
Citation: Kariya, Y.; Kariya, Y.

Osteopontin in Cancer: Mechanisms

and Therapeutic Targets. Int. J. Transl.

Med. 2022, 2, 419–447. https://

doi.org/10.3390/ijtm2030033

Academic Editor: Nuno Vale

Received: 26 July 2022

Accepted: 17 August 2022

Published: 19 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Osteopontin in Cancer: Mechanisms and Therapeutic Targets
Yoshinobu Kariya 1,* and Yukiko Kariya 2

1 Department of Biochemistry, Fukushima Medical University, 1 Hikarigaoka,
Fukushima City 960-1295, Fukushima, Japan

2 Medical-Industrial Translational Research Center, Fukushima Medical University, 1 Hikarigaoka,
Fukushima City 960-1295, Fukushima, Japan

* Correspondence: kariya@fmu.ac.jp; Tel.: +81-24-547-1144

Abstract: Despite significant advances in the understanding of cancer biology, cancer is still a leading
cause of death worldwide. Expression of the tumor microenvironment component, osteopontin, in
tumor tissues, plasma, and serum, has been shown to be associated with a poor prognosis and survival
rate in various human cancers. Recent studies suggest that osteopontin drives tumor development
and aggressiveness using various strategies. In this review, we first provide an overview of how
osteopontin promotes tumor progression, such as tumor growth, invasion, angiogenesis, and immune
modulation, as well as metastasis and chemoresistance. Next, we address how the functional activities
of osteopontin are modulated by the interaction with integrins and CD44 receptors, but also by the
post-translational modification, such as proteolytic processing by several proteases, phosphorylation,
and glycosylation. Then, we review how osteopontin activates tumor-associated macrophages (TAMs)
and cancer-associated fibroblasts (CAFs), and functions as an immunosuppressor by regulating
immune surveillance and immune checkpoint in the tumor microenvironment. Finally, we discuss
the potential applications of osteopontin as a biomarker and as a therapeutic target.

Keywords: osteopontin; cancer; tumor microenvironment; metastasis; chemoresistance; integrin;
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1. Introduction

Cancer is a leading cause of death worldwide, accounting for an estimated 19.3 million
new cases and almost 10 million deaths in 2020. The global cancer burden is expected to be
28.4 million cases in 2040, a 47% increase from 2020 [1]. Despite significant advances in our
understanding of the molecular basis of tumor progression, the development of anticancer
drugs remains challenging. However, the discovery of immune checkpoint molecules such
as PD-1 led to the development of immune checkpoint inhibitors to control the immune
response in cancer [2]. Therefore, a deeper understanding of the molecules that drive tumor
progression can enable the development of novel therapeutic strategies for the treatment of
this disease.

Tumors are surrounded by complex environmental components called the tumor
microenvironment (TME), including the extracellular matrix (ECM), matricellular proteins,
vessels, immune cells, fibroblasts, stromal cells, as well as secreted molecules such as hor-
mones, growth factors, and cytokines [3,4]. Recent evidence suggests that the interaction
between tumor cells and the TME modulates tumorigenesis, tumor cell invasion, metastasis,
chemoresistance, and immune response, which lead to tumor development and aggressive-
ness. One of the TME components, osteopontin (OPN), was discovered in 1979 by Richard
Hynes and colleagues as a transformation-specific phosphoprotein [5]. OPN is a matricellu-
lar protein secreted by tumor cells, endothelial cells, fibroblast cells, as well as immune cells
within the TME. In recent years, OPN has been increasingly recognized as a critical factor for
tumor progression. Many studies have described the overexpression of OPN in tumors and
the key roles of OPN in invasion, metastasis, tumorigenesis, chemoresistance, angiogenesis,
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and immune suppression [6,7] (Figure 1). Recent studies have shown that the regulation of
OPN activities is more complex than originally thought [8–14]. The functional activities of
OPN to drive tumor progression are modulated not only by the interaction with receptors
but also by the post-translational modification (PTM), such as proteolytic processing by
several proteases, phosphorylation, and glycosylation. Furthermore, OPN seems to be a
central player in cancer associated with inflammation, which was first proposed by Rudolf
Virchow in 1863 [15]. This review will comprehensively summarize recent progress in the
field, mainly focusing on the studies within the recent five years that have characterized
OPN signaling in the context of tumor progression, post-translational modifications of
OPN and its interactions with receptors in cancer progression, and regulation of tumor
immunity by OPN. We also discuss recent drug discovery for the OPN-driven cancers and
the potential applications of OPN as a biomarker and as a therapeutic target.
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signals induce several gene expressions, such as MMPs and VEGF, and enhance various malignant 
properties of cancer cells, including invasion, metastasis, tumorigenesis, and chemoresistance. 
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2. OPN Structure and Functions

OPN (also known as SPP1, ETA-1, BSP-1, and 2ar) belongs to a family of matricellular
protein that is a non-structural ECM component [16]. It is found in bone, breast, kidney,
lung, nerve, pancreas, and skin tissues [17–19], and is present in body fluids, such as
bile, blood, cerebrospinal fluid (CSF), milk, and urine [17,20–22]. OPN is produced in
numerous cell types, including epithelial cells, endothelial cells, fibroblasts, pericytes,
hepatocytes, lens cells, tubular cells, immune cells (such as T cells, B cells, macrophages,
natural killer, natural killer T, and Kupffer cells), neural cells (such as neurons, glial cells,
and Schwann cells), osteoblasts, osteoclasts, and vascular smooth muscle cells [23]. The
OPNs produced by those cells are involved in various physiological and pathological
processes, including wound healing, biomineralization, bone remodeling, vascularization,
diabetes, obesity, inflammation, fibrosis, urolithiasis, autoimmune diseases, tumorigenesis,
and cancer invasion and metastasis [6,18,20,23–28]. The pleiotropic effect of OPN on these
many cellular processes is mainly due to its functional activities, including cell adhesion,
migration, proliferation, survival, differentiation, inflammatory cell activation, and immune
modulation, which are induced by the association of OPN with cell surface receptors such
as integrins and CD44 (Figure 1).

OPN is an intrinsically disordered protein with a highly negative charge (25% of the
protein are aspartic or glutamic acid residues) [29] (Figure 2). Intrinsically disordered
proteins lack a stable three-dimensional structure, but they have important roles in cell
signaling, in protein–protein interactions, and in DNA regulation, and are also associ-
ated with several human diseases, such as Alzheimer’s disease, Parkinson’s disease, and
cancer [30,31]. The disorder in intrinsically disordered proteins facilitates their several
biological processes, including many PTMs and alternative splicing, which generate com-
plexity and different signaling activities by increasing protein diversity [30,32,33]. Indeed,
OPN is subject to various PTMs, including proteolytic processing, phosphorylation, glyco-
sylation, sulfation, and transglutaminase-mediated cross-linking, which allow for a broad
range of molecular weights (45 to 75 kDa) and create functional diversity [25].
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OPN also undergoes alternative splicing. The human OPN gene is composed of
7 exons and OPN has at least 5 alternative splicing variants, OPN-a (all exons present,
314 amino acids), OPN-b (missing exon 5, 300 amino acids), OPN-c (missing exon 4,
287 amino acids), OPN4 (missing exons 4 and 5, 273 amino acids), and OPN5 (containing an
extra exon, 327 amino acids) [34]. All OPN variants contain highly conserved sites: matrix
metalloproteinase (MMP) and thrombin cleavage sites, potential calcium binding site
(D216–S228), two putative heparin binding sites (Y165–F174 and K296–I302), and cell surface
receptor integrin binding sequences (E131LVTDFPTDLPAT143 for α4β1 integrin, R159GD161

for α5β1, α8β1, αvβ1, αvβ3, αvβ5, and αvβ6 integrins, S162VVYGLR168 for α4β1, α4β7,
and α9β1 integrins) (Figure 2). The cell surface receptor CD44 v6 and v7 isoforms bind to
both N-terminal and C-terminal regions of OPN, independently of the RGD sequence [35].
Meanwhile, alternative translation of OPN generates both intracellular and secreted OPN
isoforms and the two OPN isoforms cause the imbalance of leukocyte populations [36].

3. OPN Expression in Tumors

OPN is highly expressed in many types of tumors, including cutaneous, head and
neck, thyroid, breast, lung, esophageal, gastric, liver, pancreatic, colorectal, kidney, bladder,
prostate, ovarian cancers, melanoma, myeloma, osteosarcoma, and glioblastoma [6,37–39].
In TME, OPN is primarily expressed in tumor cells, stromal cells, and tumor-infiltrating
myeloid cells [40–43]. In clinical studies, OPN expression in tumor tissues, plasma, and
serum has been shown to be associated with patient’s advanced stage, grade, tumor
size, invasiveness, metastasis, and poor survival rate in various human cancers [38,39,44].
Although OPN splicing variants are differentially expressed in different types of cancer,
the relationship between the expression of OPN variants and poor outcomes in tumors
remains elusive [39,45].

