
MEDICINE INTERNATIONAL  6:  26,  2026

Abstract. The present study analyzed the available literature 
on osteopontin in pancreatic cancers. Before the cut‑off date, 
PubMed listed 105 pertinent references, plus 39 results covering 
osteopontin in non‑cancerous conditions of the pancreas. The 
molecule fulfills physiologic roles in pancreatic development 
and function, including islet survival and protection from 
hyperglycemia. Osteopontin has been found upregulated in 
cancers of the pancreas and may serve as a biomarker for 
transformation, progression or survival prospects, particularly 
in conjunction with other molecular indicators. It has been reli‑
ably corroborated as a blood biomarker for these malignancies. 
In particular, the measurement of the cancer‑specific osteo‑
pontin splice variants OPN‑b and OPN‑c achieves upgraded 
diagnosis. Animal and cellular models have elucidated the 
functions of osteopontin in support of the metastasis, tropism 
and stemness of the cancer cells, as well as roles in angiogenesis 
and chemoresistance. As the full‑length form of osteopontin, 
OPN‑a, serves as an inducer cytokine for cellular immunity, 
it has been characterized by several studies as a regulator in 
pancreatic tumor immunology, particularly in macrophages. 
Osteopontin induction and biologic effects are associated with 
various premalignant and predisposing conditions, including 
intraductal papillary mucinous neoplasms, smoking, pancre‑
atitis and kidney disease. In diabetes and obesity, the molecule 
plays complex roles that may either attenuate or promote 
disease progression. While osteopontin has emerged as a key 
physiological regulator of pancreatic functions, its aberrant 
expression and splicing in cancers of the pancreas supports 
tumor progression and may serve early detection as well as 
prognostication. The splice variants have potential to become 
therapeutic targets in anti‑metastasis regimens.

Introduction

Cancer of the pancreas is often detected at a late stage. At 
that juncture, it has commonly disseminated and is therefore 
afflicted by a poor prognosis. A better understanding of the 
molecular mechanisms underlying the disease, in particular 
its progression and dissemination, should point the way to 
improved clinical care. In tumor stage progression and metas‑
tasis formation of this malignancy, osteopontin (also known as 
OPN or SPP1) has been known to be a major contributor (1‑3). 
Hence, it is of importance to elucidate the knowledge base 
about this secreted phosphoglycoprotein, pertaining to the 
induction of its aberrant expression and its splice variants (4,5) 
in pancreatic cancers. Such insights may improve early detec‑
tion/diagnosis and can point the way toward novel therapeutic 
targets associated with tumor spread. For this purpose, the 
present systematic review was conducted, analyzing studies 
found on PubMed‑listed database on this subject (Fig. S1).

Data and methods

Source literature. Publications in the PubMed database 
with the key phrase ‘pancreas cancer OR pancreatic cancer 
AND osteopontin’ yielded 105 references (cut‑off date, 
December 31, 2025). A total of 26 articles were found not 
to be pertinent, predominantly as they studied cancers of 
different organ origin (mostly liver cancers, but also colorectal 
and gastric cancers); 1 article had been retracted. Of note, 
‘osteopontin AND pancreas NOT cancer’ produced 39 results 
(cut‑off date, December 31, 2025). This search captured papers 
on the roles of osteopontin in development and organ physi‑
ology, as well as in various predisposing conditions. In total, 
six hits were found not to be pertinent to pancreatic function 
or to osteopontin (Fig. S2).

Analysis. The mined articles were downloaded, summarized 
and organized according to the aspect covered in the original 
studies. They include the history and molecular characteristics 
of osteopontin, pancreas development and function (develop‑
ment, expression, function), tumor tissue (expression, marker 
combination, tumor progression, survival), tumor blood 
(protein biomarker, RNA biomarker, marker combination, 
progression, post‑treatment recovery), tumor immunology, 
tumor models (metastasis, tropism, stemness, angiogenesis, 
chemoresistance), predisposition and early lesions (predi‑
agnosis and premalignancy, smoking, pancreatitis, kidney 
disease), and diabetes and obesity (prediabetes, type 1 diabetes, 
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type 2 diabetes, cancer connection). Multiple references are 
relevant to several subsections of the present systematic review 
and are therefore cited accordingly.

Data extraction. All reviewed publications were tabulated 
in the chronological order of their publication. In a separate 
table, patient‑derived results were organized with more detail. 
They are arranged according to the cancer feature (or other 
disease feature) addressed. Signal transduction connections 
are depicted in the figures.

Results

History and molecular characteristics of osteopontin. 
Studying various mammalian tumor cell lines in 1979, 
Senger et al (6,7) described transformation‑specific secreted 
phosphoproteins, including one at a size of 58 kDa. The cloning 
of osteopontin (also known as OPN, secreted phosphoprotein 
1, SPP1 or bone sialoprotein) was reported independently in 
1986 (8). With the protein sequence at hand, the description 
in 1988/89, by the groups of Denhardt [Craig et al (9)] and 
Senger et al (10,11), that the phosphoglycoprotein osteopontin 
is prominently secreted by cancer cells, has prompted much 
ensuing research into the roles played by this molecule in 
tumor progression (to date, ~3,040 publications on ‘osteo‑
pontin AND cancer’ in PubMed). Mechanistic insight was 
gained by the identification of the receptor integrin αVβ3 (12) 
and the discovery that a metastasis‑associated splice variant 
of CD44 also serves as a receptor (13). Additional integrins 
have been identified as osteopontin binding partners. A new 
angle arose in 2006, with the report that osteopontin splice 
variants are selectively produced by malignant cells, but not 
by untransformed cells (14). It has impacted the study of osteo‑
pontin in pancreatic and other types of cancer.

The expression and distribution of osteopontin in the 
luminal epithelial surfaces of tissues, including the pancreas, 
was published in 1992 (15). Initial cursory mention of this 
protein in pancreatic cancer dates back to a 1997 review on 
neoplastic cell adhesion to CD44 (16). Since then, a literature 
has evolved that analyzes osteopontin and its roles in cancers 
and other conditions afflicting the pancreas (Table SI).

The osteopontin protein (Fig. 1) is characterized as very 
acidic, largely unstructured, highly phosphorylated and 
glycosylated, as well as possessing abundant calcium‑binding 
capacity. Osteopontin can engage several cell surface recep‑
tors, prominently integrins and CD44v (a splice variant of 
CD44, entailing variant exons 3‑6). Thrombin cleavage (10) 
separates the integrin‑engaging N‑terminus from the heparin‑ 
and CD44v‑ligating C‑terminus (17). There are two heparin 
binding sites  (18) likely involved in the interaction with 
CD44v, but also modulating the unfolding of a core element 
in the protein  (19,20). In the bone, osteopontin attaches 
to hydroxyapatite  (21). Furthermore, the protein has been 
reported to harbor an interaction domain with factor H (22), a 
site for engagement of neuropilin‑1 (23), and a domain to bind 
to inducible t‑cell costimulator ligand (ICOSL) (24). Whereas 
the physiologic role of osteopontin lies in tissue remodeling 
and immune activation (systemically), as well as the regula‑
tion of calcification (in bone, breast and kidneys) (25‑29), in 
cancer, it mediates the survival of deadherent cells (30), as well 

as migration and invasion (17) during the process of tumor 
dissemination.

Humans generate multiple gene products of osteopontin 
through alternative splicing (14,31) or through an alternative 
transcription start site (32). With the exception of the alternative 
transcriptional start site (which produces an intracellular form), 
all osteopontin variants are secreted. Tumor progression genes 
are aberrantly expressed or spliced in malignancies (4,5), and 
osteopontin overexpression and/or splicing has been associated 
with a number of aggressive tumors (33‑35). While alterna‑
tive splicing of the osteopontin mRNA is formally possible 
in several species and cell types, it has only been reliably 
shown to arise in human transformed cells (36). Specifically, 
the role for the metastasis‑promoting variant OPN‑c in cancer 
progression has been elucidated as a gain‑of‑function at the 
splice junction that ligates SLC7A11, activates peroxides, and 
facilitates mitochondrial biogenesis (30).

Osteopontin is encoded by the spp1 gene, located on chro‑
mosome 4 in locus 4q13.22, which has 7 exons, the first of 
which is silent. The gene belongs to the SIBLING family (37), 
which stands for ‘small integrin binding ligand N‑linked 
glycoproteins’ (38).

Pancreas development and function
Development. Matricellular proteins mediate tissue morpho‑
genesis and homeostasis by modulating cell‑matrix and 
cell‑cell interactions. Osteopontin is a marker of undifferenti‑
ated pancreatic precursors and ductal tissues. The specific, 
dynamic profile of its expression in embryonic pancreatic 
tissues reflects its participation in processes involving cell 
migration or cell‑cell interactions (39). In the maintenance 
of duct cell identity, multiple cellular subpopulations retain 
progenitor capacity. An epithelial‑mesenchymal transitory axis 
may arise in three duct subpopulations. Osteopontin marks a 
cell type enriched in progenitor capacity. It serves a regulator 
of the epithelial‑mesenchymal transitory fate decision, and it 
is required for differentiation past progenitor function and for 
maintenance of duct function as reflected in carbonic anhy‑
drase activity. In its presence, the levels of markers of mature 
duct cells, including HNF1B, SOX9 and KRT19, are increased. 
In its absence, there is an increase in markers associated with 
epithelial‑mesenchymal transition, including VIM, ZEB1, 
TWIST1 and MMP2  (40). However, osteopontin‑deficient 
pancreata have not exhibited obvious alterations in the 
morphology or differentiation of these tissues (39).

Selenium forms part of glutathione peroxidase, which 
assumes complex roles in metabolic syndrome. Offspring 
with metabolic syndrome had a lower body weight, with 
males having a lower body mass index and growth indicators 
in serum. Females, in particular, had lower levels of serum 
insulin. All offspring presented a repletion of selenium in 
pancreas, kidneys, and thyroid as well as depletion in heart 
and muscle. Serum osteopontin was not altered by either sex 
or high‑fructose diet (41).

Expression. In healthy or tumor‑surrounding untrans‑
formed pancreatic tissue, osteopontin immunoreactivity has 
been variably described. An in situ hybridization analysis 
did not find detectable expression in healthy tissue (42); this 
was also the case by histology in normal pancreatic glandular 
epithelia (43). Healthy pancreatic tissue samples displayed a 
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range from no staining (20%), via moderate staining, to high 
staining (~10%) (44). In another study, however, almost 60% of 
the healthy controls were reported to express osteopontin (45).

