RNAs—especially microRNAs (miRNAs) and messenger
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Conclusion: Exosomal mRNAs and microRNAs
regulate osteogenesis and bone remodeling and
exhibit significant therapeutic potential in bone
tissue engineering. They may enhance bone healing
in fractures, osteoporosis, and osteoarthritis,
highlighting their promise for next generation
RNA-based skeletal therapies.
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RNAs (mRNAs)—have garnered significant interest due to
their ability to posttranscriptionally regulate gene expression
and influence osteogenic differentiation, matrix mineraliza-
tion, and angiogenesis.>> These RNA molecules can influ-
ence osteogenic differentiation, matrix synthesis, and
angiogenesis by targeting specific signaling pathways in
mesenchymal stem cells (MSCs), osteoblasts, and other
bone-resident or supporting cells.*

This review provides an updated overview of exosome
biology, encompassing their biogenesis, secretion, uptake
mechanisms, and functional cargo profiles. We discuss the
emerging mechanistic insights into how exosomal RNAs
influence bone formation, remodeling, and regeneration
under physiological and pathological conditions such as
fractures, OP, osteoarthritis, and diabetes. Furthermore,
we highlight the translational potential of exosome-based
RNA therapeutics in bone tissue engineering and regener-
ative medicine. Understanding the dynamic landscape of
exosomal RNAs offers a promising avenue for developing
next-generation strategies for bone repair and skeletal dis-
ease treatment.

Exosome

In 1981, “small EVs” were defined as a subset of microve-
sicles about 40 nm in diameter that were separated from larger
microvesicles between 500 and 1000 nm in studies on normal
and cancerous cell cultures with 5-nucleotidase activity.® Later
research revealed the genesis of these tiny EVs that secrete
complexly in mature sheep reticulocytes. Transferrin receptors
on 50-nm vesicles produced from mature blood reticulocytes
into the extracellular environment are among these findings.”
Johnston and colleagues labeled small EVs as exosomes to dif-
ferentiate them from other forms of EVs.” Exosomes are the
smallest members of EVs with an average size of 100 nm and
a density of 1.13-1.19 g/mL, with a lipid bilayer membrane
and spherical shapes that are secreted by a wide variety of cell
types, including embryonic cells, endothelial cells, epithelial
cells, neuronal cells, immune cells, cancer cells, and stem
cells.>!” Due to their small size and the inherent stability pro-
vided by their lipid bilayer membrane, exosomes are readily
secreted into various bodily fluids, including urine, blood,
saliva, breast milk, lymph, bile, and other physiological fluids,
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following their synthesis.!!'=!3 These vesicles carry a variety of
bioactive molecules essential for cellular communication and
function, including diverse classes of proteins, lipids, genetic
materials, signaling molecules, and other biologically active
compounds.'#~!¢ Subsequent research demonstrated that exo-
somes play a significant role in regulating the functions and
activities of target cells by facilitating the transfer of mRNAs
and miRNAs.'%!7 Additionally, they are critically involved in
immune responses, antigen presentation,'®!? diagnosis, treat-
ment, and progression of various diseases.!%2° So, originally
perceived as cellular waste devoid of biological functions,
exosomes are now widely recognized for their therapeutic
potential and promising applications in regenerative
medicine. 62!

Biogenesis of exosomes

Multiple signaling pathways govern the intricate biolog-
ical process of exosome production, comprising several
steps. These processes enhance the diversity of cargo mol-
ecules, protein composition, and categories in exosomes.??
Additionally, they differentiate from other EV kinds
(microvesicles and apoptotic bodies) by their endosomal
biogenesis.?? In exosome biogenesis, cells use different
endocytosis pathways to internalize materials from the
extracellular environment. The process begins with the
inward invagination of the plasma membrane, resulting in
the formation of early endosomes.?*2 These early endo-
somes undergo a maturation sequence, during which a sec-
ondary inward budding event leads to the creation of
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intraluminal vesicles (ILVs), transforming them into multi-
vesicular bodies (MVBs). These MVBs can follow distinct
pathways: they may either fuse with the plasma membrane
to release exosomes into the extracellular space or interact
with lysosomes or autophagosomes for degradation and
recycling.?6~28 The entire process of ILV formation and
MVB trafficking is tightly orchestrated by protein com-
plexes such as the ESCRT (endosomal sorting complex
required for transport) machinery, as well as by ESCRT-
independent routes®>2%-3% (Fig. 1).

ESCRT-dependent pathway

One of the primary and earliest identified mechanisms con-
tributing to exosome biogenesis involves the ESCRT system.
This pathway includes a hierarchical series of protein
complexes—namely ESCRT-0, ESCRT-I, ESCRT-II, and
ESCRT-III—alongside associated regulatory proteins such as
ATPase VPS4 and VPS20-associated protein 1 (VTA1).31733
These complexes localize to the cytoplasmic side of MVB
membranes and coordinate the formation of ILVs, cargo rec-
ognition, and vesicle scission events.>*>® ESCRT-0, -1, and -1
are equipped with ubiquitin-binding domains, enabling them
to identify ubiquitinated proteins like the epidermal growth
factor receptor and various ligand-receptor assemblies.>” Key
ESCRT-0 components—such as signal-transducing adaptor
molecule 1 and hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs)—mediate the selection of tagged cargos
in conjunction with phosphatidylinositol-3-phosphate (PI3P),
which is enriched in the endosomal membrane.3¥#° Hrs

Schematic representation of exosome biogenesis.
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interacts with PI3P to facilitate cargo organization and subse-
quently engages with Tsg101, a component of ESCRT-I. This
leads to sequential recruitment of ESCRT-II, composed of
subunits such as Vps36, Vps22, and Vps25.*° ESCRT-I and
ESCRT-II jointly promote membrane invagination around
ubiquitinated proteins, resulting in ILV formation within
MVBs.*' The process concludes with ESCRT-III filament
assembly, which enables membrane scission, detaching the
nascent ILVs from the endosomal membrane.>® ESCRT-III is
composed of several core subunits, including charged multive-
sicular body protein (CHMP)6 (Vps20), CHMP4 (Vps32),
CHMP3 (Vps24), and CHMP2 (Vps2), as well as accessory
proteins such as Did2, Vps60, and Ist1.*> The CHMP6 seg-
ment of ESCRT-III next associates with ESCRT-II and
employs CHMP4, which polymerizes in a helix structure
across the neck of the budding ILV sack. Finally, with the
incorporation of CHMP3, the bud is finally broken down to
create ILVs, and ESCRT-III then disintegrates via ATP hydro-
lysis that is facilitated by vacuolar protein sorting 4
(Vps4).31:343738 Hence, in the last stage, ATPase VPS4
removes the ubiquitin tags and promotes the disassembly of
ESCRT subunits from the MVB membrane.*! Crucially, the
removal of many ESCRT protein subunits or VPS4 can have a
substantial effect on the formation of exosomes, resulting in
changes in the number, size, and protein makeup of exosomes
to different degrees.*> Also, several investigations have shown
that exosomes separated from various cells include several
ESCRT-related proteins.3**