4. Regulation of OPN Expression in Tumors

Expression of OPN in cancer cells is upregulated by various transcription factors, including
GLI1, GLI2, Myc, Oct1, Oct4, RUNX1, RUNX2, RUNX3, Sp1, Slug, and TBX3iso1 [46–52]. In
hepatocytes, YAP/TEAD4 induces OPN transcription, which stimulates c-Met expression
in endothelial cells and then contributes to the formation of a tumor-supporting vascular
microenvironment [53]. In contrast, transcription factor IRF8 represses OPN expression
by binding to the SPP1 promoter region in colon epithelial cells, while in colon carcinoma,
IRF8 expression is silenced and thereby OPN expression is elevated [54]. In addition,
OPN expression is enhanced by ADAM8, mTORC1, NRP2, S100A4, a cholesterol biosyn-
thesis enzyme squalene synthase, TGF-β, as well as mechanical stimuli including matrix
stiffness [55–61]. Surprisingly, Chang et al. have reported that chemotherapeutic agent
5-fluorouracil (5-FU)-generated tumor cell debris stimulates OPN expression in both tumor
cells and host macrophages, leading to colon carcinoma tumor growth [62]. OPN expres-
sion is also regulated by several miRNAs. miR-196a upregulates the expression of OPN by
increasing the expression of RUNX2 and thereby promotes hepatocellular carcinoma (HCC)
progression [63]. In contrast, the miR-181a/b/c/d are potential miRNAs that target OPN
and are downregulated in CD11b+ macrophages from glioblastoma tumors compared to
their matched CD14b+ blood monocyte cells. Indeed, overexpression of miR-181a/b/c/d in
macrophages and the glioblastoma GL261 cell line leads to decreased OPN production [64].
Other miRNAs such as miR-218-5p, miR-466, and miR-3163 also target OPN and regu-
late OPN expression [65–67]. Epigenetic regulation can also modulate the transcriptional
activity of OPN [68]. Histone methyltransferase WDR5-mediated H3K4me3 methylation
increases OPN expression in pancreatic tumor and myeloid-derived suppressor cells [69].

5. OPN in Tumor Progression

OPN plays pivotal roles in tumor development and progression. In lung adeno-
carcinoma, OPN is functionally involved in early stages of airway epithelial carcino-
genesis driven by smoking and mutant KRASG12C [70]. Binding of OPN and its pro-
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teolytic fragments to cancer cells activates various signaling pathways, including JNK,
Ras/Raf/MEK/ERK, PI3K/Akt, JAK/STAT, NF-κB, TIAM1/Rac1, and p38MAPK, leading
to increased cancer cell adhesion, spreading, migration, invasion, metastasis, epithelial–
mesenchymal transition (EMT), proliferation, tumor growth, survival, chemoresistance,
stemness, angiogenesis, and immune suppression [8,54,71–79] (Figure 1). Recent studies
have revealed novel mechanisms of OPN-mediated tumor progression. Upregulation of
OPN expression by parathyroid hormone-related protein (PTHrP), which is frequently
amplified as part of the KRAS amplification in patients with pancreatic cancer, promotes
pancreatic ductal adenocarcinoma cell migration and metastasis [80]. The exosomal S100A4
that is derived from highly metastatic HCC cells activates OPN transcription via STAT3
phosphorylation and thereby promotes the metastatic potential in low metastatic HCC
cells. Indeed, HCC patients with both high plasma exosomal S100A4 and plasma OPN
levels have a poor prognosis [55]. Moreover, OPN promotes HCC cell proliferation and mi-
gration by increasing reactive oxygen species (ROS). This OPN-mediated ROS production
is induced by stimulating JAK2/STAT3/NADPH oxidase 1 (NOX1) signaling [71]. OPN
also promotes small-cell lung cancer and colorectal cancer cell proliferation by inhibiting
autophagy and apoptosis [77,81]. Furthermore, YAP-dependent transcriptional induction
of OPN stimulates c-Met expression in continuous endothelial cells. The c-Met expression
sensitizes the continuous endothelial cells to the promigratory effects of liver sinusoidal
endothelial cell-derived HGF, which contribute to the formation of a tumor-supporting
microenvironment in liver tumorigenesis [53].

Cancer cells secrete several types of matrix-degrading proteases, such as MMPs. The
proteases degrade the basement membranes consisting of laminins and type IV collagen
and the stromal ECM barriers that are mainly composed of type I collagen and fibronectin.
The degradation of ECM proteins by the proteases enables cancer cells to invade into the
stromal tissues. Since OPN promotes the secretion and activation of MMPs as well as
the secretion of urokinase-type plasminogen activator (uPA) in cancer cells, OPN has the
potential ability to enhance cancer cell invasion [82,83].

Collectively, these studies indicate that OPN plays key roles at various stage of tumor
progression. To understand the mechanisms underlying how OPN promotes tumor pro-
gression, this section first discusses OPN receptors and their relationship to the progression
of tumors, and next discusses how OPN induces EMT and cancer stem cell (CSC) proper-
ties, chemoresistance, tumor angiogenesis, senescence, and bone metastasis, which are key
events for tumor progression.

5.1. OPN Receptors and Their Relationship to the Progression of Tumors
5.1.1. Integrin Receptors

The interactions of OPN with cancer cells are mainly mediated through integrin
receptors. Integrins are a large family of heterodimeric receptors consisting of α and
β subunits and are cell surface adhesion receptors for ECM proteins (e.g., fibronectin,
collagen, laminin) and matricellular proteins (e.g., OPN, tenascin, periostin). In mammals,
18α and 8β subunits have been identified, and the combination of them forms 24 distinct
integrins. Integrin α and β subunits are both type I transmembrane proteins composed
of a large extracellular domain, a single transmembrane domain, and a short (~30–40)
cytoplasmic domain (except β4 integrin) [84,85]. Ligand binding to the extracellular domain
of integrins or talin binding to the cytoplasmic domain of integrin β subunit triggers a
large conformational change from bent closed (inactive) to extended open (active), leading
to integrin activation [86]. The active integrins connect to the actin cytoskeleton via talin
and kindlin, which induce integrin clustering, activation of focal adhesion kinase (FAK)
and Src family kinases, and the initiation of integrin downstream signaling [84,86]. OPN
can interact with α5β1, α8β1, αvβ1, αvβ3, αvβ5, and αvβ6 integrins via the R159GD161

sequence and with α4β1, α4β7, and α9β1 integrins via E131LVTDFPTDLPAT143 and/or
S162VVYGLR168 sequences [87] (Figure 2). α5β1 and αvβ3 integrins are usually expressed
at low or undetectable levels in healthy adult epithelia but are highly upregulated in
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cancer, and their expression levels are correlated with disease progression in various
tumor types [88]. αvβ5 and αvβ6 integrins are strongly expressed not only in normal
mammary and lung epithelium and in renal tubular cells, but also in tumor cells derived
from those cells [89]. α4β1, α5β1, αvβ3, and αvβ5 are expressed on blood vessels, and
α4β1 and α9β1 integrins are expressed in lymphatic vessels during angiogenesis [90,91].
These integrins promote endothelial cell migration and survival and thereby regulate
angiogenesis and lymphangiogenesis. In addition, α4β1 and α4β7 integrins are expressed
on leukocytes (lymphocytes, eosinophils, monocytes, macrophages, natural killer cells,
basophils, and mast cells), and α9β1 integrin is widely expressed on smooth muscle and
epithelial cells, neutrophils, and macrophages [92–95]. These integrins regulate immune
cell migration. A quite recent report has shown that αvβ6 integrin in the prostate cancer
cell-derived small extracellular vesicles enhances the angiogenic potential of microvascular
endothelial cells [96]. In contrast, the role of α8β1, αvβ1, and α4β7 integrins in cancer is so
far unknown.

Among the integrins, αvβ3 integrin is the primary receptor for OPN and the OPN/αvβ3
integrin signaling promotes cell adhesion, migration, invasion, proliferation, survival, stem-
ness, angiogenesis, chemoresistance, tumorigenesis, and metastasis [6,72,97–99] (Figure 1).
Recent reports have shown that engagement of αvβ3 integrin with OPN also promotes a
metabolic shift towards glycolysis [100,101]. Aerobic glycolysis, known as the Warburg
effect, is a well-recognized hallmark of tumor cells, and the increased aerobic glycolysis
supports cancer cell survival, growth, stemness, drug resistance, invasion, and metastasis,
leading to a poor prognosis in cancer patients [102,103]. The OPN/αvβ3 integrin-inducing
glycolysis is mediated through NF-κB signaling in HCC cells or through FAK and protein
arginine methyltransferase 5 (PRMT5) in glioma cells [100,101]. Intriguingly, in the gly-
colysis pathway, OPN-a increases the intracellular glucose levels, and OPN-c utilizes this
glucose to generate energy, suggesting that OPN/αvβ3 integrin signaling may participate
in regulating the Warburg metabolism [104]. Therefore, OPN/αvβ3 integrin signaling
plays a pivotal role in cancer progression and this interaction may be a potential therapeutic
target for cancer.

5.1.2. CD44 Receptors

Another cell surface receptor for OPN is CD44. CD44 is a type I transmembrane
glycoprotein and consists of three domains: an extracellular domain, a transmembrane
domain, and an intracellular domain [105]. The CD44 gene undergoes alternative splicing,
resulting in the production of standard (CD44s) and variant (CD44v) isoforms. CD44v
isoforms may contain a single-variant exon such as CD44v6 and CD44v7, or multiple
variant exons such as CD44v4–v5 and CD44v3–v10 [106]. CD44s is ubiquitously expressed
on various types of cells, while CD44v isoforms are expressed mainly on epithelial cells
and leukocytes [6]. CD44 functions as a cell surface adhesion receptor for hyaluronic acid,
collagens, MMPs, as well as OPN [105]. OPN has at least two binding sites for CD44
because each of the two OPN fragments generated by thrombin cleavage can bind to CD44
independently of the RGD sequence [35] (Figure 3a). One of the CD44 interaction sites
may be downstream of the RGD motif but overlap with the SVVYGLR domain because
OPN–CD44 engagement seems to compete with α9β1 integrin but not αvβ3 integrin [107].
Efficient binding of OPN to CD44 may be required for structural constraint of OPN by
immobilization or by binding of heparin (Figure 3a), while the interaction between them is
independent of glycosylation [108].
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CD44 is extensively expressed in various types of cancers, and is relevant to tumor
progression, such as invasion, metastasis, tumorigenesis, stemness, angiogenesis, and
chemo/radio-resistance [106]. OPN increases cell surface expression of both CD44s and
CD44v in the human melanoma cell line M21 and the prostate cancer cell line PC3 [105].
The OPN–CD44 interaction is known to drive tumor progression. Binding of macrophage-
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secreted OPN to CD44s activates Rac-specific guanine nucleotide exchange factor TIAM1
and thereby promotes bladder cancer cell invasion and clonal growth [78]. In addition, the
OPN–CD44 interaction promotes tumorigenicity and clonogenicity of colorectal cancer cells
through JNK activation [76]. CD44, especially CD44v isoforms, are well-known markers for
cancer stem cells in several cancer types and play critical roles in regulating the properties
of cancer stem cells, including self-renewal, tumor initiation, metastasis, and chemo/radio-
resistance [109]. OPN–CD44 signaling promotes a stemness signature in pancreatic cancer
cells and gliomas [110,111]. Mechanistically, OPN induces the cleavage of the intracellular
domain of CD44 by γ-secretase, and then the cleaved fragment promotes a stem cell-
like phenotype via CBP/p300-dependent enhancement of HIF-2α activity, resulting in
aggressive tumor growth in glioma cells [111] (Figures 2 and 3a). Thus, CD44 is involved
in transducing the OPN signals for driving cancer progression to cancer cells.

