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Osteopontin (OPN), also known as secreted phosphoprotein 1(SPP1), is a highly glycosylated and phosphorylated
acidic protein, which is a multifunctional glycoprotein expressed in numerous cell types. SPP1 is involved in the
attachment of osteoclasts to mineralized bone matrix, inflammatory reaction, cell recruitment, and tissue repair,

8::22;?;?5 and plays an important role in bone formation, fibrosis, immune diseases, and cancer. The role of SPP1 in
Gancer osteoporosis, osteoarthritis and cancer is multi-faceted. While it holds potential therapeutic value, it also presents
Metastasis certain limitations. This review integrates the molecular structural characteristics of SPP1, including isoform

variants and post-translational modifications, with its pathophysiological functions. It highlights the regulatory
roles of SPP1 in these diseases: maintaining the dynamic balance between bone resorption and formation in
osteoporosis, promoting cartilage degeneration and inflammation in osteoarthritis, and driving tumor progression
in cancer through the activation of pathways such as PI3K/AKT/mTOR. Furthermore, SPP1 regulates tumor-
associated macrophages and fibroblasts within the tumor microenvironment, thereby facilitating immune
evasion and metastasis. The article also underscores the potential value of precisely modulating SPP1 activity in
the treatment of osteoporosis and osteoarthritis and suggests a combined therapeutic strategy targeting SPP1,
offering novel insights into overcoming the limitations of single-target cancer therapies.

1. Introduction

Osteopontin (OPN), also known as secreted phosphoprotein 1(SPP1),
is a highly glycosylated and phosphorylated acidic protein, which mainly
participates in the attachment of osteoclasts to the mineralized bone
matrix [1]. SPP1 is a key extracellular matrix protein expressed in various
tissues. It is found in a wide range of cell types, including bone cells,
epithelial cells, endothelial cells, vascular smooth muscle cells, macro-

differentiation and promoting cell adhesion, migration, and recruitment.
Another critical function of SPP1 is its ability to accelerate angiogenesis
and contribute to tissue repair. These functions are primarily achieved
either through direct engagement in intracellular signaling pathway
transduction or via paracrine binding with receptors such as CD44 and
integrin proteins [2]. Abnormal expression of SPP1 plays a crucial role in
the progression of various diseases, including osteoporosis, osteoar-
thritis, and cancer.

phages, and fibroblasts. Consequently, SPP1 plays an active role in
numerous physiological processes, acting as a catalyst for monocyte

This review focuses on the structure and function of SPP1, exploring
its molecular mechanisms and pathological roles in osteoporosis,
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osteoarthritis, and cancer. The aim is to assess SPP1's potential as a
therapeutic target for these diseases, providing a theoretical foundation
for future precision treatment strategies. The article begins by examining
the structure of the SPP1 gene, its functional domains, splice variants,
and post-translational modifications, all of which contribute to its mul-
tifunctionality. It then delves into the specific roles of SPP1 in osteopo-
rosis (imbalances between bone resorption and formation), osteoarthritis
(cartilage metabolism and inflammation), and cancer (proliferation,
metastasis, and immune evasion), emphasizing the interaction network
between SPP1 and its receptors, including CD44, integrins, and key
signaling pathways such as PI3K/AKT and NF-kB. The review concludes
by discussing the therapeutic potential and challenges associated with
SPP1, highlighting the need for further research into precise regulation
strategies and the exploration of combination therapies to address the
limitations of current treatments. The innovation of this work lies in its
comprehensive integration of SPP1's molecular mechanisms and patho-
logical functions, offering systematic evidence of its feasibility as a
therapeutic target across various diseases. Furthermore, it underscores
the emerging role of SPP1 in the tumor microenvironment, revealing its
bidirectional regulatory network and common pathways across diseases,
providing a valuable theoretical framework for future research in oste-
oporosis, osteoarthritis, and cancer.

2. Structure and function of SPP1

The human SPP1 gene is located on chromosome 4q21-25 and con-
sists of 7 exons [3]. Exon 1 is in the 5'-untranslated (5'-UTR) region,
Exons 2-7 contain coding sequences, and the last part of Exon 7 consti-
tutes the 3'-UTR region. Exon 7 contains a highly conserved
arginine-glycine-aspartate (RGD) sequence and a central thrombin
cleavage site [4]. The expression of SPP1 in different cell types and at
different stages of disease progression was significantly affected by the
genetic polymorphism of transcription factors and promoters [5]. SPP1 is
a highly acidic protein of 45-75 kDa. The unmodified protein has a PI of
4.37, which decreases to 3.35 when fully phosphorylated, and partici-
pates in different cellular pathways by using (1) discrete functional do-
mains, (2) as substrates for specific proteases, (3) the activity of splice
variants, and (4) post-translational modification.

2.1. Discrete functional domains

SPP1 belongs to an intrinsically disordered protein family. When
SPP1 binds to cell surface receptors or ligands, it retains transient sub-
structures. The flexibility of SPP1's semi-random curling structure,
coupled with its multiple conserved functional motifs, contributes to the
ability to interact with multiple receptors, thus showing pleiotropic
function [6].

