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Integrin a5p1 is a key signaling protein between cells and the extracellular
matrix. It plays crucial roles in biological processes such as cell adhesion,
migration, and differentiation. Recent studies have shown that integrin a5p1
is significantly involved in bone formation and related diseases. Integrin a5p1
participates in the differentiation of mesenchymal stem cells into osteoblasts.
It interacts with the CCN family and the bone morphogenetic protein pathway
to upregulate the expression of osteogenic markers, promoting the formation of
mineralization nodules. Additionally, it can mediate mechanical force stimulation
to upregulate osteogenic gene expression and promote bone formation. In
diseases such as osteoporosis, osteoarthritis, and bone metastasis, integrin a5p1
mediates abnormal cell-matrix adhesion and migration, promoting pathological
bone resorption and inhibiting bone formation, thereby exacerbating bone
loss. Therefore, integrin a5p1 may be a potential therapeutic target for these
bone diseases. Elucidating its mechanism of action will help understand
the homeostatic regulation of bone metabolism and provide ideas for the
development of novel therapeutic strategies for skeletal diseases.
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1 Introduction

The skeletal system is the bodys supporting framework, composed of compact
bone and cancellous bone, and includes multiple cell types—osteocytes, osteoblasts, and
osteoclasts—that together maintain bone growth, repair, and remodeling (Stegen and
Carmeliet, 2024). Skeletal health relies on a precise balance between bone formation
and bone resorption, a dynamic process regulated by a complex molecular network
(Siddiqui and Partridge, 2016). When this balance is disrupted, it can lead to bone-
related diseases such as osteoporosis and osteoarthritis, imposing a health burden on
over 200 million people worldwide (Whittier et al, 2022; Glyn-Jones et al,, 2015;
Carey et al,, 2022). Bone tissue is an organ highly sensitive to mechanical stimuli, and
its metabolic activity is significantly influenced by biomechanical factors (Morgan et al.,
2018). Studies have shown that bone cells, by sensing mechanical load, regulate both
osteogenesis and osteoclastogenesis, but the underlying molecular mechanisms remain
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incompletely understood (Robling and Bonewald, 2020; Delgado-
Calle and Bellido, 2022). In recent years, the integrin family—key
mediators of cell-matrix adhesion—has attracted widespread
attention for its role in the mechanical sensitivity of bone tissue
(Zhao et al., 2022; Yang et al., 2024).

In the integrin family, a5p1 functions as the principal fibronectin
receptor and exhibits distinctive roles in osteogenesis. Clinical
studies have demonstrated that dysregulated a5B1 expression is
closely associated with various bone disorders: its expression is
downregulated in the bone tissue of osteoporosis patients, whereas it
is upregulated in the chondrocytes of individuals with osteoarthritis
(Marie, 2013; Sumsuzzman et al., 2022). Although the importance
of integrin a5p1 in bone biology has become increasingly evident, a
comprehensive understanding of its precise mechanisms of action,
regulatory networks, and clinical application potential remains
lacking. Notably, the rapid advancement of bone biology research
techniques has yielded a plethora of novel findings on integrin a5p1
in recent years, underscoring the need for a systematic synthesis
and analysis of these data (Sun et al, 2018; Shao et al, 2019;
Riquelme et al., 2021; Mao et al., 2023).

This review aims to systematically elucidate the mechanistic
and clinical significance of integrin a5B1 in bone formation and
bone-related diseases by: (1) summarizing its expression profiles
in bone tissue and delineating its structure—function relationships;
(2) analyzing the mechanotransductive signaling pathways it
mediates and their roles in osteogenic regulation; (3) exploring
its pathophysiological contributions to major skeletal disorders;
and (4) evaluating current and prospective interventional strategies
targeting a5P1. By integrating the most recent research advances,
this review intends to establish a novel theoretical foundation and
offer fresh perspectives for bone-biology research and the treatment
of skeletal diseases.

2 Overview of integrin a5p1

2.1 Structural characterization of Integrin
a5p1

Integrin a5B1, one of the 24 members of the integrin
heterodimer family, is currently the only known a5 integrin
(Pacifici et al., 1992). The a5 subunit in the a family of integrins
and the Bl subunit in the P family are combined by non-
covalent bond interaction, which together constitute its complete
biological function (Rocha et al, 2018; Kanchanawong and
Calderwood, 2023).

The integrin a5 gene (ITGA5) is indeed responsible for encoding
the o5 subunit, which is located on chromosome 12q11. This subunit
features specific domains, including the extracellular leg domain
and the B-propeller domain. These domains are crucial for the
function of integrin a5B1, particularly in cell adhesion and signal
transduction (Luo et al., 2007). The a5 subunit can recognize the
arginine-glycine-aspartic acid (RGD) motif in fibronectin (FN) and
fibrinogen (Nagae et al., 2012). RGD sequences are common cell-
adhesion signals in ECM proteins such as fibronectin (FN) (Corti
and Curnis, 2011). Notably, the binding pocket of integrin a5p1 that
recognizes the RGD motif is formed at the interface of the a5 and
B1 subunits, rather than being located on either subunit alone. This

Frontiers in Cell and Developmental Biology

02

10.3389/fcell.2025.1632710

structural arrangement enables a5p1 to specifically recognize and
bind RGD-containing ECM proteins (Xia and Springer, 2014). The
integrin Pl gene (ITGBI) includes a plexin-semaphorin-integrin
(PSI) domain, a heterodimer domain, a BI domain with a metal
ion-dependent adhesion site (MIDAS), and four epidermal growth
factor (EGF)-like domains in its extracellular portion, and is located
on chromosome 10p11.2 (Barczyk et al., 2010) (Figure 1). According
to current research, the interaction between integrin a5p1 and its
extracellular ligands relies on the MIDAS structure and divalent
cations, with calcium ion (Ca*") being an important cation for
integrin a5p1 ligand binding (Carman and Springer, 2003).

2.2 Functional activities of Integrin a5p1

Integrin a5B1, as a key receptor on the cell surface, plays a
crucial role in cell adhesion, migration, and signal transduction
processes (Su et al, 2022). Its active state and ligand binding
ability are regulated by various intracellular and extracellular
factors, including changes in ion concentrations, modifications of
intracellular signaling molecules (such as phosphorylation), and
interactions with other cell surface or ECM proteins (Shattil and
Newman, 2004; Legate and Fissler, 2009; Campbell and Humphries,
2011). These regulatory mechanisms determine the dynamic
adaptability of integrin a5B1 in different cellular environments. In
terms of signal transduction, a5B1 exhibits bidirectional signaling:
it transmits ligand-derived cues from the ECM (e.g., fibronectin)
into the cell via outside-in activation, inducing conformational
changes and engaging downstream pathways such as FAK, Src,
and PI3K; conversely, it undergoes inside-out activation when
intracellular adaptors (e.g., talin or kindlin) bind its cytoplasmic
tails, converting a5p1 to a high-affinity conformation and enabling
reciprocal signal transmission (Kim et al., 2011; Shen et al., 2012)
(Figure 1). Moreover, a5p1 interacts with diverse ligands—including
SEMAT7A, irisin, and EphA2—to regulate cytoskeletal dynamics,
chemotaxis, and ECM remodeling (Liu et al., 2020; Spoerri et al.,
2020; Bochicchio et al., 2021; Caliva et al., 2021; Finney et al,,
2021; Myint et al., 2021; Hu et al, 2023). In bone tissue in
particular, integrin a5B1 constitutes a critical determinant of
osteogenesis (Figure 2).

3 Integrin a5p1 mediates bone
formation

In bone biology, integrin o531, by virtue of its distinctive
structure and signaling pathways, exerts specialized regulatory
functions during bone development, remodeling, and repair
(Campbell and Humphries, 2011; Myint et al., 2021; Su et al,
2022). Studies have shown that within the bone microenvironment,
a5P1 interacts with ECM molecules such as fibronectin to not
only provide mechanical support but also trigger a cascade of
bone-specific signaling events that govern remodeling balance
and mineralization (Shattil and Newman, 2004; Su et al,
2022). skeletal
health, and their disruption can give rise to various bone-

These roles are essential for maintaining

related pathologies, including osteoporosis and osteoarthritis
(Nagae et al., 2012; Rocha et al., 2018).
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FIGURE 1
Integrin a5B1 bidirectional signaling pathway diagram. In the “outside-in" signaling pathway, integrin a5p1 binds to ligands such as ECM, activating
downstream signaling pathways through molecules like FAK and Src, such as MAPK and PI3K. This regulates cell survival, proliferation, adhesion, and
migration, as well as extracellular matrix assembly. In the “inside-out” signaling mechanism, integrin a5p1 activation promotes the regulation of
interactions between cells and the ECM. Intracellular calcium levels, PKC, TGF-p signals, and key proteins such as Talin and Kindlin bind to the f1 tail of
integrin, activating the conformational change of integrin a5p1 (figure generated through BioRender.com).

3.1 Integrin a5p1 mediates MSC
differentiation

3.1.1 The crucial role of Integrin a5p1 in MSC
osteogenic differentiation

During osteogenesis, mesenchymal stem cells (MSCs) serve
as the primary progenitors for bone formation. Integrin a5p1
mediates MSC differentiation into osteoblasts (OBs), as well as their
migration and adhesion to bone surfaces, thereby maintaining bone
homeostasis (Su et al., 2018). Osteogenic differentiation of MSCs
is characterized by upregulation of key osteogenic transcription
factors (e.g., Runx2) and osteoblastic markers—including alkaline
phosphatase (ALP), osteocalcin (OCN), and type I collagen
(Collal)—and culminates in calcium deposition within the ECM
(Karsenty and Wagner, 2002; Lian et al., 2004).

Simvastatin (SVS), a member of the statin family, enhances
expression of bone morphogenetic protein-2 (BMP-2) and thereby
induces MSC osteogenesis (Chen et al., 2010). In BALB/c-derived
bone marrow MSCs (D1 cells), siRNA-mediated knockdown
of the a5 integrin subunit markedly attenuated SVS-induced
osteogenic marker gene expression (BMP-2, Runx2, and OCN
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mRNAs), ALP activity, and calcium deposition, compared with
cells transfected with a non-specific control oligonucleotide under
SVS treatment (Shao et al., 2019). These findings demonstrate that
integrin a5 is essential for SVS-promoted osteogenic differentiation.

CCN family proteins, as secreted extracellular matrix
constituents, play critical roles in bone development and
remodeling. Members of this family—such as CCN3 and WISP-
1—promote MSC osteogenic differentiation primarily by enhancing
BMP signaling pathways (Ono et al, 2011; Tan et al, 2012).
BMPs, as pivotal members of the TGF-B superfamily, serve as
core growth factors regulating bone formation and remodeling
(Wu et al,, 2024). Integrin a5B1 functions as a functional receptor
for multiple CCN family members, mediating their pro-osteogenic
effects (Ahmed et al., 2021). Studies have shown that CCN3 (also
known as NOV) binds integrin a5B1 to activate phosphorylation
of FAK and Akt, thereby upregulating the expression of key
osteogenic transcription factors Runx2 and Osterix (Chen et al.,
2019). Furthermore, CCN3 augments matrix mineralization
by upregulating BMP-4 expression in osteoblasts (Urist, 1965;
Chen and Lau, 2009). Tan et al. demonstrated that pre-treatment
of MC3T3-El osteoblastic cells with an anti-a5p1 monoclonal
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FIGURE 2

Osteogenesis is regulated by integrin a5p1. This process begins with mesenchymal stromal cells (MSCs) differentiating into pre-osteoblasts, which then
mature into fully functional osteoblasts. Throughout this progression, a5p1 is indispensable for promoting osteoblast adhesion, lineage specification,
and responsiveness to the extracellular matrix. Mature osteoblasts secrete bone matrix proteins to drive new bone formation and, upon completing
their anabolic functions, undergo programmed apoptosis. Specifically, a581 binding to RGD-containing ECM ligands facilitates osteoblast adhesion and
migration. Osteogenesis is further modulated by fibroblast growth factors, bone morphogenetic proteins, hormones, ECM composition, and
mechanical cues—all of which converge on a5p1 regulation to fine-tune bone formation (figure generated through BioRender.com).
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antibody significantly inhibited CCN3-induced BMP-4 expression
and nodule formation, confirming the necessity of a5p1 in CCN3’s
osteogenic activity (Tan et al., 2012). WISP-1 (Wnt-induced secreted
protein 1), another CCN family member highly expressed in
bone tissue, contributes to skeletal formation and homeostasis
(French et al., 2004). Ono et al. provided multiple lines of evidence
for a specific, dose-dependent direct interaction between WISP-1
and integrin a5B1. Crucially, this interaction significantly enhanced
BMP-2 binding to bone marrow MSCs (BMSCs). In human BMSCs
overexpressing WISP-1, blocking a5p1 with a specific antibody
markedly reduced BMP-2 binding and ALP expression, whereas an

IgG control antibody had no effect (Ono et al., 2011). These findings

indicate that WISP-1 potentiates BMP-2-BMSC interactions via
integrin a5f1, although additional regulatory factors may modulate
this complex.

Furthermore, from a genetic-engineering perspective, rat
BMSCs overexpressing integrin o581 exhibited increased cell
viability alongside decreased caspase-3 activity, indicating that
upregulation of a5B1 not only enhances the osteogenic capacity
of BMSCs but also improves their survival (Chen et al., 2018).

3.1.2 Regulatory role of Integrin a581 in MSC
multilineage differentiation

MSCs are multipotent progenitors capable of differentiating not
only into osteoblasts but, under appropriate conditions, also into
chondrocytes, adipocytes, and other lineages (Uccellietal., 2008). As
a key mediator of cell-ECM adhesion, integrin a5p1 plays a pivotal
role in directing these diverse differentiation trajectories of MSCs.