5.2. Role of OPN in Key Events for Tumor Progression
5.2.1. EMT

In many cancers, OPN and αvβ3 integrin induce EMT, which plays a pivotal role in
tumor progression [112,113]. EMT is a process whereby cells lose characteristic features of
epithelial cells, such as polarity and cell–cell contact, followed by acquisition of the motile
mesenchymal phenotype via cytoskeletal reorganization. In cancer, EMT contributes to
tumorigenesis, invasion, metastasis, stemness, chemoresistance, and immune evasion. Its
reverse process, mesenchymal–epithelial transition (MET), is also important for metastatic
colonization and outgrowth [114,115]. In non-small cell lung cancer (NSCLC) tissues, ex-
pression of OPN is closely related to EMT, lymph node metastasis before operation, and
postoperative recurrence or metastasis [116]. In vitro, OPN-induced EMT promotes lung
cancer cell migration, invasion, and proliferation through the activation of the RON tyro-
sine kinase or PI3K/Akt and MAPK/Erk1/2 signaling pathways [116,117]. Likewise, OPN
modulates EMT and cancer stem-like properties in pancreatic cancer cells by activating the
αvβ3 integrin-Akt/Erk-FOXM1 cascade [72]. Intriguingly, secretory OPN triggers the EMT
to initiate cancer metastasis, while intracellular/nuclear OPN (iOPN) induces the MET to
facilitate the formation of metastasis [118]. This result indicates that OPN promotes metas-
tasis by regulating epithelial–mesenchymal plasticity in both early and advanced tumors.
Emerging evidence suggests that EMT is not a binary process of these two transition states
but instead a broad spectrum of intermediate or partial phenotypes [114,119]. αvβ3 integrin
possesses the ability to induce partial EMT, which is characterized by the simultaneous
expression of epithelial and mesenchymal markers, and enhances migration, invasion,
tumorigenesis, stemness, and metastasis [120]. Thus, OPN/αvβ3 integrin signaling may
promote tumor progression by regulating the EMT, MET, as well as partial EMT.

5.2.2. CSC Property

CSCs are self-renewing multipotent cells, which are also suggested to be responsible
for chemotherapy resistance. OPN promotes a CSC-like phenotype and chemoresistance
via activating NF-κB/HIF-1α and PI3K/Akt signaling pathways in HCC, colorectal cancer,
and glioma cells [75,121–123]. Cancer-associated mesothelial cell-secreted paracrine OPN,
which is induced by TGF-β produced in ovarian cancer cells, also promotes ovarian cancer
chemoresistance and stemness [74]. Likewise, paclitaxel-induced OPN promotes stem cell
properties and chemo-resistant metastasis via JNK signaling in breast cancer cells [124].
Yang et al. have reported that the induction of autophagy by OPN/NF-κB signaling is
required for maintenance of pancreatic CSC properties and resistance to gemcitabine [125].
The OPN-induced autophagy promotes chemoresistance via binding with αvβ3 integrin
and sustaining FoxO3a stability in HCC [126]. Several cell surface markers, such as CD133,
CD44, CD24, EpCAM, and aldehyde dehydrogenase 1 (ALDH1), have been identified
as pancreatic CSC markers. Indeed, high OPN/CD44/CD133 co-expression and high
OPN/autophagy marker LC3/ALDH1 co-expression are associated with poor overall
survival and disease-free survival in patients with pancreatic cancer [125].
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Epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs), including
gefitinib and afatinib, are effective for NSCLC with activating mutations in EGFR (e.g., dele-
tions in exon 19 and the exon 21 L858R mutation) [127]. However, most patients treated
with EGFR-TKIs eventually develop acquired resistance to them. The most common mecha-
nism that underlies the resistance is the T790M mutation, which accounts for approximately
55% of acquired resistance to the EGFR-TKIs [127]. In EGFR-TKI-resistant NSCLC cell lines
with an EGFR mutation, PC9 (EGFR mutation: deletions in exon 19 and T790M), H1650
(EGFR mutation: deletion in E746-A750), and H1975 (EGFR mutation: T790M, L858R), OPN
expression is apparently higher than that in parental cell lines [127–129]. The secreted OPN
contributes to acquire EGFR-TKI resistance by activating the αvβ3 integrin-FAK/Akt and
ERK signaling pathways as well as EMT induction in NSCLC cell lines [127,128]. Therefore,
OPN inhibitors may be a better therapeutic option for NSCLC patients who develop the
acquired resistance to EGFR-TKI. Knowledge about the molecular mechanisms underly-
ing the acquired resistance will be helpful for better understanding and overcoming the
acquired resistance to EGFR-TKI in NSCLC [127,128].

5.2.3. Chemoresistance

Resistance to chemotherapy is a major cause of mortality in advanced cancer [130].
OPN expression is associated with drug resistance in several types of cancers [34]. The cell
lines derived from a fast-growing mouse breast tumor are very insensitive to apoptotic
stimuli and selectively overexpress OPN [131]. Similarly, chemotherapeutic agents such as
paclitaxel, doxorubicin, 5-FU, and methotrexate induce OPN expression in breast cancer
cells through activation of JNK signaling [124]. The breast cancer cell lines treated with
doxorubicin prevent caspase-3-induced apoptosis through OPN-mediated activation of
MAPK/MEK1/2 signaling pathways [131]. OPN also contributes to acquire drug resistance
in cancer cells by increasing the expression of drug efflux transporter [130]. OPN/αvβ3
integrin engagement increases P-glycoprotein expression [99], which is a multi-drug efflux
transporter and is responsible for drug resistance in cancer cells. In prostate cancer cell
line PC-3, knockdown of OPN enhances the cell death caused by daunomycin, paclitaxel,
doxorubicin, actinomycin-D, and rapamycin, as well as suppresses tumorigenesis by treat-
ment with daunomycin in a mouse model [99]. The OPN secreted from cancer-associated
mesothelial cells facilitates ovarian cancer cell chemoresistance via the activation of CD44-
mediated PI3K/Akt signaling and ABC drug efflux transporter [74]. Thus, OPN may
induce drug resistance by preventing apoptosis signals and upregulating the expression of
drug efflux transporter.

5.2.4. Tumor Angiogenesis

Angiogenesis, the formation of new blood vessels from preexisting vessels, is required
for tumors to acquire oxygen and nutrients essential for their growth and metastasis [90].
The value of OPN as an angiogenic factor has already been confirmed by several studies.
When comparing the serum concentration of six angiogenesis markers, OPN is the best
single angiogenesis marker in blood samples collected from patients with ovarian can-
cer [132]. Upregulation of OPN by a transcriptional regulator, TBX3iso1, in breast cancer
cells promotes angiogenesis in an in vivo mouse model and in an in vitro tubule formation
assay using human dermal microvascular endothelial cells [48]. Tumor cells secrete vas-
cular endothelial growth factor (VEGF) as an angiogenic factor to promote angiogenesis
and OPN is likely to contribute to the VEGF production. OPN augments the expression of
VEGF in breast cancer cells via the Brk/NF-κB/activating transcription factor-4 (ATF-4)
signaling pathway and in endothelial cells via PI3K/Akt and αvβ3 integrin/ERK1/2 signal-
ing pathways, leading to tumor angiogenesis [79,133,134]. Hypoxia-driven OPN induces
integrin-linked kinase (ILK)/Akt-mediated NF-κB activation, leading to HIF-1α-dependent
VEGF expression in breast cancer cells and the following angiogenesis in response to hy-
poxia [135]. Thus, OPN most likely promotes angiogenesis by upregulation of VEGF in
both cancer and endothelial cells.
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In the TME, OPN promotes angiogenesis in collaboration with macrophages. OPN acti-
vates the PKCα/c-Src/IκB signaling pathway in prostate cancer cells as well as ERK and p38
signaling via α9β1 integrin in macrophages, leading to cyclooxygenase-2 (COX2)/prostaglandin
E2 (PGE2)-stimulated angiogenesis [95,136]. A disintegrin and metalloproteinase (ADAM)8
is a proteolytically active member of the ADAM family. In breast, gastric, colorectal, liver,
and pancreatic cancers, and glioma, the high expression levels of ADAM8 are involved
in tumor cell migration, invasion, and tumorigenesis, and correlated with a poor patient
prognosis [56,137]. ADAM8 upregulates OPN expression via the JAK/STAT3 pathway
in GBM cells and macrophages, thereby promoting angiogenesis [56]. Furthermore, a
pro-inflammatory cytokine IL-18 acts synergistically with IL-10 to amplify the production
of OPN and thrombin in macrophages, yielding the generation of a thrombin-cleaved
form of OPN [138]. Subsequently, the thrombin-cleaved OPN binds to α4/α9 integrins
on macrophages, which in turn augment M2 polarization of macrophages with higher
expression of CD163. The CD163 may be responsible for mediating the direct interactions
between macrophages and endothelial cells, ultimately resulting in the excessive angiogen-
esis [138]. Thus, OPN may influence angiogenesis by activating pro-angiogenic signaling
in both cancer cells and macrophages.