Immunohistochemical staining for osteopontin was posi‑
tive for the epithelium lining in large and small pancreatic 
ducts (15,46) or localized in ductal connective tissue (47). A 
diffuse cytoplasmic staining pattern according to immuno‑
histochemistry was present in 5% of the ductal cells, with 
either occasional expression in islets (48) or expression in all 
islet cells (46). Osteopontin is localized, to a varying degree, 
in connective tissue around acini (47). A diffuse cytoplasmic 
staining pattern according to immunohistochemistry was 
present in 30% of the acinar cells (48). By immunofluores‑
cence, the central areas of acini were exclusively stained (49). 
No cells demonstrated nuclear staining (44).

The discrepancies in the reported immunohistochem‑
istry staining may be a consequence of the rich variations 
in posttranslational modifications of osteopontin (including 
phosphorylation, glycosylation, multiple sites for proteolytic 
cleavage, binding to calcium, heparin, or hyaluronate). Due to 
these structural adaptations, the choice of the antibody to be 
utilized for the staining can have a major impact on the results 
[as was previously published for ELISA applications (50)]. 
Since the osteopontin field has grown (currently almost 13,800 
publications on this molecule in PubMed), so has the number 

of commercially available antibodies (~1,120 antibodies to the 
human protein in Biocompare). Thorough standardizations 
would be a requirement for diagnostic pathology usage, but 
have not been conducted yet.

Function. In β‑cells, osteopontin is protective against both 
cytotoxicity and hyperglycemia (51‑53). Insulin secretion is 
impaired with increasing age, suggesting that aging induces 
specific transcriptional changes in human islets. A total of 346 
genes that co‑vary with age included increased transcription 
of genes linked to senescence and downregulation in several 
aspects of the cell cycle machinery. Also correlating with age 
is an upregulation in osteopontin expression (51).

The maintenance of osteopontin expression in the pancre‑
atic tissues of adults argues for a function of this protein in 
injury and pathologic responses  (39). Pancreatic α‑cells 
produce osteopontin, which facilitates insulin release from 
stressed β‑cells. The protective stress response extends to 
metabolism (52).

i) The incretin hormone glucose‑dependent insulinotropic 
polypeptide (GIP) promotes pancreatic β‑cell function by 
potentiating insulin secretion and β‑cell proliferation. GIP 
stimulated osteopontin mRNA and protein expression, thus 
exerting effects on β‑cell survival in islets (proliferation by 
insulin‑secreting cells, preservation of functional β‑cell mass), 
as well as the regulation of adipocyte metabolism in fat tissue. 

Figure 1. Osteopontin. The image displays the osteopontin sequence with key structural characteristics highlighted by color coding. The domains (exons) 
spliced out in OPN‑b and OPN‑c are contained in green boxes. Functional sites are identified above the protein sequence. Susceptibility to proteases is shown 
in color‑coded triangles below the sequence. The protein is believed to be largely unstructured; the few tentatively identified helices or sheets are marked by 
green double‑arrows below the sequence.
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Osteopontin expression is lower in carriers of the A allele in 
the receptor GIPR (site rs10423928). The effect is specific 
for GIP, as GLP‑1 has no impact on osteopontin expression, 
regardless of the glucose concentration (53).

ii)  The transmembrane receptor sor til in‑related 
VPS10‑domain containing receptor 2 (SORCS2) in the 
pancreas is predominantly expressed in islet α‑cells. Its 
activity safeguards insulin granule formation and release 
from glucose‑stressed β‑cells. The loss of SORCS2 expression 
coincided with inability of the α‑cells to produce osteopontin. 
Consistently, β‑cells in SORCS2‑deficient islets exhibited 
gene expression patterns indicative of aggravated cell stress, 
exhibited defects in insulin granule maturation, and had a 
blunted glucose response (52).

Tumor tissue 
Expression. Rather consistently, immunohistochemistry evalu‑
ations have found ~70% osteopontin expression in pancreatic 
cancer (Table SII). In a comparison between undifferentiated 
carcinoma and ductal adenocarcinoma, both had close to 
70% positivity for osteopontin (54). Osteopontin staining was 
present in 60% (48) or 74% (45) of primary adenocarcinomas. 
Osteopontin was strongly expressed in 70% of adenocar‑
cinoma tissues, but only in ~30% of surrounding healthy 
tissue (55). The staining intensity in the tumors displayed a 
range, being absent in ~35%, weak to moderate in 50% and 
high in 15% (44). Immunofluorescence analysis of cancer 
tissue from patients with invasive ductal adenocarcinoma, the 
majority of whom were smokers, revealed elevated amounts 
of osteopontin in the malignant ducts and the surrounding 
pancreatic acini (56).

Stromal osteopontin was present in >90% of cancers, but 
with large variations in intensity and staining distribution (47). 
A substantial portion of the surrounding fibroblasts displayed 
staining (44). Immunofluorescence revealed weak intracellular 
staining in all cancer cells, while stroma stained positive but 
even weaker than the cancer cells (49).

Consistent with the secretion of osteopontin via the 
Golgi organ, its subcellular localization in histochemistry is 
predominantly cytoplasmic. Where present, benign and malig‑
nant pancreatic ductal cells displayed cytoplasmic and luminal 
staining. The expression in adenocarcinoma cells was located 
mostly in the cytoplasm (45). A substantial portion of the 
surrounding fibroblasts in the stroma presented a cytoplasmic 
staining pattern as well (44).

An analysis of gene expression profiles in Oncomine iden‑
tified the upregulation of osteopontin in pancreatic cancer as 
not reaching significance. However, in a separate evaluation 
of ductal adenocarcinoma and intraepithelial neoplasia over 
healthy tissue, each neoplasia was associated with significant 
overexpression (57). Using RT‑qPCR, there was a 2.2‑fold 
increase in osteopontin mRNA in adenocarcinoma and a 
1.6‑fold increase in chronic pancreatitis samples, respectively, 
compared to healthy pancreatic tissues (48). In patients with 
adenocarcinoma, osteopontin was expressed in 43% with vari‑
able contributions by the splice variants OPN‑a, OPN‑b and 
OPN‑c (58). The variant form OPN‑c was present in 87% of 
invasive ductal adenocarcinoma lesions, of whom 73% were 
smokers. The levels of OPN‑c correlated well with higher 
expression levels of total osteopontin in the tissue and serum 

from these patients  (59,60). The splice variants have great 
marker potential, as osteopontin splice forms were present 
only in ~15% of tumor‑surrounding healthy specimens (58). 
However, in situ hybridization did not find detectable expres‑
sion in the adenocarcinoma cells (42), which could indicate 
that the technique may lack sensitivity compared to PCR‑based 
approaches. 

Osteopontin is also associated with less common types of 
pancreatic cancers.

i) Ampullary adenocarcinoma is an aggressive cancer with 
poor prognosis, which can be difficult to distinguish from 
ampullary adenoma prior to resection. Osteopontin mRNA 
is substantially elevated in this cancer. Its measurement may 
aid in the early detection and differential diagnosis of patients 
with periampullary lesions (61). By in situ hybridization, tissue 
osteopontin was detectable more strongly in ampullary cancer 
than in pancreatitis or in healthy tissue  (62). Osteopontin 
expression in the cancer cells was not associated with prog‑
nosis; however, the expression of osteopontin and location 
of tumor‑associated macrophages in bulky ampullary cancer 
predicted recurrence (63).

ii) Osteoclast‑like giant cell tumors are rare neoplasms of 
the pancreas and mostly associated with ductal adenocarci‑
nomas. In the rare case of an osteoclast‑like giant cell tumor 
associated with mucinous cystadenocarcinoma, osteopontin 
was expressed in the osteoclast‑like giant cells but not in the 
mononuclear tumor cells (64).

Marker combination. Since osteopontin had been corrobo‑
rated as a pancreatic cancer marker, the utility of its association 
with other markers has been studied (Table SIII).

i) Osteopontin and the transcription factor FOXM1 were 
significantly upregulated in pancreatic cancer tissues and 
were linked to poor clinical outcome (65). In tumor tissues, 
there was no correlation of the RNA level between KRAS and 
TP53 mutational status and osteopontin expression (58). In 
undifferentiated cancers and adenocarcinomas, there was no 
correlation between osteopontin expression and E‑cadherin or 
β‑catenin expression (54).

ii) Multiple reports have focused on ductal adenocarci‑
noma lesions: The osteopontin staining levels correlated with 
MMP‑9 and vascular endothelial growth factor (VEGF) (66), 
correlated and colocalized with the chemokine CCL‑2 
(MCP‑1) in transformed cells and in the malignant ducts (67), 
and, together with immunostaining for LIM homeobox tran‑
scription factor 1α (LMX1A), were associated with advanced 
nuclear grades and advanced stages (while both markers were 
undetectable in healthy pancreatic glandular epithelia) (43). 
Whereas osteopontin and RAN mRNA levels highly correlated 
with each other in tumor cells, adjacent non‑malignant and 
benign pancreatic tissues, the levels of either did not correlate 
with venous lymphatic invasion, diabetes, obesity, T stage, 
body mass index, or survival (68,69). 

iii) Pancreatic cystic lesions may be benign, requiring 
observation, or cancerous, requiring surgery. Lower osteo‑
pontin, sTIE‑2 (soluble form of the receptor for angiopoietins) 
and leptin levels in cystic fluid were associated with cancer (70).

A personalized adenocarcinoma‑derived organoid chip 
with functional endothelial barrier (to simulate the vascular 
permeation and tumor interactions) was developed for 
biomarker detection and functional drug sensitivity testing. 
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Tumor‑specific biomarkers, including osteopontin, CA‑19.9, 
TIMP‑1, macrophage inhibitory cytokine‑1 (MIC‑1), the adhe‑
sion receptor ICAM‑1 and soluble AXL (a receptor tyrosine 
kinase) were consistently present in the chip outflows (71).

Tumor progression. Osteopontin staining was present 
in 60% of primary adenocarcinomas and in 70% of lymph 
node and liver metastases  (48). The small GTPase RAN 
drives pancreatic cancer metastasis by modulating androgen 
receptor (AR) expression. In metastatic lymph node tissues, 
there were elevated levels of RAN, osteopontin and AR (69).