Frontiers in Cell and Developmental Biology 04

During adipogenic differentiation, integrin a5p1 expression
progressively declines, its inhibition facilitates MSC
commitment to adipocytes; conversely, a5p1 overexpression
preserves an undifferentiated state and suppresses adipogenesis
(Liu et al., 2005; Uetaki et al., 2022).In chondrogenic differentiation,
a5B1 binds fibronectin fragments to regulate the adhesion and
migration of chondrogenic progenitor cells, thereby influencing
chondrocyte phenotypic stability (Loeser, 2014). In adipose-derived
stem cells (ADSCs), the circular RNA circRNA-VGLL3 functions
as a sponge for miR-326-5p, thereby relieving its repression of
ITGA5 and consequently enhancing osteogenic differentiation and
new bone formation (Zhang et al., 2021). Moreover, ANGPTL2 is
also expressed in chondrocytes—particularly within the resting
and proliferative zones—and accumulates in the extracellular
matrix (Kadomatsu et al, 2014). Mechanistically, ANGPTL2
exerts its effects by specifically binding the integrin a5f1 receptor,
thereby activating the downstream p38 MAPK signaling pathway,
which promotes chondrocyte differentiation and endochondral
ossification. Experiments in Angptl2-knockout mice demonstrated
that loss of ANGPTL2 delays long-bone growth from the
neonatal to adult stages, indicating that the ANGPTL2-a531-p38
MAPK signaling axis plays a critical regulatory role in skeletal
development (Tanoue et al., 2018).

The stromal vascular fraction (SVF) of human adipose tissue
contains multipotent mesenchymal progenitors—adipose-derived
stem cells (ASCs)—that give rise to osteogenic grafts with intrinsic
angiogenic properties. In ASCs, the expression level of integrin a5p1
closely correlates with their osteogenic potential. a5p1-mediated
ECM signaling preserves ASC progenitor characteristics, leading

and
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to a substantial increase in ERK1/2 phosphorylation and enhanced
bone formation capacity (DiMaggio et al, 2017). Moreover,
although MSCs also possess myogenic differentiation potential, the
specific role of integrin a5p1 in this lineage commitment is poorly
characterized in the current literature, representing a promising
avenue for future research.

3.2 Integrin a5p1 mediates osteogenic
differentiation

In vertebrates, intramembranous osteogenesis is essential for
skeletal development and remodeling (Ko and Sumner, 2021).
In the initial stages of intramembranous ossification, MSCs and
pre-osteoblasts migrate from peripheral areas to the site of
future bone formation, differentiate into OBs, and secrete bone
extracellular matrix, which eventually mineralizes to form new bone
(Dirckx et al., 2013; Thiel et al., 2018). Chemotaxis is the directed
migration of cells along a gradient of extracellular molecules,
known as chemotactic attractants (Majumdar et al., 2014). This
process plays a key role in bone development and homeostasis
maintenance (Devreotes and Janetopoulos, 2003).

Connective tissue growth factor (CTGE also known as CCN2)
is considered a genetic factor involved in endochondral ossification
and exhibits chemotactic properties toward osteoblast lineage cells
(Ono et al,, 2008; Takigawa, 2013). Integrins are believed to be
functional receptors for CTGEF, with CTGF activating cell migration
and adhesion through binding to integrin a5B1 (Kiwanuka et al,
2013). In experiments involving tension-induced parietal bone
formation, integrin a5B1 expression was observed in both non-
stressed osteoblasts and cells clustered at the leading edge of
stressed osteoblasts. Notably, CTGF was detected not only in
the extracellular matrix adjacent to ITGA5-positive cells but
also within these cells. Further experiments demonstrated that
ITGA5 regulates the chemotactic effect of CTGF on MC3T3-El
cells, and using neutralizing antibodies against ITGA5 effectively
inhibited CTGF-induced directional cell migration. These findings
highlight the regulatory role of ITGA5 in the osteogenesis
process, particularly in CTGF-mediated cell chemotaxis and bone
formation (Jiang et al., 2021).

Epidermal growth factor-like repeats and discoidin I-like
domains 3 (Edil3) is an extracellular matrix protein that contains
an RGD motif and is a ligand for integrins avP3 and avp5
(Feng et al., 2014). Previous studies found that inhibiting Edil3
gene expression resulted in craniofacial abnormalities in embryonic
mice (Savontaus et al., 2004). The interaction between integrins
and the ECM further promotes the formation of specific early
genes in OBs. Among these interactions, the role of integrin a5p1
with fibronectin (FN) is crucial for pre-OBs to attach to the ECM
and subsequently differentiate into mature OBs (Marie, 2013). Oh
etal. assessed the expression of various integrins in MC3T3-E1
cells under standard growth medium conditions, finding that a5p1
was more prominently expressed compared to avB3 and avps.
Using blocking antibodies against integrin a5p1 revealed that Edil3-
induced mineralization and OB-specific gene expression (ALP and
OCN) were inhibited. To explore the potential mechanism of Edil3-
induced osteogenic differentiation, MC3T3-E1 pre-osteoblasts were
cultured in growth medium containing Edil3, and samples were
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collected at specific time points (at 0.five to one h and 24 h)
for analysis. Preliminary results showed that the phosphorylation
levels of Akt, ERK, and p38 peaked within 0.5-1 h, significantly
higher than in untreated controls. Additionally, the expression of
Runx2 protein significantly increased 24 h after the Edil3 treatment.
Subsequently, to investigate how Edil3 influences Runx2 expression
through the ERK pathway, Edil3 was added to the growth medium
in the experiment. The results showed a time-dependent increase
in Runx2 protein expression (Oh et al., 2017). Therefore, Edil3 not
only regulates osteogenesis through its interaction with av-class
integrins, but may also activate Runx2 via integrin a5B1-mediated
signaling pathways (such as ERK), thereby promoting osteogenic
differentiation and highlighting its synergistic, multi-pathway role
in bone formation.

The above studies indicate that integrin a5p1 plays a crucial
regulatory role in the differentiation of osteoblasts. It not only
participates in cell chemotaxis and migration but also acts as a
molecular bridge mediating the activation of osteogenic signaling
pathways, such as ERK/Runx2, by ECM proteins (such as CTGF
and Edil3). Additionally, it can sense and respond to external
physical environment signals (such as ECM stiffness) to promote
the differentiation of MSCs into osteoblasts. Blocking its function
can inhibit this process. Integrin a5p1 plays an indispensable role
in osteogenic differentiation by integrating molecular, cellular, and
environmental regulation.

3.3 Integrin a5p1 mediates
mechanotransduction for bone formation

Bone formation is dependent on mechanical stimulation. In
the absence of mechanical stimulation, bone structure significantly
weakens, leading to disuse osteoporosis and increased fracture
risk (Wang et al., 2022). In the bone’s lacunocanalicular network,
osteocytes, osteoblasts (OBs), and mesenchymal stem cells (MSCs)
serve as the primary sensors of mechanical and physical stimuli
(Riquelme et al., 2020; Chang et al, 2022). Through a variety
of mechanosensitive molecules—most notably integrin family
proteins—these cells detect and transduce mechanical signals
to regulate bone metabolic homeostasis (Kanchanawong and
Calderwood, 2023).

Different modes of mechanical stimulation exert distinct
effects on bone cells. Pulsatile fluid flow shear stress (periodic
oscillatory flow) markedly alters the cytoskeletal architecture,
nuclear morphology, and volume of murine calvarial osteoblasts,
concomitantly upregulating a5 integrin at both the mRNA
and protein levels (Jin et al, 2020). In contrast, steady fluid
flow shear stress (FFSS) activates Runx2 via enhanced ERK1/2
phosphorylation, thereby increasing the expression of osteogenic
markers. Notably, blockade of Pl integrin-ECM engagement
inhibits FFSS-induced ERK1/2 and FAK activation (Liu et al., 2014),
underscoring the critical role of a5B1 in mechanotransductive
signaling.

In the molecular framework of mechanotransduction in
bone cells, integrin a5B1 serves as a mechanosensor: upon
sensing fluid shear stress, it activates the PI3K/AKT signaling
cascade, which in turn regulates connexin-43 (Cx43) hemichannel
2021). Cx43 hemichannels are

function (Riquelme et al,
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mechanoresponsive conduits that allow the exchange of signaling
molecules <1.2kDa—such as prostaglandin E, (PGE,) and
other osteoanabolic mediators—between osteocytes and the
extracellular environment, thereby promoting bone formation
(Zhao et al,, 2023). The importance of this axis was confirmed
by genetic ablation: specific deletion of integrin a5 in murine
osteoblasts markedly impaired fluid shear stress-induced Cx43
hemichannel activity (Riquelme et al., 2021), establishing integrin
a5P1 as a critical upstream regulator of mechanotransductive
signaling in bone cells.

Beyond fluid shear stress, other physical cues influence
osteogenesis via integrin a5P1. Substrate stiffness is critical:
matrices with Young’s moduli of 62-68 kPa enhance ERK and
Akt phosphorylation, upregulate type I collagen, RUNX2, and
osteocalcin (BGLAP), and promote osteogenic differentiation of
human MSCs (hMSCs) alongside increased a5B1 expression.
Blocking a5 integrin attenuates stiffness-induced osteogenic marker
expression, though intriguingly, Akt levels rise—suggesting Akt
regulation may involve additional signaling inputs independent of
a5B1 (Sun et al., 2018). Moreover, low-intensity pulsed ultrasound
(LIPUS) upregulates alkaline phosphatase (ALP) and [-catenin
in osteoblasts and osteocytes via an a5p1-dependent mechanism,
and a5P1 blockade inhibits LIPUS-induced osteogenic protein
expression (Watabe et al., 2011).

In summary, integrin a5B1 serves as a critical bridge between
cells and the extracellular matrix, playing a central role in skeletal
mechanotransduction. Diverse mechanical stimuli—whether fluid
shear stress, substrate stiffness, or ultrasound—activate downstream
pathways via a5B1, including PI3K/AKT and ERK1/2, thereby
regulating Cx43 hemichannel function, Runx2 activity, and
osteogenic marker expression. Integrity of this mechanosensitive
signaling network is essential for normal bone development and
remodeling. Elucidating the mechanisms by which integrin a5p1
mediates mechanical cues will not only advance our understanding
of bone-metabolic disorders such as osteoporosis but also provide a
theoretical foundation for the design of mechanically driven bone-
tissue engineering strategies and osteoporosis therapies. Future
studies should further investigate the cooperative interactions
between a5p1 and other mechanosensors, as well as their regulatory
dynamics under different pathological conditions.

4 Role of integrin a5p1 in bone
pathologic states

Integrin a5B1, as the principal adhesion receptor linking bone
cells to the ECM, plays a crucial role in bone physiology (Su et al.,
2022). It not only regulates osteoblast differentiation, migration,
and adhesion but also mediates signaling during bone remodeling
to maintain skeletal homeostasis (Watabe et al., 2011; Su et al.,
2018). However, in various bone pathologies, both the function
and expression of a531 may be altered, resulting in abnormal bone
architecture. In conditions such as osteoporosis, osteoarthritis, and
bone metastatic disease, a5B1-driven signaling between bone cells
can become overactivated or suppressed, thereby exacerbating bone
loss (Pantano et al., 2021; Li et al., 2023; Miao et al., 2023). Thus,
elucidating the specific mechanisms by which a5B1 operates in
these pathological states will enhance our understanding of disease
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onset and progression and could provide new avenues for targeted
bone-disease therapies.

4.1 Osteoporosis

Osteoporosis (OP) is a systemic metabolic bone disease
characterized by reduced bone mass and the deterioration of bone
microarchitecture, leading to increased bone fragility (Lane et al.,
2000). Mechanistically, the occurrence of osteoporosis is due to
an imbalance between bone formation mediated by OBs and bone
resorption mediated by osteoclasts (Prestwood and Raisz, 2002).
BMSCs are the primary source of OBs. Maintaining the osteogenic
differentiation and proliferation of BMSCs is essential for preserving
bone homeostasis. Impaired BMSC function is a decisive factor in
the development of osteoporosis (OP) (Qi et al., 2017).

4.1.1 The crucial role of Integrin a5p1 in
osteoporosis

Integrin a5B1, as the principal adhesion receptor between bone
cells and the extracellular matrix (ECM), plays a decisive role in the
onset and progression of osteoporosis. Studies have demonstrated
that a5p1 regulates BMSC adhesion, proliferation, migration, and
differentiation, thereby directly influencing osteogenesis (Su et al.,
2022). In osteoporotic conditions, aberrant expression and function
of a5B1 impair BMSC osteogenic differentiation and accelerate bone
loss. Gene-knockout and functional-inhibition experiments have
confirmed that loss of normal o581 markedly reduces bone mineral
density and increases fracture risk (Jin et al., 2020; Li et al., 2023).
Notably, under reduced mechanical loading or estrogen deficiency,
dysfunction of a5f1 signaling is considered a key molecular event
driving osteoporosis development (Jin et al., 2020).

Moreover, the 1 subunit—an essential component of the a5f1
heterodimer—is equally critical for maintaining bone integrity.
Osteoblast-specific deletion of integrin Pl leads to significant
cortical and trabecular bone loss in weight-bearing skeletal
regions, underscoring the central role of a5B1 in osteoporotic
pathology (Qin et al., 2022).

4.1.2 Molecular mechanisms of Integrin a5p1 in
osteoporosis

Integrin a5B1 contributes to osteoporosis pathogenesis via
multiple signaling cascades, among which the PF4-a5p31-FAK-ERK
axis is particularly critical. Platelet factor 4 (PF4), also known as
C-X-C motif ligand 4 (CXCL4), belongs to the CXC chemokine
subfamily. It is a platelet a-granule protein synthesized by bone
marrow megakaryocytes and is associated with OP (Huynh et al.,
2019; Li et al, 2023). PF4 can regulate receptor cells through
integrins (Lishko et al., 2018). In fibroblasts, PF4 binding to a5f1
promotes ACTA?2 expression and drives fibroblast-to-myofibroblast
differentiation—a process that is attenuated by integrin inhibitors
(cilengitide, echistatin) or a5 knockout (Xiao et al, 2024). In
osteoporotic models induced by bilateral ovariectomy (OVX), PF4
was shown to inhibit the a5-FAK-ERK signaling pathway in bone-
marrow MSCs (BMSCs), leading to significant reductions in alkaline
phosphatase (ALP) activity and impairments in BMSC proliferation
and migration. In vivo, elevated PF4 expression exacerbated bone
loss in OVX mice (Li et al, 2023). These findings delineate
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a molecular mechanism whereby PF4 disrupts integrin a5p1
downstream signaling to suppress BMSC osteogenic differentiation,
thereby accelerating bone mass reduction in osteoporosis.