5.2.5. Senescence

Senescent cells survive and accumulate in the body, and secrete a variety of secreted
proteins, cytokines, chemokines, growth factors, and proteases, termed the senescence-
associated secretory phenotype (SASP). SASP is now considered to be associated with tumor
progression, and OPN is known as a SASP factor [139,140]. Stewart et al. have reported
that stromal cell-derived OPN, which is regulated by c-Myb and C/EBPβ, contributes to
preneoplastic cell growth through activation of the MAPK pathway [73,141]. Additionally,
senescent fibroblasts in the TME facilitate invasiveness and metastasis of breast cancer cells
through degradation of the Rac exchange factor Tiam1 and the consequent increase in secre-
tion of OPN by fibroblasts [142,143]. Furthermore, the immediate early-response gene IER2
expression correlates with poor prognosis in melanoma patients and induces senescence in
melanoma cells in a p53/MAPK/AKT-dependent manner. The IER2-mediated senescent
melanoma cells produce SASP factors including high levels of OPN, and the secreted OPN
strongly stimulates the migration and invasion of non-senescent melanoma cells [144].

5.2.6. Bone Metastasis

Bone metastasis is most common in patients with breast, prostate, or lung cancers, and
is often painful and reduces the survival of patients. OPN is known as a bone metastasis-
related protein [7,145]. Conditional knockdown of OPN inhibits skeletal metastasis of
breast cancer MDA-MB231 [146]. Additionally, overexpression of αvβ3 integrin in the
MDA-MB231 cell line increases bone metastasis incidence and promotes both skeletal
tumor burden and bone destruction in mouse models [147]. In fact, increased serum levels
of OPN are observed in NSCLC patients with bone metastasis [148]. PTHrP is frequently
overexpressed in patients with bone metastasis in lung, breast, head and neck, lymphoma,
pancreatic, and colon cancers, and the increased PTHrP expression levels correlate with
reduced survival [80,149,150]. Since PTHrP can drive OPN expression through Runx1 and
Runx2 upregulation [49,50,149], OPN may play a pivotal role in bone metastasis in concert
with PTHrP.

6. PTM of OPN in Tumors

The majority of extracellular proteins undergo PTMs that are enzyme-mediated bio-
chemical modifications after protein biosynthesis. These modifications increase functional
properties of proteins and thereby regulate molecular and cellular activities, such as cell
adhesion, migration, proliferation, and survival [151,152]. PTMs preferentially occur in
intrinsically disordered proteins because of their structural pliability in potential modifica-
tion sites that is required for the efficient association with modifying enzymes [153]. Recent
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studies have shown that the functional activities of OPN are modulated by the PTM in the
TME (Figure 3). This section focuses on the role of three major PTMs on OPN, proteolytic
processing, phosphorylation, and glycosylation, in tumor progression.

6.1. Proteolytic Processing

Proteolytic processing alters the OPN structure and functions, which in turn drive
tumor progression. OPN undergoes proteolytic processing by thrombin and MMP-2, -3,
-7, and -9, which are derived from both the host and tumor cells [154–157]. OPN has a
highly conserved thrombin cleavage site at R168–S169 near the integrin binding R159GD161

domain. OPN also undergoes proteolytic cleavage at G166–L167, A201–Y202, and D210–L211

by MMP-3 and at G166–L167 and D210–L211 by MMP-7 and MMP-9 (Figure 2). The fragments
generated by proteolytic cleavage have different functions from each other and full-length
OPN. Thrombin-cleaved OPN fragments are markedly increased in both CSF and tissue
samples from glioblastoma patients [156]. The cleaved OPN promotes cell migration and
confers resistance to apoptosis in glioblastoma cell line T98G [156]. Recent work from
Leung’s lab has reported that suppression of B16 melanoma tumor growth and metastasis
is observed in thrombin cleavage-resistant OPN knock-in mice [10]. Similarly, thrombin-
cleaved OPN C-terminal fragment, which does not contain the RGD domain, increases
RGD-independent cancer cell migration and invasion via CD44 variant/β1 integrin or
cyclophilin C/CD147 [35,158]. MMP-9 cleaves OPN at two predominant sites (residues 166
and 210), generating four fragments, that is, 34 kDa-OPN (residues 1–166), 32 kDa-OPN
(residues 167–314), 24 kDa-OPN (residue 211–314), and 5 kDa-OPN (residues 167–210). The
5 kDa-OPN fragment promotes HCC cellular invasion via CD44 [157]. These effects of the
proteolytic processing on OPN functions are largely due to the alteration of association
with its cell surface receptors. Thrombin cleavage of OPN reveals a cryptic binding site for
α9β1 integrin (S162VVYGLR168) and the RGD domain, allowing for the α9β1 integrin- and
RGD-binding integrin-mediated cell adhesion to the N-terminal fragment of OPN [159,160].
In contrast, the cleavage of recombinant OPN by MMP-3 abolishes the binding of α5β1
and α9β1 but not αvβ5 and αvβ6 integrins [161]. Therefore, the proteolytic processing
may modulate the OPN functions in tumor progression. Since OPN can stimulate MMP
expression and activity, upregulation of OPN in tumor tissues may induce cancer cell
invasion and metastasis by facilitating ECM degradation as well as the OPN process-
ing [82,162]. Another crucial role of proteolytic processing of OPN in tumor progression
is suppression of the host anti-tumor immune response. Thrombin-cleaved fragments
of host OPN suppress the host anti-tumor immune response by functionally modulating
the tumor-associated macrophages [10]. In addition, MMP-9-cleaved fragments induce
expansion of myeloid-derived suppressor cells, which contribute to immune evasion of
tumor cells [14]. Therefore, OPN-processing enzymes may represent a potential therapeutic
target for the treatment of cancers.

6.2. Phosphorylation

Protein phosphorylation is a reversible PTM. It is a major mechanism for regulating
the function of proteins through conformational changes and modulation of binding events
due to the addition of negatively charged phosphate groups to protein [163]. OPN is an
extracellular phosphoprotein with the largest proportion of potential phosphorylation
sites (more than 15%) among extracellular proteins [164,165]. In human OPN, 49 potential
phosphorylation sites have been identified until now [8,97,164,165] (Figure 2), and the
phosphorylation can be influenced by O-glycosylation [8,97]. Mateos et al. prepared a phos-
phorylated OPN by in vitro phosphorylation reaction using FAM20C kinases and examined
the effect of phosphorylation on OPN structure [164]. As a result, the phosphorylation
caused a significant structural elongation of OPN, accompanied by an increase in local flexi-
bility, especially in the phosphorylation site-rich C-terminal region (residues 200–314) [164].
Since the N-terminal region (especially around the aspartate domain) highly contains nega-
tively charged amino acids and the C-terminal region highly contains positively charged
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amino acids (see Figure 2), intramolecular interactions between N-terminal and C-terminal
regions may occur in less phosphorylation states [166]. Once OPN is fully phosphorylated,
the phosphorylation in the C-terminal region of OPN may hamper intramolecular interac-
tions between N-terminal and C-terminal regions by the addition of negatively charged
phosphate groups. Thus, the structural elongation of OPN by phosphorylation may reveal
the cryptic binding sites of integrins, and CD44 [29]. Further studies are required to test
this hypothesis.

Previous studies using mouse Ras-transformed fibroblasts, mouse fibroblasts, and
mouse osteoblasts have shown that phosphorylation of OPN affects cell adhesion to
OPN [25]. Additionally, the experiments using a recombinant mouse OPN purified from
E. coli., which has no glycan, have shown that phosphorylation is required for functional in-
teraction with integrin but not CD44 [167]. In addition, phosphorylation of the recombinant
OPN induces macrophage chemotaxis, spreading, and MMP-9 secretion [167]. Phosphory-
lation of Ser162 at the RGDSVVYGLR motif in recombinant OPN, which is purified from
E. coli., diminishes cell adhesion via αvβ3 integrin [13]. Although phosphorylation of OPN
regulates its activities, the phosphorylation state of OPN is likely to depend on the species
and cell types [25]: does phosphorylation of cancer cell-derived OPN affect its activities?
Our recent study has shown that the highly phosphorylated OPN is found in the cell culture
media in human lung cancer cell lines A549 and H460, but not in those of human melanoma
cell line MDA-MB435S, although those three cell lines predominantly express OPN [9]. The
A549 and H460 cell culture media, as well as the MDA-MB435S cell culture media with a
kinase treatment, clearly show enhanced cancer cell migration, both of which are abolished
by alkaline phosphatase treatment or anti-OPN antibodies. Therefore, phosphorylation of
OPN produced by cancer cells may be associated with cancer progression.