The association of total osteopontin with cancer progression 
has been very variably reported as being absent, being reflec‑
tive of good prognosis, or being an indicator of poor outcome. 
It is conceivable that the inconsistencies were due to the lack of 
distinction between tumor‑derived osteopontin splice variants, 
which facilitate progression, and osteopontin produced by 
the host in response to tissue damage, which supports remod‑
eling and healing. The measurement of cancer‑associated 
osteopontin splice forms may be a more accurate tool for 
prognostication of progression than pan‑osteopontin.

i) In premalignant intraductal papillary mucinous 
neoplasms, osteopontin was a biomarker for the surveillance 
of carcinogenic progression (72).

ii) Osteopontin expression and the location of tumor‑asso‑
ciated macrophages in bulky ampullary cancer predicted 
recurrence (63). While being undetectable in normal pancre‑
atic glandular epithelia, osteopontin immunostaining was 
associated with advanced nuclear grades and advanced stages 
of ductal adenocarcinomas (43). In fine needle aspirations, 
abundance of the splice variants OPN‑b and OPN‑c indicated 
a poor prognosis. While OPN‑b was a predictor for survival, 
OPN‑c was associated with metastatic disease (73).

iii) A low stromal deposition of osteopontin was associated 
with a poor survival, independently of established prognostic 
factors (47).

iv) In ductal adenocarcinoma, osteopontin staining was 
not associated with grade and stage (44). In stage‑oriented 
pancreas cancer tissue arrays, high and preferentially cyto‑
plasmic osteopontin staining in 80% of carcinomas did not 
correlate with tumor stage (74). Osteopontin mRNA levels in 
ductal adenocarcinoma, adjacent non‑malignant and benign 
pancreatic tissues highly correlated with each other, but did 
not correlate with venous lymphatic invasion, diabetes, obesity, 
T stage, body mass index or survival (68).

v) The presence of osteopontin in adenocarcinoma may 
have a protective effect, independently of tumor stage (45).

The infrequent presence of psammoma bodies in pancreatic 
cancer may be associated with a less aggressive tumor pheno‑
type, potentially leading to a better prognosis. In very rare 
cases of ductal adenocarcinomas, focal dystrophic calcification 
may arise. In one case, numerous psammoma bodies, scattered 
throughout the tumor, were positive for osteopontin. Due to 
its high calcium‑binding capacity, osteopontin can play a role 
in the development of such psammoma bodies. Calcifications 
in imaging may be early indicators of cancer (75). In a case 
of intraductal tubulopapillary neoplasm with severe calcifica‑
tion, psammoma body‑type and non‑psammoma body‑type 
calcifications stained positively for osteopontin, the macro‑
phages were weakly positive, and the tumor cells were also 
stained strongly (76).

Survival. While (as with progression) published studies on 
survival are not consistent, there is a preponderance of findings 
that osteopontin, particularly its splice variants, prognosticates 
a poor outcome.

i) In bulky ampullary cancer, osteopontin‑positive infil‑
trating tumor‑associated macrophages and the expression of 
macrophage migration inhibitory factor (MIF) have been found 
to be associated with the worst disease‑specific survival (63). 
In fine needle aspirations, the abundance of the splice variants 
OPN‑b and OPN‑c indicated a poor prognosis, with OPN‑b 
being a predictor for survival. In comparisons between long and 
short postsurgical survival of adenocarcinoma, RNA for total 
osteopontin, as well as the splice variants OPN‑b and OPN‑c, 
were more frequently expressed in short‑term survivors (58,73).

ii) Although osteopontin and RAN mRNA levels in ductal 
adenocarcinoma highly correlated with each other, the levels 
of either did not correlate with invasion or survival (68). In 
an exploration of seromarker levels for outcomes in locally 
advanced cancer, patients who received chemotherapy and 
stereotactic body radiation therapy showed no association of 
osteopontin with improved survival (77).

iii) The median and 2‑year overall survival was longer 
when osteopontin was expressed in pancreatic cancer. 
Osteopontin expression and T stage were independent predic‑
tors of overall survival, while other histopathologic factors 
(tumor grade, tumor size, nodal status) were not (45). A low 
stromal deposition of osteopontin correlated with a poor 
survival, independently of established prognostic factors for 
pancreatic cancer (47).

Tumor blood
Protein biomarker. The diagnostic and prognostic value 
of blood osteopontin (Table SIV) has been corroborated by 
various studies (78). Overall, diverse reports have been in good 
agreement.

i) In profiling plasma biomarkers in pancreatic cancer, 
osteopontin was detected at twice the level compared to 
healthy controls (79) and higher in patients with ductal adeno‑
carcinoma compared with chronic pancreatitis patients, type 2 
diabetes and healthy controls (80). Osteopontin was substan‑
tially upregulated in late‑stage ductal adenocarcinoma (81); 
however, alone, it was not a marker for obesity or progenitor 
cell trafficking (82).

ii) Gastro‑entero‑pancreatic neuroendocrine tumors are 
highly vascularized neoplasms. While the plasma concen‑
trations of TIE‑2 and CgA were higher in patients (2 of 16 
pancreatic) as compared to healthy controls, the osteopontin 
values were not significantly elevated (possibly due to a lack 
of power) (83).

iii) In a previous meta‑analysis of serum levels for the 
diagnosis of pancreatic cancer, osteopontin was higher in 
patients than in healthy controls. Ethnicity‑stratified analysis 
indicated that this elevation occurred among both Caucasians 
and Asians (84). Serum osteopontin levels were elevated in 
patients with resectable adenocarcinoma compared to healthy 
individuals (42). In an expanded comparison of preoperative 
patients with resectable adenocarcinoma, compared to patients 
with chronic pancreatitis and healthy controls, osteopontin 
distinguished pancreatic cancer vs. chronic pancreatitis or 
healthy controls (85). Osteopontin performed very highly in 
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distinguishing pancreatic cancer cases from healthy people. 
The sensitivity dropped precipitously when tested on an 
expanded set of controls, including patients with pancre‑
atitis (86). ELISA of serum from patients with adenocarcinoma, 
patients with chronic pancreatitis and healthy donors revealed 
a 1.6‑fold increase in osteopontin serum levels in patients with 
tumors and a 1.9‑fold increase in patients with chronic pancre‑
atitis (48). Depending on the cut‑off value, the sensitivity in 
these studies varied over some range, but the specificity was 
always >90%. 

iv) Mean pre‑operative serum osteopontin levels in patients 
with ampullary neoplasms (vs. patients with other periampul‑
lary diseases and healthy controls) were elevated (61).

RNA biomarker. By reverse transcription‑PCR from 
whole blood, OPN‑b and OPN‑c were elevated in patients 
with pancreatic cancer as compared to healthy controls (87). 
This was consistent with protein measurements in sera. No 
OPN‑b or OPN‑c was detected in healthy sera. In patients with 
pancreatic lesions (comprising ductal adenocarcinoma and 
IPMN), OPN‑b was expressed in almost 50%, OPN‑c in 35%, 
and both in 5% (88).

Gene expression alterations indicative of pancreatic cancer 
can be detected by profiling the RNA of pancreatic juice. 
In cancer patients, it contained increased levels of osteo‑
pontin, as well as IL‑8, interferon‑induced transmembrane 
protein 1 (IFITM1), fibrinogen, the chemokine CXCR4, 
decay‑accelerating factor (DAF or CD55) and nicotinamide 
N‑methyltransferase (NNMT) (89).

Marker combination. Information on markers is presented 
in Table SIII. Osteopontin shares characteristics of adipokines 
and holds the promise of being complementary to the glyco‑
protein tumor marker CA19‑9 as an early clinical diagnostic 
marker (38). Its combination with CA19‑9 improved differenti‑
ation over either marker alone (80). In ductal adenocarcinoma, 
there was a potential benefit of using osteopontin, CA19‑9, 
and the metalloproteinase inhibitor TIMP‑1 in a panel (90). 
A 6‑plex immunoassay, including osteopontin, analyzed 
early‑ and late‑stage adenocarcinoma vs. intraductal papil‑
lary mucinous neoplasms (IPMN), pancreatitis and healthy 
controls, osteopontin outperformed CA19‑9 in separating 
IPMN from chronic pancreatitis (91). In pre‑ and post‑surgical 
samples, a postoperative increase in plasma osteopontin raised 
the hazard for poor survival. Carcinoembryonic antigen (CEA) 
levels correlated with those of osteopontin (49). Strong corre‑
lations with osteopontin existed for the cancer markers CEA, 
C‑reactive protein (CRP) and CA72‑4. Osteopontin levels also 
positively correlated with the liver function readouts bilirubin, 
AST, GGT and ALP. A negative correlation was present 
between osteopontin levels and albumin and HDL‑cholesterol. 
Levels of cholesterol, LDL, triglycerides, HOMA‑IR and 
glucose did not correlate with osteopontin concentrations 
(80). MIF and osteopontin performed very highly in distin‑
guishing pancreatic cancer cases from healthy controls. The 
sensitivity dropped when the set of controls was expanded to 
include patients with pancreatitis (86). In a conflicting report, 
an ELISA comparison of preoperative serum from patients 
with resectable adenocarcinoma, as well as sera from patients 
with chronic pancreatitis and healthy controls, osteopontin 
did not provide additional diagnostic power to the independent 
predictors of diagnosis, MIC‑1 and CA19‑9 (85).

Progression. Previously, using ELISA, a post‑operative 
increase in 10 ng/ml plasma osteopontin elevated the hazard 
for reduced survival (49). Although patients with ductal adeno‑
carcinoma in stage IV had higher osteopontin plasma levels 
than patients in stage II, there was no difference in the levels 
of stage III compared to stage II (80). In a 6‑plex immuno‑
assay, osteopontin aided the delineation of cancer from benign 
lesions and healthy controls, but it did not change significantly 
with stage (91).

Post‑treatment recovery. Post‑operative stress was 
assessed in serum from patients following hepatobiliary 
pancreatic cancer surgery without post‑operative complica‑
tions. While the low‑stress group did not exhibit significant 
increases in the levels of osteopontin on post‑operative periods, 
the medium‑ and high‑stress groups did, which peaked on 
post‑operative day 3 (92). Plasma osteopontin levels were not 
different between pre‑ and post‑surgical specimens, but both 
were significantly elevated over controls  (49). Osteopontin 
levels in serum samples, taken from the same patients before 
and 6 days after pancreatic resection, displayed a decrease in 
~30%, an increase in ~40%, and a smaller than 20% change 
in ~25% (48).