2.2. As substrates for specific proteases

SPP1 protein contains two fragments: N-terminal (integrin receptor
binding region) and C-terminal (binding two heparin molecules and
CD44 variant). The RGD (Arginine-Glycine-Aspartate) sequence in SPP1
can bind to integrin receptors avpl, avp3, avp5, avp6 on the cell surface
and mediate the adhesion between glycoproteins and cells. In addition,
the peptide bond formed by the sixth amino acid residue at the carboxyl
end of the RGD sequence is the cleavage site of thrombin. Thrombin
cleves the SPP1 at this site to expose the hidden ®2SVVYGLR!%® motifs
interacting with integrins a9p1, a4p1, and a4p7 and can cleaved SPP1
into 45kD and 24kD fragments [7,8]. Compared with intact SPP1, the
45KkD fragment can stimulate cell adhesion and migration more, while
the 24KD fragment has weaker adhesion ability [9]. In the
carboxyl-terminal sequence of SPP1, there is also a non-RGD cell adhe-
sion site, which can bind to CD44 on the cell surface play the role of cell
signal molecule, and mainly participates in the cellular immune process
[10]. SPP1 contains two prominent heparin-binding domains. The
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binding of heparin to SPP1 prevents thrombin entry and maintains the
full-length form of SPP1. In addition, SPP1 also had matrix metal-
loproteinase (MMP) cleavage sites located between the amino acids
Gly'%-Leu'®”, Ala?l-Tyr?%2 and Asp?!%-Leu?!!. The biological activity
of SPP1 can be modulated by cleavage mediated by several MMPs. For
example, the function of inducing macrophage migration was enhanced
after SPP1 was digested by MMP-3 or MMP-7 [11], and MMP-12 pro-
cesses SPP1 into SPP1 peptides with anti-inflammatory properties [12].
There also exists an efficient SPP1 inactivation enzyme that is the met-
alloprotease PHEX (phosphate-regulating gene with homologies to en-
dopeptidases on the X chromosome) [13]. PHEX exhaustively degrades
SPP1 into small, inactive peptide fragments to regulate the functions of
SPP1 in bone mineralization and tumor development.

2.3. The activity of splice variants

Human OPN precursor mRNA undergoes alternative splicing and
produces three main forms, OPN-a (OPN-v1), OPN-b (OPN-v2), and OPN-
¢ (OPNv3). Since then, two other splice variants, OPN-4 (OPN-v4) and
OPN-5 (OPN-v5), have been found, showing different splice variants in
different cancer types [14]. The shear variants of SPP1 are caused by the
deficiency or increase of amino acids in specific regions (Fig. 1).

2.4. Post-translational modification

The changes in apparent molecular weight observed on SDS-PAGE
from different cells reflect the type and degree of post-translational
modifications mainly including phosphorylation and glycosylation.
SPP1 shows a large amount of O-glycosylation and a small amount of N-
glycosylation. O-glycosylation of SPP1 might regulate the interaction of
SPP1 with integrins. O-glycosylation site located at the C-terminal of
SPP1 also binds to CD44 after glycosylation, which can regulate various
cellular events [15]. In addition, O-glycosylation site (S146) may impair
SPP1 cleavage mediated by MMPs. SPP1 N-glycosylation (Mutation of
aspartic acid at 79 positions of SPP1 protein to glutamine) promoted
ectopic NF-kB nuclei in osteoclasts and osteoblasts and promoted oste-
oclast proliferation [16]. SPP1 has phosphorylation and dephosphory-
lation. After phosphorylation, serine and threonine residues in the SPP1
molecule can combine with multiple Ca?" which is essential bone com-
ponents. Therefore, SPP1 regulates bone mineralization and has different
effects on the formation and growth of hydroxyapatite depending on the
degree of phosphorylation. Phosphorylated SPP1 also binds to the
integrin receptor on the cell surface, while dephosphorylated SPP1 binds
to the CD44 receptor, resulting in different effects.

3. The pathophysiological significance of SPP1 in osteoporosis,
osteoarthritis, and cancer

The sequence and special structure of SPP1 enable it to participate in
a wide range of biological processes, including bone formation, inflam-
matory responses, and the regulation of the extracellular matrix. These
biological effects allow SPP1 to play a crucial role in several diseases,
particularly osteoporosis (OP), osteoarthritis (OA), and cancer. The
following is a summary of the role of SPP1 in these three major diseases.