The mechanisms by which integrin Pl contributes to
osteoporosis are likewise of considerable interest. ITGBI,the
integrin Pl subunit, is the primary subunit that binds to type
I collagen in bone and participates in the regulation of skeletal
development and function, including stem cell differentiation,
articular cartilage structure, and cranial bone ossification
(Hughes et al, 1993; Marie et al, 2014; Qin et al., 2020).
Zimmerman et al. employed an osteocalcin-Cre system to drive
expression of a dominant-negative B1 integrin subunit (31-DN),
thereby partially inhibiting endogenous 1 integrin function via
competitive interference. This intervention resulted in reduced
bone formation rates and decreased bone mass in transgenic
(TG) mice, manifested as enlarged cortical porosity and localized
thinning of the cranial vault. Notably, Zimmerman et al. observed
pronounced sex-dependent differences and a time-dependent
recovery phenomenon: at 90 days post-birth, male mice exhibited
normalization of parietal bone width, whereas female mice
continued to display reduced bone mass (Zimmerman et al,
2000). In contrast, Shekaran etal. used a conditional knockout
strategy to delete Pl integrin entirely, systematically examining
three distinct developmental stages—mesenchymal condensation,
pre-osteoblast, and mature osteoblast—using the same osteocalcin
promoter to target mature osteoblasts. They reported only minor
alterations in femoral architecture in 10-13-week-old female
mice, with bone mineral density, biomechanical properties,
and fracture healing capacity remaining essentially normal
(Shekaran et al., 2014).

More direct evidence comes from the study by Qin et al., who
employed a 10-kb Dmp1-Cre system to delete ITGBI specifically
in osteocytes. They observed profound cortical and trabecular bone
loss in weight-bearing long bones (femur, tibia, and vertebrae),
whereas non-weight-bearing cranial bones remained unaffected.
Biomechanical testing confirmed that femora from ITGBI-deficient
mice exhibited significantly reduced bending strength and structural
integrity (Qin etal., 2022). Similarly, deletion of other focal adhesion
proteins, such as Pinchl/2 and Kindlin-2, produced analogous
phenotypes (Wang Y. et al, 2019; Cao et al, 2020),indicating
that integrin B1 and its associated adhesion complex proteins
form a synergistic signaling ensemble that governs osteocyte
mechanosensation and bone remodeling.

4.1.3 Osteoporosis therapeutic strategies
targeting Integrin a5p1

Given the central role of integrin a5P1 in osteoporosis
approaches
have been developed. At the genetic level, lentiviral-mediated

pathogenesis, various a5p1-directed therapeutic
overexpression of the a5 subunit in human mesenchymal stem
cells markedly enhances their osteogenic potential and successfully
repairs calvarial defects in murine models (Srouji et al.,, 2012).
Peptidomimetic studies have shown that local administration of the
cyclic peptide GA-CRRETAWAC-GA selectively activates integrin
a5, upregulates Runx2 and type I collagen expression, and promotes
osteoblast differentiation (Fromigué et al., 2012).

Natural compounds have also yielded promising results: Poon
etal. demonstrated that icariin binds directly to and activates
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a5P1, increasing adhesion and integrin expression in bone-marrow
stromal cells and effectively preserving osteogenic function under
unloading conditions (Poon et al., 2024). Natural compounds have
also yielded promising results: Poon et al. demonstrated that icariin
binds directly to and activates a5p1, increasing adhesion and
integrin expression in bone-marrow stromal cells and effectively
preserving osteogenic function under unloading conditions.

In the biomaterials arena, incorporation of a5p1-specific
fibronectin fragments into hyaluronic acid (HA) hydrogels
significantly enhances MSC adhesion and osteogenic efficiency
(Menzel 1998; Kisiel 2013).
bisphosphonates conjugated to HA hydrogels have been engineered

and Farr, et al, Clinically,
as a5P1-targeted drug-delivery systems, achieving sustained
release while simultaneously activating a5f1 signaling to promote
osteogenic differentiation (Hulsart-Billstrom et al., 2013; Reid
and Billington, 2022). This synergistic approach exemplifies
the integration of integrin-targeted therapy with conventional

pharmacology.

4.2 Osteoarthritis

Osteoarthritis (OA) is a prevalent degenerative joint disorder
characterized by articular-cartilage degradation, subchondral bone
remodeling, and synovial inflammation, leading to chronic pain,
joint dysfunction, and activity limitation. As a leading cause of
disability worldwide, OA severely compromises patient quality
of life (Glyn-Jones et al, 2015; Martel-Pelletier et al., 2016).
Chondrocytes, the sole cellular component of articular cartilage,
synthesize and secrete intact fibronectin (FN), proteoglycans,
and collagens under physiological conditions to maintain matrix
homeostasis (Zheng et al., 2021). Integrin a5f1, the principal
EN receptor, mediates critical interactions with FN that govern
both joint health and OA pathogenesis (Loeser, 2014) (Figure 3).
At the molecular level, a5B1 engagement with intact FN versus
FN fragments activates distinct signaling pathways, resulting in
divergent biological outcomes.

4.2.1 Protective interaction between a5p1 and
intact fibronectin

Under physiological conditions, chondrocytes secrete intact
fibronectin (FN), whose RGD motif binds integrin a5f1 on
the cell surface, triggering protective signaling pathways that
enhance cartilage-matrix synthesis and suppress excessive matrix
degradation, thereby preserving articular-cartilage integrity and
function (Qin et al., 2022). Loeser et al. provided direct evidence
using an FN-RGD->RGE mutant mouse model (Fnl"RGE/-):
under non-loading conditions, both wild-type and Fnl"RGE/-
cartilage appeared normal; however, upon high mechanical loading
(partial meniscectomy plus forced exercise), Fnl"RGE/- mice
exhibited significantly accelerated osteoarthritis progression, with
MMP-3 and MMP-13 levels rising by 7.8-fold and 6.4-fold,
respectively (Almonte-Becerril et al., 2018). These data demonstrate
that disruption of FN-a5p1 binding heightens cartilage vulnerability
to mechanical stress and accelerates OA development, confirming
the essential protective role of intact FN-a5B1 interactions in
maintaining cartilage omeostasis.
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FIGURE 3
Integrin a5p1 mediates common pathological mechanisms in both osteoarthritis and bone metastasis. In osteoarthritis, cartilage matrix damage
generates inflammatory cytokines, matrix metalloproteinases, and fibronectin fragments, which degrade collagen. Fibronectin fragments bind a5p1 and
TLRs, activating NF-kB and MAPK signaling to provoke further release of inflammatory mediators and MMPs, driving extensive matrix breakdown.
Concurrently, a5p1 engagement on immune cells induces IL-1p, TNF-a, and MMP expression, exacerbating synovial inflammation and cartilage
degradation. This same a51-driven axis operates in bone metastasis, accelerating tumor-induced bone destruction (figure generated through
BioRender.com).

4.2.2 Pathogenic interaction between o531 and
fibronectin fragments

During osteoarthritis progression, extensive cartilage-matrix
degradation generates fibronectin (FN) fragments that engage a5p1
via mechanisms distinct from intact FN. Miao etal. elucidated
this molecular specificity: unlike intact FN, FN fragments
binding to a5p1 form endocytic complexes that are trafficked to
early endosomes rather than recycling endosomes. These early
endosomes co-localize with NADPH oxidase 2 (NOX2) to form
specialized “redoxosomes” (Miao et al, 2023). Redoxosomes
produce reactive oxygen species (ROS), which activate the redox-
sensitive Src kinase, thereby upregulating MMP-13 expression and
driving cartilage-matrix degradation (Wood et al., 2016; Miao et al.,
2023). Elevated levels of Src and the NOX2 subunit p67"phox
in OA patient cartilage further validate the clinical relevance of
this pathway (Miao et al., 2023). This work provides the first
cellular-biological explanation for how intact FN and its frag.

While Miao etal. demonstrated the crucial role of reactive
(ROS) in FN-fragment-induced MMP-13
production, the precise redox control of downstream signaling

oxygen species

remained unclear. Wood et al. probed this question and uncovered

key oxidative-posttranslational-modification mechanisms. They
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first showed that baseline levels of protein-cysteine S-sulfenylation
are markedly elevated in osteoarthritic chondrocytes compared
to normal cells, indicating widespread oxidative modifications
in OA (Wood et al,, 2016). Importantly, treatment of normal
chondrocytes with FN fragments induced S-sulfenylation of
multiple proteins, notably the tyrosine kinase Src. Using mass
spectrometry and immunoblotting, the authors confirmed that
FN-fragment exposure not only increased Src S-sulfenylation
but also directly enhanced Src kinase activity. Pre-treatment
with dimedone—a reagent that specifically traps S-sulfenylated
cysteines—or with Src kinase inhibitors effectively blocked FN-
fragment-induced MMP-13 production, establishing a causal link
in this pathway (Wood et al.,, 2016). Together, the studies by Miao
etal. and Wood et al. delineate a complete signaling cascade: FN-
fragment binding to a5B1 > endocytosis into redoxosomes -
ROS generation > Src S-sulfenylation > Src activation > MMP-13
upregulation (Popov et al., 2011; Miao et al., 2023).

4.2.3 Multifaceted roles of a5p1 in the joint
microenvironment

The pathogenic functions of integrin a5p1 extend beyond
chondrocytes to encompass the entire joint microenvironment.
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a5p1 is also expressed on synovial fibroblasts and immune cells
(Lowin and Straub, 2011; Monti et al., 2017). In osteoarthritic
synovia, a5Pl-fibronectin interactions induce synovial cells
to secrete chemokines that recruit and infiltrate macrophages
into the synovium and cartilage (Pang et al, 2023). Under
a5p1 signaling, these infiltrating macrophages polarize toward
a pro-inflammatory M1 phenotype, releasing high levels of
IL-18, TNF-a, and other mediators that further
synovial and chondrocyte populations, exacerbating synovitis

activate

and cartilage degeneration (Attur et al, 2000; Pang et al,
2023). Conditional deletion of integrin a5 in murine joints
significantly reduces cartilage damage (Candela et al, 2016),
underscoring the central role of a5p1 signaling in OA pathogenesis.
Collectively, these studies identify the a5B1 integrin pathway as
a critical nexus linking mechanical stress, inflammation, and
cartilage degradation across multiple cell types and tissues in
osteoarthritis.

4.2.4 Therapeutic potential of targeting a5p1

Given the multifaceted roles of integrin o581 in OA
pathogenesis, it has emerged as a promising therapeutic target.
Early in vitro studies demonstrated that RGD peptides (which
disrupt a5pl-fibronectin binding) or anti-a5p1 antibodies
inhibit FN-fragment-induced chondrocyte MMP production and
matrix degradation (Almonte—Becerril et al., 2018). Antisense
oligonucleotides (ASOs) targeting ITGA5 reduce a5p1 expression
and MMP-13 generation, thereby slowing OA progression
(Homandberg et al., 2002). Moreover, the novel OA disease-
modifying candidate LNA043—a derivative of angiopoietin-like
protein 3 (ANGPTL3)—has shown in preclinical OA and cartilage-
injury models that, by binding a5p1 on MSCs and chondrocytes,
it protects and regenerates hyaline cartilage (Gerwin et al., 2022).
Curcumin (diferuloylmethane), a bioactive component of turmeric
rhizomes with potent anti-catabolic, anti-inflammatory, and
antioxidant properties (Ammon and Wahl, 1991), has also been
investigated as a potential OA therapy; recent studies indicate that
curcumin antagonizes IL-1p-mediated effects and restores integrin
B1 expression, thereby enhancing chondrocyte survival (Chin,
2016). Although these approaches remain largely preclinical,
targeting integrin a5pB1 offers a novel strategy for OA treatment,
warranting further investigation into its mechanisms of action and
safety profiles.

4.3 Bone metastases

Bone metastasis refers to the process by which cancer
spreads from the primary site to the bones. This phenomenon
is relatively common in various cancers, particularly in breast
cancer, prostate cancer, and kidney cancer (Yin et al., 2005;
Coleman et al, 2020). During bone metastasis, tumor cells
spread to the bones through the blood or lymphatic systems,
disrupting OB-mediated bone formation and increasing osteoclast-
mediated resorption of mineralized bone (Roodman, 2004). The
disruption of this bone homeostasis renders the skeletal architecture
fragile and prone to fractures, severely compromising patient
quality of life. Bone metastasis is one of the leading causes of
mortality in patients with advanced cancer; its pathogenesis is
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complex and involves the regulation of multiple molecular and
signaling pathways.

4.3.1 Role of Integrin a5p1 in bone metastasis of
various cancers

Integrin a5B1 exerts distinct biological effects at different stages
of tumor bone metastasis. In breast cancer, downregulation of a5
integrin impairs tumor cell adhesion to, migration on, and survival
within fibronectin (FN) matrices, thereby reducing the incidence
of osteolytic lesions in vivo, whereas a5 overexpression enhances
bone metastatic colonization (Pantano et al., 2021). Runt-related
transcription factor 2 (RUNX2) is a key driver of breast cancer bone
metastasis; a5 integrin, as a critical RUNX2 target, augments the
chemotactic and adhesive capabilities of breast cancer cells (Li et al.,
2016). At the post-transcriptional level, the miR-30 family directly
binds the 3'UTR of ITGA5 to suppress its expression. In triple-
negative breast cancer cells with high ITGA5 expression, knockdown
of ITGA5 or treatment with miR-30 mimics significantly reduces
bone-metastatic burden in vivo, underscoring the pivotal role of
ITGAS5 in breast cancer bone dissemination (Croset et al., 2018). At
the epigenetic level, the histone methyltransferase enhancer of zeste
homolog 2 (EZH2) upregulates transcription of the p1 integrin gene,
thereby activating FAK signaling via increased phosphorylation,
which in turn modulates TGF-p signaling to promote breast cancer
bone metastasis (Zhang et al., 2022).

In other tumor types, integrin a5p1 likewise promotes bone
metastasis. In renal cell carcinoma, upregulation of a5 integrin
and downstream AKT signaling enhances tumor cell adhesion
to extracellular-matrix components, facilitating dissemination to
bone (Haber et al., 2015). Prostate cancer cells exhibit high a5p1
expression, and a5 knockout specifically inhibits their migratory
and adhesive capabilities during bone colonization (Joshi et al.,
2017). Concurrently, RNA epigenetic modification contributes to
this process: the methyltransferase METTL3 augments integrin 1
transcription via m6A modification, thereby strengthening cancer
cell interactions with collagen I and accelerating prostate cancer
bone metastasis (Li et al., 2020).

4.3.2 Molecular mechanisms of Integrin a5p1 in
bone metastasis

As the principal fibronectin (FN) receptor, integrin o5p1
orchestrates multiple stages of tumor cell dissemination to bone.
In the initial phase of bone metastasis, a5p1 specifically binds
the abundant FN within the bone marrow stroma, providing
essential adhesion sites for circulating tumor cells (Desgrosellier and
Cheresh, 2010).