The analysis using the Clinical Proteomic Tumor Analysis Consortium dataset re-
vealed that S234 of OPN shows higher phosphorylation levels in breast-invasive carcinoma,
colon adenocarcinoma, lung adenocarcinoma, and uterine corpus endometrial carcinoma
compared with those in normal tissues [37]. Phosphorylation levels are also increased at
S195, S219, S258, and S280 in breast-invasive carcinoma, S62 or S63, S219, S254, and S258 or S263

in colon adenocarcinoma, S62 or S63, S258, and T190 in lung adenocarcinoma, and S195, S219,
S254, and S263 in uterine corpus endometrial carcinoma [37]. Furthermore, phosphorylation
levels of OPN at S219 in the extracellular vesicles isolated from the urine samples of patients
with prostate cancer are significantly higher than those in controls [168]. Tagliabracci
et al. have reported that OPN is a substrate for FAM20C, which is a Golgi casein kinase
that phosphorylates secreted proteins [169]. Compared with the normal tissues, FAM20C
expression is elevated in brain and central nervous system, breast, cervical, esophageal,
head and neck, lymphoma, and pancreatic tumors [170]. The high expression of FAM20C
is positively associated with the poor prognosis of patients with bladder urothelial carci-
noma, brain lower-grade glioma, and stomach adenocarcinoma [170]. The cancer-specific
phosphorylation sites identified in clinical samples are FAM20C-dependet phosphorylation
sites, except S62 and S219 [37,168,169], so that phosphorylation of OPN is probably associ-
ated with cancer progression via FAM20C. However, the role of phosphorylation at the
cancer-specific phosphorylation sites on OPN in cancer progression remains to be clarified
by further studies.

6.3. Glycosylation

Glycosylation is the most common PTM of protein, and secreted or membrane-
associated proteins are nearly all glycosylated [171]. Indeed, matricellular and ECM
proteins, as well as integrins, are well-known substrates for glycosylation [28,172]. Protein
glycosylation participates in receptor activation, cell–cell and cell–ECM interactions, inflam-
mation, immune surveillance, cellular signaling, and cellular metabolism [152]. Cellular
transformation is accompanied by alteration of the carbohydrate structure on glycoprotein,
and the changes in glycans on matricellular and ECM proteins as well as integrins often
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lead to increased cancer cell proliferation, migration, invasion, and survival, which are
critical for tumor development and progression [12,152,173].

Glycoprotein can covalently attach one or more glycans to a polypeptide backbone,
mainly via N-linkage to Asn in the Asn-X-Ser/Thr motif (X is any amino acid except
Pro) and via O-linkage to Ser or Thr, and they are termed N-glycans and O-glycans,
respectively [151]. One of the O-glycans, mucin-type O-glyans that are initiated by N-
acetylgalactosamine (GalNAc) O-linked to Ser/Thr, are frequently found in secreted or
membrane-associated glycoproteins [151]. Human OPN contains several mucin-type O-
glycans [8,97]. In contrast, there is only one report about N-glycans on human OPN, which
is isolated from bone [174], although human OPN has two Asn-X-Ser/Thr motif sequences
and the N-glycans on OPN in other species are frequently observed.

Sialic acid is a terminal component of the oligosaccharide chains of many glycopro-
teins, and the sialic acid on OPN is important for the association of OPN with integrins [175].
Recent studies using O-glycosylation site-defective mutants have shown that O-glycans
on OPN play important roles in cancer cell adhesion, migration, proliferation, and asso-
ciation with αvβ3 and β1 integrins, as well as tumor growth in mouse models [8,11,97].
Furthermore, O-glycosylation of OPN affects MMP-9 expression in cancer cells and phos-
phorylation of OPN [8,11,97]. The lack of O-glycans at Thr143, Thr147, and Thr152, which are
proximal to the RGD sequence for binding of αvβ3, α5β1, and αvβ1 integrins, increases
the adhesion of OPN to human breast cancer cell line MDA-MB231 and fibrosarcoma cell
line HT1080, and also acquires resistance to a function-blocking antibody against αvβ3 and
β1 integrins compared to wildtype OPN [97]. Therefore, these effects of O-glycosylation
on the OPN functional activities may be caused by alteration of the association of OPN
with integrins.

OPN is a carrier of STn antigen [8], which is one of the tumor-associated O-glycans, and
is associated with poor prognosis and metastasis in several human cancers [151]. Although
the effect of STn addition to OPN on its activities remains unclear, the understanding of the
relationship between them might be useful for further advanced comprehension of the role
of OPN glycosylation in cancer.

7. OPN and the Immune System in Cancer

OPN was initially identified as an immune regulatory molecule of T cell activation
and called early T cell-activated gene (Eta-1) [176]. Under physiological and pathologi-
cal conditions, OPN regulates the host immune response against infection and immune
cell-mediated inflammatory and autoimmune diseases by modulating inflammatory cell
adhesion, migration, and activation, as well as T cell differentiation [6]. Additionally,
recent studies have revealed that OPN is primarily expressed in tumor cells and tumor-
infiltrating myeloid cells in human cancer patients, and plays key roles in tumor immune
evasion in the TME [6] (Figure 4). Myeloid regulatory cell- (MRC) and colon carcinoma
cell-derived OPNs suppress activation of cytotoxic T lymphocytes (CTLs) via association
with CD44 on CTLs [54]. In addition, OPN inhibits the lytic activity of tumor-specific CTLs,
leading to the promotion of colon tumor growth [177]. Furthermore, host-derived OPN
promotes macrophage recruitment and M2 phenotype polarization, which exhibit immuno-
suppressive and tumor-promoting functions [138,178,179]. Tumor-derived OPN promotes
M2 polarization and myeloid-derived suppressor cell expansion through STAT3 activation
and suppresses antitumor immunity by promoting extramedullary myelopoiesis [180–182].
Thus, OPN may promote tumor progression by suppressing the immune system. This
section focuses on the role of OPN in tumor-associated macrophage (TAM) activation and
the immune checkpoint in the immune system in cancer.
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Figure 4. Regulation of tumor immunity by osteopontin (OPN) in the tumor microenvironment.
In tumor cells, OPN promotes migration, invasion, proliferation, survival, tumorigenicity, clonogenic-
ity, stem cell population, drug transporter expression, as well as OPN secretion through the integrins
and CD44-mediated signaling pathways. In tumor-associated macrophages (TAMs), OPN–αvβ3
integrin engagement induces M2 polarization and OPN production. In cancer-associated fibroblasts
(CAFs), OPN promotes IL-6, CXCL12, and OPN secretion through the association with αvβ3 integrin
and CD44. OPN inhibits the cytotoxic T lymphocyte (CTL) response through immune checkpoint
engagement via PD-L1 expression, binding to ICOSL, as well as suppression of cell proliferation, lytic
activity, and IFN-γ production through αvβ3 integrin and CD44-mediated signals in CTL.

7.1. Tumor-Associated Macrophages (TAMs)

TAMs are macrophages that populate in the surrounding TME and are generally
associated with poor prognosis and drug resistance in solid tumors [183,184]. TAMs can be
classified into two types, proinflammatory “M1” (classical activated macrophages) and anti-
inflammatory “M2” (alternative-activated macrophages) phenotypes. M1 macrophages
are involved in inflammation responsible for the Th1 cell response to tumor cells and
thereby show anti-tumor effects, whereas M2 macrophages promote immune suppression
by secreting anti-inflammatory cytokines, leading to tumor progression [183,184].

OPN expression in TAMs is associated with tumor progression. Indeed, patients with
a subunit of complement component C1q, C1QClow, and OPNhigh TAMs gene signatures
have the worst prognosis, highest proportion (71.79%) of locally advanced cervical can-
cer, and lowest immune cell infiltration [185]. Likewise, OPN-positive macrophages are
associated with tumor progression and worse patient survival in colorectal cancer [186]. In
OPN-knockout mice models of melanoma, infiltration of TAMs into tumor tissues and the
following melanoma growth and angiogenesis via α9β1 integrin are suppressed [95]. Simi-
lar results are observed in OPN-knockout mice models of glioblastoma. OPN deficiency
in host cells reduces TAM infiltration and enhances T cell effector activity in infiltrating
the glioma [178]. In addition, co-injection or co-culture with patient-derived CD44-positive
colorectal cancer cells produce higher levels of OPN production in TAMs but not peri-
toneal macrophages, which in turn facilitates the tumorigenicity and clonogenicity of
colorectal cancer cells through the OPN/CD44-mediated JNK activation [76]. Furthermore,
TAM-derived OPN also stimulates cancer cell migration, invasion, proliferation, survival,
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angiogenesis, and suppression of the CTL response [187]. These studies indicate that both
tumor-derived OPN and TAM-derived OPN are critical for tumor progression (Figure 4).

7.2. Immune Checkpoint

Immune checkpoint molecules are inhibitory receptors expressed on immune cells that
suppress immune activation when binding to the specific ligands [188]. Tumor cells hijack
the immune checkpoint system to promote an immune-suppressive state that facilitates im-
mune surveillance evasion and tumor growth. For example, the interaction of programmed
cell death ligand 1 (PD-L1) on tumor cells with programmed cell death protein 1 (PD-1) on
T cells induces T cell dysfunction and allows cancer cells to evade immune surveillance
(Figure 4). OPN may act as an immune checkpoint to negatively regulate T cell activation.
TAM-derived OPN is able to suppress the anti-tumor immune response by upregulating
PD-L1 surface expression in NSCLC cells through NF-κB signaling [189] and in HCC cells
via activation of the colony-stimulating factor-1 (CSF-1)/CSF-1R pathway [179]. Therefore,
patients with high OPN expression in TAMs may show a poor response to anti-PD-L1
treatment [186].

Another immune checkpoint molecule relating to OPN is inducible T cell co-stimulator
(ICOS, also known as CD278), a cell surface receptor mainly expressing on activated T
cells [2]. The binding partner of ICOS is ICOS ligand (ICOSL, also known as B7-H2, and
CD275), which is a transmembrane protein expressing in B cells, macrophages, dendritic
cells, endothelial cells, mesenchymal cells, epithelial cells, fibroblasts, as well as in many
primary tumors and tumor cell lines [2]. The interaction of ICOSL with ICOS transduces
anti-tumor signals to the cells expressing ICOSL. Recently, Raineri et al. have reported that
OPN binds to ICOSL at a different site than ICOS, which promotes cancer cell migration
in vitro, and tumor metastasis and angiogenesis in vivo [190,191]. These results suggest
that the OPN–ICOSL interaction may suppress the binding of ICOS to ICOSL, thereby
blocking anti-tumor signals.