3.1. Osteoporosis

Osteoporosis (OP) is the most prevalent bone disease in humans,
typically characterized by a decrease in bone mineral density (BMD),
deterioration of bone quality, disruption of bone microstructure,
increased bone fragility, and an elevated susceptibility to fractures [20].
OP primarily results from bone metabolic disorders, involving reduced
bone formation and enhanced bone resorption. In OP, SPP1 functions as a
predictor due to its strong association with low BMD [17]. Furthermore,
in postmenopausal women with OP, elevated serum levels of SPP1
correlate with reduced BMD, especially in the lumbar vertebrae. The
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Fig. 1. Human OPN precursor mRNA shearing body. Human OPN has five subtypes, namely OPN-a (314aa), OPN-b (300aa), OPN-c (287aa), OPN-4 (273aa), OPN-5
(327aa). As a full-length isomer, OPN-a can be selectively cut during transcription. It produces OPN-b lacking the fifth exon, OPN-c lacking the fourth exon, OPN-4
lacking both the fifth and fourth exons, and the addition of 13 amino acids OPN-5 between the third and fourth exons.These five subtypes all contain RGD sequences,
calcium ion binding sites, MMP cutting sites, etc. After digestion by enzymes in vivo, it interacts with cell membrane surface calcium ions, CD44, integrin and other
receptors, and plays a role in regulating bone mineralization and absorption, cell adhesion and migration, neurodevelopment and immune regulation.

serum SPP1 level may serve as a biomarker for the early diagnosis of OP
in postmenopausal women [18]. The significant role of SPP1 in OP is
attributed to its broad distribution across various cells and tissues,
including chondrocytes, osteoblasts, osteoclasts, and plasma, as well as
its involvement in bone strength and remodeling. Specifically, SPP1
contains a polyaspartic acid sequence and Ser/Thr phosphorylation sites
that mediate hydroxyapatite binding, along with a highly conserved RGD
motif that facilitates cell attachment and signaling. Moreover, SPP1 is
regulated by endocrine factors [19].

3.1.1. SPP1 facilitates bone mineralization and regulates bone metabolism
SPP1 binds with multiple calcium ions with high affinity, initiating
crystal nucleation of calcium deposits in the extracellular matrix, which
contributes to the formation of hydroxyapatite. Furthermore, SPP1 con-
tains regions that interact with the hydroxyapatite matrix to enhance bone
mineralization. When deposited on the surface of mineralized connective
tissue, SPP1 may promote osteoclast-mediated absorption. The dynamic
balance between osteoblasts and osteoclasts is the key factor in bone
remodeling. SPP1 influences bone metabolism by promoting bone
resorption. Notably, SPP1 deficiency does not directly affect the genera-
tion and differentiation of osteoclasts. Research has uncovered a connec-
tion between SPP1-dependent angiogenesis and osteoclast accumulation.
In the absence of SPP1, there was a reduction in the number of blood
vessels formed by CD31-positive endothelial cells, a decrease in the length
of the newly formed vascular system, and fewer branching points of
tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts. This sug-
gests that SPP1 plays a role in promoting angiogenesis, which in turn
supports osteoclast accumulation and bone resorption [20]. The RGD
sequence in SPP1 affects biological activities such as the proliferation,
migration, and adhesion of bone-associated cells by interacting with
CD44/integrin and is critical for SPP1-mediated osteoclast attachment to
the bone matrix, actin ring formation, and bone resorption [21]. As noted
earlier, osteoclast aggregation is dependent on angiogenesis.
SPP1-mediated angiogenesis is linked to the avf3 integrin, which is crucial
for angiogenesis, and in vitro, endothelial cell apoptosis is inhibited
through signaling mediated by avp3 integrin. The RGD sequence in SPP1

acts as a specific ligand for avp3 integrin, which is abundantly expressed in
both osteoclasts and endothelial cells. When SPP1 binds to avp3 integrin,
it activates intracellular signaling pathways, elevating inositol poly-
phosphates and intracellular calcium levels in various cell types while
simultaneously inhibiting endothelial cell apoptosis. The co-localization of
SPP1 with the CD44 receptor in osteoclasts plays a role in osteoclast
migration, cell fusion, and bone resorption [22], which helps to explain
why the addition of SPP1 can enhance the bone resorption ability of bone
grafts. Elevated SPP1 levels help alleviate osteopenia and stimulate bone
formation and matrix calcification in osteoporosis, which is likely due to
SPP1's ability to increase matrix deposition and enhance bone remodeling
by promoting osteoblast differentiation and upregulating alkaline Phos-
phatase (ALP), osteocalcin (OCN) and bone morphogenetic protein-2
(BMP-2) expression. Furthermore, SPP1 is expressed early in mesen-
chymal stem cells, significantly promoting mesenchymal stem/stromal
cells (MSCs) proliferation and matrix mineralization. It co-localizes with
the CD44 receptor and is localized around the intracellular membrane,
facilitating cell migration and osteoblast differentiation [23]. SPP1 also
facilitates MSCs migration through integrins and the Wnt signaling
pathway. Furthermore, it accelerates osteoblast differentiation of MSCs by
upregulating osteoblast differentiation-associated proteins via the Wnt
signaling cascade [24,25]. Additionally, SPP1 functions as an intermediate
molecule in the mechanism through which electrical stimulation promotes
bone regeneration [26].