ESCRT-independent pathway

The ESCRT machinery is crucial for exosome formation
and intraluminal vesicle generation; however, alternative
ESCRT-independent mechanisms have been identified,
involving specific proteins like tetraspanins and lipids such
as ceramides.*® Tetraspanins comprise a conserved family of
transmembrane proteins, each containing four membrane-
spanning domains, that are crucial in facilitating the biogene-
sis and functionality of exosomes.*> These proteins are typi-
cally enriched in small EVs and interact closely with
integrins and other membrane-associated molecules, promot-
ing the assembly of specialized tetraspanin-enriched micro-
domains (TEMs), which serve as functional platforms for
exosome formation.*>*¢ Studies indicate that tetraspanins
are prevalent in endocytic compartments, with members
such as CD9, CD63, and CD81 commonly used as molecular
markers for exosomes due to their significant vesicular local-
ization.*’~* Beyond serving as markers, these “classical”
tetraspanins actively coordinate exosome formation through
multiple mechanisms. They assemble into TEMs to induce
localized membrane curvature and facilitate vesicle budding.
Importantly, they ensure the selective sorting and incorpora-
tion of TEM-associated proteins into exosomes, despite lack-
ing intrinsic catalytic activity or receptor-like functions. This
process is mediated through their interaction with cytosolic
adaptor proteins, such as syntenin and ALG-2-interacting
protein X (ALIX), which link tetraspanins to ESCRT-
independent pathways, thereby guiding specific cargo such
as integrins, major histocompatibility complex (MHC) mole-
cules, and signaling receptors into exosomal mem-
branes.*3*750-53 Qut of the variety of lipids found in
considerable quantities in exosomes, each of which has
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specific roles in exosome synthesis and release and which
impact the recipient cells, ceramides are significant in exo-
some biogenesis.** These membrane sphingolipids, known
as ceramides promote microdomain-induced endosomal
membrane budding through their cone-shaped structure,
which allows them to participate in ESCRT-independent
membrane deformation.3!-34

Secretion pathway

Exosome secretion occurs through three critical stages:
targeted transportation of MVBs, the attachment of MVBs to
the plasma membrane, and the fusion of the MVB limiting
membrane with the plasma membrane. The efficiency of this
coordinated process depends on proteins located on the MVB
surface, which, after identification, bind to receptors on the
target membrane. This mechanism operates much like a con-
veyor belt, directing MVBs to their intended destinations.?’
Importantly, a number of essential components, such as Rab
GTPases and other related proteins, as well as the soluble
N-ethylmaleimide-sensitive fusion attachment protein recep-
tor (SNARE) complex—more especially, v-SNARE on the
vesicle and t-SNARE on the target membrane—play critical
roles in promoting the binding and integration of MVBs into
the plasma membrane.*>>3 Studies have shown that v-SNAREs
and t-SNARES establish multiple interactions critical to vesicu-
lar transport. Additionally, Rabs such as Rab27a, Rab27b, and
Rab35 actively interact with SNARE components, including
vesicle-associated membrane proteins (VAMPs, v-SNARE:),
syntaxins (t-SNAREs), and synaptosome-associated proteins
(SNAPs, t-SNARES). These intricate interactions are vital for
precise vesicle targeting, binding, and secretion, thereby ensur-
ing the effective operation of the exosome secretion pathway.*’

Migration and chemotaxis

After being secreted into the extracellular space, exo-
somes do not diffuse randomly; rather, they exhibit
directed migration and chemotaxis, which regulate their
biodistribution and tissue tropism. This mechanism is pri-
marily governed by molecular signatures expressed on
their membranes, notably integrins, tetraspanins, and adhe-
sion molecules, which interact with ECM components and
chemokine gradients to enable targeted trafficking.’¢~>°
These surface proteins function as molecular “addresses,”
binding to extracellular matrix ligands and cell surface
receptors, enabling exosomes to follow chemotactic gra-
dients in the extracellular environment.’® Moreover, spa-
tially polarized exosome secretion mediated by Rab
GTPases (e.g., Rab27a, Rab35) directs vesicle release to
certain cellular locales, hence enhancing directed move-
ment.%° Beyond surface interactions, exosomal cargo such
as cytokines, growth factors, and matrix-remodeling
enzymes can modify the extracellular environment, ampli-
fying recruitment signals for subsequent exosomes and
recipient cells.®!

Internalization pathway

For exosomes to carry out their function as messengers
in intercellular communication processes, they must first
enter the extracellular space, where they must contact
receptor cells and cause them to undergo modifications.
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There are now three known mechanisms for cells to com-
municate with one another through exosomes: (1) endocy-
tosis, phagocytosis, or micropinocytosis; (2) interaction
between receptors and ligands; and (3) direct membrane
fusion. The first method entails the internalization of exo-
somes through processes such as endocytosis, phagocyto-
sis, and macropinocytosis. During this process, the target
cell engulfs the exosome’s membrane and contents, encap-
sulating them within a newly formed vesicle.®> According
to experimental evidence, the main way EVs enter cells is
by endocytosis. This process is typically a fast and
temperature-dependent mechanism, which is reduced by
low temperatures.?>-62

Endocytosis can occur through the mediation of clathrin,
lipid rafts, heparin sulfate proteoglycans, and caveolin-
dependent mechanisms. Clathrin-mediated endocytosis is a
conventional pathway for exosome uptake, relying on the
assembly of transmembrane receptors and ligands. This
approach utilizes a clathrin triskelion scaffold to form
clathrin-coated vesicles, which subsequently undergo uncoat-
ing and merge with endosomes.?>? Furthermore, this tightly
controlled process may be impacted by the makeup of the exo-
some and cargo.””> Exosomes derived from phagocytic cells
are primarily internalized by immune cells such as dendritic
cells and macrophages, which depend on the actin cytoskele-
ton for vesicle trafficking. These cells utilize macropinocyto-
sis, a nonspecific uptake mechanism that engulfs extracellular
fluids, nutrients, and antigens into large vesicular structures
called macropinosomes. As they mature, macropinosomes can
either fuse with lysosomes for degradation or interact with the

FIG. 2.
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plasma membrane for recycling purposes. This uptake path-
way is modulated by various molecular cues, including
growth factors, cholesterol levels, the activity of Racl
GTPase, Na*/H" exchange, and, in certain contexts, dynamin
function.?>%2 Beyond uptake mechanisms, exosomes also
engage in receptor-mediated signaling, wherein ligands or
membrane proteins present on exosomes bind to specific
receptors on recipient cells. This interaction initiates intracel-
lular cascades that contribute to intercellular communication
and modulation of cellular behavior. Finally, another often-
seen process is that an acidic pH helps the destination cell’s
plasma membrane merge with the donor cell’s derived exo-
some. This might be because the overall ionic charge on the
surface of the exosome changes when it is released or because
the lipid content changes.?