Circulating biomarkers have been correlated with efficacy 
and tolerability to antiangiogenic agents, such as sunitinib. 
Osteopontin was associated with shorter progression‑free 
survival, independently of Ki‑67. Its levels remained higher 
after 6 months of treatment in non‑responders than in 
responders (93). The combination of galunisertib, the first 
small‑molecule TGFβ Receptor inhibitor, with gemcitabine 
has resulted in the improvement of survival in patients with 
unresectable pancreatic cancer. In multi‑marker analysis from 
patient plasma, baseline proteins that were changed during 
treatment included osteopontin, amphiregulin, the cancer 
marker CA15‑3, cathepsin D, P‑Selectin, RAGE, sortilin, 
cartilage oligomeric matrix protein (COMP), eotaxin‑2, 
N‑BNP and thrombospondin‑4 (94). In another study which 
explored seromarker levels for associations with outcomes in 
locally advanced cancer, patients who received chemotherapy 
and stereotactic body radiation therapy showed no association 
of osteopontin with improved survival (77).

Tumor immunology. Osteopontin is expressed in tumor‑
infiltrating immune cells (Table  SV). Macrophages are 
prominently involved.

i) Adenocarcinoma contained strong osteopontin mRNA 
signals in tumor‑infiltrating macrophages in close to 60% of 
specimens, while its expression was not detectable in healthy 
pancreatic tissue or in the macrophages distant from the 
infiltrating cancer (42).

ii) In a comparison between ductal adenocarcinoma and 
undifferentiated carcinoma, osteopontin was expressed, apart 
from the tumor cells, in macrophages and osteoclast‑like 
giant cells. There was no correlation between the number 
of osteopontin‑positive macrophages and tumor cells  (54). 
Occasional peritumoral inflammatory cells  (macrophages) 
exhibited osteopontin positive stain (74). M2 macrophages 
were significantly accumulated. In cellular communication, 
the osteopontin‑CD44 pathway between macrophages and 
epithelial cells was particularly strengthened in ductal adeno‑
carcinoma (compared to IPMN) (72).
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iii) A 5‑gene immune‑related signature, including osteo‑
pontin, SNHG10, CASC19, LINC00683 and LINC00237 
enabled the development of a risk score formula to predict the 
overall survival of ductal adenocarcinoma patients, as well 
as a nomogram, combining risk score, N stage, and margin 
status. The expression level of osteopontin, mainly in ductal 
cells and macrophages, was related to prognosis and immune 
regulators (95).

iv) Tumor‑associated macrophages promote cancer cell 
proliferation and distant metastases. They often overexpress 
osteopontin. Osteopontin levels and location of tumor‑asso‑
ciated macrophages in bulky ampullary cancer predicted 
recurrence. Patients with bulky tumor, osteopontin‑positive 
infiltrating tumor‑associated macrophages and MIF‑expression 
had the worst disease‑specific survival (63). 

The abundance of osteopontin in tumor‑associated macro‑
phages may serve as a poor prognostic indicator.

Fibroblasts and macrophages are heterogeneous cell popu‑
lations able to enhance metastasis by ductal adenocarcinoma. 
Mesenchymal stem cells can be recruited by osteopontin from 
either peripheral blood or bone marrow. Tumor‑localized 
fibroblasts may be reprogrammed by osteopontin to become 
cancer‑associated fibroblasts, as may be M1 anti‑tumor macro‑
phages, which are reprogrammed to become tumor‑associated 
macrophages (38). Metastasis‑associated fibroblast hetero‑
geneity in the liver is regulated by macrophages via 3 
functionally distinct subpopulations, among which the 
generation of pro‑metastatic and immunoregulatory myofi‑
broblastic metastasis‑associated fibroblasts critically depends 
on the macrophages. This subset was induced through a 
STAT3‑dependent mechanism, driven by macrophage‑derived 
progranulin and cancer cell‑secreted leukemia inhibitory 
factor (LIF). In a reciprocal manner, osteopontin secreted from 
myofibroblastic metastasis‑associated fibroblasts promoted an 
immunosuppressive macrophage phenotype, resulting in the 
inhibition of cytotoxic T‑cell functions (Fig. S3). The blockade 
or depletion of STAT3 restored an antitumor immune response 
and reduced metastases (96).

PD‑L1 is expressed in pancreatic cancer cells, myeloid‑
derived suppressor cells, polymorphonuclear myeloid‑derived 
suppressor cells and tumor‑associated macrophages. Despite 
cytotoxic T‑lymphocyte infiltration in the tumor microenviron‑
ment, pancreatic cancer stands out as one of the malignancies 
responding poorly to immune checkpoint blocker therapy. 
In non‑response to treatment, epigenomic dysregulation has 
emerged as a mechanism of T‑cell exhaustion. Mouse pancreatic 
tumors have a genome‑wide increase in H3K4me3 deposition 
(an epigenetic modification to the DNA packaging protein 
Histone H3 that indicates tri‑methylation at the 4th lysine 
residue of the histone H3 protein) as compared with healthy 
pancreas. Upstream, WD‑repeat domain 5 (WDR5) is essen‑
tial for H3K4me3‑specific histone methyltransferase activity. 
Downstream, osteopontin and its receptor CD44v are upregu‑
lated by their promoter H3K4me3 deposition and are primarily 
expressed in tumor cells and monocytic myeloid‑derived 
suppressor cells. Osteopontin may compensate PD‑L1 function 
to promote pancreatic cancer immune escape. Pharmacological 
inhibition of the epigenetic WDR5‑H3K4me3 axis is effective in 
suppressing pancreatic tumor immune escape and in improving 
efficacy of anti‑PD‑1 immunotherapy in pancreatic cancer (97).

Leukocytes can be recruited by osteopontin from either 
peripheral blood or bone marrow (38). Notably, a proinflamma‑
tory immune component was distinctly present in intraductal 
papillary mucinous neoplasms, comprising CD4+ T‑cells, 
CD8+ T‑cells and B‑cells. Osteopontin is a biomarker for the 
surveillance of carcinogenic progression (72).

Tumor models. Osteopontin is integrated into a network of 
signal transduction, which results in the activation of func‑
tional changes that support cancer progression, including 
epithelial‑mesenchymal transition (mainly through integrin 
αVβ3), sphere growing and invasion (mainly through CD44v), 
and the secretion of soluble mediators (MCP‑1, MMP‑9 and 
VEGF) (Fig. 2).

Metastasis. Osteopontin promotes epithelial‑mesenchymal 
transition and cancer stem cell‑like properties.

i) Constant suppression of BMP activity by its antagonist 
gremlin 1 (GREM1) is essential for maintaining the fate of 
epithelial ductal adenocarcinoma cells.

ii) Osteopontin is an essential regulator of mesenchymal 
cell fate. 

Osteopontin, secreted from epithelial cells bound to 
integrin β3 on mesenchymal ductal adenocarcinoma cells to 
induce BMP2 and GREM1 expression. GREM1 inhibition 
of BMP signaling was required for osteopontin expression in 
epithelial cells, thereby forming an intercellular regulatory 
loop. Mesenchymal and epithelial ductal adenocarcinoma cell 
fates are determined by the reciprocal paracrine regulation 
of the soluble factors GREM1 and osteopontin  (81). Long 
non‑coding RNAs (lncRNAs) are involved in the tumorigen‑
esis and progression of ductal adenocarcinoma. Osteopontin 
is regulated by some of them. LINC01133 is one of 16 hub 
genes that can predict prognosis. Its overexpression compared 
to adjacent tissue may promote proliferation and metastasis 
as well as inhibit apoptosis. Expression of LINC01133 and 
osteopontin were positively correlated, leading to enhanced 
epithelial‑mesenchymal transition. LINC01133 bound to 
actin‑related protein 3 (ARP3), and this complex reduced osteo‑
pontin mRNA degradation, allowing for increased osteopontin 
mRNA levels (98). Pancreatic stellate cells (myofibroblast‑like 
cells that are located in exocrine regions of the pancreas) 
in the tumor microenvironment contribute to invasion and 
metastasis. Osteopontin was highly expressed and secreted, 
driven by hypoxia in a reactive oxygen species‑dependent 
manner. Signaling through integrin αVβ3 was involved in the 
epithelial‑mesenchymal transition (65). Upon stimulation with 
certain cytokines and accompanied by the increased produc‑
tion of osteopontin, pancreatic stellate cells can be activated 
into cancer‑associated fibroblast (CAF) isoforms, such as 
inflammatory CAF and myofibroblastic CAF, which partici‑
pate in the desmoplastic reaction to remodel the mesenchyme 
of pancreatic cancer (38).

Osteopontin increased the invasiveness of pancreatic 
cancer cells, without having any impact on cell prolifera‑
tion. The effect was dependent on the receptor CD44 (48). 
Cancer stem‑like cells have increased capacity to invade and 
grow as spheres in a manner that requires CD44v6. They 
displayed elevated expression of markers for metastases, 
including osteopontin, CD44v6, and the chemokine CXCR4, 
when compared with their adherent counterparts (99).  In 
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cancer stem cells, FOXD1‑AS1 was upregulated. There, 
it promoted tumorigenesis and self‑renewal. It did so by 
upregulating osteopontin and acting as a ceRNA to sponge 
miR‑570‑3p (88). The overexpression of the splice variants 
OPN‑b and OPN‑c in ductal adenocarcinoma cells increased 
their activity in soft‑agar colony formation and wound 
healing assays, induced the transcription of interleukin‑6, 
and reduced tumor necrosis factor‑α (TNF‑α), interferon‑γ 
and IL‑10 (88). One conflicting study was unable to detect 
any osteopontin protein in the in the supernatants or by 
western blotting in the lysates of three commonly used ductal 
adenocarcinoma cell lines studied (44).

Osteopontin has long been known to be a downstream target 
of RAS signaling (9,100). PTHrP is frequently amplified as 
part of the KRAS amplicon in patients with pancreatic cancer. 
It is highly enriched in ductal adenocarcinoma metastases, 
and its upregulation drives the growth of both primary and 
metastatic tumors. The osteopontin gene was a downstream 
effector of PTHrP, overexpression, which enhanced migratory 
capacity and metastatic ability (101). The small GTPase RAN 
drives pancreatic cancer metastasis by modulating AR expres‑
sion. While RAN plays physiological roles in the regulation 
of nuclear transport and microtubule spindle assembly, it also 
mediates the invasive and liver‑metastatic functions of osteo‑
pontin. In RAN‑silenced cells, osteopontin was necessary and 
sufficient to restore AR levels via the PI3K/AKT signaling 
pathway. AR reversed the inhibitory effects of RAN silencing 
or osteopontin silencing on the mobility and invasion of cancer 
cells. However, osteopontin did not have any significant effect 
on RAN transcription (68,69). The anti‑proliferative effects 
of statins and hemin on pancreatic cancer cell lines do not 
appear to be related to the heme oxygenase pathway. While the 
iron‑containing porphyrin hemin triggered reactive oxygen 
species‑induced cell death, the HMG‑CoA reductase inhibitor 
cerivastatin targeted RAS protein trafficking and affected 
markers of invasiveness. Osteopontin mRNA expression was 

significantly suppressed at 12 h of treatment with persisting 
effect of up to 48 h (102).