3.1.2. SPP1 affects osteoporosis in postmenopausal women

The secretion of sex hormones influences SPP1 expression. Post-
menopausal women are particularly prone to osteoporosis, and elevated
levels of SPP1 have been detected in their blood. Animal studies have
shown that oophorectomy induces increased bone resorption, while SPP1
knockout inhibits this process [27]. Additionally, SPP1 is regulated by
parathyroid hormone (PTH), which plays a significant role in both bone
formation and resorption. Hyperparathyroidism or prolonged PTH
exposure can lead to bone loss, whereas intermittent PTH administration
has been shown to increase bone mass in postmenopausal osteoporosis
patients and animal models of bone loss [28]. Studies have demonstrated
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that intermittent PTH treatment induces greater bone formation in mice
with SPP1 deficiency and prevents bone loss caused by ovariectomy. This
outcome is not only attributed to the fact that SPP1 deficiency inhibits
the increase in PTH-induced bone resorption by preventing the rise in
osteoclast numbers in the local skeletal environment but also to the
ability of intermittent PTH treatment to enhance bone formation and
inhibit bone destruction by downregulating SPP1 expression [29,30]. As
a key molecule in osteoporosis, the blood levels of SPP1 are significantly
correlated with the condition, particularly in postmenopausal women,
and can be used as a predictor for osteoporosis in this group.

3.2. Osteoarthritis

Osteoarthritis (OA) is a degenerative joint disease, characterized by
the degeneration of articular cartilage, inflammation, and changes in the
bone surrounding and beneath the cartilage. Studies has showed that
abnormal expression of SPP1 at the mRNA or protein level is associated
with the onset of OA. SPP1 levels in the plasma and synovial fluid of OA
patients are higher than those in healthy adults, and SPP1 expression is
significantly increased in both the superficial and deep layers of articular
cartilage in OA patients. This suggests that SPP1 may be linked to the
severity of joint lesions in OA [31,32]. The influence of SPP1 on osteo-
arthritis is related to its involvement in cartilage and bone metabolism, as
well as its role in inflammation within OA.

3.2.1. SPP1 affects chondrocyte metabolism

Studies have identified SPP1 as a pivotal link between osteoporosis
and osteoarthritis. Its expression is a crucial event in the chondro-to-bone
transformation during fracture repair and chondrocyte maturation. SPP1
reflects the differentiation processes of osteogenesis and cartilage for-
mation. Abnormal expression of SPP1, along with the related genes
Runx2, Sox9, and OCN, may trigger metabolic disorders and cartilage
damage in OA [33]. Increased SPP1 expression accelerates the renewal
and remodeling of subchondral bone in OA, promotes angiogenesis
within the subchondral bone, mediates articular cartilage degeneration
driven by subchondral bone metabolism, and facilitates the progression
of OA [34]. In OA, the expressions of SPP1 and avp3 integrin are posi-
tively correlated with chondrocyte senescence. SPP1 suppresses the
expression of LC3II and Beclinl through the CD44, integrin, and MAPK
pathways. This inhibition reduces autophagy in chondrocytes and im-
pairs the clearance of matrix metalloproteinases and platelet-reactive
proteins, leading to a loss of cellular homeostasis. Consequently, chon-
drocyte survival is compromised, articular cartilage degeneration
worsens, and joint damage intensifies [35,36].

However, some studies indicate that SPP1 may play a protective role
in slowing OA progression. In OA chondrocytes, both mRNA and protein
expressions of SPP1 and CD44 are upregulated. The elevated SPP1 binds
to CD44 and integrin through the SPP1/CD44/PI3K signaling pathway,
which helps delay chondrocyte degeneration and reduce the loss of
cartilage matrix components [37]. Overexpression of SPP1 promotes
chondrocyte proliferation and inhibits apoptosis via the NF-xB signaling
pathway, thereby influencing the pathological progression of OA [38].
This effect is linked to the upregulation of hyaluronic acid synthase 1
(HAS1) expression in OA by SPP1, which initiates an intracellular
cascade through CD44. This cascade enhances HA levels and stimulates
chondrocyte anabolism [39]. The interaction between SPP1 and CD44
inhibits the expression of HIF-2«a in chondrocytes, playing a protective
role in OA [40]. Furthermore, SPP1 promotes synovial cell proliferation,
alleviating dysfunction in OA [41].

3.2.2. SPP1 modulates inflammation

Higher levels of SPP1 inhibit the secretion of pro-inflammatory cy-
tokines and reduce inflammatory activity, thereby delaying OA pro-
gression. Studies indicate that cartilage and synovial cells commonly
express high levels of SPP1. In this context, SPP1 deficiency may exac-
erbate chondrocyte senescence and apoptosis in OA, upregulate pro-
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inflammatory cytokine expression, and decrease collagen II levels, ulti-
mately accelerating chondrocyte degeneration and OA severity [42].