Following adhesion, a5P1 regulates tumor cell migration
and invasion within the bone microenvironment (Figure 3).
Engagement of o5B1 by FN fragments generated in the
marrow induces endocytosis and reactive oxygen species (ROS)
production, activating Src/FAK signaling and upregulating
matrix metalloproteinases (MMPs) (Mierke et al, 2011;
Kiwanuka et al., 2013). Elevated MMP levels degrade the bone
matrix, creating space for tumor colonization and liberating
embedded growth factors that further support tumor cell survival
and proliferation (Pal et al., 2012).

Beyond its direct effects on tumor cells, a581 modulates
the bone niche by impacting osteoblast and osteoclast activity.
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TABLE 1 Integrin a5p1 roles and disease impacts by cell type.

Cell type

MSCs (Mesenchymal Stem Cells)

Role of Integrin a5p1

Promotes differentiation into osteoblasts,
enhancing osteogenesis and repair

Impact in disease

Facilitates MSC differentiation and tissue
regeneration

10.3389/fcell.2025.1632710

References

Ono et al. (2011), Di Maggio et al. (2017)

degradation, and promotes inflammatory
responses

Osteoblasts Regulates bone formation, participates in Overactivation can exacerbate bone loss Oh et al. (2017), Xiao et al. (2024)
matrix deposition and mineralization and stimulate osteoclast activity
Chondrocytes Modulates cartilage-matrix synthesis and In OA, drives cartilage degradation and Wood et al. (2016), Qin et al. (2022)

exacerbates joint inflammation

Cancer Cells Enhances adhesion, migration, and

invasion, contributing to metastasis

Promotes tumor cell invasiveness and
bone metastasis

Liet al. (2016), Pantano et al. (2021)

Tumor cells exploit o5B1-mediated signaling to secrete a
range of cytokines and growth factors—such as TGF-B and
RANKL—that disrupt the balance of bone formation and resorption
(Pantano et al., 2021; Zhang et al, 2022). This dysregulation
establishes a “vicious cycle,” wherein bone destruction and tumor
expansion mutually reinforce one another, exacerbating skeletal
pathology.

Additionally, RGD-based PET tracers targeting a5p1 have been
developed for noninvasive tumor imaging and therapeutic response
assessment, showing encouraging results in pancreatic and other
cancers and offering a novel tool for monitoring a5p1-directed
therapies [136,137].

4.3.3 Therapeutic strategies targeting Integrin
a5p1 in bone metastasis

Current Agents and Prospects:Current therapeutic strategies
targeting integrin a5P1 in bone metastasis have demonstrated
significant potential. Volociximab (M200), the first humanized
IgG4 monoclonal antibody against a5p1, binds with high affinity
to block the interaction between o581 and fibronectin (FN),
thereby inhibiting tumor-associated angiogenesis and endothelial-
cell proliferation (Ramakrishnan et al., 2006; Pantano et al., 2021).
Clinical studies have shown that volociximab, when combined
with chemotherapeutic agents such as carboplatin and paclitaxel,
exerts synergistic antitumor effects across various solid tumors and
holds promise for treating bone metastases (Bell-McGuinn et al.,
2011; Almokadem and Belani, 2012; Besse et al., 2013). Similarly,
the small-molecule peptide antagonist ATN-161 (Ac-PHSCN-
NH,), derived from the FN synergy site, competitively inhibits
a5p1-FN binding and, in preclinical models of breast and
prostate cancer bone metastasis, suppresses MMP-1-mediated
tumor invasion, angiogenesis, and osteolysis (Cianfrocca et al., 2006;
Khalili et al., 2006; Donate et al., 2008).

4.3.3.1 Clinical challenges
Despite promising preclinical data, three core challenges

hinder the clinical translation of a5B1-targeted therapies. First,
tumor resistance limits efficacy: in glioblastoma (GBM), a5p1
suppresses p53 signaling to confer temozolomide resistance
(Janouskova et al, 2012), and the Pl subunit activates DNA-
repair and anti-apoptotic pathways, endowing cancer cells
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with chemoresistance—mechanisms likely operative in bone-
metastatic cells as well (Eke et al., 2012; Dickreuter et al.,
2016). Second, widespread a5B1 expression in normal tissues
raises the risk of off-target effects and physiological disruption
(Mateo et al., 2014). Notably, while a5p1 activation may promote
osteogenesis, excessive stimulation could inadvertently facilitate
adhesion and dissemination of dormant tumor cells, creating
a therapeutic paradox (Pantano et al, 2021). Finally, safety
concerns remain: the a5Bl antibody PF-04605412 triggered
severe infusion reactions in clinical trials, highlighting potential
immunogenicity and underscoring the need for optimized
drug design (Mateo et al., 2014).

4.4 Potential roles of other integrins in
skeletal disorders

Integrins recognize RGD motifs within the ECM, but different
subtypes employ distinct ligand-binding mechanisms. Fibronectin
(FN), a major bone matrix protein, contains the RGD sequence
within its type III-10 domain, which both a5p1 and avp3 can bind
(Bharadwaj et al., 2017). However, a5B1 requires cooperation from
an adjacent “synergy site” (PHSRN) to enhance affinity, whereas
avpB3 relies primarily on the RGD motif alone to interact with
various RGD-containing matrix proteins (Bharadwaj et al., 2017).
For example, in osteoblasts, both integrins bind bone sialoprotein,
osteopontin, and fibronectin in an RGD-dependent manner. By
contrast, a6B4 exhibits a unique structure: its f4 subunit features
an exceptionally long cytoplasmic tail (over 1,000 amino acids)
comprising multiple FNIII repeats, Calx} domains, and connecting
segments, which mediate hemidesmosome assembly and signal
transduction (Stewart and O'Connor, 2015).

Integrins play a diverse role in regulating the complex process
of bone metabolism. In addition to integrin a5f1, several other
integrins also play key roles in the regulation of bone tissue
homeostasis. Notably, as a receptor for type I collagen (Col I),
integrin a2 1 serves as a new target for the prevention and treatment
of age-related osteoporosis, with a dual role in bone formation
(Popovetal,,2011; Stange etal., 2013). In the integrin a21 knockout
mouse model, the levels of Col I and osteogenic differentiation
markers such as RUNX2 and Osterix were significantly elevated
(Stange et al., 2013). Additionally, Lumican, a myogenic factor,
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TABLE 2 Key regulators of Integrin a5p1 and their functions.

Regulatory tier

Regulator

Mechanism of
Action

10.3389/fcell.2025.1632710

References

circRNA-VGLL3

circRNA

Upregulates ITGA5 via a
miRNA-sponging mechanism,
enhancing osteogenic potential

Notni et al. (2016)

miR-30

miRNA

Suppresses integrin a5
expression, reducing
bone-metastatic invasiveness
of breast cancer cells

Coleman et al. (2020)

Upstream Control
EZH2

Histone methyltransferase

Enhances p1 integrin gene
transcription, promoting
breast cancer bone metastasis

Yin et al. (2005)

METTL3

m"6A RNA methyltransferase

Promotes integrin f1
expression via m”6A RNA
modification, accelerating
prostate cancer bone
metastasis

Eke et al. (2012)

CCN3

ECM protein

Activates a5p1 signaling to
upregulate Runx2 and osterix
expression, driving
osteogenesis

Urist (1965)

WISP-1

ECM protein

Enhances BMP-2 binding to
BMSCs via a5f1, promoting
bone formation

Loeser (2014)

BMP-2
Ligands/Regulators

Growth factor

Synergizes with a5p1 to
amplify osteogenic signaling,
promoting differentiation

Cao et al. (2020)

Runx2

Transcription factor

Activates ITGA5 transcription,
facilitating osteogenic
differentiation

Kiwanuka et al. (2013),
Shao et al. (2019)

NF-xB

Transcription factor

Activates ITGBI transcription,
enhancing inflammation and
cell adhesion

Kisiel et al. (2013)

Icariin

Natural product

Activates a5p1 to enhance
bone formation and cell
adhesion

Shekaran et al. (2014)

GA-CRRETAWAC-GA

Synthetic peptide

Activates a5p1 to promote
expression of osteogenic genes

Zimmerman et al. (2000)

Intervention Agents .
Volociximab (M200)

Monoclonal antibody

Blocks a5B1-fibronectin
binding, inhibiting
angiogenesis and metastasis

Haber et al. (2015), Joshi et al.
(2017)

ATN-161

Integrin-inhibitory peptide

Disrupts a5B1-fibronectin
interaction, suppressing tumor
invasion and bone metastasis

Desgrosellier and Cheresh
(2010), Mierke et al. (2011)

primarily binds to the integrin a2f1 receptor. By binding to a2f1,
Lumican activates the ERK signaling pathway, thereby promoting
the differentiation of osteoblasts (OBs). However, integrin a2f1
inhibitors attenuated the stimulation of ERK and ALP activity
by Lumican (Lee et al, 2020). The actions of a5f1 and avfp3
are antagonistic: overactivation of a5p1 inhibits osteoblasts’ ability
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to form bone matrix, whereas avp3 is essential for osteoclast
attachment and bone resorption, and its absence impairs osteoclast
function (Kokubo et al, 2007). Integrin avp3 is an important
regulator of osteoclast differentiation and resorption. Blocking
avPB3 can affect signaling pathways within osteoclasts (including c-
Src, Pyk2, etc.) and may serve as a potential intervention target
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for osteoporosis and tumor bone metastasis (Nakamura et al.,
2007; Lin et al., 2017). A highly selective avp3 integrin antagonist
(HSA-ARLDDL, derived from snake venom protein modification)
can effectively inhibit RANKL-induced osteoclastogenesis and
reduce bone loss in ovariectomized mice, without interfering with
osteoblast differentiation (Lin et al., 2017). In bone metastatic
tumors such as breast cancer and prostate cancer, the overexpression
of av3 promotes tumor colonization in the bone environment and
induces osteolytic destruction (McCabe et al., 2007; Zhao et al.,
2007). The avB3/avP5 dual inhibitor Cilengitide has shown some
efficacy in a breast cancer bone metastasis model: although in
vivo administration did not completely prevent bone metastasis, it
significantly reduced the volume of osteolytic lesions and shrank
the size of bone metastatic tumors (Bretschi et al., 2011). Overall,
existing evidence supports integrin avP3 as a promising target
for the treatment of osteoporosis and bone metastasis, but how
to fully and safely utilize this target remains a research hotspot.
Integrins a5Pf1 and o4fB1 on synovial cells also crosstalk with
each other, jointly regulating the production of pro-inflammatory
mediators and MMPs (Jin et al., 2021). Additionally, integrin avf3
has recently been found to be involved in the regulation of arthritis
inflammation and cartilage degeneration: studies indicate that the
dysregulation of the avp3/CD47 signaling axis in OA exacerbates
joint inflammation and cartilage destruction (Wang Q. et al., 2019).
In addition, integrin al0B1 is the primary type II collagen-binding
receptor on chondrocytes and has been shown to enhance cartilage
formation potential. Studies indicate that intra-articular injection of
MSCs with high integrin a10 expression can alleviate post-traumatic
osteoarthritis damage (Delco et al,, 2020). This also suggests that
targeting integrin signaling could become a new approach for
intervening in OA.

Overall, each integrin serves as both an entry point for basic
research and a potential therapeutic breakthrough. The role of
integrin a5pB1 alone in bone disease treatment may be minimal and
singular. Therefore, in the future, it is likely that targeting multiple
key integrin pathways in combination will intervene in the bone
microenvironment, thereby preventing and treating the occurrence
and progression of bone diseases.

5 Summary and outlook
5.1 Summary of findings

Integrin a5B1, as a key receptor linking cells to the extracellular
matrix, plays a central role in both the maintenance of bone-
tissue homeostasis and the pathogenesis of skeletal disorders.
Under physiological conditions, a5B1 mediates the differentiation
of mesenchymal stem cells into osteoblasts, regulates osteoblast
adhesion and migration, and promotes matrix synthesis and
mineralization, thereby orchestrating bone development and
remodeling. Notably, as a mechanosensor, a5B1 converts physical
forces into biochemical signals that drive adaptive bone formation
in response to mechanical stimuli.

In pathological states, dysregulation of a5B1 function is
closely associated with multiple bone diseases. In osteoporosis,
downregulation of a5B1 impairs osteogenic activity;
osteoarthritis, fibronectin fragments activate chondrocyte a5p1

in
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to induce matrix degradation; and in bone metastasis, tumor-
cell overexpression of o5B1 facilitates colonization of the
bone microenvironment. These insights not only deepen our
understanding of skeletal disease mechanisms but also underscore
the therapeutic potential of targeting integrin a5f1.

5.2 Overview of the Integrin a5p1 signaling
network

The integrin a5B1 signaling network exhibits a three-tiered
architecture: an upstream regulatory layer, a core signaling
cascade, and a downstream effector layer. The upstream layer
fine-tunes o5B1 expression via noncoding RNAs, epigenetic
modifiers, and transcription factors; the core signaling tier
transduces ligand engagement into intracellular messages
through FAK/Src, ERK/MAPK, and PI3K/Akt pathways; and
the downstream effector stratum governs critical osteoblastic
functions such as differentiation, adhesion, and matrix remodeling.
Table 1 summarizes the key regulatory components at each
level—including expression modulators, ligands/regulators, and
clinical intervention agents—providing a comprehensive framework
for understanding the multilayered control of integrin o531 in bone
tissue (Table 1).

5.3 Knowledge gaps and future outlook

Although integrin a5p1 has been studied in bone metabolism
and related diseases, several key scientific questions remain to be
addressed: (1) In pathological conditions such as osteoporosis, how
does a5p1 simultaneously affect the balance between osteogenesis
and osteoclastogenesis, and how can precise delivery systems
be developed to avoid adverse effects on bone formation? (2)
In osteoarthritis, how can the a5B1 pathway be selectively
regulated to suppress harmful signals while preserving cartilage-
repair functions? (3) Can high a5B1 expression serve as a
biomarker for patient stratification to predict responses to integrin-
targeted therapies? (4) How do transcription-factor networks and
epigenetic modifications precisely regulate a5B1 expression in
different bone cell types, and how are these mechanisms altered in
disease states?