The zinc‑finger DNA‑binding transcription factors of the 
GLI family are effectors of hedgehog signaling involved in cell 
fate determination, proliferation and patterning in most organs 
during embryo development. Sonic hedgehog (SHH)‑GLI1 
signaling and osteopontin play vital roles in ductal adenocar‑
cinoma. Proliferation, migration and invasion were decreased, 
whereas apoptosis was increased, when GLI1 or osteopontin 
was knocked down. Exogenous osteopontin protein could 
partially reverse the effect of both osteopontin and GLI1 
knockdown. GLI1, but not SHH, was associated with osteo‑
pontin expression, and GLI1 regulated osteopontin production 
through a non‑canonical pathway that did not utilize smooth‑
ened (SMO). Hedgehog signaling promotes proliferation, 
migration and invasion, but inhibits apoptosis of pancreatic 
cancer cells through the upregulation of osteopontin  (55). 
Ductal adenocarcinoma is a heterogeneous disease, comprised 
of a classical and a basal‑like subtype. These subtypes are 
not permanently encoded, but the transcription factor GLI2 
is a master regulator of their inter‑conversion. Its activation 
was sufficient to convert classical to basal‑like phenotypes. 
GLI2 upregulated the expression of osteopontin, which was 
critical for metastatic growth and adaptation to oncogenic 
KRAS ablation. Accordingly, elevated GLI2 and osteo‑
pontin levels predicted shortened overall survival. Thus, the 
GLI2‑osteopontin circuit is a driver of ductal adenocarcinoma 
cell plasticity that establishes and maintains an aggressive 
variant of this disease (103).

Tropism. From the parental pancreatic cancer cell line 
HPC‑4, two sublines were selected, resulting in a liver meta‑
static cell line and a peritoneal disseminated cell line. The 
liver metastatic cells expressed elevated levels of IL‑8 and 
integrin αVβ5. Among upregulated genes in liver‑tropic cells 
compared with peritoneum‑tropic cells were οsteopontin, 
VEGF and hepatocyte growth factor (HGF) (104). Osteopontin 

Figure 2. Osteopontin signaling in pancreatic cancer. In pancreas cancer, several signals can induce Osteopontin expression (left portion), including environ‑
mental exposure (bottom portion). mRNA stabilization may increase Osteopontin (top portion). The elevated levels lead to tumor progression, predominantly 
via autocrine or paracrine effects through the receptors integrin αVβ3 and CD44v (right portion). Osteopontin splicing is not depicted, because the underlying 
molecular processes have not been elucidated.
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was upregulated in the liver‑metastatic cell line in comparison 
to the parental cells. Inhibition by micro‑RNA or antibody 
significantly reduced the metastatic rate (105).

Osteopontin mRNA in a panel of human pancreatic cancer 
cell lines was significantly related to their growth in the liver 
of nude rats. In co‑culture of cancer cells with hepatocytes, 
οsteopontin mRNA was increased in the tumor cells, and its 
downregulation was associated with reduced cell prolifera‑
tion (106,107). From a panel of pancreatic cancer cell lines, 
some had the properties to grow in the liver of rats and 
mimic liver metastasis of ductal adenocarcinoma. Among 
33 associated genes and 5 signaling pathways, οsteopontin, 
MMP‑1 and IGF‑1 stood out (108).

In the liver, macrophages regulate metastasis‑associated 
fibroblast heterogeneity via distinct subpopulations. The 
generation of pro‑metastatic and immunoregulatory myofibro‑
blastic metastasis‑associated fibroblasts critically depended 
on macrophages. Reciprocally, οsteopontin secreted from 
myofibroblastic metastasis‑associated fibroblasts promoted an 
immunosuppressive macrophage phenotype (96).

Stemness. Cancer stem cells play a pivotal role in the 
pathogenesis of human malignancies. Pancreatic cancer 
stem‑like cells have the capacity to grow as spheres and 
display increased invasion capability. The sphere‑growing 
population is not only composed of cells expressing classical 
stem membrane markers, but also needs CD44v6+ cells. The 
stem‑like cells are distinguished by upregulated expression of 
markers for metastasis, including οsteopontin and CXCR4, 
when compared with their adherent counterparts (99).

Cancer stem cells are considered responsible for the recur‑
rence of cancer. Dysregulated autophagy is highly prevalent in 
many malignancies and has been implicated in cytoprotection 
and tumor promotion. Induction of autophagy, mediated by 
οsteopontin/NF‑κB signaling, is required for the maintenance 
of pancreatic cancer stem cell activity (109).

lncRNAs play a role in modulating cancer stemness 
features. Specifically, in this subpopulation, the lncRNA 
FOXD1‑AS1 is upregulated. It promotes tumorigenesis and 
self‑renewal by acting as a competitive endogenous RNA 
to sponge (bind to) miR‑570‑3p, a microRNA that would 
otherwise suppress the expression of osteopontin. Thus, the 
production of osteopontin is upregulated. The elevated levels 
of FOXD1‑AS1 in cancer are facilitated through METTL3 and 
YTHDF1‑dependent m6A methylation (110). 

The interplay between tumor‑microenvironment factors 
and cancer stem cells plays critical roles in the aggressiveness 
of pancreatic cancer.

i) CAFs promote cancer stem cell features. The long‑term 
treatment of pancreatic cancer cells with CAF‑conditioned 
medium enriched stemness, as ref lected in increased 
tumor‑sphere formation and elevated self‑renewal, as 
well as drug‑resistance markers. CAFs in 3‑dimensional 
co‑culture with pancreatic cancer cells induced a substantial 
increase in stemness features. The expression of CD44 and 
α‑SMA progressively increased from the early to late stages. 
Osteopontin was the top differentially overexpressed gene, and 
its knockdown reduced the stemness characteristics. There is 
an interplay between cancer‑associated fibroblasts and enrich‑
ment of stemness population through the osteopontin/CD44 
axis (111).

ii) Osteopontin from activated pancreatic stellate cells inter‑
acts with integrin αVβ3 on pancreatic cancer cells to upregulate 
FOXM1 expression. It promotes epithelial‑mesenchymal tran‑
sition and cancer stem cell‑like properties of the cancer cells 
by activating the integrin αVβ3‑AKT/ERK‑FOXM1 cascade in 
a paracrine manner (65).

Angiogenesis. Obese visceral adipocytes trigger aggres‑
sive transformation in ductal adenocarcinoma cells to induce 
progression and accelerate angiogenesis via osteopontin 
secretion. Conditioned media from these cells increased 
ductal adenocarcinoma angiogenic capacity. The adipocytes 
directly increased the migratory, cell growth and tube‑forming 
capabilities of endothelial cells in an osteopontin‑dependent 
manner via increased AKT phosphorylation and VEGF‑A 
expression in both ductal adenocarcinoma and endothelial 
cells. Tumor volume was increased in obese mice compared 
with lean mice, whereas blocking osteopontin inhibited 
obesity‑accelerated tumor growth (112).

The tumor position, head and uncinate process, or body 
and tail of the pancreas, are critical for surgical strategies. 
Osteopontin is secreted by vessel endothelial cells in body 
and tail pancreatic ductal adenocarcinoma and is associated 
with increased tumor burden. Conversely, the number of tumor 
cells marked by the retinoic acid carrier protein CRABP2 was 
lower in body and tail pancreatic ductal adenocarcinoma and 
was a prognostic marker of overall survival (113).

Chemoresistance. Osteopontin‑induced autophagy via 
activation of the NF‑κB pathway contributes to chemoresis‑
tance against gemcitabine in cancer cell lines. By silencing 
osteopontin expression, gemcitabine conferred enhanced cyto‑
toxic effects. This implies that the combination of gemcitabine 
with pharmacological autophagy inhibitors is a promising 
therapeutic strategy (109).

A low level of FOXD1‑AS1 may serve as a predictor of 
5‑fluorouracil benefits in cancer patients. Pancreatic cancer 
cells depleted of lncRNA FOXD1‑AS1 exhibit heightened 
sensitivity to 5‑fluorouracil‑indued cell growth inhibition and 
apoptosis. The introduction of osteopontin could reverse the 
sensitivity of long non‑coding RNA FOXD1‑AS1‑knockdown 
cancer cells to 5‑fluorouracil‑induced cell apoptosis (110).

Bis‑indole derivatives and substituted quinolines exhibit 
anti‑inflammatory activities. While both classes of drugs 
are nuclear receptor 4A2 (NR4A2, NURR1) ligands, they 
interact differentially with their drug target. The activation 
of gene expression, including osteopontin, by bis‑indole and 
quinoline‑derived activators of nuclear receptor 4A2 was 
structure‑dependent. These compounds induced osteopontin 
expression at variable potency in distinct pancreatic cancer 
cell lines (114).

Pancreatic stellate cells in the tumor microenvironment 
contribute to chemoresistance. Osteopontin is highly expressed 
and secreted by activated pancreatic stellate cells (65).

Predisposition and early lesions 
Prediagnosis and premalignancy. Biomarkers were evaluated 
in prediagnostic sera (collected before these patients had been 
clinically diagnosed with pancreatic cancer) obtained from 
cases of pancreatic cancer enrolled in a large prospective 
study. The panel of osteopontin, CA19‑9 and OPG, identi‑
fied in a prior retrospective study, was not effective  (115). 
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However, a 6‑plex immunoassay (including osteopontin) 
analyzed adenocarcinoma vs. intraductal papillary mucinous 
neoplasm, pancreatitis and healthy controls. It distinguished 
adenocarcinoma from non‑cancer conditions and outper‑
formed CA19‑9 in separating intraductal papillary mucinous 
neoplasms from chronic pancreatitis (91). Intraductal papil‑
lary mucinous neoplasms of the pancreas are bona fide 
precursor lesions for ductal adenocarcinoma. According to a 
comparison between high‑grade IPMNs and IPMN‑derived 
ductal adenocarcinomas, there were heterogeneous alterations 
within the epithelium and the tumor microenvironment during 
the progression of non‑invasive dysplasia to invasive cancer. 
For the epithelial cell component, there existed acinar‑ductal 
cells and isthmus‑pit cells enriched in precursor lesions. 
Osteopontin was a biomarker for the surveillance of carcino‑
genesis by intraductal papillary mucinous neoplasms (72).