However, in most joint cells, SPP1 suppresses peroxidase levels and
type II collagen, thereby accelerating OA progression [33]. Additionally,
SPP1 stimulates the secretion of MMP-13, IL-6, and IL-8, thereby pro-
moting local inflammation and cartilage damage [41]. MMP-13 expres-
sion is upregulated through NF-kB signaling [43], while the mechanisms
of IL-6 and IL-8 secretion remain unclear, potentially linked to macro-
phage activation. In the inflammatory microenvironment, M1 macro-
phages are activated, producing high levels of pro-inflammatory
mediators, which lead to the release of degrading enzymes, chondrocyte
apoptosis, and disruption of cartilage metabolism, ultimately worsening
OA. Overexpression of SPP1 amplifies the inflammatory microenviron-
ment in OA by promoting the production of pro-inflammatory cytokines
and degrading enzymes in M1 macrophages, thereby enhancing their
cytotoxic effects on chondrocytes [44].

In conclusion, SPP1 plays a critical role in the regulation of chon-
drocytes, synovial cells, and subchondral osteocytes. In OA, SPP1 is
frequently considered a risk factor, with most cases showing SPP1
expression levels between high and low. Moderate SPP1 levels contribute
to OA progression by mediating subchondral bone metabolism-induced
articular cartilage degeneration, inhibiting chondrocyte autophagy,
promoting chondrocyte apoptosis, impairing synovial cell function, and
stimulating the production of pro-inflammatory factors. Additionally,
phosphorylated SPP1 has pro-apoptotic and pro-inflammatory effects on
OA chondrocytes [45]. In contrast, elevated SPP1 levels delay chon-
drocyte degeneration, inhibit apoptosis, promote synovial cell prolifer-
ation, suppress pro-inflammatory cytokine secretion, reduce
inflammatory activity, and slow OA progression. Therefore, maintaining
SPP1 at a normal and stable level is a viable therapeutic strategy for
alleviating OA.

3.3. Cancer

Tumor growth and metastasis rely heavily on the complex and dy-
namic interactions between tumor cells and the tumor matrix, which are
mediated by direct cell contact and the secretion of growth factors and
cytokines. SPP1 plays a pivotal role in cancer development, with its
biological function varying depending on its localization within different
cell types. In addition to its presence in cancer cells, SPP1 is highly
expressed in tumor-associated macrophages (TAMs) and tumor-
associated fibroblasts (CAFs) within the tumor microenvironment
(TME), and its expression is positively correlated with unfavorable can-
cer progression. The following sections outline the mechanisms by which
SPP1 promotes cancer development in cancer cells, TAMs, and CAFs.

3.3.1. SPP1 in cancer cells

SPP1 is involved in the progression of various cancers, with its pivotal
role in colorectal, breast, prostate, lung, and liver cancers being well-
documented. In colorectal cancer, SPP1 promotes cell migration and
invasion in a concentration-dependent manner, likely through the acti-
vation of the PI3K-AKT-GSK3p-p-catenin pathway, which facilitates these
processes, and the p38 MAPK signaling pathway, which suppresses
autophagy in CRC cells [46,47]. In breast cancer, SPP1 interacts with
CD44 and avf3, initiating inflammation in breast fibroblasts. It also
stimulates the migration of breast cancer cells by activating the JNK,
WNK-1, PRAS40, and ICOSL signaling pathways [48-50]. Furthermore,
SPP1 activates the ERK1/2 and PI3K/AKT pathways, inducing endothe-
lial cells to secrete VEGF, thereby promoting angiogenesis [51,52]. These
findings indicate that SPP1 contributes to cancer metastasis in breast
cancer through various mechanisms. In prostate cancer, SPP1 promotes
cancer development by binding to CD44 and integrin receptors, which
may be related to the activation of the Akt/JNK signaling pathway [53].
In castration resistant prostate cancer, SPP1 acts on androgen receptor to
activate PI3K/Akt signal pathway, ultimately promoting cell adhesion,
migration and EMT [54]. In non-small cell lung cancer (NSCLC), SPP1
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activates the ERK, FAK/AKT, and RON signaling pathways, inducing
VEGF accumulation, which promotes the migration and invasion of
NSCLC cells. It also mediates drug resistance through the MAPK pathway
[55-59]. Additionally, SPP1 activates the mTORC1 pathway, promoting
angiogenesis and the glycolytic pathway [60]. It serves as a promoter of
EMT, upregulating COL1A1 and facilitating cell migration and invasion
in lung adenocarcinoma, a common NSCLC subtype [61]. In hepatocel-
lular carcinoma (HCC), SPP1 binds to its receptor CD44, activating the
PIBK/AKT pathway, inducing Twist expression, and enhancing
EMT-mediated metastasis [62]. Furthermore, SPP1 promotes glycolysis
in HCC by activating the avp3-NF-kB signaling cascade. Glycolysis, a
metabolic hallmark of cancer cells, supports their proliferation and
metastasis [63]. In addition to the several major tumors mentioned
above, SPP1 also plays a role in the progression of other cancers
(Table 1). In conclusion, SPP1 is involved in the initiation, progression,
and metastasis of cancer and serves as a prognostic indicator for various
cancer types.