Exosome Components

Numerous types of cargo bioactive molecules are found in
exosomes.®> The composition and abundance of these mole-
cules vary depending on the origin and physiological state of
the parent cell and can be influenced by external factors such
as stress, hypoxia, specific treatments, and environmental
stimuli.®*%3 recipient cells, thereby initiating targeted signal-
ing cascades. Internally, they encapsulate a broad spectrum of
bioactive molecules—including nucleic acids, proteins, and
lipids—that can impact the recipient cell’s genomic, proteo-
mic, or metabolic pathways upon delivery. This combination
of surface-mediated targeting and internal cargo delivery
underscores the dual functional capacity of exosomes in
mediating complex intercellular communication. As such,
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Schematic representation of exosome structure, showing surface-associated molecules and internal cargo.
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they serve as pivotal agents among EVs, playing a crucial
role in the coordination and regulation of cellular signaling
networks.*® Figure 2 provides a schematic overview of the
exosomal membrane surface molecules and internal cargo
components, highlighting key elements involved in biological
functions and intercellular communication.

Exosomal mRNAs in Osteogenesis and Bone
Regeneration

Messenger RNA is initially transcribed in the nucleus and
then transported to the cytoplasm for translation by ribosomes.
Mature mRNA in eukaryotes consists of five key structural
components: a 5’-methylated guanosine cap (m7Gp3N), 5
and 3’ untranslated regions (UTRs), an open reading frame
(ORF), and a poly(A) tail with 50-250 adenosine residues.
The ORF encodes the protein sequence, while other elements
are vital for regulating mRNA translocation, translation, and
stability.°® A methyl guanosine cap, or m7Gp3N structure, is
a posttranscriptional modification found at the 5’-end of
mature mRNA in eukaryotes. This modification is crucial for
initiating mRNA translation.®”~%° This signal aids ribosome
recognition of mRNA, enhances ribosome binding, and ini-
tiates translation at AUG. The cap structure improves mRNA
stability and protects it from 5" — 3’ exonuclease degrada-
tion.%° Since the first discovery of mRNA in the 1960s and the
synthesis of biologically active mRNA in 1984,7%7! research
has uncovered the presence of functional mRNAs in exo-
somes derived from both mouse and human mast cells. These
mRNAs and microRNA, collectively termed exosome shuttle
RNAs, can maintain their biological activity in recipient
cells.”>73

Exosomal mRNAs, among the largest known transcripts,
can be horizontally transferred and subsequently translated
into functional proteins within recipient cells.”*7

Significantly, mRNAs from mouse mast cells have dem-
onstrated the ability to infiltrate human mast cell lines, high-
lighting the potential of exosomes as efficient vehicles for
intercellular mRNA delivery. Analysis of MC/9-derived exo-
somes revealed that 270 of 1,300 mRNAs were missing in
donor cells, indicating that RNA incorporation into exo-
somes is a highly selective process.”?77 While the mecha-
nisms of selective RNA sorting remain not entirely clear,
data from microarray and next-generation sequencing inves-
tigations suggest that this process is governed by various
molecular pathways. This encompasses the identification of
particular RNA sequence motifs, interactions with RNA-
binding proteins including Heterogeneous Nuclear Ribonu-
cleoprotein A2/B1 (hnRNPA2B1), Y-Box Binding Protein 1
(YBX1), and Synaptotagmin Binding Cytoplasmic RNA
Interacting Protein (SYNCRIP), as well as the involvement
of ESCRT.#37982 These coordinated processes ensure that
exosomal RNA profiles are distinct from their parent cells
and can vary according to cell type and species. Importantly,
the translation of exosomal mRNAs in recipient cells con-
firms that their functional integrity is maintained during
transfer. Collectively, these findings highlight that exosomal
mRNAs are selectively packaged and transferred in a func-
tional form, ensuring their role as active mediators of inter-
cellular communication.®

To date, over 1600 unique mRNAs have been identified in
mammalian exosomes, many of which contribute to the
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reprogramming of target cell protein expression,!0-77:83.84

The implications for bone regeneration are particularly sig-
nificant. Exosomal mRNAs can influence the behavior of
osteoblasts and other bone-forming cells. Studies identified
seven mRNAs (RPS2, DGKA, ACINI1, DKK2, Xsox17,
DDX6, and Lsm2) in exosomes from differentiated bone
marrow mesenchymal stem cells (BMSCs) that were impli-
cated in osteogenic differentiation and mineralization 3386
Moreover, exosomes can deliver specific mRNA molecules
that encode growth factors, transcription factors, or other
regulatory proteins essential for bone formation and healing.
A study by Yang et al. showed that inhibiting the expression
of the target mRNA (Bmp2 mRNA) in the parent cell results
in the accumulation of exosomes containing high levels of
desired mRNA, and then these exosomes may be transferred
to the target cell to make therapeutic proteins for disorder
treatment. The approach of this study was one of the new
strategies for bone regeneration therapy, namely, RNA ther-
apy techniques with exosomes as carriers that involved the
construction of bone morphogenetic protein-2 (BMP2) and
NoBody plasmids, resulting in the production of modified
exosomes enriched in Bmp2 mRNA. This carrier exosome of
mRNA had such a tremendous impact on the process of bone
repair that the binding of engineered exosomes to the hydrogel
scaffold (GeIMA) with modified CPO5 had been shown to sig-
nificantly enhance the sustained release of exosomes and facil-
itate the process of osteogenesis in critical bone defects.®®
Similarly, Ma et al. used parental cells transfected with vascu-
lar endothelial growth factor (VEGF)-A and BMP2 plasmids
to generate therapeutic exosomes (t-SEVs) loaded with osteo-
genic mRNAs. These were delivered via PEGS-A hydrogels
in a critical-sized bone defect model, showing simultaneous
induction of osteogenesis and angiogenesis.?” In another nota-
ble study, Guo et al. explored exosomes from stem cells of
human exfoliated deciduous teeth (SHED), which contained
mitochondrial transcription factor A (TFAM) mRNA. SHED-
derived exosomes successfully transferred TFAM mRNA into
dental pulp stem cells, promoting glutamate metabolism, mito-
chondrial oxidative phosphorylation, and osteogenic differen-
tiation in both cranial and mandibular bone defect models.®
The immunomodulatory functions of exosomal mRNAs are
also relevant. Chen et al. reported that M2-like macrophage-
derived exosomes were enriched in IL-10 mRNA, which,
upon transfer to BMSCs and bone marrow-derived macro-
phages, upregulated IL-10 expression and activated the IL-10/
IL-10R pathway, promoting anti-inflammatory responses and
enhancing bone metabolism.®® Understanding the composition
and regulatory roles of these mRNA molecules can provide
insights into designing more effective therapeutic approaches
for bone injuries and diseases. Recent findings suggest that
manipulating the efficacy of exosomal mRNA could poten-
tially lead to breakthroughs in regenerative medicine by opti-
mizing the regenerative environment and accelerating bone
repair. Among these manipulations is the direct modification
of exosomes through electroporation and sonication to
enhance their functionality.”® Gene editing is another promis-
ing method for improving the functionality of exosomes. A
notable example is the study by Li et al., which implemented
a stem cell-based gene therapy technique. In this approach,
MSCs were genetically engineered to carry the BMP2 gene,
resulting in the production of exosomes (MSC-BMP2-Exo)
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TABLE 1. THE EXOSOMAL MRNA CARGOS INVOLVED IN OSTEOGENESIS AND BONE REGENERATION