Smoking. Smoking substantially increases the risk of 
developing pancreatic cancer and accounts for up to 25% 
of cases. In cancer tissue from patients with invasive ductal 
adenocarcinoma, the majority of whom were smokers, there 
were significant amounts of osteopontin in the malignant ducts 
and the surrounding pancreatic acini (56). The splice variant 
OPN‑c was present in almost 90% of lesions, of whom three 
fourth were smokers. The levels of OPN‑c correlated well 
with higher expression levels of total osteopontin in tissue 
and serum from patients (59,60). The nicotine receptor was 
expressed in the invasive and premalignant lesions without 
clear correlation with smoking history (60).

Cigarette smoke and nicotine are among the leading envi‑
ronmental risk factors for developing ductal adenocarcinoma. 
In a previous study, exposure to cigarette smoke caused an 
increase in pancreatic osteopontin that paralleled the rise of 
pancreatic and plasma nicotine levels (56). Nicotine activated 
the osteopontin promoter through the α7‑nicotine acetylcho‑
line receptor (α7‑nAChR) via the activation of ERK1/2 (but 
not p38 or c‑Jun NH2‑terminal MAP kinases) in ductal adeno‑
carcinoma cells (56,60). While these cells expressed varying 
levels of OPN‑a, OPN‑b, and α7‑nAChR (67), their nicotine 
treatment selectively induced the de novo expression of the 
splice variant OPN‑c (59) and increased α7‑nAChR levels (60).

Smoking and nicotine may also contribute to ductal 
adenocarcinoma metastasis by inducing MMP‑9 and VEGF 
expression. Osteopontin plays a central role in mediating these 
effects via promoter activation (66). OPN‑c induced MCP‑1 
promoter activity and increased its mRNA and protein. 
Through this chemokine, nicotine may contribute to ductal 
adenocarcinoma inflammation. MCP‑1 was present in 60% of 
invasive lesions, of whom two thirds were smokers (67).

Pancreatitis. During repeated or long‑term inflamma‑
tion, cytokines and reactive oxygen species can cause DNA 
damage, predisposing to cancer (40). Persistent pancreatitis is 
linked with a substantially increased risk for pancreas cancer. 
Osteopontin was elevated in pancreatitis, increasing progres‑
sively from normal to recurrent acute pancreatitis and chronic 
pancreatitis (116).

Plasma osteopontin levels could serve as a highly sensitive 
and specific early marker of mortality in patients with acute 
pancreatitis. Its abundance was elevated, and at admission it 
could uniquely predict mortality (117). Serum osteopontin 
levels increased and osteocalcin levels decreased in the course 

of acute pancreatitis in critically ill patients with systemic 
inflammation. Osteopontin prognosticated the development 
of organ failure, even after adjustment for high‑sensitivity 
C‑reactive protein and demographic parameters, with its 
accuracy being similar to that of the more complex APACHE 
II score  (118). None of the bone biomarkers were signifi‑
cantly parted between patients with alcohol‑induced acute 
pancreatitis and other etiologies, thus likely not reflecting 
a potentially inferior nutritional status and impaired bone 
turnover in subjects with alcohol‑induced acute pancreatitis. 
Early in the course of acute pancreatitis, osteopontin may help 
decide, who will benefit from closer monitoring and aggressive 
therapy (118).

In fine needle aspirates, OPN‑a was expressed in 50% of 
patients with chronic pancreatitis, OPN‑b in <20%, whereas 
OPN‑c was totally absent (73). There was a 1.6‑fold increase of 
osteopontin mRNA in chronic pancreatitis samples compared 
to healthy pancreatic tissues  (48). In a separate study, 
osteopontin levels were increased in patients with chronic 
pancreatitis in comparison with those with type 2 diabetes 
and healthy controls. Osteopontin was lower in chronic 
pancreatitis patients, type 2 diabetes and healthy controls 
compared with patients with ductal adenocarcinoma. At a 
defined cut‑off, osteopontin differentiated chronic pancre‑
atitis from ductal adenocarcinoma with acceptable sensitivity 
and high specificity. The combination of osteopontin with 
CA19‑9 brought about a better differentiation. There were no 
significant differences in osteopontin concentrations among 
chronic pancreatitis patients categorized according to the CP 
stage  (80). A 6‑plex immunoassay, including osteopontin, 
analyzed pancreatitis vs. adenocarcinoma, IPMN and healthy 
controls. Osteopontin outperformed CA19‑9 in separating 
chronic pancreatitis from IPMN (91).

Cytokines are key mediators of inflammation. They 
contribute to pancreatitis pathophysiology via several 
mechanisms:

i) IL‑22 acts primarily on epithelial and stromal cells to 
protect against apoptosis, stimulate proliferation of epithelial 
cells to repair injured tissues, and induce the expression of 
antimicrobial peptides (including the REG family, see type 
2 diabetes below). Acinar cells respond to IL‑22 with acti‑
vation of STAT3 and changes in gene transcription. IL‑22 
signals through a receptor comprising IL‑10Rβ (CRF2‑4) 
and IL‑22R. Whereas IL‑10Rβ exhibits a broad distribution 
of expression, IL‑22R follows a restricted expression pattern, 
with the highest levels in pancreas and detectable expression 
in multiple other tissues. IL‑22 mediated robust inductions of 
expression for osteopontin and pancreatitis‑associated protein 
1 (PAP1) through IL‑10Rβ. It may play a role in the pancreatic 
immune response (119).

ii) The transplantation of islets of Langerhans is a potentially 
curative treatment for diabetes. Ensuing immunosuppressive 
regimens have had some success in achieving insulin inde‑
pendence. Nevertheless, transplanted islets are exquisitely 
susceptible to the injurious effect of mediators elicited by a 
very early host inflammatory response, which results in islet 
cell dysfunction and possibly death of the transplanted tissue. 
Pro‑inflammatory cytokines and macrophage‑derived IL‑1β, 
TNF‑α, and nitric oxide perturb insulin secretion from β‑cells 
and whole islets. Osteopontin administration dose‑dependently 
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improved islet cell‑derived glucose‑stimulated insulin secre‑
tion and inhibited IL‑1β‑induced nitric oxide production in an 
arginine‑glycine‑aspartate‑dependent manner (the RGD motif 
is important for integrin binding). The protective effect was 
accompanied by inhibited transcription of iNOS and reduced 
activation of NF‑κB, resulting in decreased formation of the 
toxic nitric oxide. Islets exposed to IL‑1β revealed a natu‑
rally occurring early upregulated osteopontin transcription, 
suggesting the presence of a cross‑talk between the IL‑1β and 
osteopontin pathways (120).

iii) While serum osteopontin was only marginally 
increased in pancreatitis, gastrointestinal or muscle damage, it 
was increased in liver and (to a lesser extent) kidney damage. 
Biomarkers of tissue injury include osteopontin, GLDH, K18 
and ccK18 (intact and caspase‑cleaved cytokeratin‑18), MCSF, 
MCSFR, ALT and miR‑122 (121).

Obesity increases the severity of acute pancreatitis. The 
PPAR‑γ agonist rosiglitazone serves as a treatment choice for 
the disease.

i) Rosiglitazone, in mice without acute pancreatitis fed 
both a low‑fat diet and high‑fat diet, increased body weight 
and percent fat mass, with the upregulation of adiponectin and 
the suppression of erythropoiesis.

ii) In mice with acute pancreatitis fed a high‑fat diet, 
rosiglitazone increased survival and hastened recovery from 
pancreatic inflammation. This was associated with lower 
circulating and pancreas‑associated levels of osteopontin, 
IL‑6, galectin‑3 and TIMP‑1, particularly within one week 
post‑acute pancreatitis.

iii) In mice with acute pancreatitis fed a low‑fat diet, rosi‑
glitazone worsened the degree of intrapancreatic acinar and fat 
necrosis as well as visceral fat saponification, without affecting 
other parameters of disease severity or inflammation (122).

Due to its high calcium‑binding capability, osteopontin 
maintains the homeostasis of this electrolyte. The deregula‑
tion of osteopontin levels in disease may be associated with 
calcifications.

i) Autoimmune pancreatitis has the potential for calcifica‑
tion over a long‑term clinical course. In surgical specimens 
from autoimmune pancreatitis, chronic pancreatitis, and 
healthy pancreas, as well as autoimmune pancreatic tissues 
from rats, the incidence of osteopontin expression in centro‑
acinar cells in chronic pancreatitis with calcification and in 
autoimmune pancreatitis was greater than that in healthy 
controls. Some cases of autoimmune pancreatitis and chronic 
pancreatitis expressed the receptor CD44 in centroacinar cells 
and ductal cells. The inflammatory area and percentage of 
osteopontin/CD44‑positive cells increased with advancing 
age (123).

ii) Osteopontin is absent from the acinar or ductal cells 
of the healthy pancreas. However, its RNA is detectable in 
all cases of chronic calcifying pancreatitis and in over half 
of cases of chronic pancreatitis without stones. The molecule 
may play an important role in stone formation, and its targeting 
could lead to an effective therapeutic approach to the inhibi‑
tion of calcification associated with chronic pancreatitis (124).

Kidney disease. An increased osteopontin mRNA and 
protein expression correlated with proteinuria, reduced 
creatinine clearance, and kidney fibrosis. In patients with 
chronic kidney disease, there was a positive colocalization 

of the osteopontin association signal at SPP1 with pancreas 
tissue. Downstream analyses revealed colocalization of the 
osteopontin association signal at KLKB1 (prekallikrein) with 
various plasma proteins in trans, and with phenotypes (bone 
disorder, deep venous thrombosis) (125).

The microangiopathy of diabetes may lead to renal 
damage, for which the cysteine protease inhibitor cystatin C 
is a biomarker. Urinary levels of cystatin C were increased in 
diabetic fatty rats before the histopathological appearance of 
kidney injury, and then further increased with the progression 
of disease. In addition, urinary osteopontin, β2‑microglobulin, 
clusterin, the glutathione transferase GSTµ and kidney 
injury molecule‑1 (KIM‑1) had the potency to detect renal 
damage (126).