3.3.2. The influence of SPP1 on TAMs and CAFs in cancer development

CAFs are fibroblasts with myofibroblast characteristics induced by
interstitial fibroblasts within the TME, which enhance the invasiveness of
cancer. Studies have shown that tumor-derived SPP1 promotes the
transformation of fibroblasts into CAFs by engaging CD44 and avf3
integrins on the fibroblast surface. Once activated, these integrins
mediate signal transduction through Akt and ERK, inducing Twistl-
dependent gene expression. This drives CAFs to secrete CXCL12, which
subsequently triggers the EMT in tumor cells [86]. SPP1 secreted by
tumor cells not only directly affects CAFs but also increases the abun-
dance of Ly6C" CD206™ TAMs. These Ly6C" CD206™ TAMs. TAMs recruit
CAFs by secreting CCL5 and activating them through the secretion of
TGFp1. Tumor cells exhibit high SPP1 expression, which is also elevated
in CAFs, where it influences cancer development through secretion. Both
clinical and in vitro models of breast cancer have shown that SPP1 is
overexpressed in a-SMA-positive CAFs, and its expression correlates with
a higher percentage of Ki67-positive cells. Furthermore, blocking SPP1 in
a conditioned medium derived from a-SMA-positive CAFs reduces the
growth of cancer cell colonies [87]. It has also been observed in hepa-
tocellular carcinoma that knockdown of GPR68 in CAFs inhibits SPP1
secretion and reduces the growth capacity of tumor cells [88]. In
conclusion, SPP1 regulates the complex dynamic interactions between
tumor cells and CAFs, playing a crucial role in influencing cancer
development and metastasis.

TAMs are the most prevalent immune cells in the TME and play a
pivotal role in cancer initiation, progression, and metastasis. SPP1 fa-
cilitates crosstalk between cancer cells and macrophages through mul-
tiple mechanisms, enhancing the proliferation, invasion, and migration
of cancer cells. SPP1 serves as a potent chemokine for macrophages,
recruiting TAMs from peripheral blood mononuclear cells into the TME,
where they undergo M2-like activation. Blocking SPP1 substantially re-
duces the ability of glioma cells to recruit macrophages. The chemotactic
effect of SPP1 on TAMs may be linked to the activation of the JNK/c-Jun
pathway through binding to the LYVE-1 ligand on TAMs [89,90]. In
addition, tumor-derived SPP1 can trigger M2 reprogramming via the
integrin and protein tyrosine kinase 2 (PTK2)-Akt signaling pathway and
enhance PD-L1 expression by activating the CSF1-CSF1R pathway in
macrophages [91,92]. Moreover, the interaction between SPP1 and a9f1
integrin on macrophage receptors triggers the activation of ERK and p38
signaling pathways which in turn leads to the expression of COX-2 in
macrophages. COX-2-derived PGE2 and MMP-9 stimulate angiogenesis
and further amplify macrophage activation [93]. Recently, a novel
classification of macrophage subsets has been introduced, with SPP1™"
TAMs showing a high immune infiltration rate and possessing
tumor-promoting properties [94]. The elevated expression of SPP1 in
TAMs can upregulate PD-L1 expression in cancer cells via the NF-xB
pathway, while simultaneously inducing T cell inhibition and suppress-
ing IFN-y production by CD8" T cells. This effect may be linked to the
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Table 1
Overexpression and function of SPP1 in different cancers.

Organization  Cancer Function References

Pancreatic Pancreatic cancer SPP1/CD44—1Cell dryness, [64]
tproliferation

Associated with [65]
immunomodulatory factors

SPP1™ TAMst, SPP1/ [66]
CD44—malignant [67,68]
progression [69]
1PD-L1, tneutrophil

polarization

{Wnt/

p-catenin— fradiosensitivity

GLI1 and OCT4-1SPP1 [70]
SPP1/CD44-self-renewalt, [71]
sphere formationt, cell [72]
drynesst

SPP1" TAMs—cancer cell

survival

SPP1™ TAMs?t [73]
SPP1* CD209"E"TAMs
(phagocytosist)

SPP1* CD209'°" TAMs
(angiogenesist)

BET inhibitor—|BRD4/NF- [74]
kB/SPP1 [751]
Cytarabine— | EEF2K/p-

STAT3/SPP1

Prognostic biomarkers [76]

Pancreatic ductal
adenocarcinoma

Gastric Gastric cancer

Brain Glioblastoma

Skin Squamous cell
carcinoma

Melanoma

Neck Head and neck
squamous cell
carcinoma
Tongue squamous
cell carcinoma
Esophageal
carcinoma

Tongue TPI3K/AKT [77]
Proteasome and nucleotide [78]
excision repair—1SPP1 [79]
Radiation therapy—1tSPP1/
JAK2/STAT3—1DNA

damage repair, tsurvival of

cancer cells

Autoantibody in serum — [80]
detect ESCC

Esophagus

Esophageal
squamous cell
carcinoma
Cervical Cancer SPP1 protein binds to [81]
Entrectinib