mRNA Cell source Target/function Application/model Effect on bone Ref

Bmp2 mRNA Engineered MSCs  Induces osteogenesis via RNA-engineered Enhanced bone repairin %
BMP2 protein exosomes + critical defects

hydrogel
VEGF-A, BMP2  Plasmid-transfected Promotes angiogenesis Therapeutic SEVs +  Simultaneous bone and 87
mRNA parental cells and osteogenesis PEGS-A hydrogel vessel regeneration

TFAM mRNA SHED Enhances mitochondrial ~ Cranial and Promotes osteogenic 88
OXPHOS and mandibular defect differentiation
glutamate metabolism models

IL-10 M2-like Activates IL-10/IL-10R Immunomodulation ~ Enhances bone 89

mRNA Macrophage anti-inflammatory in bone metabolism via anti-
pathway microenvironment inflammatory effects

Bmp2 mRNA MSCs (gene-edited) Delivers osteogenic MSC-BMP2-Exo Accelerates bone ot
BMP?2 signals through ~ (gene therapy) healing, high
engineered exosomes biocompatibility

RPS2, DGKA, BMSC-derived Regulates In vitro osteogenic Implicated in osteogenic  3°%¢

etc. €x0somes mineralization, model differentiation

differentiation

MSC, mesenchymal stem cells.

with improved capabilities for bone regeneration. Finally, the
overall findings of this study indicated that MSC-BMP2-Exo
demonstrated excellent biocompatibility and significantly
accelerated bone healing, highlighting its strong potential for
clinical applications.®! Table 1 summarizes the key exosomal
mRNAs associated with osteogenesis and bone regeneration,
including their cellular origin, molecular function, model of
application, and therapeutic impact.

Exosomal miRNAs in Osteogenesis and Bone
Regeneration

Mechanistic roles of miRNAs in osteogenesis

MicroRNAs are small, highly conserved noncoding RNAs
with a typical length of 18-26 nucleotides. Their biosynthe-
sis begins with the transcription of primary miRNAs (pri-
miRNAs) by RNA polymerase II, which are subsequently
processed by Drosha into ~60-100 nucleotide precursor
miRNAs (pre-miRNAs) in the nucleus. These pre-miRNAs
are exported to the cytoplasm via Exportin-5/Ran-GTP,
where Dicer cleaves them into ~22 nucleotide RNA
duplexes, later matured into single-stranded miRNAs.?>-%4
miRNAs function as posttranscriptional regulators of gene
expression and are involved in various biological processes,
including stem cell self-renewal, differentiation, growth, apo-
ptosis, immune responses, tumor progression, and metabolic
regulation.”®%5-7 Additionally, they function as negative reg-
ulators of gene expression after transcription and negative
mediators of mRNA translation efficiency.”’°® miRNAs
attach to the 3’-UTR of target mRNAs by binding to the seed
sequence, which consists of the first 2—7 nucleotides in the
miRNA 5 region. This binding, in turn, ultimately causes
instability, degradation of the mRNA, and suppression of the
expression of target genes.”®%%% Likewise, given that a sin-
gle miRNA can target multiple mRNAs—and conversely,
several miRNAs may target the same mRNA—their regula-
tory influence is extensive and multifaceted.'°® Both cellular
and exosomal miRNAs are implicated in key biological func-
tions, including cell cycle progression, immune modulation,

apoptosis, cancer progression, and metabolic control.”¢% To
date, over 700 distinct exosomal miRNAs have been identi-
fied across various cell types, and their presence in circulation
allows them to influence gene expression in local and distant
recipient cells.3*

In the context of osteogenesis, exosomal miRNAs play
vital roles by modulating pathways central to bone formation
and remodeling. These miRNAs influence the behavior of
osteoblasts, osteoclasts, and MSCs by facilitating intercellu-
lar signaling.!°! For instance, exosomal miR-26a-5p derived
from M2 macrophages enhances osteogenic differentiation of
bone marrow MSCs (BM-MSCs) by suppressing adipogene-
sis and upregulating osteogenic markers such as alkaline
phosphatase (ALP), runt-related transcription factor 2 (RUNX2),
osteopontin (OPN), and collagen type II (COL2).!9? Similarly,
exosomal miR-101 has been shown to regulate osteogenic differ-
entiation through modulation of the FBXW7/HIF1a/FOXP3
axis. FBXW7, an E3 ubiquitin ligase, promotes degradation of
HIF1a, a transcription factor involved in osteogenesis. Yanhong
Li and colleagues demonstrated that miR-101 inhibits FBXW?7,
thus stabilizing HIF1o. and promoting osteogenesis in MSCs.!%3
Further evidence by Jiang et al. identified miR-25, encapsulated
in BMSC-derived exosomes, as a positive regulator of bone
regeneration. Through inhibition of SMURFI1—a factor that
degrades RUNX2—miR-25 preserves RUNX2 levels, thus
enhancing osteogenesis.'™ In a similar vein, osteogenic differen-
tiation in human mesenchymal stem cells (hMSCs) is promoted
by miRNAs such as miR-146a-5p, miR-503-5p, miR-483-3p,
and miR-129-5p, and inhibited by miR-32-5p, miR-133a-3p,
and miR-204-5p. These miRNAs modulate critical signaling
pathways including the phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (AKT) and mitogen-activated protein kinases
(MAPK) to orchestrate osteogenic outcomes.'?> The inflam-
matory microenvironment is also intricately linked to osteo-
genesis. Exosomal miRNAs secreted by immune cells such as
macrophages have been shown to influence bone regenera-
tion. Liu et al. reported that exosomes derived from M1 mac-
rophages enriched in miR-21a-5p significantly enhanced
osteogenic differentiation in vitro, especially during early
phases of inflammation. These findings support the dual pro-
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osteogenic capacity of exosomes from both M1 and M2 mac-
rophage subsets.!% To further elucidate the impact of exoso-
mal miRNAs from diverse cellular origins, Yang et al.
isolated osteoclast-derived exosomes and identified miR-23a-
5p as a negative regulator of osteogenesis.!?” This miRNA
targets and suppresses RUNX2, thereby inhibiting osteoblast
function and reducing osteogenic potential. Collectively, these
studies highlight the mechanistic complexity of miRNAs in
osteogenesis, emphasizing the dynamic interplay between
exosomal cargo and cellular signaling networks in bone
formation.