To address these gaps, future precision interventions may be
developed at the three levels outlined in Table 2: (1) Upstream
regulatory layer: Fine-tune a5p1 expression by modulating miRNAs
(e.g., miR-30) or epigenetic modifiers (e.g., EZH2, METTL3); (2)
Core signaling layer: Develop selective modulators targeting a5p1
downstream pathways (e.g., FAK/ERK) to promote osteogenesis or
inhibit bone resorption; (3) Downstream effector layer: Design
disease-specific interventions, such as blocking FN-fragment
binding to a5B1 in OA or developing partial agonists to selectively
enhance osteogenesis in osteoporosis.

Multidisciplinary  collaboration—integrating biomechanics,
pharmacology, and materials science—will be essential to translate
a5PB1-targeted strategies into clinical practice. Combination
(e.g., a5Pp1
agents) or novel delivery systems hold the promise of synergistic

therapies antagonists with anti-bone-metastasis
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effects, providing more effective and safer treatment options for
osteoporosis, osteoarthritis, and bone metastasis.

Author contributions

XL: Writing - original draft. GH: Writing - review and editing.
JG: Conceptualization, Validation, Writing - review and editing.
BC: Writing - review and editing, Supervision, Validation. XY:
Writing - review and editing. TY: Funding acquisition, Validation,
Supervision, Writing - review and editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by the National Natural Science Foundation of China
(12072202).

References

Ahmed, K. A., Hasib, T. A., Paul, S. K., Saddam, M., Mimi, A., Saikat, A. S. M.,
et al. (2021). Potential role of CCN proteins in breast cancer: therapeutic advances and
perspectives. Curr. Oncol. 28 (6), 4972-4985. doi:10.3390/curroncol28060417

Almokadem, S., and Belani, C. P. (2012). Volociximab in cancer. Expert Opin. Biol.
Ther. 12 (2), 251-257. doi:10.1517/14712598.2012.646985

Almonte-Becerril, M., Gimeno, L. I, Villarroya, O., Benito-Jardén, M., Kouri, J. B.,
and Costell, M. (2018). Genetic abrogation of the fibronectin-a5f1 integrin interaction
in articular cartilage aggravates osteoarthritis in mice. PLoS One 13 (6), €0198559.
doi:10.1371/journal.pone.0198559

Ammon, H. P, and Wahl, M. A. (1991). Pharmacology of Curcuma longa. Planta Med.
57 (1), 1-7. doi:10.1055/5-2006-960004

Attur, M. G., Dave, M. N, Clancy, R. M, Patel, I. R., Abramson, S. B., and Amin, A. R.
(2000). Functional genomic analysis in arthritis-affected cartilage: yin-yang regulation
of inflammatory mediators by alpha 5 beta 1 and alpha V beta 3 integrins. J. Immunol.
164 (5), 2684-2691. doi:10.4049/jimmunol.164.5.2684

Barczyk, M., Carracedo, S., and Gullberg, D. (2010). Integrins. Cell Tissue Res. 339
(1), 269-280. doi:10.1007/s00441-009-0834-6

Bell-McGuinn, K. M., Matthews, C. M., Ho, S. N., Barve, M., Gilbert, L.,
Penson, R. T, et al. (2011). A phase II, single-arm study of the anti-a5f1 integrin
antibody volociximab as monotherapy in patients with platinum-resistant advanced
epithelial ovarian or primary peritoneal cancer. Gynecol. Oncol. 121 (2), 273-279.
doi:10.1016/j.ygyno.2010.12.362

Besse, B., Tsao, L. C., Chao, D. T, Fang, Y., Soria, J. C., Almokadem, S., et al.
(2013). Phase Ib safety and pharmacokinetic study of volociximab, an anti-a5p1 integrin
antibody, in combination with carboplatin and paclitaxel in advanced non-small-cell
lung cancer. Ann. Oncol. 24 (1), 90-96. doi:10.1093/annonc/mds281

Bharadwaj, M., Strohmeyer, N., Colo, G. P, Helenius, J., Beerenwinkel, N., Schiller,
H. B, et al. (2017). aV-class integrins exert dual roles on a5p1 integrins to strengthen
adhesion to fibronectin. Nat. Commun. 8, 14348. doi:10.1038/ncomms14348

Bochicchio, B., Yeo, G. C., Lee, P, Emul, D., Pepe, A., Laezza, A., et al. (2021).
Domains 12 to 16 of tropoelastin promote cell attachment and spreading through
interactions with glycosaminoglycan and integrins alphaV and alphaSbetal. Febs J. 288
(13), 4024-4038. doi:10.1111/febs.15702

Bretschi, M., Merz, M., Komljenovic, D., Berger, M. R., Semmler, W., and Béuerle,
T. (2011). Cilengitide inhibits metastatic bone colonization in a nude rat model. Oncol.
Rep. 26 (4), 843-851. d0i:10.3892/0r.2011.1373

Caliva, M. J,, Yang, W. S., Young-Robbins, S., Zhou, M., Yoon, H., Matter, M. L., et al.
(2021). Proteomics analysis identifies PEA-15 as an endosomal phosphoprotein that
regulates a5p1 integrin endocytosis. Sci. Rep. 11 (1), 19830. doi:10.1038/541598-021-
99348-2

Campbell, I. D, and Humphries, M. J. (2011). Integrin structure,
activation, and interactions. Cold Spring Harb. Perspect. Biol. 3 (3), a004994.
doi:10.1101/cshperspect.a004994

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2025.1632710

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Candela, M. E., Wang, C., Gunawardena, A. T., Zhang, K., Cantley, L., Yasuhara, R.,
et al. (2016). Alpha 5 integrin mediates osteoarthritic changes in mouse knee joints.
PLoS One 11 (6), €0156783. doi:10.1371/journal.pone.0156783

Cao, H,, Yan, Q, Wang, D,, Lai, Y,, Zhou, B., Zhang, Q, et al. (2020). Focal
adhesion protein Kindlin-2 regulates bone homeostasis in mice. Bone Res. 8, 2.
doi:10.1038/s41413-019-0073-8

Carey, J. J., Chih-Hsing Wu, P, and Bergin, D. (2022). Risk assessment tools for
osteoporosis and fractures in 2022. Best. Pract. Res. Clin. Rheumatol. 36 (3), 101775.
dDi:10.1016/j.berh.2022.101775

Carman, C. V,, and Springer, T. A. (2003). Integrin avidity regulation: are changes
in affinity and conformation underemphasized? Curr. Opin. Cell Biol. 15 (5), 547-556.
doi:10.1016/j.ceb.2003.08.003

Chang, X., Xu, S., and Zhang, H. (2022). Regulation of bone health through
physical exercise: mechanisms and types. Front. Endocrinol. (Lausanne) 13, 1029475.
doi:10.3389/fend0.2022.1029475

Chen, C. C., and Lau, L. E (2009). Functions and mechanisms of action
of CCN matricellular proteins. Int. J. Biochem. Cell Biol. 41 (4), 771-783.
doi:10.1016/j.biocel.2008.07.025

Chen, H. Y,, Pan, L., Yang, H. L., Xia, P, Yu, W. C,, Tang, W. Q,, et al. (2018). Integrin
alpha5Sbetal suppresses rBMSCs anoikis and promotes nitric oxide production. Biomed.
Pharmacother. 99, 1-8. doi:10.1016/j.biopha.2018.01.038

Chen, P. C, Liu, J. E, Fong, Y. C, Huang, Y. L, Chao, C. C, and Tang,
C. H. (2019). CCN3 facilitates Runx2 and osterix expression by inhibiting miR-
608 through PI3K/Akt signaling in osteoblasts. Int. J. Mol. Sci. 20 (13), 3300.
doi:10.3390/ijms20133300

Chen, P. Y,, Sun, J. S,, Tsuang, Y. H., Chen, M. H., Weng, P. W, and Lin, F. H. (2010).
Simvastatin promotes osteoblast viability and differentiation via Ras/Smad/Erk/BMP-2
signaling pathway. Nutr. Res. 30 (3), 191-199. doi:10.1016/j.nutres.2010.03.004

Chin, K. Y. (2016). The spice for joint inflammation: anti-inflammatory role
of curcumin in treating osteoarthritis. Drug Des. Devel Ther. 10, 3029-3042.
doi:10.2147/dddt.S117432

Cianfrocca, M. E., Kimmel, K. A., Gallo, J., Cardoso, T., Brown, M. M., Hudes,
G., et al. (2006). Phase 1 trial of the antiangiogenic peptide ATN-161 (Ac-PHSCN-
NH(2)), a beta Integrin antagonist, in patients with solid tumours. Br. . Cancer 94 (11),
1621-1626. doi:10.1038/sj.bjc.6603171

Coleman, R. E., Croucher, P. 1., Padhani, A. R., Clézardin, P, Chow, E., Fallon, M.,
et al. (2020). Bone metastases. Nat. Rev. Dis. Prim. 6 (1), 83. doi:10.1038/s41572-020-
00216-3

Corti, A., and Curnis, E (2011). Isoaspartate-dependent molecular switches for
integrin-ligand recognition. J. Cell Sci. 124 (Pt 4), 515-522. doi:10.1242/jcs.077172

Croset, M., Pantano, E, Kan, C. W. S, Bonnelye, E., Descotes, F, Alix-Panabiéres, C.,
etal. (2018). miRNA-30 family members inhibit breast cancer invasion, osteomimicry,

frontiersin.org


https://doi.org/10.3389/fcell.2025.1632710
https://doi.org/10.3390/curroncol28060417
https://doi.org/10.1517/14712598.2012.646985
https://doi.org/10.1371/journal.pone.0198559
https://doi.org/10.1055/s-2006-960004
https://doi.org/10.4049/jimmunol.164.5.2684
https://doi.org/10.1007/s00441-009-0834-6
https://doi.org/10.1016/j.ygyno.2010.12.362
https://doi.org/10.1093/annonc/mds281
https://doi.org/10.1038/ncomms14348
https://doi.org/10.1111/febs.15702
https://doi.org/10.3892/or.2011.1373
https://doi.org/10.1038/s41598-021-99348-z
https://doi.org/10.1038/s41598-021-99348-z
https://doi.org/10.1101/cshperspect.a004994
https://doi.org/10.1371/journal.pone.0156783
https://doi.org/10.1038/s41413-019-0073-8
https://doi.org/10.1016/j.berh.2022.101775
https://doi.org/10.1016/j.ceb.2003.08.003
https://doi.org/10.3389/fendo.2022.1029475
https://doi.org/10.1016/j.biocel.2008.07.025
https://doi.org/10.1016/j.biopha.2018.01.038
https://doi.org/10.3390/ijms20133300
https://doi.org/10.1016/j.nutres.2010.03.004
https://doi.org/10.2147/dddt.S117432
https://doi.org/10.1038/sj.bjc.6603171
https://doi.org/10.1038/s41572-020-00216-3
https://doi.org/10.1038/s41572-020-00216-3
https://doi.org/10.1242/jcs.077172
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Li et al.

and bone destruction by directly targeting multiple bone metastasis-associated genes.
Cancer Res. 78 (18), 5259-5273. d0i:10.1158/0008-5472.Can-17-3058

Delco, M. L., Goodale, M., Talts, J. E, Pownder, S. L., Koff, M. E, Miller, A. D., et al.
(2020). Integrin al0B1-Selected mesenchymal stem cells mitigate the progression of
osteoarthritis in an equine talar impact model. Am. J. Sports Med. 48 (3), 612-623.
doi:10.1177/0363546519899087

Delgado-Calle, J., and Bellido, T. (2022). The osteocyte as a signaling cell. Physiol. Rev.
102 (1), 379-410. doi:10.1152/physrev.00043.2020

Desgrosellier, J. S., and Cheresh, D. A. (2010). Integrins in cancer: biological
implications and therapeutic opportunities. Nat. Rev. Cancer 10 (1), 9-22.
doi:10.1038/nrc2748

Devreotes, P, and Janetopoulos, C. (2003). Eukaryotic chemotaxis: distinctions
between directional sensing and polarization. J. Biol. Chem. 278 (23), 20445-20448.
doi:10.1074/jbc.R300010200

Dickreuter, E., Eke, I, Krause, M., Borgmann, K., van Vugt, M. A, and Cordes, N.
(2016). Targeting of B1 integrins impairs DNA repair for radiosensitization of head and
neck cancer cells. Oncogene 35 (11), 1353-1362. d0i:10.1038/0nc.2015.212

Di Maggio, N., Martella, E., Frismantiene, A., Resink, T. J., Schreiner, S., Lucarelli,
E., et al. (2017). Extracellular matrix and a(5)B(1) integrin signaling control the
maintenance of bone formation capacity by human adipose-derived stromal cells. Sci.
Rep. 7,44398. doi:10.1038/srep44398

Dirckx, N., Van Hul, M., and Maes, C. (2013). Osteoblast recruitment to sites of bone
formation in skeletal development, homeostasis, and regeneration. Birth Defects Res. C
Embryo Today 99 (3), 170-191. doi:10.1002/bdrc.21047

Donate, E, Parry, G. C., Shaked, Y., Hensley, H., Guan, X., Beck, L, et al. (2008).
Pharmacology of the novel antiangiogenic peptide ATN-161 (Ac-PHSCN-NH2):
observation of a U-shaped dose-response curve in several preclinical models of
angiogenesis and tumor growth. Clin. Cancer Res. 14 (7), 2137-2144. doi:10.1158/1078-
0432.Ccr-07-4530

Eke, I, Deuse, Y., Hehlgans, S., Gurtner, K., Krause, M., Baumann, M., et al.
(2012). B, Integrin/FAK/cortactin signaling is essential for human head and neck cancer
resistance to radiotherapy. J. Clin. Invest. 122 (4), 1529-1540. doi:10.1172/jci61350

Feng, M. X, Ma, M. Z,, Fu, Y., Li, ]., Wang, T., Xue, F, et al. (2014). Elevated autocrine
EDIL3 protects hepatocellular carcinoma from anoikis through RGD-mediated integrin
activation. Mol. Cancer 13, 226. doi:10.1186/1476-4598-13-226

Finney, A. C., Scott, M. L., Reeves, K. A,, Wang, D., Alfaidi, M., Schwartz, J.
C., et al. (2021). EphA2 signaling within integrin adhesions regulates fibrillar
adhesion elongation and fibronectin deposition. Matrix Biol. 103-104, 1-21.
doi:10.1016/j.matbio.2021.09.001