8. OPN and Cancer-Associated Fibroblasts (CAFs)

Cancer-associated fibroblasts (CAFs) are the most abundant and highly heterogenous
stromal cells in the TME [192]. CAFs modulate tumor growth, cancer invasion and metas-
tasis, angiogenesis, immune response, and therapeutic resistance through synthesis and
remodeling of ECM as well as production of soluble secreted factors, such as growth factors,
cytokines, chemokines, and other regulatory factors [192,193]. Recent reports have shown
that CAFs can originate from a variety of cells, such as resident fibroblasts, mesenchymal
stem cells, and stellate cells [192].

OPN is involved in CAF activation [194] (Figure 4). Breast cancer cell-derived OPN
promotes the activation of resident fibroblasts into CAF by the association with CD44 and
αvβ3 integrin on the fibroblast cell surface, which mediate signaling through Akt and
ERK to induce Twist1-dependent gene expression [195,196]. The OPN-driven CAFs then
secrete CXCL12, which in turn induces cancer cell migration, EMT marker expression,
angiogenesis, and tumor growth [195]. Furthermore, tumor-derived OPN also trans-
forms mesenchymal stem cells into CAFs through the transcription factor, myeloid zinc
finger 1 (MZF-1)-dependent TGF-β1 production, leading to promote tumor growth and
metastasis [197]. Similarly, OPN–αvβ3 integrin engagement is able to generate endothelial-
derived mesenchymal cells via endothelial–mesenchymal transition (EndoMT) through
PI3K/Akt and mTORC1-dependent HIF-1α expression. Like CAFs, EndoMT-derived cells
promote tumor growth, invasion, and stemness in colorectal cancer cells by secreting
HSP90α [98].

CAF-derived OPN participates in tumor progression [143,198]. In luminal breast can-
cer, α-smooth muscle actin-positive CAFs are associated with a poor prognosis and a more
aggressive phenotype of tumor cell lines in patients with the cancer [43]. The α-smooth
muscle actin-positive CAFs isolated from luminal breast tumors overexpress OPN and the
OPN expression is associated with a higher percentage of Ki67-positive cells in tumor tis-
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sues. In in vitro culture models, the α-smooth muscle actin-positive CAFs enhance colony
formation of luminal breast cancer cell lines, which is attenuated by OPN-neutralizing
antibodies [43]. CAFs that are cultured with TAM-derived OPN significantly increase OPN
expression, which is associated with enhanced proliferation, invasion, and migration of
HCC cells [198]. In myofibroblasts, the signal adaptor MyD88, an essential component of
TLR signaling, is activated in colitis-associated cancer [199]. MyD88 signaling in myofi-
broblasts increases the secretion of OPN, which promotes macrophage M2 polarization via
activation of the STAT3/PPAR γ pathway. CAF-derived OPN may also contribute to tumor
progression by increasing the stem cell population. In the stroma of human breast cancer,
the increased expression of cyclin D1 is associated with poor outcomes [200]. Cyclin D1 can
transform fibroblasts to CAFs that upregulate OPN expression, and then the OPN induces
stem cell expansion. Indeed, the abundance of OPN is increased >30-fold in the stromal
fibroblasts of patients with invasive breast cancer, associated with poor outcomes [200].
Similarly, CAF-secreted OPN promotes in vivo clonogenicity in colon cancer [201] and
increases the cancer stem cell population via the OPN-CD44 axis in pancreatic carcinoma
cells [110].

CAF also accelerates tumor progression indirectly through the OPN induction in cancer
cells. CAF-derived IL-6 triggers the induction of OPN production in head and neck cancer
cells, which accelerates the cancer cell proliferation, migration, invasion, tumor growth,
and metastasis via the αvβ3 integrin-NF-kB signaling pathway [202]. Similarly, hepatic
stellate cell-derived nuclear receptor member family 4 subgroup A number 2 (NR4A2),
a transcription factor previously reported as a molecular switch between inflammation
and cancer, induces OPN expression in intrahepatic cholangiocarcinoma cells [203]. The
OPN activates Wnt/β-catenin signaling in the cancer cells and thereby promotes tumor
progression [203]. These results suggest that CAFs may play pivotal roles in OPN-mediated
tumor progression.

9. Diagnostic and Therapeutic Applications of OPN in Cancer
9.1. Potential Applications as a Biomarker

OPN is now recognized as the lead marker in several types of cancers, which is
associated with tumor progression [37,68,204–207]. Serum OPN level and promoter poly-
morphism is correlated with the clinicopathological criteria of the patients with metastatic
breast cancer, response to the treatment, progression-free survival, and overall survival in
clinical trials (ClinicalTrials.gov identifier: NCT04274504).

OPN and laminin α4 chain are increased in the CSF samples from glioblastoma
patients compared to those from non-brain tumor patients, and their levels are signifi-
cantly correlated with tumor volume [208]. This result suggests that the levels of OPN
and laminin α4 chain in CSF samples appear to be candidates as diagnostic markers for
glioblastoma [208].

OPN is a promising diagnostic marker for HCC, and the level of serum OPN is already
increased a year prior to HCC diagnosis [209]. Indeed, OPN is a comparable marker to
α-fetoprotein (AFP), which is a serum biomarker widely used in the diagnosis of HCC,
and the sensitivity of OPN is higher than that of AFP. The combination of OPN and AFP is
able to elevate the sensitivity of the diagnosis as compared to AFP alone, especially in the
early diagnosis of HCC [210]. Similarly, the combination of serum CEA and OPN improves
the sensitivity of the diagnosis of NSCLC [211]. Combining four biomarkers, migration
inhibitory factor, OPN, prolactin, and CA-125, can better detect ovarian cancer from healthy
controls compared to CA-125 alone [212]. Furthermore, the combination of plasma CA-125,
HE4, OPN, leptin, and prolactin surpasses each single marker in its diagnostic value to
discriminate between benign and malignant ovarian tumors [213].

The NSCLC patients with the C/C genotype at nt −443 in the OPN promoter have
a significantly higher incidence of bone metastasis development and significantly lower
survival rates compared to the other two genotypes (C/T, T/T) [214]. This result sug-
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gests that −443C/T polymorphism of OPN may be a potential predictive biomarker for
bone metastasis.

Patients with chronic obstructive pulmonary disease (COPD) have an increased risk
of lung cancer, and the coexistence of both diseases is associated with poor survival [215].
Nevertheless, the molecular mechanisms remain unclear. Therefore, it is important to
identify potential pathological genes and pathways involved [215]. Miao et al. have shown
that OPN expression levels are significantly higher in the NSCLC patients with COPD than
in NSCLC patients. Thus, the upregulation of OPN may be associated with an increased
risk of lung cancer patients having COPD and be a potential predictive biomarker for
the disease.

OPN may be a biomarker associated with the response to cancer chemotherapy. Ce-
tuximab, which is a monoclonal antibody that targets EGFR, is used for colorectal cancer
treatment. Effective cetuximab treatment induces an increase in the IL-33 level and a
decrease in the OPN level in the peripheral blood at the early stage. Moreover, the secre-
tion of OPN is inhibited by IL-33 administration in cetuximab-treated peripheral blood
mononuclear cells from the effective group patients [216]. These results suggest that IL-33
and OPN levels could be potential biomarkers of cetuximab treatment efficacy. Likewise, in
patients with metastatic non-clear cell renal cell carcinoma, OPN is identified as a biomarker
associated with poor prognosis during treatment with the receptor tyrosine kinase inhibitor,
sunitinib, or the mTOR inhibitor, everolimus [217]. In addition, high baseline OPN levels
are associated with a worse response to nivolumab, a humanized monoclonal antibody
against PD-1, in patients with NSCLC. Patients above the cut-off value of OPN have a
higher mortality rate as compared to the patients with low serum OPN [218]. Moreover,
increased expression of OPN and a low density of CD8+ T cells are significantly associated
with an unfavorable response to 5-FU-based adjuvant chemotherapy in stage III colon can-
cer [219]. Thus, OPN may serve as a predictive biomarker for the response to chemotherapy
and the biomarker analysis may facilitate personalized therapy.

Since a high concentration of OPN is found in healthy human blood and many cells
secrete OPN, the sensitivity and the specificity of OPN as a cancer biomarker may be
low in the early diagnosis. To overcome this shortcoming, the measurement of PTMs on
OPN may be useful. As discussed in Section 6, OPN undergoes PTMs such as proteolytic
processing, phosphorylation, and glycosylation, which are altered at different disease stages
and associated with disease progression. Therefore, the validation of cancer-specific or
tumor stage-specific OPN PTMs, which has distinct PTMs from the normal tissue-derived
OPN, may be a promising approach for translation into the clinical settings.

9.2. Potential Applications as a Therapeutic Target

OPN is considered a promising therapeutic target for cancer, and several antibodies
against OPN have been developed for the treatment, demonstrating favorable efficacy in
animal models. The monoclonal antibody AOM1 (Pfizer Inc., New York, NY, USA), which
was identified by a phage display technology, binds to the SVVYGLR sequence that is
the binding site for α4β1, α4β7, and α9β1 integrins and is immediately adjacent to the
RGD motif and thrombin cleavage site as well (Figure 2). AOM1 efficiently inhibits both
binding of OPN to αvβ3 integrin and OPN cleavage by thrombin [220]. AOM1 also inhibits
tumor growth in the metastatic lesions but not primary tumor growth in a metastatic
mouse model of NSCLC [220]. Other neutralization monoclonal antibodies 100D3 and
100D6 are shown to block the binding of OPN to T cells, and significantly increase the
cytotoxic effects of tumor-specific CTLs and suppress tumor growth [177]. Additionally, a
humanized OPN antibody hu1A12, which recognizes N212APSD216, inhibits in vitro MDA-
MB435S cancer cell adhesion, migration, and colony formation, as well as in vivo primary
tumor growth and metastasis [221]. Although the efficacy against cancer remains to be
elucidated, there are similar antibodies against OPN, C2K1, ASK8007 (Astellas Pharma Inc.,
Tokyo, Japan), and 23C3. The C2K1 and ASK8007 recognize the SVVYGLR sequence, while
23C3 recognizes the N-terminal region of OPN. However, it should be recognized that
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the administration of ASK8007 showed no clinical improvement in rheumatoid arthritis
patients and led to an accumulation of full-length OPN levels in plasma [222]. Thus, if
ASK8007 is used in clinical trials for the treatment of cancer, removal of the accumulated
full-length OPN may be necessary.