Exosomal miRNAs in disease models

Osteoarthritis and bone fracture. Exosomal miRNAs are
increasingly recognized as crucial mediators in osteoarthritis
and bone fracture repair. BMSC-derived exosomal miR-206
promotes osteoblast proliferation and differentiation by
targeting the 3’-UTR of E74-like factor 3, reducing its
expression and consequently decreasing osteoblast apoptosis
in osteoarthritic conditions.'%® The role of exosomes in inter-
cellular signaling is further exemplified in fracture healing.

Bone fractures

Osteoblast Proliferation/Differentiation/osteogenesis
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Research by Si Chen et al. demonstrated that exosomes from
human adipose-derived stem cells overexpressing miR-375
significantly enhanced osteogenic differentiation by targeting
IGFBP3, a negative regulator of osteogenesis. When com-
bined with a hydrogel, these miR-375-enriched exosomes
facilitated sustained release and markedly improved bone
repair in a rat calvarial defect model, highlighting a novel
therapeutic strategy for bone regeneration.'?® Additionally,
miR-25 delivered via BMSC-derived exosomes was shown
to promote bone healing by downregulating SMURF]1, thus
preserving Runx2 and enhancing osteogenesis'%* (Fig. 3).

Diabetes. Diabetes mellitus (DM) is a chronic metabolic
disorder associated with impaired bone healing and
increased fracture risk.'°%1'% Wang et al. reported that exo-
somes derived from diabetic BMSCs (DM-Exos) exhibit
reduced osteogenic potential compared with those from non-
diabetic controls (N-Exos), due to decreased levels of miR-
140-3p. Restoration of miR-140-3p or application of N-Exos
enhanced osteogenesis by suppressing the plexin Bl
(Plxnb1)/Sema4D/RhoA/Rho-associated coiled-coil kinase

Osteoarthritis

B

FIG. 3. Schematic representation of exosomal miRNAs in osteoarthritis and bone fracture models.
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pathway.!% Diabetes has been linked to changes in bone
metabolism, according to earlier research, although the exact
mechanism is yet unknown, and these changes in bone
metabolism may manifest with changes in bone mass. For
instance, Han et al. study revealed that diabetic BMSC-
derived exosomes promote adipogenesis and inhibit osteo-
genesis, primarily through the action of miR-221, thus con-
tributing to bone—fat imbalance in diabetic conditions.'!°
Furthermore, Zhang et al. showed that exosomes from dia-
betic macrophages carry elevated levels of miR-144-5p,
which downregulates Smadl and impairs osteogenic differ-
entiation of BMSCs.'!!

Osteoporosis. OP, characterized by decreased bone den-
sity and increased fragility, is influenced by multiple exoso-
mal miRNAs. Hairong Su found that exosomal miR-382,
derived from Human Bone Marrow Mesenchymal Stem Cell
(hBMSCs), is downregulated in OP patients, whereas its tar-
get gene SLIT?2 is upregulated. Exosomal miR-382 enhances
osteogenesis by binding to the 3’-UTR of SLIT2, promoting
its degradation and facilitating osteoblast differentiation.'!?
Similarly, Murong You demonstrated that exosomal miR-
21-5p from BMSCs enhances proliferation, ALP activity,
and osteogenic differentiation in human fetal osteoblast cells
by targeting Kriippel-like factor 3 (KLF3). Upregulation of
miR-21-5p in exosomes resulted in improved bone mass and
osteogenesis in OP models.!!* Furthermore, Jiang et al. con-
firmed the presence of significant amounts of miR-21 in exo-
somes derived from MSCs extracted from patients with OP
compared with healthy individuals. Overexpressing miR-21
suppressed osteogenesis by binding to the 3’-UTR of
SMAD7. SMAD7 is a crucial transcription factor in the down-
stream pathways of bone morphogenetic proteins, regulating
the osteogenic differentiation of osteoblasts generated by these
proteins.!!* Additionally, miR-935 has been identified as a
positive regulator of osteogenesis. BMSC-derived exosomes
transfer miR-935 to osteoblasts, where it downregulates
STATI, which is an important gene involved in OP, and pro-
motes bone formation, alleviating OP symptoms in vivo.''> In
contrast, miR-424-5p inhibits osteoblast differentiation by tar-
geting WIF1, leading to suppression of Wnt/B-catenin signal-
ing and decreased expression of osteogenic markers such as
RUNX2, OCN, and OPN.'!® Postmenopausal osteoporosis
(PMO) is the most common form of primary OP in elderly
women and is driven by estrogen deficiency. Li’s study
showed that miR-186 is upregulated in PMO mice treated
with BMSC-derived exosomes. This miRNA promotes osteo-
blast proliferation and differentiation via the Hippo signaling
pathway, thus counteracting PMO progression.''” Li et al.
also reported elevated levels of miR-214-3p in osteoclast-
derived exosomes from OVX rats and elderly women with
fractures. This miRNA inhibits osteogenesis by binding to the
3’-UTR of ATF4 mRNA, a key transcription factor in osteo-
blast function'!® (Fig. 4).

Aging. The aging process is associated with bone resorp-
tion and protracted fracture repair, and age-related OP is
linked to markedly diminished bone production due to
reduced quantity and impaired osteogenic capacity of
MSCs. 119120 According to this issue, some research aims to
investigate the protection of function and efficiency of
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exosomes on osteogenic differentiation and fracture healing
in MSCs with age. Tao Xu et al. successfully isolated and
identified MSCs from young and aged rats, and subsequently
obtained exosomes from them. miRNA array analysis dem-
onstrated that miR-128-3p was significantly upregulated in
aged-exos, and it was also confirmed that the expression lev-
els of miR-128-3p in MSCs and their secreted exosome
increased as cell senescence manifested. So far, Smad5,
Smad9, and BMP3 have been identified as downstream tar-
get genes of exosomal miR-128-3p, in this experiment, it
was verified that Smad5 was a direct downstream target of
miR-128-3p that was inhibited by overexpressed miR-128-3 in
Aged-Exo0s.°® In addition to the effect of the aging of stem
cells on reducing the effectiveness of exosomes in osteogene-
sis and fracture repair, the aging of other cells may have simi-
lar results. Chen Yao investigated the impact of senescent
osteocytes on bone homeostasis during the progression of age-
related OP and the underlying mechanism. Exosomes from
tert-butyl hydroperoxide (TBHP)-induced senescent MLO-Y4
cells exhibited reduced levels of miR-494-3p, leading to
upregulation of PTEN in osteoblasts. This resulted in suppres-
sion of the PI3K/AKT pathway and impaired osteogenic dif-
ferentiation, thus linking osteocyte senescence to age-related
op.12!