Post‑transplant diabetes mellitus is a complication occur‑
ring following kidney transplantation, caused by increased 
insulin resistance from glucocorticoids and decreased insulin 
secretion from calcineurin inhibitors. Adverse outcomes 
include reduced graft survival, heightened cardiovascular 
mortality and an elevated risk of postoperative infections.

i) The long‑term administration of the immunosuppres‑
sant cyclosporine A causes hypoxic injury to the kidneys with 
apoptotic cell death in renal tubular cells. It is associated with 
renal tubular atrophy and the loss of tubular mass, leading to 
progressive renal failure and irreversible renal striped intersti‑
tial fibrosis. Mediators, including osteopontin in conjunction 
with angiotensin II and TGF‑β1, are involved in the pathogen‑
esis of chronic cyclosporine A nephropathy. Rosiglitazone had 
a protective effect against pancreatic and renal injury caused 
by cyclosporine A. It decreased blood glucose concentra‑
tion, increased plasma insulin concentration and preserved 
pancreatic β‑islet mass. The pro‑inflammatory and pro‑fibrotic 
molecules also decreased (127). 

ii) Cyclosporine a exerts a diabetogenic effect by damaging 
pancreatic islet cell integrity. Continuous erythropoietin 
receptor activator (CERA) mediates tissue‑protective and 
anti‑inflammatory effects in various settings of organ injury. Its 
low‑dose administration did not lead to improved kidney func‑
tion, but it showed a trend toward upregulation of osteopontin, 
accompanied by increased renal macrophage‑infiltration, 
and enhanced parenchymal TGF‑β1 and IL‑10. Moreover, 
CERA‑treated animals showed amelioration of pancreatic 
islet cell injury (128).

In an evaluation of markers for renal graft dysfunction in 
patients with type 1 diabetes mellitus following kidney trans‑
plantation and simultaneous pancreas‑kidney transplantation, 
osteopontin was significantly elevated compared to a control 
group of type 1 diabetes without diabetic nephropathy (129).

Diabetes and obesity. Osteopontin is an islet protein and a 
pro‑survival factor that is protective against both cytotoxicity 
and hyperglycemia, and may serve as an intrinsic feedback 
regulator of nitric oxide signaling in β‑cells. Its expression 
increases with age. This phenomenon in aging islets could also 
affect the disease course in diabetes (51,130). Pancreatic duct 
epithelial cells, exposed to several combinations of glucose and 
insulin, displayed accelerated proliferation under high glucose 
culture concentrations and was more prominent in the pres‑
ence of high insulin. The expression of osteopontin mRNA 
was also increased. Furthermore, the cells show increased 
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oxidative stress (according to the expression of 8‑OHdG DNA) 
in the presence of high glucose (131).

Prediabetes. High levels of pancreatic osteopontin mRNA 
and protein arose in prediabetic non‑obese pancreata, entailing 
co‑localization of osteopontin with most of the islet hormones. 
Transcripts for osteopontin were upregulated in the pancreatic 
lymph nodes at the pre‑diabetic stages, commencing after the 
exposure of native normoglycemic non‑obese predisposed 
islets and β‑cells to a high‑dose combination of IL‑1β, TNF‑α 
and IFN‑γ. While cytokines induced the upregulation of osteo‑
pontin promoter activity within one hour, glucose induced a 
dose‑dependent upregulation of promoter activity after 24 h. 
Long‑term exposure to cytokines or glucose reduced osteo‑
pontin promoter activity and expression. There is a positive 
intrinsic mechanism that regulates pancreatic osteopontin 
expression. Its temporal pattern is inversely correlated with 
progression of insulitis and β‑cell destruction. Exhaustion 
of the local protective osteopontin system in the islets is 
implicated in the associated loss of endogenous islet protec‑
tion and progression of the destructive insulitis with resultant 
non‑obese diabetes severity (130,132).

Hormones involved in bone remodeling and glucose 
metabolism may be skewed in prediabetes. Specifically, the 
bone is emerging as a key organ in the regulation of glucose 
metabolism. Vitamin D has been implicated in the patho‑
genesis of sub‑inflammation, insulin‑resistance and obesity. 
Its active form, 1,25‑dihydroxyvitamin D, is the result of two 
hydroxylations that take place in pancreas, liver, kidney, and 
immune cells. It is conceivable that Vitamin D action and 
status in the regulation of calcium‑phosphorous balance and 
bone metabolism may also mirror the interplay between other 
bone remodeling hormones such as osteopontin, osteopro‑
tegerin, CX3CL1, sclerosin, and insulin in insulin‑resistant 
states (133). In prediabetes, hormones that are involved in bone 
remodeling may affect glucose metabolism before overt type 
2 diabetes mellitus occurs with tissue‑specific mechanisms.

i) Osteopontin expression was higher in impaired glucose 
regulation compared to normal glucose tolerance and in 
isolated impaired glucose tolerance compared to impaired 
fasting glucose and impaired fasting glucose tolerance. 
Osteopontin was positively correlated with HbA1c, PTH and 
fasting and 2h‑plasma glucose.

ii) Osteocalcin expression was similar in impaired fasting 
glucose and normal glucose tolerance, but lower in impaired 
glucose tolerance and impaired fasting glucose tolerance 
compared to normal glucose tolerance.

iii) Osteoprotegerin correlated with TGD/SSPI, endog‑
enous glucose production and hepatic Insulin resistance index 
in impaired glucose regulation.

There was no correlation between PTH and insulin sensi‑
tivity or β‑cell function parameters (134).

Type 1 diabetes. Random peptide libraries screening with 
sera from patients afflicted by insulin‑dependent diabetes 
mellitus found five disease‑specific mimotopes displayed on 
phages. The screen identified οsteopontin as an autoantigen 
of the somatostatin cells in islets. An antibody raised against 
the peptide corroborated the results in immunohistochemistry, 
western blotting and cDNA libraries screening  (135). The 
οsteopontin protein structure in non‑obese diabetes corre‑
sponds to the a‑type allele of the οsteopontin gene. According 

to comparative analysis of the single nucleotide polymor‑
phisms between the a‑type and b‑type alleles, the majority of 
variations are within the non‑coding regions of the gene. The 
implication of οsteopontin in type 1 diabetes may render this 
molecule an early marker of the disease (132).

Osteopontin causes the chemotaxis of macrophages 
and the downregulation of nitric oxide synthesis. It acts as 
a regulator of the early islet autoimmune damage (Fig. 3), 
possibly by a shift in the steady state of type  1 diabetes 
pathogenesis (132,135). In the absence of osteopontin, type 1 
diabetes was accelerated, suggesting a protective role of this 
cytokine on the insulin‑producing cells of the pancreatic islets. 
However, there were no significant differences in osteopontin 
levels between patients with a duration of diabetes >3 years in 
comparison with those with duration <3 years (80).

The onset of type 1 diabetes is preceded by a 
pre‑inflammatory stage, leading to insulitis. This manifes‑
tation results from the selective targeted destruction of the 
insulin‑producing β‑cells by an autoimmune phenomenon in 
genetically predisposed individuals. Complete β‑cell destruc‑
tion follows a massive invasion of the islets with a mixed 
population of lymphocytes and macrophages (132,136). The 
gene expression profiles of islets and pancreatic lymph nodes 
displayed consistent changes in the islets before the appear‑
ance of CD3+ T‑cells in the islet periphery, associated with 
dendritic cell attraction, lymphocyte homing, and apoptosis. 
Whereas the level of the immunoregulatory cytokine IL‑11 
was low, osteopontin, IL‑1 and TNFSF13B, as well as genes 
involved in angiogenesis were activated in the autoimmune 
diabetic islets (136).

The islet protein osteopontin is differentially regulated 
by streptozotocin and glucose  (130,132). In response to 
streptozotocin, both wild‑type and osteopontin knockout 
mice developed diabetes. In wild‑type mice, osteopontin 
serum levels were upregulated within one day, mild lympho‑
cytic infiltrate and apoptosis appeared in the diabetic islets, 
and upregulation of both Th1 and Th2 cytokines occurred. 
Pancreatic islets appeared larger in the osteopontin knockout 
group, no signs of inflammation arose, and Th1 cytokines were 
mildly upregulated with significant downregulation of IL‑4. 
While the pancreatic immune response to multiple low‑dose 
streptozotocin diabetes was balanced between Th1 and Th2 in 
wild‑type animals, osteopontin knockout mice displayed mild 
polarization towards Th1 responses (137). Rats treated with 
a single dose of streptozotocin showed acute and temporary 
upregulation of serum osteopontin levels and pancreatic osteo‑
pontin mRNA and protein, which within a day was localized 
towards the periphery of the islets and surrounded the remaining 
insulin‑positive cells. Streptozotocin induced an upregulation 
of osteopontin promoter activity within hours, while high 
glucose induced upregulation of osteopontin promoter activity 
after two days. Initial osteopontin upregulation after diabetes 
induction is likely due to streptozotocin‑induced toxicity, 
whereas maintenance of the high osteopontin levels may be 
due to hyperglycemia (46).

Xenogeneic donors could potentially provide an unlimited 
source of islets for the treatment of type 1 diabetes. With donor 
xenoislet microencapsulation and host immunosuppression, 
adult porcine islets were able to correct hyperglycemia after 
intra‑peritoneal transplantation in the short term. The islet 
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xenografts lost efficacy gradually, but at graft failure, some 
viable islets remained, substantial porcine C‑peptide was 
present in the peritoneal graft site, and there was very little 

evidence of a host immune response. Central necrosis arose in 
many of the encapsulated islets after graft failure, and explanted 
islets expressed endogenous markers of hypoxia (osteopontin, 

Figure 3. Osteopontin in diabetes. The top panel displays the physiologic role of osteopontin in the communication between pancreatic α‑ and β‑cells. The 
middle panel depicts the involvement of osteopontin in type 1 diabetes. The bottom panel shows its embedding in type 2 diabetes signaling. The outcomes are 
listed on the right of each graph. Drug effects that have been reported are also included in the chart.
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HIF‑1α, GLUT‑1), suggesting a role for non‑immunologic 
factors, likely hypoxia, in graft failure. Chronic effects of 
non‑immunologic factors, such as hypoxia and hyperglycemia, 
damaged the encapsulated islet xenografts (138).