Farrokhi et al. have reported that the study using a stable isotope-labeled amino acid
pulse-chase and mass spectrometry shows that OPN undergoes very rapid turnover in
healthy human subjects [223]. Furthermore, their pharmacokinetic/pharmacodynamics
models and simulation for potential anti-OPN antibody therapeutics reveal that achieving
sufficient target coverage using conventional antibodies would not be feasible in humans,
mostly due to the very rapid turnover of OPN, as well as the presence of a high con-
centration of OPN in plasma [223]. Therefore, therapeutic antibodies against OPN may
be required to have more extended pharmacokinetics than conventional ones, and be
administrated at high doses and with short dosing intervals [223]. Alternatively, the anti-
bodies targeting integrin and CD44 receptors may be useful for OPN-targeted therapy for
cancer [106,224,225].

Inhibitors that downregulate OPN expression may also be useful for cancer treatment.
In mice models of mammary carcinoma, treatment of siRNA against OPN encapsulated in
nanoparticles results in significant inhibition of tumor growth, accompanied by a significant
reduction of OPN mRNA levels [226]. The bromodomain and extra-terminal domain (BET)
protein family consists of four members, BRDT, BRD2, BRD3, and BRD4, and has tandem N-
terminal bromodomains. BET proteins recognize acetylated lysine in histones and influence
transcriptional activity and chromatin remodeling. Some small-molecule BET inhibitors are
already under clinical trials for the treatment of cancers [227]. BET inhibitors target BRD4
and suppress OPN expression via transcriptional inactivation of NF-κB2, leading to impede
melanoma cell proliferation, migration, and invasion [228]. Additionally, conophylline,
a vinca alkaloid obtained from the leaves of Ervatamia microphylla, also inhibits HCC cell
proliferation and tumor growth by suppressing the production of CAF-secreted cytokines
such as IL6, IL8, CCL2, angiogenin, and OPN [229]. Conophylline treatment alone inhibits
tumor growth, but when combined with sorafenib, the anti-tumor effect is enhanced
compared with a single treatment with conophylline or sorafenib [229]. Another natural
compound-based antioxidant and anti-inflammatory nutritional complement, ocoxin, also
shows a reduced secretion of galectin-1, OPN, CCL5, and CCL9 from melanoma tumor
cells, as well as the reduced number of lung metastasis of melanoma cells [230].

Inactivation of OPN may be another strategy for cancer therapy. Follistatin-like
protein 1 (FSTL-1) is a secreted glycoprotein and a critical developmental regulator of
lung organogenesis, but its expression negatively correlates with poor clinical outcome in
patients with NSCLC and with the metastatic potential of lung cancer cells [231]. Mecha-
nistically, FSTL-1 directly binds to the un-cleaved form of OPN, restraining the proteolytic
activation of OPN, which leads to inactivation of integrin/CD44-associated signaling [231].
Furthermore, the combination of low expression of FSTL1 and high expression of OPN
predicts a poorer prognosis for patients with lung cancer [231]. These results suggest that
the combination of FSTL1 and OPN levels might be a potential biomarker of lung cancer,
and upregulation of FSTL1 could be a potential therapy for OPN-mediated lung cancer.
Since thrombin proteolytic processing alters OPN functions and its receptor interaction,
the inhibition of thrombin activity may be a potential therapeutic strategy for treating
the OPN-mediated cancer. Indeed, treatment of thrombin inhibitor, dabigatran etexilate,
suppresses OPN-mediated B16 melanoma growth [10]. Thus, suppression of OPN activity
by inhibiting OPN signaling and proteolytic processing may be useful as a therapy to block
tumor progression.

Immune checkpoint inhibitors are novel and successful immunotherapy drugs in
many advanced cancers [232]. Immune checkpoint inhibitors targeting the PD-1/PD-L1
interaction have been developed and are currently in use for the treatment of many cancers;
however, not all human cancers respond to the immune checkpoint inhibitor immunother-
apy, and meaningful responses to the immune checkpoint inhibitors remain low [2,232].
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Therefore, it is important to understand the molecular mechanisms to improve responses to
the immunotherapy. As discussed in Section 7.2, OPN participates in regulation of PD-L1
expression and the ICOS–ICOSL interaction, which promote immune surveillance evasion.
Thus, OPN blockade might become an attractive target for cancer immunotherapy.

Pancreatic cancer is refractory to immune checkpoint inhibitor immunotherapy. Lu
et al. found that H3K4 methylation is highly enriched through the pancreatic tumor genome
and OPN expression is upregulated by the increased H3K4 methylation in its promoter
region [69]. WDR-5 is an adaptor protein required for H3K4me3-specific histone methyl-
transferase activity. Inhibition of WDR-5 significantly decreases the OPN protein level
and enhances the efficacy of anti-PD-1 immunotherapy, which result in suppression of
pancreatic tumor growth in mouse models [69]. These results indicate that inhibition of
OPN signaling might enhance the efficacy of immune therapy targeting the PD1/PD-L1 in-
teraction. In contrast, low-dose anti-VEGFR2 therapy is more effective in sensitizing breast
cancer to anti-PD-1 therapy through upregulation of OPN and TGF-β expression [233].
Mechanistically, low-dose anti-VEGFR2 antibody treatment results in more robust immune
cell infiltration and activation and promotes OPN secretion by CD8+ T cells. The OPN
induces TGF-β production in tumor cells, which in turn upregulates PD-1 expression on
immune cells. Indeed, in patients with triple-negative breast cancer, higher OPN and
TGF-β expressions correlate with an improved response to treatment with anti-PD-1 and
low-dose anti-VEGFR2 antibodies [233]. Although the biological mechanisms that underlie
these opposite functions of OPN in the immune system have not been fully elucidated, the
exact effects of OPN on immune regulation and on the potential responses of tumors to
immune checkpoint inhibitors require further investigation [233].

10. Conclusions

Recent studies have shown that the interaction between tumor cells and the TME
promotes tumor progression. One of the TME components, OPN, is produced by various
cells, including tumor cells, endothelial cells, immune cells, as well as fibroblast cells,
within the TME, and plays a central role in tumor progression. OPN promotes tumor
growth, tumor cell invasion, metastasis, EMT, drug-resistance, stemness, angiogenesis, and
immune suppression through cell surface receptors such as integrins and CD44. A number
of studies have suggested that the blockade of OPN/receptor signaling may be highly
relevant for the development of new cancer treatments. Additionally, better understanding
the mechanisms underlying the regulation of immune checkpoint and immune cells as well
as CAFs by OPN may provide a new strategy for cancer treatment.

OPN is expressed in many normal cells and plays important roles in physiological
processes, such as cell adhesion, migration, proliferation, survival, differentiation, and
immune modulation. Accordingly, the anti-OPN drugs can target the OPN molecule not
only in the tumor tissues but also in normal tissues, which may cause severe side effects
because of the inhibitory effects on the physiological activities of OPN. Therefore, the
development of drugs targeting tumor cell-specific OPN distinct from normal cell-specific
OPN is required to avoid these issues. PTMs of proteins in tumor tissues are completely
different from those in normal tissues because of the differential expression patterns of
modified enzymes between the two tissues. Therefore, the combination of OPN and its
PTMs may be targets for tumor-specific OPN. Furthermore, the tumor-specific OPN may
be valuable tool for the target delivery system and visualization system of cancer location
and extent. For example, the nanoparticles that are surface-decorated with antibodies and
small molecules against tumor-specific OPN may be useful for drug delivery to tumor cells
and visualization of tumor cells [234].

As discussed in this review, OPN is an extremely complex and confusing molecule, but
also an attractive target for cancer treatment. Unfortunately, there are currently no clinical
trials targeting OPN in cancer (https://clinicaltrials.gov/, accessed on 15 August 2022).
However, understanding the pleiotropic roles and PTMs of OPN in tumor progression will
give us the opportunity to treat currently incurable cancers.

https://clinicaltrials.gov/
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137. Łukaszewicz-Zając, M.; Pączek, S.; Mroczko, B. A Disintegrin and Metalloproteinase (ADAM) Family—Novel Biomarkers of
Selected Gastrointestinal (GI) Malignancies? Cancers 2022, 14, 2307. [CrossRef]

138. Kobori, T.; Hamasaki, S.; Kitaura, A.; Yamazaki, Y.; Nishinaka, T.; Niwa, A.; Nakao, S.; Wake, H.; Mori, S.; Yoshino, T.; et al.
Interleukin-18 Amplifies Macrophage Polarization and Morphological Alteration, Leading to Excessive Angiogenesis. Front.
Immunol. 2018, 9, 334. [CrossRef]

139. Nakagami, H. Cellular senescence and senescence-associated T cells as a potential therapeutic target. Geriatr. Gerontol. Int. 2020,
20, 97–100. [CrossRef]

140. Ohtani, N. The roles and mechanisms of senescence-associated secretory phenotype (SASP): Can it be controlled by senolysis?
Inflamm. Regen. 2022, 42, 11. [CrossRef]