Exosomal miRNAs and angiogenesis-osteogenesis
crosstalk

Angiogenesis, the formation of new blood vessels, is inte-
gral to the regenerative processes of bone fracture repair,
including inflammation, stem cell differentiation, osteogene-
sis, and chondrogenesis, and plays a crucial role in bone
osteogenesis process and formation.!??!23 To achieve the
desirable level of bone regeneration, particularly in signifi-
cant bone defects, dual-functional regulation of angiogenesis
and osteogenesis is essential. While exosomes have been
shown to promote bone regeneration by enhancing osteogen-
esis and angiogenesis, they have also been reported to further
enhance their proangiogenic ability through functional stim-
ulation of mesenchymal stromal cells.'?*!2 Liu et al. found
that BMSC-derived exosomes under strontium-substituted
calcium silicate stimulation enhanced HUVEC angiogenesis
by elevating proangiogenic miR-146a cargos and inhibiting
Smad4 and NF2, positioning Sr-CS-Exo as a dual-action
agent in vascularized bone repair.!?* In another study. Pan
et al. developed multifunctional hydrogel microparticles
loaded with exosomal miR-29a, which promoted osteogene-
sis and angiogenesis by suppressing HDAC4 and increasing
expression of RUNX2 and VEGF, demonstrating the thera-
peutic potential of hydrogel-based delivery systems.!?® Wu
et al. investigated the stimulating effect of magnetic nano-
particles on bone MSCs and their derived exosomes with the
aim of bone regeneration as well as proangiogenic activities.
upregulated miR-1260a in exosomes derived from BMSCs
preconditioned with a low dose of Fe;0,4 nanoparticles, and
the static magnetic field (SMF) called BMSC-Fe304-SMF-
Exos enhanced osteogenesis and angiogenesis by suppress-
ing HDAC7 and COL4A?2 expression'?’ (Fig. 5).
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Osteoblast Proliferation/Differentiation/osteogenesis

FIG. 4. Schematic representation of exosomal miRNAs in osteoporosis model.

Exosomal miRNAs and immune-osteogenesis crosstalk

Bone regeneration involves intricate communication not
only among resident osteogenic cells but also with immune
cells that share developmental origins and overlapping sig-
naling networks. In the bone microenvironment, immune
cells actively sense cues from osteoblasts and osteoclasts,
releasing cytokines and regulatory factors that can either pro-
mote or suppress osteogenic processes. Emerging evidence
highlights that exosomal microRNAs secreted by macro-
phages, dendritic cells, and T cells serve as critical mediators

of this intercellular crosstalk, influencing stem cell differen-
tiation and bone repair.

Macrophage-derived exosomal miRNAs play a central
role in regulating osteogenesis. Luo et al. demonstrated that
exosomes from M1 macrophages are enriched in miR-21a-5p,
which enhances osteoblast differentiation by directly targeting
GATA?2 and activating downstream osteogenic pathways. '’
Similarly, Liu et al. showed that miR-21a-5p-enriched M1
macrophage exosomes can be internalized by bone marrow-
derived MSCs, promoting early osteoblastic differentiation
while concurrently inhibiting osteoclastogenesis through
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Angiogenesis-Osteogenesis Crosstalk

FIG. 5. Schematic representation of exosomal miRNAs and angiogenesis—osteogenesis crosstalk.

targeting key regulators such as SKP2.'%° These findings high-
light the multifaceted role of miR-21a-5p in macrophage—
BMSC crosstalk and its therapeutic potential for cell-free bone
regeneration strategies, particularly under inflammatory condi-
tions. Exosomes from M2 macrophages also exhibit osteoin-
ductive properties. Li et al. reported that miR-690-enriched
M2 macrophage exosomes promote osteogenic differentiation
and suppress adipogenesis in BMSCs via the miR-690/IRS-1/
TAZ axis, suggesting potential applications in bone loss disor-
ders.'?8 Insights from macrophage-derived exosomal miRNAs
have driven studies examining the effects of immunomodula-
tory peptides on osteogenic signaling. The immunomodulatory
peptide DP7-C has been shown to enhance osteogenesis by
increasing miR-21b levels in macrophage-derived exosomes,
targeting SOCS1, and activating the JAK2/STAT3 pathway,
providing a promising cell-free strategy for bone regeneration
in periodontitis.'>® Another study demonstrated that DP7-C-
mediated delivery of miR-26a into BMSCs, subsequently
loaded into secreted exosomes, promoted proliferation, migra-
tion, and osteogenic differentiation, mitigating bone loss in a
periodontitis model.'3® Biomaterial-induced exosomal miR-
NAs further illustrate the crosstalk between immune modula-
tion and osteogenesis. Macrophages treated with biphasic

calcium phosphate ceramics featuring submicron surface
architecture secreted exosomes with elevated miR-142a-5p,
promoting MSC osteogenic differentiation via PTEN/AKT
signaling.!3! Similarly, titanium nanotube (TNA-40) stimula-
tion induced exosomal miR-3473e production, enhancing
osteogenesis in BMSCs and angiogenesis in endothelial cells
through Aktl activation, underscoring a key osteoimmunomo-
dulatory axis for improved bone implant integration.'32

Dendritic cell-derived exosomes also contribute to bone
regeneration. For example, mature dendritic cell exosomes
carrying miR-335 promote BM-MSC proliferation and
osteogenic differentiation by suppressing Hippo signaling
through LATS1 targeting.'33 In this context, Hou et al.
reported that M2 macrophage-derived exosomes enriched
with miR-365-2-5p enhance osteogenic differentiation in
progenitor cells via direct targeting of OLFMLI and activa-
tion of downstream osteogenic pathways.!3*

Regulatory T cell-derived exosomes represent a promising
therapeutic avenue. Chen et al. demonstrated that Treg exo-
somes transfer miR-142-3p to BMSCs and human umbilical
vein endothelial cells, simultaneously promoting osteogene-
sis and angiogenesis through inhibition of TGFBR1/SMAD2



(panuiguod)