French, D. M., Kaul, R. J., D’Souza, A. L., Crowley, C. W,, Bao, M., Frantz, G. D,, et al.
(2004). WISP-1 is an osteoblastic regulator expressed during skeletal development and
fracture repair. Am. J. Pathol. 165 (3), 855-867. doi:10.1016/s0002-9440(10)63348-2

Fromigué, O., Brun, J., Marty, C., Da Nascimento, S., Sonnet, P., and Marie, P. J.
(2012). Peptide-based activation of alpha5 integrin for promoting osteogenesis. J. Cell
Biochem. 113 (9), 3029-3038. doi:10.1002/jcb.24181

Gerwin, N, Scotti, C., Halleux, C., Fornaro, M., Elliott, J., Zhang, Y., et al. (2022).
Angiopoietin-like 3-derivative LNA043 for cartilage regeneration in osteoarthritis: a
randomized phase 1 trial. Nat. Med. 28 (12), 2633-2645. doi:10.1038/s41591-022-
02059-9

Glyn-Jones, S., Palmer, A.J., Agricola, R., Price, A. J., Vincent, T. L., Weinans, H., et al.
(2015). Osteoarthr. Lancet 386 (9991), 376-387. doi:10.1016/s0140-6736(14)60802-3

Haber, T., Jockel, E., Roos, E. C. Junker, K., Prawitt, D., Hampel, C., et al.
(2015). Bone metastasis in renal cell carcinoma is preprogrammed in the primary
tumor and caused by AKT and Integrin o5 signaling. J. Urol. 194 (2), 539-546.
doi:10.1016/j.juro.2015.01.079

Homandberg, G. A., Costa, V., Ummadi, V., and Pichika, R. (2002). Antisense
oligonucleotides to the integrin receptor subunit alpha(5) decrease fibronectin
fragment mediated cartilage chondrolysis. Osteoarthr. Cartil. 10 (5), 381-393.
doi:10.1053/joca.2002.0524

Hu, P, Miller, A. E,, Yeh, C. R, Bingham, G. C. Civelek, M., and Barker,
T. H. (2023). SEMA7a primes integrin a5p1 engagement instructing fibroblast
mechanotransduction, phenotype and transcriptional programming. Matrix Biol. 121,
179-193. doi:10.1016/j.matbio.2023.06.006

Hughes, D. E,, Salter, D. M., Dedhar, S., and Simpson, R. (1993). Integrin expression
in human bone. J. Bone Min. Res. 8 (5), 527-533. doi:10.1002/jbmr.5650080503

Hulsart-Billstrom, G., Yuen, P. K., Marsell, R., Hilborn, J., Larsson, S., and
Ossipov, D. (2013). Bisphosphonate-linked hyaluronic acid hydrogel sequesters and
enzymatically releases active bone morphogenetic protein-2 for induction of osteogenic
differentiation. Biomacromolecules 14 (9), 3055-3063. doi:10.1021/bm400639¢

Huynh, A., Arnold, D. M., Kelton, J. G., Smith, J. W., Horsewood, P, Clare, R.,
et al. (2019). Characterization of platelet factor 4 amino acids that bind pathogenic
antibodies in heparin-induced thrombocytopenia. J. Thromb. Haemost. 17 (2), 389-399.
doi:10.1111/jth.14369

Janouskova, H., Maglott, A., Leger, D. Y., Bossert, C., Noulet, E, Guerin, E.,
et al. (2012). Integrin a5B1 plays a critical role in resistance to temozolomide by

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2025.1632710

interfering with the p53 pathway in high-grade glioma. Cancer Res. 72 (14), 3463-3470.
doi:10.1158/0008-5472.Can-11-4199

Jiang, W., Takeshita, N., Maeda, T., Sogi, C., Oyanagi, T., Kimura, S., et al. (2021).
Connective tissue growth factor promotes chemotaxis of preosteoblasts through
integrin a5 and Ras during tensile force-induced intramembranous osteogenesis. Sci.
Rep. 11 (1), 2368. doi:10.1038/541598-021-82246-9

Jin, H., Jiang, S., Wang, R., Zhang, Y., Dong, J., and Li, Y. (2021). Mechanistic
Insight into the roles of integrins in osteoarthritis. Front. Cell Dev. Biol. 9, 693484.
doi:10.3389/fcell.2021.693484

Jin, J., Jaspers, R. T., Wu, G., Korfage, J. A. M., Klein-Nulend, J., and Bakker, A. D.
(2020). Shear stress modulates osteoblast cell and nucleus morphology and volume. Int.
J. Mol. Sci. 21 (21), 8361. doi:10.3390/ijms21218361

Joshi, R., Goihberg, E., Ren, W, Pilichowska, M., and Mathew, P. (2017).
Proteolytic fragments of fibronectin function as matrikines driving the chemotactic
affinity of prostate cancer cells to human bone marrow mesenchymal stromal
cells via the a5p1 integrin. Cell Adh Migr. 11 (4), 305-315. doi:10.1080/19336918.
2016.1212139

Kadomatsu, T., Endo, M., Miyata, K., and Oike, Y. (2014). Diverse roles of ANGPTL2
in physiology and pathophysiology. Trends Endocrinol. Metab. 25 (5), 245-254.
doi:10.1016/j.tem.2014.03.012

Kanchanawong, P, and Calderwood, D. A. (2023). Organization, dynamics and
mechanoregulation of integrin-mediated cell-ECM adhesions. Nat. Rev. Mol. Cell Biol.
24 (2), 142-161. doi:10.1038/s41580-022-00531-5

Karsenty, G., and Wagner, E. E (2002). Reaching a genetic and molecular
understanding of skeletal development. Dev. Cell 2 (4), 389-406. doi:10.1016/s1534-
5807(02)00157-0

Khalili, P, Arakelian, A., Chen, G., Plunkett, M. L., Beck, L, Parry, G. C., et al. (2006).
A non-RGD-based integrin binding peptide (ATN-161) blocks breast cancer growth
and metastasis in vivo. Mol. Cancer Ther. 5 (9), 2271-2280. doi:10.1158/1535-7163.Mct-
06-0100

Kim, C,, Ye, E, and Ginsberg, M. H. (2011). Regulation of integrin activation. Annu.
Rev. Cell Dev. Biol. 27, 321-345. doi:10.1146/annurev-cellbio-100109-104104

Kisiel, M., Martino, M. M., Ventura, M., Hubbell, J. A., Hilborn, J., and Ossipov, D.
A. (2013). Improving the osteogenic potential of BMP-2 with hyaluronic acid hydrogel
modified with integrin-specific fibronectin fragment. Biomaterials 34 (3), 704-712.
doi:10.1016/j.biomaterials.2012.10.015

Kiwanuka, E., Andersson, L., Caterson, E. ], Junker, ]. P, Gerdin, B., and Eriksson, E.
(2013). CCN2 promotes keratinocyte adhesion and migration via integrin a5p1. Exp.
Cell Res. 319 (19), 2938-2946. doi:10.1016/j.yexcr.2013.08.021

Ko, E C.,, and Sumner, D. R. (2021). How faithfully does intramembranous bone
regeneration recapitulate embryonic skeletal development? Dev. Dyn. 250 (3), 377-392.
doi:10.1002/dvdy.240

Kokubo, T., Uchida, H., and Choi, E. T. (2007). Integrin alpha(v)beta(3) as a target
in the prevention of neointimal hyperplasia. J. Vasc. Surg. 45 (Suppl. A), A33-A38.
doi:10.1016/j.jvs.2007.02.069

Lane, J. M., Russell, L., and Khan, S. N. (2000). Osteoporosis. Clin. Orthop. Relat. Res.
372, 139-150. doi:10.1097/00003086-200003000-00016

Lee, J. Y., Park, S. J., Kim, D. A., Lee, S. H., Koh, J. M., and Kim, B. J. (2020). Muscle-
derived lumican stimulates bone formation via Integrin a2p1 and the downstream ERK
signal. Front. Cell Dev. Biol. 8, 565826. doi:10.3389/fcell.2020.565826

Legate, K. R., and Fissler, R. (2009). Mechanisms that regulate adaptor binding to
beta-integrin cytoplasmic tails. J. Cell Sci. 122 (Pt 2), 187-198. doi:10.1242/jcs.041624

Li, E., Wei, B., Wang, X., and Kang, R. (2020). METTL3 enhances cell adhesion
through stabilizing integrin p1 mRNA via an m6A-HuR-dependent mechanism in
prostatic carcinoma. Am. J. Cancer Res. 10 (3), 1012-1025.

Li, W,, Zhang, Q., Gu, R,, Zeng, L., and Liu, H. (2023). Platelet factor 4 induces bone
loss by inhibiting the integrin a5-FAK-ERK pathway. Anim. Model Exp. Med. 6 (6),
573-584. doi:10.1002/ame2.12342

Li, X. Q, Lu, J. T, Tan, C. C,, Wang, Q. S., and Feng, Y. M. (2016). RUNX2 promotes
breast cancer bone metastasis by increasing integrin a5-mediated colonization. Cancer
Lett. 380 (1), 78-86. doi:10.1016/j.canlet.2016.06.007

Lian, J. B., Javed, A., Zaidi, S. K., Lengner, C., Montecino, M., van Wijnen,
A. ], et al. (2004). Regulatory controls for osteoblast growth and differentiation:
role of Runx/Cbfa/AML factors. Crit. Rev. Eukaryot. Gene Expr. 14 (1-2), 1-42.
doi:10.1615/critreveukaryotgeneexpr.v14.10

Lin, T. H, Yang, R. S., Tu, H. ], Liou, H. C,, Lin, Y. M., Chuang, W. J,, et al. (2017).
Inhibition of osteoporosis by the avp3 integrin antagonist of rhodostomin variants. Eur.
J. Pharmacol. 804, 94-101. doi:10.1016/j.¢jphar.2017.03.019

Lishko, V. K., Yakubenko, V. P, Ugarova, T. P, and Podolnikova, N. P. (2018).
Leukocyte integrin Mac-1 (CD11b/CD18, a(M)B(2), CR3) acts as a functional
receptor for platelet factor 4. J. Biol. Chem. 293 (18), 6869-6882. doi:10.1074/jbc.
RA117.000515

Liu, J., DeYoung, S. M., Zhang, M., Zhang, M., Cheng, A., and Saltiel, A. R. (2005).
Changes in integrin expression during adipocyte differentiation. Cell Metab. 2 (3),
165-177. doi:10.1016/j.cmet.2005.08.006

frontiersin.org


https://doi.org/10.3389/fcell.2025.1632710
https://doi.org/10.1158/0008-5472.Can-17-3058
https://doi.org/10.1177/0363546519899087
https://doi.org/10.1152/physrev.00043.2020
https://doi.org/10.1038/nrc2748
https://doi.org/10.1074/jbc.R300010200
https://doi.org/10.1038/onc.2015.212
https://doi.org/10.1038/srep44398
https://doi.org/10.1002/bdrc.21047
https://doi.org/10.1158/1078-0432.Ccr-07-4530
https://doi.org/10.1158/1078-0432.Ccr-07-4530
https://doi.org/10.1172/jci61350
https://doi.org/10.1186/1476-4598-13-226
https://doi.org/10.1016/j.matbio.2021.09.001
https://doi.org/10.1016/s0002-9440(10)63348-2
https://doi.org/10.1002/jcb.24181
https://doi.org/10.1038/s41591-022-02059-9
https://doi.org/10.1038/s41591-022-02059-9
https://doi.org/10.1016/s0140-6736(14)60802-3
https://doi.org/10.1016/j.juro.2015.01.079
https://doi.org/10.1053/joca.2002.0524
https://doi.org/10.1016/j.matbio.2023.06.006
https://doi.org/10.1002/jbmr.5650080503
https://doi.org/10.1021/bm400639e
https://doi.org/10.1111/jth.14369
https://doi.org/10.1158/0008-5472.Can-11-4199
https://doi.org/10.1038/s41598-021-82246-9
https://doi.org/10.3389/fcell.2021.693484
https://doi.org/10.3390/ijms21218361
https://doi.org/10.1080/19336918.2016.1212139
https://doi.org/10.1080/19336918.2016.1212139
https://doi.org/10.1016/j.tem.2014.03.012
https://doi.org/10.1038/s41580-022-00531-5
https://doi.org/10.1016/s1534-5807(02)00157-0
https://doi.org/10.1016/s1534-5807(02)00157-0
https://doi.org/10.1158/1535-7163.Mct-06-0100
https://doi.org/10.1158/1535-7163.Mct-06-0100
https://doi.org/10.1146/annurev-cellbio-100109-104104
https://doi.org/10.1016/j.biomaterials.2012.10.015
https://doi.org/10.1016/j.yexcr.2013.08.021
https://doi.org/10.1002/dvdy.240
https://doi.org/10.1016/j.jvs.2007.02.069
https://doi.org/10.1097/00003086-200003000-00016
https://doi.org/10.3389/fcell.2020.565826
https://doi.org/10.1242/jcs.041624
https://doi.org/10.1002/ame2.12342
https://doi.org/10.1016/j.canlet.2016.06.007
https://doi.org/10.1615/critreveukaryotgeneexpr.v14.10
https://doi.org/10.1016/j.ejphar.2017.03.019
https://doi.org/10.1074/jbc.RA117.000515
https://doi.org/10.1074/jbc.RA117.000515
https://doi.org/10.1016/j.cmet.2005.08.006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Li et al.