141. Flanagan, K.C.; Alspach, E.; Pazolli, E.; Parajuli, S.; Ren, Q.; Arthur, L.L.; Tapia, R.; Stewart, S.A. c-Myb and C/EBPβ regulate
OPN and other senescence-associated secretory phenotype factors. Oncotarget 2018, 9, 21–36. [CrossRef]

142. Liu, J.; Xu, K.; Chase, M.; Ji, Y.; Logan, J.K.; Buchsbaum, R.J. Tiam1-regulated osteopontin in senescent fibroblasts contributes to
the migration and invasion of associated epithelial cells. J. Cell Sci. 2012, 125, 376–386. [CrossRef] [PubMed]

143. Xu, K.; Tian, X.; Oh, S.Y.; Movassaghi, M.; Naber, S.P.; Kuperwasser, C.; Buchsbaum, R.J. The fibroblast Tiam1-osteopontin
pathway modulates breast cancer invasion and metastasis. Breast Cancer Res. 2016, 18, 14. [CrossRef] [PubMed]

144. Kyjacova, L.; Saup, R.; Rönsch, K.; Wallbaum, S.; Dukowic-Schulze, S.; Foss, A.; Scherer, S.D.; Rothley, M.; Neeb, A.; Grau, N.;
et al. IER2-induced senescence drives melanoma invasion through osteopontin. Oncogene 2021, 40, 6494–6512. [CrossRef]

145. Zuo, H.; Yang, D.; Wan, Y. Fam20C Regulates Bone Resorption and Breast Cancer Bone Metastasis through Osteopontin and
BMP4. Cancer Res. 2021, 81, 5242–5254. [CrossRef]

146. Kovacheva, M.; Zepp, M.; Schraad, M.; Berger, S.; Berger, M.R. Conditional Knockdown of Osteopontin Inhibits Breast Cancer
Skeletal Metastasis. Int. J. Mol. Sci. 2019, 20, 4918. [CrossRef]

147. Zhao, Y.; Bachelier, R.; Treilleux, I.; Pujuguet, P.; Peyruchaud, O.; Baron, R.; Clément-Lacroix, P.; Clézardin, P. Tumor αvβ3
Integrin Is a Therapeutic Target for Breast Cancer Bone Metastases. Cancer Res. 2007, 67, 5821–5830. [CrossRef] [PubMed]

148. Terpos, E.; Kiagia, M.; Karapanagiotou, E.M.; Charpidou, A.; Dilana, K.D.; Nasothimiou, E.; Harrington, K.J.; Polyzos, A.;
Syrigos, K.N. The clinical significance of serum markers of bone turnover in NSCLC patients: Surveillance, management and
prognostic implications. Anticancer Res. 2009, 29, 1651–1657.

149. Chang, W.-M.; Lin, Y.-F.; Su, C.-Y.; Peng, H.-Y.; Chang, Y.-C.; Hsiao, J.-R.; Chen, C.-L.; Chang, J.-Y.; Shieh, Y.-S.; Hsiao, M.; et al.
Parathyroid Hormone-Like Hormone is a Poor Prognosis Marker of Head and Neck Cancer and Promotes Cell Growth via
RUNX2 Regulation. Sci. Rep. 2017, 7, 41131. [CrossRef]

150. Edwards, C.M.; Johnson, R.W. From Good to Bad: The Opposing Effects of PTHrP on Tumor Growth, Dormancy, and Metastasis
Throughout Cancer Progression. Front. Oncol. 2021, 11, 644303. [CrossRef]

151. Pinho, S.S.; Reis, C.A. Glycosylation in cancer: Mechanisms and clinical implications. Nat. Rev. Cancer 2015, 15, 540–555. [CrossRef]
152. Mereiter, S.; Balmaña, M.; Campos, D.; Gomes, J.; Reis, C.A. Glycosylation in the Era of Cancer-Targeted Therapy: Where Are We

Heading? Cancer Cell 2019, 36, 6–16. [CrossRef] [PubMed]

http://doi.org/10.1016/j.canlet.2016.09.033
http://doi.org/10.1186/s13045-020-01009-7
http://doi.org/10.21037/tcr.2019.12.49
http://doi.org/10.3727/096504018X15426271404407
http://doi.org/10.15171/apb.2017.041
http://doi.org/10.1038/sj.onc.1210096
http://doi.org/10.3390/ijms18010123
http://www.ncbi.nlm.nih.gov/pubmed/28075407
http://doi.org/10.1158/0008-5472.CAN-07-2126
http://www.ncbi.nlm.nih.gov/pubmed/18172307
http://doi.org/10.1038/onc.2009.189
http://www.ncbi.nlm.nih.gov/pubmed/19597469
http://doi.org/10.1038/onc.2013.171
http://www.ncbi.nlm.nih.gov/pubmed/23728336
http://doi.org/10.1158/0008-5472.CAN-06-0661
http://doi.org/10.3390/cancers14092307
http://doi.org/10.3389/fimmu.2018.00334
http://doi.org/10.1111/ggi.13851
http://doi.org/10.1186/s41232-022-00197-8
http://doi.org/10.18632/oncotarget.22940
http://doi.org/10.1242/jcs.089466
http://www.ncbi.nlm.nih.gov/pubmed/22302986
http://doi.org/10.1186/s13058-016-0674-8
http://www.ncbi.nlm.nih.gov/pubmed/26821678
http://doi.org/10.1038/s41388-021-02027-6
http://doi.org/10.1158/0008-5472.CAN-20-3328
http://doi.org/10.3390/ijms20194918
http://doi.org/10.1158/0008-5472.CAN-06-4499
http://www.ncbi.nlm.nih.gov/pubmed/17575150
http://doi.org/10.1038/srep41131
http://doi.org/10.3389/fonc.2021.644303
http://doi.org/10.1038/nrc3982
http://doi.org/10.1016/j.ccell.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31287993


Int. J. Transl. Med. 2022, 2 444

153. Darling, A.L.; Uversky, V.N. Intrinsic Disorder and Posttranslational Modifications: The Darker Side of the Biological Dark Matter.
Front. Genet. 2018, 9, 158. [CrossRef] [PubMed]

154. Dean, R.A.; Overall, C.M. Proteomics Discovery of Metalloproteinase Substrates in the Cellular Context by iTRAQ™ Labeling
Reveals a Diverse MMP-2 Substrate Degradome. Mol. Cell. Proteom. 2007, 6, 611–623. [CrossRef]

155. Agnihotri, R.; Crawford, H.C.; Haro, H.; Matrisian, L.M.; Havrda, M.C.; Liaw, L. Osteopontin, a Novel Substrate for Matrix
Metalloproteinase-3 (Stromelysin-1) and Matrix Metalloproteinase-7 (Matrilysin). J. Biol. Chem. 2001, 276, 28261–28267.
[CrossRef] [PubMed]

156. Yamaguchi, Y.; Shao, Z.; Sharif, S.; Du, X.-Y.; Myles, T.; Merchant, M.; Harsh, G.; Glantz, M.; Recht, L.; Morser, J.; et al. Thrombin-
cleaved Fragments of Osteopontin Are Overexpressed in Malignant Glial Tumors and Provide a Molecular Niche with Survival
Advantage. J. Biol. Chem. 2013, 288, 3097–3111. [CrossRef]

157. Takafuji, V.; Forgues, M.; Unsworth, E.; Goldsmith, P.; Wang, X.W. An osteopontin fragment is essential for tumor cell invasion in
hepatocellular carcinoma. Oncogene 2007, 26, 6361–6371. [CrossRef] [PubMed]

158. Mi, Z.; Oliver, T.; Guo, H.; Gao, C.; Kuo, P.C. Thrombin-Cleaved COOH-Terminal Osteopontin Peptide Binds with Cyclophilin C
to CD147 in Murine Breast Cancer Cells. Cancer Res. 2007, 67, 4088–4097. [CrossRef]

159. Yokosaki, Y.; Matsuura, N.; Sasaki, T.; Murakami, I.; Schneider, H.; Higashiyama, S.; Saitoh, Y.; Yamakido, M.; Taooka, Y.;
Sheppard, D. The Integrin α9β1 Binds to a Novel Recognition Sequence (SVVYGLR) in the Thrombin-cleaved Amino-terminal
Fragment of Osteopontin. J. Biol. Chem. 1999, 274, 36328–36334. [CrossRef]

160. Senger, D.R.; Perruzzi, C.A.; Papadopoulos-Sergiou, A.; Van de Water, L. Adhesive properties of osteopontin: Regulation by a naturally
occurring thrombin-cleavage in close proximity to the GRGDS cell-binding domain. Mol. Biol. Cell 1994, 5, 565–574. [CrossRef]

161. Yokosaki, Y.; Tanaka, K.; Higashikawa, F.; Yamashita, K.; Eboshida, A. Distinct structural requirements for binding of the integrins
alphavbeta6, alphavbeta3, alphavbeta5, alpha5beta1 and alpha9beta1 to osteopontin. Matrix Biol. J. Int. Soc. Matrix Biol. 2005, 24,
418–427. [CrossRef]

162. Malaponte, G.; Hafsi, S.; Polesel, J.; Castellano, G.; Spessotto, P.; Guarneri, C.; Canevari, S.; Signorelli, S.S.; McCubrey, J.A.;
Libra, M. Tumor microenvironment in diffuse large B-cell lymphoma: Matrixmetalloproteinases activation is mediated by
osteopontin overexpression. Biochim. Biophys. Acta 2016, 1863, 483–489. [CrossRef]

163. Lee, M.J.; Yaffe, M.B. Protein Regulation in Signal Transduction. Cold Spring Harb. Perspect. Biol. 2016, 8, a005918. [CrossRef] [PubMed]
164. Mateos, B.; Holzinger, J.; Conrad-Billroth, C.; Platzer, G.; Żerko, S.; Sealey-Cardona, M.; Anrather, D.; Koźmiński, W.; Konrat, R.
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