{omygpd (pava.y
. $159U2302]SO SPIUDYUT] [apout SuUOpoOLIdd SLVIS/ZIVLL {ISDOS $1238.40] D-/da) 28vydosovpyy qrz-ynu
SOSIG Ul sisauasodipp sassaiddns
- SUOPIUA[IP 21U2S02]1SO §210U0] [PULION SIXD ZV.1/[-SY1/069- 1t asvydo.ovpy g 069-¥1uu
§182U2801SD]2021S0 SIQIYUI SUORIPUOD ZdJIS snqyun
. SUoyDYULLJIp 1SP]QOIISO SAIOUL0A] Ltoppunuvyfuy / [puiioN 212802150, 7YV S128.4D] 23vydo1dovp [N dg-vz-ynu
. $152U23013UD pUD S152U2 302150 S2A0.4dUL] +YDISS01D) V100 4LOVAH SOSWI-+0OE24 o9z [ -y1ut
vzl $152U2S018UD SPOUDYUT x{PISSOLD CAN ‘FPVUS (SD-18) SOSN G Dop[-yiu
[HSVA
ADHA TXNNY
— $152U23013UD P S1SIUIS0IISO S2JOUIOL] +YDISS01D) POVAH SOSIWE DEZ-y1u
LIV/AEId
- $152U2302150 saa04dud] Sudy — NAILd §21£00218 () U2ISIUIS de-pep-ynu
c6 Supay 2.0mpdv.f snquyuy Jurdy Spouig SOSW P23y de-gz[-y1u
- uoyvULIOf 2U0q SIqQIYUJ 24npovd ® OWd tALY $1SD]2021S () de-$1z-3y1u
e uonounf js]qoaiso s2J0U04J dO vsnpdouauisoq &vmyind oddiy SOSWEG 09 -y
uIuIDI-g /1M
or1 $159U2302150 SNQIYUJ §15040d0215() « [HIM SOSWE dg-pzg-ynu
- uonpuLIof 2uoq saaodduf s150.10d0235() LLVIS SOSIWT CEG-y1u
. $159U2302350 sassaLddng 515040d0215() LAVIS (stuannd 4O) SOSW [Z-ynu
- uoyn.12f1j04d 1s9]q023s0 SPIUDYUT] $15040d0215 () SATI SOSIWE dg-jz-ynu
. §1S2U28021S0 SAIOUOLJ s15010d0215() ZLITS SOSWTY 29€-ynu
- §152U2302150 savduiy sa19qvI(] [poug sasvydo.ovp o119g1(] dg-pp[-3ynu
$152U230215()
ot 10JDINZa.L IAUDIIN §239q01( ‘s1souadodipy SOSIWEG [2T-yu
001 S159U2302]S0O §2101S2Y sa19qvI(] 1g u1xa)d SOSIWE de-op[-ynu
01 (12304p&y /m) Sulpay auoq saouUDPYU] 24NJODAL] 2UOg £d94D] SOSVY /-y
uoyvUL[Jip
Qo1 uonypaafijo.rd jsv]qoaiso sajouod SULIYIIDOAISO) gl SOSIWE 90Z-y1u
Lol $152U2302350 SNQIYU] JPULION ZXNNY Sassaiddng 1SD]2021S () dg-vgz-ynu
001 2]0.4 21U2302]1S0-04J uoypUIUDuf S1SoUI302]ISO S2OUDYUT 23vydo1ovp [ dg-vz-ynu
so1 $159U2302150 S2oMpUJ JPULION NAVIN PIV/IEI S2Ipandy SOSIY d¢-pop -y
CXNNY |
+01 §1S0U28021S0 SAIOUOLJ 24NIODAY] — [ANNNS snqyuy SOSIWI STy
£dX0A
o1 $1S9UIS02]SO SIOUDYUTT [PULION /OIAIH| < ZMXEA snquyu] SOSNg [or-ymu
7100 ‘NdQ ‘TXNNY ‘d1V |
201 UONDIULLIP 1UIS02ISO §IIOUOL] [PULION ‘s1sauadodipp sassaaddng asdvydo.ovpy g dg¢-pgz-ynu
Joy 2U0q U0 122ff7 JX2JU02/2SDASI(] Avmyiod avnoajoul/ja8in | 204108 12D VN1

NOILVIANIOHY ANOY ANV SISHNHOOHLS() NI AHATOAN] SOOIV SYNJIN TVINOSOXH dH]J, "¢ 414dV],

12



‘¢ urojoad Surpulq-10308J YIMoI3 MI[-UInsul ‘g0 SDSIN MoLrew auoq ‘SOSIN-ING ‘190 WIS [ewAydouasawt QSN
'$109Jop 2u0q 31| ul A[[e10adsa ‘uoneIouasal U0q AT J0J [BONLIO ST YOIYM ‘SISOUST09)S0 PUE SISOUASOISUER JO UONB[NFAT PJBUIPIOOD Y] 0} SIQJI  N[BISSOID),, 5

Sunpudis
cel $152U23013UD pUD S1S9U302150 SurjoutoLd ZAVINS/ TG AD.L Jo uomqiyur 1129 I &10ipn3ay de-zH -y
skomyind
§1]20 1011u2804d 21UIF02]SO WD LISUNOP
el u1 uoyPYU2[Jip 21u23021S0 S2OUDYUTT JPuLioN | SrIW10 s198am g a3vydosdvpr Z W d¢-z-coc-yu
UoONDRUL[JIp 212802150 Su123.4vy
cel pup uoynafijosd HSW- WY SI0U04J [puLioN [S.LVT ©IA Sunpusis oddigy 1 1122 ounipua(q CEC-ynu
51120
[p11ay10pUa Ul S159U28013UD SJ0U0Ld (paivpnuunys
- SOSIWG Ul S1S2U2 802150 S2OUDYUT] JPULLON uoyvAIY [y 0F-VN.L) 28vydo.ovpy g/ pE-y1U
rer UOYDUAI[JIP D1UF021S0 DS SIIOU0L] [PULION Sunpudis [V/NALd (pawaaj-gHg) a23vydorovp dg-vzp[-ynu
uouvUL[JIp 21U2302150 (L12a170p payvipaw
051 puv ‘uonpadnu ‘uoyn.aafijoid sajouiosd 12pout SUUOPOLIDJ &vmyind Yo D-/dd) 28vydosovpyy DQz-y1ul
12y 2u0q U0 122 JX21U00/2SDASI(] Avmyivd avndajoul/jasin 224108 1)) VN1

(QENNILNOD)) 7 4714 V],

13



14

signaling, ultimately accelerating fracture healing in vivo.
These findings highlight the potential of Treg-derived exo-
somes and their miRNA cargo as innovative, cell-free thera-
pies for bone regeneration.'>> A summary of key exosomal
miRNAs, their cellular sources, molecular targets, associated
disease models, and therapeutic impacts is presented in
Table 2.

Therapeutic Potential of Exosomal miRNAs

Exosomal miRNAs are increasingly recognized not only
as biomarkers of disease but also as active therapeutic agents
in regenerative medicine. Growing evidence indicates that
the transfer of miRNAs plays a pivotal role in enhancing the
therapeutic potential of MSC-derived exosomes across
diverse disease models. In parallel with these biological
strategies and despite their high potential in therapeutic
delivery, exosomes still face several limitations in clinical
translation, including low yield, inefficient targeting, and
suboptimal therapeutic efficacy.!3® To overcome these chal-
lenges, a number of exosome engineering approaches have
been developed to optimize the therapeutic performance of
exosomal miRNAs. These strategies mainly include cargo-
loading approaches (endogenous and exogenous), surface
modification, EV-material hybridization/delivery plat-
forms.!>137 This section focuses on the therapeutic effects of
engineered exosomes in bone regeneration and provides a
foundation for their prospective clinical applications.