Liu, L., Zong, C., Li, B, Shen, D., Tang, Z., Chen, J.,, et al. (2014). The interaction
between B1 integrins and ERK1/2 in osteogenic differentiation of human mesenchymal
stem cells under fluid shear stress modelled by a perfusion system. J. Tissue Eng. Regen.
Med. 8 (2), 85-96. d0i:10.1002/term.1498

Liu, M., Banerjee, R., Rossa, C., Jr., and D’Silva, N. J. (2020). RAP1-RAC1 signaling
has an important role in adhesion and migration in HNSCC. J. Dent. Res. 99 (8),
959-968. doi:10.1177/0022034520917058

Loeser, R. F. (2014). Integrins and chondrocyte-matrix interactions in articular
cartilage. Matrix Biol. 39, 11-16. doi:10.1016/j.matbio.2014.08.007

Lowin, T, and Straub, R. H. (2011). Integrins and their ligands in rheumatoid
arthritis. Arthritis Res. Ther. 13 (5), 244. doi:10.1186/ar3464

Luo, B. H, Carman, C. V, and Springer, T. A. (2007). Structural basis
of integrin regulation and signaling. Annu. Rev. Immunol. 25, 619-647.
doi:10.1146/annurev.immunol.25.022106.141618

Majumdar, R., Sixt, M., and Parent, C. A. (2014). New paradigms in the establishment
and maintenance of gradients during directed cell migration. Curr. Opin. Cell Biol. 30,
33-40. doi:10.1016/j.ceb.2014.05.010

Mao, L., Wang, L., Xu, J, and Zou, J. (2023). The role of integrin family
in bone metabolism and tumor bone metastasis. Cell Death Discov. 9 (1), 119.
doi:10.1038/s41420-023-01417-x

Marie, P. J. (2013). Targeting integrins to promote bone formation and repair. Nat.
Rev. Endocrinol. 9 (5), 288-295. doi:10.1038/nrendo0.2013.4

Marie, P. J., Hay, E., and Saidak, Z. (2014). Integrin and cadherin signaling in bone:
role and potential therapeutic targets. Trends Endocrinol. Metab. 25 (11), 567-575.
doi:10.1016/j.tem.2014.06.009

Martel-Pelletier, J., Barr, A. ], Cicuttini, . M., Conaghan, P. G., Cooper, C,
Goldring, M. B., et al. (2016). Osteoarthritis. Nat. Rev. Dis. Prim. 2, 16072.
doi:10.1038/nrdp.2016.72

Mateo, J., Berlin, ., de Bono, J. S., Cohen, R. B., Keedy, V., Mugundu, G., et al. (2014).
A first-in-human study of the anti-a5p1 integrin monoclonal antibody PF-04605412
administered intravenously to patients with advanced solid tumors. Cancer Chemother.
Pharmacol. 74 (5), 1039-1046. doi:10.1007/s00280-014-2576-8

McCabe, N. P, De, S., Vasanji, A., Brainard, J., and Byzova, T. V. (2007). Prostate
cancer specific integrin alphavbeta3 modulates bone metastatic growth and tissue
remodeling. Oncogene 26 (42), 6238-6243. doi:10.1038/sj.onc.1210429

Menzel, E. J., and Farr, C. (1998). Hyaluronidase and its substrate hyaluronan:
biochemistry, biological activities and therapeutic uses. Cancer Lett. 131 (1), 3-11.
doi:10.1016/50304-3835(98)00195-5

Miao, M. Z., Su, Q. P, Cui, Y,, Bahnson, E. M,, Li, G., Wang, M., et al. (2023).
Redox-active endosomes mediate a5p1 integrin signaling and promote chondrocyte
matrix metalloproteinase production in osteoarthritis. Sci. Signal 16 (809), eadf8299.
doi:10.1126/scisignal.adf8299

Mierke, C. T, Frey, B., Fellner, M., Herrmann, M., and Fabry, B. (2011). Integrin a5p1
facilitates cancer cell invasion through enhanced contractile forces. J. Cell Sci. 124 (Pt
3), 369-383. doi:10.1242/jcs.071985

Monti, M., Tommelli, E, De Rosa, V., Carriero, M. V., Miceli, R., Camerlingo,
R., et al. (2017). Integrin-dependent cell adhesion to neutrophil extracellular traps
through engagement of fibronectin in neutrophil-like cells. PLoS One 12 (2), €0171362.
doi:10.1371/journal.pone.0171362

Morgan, E. E, Unnikrisnan, G. U,, and Hussein, A. I. (2018). Bone mechanical
properties in healthy and diseased states. Annu. Rev. Biomed. Eng. 20, 119-143.
doi:10.1146/annurev-bioeng-062117-121139

Myint, P. K,, Ito, A., Appiah, M. G., Obeng, G., Darkwah, S., Kawamoto, E., et al.
(2021). Irisin supports integrin-mediated cell adhesion of lymphocytes. Biochem.
Biophys. Rep. 26, 100977. doi:10.1016/j.bbrep.2021.100977

Nagae, M., Re, S., Mihara, E., Nogi, T., Sugita, Y., and Takagi, J. (2012). Crystal
structure of a5B1 integrin ectodomain: atomic details of the fibronectin receptor. J. Cell
Biol. 197 (1), 131-140. doi:10.1083/jcb.201111077

Nakamura, L, Duong, L. T,, Rodan, S. B., and Rodan, G. A. (2007). Involvement of
alpha(v)beta3 integrins in osteoclast function. J. Bone Min. Metab. 25 (6), 337-344.
doi:10.1007/s00774-007-0773-9

Notni, J., Steiger, K., Hoffmann, E, Reich, D., Kapp, T. G., Rechenmacher, E,
et al. (2016). Complementary, selective PET imaging of Integrin subtypes a5p1 and
avP3 using 68Ga-Aquibeprin and 68Ga-Avebetrin. J. Nucl. Med. 57 (3), 460-466.
doi:10.2967/jnumed.115.165720

Oh, S. H, Kim, J. W, Kim, Y., Lee, M. N.,, Kook, M. S., Choi, E. Y, et al.
(2017). The extracellular matrix protein Edil3 stimulates osteoblast differentiation
through the integrin a5Bp1/ERK/Runx2 pathway. PLoS One 12 (11), e0188749.
doi:10.1371/journal.pone.0188749

Ono, M., Inkson, C. A, Kilts, T. M., and Young, M. E (2011). WISP-1/CCN4
regulates osteogenesis by enhancing BMP-2 activity. J. Bone Min. Res. 26 (1), 193-208.
doi:10.1002/jbmr.205

Ono, M., Kubota, S., Fujisawa, T., Sonoyama, W., Kawaki, H., Akiyama, K, et al.
(2008). Promotion of hydroxyapatite-associated, stem cell-based bone regeneration by
CCN2. Cell Transpl. 17 (1-2), 231-240. doi:10.3727/000000008783907143

Frontiers in Cell and Developmental Biology

15

10.3389/fcell.2025.1632710

Pacifici, R., Basilico, C., Roman, J., Zutter, M. M., Santoro, S. A., and McCracken,
R. (1992). Collagen-induced release of interleukin 1 from human blood mononuclear
cells. Potentiation by fibronectin binding to the alpha 5 beta 1 integrin. J. Clin. Invest.
89 (1), 61-67. doi:10.1172/jci115586

Pal, S., Ganguly, K. K., Moulik, S., and Chatterjee, A. (2012). Modulation of MMPs
by cell surface integrin receptor a5p1. Anticancer Agents Med. Chem. 12 (7), 726-732.
doi:10.2174/187152012802650183

Pang, X., He, X., Qiu, Z., Zhang, H,, Xie, R,, Liu, Z., et al. (2023). Targeting integrin
pathways: mechanisms and advances in therapy. Signal Transduct. Target Ther. 8 (1), 1.
doi:10.1038/s41392-022-01259-6

Pantano, E, Croset, M., Driouch, K., Bednarz-Knoll, N., Iuliani, M., Ribelli, G., et al.
(2021). Integrin alpha5 in human breast cancer is a mediator of bone metastasis and a
therapeutic target for the treatment of osteolytic lesions. Oncogene 40 (7), 1284-1299.
doi:10.1038/541388-020-01603-6

Poon, C. C,, Au-Yeung, C., Wong, K. Y,, Chan, Z., Zhou, L. P, Li, G., et al. (2024).
Icariin promotes cell adhesion for osteogenesis in bone marrow stromal cells via binding
to integrin a5p1. Phytomedicine 133, 155887. doi:10.1016/j.phymed.2024.155887

Popov, C,, Radic, T., Haasters, E, Prall, W. C., Aszodi, A., Gullberg, D, et al. (2011).
Integrins a2fB1 and al1f1 regulate the survival of mesenchymal stem cells on collagen
1. Cell Death Dis. 2 (7), €186. doi:10.1038/cddis.2011.71

Prestwood, K. M., and Raisz, L. G. (2002). Prevention and treatment of osteoporosis.
Clin. Cornerstone 4 (6), 31-41. doi:10.1016/s1098-3597(02)90034-7

Qi, M., Zhang, L., Ma, Y., Shuai, Y., Li, L., Luo, K,, et al. (2017). Autophagy maintains
the function of bone marrow mesenchymal stem cells to prevent estrogen deficiency-
induced osteoporosis. Theranostics 7 (18), 4498-4516. doi:10.7150/thno.17949

Qin, L., He, T., Yang, D., Wang, Y., Li, Z., Yan, Q, et al. (2022). Osteocyte 1 integrin
loss causes low bone mass and impairs bone mechanotransduction in mice. J. Orthop.
Transl. 34, 60-72. d0i:10.1016/j.jot.2022.03.008

Qin, L., Liu, W, Cao, H., and Xiao, G. (2020). Molecular mechanosensors in
osteocytes. Bone Res. 8, 23. doi:10.1038/s41413-020-0099-y

Ramakrishnan, V., Bhaskar, V., Law, D. A., Wong, M. H., DuBridge, R. B., Breinberg,
D, et al. (2006). Preclinical evaluation of an anti-alpha5betal integrin antibody as a
novel anti-angiogenic agent. J. Exp. Ther. Oncol. 5 (4), 273-286.

Reid, I. R., and Billington, E. O. (2022). Drug therapy for osteoporosis in older adults.
Lancet 399 (10329), 1080-1092. doi:10.1016/s0140-6736(21)02646-5

Riquelme, M. A, Cardenas, E. R., Xu, H., and Jiang, J. X. (2020). The role of connexin
channels in the response of mechanical loading and unloading of bone. Int. J. Mol. Sci.
21 (3), 1146. doi:10.3390/ijms21031146

Riquelme, M. A, Gu, S., Hua, R, and Jiang, J. X. (2021). Mechanotransduction via
the coordinated actions of integrins, PI3K signaling and connexin hemichannels. Bone
Res. 9 (1), 8. doi:10.1038/s41413-020-00126-w

Robling, A. G., and Bonewald, L. F. (2020). The osteocyte: new insights. Annu. Rev.
Physiol. 82, 485-506. doi:10.1146/annurev-physiol-021119-034332

Rocha, L. A., Learmonth, D. A, Sousa, R. A, and Salgado, A. J. (2018).
avB3 and a5P1 integrin-specific ligands: from tumor angiogenesis inhibitors to
vascularization promoters in regenerative medicine? Biotechnol. Adv. 36 (1), 208-227.
doi:10.1016/j.biotechadv.2017.11.004

Roodman, G. D. (2004). Mechanisms of bone metastasis. N. Engl. J. Med. 350 (16),
1655-1664. doi:10.1056/NEJMra030831

Savontaus, M., Rintala-Jimsd, M., Morko, J., Ronning, O., Metsiranta, M., and
Vuorio, E. (2004). Abnormal craniofacial development and expression patterns of
extracellular matrix components in transgenic Dell mice harboring a deletion mutation
in the type II collagen gene. Orthod. Craniofac Res. 7 (4), 216-226. doi:10.1111/j.1601-
6343.2004.00304.x

Shao, P.L., Wy, S. C,, Lin, Z. Y., Ho, M. L., Chen, C. H., and Wang, C. Z. (2019). Alpha-
5 Integrin mediates Simvastatin-induced osteogenesis of bone marrow mesenchymal
stem cells. Int. J. Mol. Sci. 20 (3), 506. d0i:10.3390/ijms20030506

Shattil, S. J., and Newman, P. . (2004). Integrins: dynamic scaffolds for adhesion and
signaling in platelets. Blood 104 (6), 1606-1615. doi:10.1182/blood-2004-04-1257

Shekaran, A., Shoemaker, J. T., Kavanaugh, T. E,, Lin, A. S., LaPlaca, M. C., Fan,
Y., et al. (2014). The effect of conditional inactivation of beta 1 integrins using twist
2 cre, osterix cre and osteocalcin cre lines on skeletal phenotype. Bone 68, 131-141.
doi:10.1016/j.bone.2014.08.008

Shen, B., Delaney, M. K., and Du, X. (2012). Inside-out, outside-in, and inside-
outside-in: g protein signaling in integrin-mediated cell adhesion, spreading, and
retraction. Curr. Opin. Cell Biol. 24 (5), 600-606. doi:10.1016/j.ceb.2012.08.011

Siddiqui, J. A., and Partridge, N. C. (2016). Physiological bone remodeling: systemic
regulation and growth factor involvement. Physiol. (Bethesda) 31 (3), 233-245.
doi:10.1 lSZ/phySiOLOOOG 1.2014

Spoerri, P. M., Strohmeyer, N., Sun, Z., Fissler, R., and Miiller, D. J. (2020). Protease-
activated receptor signalling initiates a(5)p(1)-integrin-mediated adhesion in non-
haematopoietic cells. Nat. Mater 19 (2), 218-226. doi:10.1038/s41563-019-0580-4

Srouji, S., Ben-David, D., Fromigué, O., Vaudin, P,, Kuhn, G., Miiller, R., et al. (2012).
Lentiviral-mediated integrin a5 expression in human adult mesenchymal stromal cells

frontiersin.org


https://doi.org/10.3389/fcell.2025.1632710
https://doi.org/10.1002/term.1498
https://doi.org/10.1177/0022034520917058
https://doi.org/10.1016/j.matbio.2014.08.007
https://doi.org/10.1186/ar3464
https://doi.org/10.1146/annurev.immunol.25.022106.141618
https://doi.org/10.1016/j.ceb.2014.05.010
https://doi.org/10.1038/s41420-023-01417-x
https://doi.org/10.1038/nrendo.2013.4
https://doi.org/10.1016/j.tem.2014.06.009
https://doi.org/10.1038/nrdp.2016.72
https://doi.org/10.1007/s00280-014-2576-8
https://doi.org/10.1038/sj.onc.1210429
https://doi.org/10.1016/s0304-3835(98)00195-5
https://doi.org/10.1126/scisignal.adf8299
https://doi.org/10.1242/jcs.071985
https://doi.org/10.1371/journal.pone.0171362
https://doi.org/10.1146/annurev-bioeng-062117-121139
https://doi.org/10.1016/j.bbrep.2021.100977
https://doi.org/10.1083/jcb.201111077
https://doi.org/10.1007/s00774-007-0773-9
https://doi.org/10.2967/jnumed.115.165720
https://doi.org/10.1371/journal.pone.0188749
https://doi.org/10.1002/jbmr.205
https://doi.org/10.3727/000000008783907143
https://doi.org/10.1172/jci115586
https://doi.org/10.2174/187152012802650183
https://doi.org/10.1038/s41392-022-01259-6
https://doi.org/10.1038/s41388-020-01603-6
https://doi.org/10.1016/j.phymed.2024.155887
https://doi.org/10.1038/cddis.2011.71
https://doi.org/10.1016/s1098-3597(02)90034-7
https://doi.org/10.7150/thno.17949
https://doi.org/10.1016/j.jot.2022.03.008
https://doi.org/10.1038/s41413-020-0099-y
https://doi.org/10.1016/s0140-6736(21)02646-5
https://doi.org/10.3390/ijms21031146
https://doi.org/10.1038/s41413-020-00126-w
https://doi.org/10.1146/annurev-physiol-021119-034332
https://doi.org/10.1016/j.biotechadv.2017.11.004
https://doi.org/10.1056/NEJMra030831
https://doi.org/10.1111/j.1601-6343.2004.00304.x
https://doi.org/10.1111/j.1601-6343.2004.00304.x
https://doi.org/10.3390/ijms20030506
https://doi.org/10.1182/blood-2004-04-1257
https://doi.org/10.1016/j.bone.2014.08.008
https://doi.org/10.1016/j.ceb.2012.08.011
https://doi.org/10.1152/physiol.00061.2014
https://doi.org/10.1038/s41563-019-0580-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Li et al.