Interaction between SPP1 [82]
rs4754 and SPARC

polymorphism
SPP1/CD44 - |effector T cell [83]
proliferation [84]
Treg cell (CD44])—

Resistance to proliferation

inhibition

ICBs treatment—1 SPP1"

TAMs

Potential target for ICC

combined immunotherapy
YBX1/G3BP1—1SPP1—1NF- [85]
kB— tadhesion, migration

and invasion

Cervix uteri
Thyroid Papillary thyroid
carcinoma

Bile duct Intrahepatic
cholangiocarcinoma

Kidney Renal cell carcinoma

activation of the SPP1/CD44 signaling pathway, thereby fostering tumor
immune tolerance, immune evasion, and increased resistance to
anti-tumor immunotherapy [95,96]. Beyond resistance to immuno-
therapy, SPP1" TAMs also upregulate TNF-a and IL-1f via the NF-xB
pathway, promoting tumor cell proliferation and migration. Interest-
ingly, TNF-a and IL-1p also stimulate SPP1 expression in both tumor cells
and neighboring macrophages through distinct signaling pathways,
further accelerating tumor malignancy [97]. A separate study also
revealed that elevated CD44 expression in tumor cells enhances the
secretion of SPP1 by TAMs. The increased SPP1 binds to its receptor
CD44, triggering c-Jun NH2-terminal kinase (JNK) signaling and
fostering the clonality of colorectal cancer cells [98]. Furthermore, the
tumor-promoting role of SPP1" TAMs is frequently associated with CAFs.
In colon cancer tissues, the presence of abundant SPP1" TAMs and



Y. Qu et al

ANGPTL2" CAFs contributes to the promotion of colon cancer metastasis
[99]. Other studies have shown that FAP" fibroblasts and SPP1" mac-
rophages contribute to ECM remodeling and collaborate to establish a
fibroblast-proliferative microenvironment. In the liver, SPP1" macro-
phages and FAP™ fibroblasts interact to form a pre-metastatic niche and
induce immunosuppressive effects, significantly enhancing liver metas-
tasis of colon cancer cells and diminishing the effectiveness of anti-PD-L1
therapy [100]. SPP1" TAMs with liver metastasis also demonstrate
strong pro-angiogenic properties, which may promote angiogenesis via
the interaction of VEGFA with VEGFR1/VEGFR2 on endothelial cells
[101,102]. In a word, the influence of SPP1-high expressing TAMs on
cancer progression is multifaceted. These TAMs not only interact with
cancer cells but also promote tumor growth by affecting other stromal
cells. Notably, in liver metastasis, SPP1* TAMs have recently been
recognized as a potential therapeutic target, emphasizing the need to
focus on the role of SPP1 in cancer progression within TAMs.

3.3.3. The mechanism of SPP1 acting on tumors and the combination of
therapeutic drugs

In addition to genetic polymorphisms in the cancer cells, SPP1 is
significantly correlated with other factors within TME. SPP1 activates the
PI3K/AKT/mTOR, Slug/Snail, MAPK/NF-xB, and Ras/Raf/ERK signaling
pathways through interactions with CD44 and integrin receptors, pro-
moting cell proliferation, migration, invasion, adhesion, and EMT. It also
activates JAK2/STAT3 to enhance DNA damage repair. Notably, SPP1
can be upregulated in cancer cells via YBX1/G3BP1, Slug/SNAI2
signaling, and increased phosphorylation of NF-kB (Fig. 2). In addition to
STAT3 and NF-«B acting on the SPP1 promoter to affect transcription,
other targets affecting the SPP1 promoter have been found, and further
research is needed (Fig. 3). However, The signaling pathways that SPP1
promotes cancer and the central genes that confirm SPP1's involvement
in cancer progression have mostly been confirmed through bioinfor-
matics techniques rather than through cellular and in vivo experiments.
SPP1 is seldom applied in clinical practice. Fig. 4 shows possible drug
combinations targeting SPP1 in cancer therapy. The BET inhibitor and
cytarabine block SPP1 transcription, whereas Entrectinib binds directly
to SPP1 to reduce its expression, with the goal of achieving a synergistic
therapeutic effect.

e, : OO0 : oo RN,
St 00 00 0 000 00000000000 08850808 Sael '
Integrin
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4. Discussion and perspective