Endogenous cargo loading refers to the genetic modifica-
tion of parental cells using transfection or transduction sys-
tems such as lentiviral vectors, plasmids, or liposome-based
carriers.'3® Through this strategy, genetically engineered cells
secrete exosomes that are endogenously enriched with spe-
cific miRNAs and maintain stable therapeutic profiles.'3¢!37
For instance, Jo et al. genetically modified human adipose-
derived MSCs via lentiviral transduction to stably overex-
press miR-375. The resulting exosomes, enriched in miR-
375, significantly promoted the repair of calvarial bone
defects and facilitated bone regeneration.!®® In related stud-
ies, bone marrow-derived MSCs were transduced with lenti-
viral vectors to stably overexpress miR-140-3p, and the
resulting exosomes promoted bone regeneration in diabetic
rats by targeting the Plxnbl pathway.!? In another study,
BMSCs were temporarily transfected with miRNA mimics to
enhance exosomes carrying therapeutic cargo for miR-150-5p.
The modified exosomes were later incorporated onto magnetic
nanoparticles (GMNPE-EVs) to improve bone targeting. Len-
tiviral vectors carrying miR-150-5p mimics or inhibitors were
delivered in vivo to regulate downstream signaling pathways,
thereby demonstrating the osteoprotective function of miR-
150-5p in diabetic OP.!38

Another widely used endogenous strategy is the transfec-
tion of parental cells with miRNA mimics or inhibitors using
liposome-based carriers such as Lipofectamine, which ena-
bles the enrichment of secreted exosomes with specific func-
tional cargos. For instance, exosomes derived from BMSCs
transfected with a miR-29a mimic exhibited dual therapeutic
activity by simultaneously promoting osteogenesis and
angiogenesis through modulation of the Vascular Parthana-
tos Signaling Protein 1 (VASHI1) pathways.®” In another
investigation, exo-MSCs loaded with antagomirs against
miR-128-3p via Lipofectamine were shown to restore
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Smad5 expression, thereby improving fracture healing in
aged models.”> Likewise, mimics of miR-140-3p and miR-
382 introduced into BMSCs generated exosomes capable
of correcting osteogenic deficiencies under diabetic and
osteoporotic conditions by targeting the Plxnbl and SLIT2
pathways, respectively.!%!12 More recently, Wu et al. trans-
fected hBM-MSCs with an miR-181b mimic, leading to the
secretion of exosomes enriched in miR-181b. These modi-
fied exosomes augmented VEGF and BMP2 expression,
facilitated M2 macrophage polarization, mitigated inflamma-
tion via the PRKCD/AKT signaling pathway, and ultimately
accelerated osteogenesis and osseointegration both in vitro
and in vivo.'3® Based on these findings, a subsequent study
employed multifunctional injectable hydrogel microparticles
as a delivery platform for BMSC-derived exosomes enriched
in miR-29a. In addition to facilitating the sustained release
of therapeutic exosomes, this engineered system also signifi-
cantly improved bone regeneration by coordinating the pro-
motion of osteogenesis and angiogenesis. Mechanistically,
the proregenerative effects were mediated, at least in part,
through the regulation of key osteogenic pathways involving
RUNX2 and HDAC4.!26

Although therapeutic miRNAs and proteins are most com-
monly incorporated into exosomes via endogenous loading
strategies, exogenous loading refers to the direct encapsula-
tion of small-molecule cargos into preisolated exosomes. A
variety of physical approaches, including saponin-assisted
permeabilization, repeated freeze—thaw cycles, electropora-
tion, extrusion, and sonication, have been widely employed
to enhance exosomal membrane permeability and facilitate
the efficient incorporation of therapeutic payloads. These
engineered exosomes have been applied across diverse dis-
ease models, highlighting the versatility of exogenous load-
ing as a complementary strategy to augment the therapeutic
utility of exosome-based delivery systems,!'30:140-142

Beyond cargo engineering, other strategies such as exo-
some surface functionalization to enhance tissue targeting
have advanced exosome-based bone therapies. For instance,
Wang et al. engineered MSC-derived EVs with alendronate
(ALN) to improve binding to hydroxyapatite, facilitate EV
targeting of bone via ALN/hydroxyapatite binding, and
effectively treat OP in ovariectomized rats.'? Similarly,
Zheng et al. modified platelet-derived exosomes (PL-exo) by
conjugating DSPE-PEG-ALN onto their membranes, result-
ing in ALN-functionalized exosomes (PL-exo-ALN) with
enhanced binding affinity to hydroxyapatite and greater
accumulation in bone tissue compared with unmodified exo-
somes. This surface functionalization significantly improved
their bone-targeting specificity and therapeutic efficacy in a
glucocorticoid-induced OP model.'#*

Based on the EV-material hybridization and delivery plat-
form strategy, incorporation of exosomes into hydrogels or
scaffold matrices provides a practical route for sustained
local delivery: hydrogel-encapsulated, miRNA-enriched exo-
somes exhibit prolonged bioavailability, enhanced angiogen-
esis and osteogenesis, and superior defect healing in multiple
preclinical models.'> A study by Le et al. demonstrated the
effect of mSC-Exos encapsulated in GeIMA hydrogel scaf-
folds with enhanced stability, osteogenic differentiation, and
improved angiogenesis in preclinical bone defect models,
along with favorable immune modulation through macrophage
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polarization.'® Together, these findings underscore the value of
engineering strategies in generating miRNA-enriched exosomes
with improved osteogenic potential for skeletal repair.

Conclusion and Future Perspectives

Exosomal RNAs, including miRNAs and mRNAs, play
pivotal roles in regulating bone formation and remodeling
by mediating intercellular communication and modulating
key cellular signaling pathways. These RNA-loaded exo-
somes influence osteogenesis by targeting genes involved in
proliferation, differentiation, and mineralization of osteo-
blasts and other skeletal cells. While exosome-based thera-
peutic approaches have demonstrated significant potential in
promoting bone repair and regeneration, numerous chal-
lenges remain to be overcome. These include the need to
identify bone-specific exosomal RNA signatures, optimize
methods for exosome isolating, loading and delivery, and
clarify the mechanisms of RNA sorting, release, and uptake
within the bone microenvironment. The integration of exoso-
mal RNA-based approaches with current regenerative tech-
nologies—such as stem cell therapy, biomaterials, and tissue
engineering—could revolutionize the treatment landscape
for bone diseases. However, the successful clinical transla-
tion of such therapies will require robust preclinical data,
scalable production methods, and standardized quality con-
trols. Continued research into the biological functions and
engineering of exosomal RNAs is therefore essential. These
nanocarriers hold immense promise as next-generation tools
for enhancing bone regeneration and offer a novel, multifac-
eted platform for therapeutic innovation in bone disorder and
orthopedics.
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