promotes bone repair in mouse cranial and long-bone defects. Hum. Gene Ther. 23 (2),
167-172. d0i:10.1089/hum.2011.059

Stange, R., Kronenberg, D., Timmen, M., Everding, J., Hidding, H., Eckes, B.,
et al. (2013). Age-related bone deterioration is diminished by disrupted collagen
sensing in integrin o2pl deficient mice. Bone 56 (1), 48-54. doi:10.1016/j.bone.
2013.05.003

Stegen, S., and Carmeliet, G. (2024). Metabolic regulation of skeletal cell
fate and function. Nat. Rev. Endocrinol. 20 (7), 399-413. doi:10.1038/s41574-
024-00969-x

Stewart, R. L., and O’Connor, K. L. (2015). Clinical significance of the integrin a6p4
in human malignancies. Lab. Invest. 95 (9), 976-986. doi:10.1038/labinvest.2015.82

Su, P, Tian, Y., Yang, C., Ma, X., Wang, X,, Pei, ], et al. (2018). Mesenchymal stem
cell migration during bone formation and bone diseases therapy. Int. J. Mol. Sci. 19 (8),
2343. doi:10.3390/ijms19082343

Su, Y, Iacob, R. E,, Li, J., Engen, J. R., and Springer, T. A. (2022). Dynamics of integrin
a5f1, fibronectin, and their complex reveal sites of interaction and conformational
change. J. Biol. Chem. 298 (9), 102323. d0i:10.1016/j.jbc.2022.102323

Sumsuzzman, D. M., Khan, Z. A., Choi, J., and Hong, Y. (2022). Assessment of
functional roles and therapeutic potential of integrin receptors in osteoarthritis: a
systematic review and meta-analysis of preclinical studies. Ageing Res. Rev. 81, 101729.
doi:10.1016/j.arr.2022.101729

Sun, M., Chi, G., Xu, J., Tan, Y., Xu, J., Lv, S., et al. (2018). Extracellular matrix stiffness
controls osteogenic differentiation of mesenchymal stem cells mediated by integrin a5.
Stem Cell Res. Ther. 9 (1), 52. doi:10.1186/s13287-018-0798-0

Takigawa, M. (2013). CCN2: a master regulator of the genesis of bone and cartilage.
J. Cell Commun. Signal 7 (3), 191-201. doi:10.1007/s12079-013-0204-8

Tan, T. W,, Huang, Y. L., Chang, J. T, Lin, J. ], Fong, Y. C,, Kuo, C. C,, et al.
(2012). CCN3 increases BMP-4 expression and bone mineralization in osteoblasts. J.
Cell Physiol. 227 (6), 2531-2541. doi:10.1002/jcp.22991

Tanoue, H., Morinaga, J., Yoshizawa, T., Yugami, M., Itoh, H., Nakamura, T,
et al. (2018). Angiopoietin-like protein 2 promotes chondrogenic differentiation
during bone growth as a cartilage matrix factor. Osteoarthr. Cartil. 26 (1), 108-117.
doi:10.1016/j.joca.2017.10.011

Thiel, A., Reumann, M. K., Boskey, A., Wischmann, J., von Eisenhart-Rothe, R., and
Mayer-Kuckuk, P. (2018). Osteoblast migration in vertebrate bone. Biol. Rev. Camb
Philos. Soc. 93 (1), 350-363. doi:10.1111/brv.12345

Uccelli, A., Moretta, L., and Pistoia, V. (2008). Mesenchymal stem cells in health and
disease. Nat. Rev. Immunol. 8 (9), 726-~736. doi:10.1038/nri2395

Uetaki, M., Onishi, N., Oki, Y., Shimizu, T., Sugihara, E., Sampetrean, O., et al.
(2022). Regulatory roles of fibronectin and integrin o5 in reorganization of the
actin cytoskeleton and completion of adipogenesis. Mol. Biol. Cell 33 (9), ar78.
doi:10.1091/mbc.E21-12-0609

Urist, M. R. (1965). Bone: formation by autoinduction. Science 150 (3698), 893-899.
doi:10.1126/science.150.3698.893

Wang, L., You, X., Zhang, L., Zhang, C., and Zou, W. (2022). Mechanical regulation
of bone remodeling. Bone Res. 10 (1), 16. doi:10.1038/s41413-022-00190-4

Wang, Q., Onuma, K., Liu, C., Wong, H., Bloom, M. S., Elliott, E. E,, et al.
(2019a). Dysregulated integrin aVp3 and CD47 signaling promotes joint inflammation,
cartilage breakdown, and progression of osteoarthritis. JCI Insight 4 (18), e128616.
doi:10.1172/jci.insight.128616

Frontiers in Cell and Developmental Biology

16

10.3389/fcell.2025.1632710

Wang, Y., Yan, Q., Zhao, Y,, Liu, X,, Lin, S., Zhang, P, et al. (2019b). Focal adhesion
proteins Pinchl and Pinch2 regulate bone homeostasis in mice. JCI Insight 4 (22),
€131692. doi:10.1172/jci.insight. 131692

Watabe, H., Furuhama, T., Tani-Ishii, N., and Mikuni-Takagaki, Y. (2011).
Mechanotransduction — activates  asp, integrin and PI3K/Akt signaling
pathways in mandibular osteoblasts. Exp. Cell Res. 317 (18), 2642-2649.
doi:10.1016/j.yexcr.2011.07.015

Whittier, D. E., Samelson, E. ]., Hannan, M. T,, Burt, L. A., Hanley, D. A., Biver, E., etal.
(2022). Bone microarchitecture phenotypes identified in older adults are associated
with different levels of osteoporotic fracture risk. J. Bone Min. Res. 37 (3), 428-439.
doi:10.1002/jbmr.4494

Wood, S. T., Long, D. L., Reisz, J. A., Yammani, R. R., Burke, E. A., Klomsiri, C., et al.
(2016). Cysteine-mediated redox regulation of cell signaling in chondrocytes stimulated
with fibronectin fragments. Arthritis Rheumatol. 68 (1), 117-126. doi:10.1002/art.39326

Wu, M., Wu, S., Chen, W,,and Li, Y. P. (2024). The roles and regulatory mechanisms of
TGF-B and BMP signaling in bone and cartilage development, homeostasis and disease.
Cell Res. 34 (2), 101-123. doi:10.1038/541422-023-00918-9

Xia, W,, and Springer, T. A. (2014). Metal ion and ligand binding of integrin a5p1.
Proc. Natl. Acad. Sci. U. S. A. 111 (50), 17863-17868. doi:10.1073/pnas.1420645111

Xiao, Y., Martinez, L., Zigmond, Z., Woltmann, D., Singer, D. V,, Singer, H. A, et al.
(2024). Functions for platelet factor 4 (PF4/CXCL4) and its receptors in fibroblast-
myofibroblast transition and fibrotic failure of arteriovenous fistulas (AVFs). J. Vasc.
Access 25 (6), 1911-1924. doi:10.1177/11297298231192386

Yang, L., Chen, H., Yang, C., Hu, Z, Jiang, Z., Meng, S., et al. (2024). Research progress
on the regulatory mechanism of integrin-mediated mechanical stress in cells involved
in bone metabolism. J. Cell Mol. Med. 28 (7), €18183. doi:10.1111/jcmm.18183

Yin, J. ., Pollock, C. B., and Kelly, K. (2005). Mechanisms of cancer metastasis to the
bone. Cell Res. 15 (1), 57-62. doi:10.1038/sj.cr.7290266

Zhang, D., Ni, N,, Wang, Y., Tang, Z., Gao, H,, Ju, Y., et al. (2021). CircRNA-
vgll3 promotes osteogenic differentiation of adipose-derived mesenchymal stem cells
via modulating miRNA-dependent integrin a5 expression. Cell Death Differ. 28 (1),
283-302. doi:10.1038/541418-020-0600-6

Zhang, L., Qu, ], Qi, Y., Duan, Y,, Huang, Y. W,, Zhou, Z,, et al. (2022). EZH2
engages TGFp signaling to promote breast cancer bone metastasis via integrin p1-FAK
activation. Nat. Commun. 13 (1), 2543. d0i:10.1038/s41467-022-30105-0

Zhao, D., Hua, R, Riquelme, M. A., Cheng, H., Guda, T., Xu, H., et al. (2022).
Osteocytes regulate bone anabolic response to mechanical loading in male mice via
activation of integrin 5. Bone Res. 10 (1), 49. doi:10.1038/s41413-022-00222-z

Zhao, D., Wu, ], Acosta, . M., Xu, H, and Jiang, J. X. (2023). Connexin
43 hemichannels and prostaglandin E(2) release in anabolic function of the
skeletal tissue to mechanical stimulation. Front. Cell Dev. Biol. 11, 1151838.
doi:10.3389/fcell.2023.1151838

Zhao, Y., Bachelier, R., Treilleux, I, Pujuguet, P.,, Peyruchaud, O., Baron, R., et al.
(2007). Tumor alphavbeta3 integrin is a therapeutic target for breast cancer bone
metastases. Cancer Res. 67 (12), 5821-5830. doi:10.1158/0008-5472.Can-06-4499

Zheng, L., Zhang, Z., Sheng, P, and Mobasheri, A. (2021). The role of metabolism
in chondrocyte dysfunction and the progression of osteoarthritis. Ageing Res. Rev. 66,
101249. doi:10.1016/j.arr.2020.101249

Zimmerman, D,, Jin, E, Leboy, P, Hardy, S., and Damsky, C. (2000). Impaired bone
formation in transgenic mice resulting from altered integrin function in osteoblasts.
Dev. Biol. 220 (1), 2-15. doi:10.1006/dbi0.2000.9633

frontiersin.org


https://doi.org/10.3389/fcell.2025.1632710
https://doi.org/10.1089/hum.2011.059
https://doi.org/10.1016/j.bone.2013.05.003
https://doi.org/10.1016/j.bone.2013.05.003
https://doi.org/10.1038/s41574-024-00969-x
https://doi.org/10.1038/s41574-024-00969-x
https://doi.org/10.1038/labinvest.2015.82
https://doi.org/10.3390/ijms19082343
https://doi.org/10.1016/j.jbc.2022.102323
https://doi.org/10.1016/j.arr.2022.101729
https://doi.org/10.1186/s13287-018-0798-0
https://doi.org/10.1007/s12079-013-0204-8
https://doi.org/10.1002/jcp.22991
https://doi.org/10.1016/j.joca.2017.10.011
https://doi.org/10.1111/brv.12345
https://doi.org/10.1038/nri2395
https://doi.org/10.1091/mbc.E21-12-0609
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1038/s41413-022-00190-4
https://doi.org/10.1172/jci.insight.128616
https://doi.org/10.1172/jci.insight.131692
https://doi.org/10.1016/j.yexcr.2011.07.015
https://doi.org/10.1002/jbmr.4494
https://doi.org/10.1002/art.39326
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1073/pnas.1420645111
https://doi.org/10.1177/11297298231192386
https://doi.org/10.1111/jcmm.18183
https://doi.org/10.1038/sj.cr.7290266
https://doi.org/10.1038/s41418-020-0600-6
https://doi.org/10.1038/s41467-022-30105-0
https://doi.org/10.1038/s41413-022-00222-z
https://doi.org/10.3389/fcell.2023.1151838
https://doi.org/10.1158/0008-5472.Can-06-4499
https://doi.org/10.1016/j.arr.2020.101249
https://doi.org/10.1006/dbio.2000.9633
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Overview of integrin α5β1
	2.1 Structural characterization of Integrin α5β1
	2.2 Functional activities of Integrin α5β1

	3 Integrin α5β1 mediates bone formation
	3.1 Integrin α5β1 mediates MSC differentiation
	3.1.1 The crucial role of Integrin α5β1 in MSC osteogenic differentiation
	3.1.2 Regulatory role of Integrin α5β1 in MSC multilineage differentiation

	3.2 Integrin α5β1 mediates osteogenic differentiation
	3.3 Integrin α5β1 mediates mechanotransduction for bone formation

	4 Role of integrin α5β1 in bone pathologic states
	4.1 Osteoporosis
	4.1.1 The crucial role of Integrin α5β1 in osteoporosis
	4.1.2 Molecular mechanisms of Integrin α5β1 in osteoporosis
	4.1.3 Osteoporosis therapeutic strategies targeting Integrin α5β1

	4.2 Osteoarthritis
	4.2.1 Protective interaction between α5β1 and intact fibronectin
	4.2.2 Pathogenic interaction between α5β1 and fibronectin fragments
	4.2.3 Multifaceted roles of α5β1 in the joint microenvironment
	4.2.4 Therapeutic potential of targeting α5β1

	4.3 Bone metastases
	4.3.1 Role of Integrin α5β1 in bone metastasis of various cancers
	4.3.2 Molecular mechanisms of Integrin α5β1 in bone metastasis
	4.3.3 Therapeutic strategies targeting Integrin α5β1 in bone metastasis
	4.3.3.1 Clinical challenges


	4.4 Potential roles of other integrins in skeletal disorders

	5 Summary and outlook
	5.1 Summary of findings
	5.2 Overview of the Integrin α5β1 signaling network
	5.3 Knowledge gaps and future outlook

	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