SPP1 performs diverse functions due to gene polymorphisms and
protein-level modifications. These effects are primarily mediated
through interactions with the CD44 receptor and integrin family pro-
teins. SPP1 mediates interactions between macrophages, fibroblasts, T
cells, cancer cells, and endothelial cells. Its functions involve multiple
mechanisms, including engagement with CD44 and integrins, as well as
activation of signaling pathways such as ERK, JAK/STAT3, PI3K/AKT,
and Slug/SNAI2. Crucially, SPP1 participates in intercellular interactions
through secretion, thereby conferring complex biological roles. In oste-
oporosis, SPP1 expression is closely correlated with bone mineral density
and fracture risk. SPP1 regulates the balance between bone resorption
and formation by binding to integrins, primarily influencing osteoclast
formation and function through interactions with osteoclast receptors,
thus affecting the progression of osteoporosis. SPP1 also plays a role in
promoting osteoblast differentiation. Its balance may, therefore, have a
dual effect on the development of osteoporosis. Despite SPP1's potential
therapeutic value for osteoporosis, its complex bidirectional effects
complicate treatment strategies. Both excessive inhibition and activation
of SPP1 may cause bone imbalance, and current studies mainly rely on
animal models with limited clinical data. Future research should aim at
developing precise, targeted therapies, such as specific antibodies, RNA
interference techniques, or small molecule drugs to regulate SPP1 ac-
tivity. By controlling SPP1 expression in specific tissues, adverse re-
actions can be minimized. In arthritis, SPP1 expression increases
significantly and serves as an inflammatory marker in synovial fluid.
SPP1 facilitates immune cell activation and migration, enhancing oste-
oclast activity and contributing to joint destruction. As with osteoporosis,
although SPP1 is a potential therapeutic target for arthritis, its multi-
faceted effects make treatment strategies that simply inhibit SPP1 un-
certain. Excessive inhibition may interfere with normal bone repair,
leading to detrimental effects. Thus, regulating the expression and
function of SPP1 presents a challenge in the treatment of arthritis.
Monitoring fluctuations in SPP1 levels to assess disease activity and guide
treatment adjustments could be a promising approach. SPP1 is critical in
various cancers, particularly in the migration, invasion, and metastasis of
tumor cells. In cancers such as breast, lung, prostate, and colorectal

SPP1
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/ CD44 XX

/ l \ "\‘ Cancer cell
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FAP Slg || PBK| Raf MAP2K | AKT |
EMT l l l l l
Snaill)]  AKT| ERK MAPK | mTOR |
EMT l \ l l EMT
mTORY| Nk STATSJ) i kB
Migration  Proliferation dDNA- !/ NFkB| Migration
Invasion amage - JAK2 |/ NF-k B Invasion
Proliferation repair 4 TQ/’ P NEcE) Adhesion
SPP1
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Slug || — sNARZJ _/

j T e | —> B-catenin

Radiation

Fig. 2. Mechanism by which SPP1 promotes cancer progression. By binding to CD44 and integrin on the surface of tumor cell membrane, SPP1 affects potential
signaling pathways (PI3K/AKT/mTOR, MAPK/NF-kB, PKC/Slug/Snail, Ras/Raf/ERK, etc.), promotes cell proliferation, invasion, migration and EMT processes, and
promotes tumor growth. At the same time, intracellular SPP1 can be up-regulated by radiation, YBX1/G3BP1 and Slug/SNAI2 signaling pathways.
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Fig. 3. Factors affecting SPP1 transcription. Upregulation of DNMTI and SUV39H1 inhibits SPP1 promoter DNA methylation and promotes SPP1 transcription, while
UHRF1 promotes SPP1 promoter DNA methylation and inhibits SPP1 transcription. RIF8 binds to receptors on the SPP1 promoter and inhibits SPP1 transcription.
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Fig. 4. Combined drugs inhibit SPP1 expression in cancer. Cytarabine and BET inhibitors inhibit STAT3 phosphorylation and NF-kB transcription, respectively,
thereby preventing SPP1 promoter activation after p-STAT3 and NF-«B enter the nucleus. Entrectinib binds to the SPP1 protein and inhibits its function. Cytarabine,
BET inhibitors and Entrectinib inhibit different stages of SPP1 production, which may be synergistic.

cancer, elevated SPP1 expression is associated with poor prognosis. SPP1
promotes tumor growth and metastasis by binding to integrin receptors
and CD44 on the tumor cell surface, facilitating interactions between
tumor cells and the extracellular matrix. Although several SPP1-targeting
drugs have been identified, these treatments often involve considerable
side effects, and inhibiting SPP1 alone may not fully halt tumor pro-
gression. Therefore, a combination of therapies may prove more effec-
tive. For example, combining immunotherapy, chemotherapy, targeted
therapy, and SPP1 inhibition may control tumor growth while reducing
side effects. Additionally, SPP1 inhibition can be paired with anti-
angiogenic therapies to prevent tumor metastasis and recurrence.

In conclusion, the bidirectional role of SPP1 in OP and OA requires a

highly nuanced treatment approach. In cancer therapy, SPP1 holds
promise as both a biomarker and a potential therapeutic target for tumor
progression. However, its diverse biological functions present consider-
able challenges in developing it as a therapeutic target. To address these
challenges, a deeper understanding of SPP1's specific molecular mecha-
nisms is essential. Further investigation into the role of SPP1 in the tumor
microenvironment, immune responses, bone metabolism, and arthritis is
necessary. Additionally, enhancing therapeutic outcomes while mini-
mizing side effects will depend on the development of precisely targeted
therapies, personalized treatment strategies, and combination therapies.
With continued research, SPP1 could become a more manageable and
effective target for therapeutic interventions.
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