Type 2 diabetes. Osteopontin secretion can, in a variety 
of situations, help cells survive an otherwise lethal insult (46). 
High glucose and incretins simultaneously stimulated islet 
osteopontin secretion, and osteopontin promoted cell meta‑
bolic activity when challenged by high glucose (139). Patients 
with type 2 diabetes suffer from insulin resistance and reduced 
insulin secretion. There is a protective role of osteopontin in 
pancreatic islets under diabetic conditions (Table SVI), which 
may point to therapeutic targets for islet protection in type 2 
diabetes (139).

The osteopontin protein level, secretion and gene expression 
were elevated in diabetic islets. External osteopontin increased 
glucose‑stimulated insulin secretion from diabetic, but not 
from healthy islets in a Ca2+ dependent manner  (125,139). 
Ultra‑structurally, islets reflected weaker cell‑cell connec‑
tions between the islet cells in the osteopontin knockout mice 
compared to wild‑type mice. Although osteopontin knockout 
and wild‑type β‑cells have the same number of insulin gran‑
ules, the former have significantly fewer docked granules. The 
deletion of osteopontin results in several minor β‑cell defects 
that can be compensated for in a healthy system (140).

Epigenetics is involved in the altered expression of gene 
networks that underlie insulin resistance and insufficiency. Major 
genes controlling β‑cell differentiation and function, such as 
PAX4, PDX1 and GLP1 receptor, are epigenetically controlled. 
Epigenetics can cause insulin resistance through immunomedi‑
ated pro‑inflammatory actions related to several factors, such as 
osteopontin, NF‑κB and Toll‑like receptors (141). 

Various mechanisms of intracellular signaling have been 
elucidated, which contribute to the disease process in type 2 
diabetes (Fig. 3).

i) In a previous study, osteopontin reduced the strepto‑
zotocin‑induced nitric oxide levels in the islets through an 
arginine‑glycine‑aspartate (RGD)‑dependent reduction of 
inducible nitric oxide synthase (iNOS) mRNA levels, resulting 
in improved glucose‑stimulated insulin secretion (46).

ii) REG family proteins (small secretory proteins that 
promote proliferation and differentiation) are implicated in islet 
β‑cell proliferation, survival and regeneration. The expression 
of pancreatitis‑associated protein (PAP; REG3β) is highly 
induced in experimental diabetes and acute pancreatitis. It is 
anti‑inflammatory in the liver and pancreatic acinars. Upon 
streptozotocin treatment, in contrast to wild‑type littermates that 
became hyperglycemic in 3 days and lost 15% of their weight, 
RIP‑I/REG3β mice were protected from hyperglycemia and 
weight loss. Islet‑protective osteopontin and the acute respon‑
sive nuclear protein NUPR1 were induced by REG3β (142).

iii) Glucose‑stimulated insulin secretion relies on Ca2+ 
influx into β‑cells, which is modulated by the two‑pore‑domain 
K+ (K2P) channel, TALK‑1, which modulates glucose‑stimu‑
lated insulin secretion. A gain‑of‑function polymorphism in 
its encoding gene KCNK16 increases the risk for developing 
type 2 diabetes. Intracellular osteopontin (iOPN) is highly 
expressed in β‑cells and is upregulated under pre‑diabetic 
conditions to help maintain normal β‑cell function. iOPN colo‑
calized with and bound to TALK‑1 channels in the pancreas. 

At physiological voltages, iOPN activated TALK‑1 transcript 
variant 3 channels and K+ currents, which also hyperpolar‑
ized the resting membrane potential. Reducing β‑cell iOPN 
decreased TALK‑1 K+ currents and increased glucose‑stim‑
ulated Ca2+ influx  (143). Both osteopontin knockout and 
wild‑type islets displayed synchronized Ca2+ oscillations, 
indicative of intact β‑cell communication. Osteopontin 
knockout islets displayed higher intracellular Ca2+ concentra‑
tions when stimulated with glucose than wild‑type islets and 
the initial dip upon elevated glucose concentrations (which is 
associated with Ca2+ uptake into the endoplasmic reticulum) 
was significantly lower in these islets (140).

iv) The pleiotropic effects of GIP on islet function 
involve osteopontin. mRNA expression of its receptor GIPR 
was decreased in human islets from carriers of the A allele 
of GIPR rs10423928 (associated with impaired glucose‑ 
and GIP‑stimulated insulin secretion and a decrease in 
body‑mass‑index, lean body mass, and waist circumference) 
or in patients with type 2 diabetes (53).

The inhibition of sodium glucose cotransporter 2 
(SGLT2) is a potential therapeutic strategy for treating 
diabetes. The SGLT2 inhibitor dapagliflozin ameliorated 
hyperglycemia, β‑cell damage and albuminuria. Glomerular 
mesangial expansion and interstitial fibrosis were suppressed 
in a dose‑dependent manner. Dapagliflozin treatment markedly 
decreased macrophage infiltration and the gene expression of 
inflammation and oxidative stress in the kidney. Osteopontin, 
TGF‑α, MCP‑1 and ICAM‑1, were significantly increased 
in diabetes, but suppressed by dapagliflozin. Dapagliflozin 
ameliorates diabetic nephropathy by improving hyperglycemia 
along with inhibiting inflammation and oxidative stress (144).

Cancer connection. Diabetes and pancreatic cancer recip‑
rocally increase the risk of developing each other.

i) Among diseases that are complications of pancreatic 
cancer, diabetes is the most common. Many cancer cases 
become evident, when patients are investigated for a wors‑
ening in glycemic control. Patients suffering from diabetes 
and obesity exhibit an increased expression of osteopontin, 
which may act as a critical regulator of insulin resistance and 
diabetes mellitus (131).

ii) Patients with diabetes have an elevated risk of devel‑
oping pancreatic cancer (131). The levels of osteopontin were 
found to be higher in patients with ductal adenocarcinoma 
compared with patients with chronic type 2 diabetes (there 
were increased osteopontin levels in patients with chronic 
pancreatitis in comparison to those with type 2 diabetes and 
healthy controls) (80). In sera from patients with pancreatic 
lesions (comprising ductal adenocarcinoma and IPMN), 
the presence of diabetes and/or obesity was associated with 
complete disappearance of OPN‑b and expression of only 
OPN‑c. The splice variant OPN‑c was significantly associated 
with diabetes and obesity (88).

Obesity is a risk and poor prognosis factor for ductal 
adenocarcinoma. In those patients, osteopontin expression in 
adipose tissues adjacent to adenocarcinoma tumor was higher 
than in non‑obese patients. Obese adipocytes triggered aggres‑
sive transformation in ductal adenocarcinoma cells to induce 
progression and accelerate angiogenesis via osteopontin secre‑
tion (112). There is potential biochemical crosstalk between the 
metabolism of the adipose tissue (body mass) and bone marrow 



MEDICINE INTERNATIONAL  6:  26,  2026 15

(peripheral trafficking of bone marrow‑derived stem cells) in 
both healthy individuals and patients with obesity‑associated 
cancer. Plasma osteopontin was increased in adenocarcinoma 
patients over healthy controls, but osteopontin alone was 
not a marker for obesity or progenitor cell trafficking. In 
adenocarcinoma patients, the osteonectin/osteopontin ratio 
significantly associated with the body mass index, as well as 
with the intensified systemic trafficking of mesenchymal and 
endothelial progenitor cells (82).

Pancreatic stellate cells contribute to tumor invasion, 
metastasis and chemoresistance. Osteopontin is highly 
expressed and secreted upon their activation (65). These cells 
support increased desmoplasia hyperplasia, a key mechanism 
by which obesity contributes to the progression of pancreatic 
cancer. Upon stimulation with TNF, IL‑1/IL‑2/IL‑10, pancre‑
atic stellate cells can be activated into cancer‑associated 
fibroblast isoforms, such as iCAF and myCAF, which partici‑
pate in the desmoplastic reaction to remodel the mesenchyme 
of pancreatic cancer (38).

Discussion

Summary. Osteopontin has been understood as a key factor 
in the progression of about 30 types of malignancies (33,34). 
Specifically, its isoforms, entailing the splice variants ‑a, ‑b, 
and ‑c, are critical players in pancreatic cancer aggressive‑
ness (35). Reported data have converged over the years on an 
understanding that osteopontin overexpression and aberrant 
splicing support the progression of cancers in the pancreatis. 
Furthermore, due to the cytokine functions of the full‑length 
form OPN‑a, the measurement of pan‑osteopontin (total 
osteopontin) lacks specificity compared to measurement of the 
cancer‑associated splice variants OPN‑b and OPN‑c. In support 
of the biomarker studies, functional insight has been gained, 
over several years of investigations, into the mechanisms of 
osteopontin‑mediated cancer progression. Osteopontin facili‑
tates the migration and invasion of cells (17). The full‑length 
form and its cancer‑specific splice variants OPN‑b or OPN‑c 
synergize in supporting the survival of deadherent cancer 
cells  (14,30). These functions support metastasis, tropism, 
stemness and angiogenesis as outlined above.

Various precancerous conditions are capable of producing 
molecules of aggressiveness early in transformation, which 
reflects their cancer risk  (34,145). In the pancreas, IPMN 
are bona fide precursor lesions of ductal adenocarcinoma. 
They often express and splice osteopontin, which serves as a 
biomarker for surveillance of their carcinogenesis risk (72). 
In pancreatic lesions (comprising ductal adenocarcinoma and 
IPMN), OPN‑b and OPN‑c were expressed in a substantial 
fraction of patients (88). Osteopontin aids the delineation of 
cancer from benign lesions (IPMN, pancreatitis) and healthy 
controls (91).

Clinical implications. While several meta‑analyses have 
corroborated the association of tumor‑derived osteopontin and 
its variants with pancreatic cancer progression (33‑35) and 
original reports on the abundance of osteopontin in cancerous 
tissue have had good agreement, initial analyses (with 
still maturing techniques) for the presence in surrounding 
tissue or for prognostic value had conflicting outcomes. The 

incongruences in the results by individual reports could reflect 
i) insufficient sensitivity or specificity when measuring total 
osteopontin; ii) structural variations in the protein combined 
with a lack of standardization of antibodies to be utilized for 
detection; iii) differences among pancreatic cancer subtypes; 
iv) tumor vs. stroma sources of osteopontin may also generate 
heterogeneity. Much more consistency has been achieved with 
osteopontin as a blood biomarker. It has potential for clinical 
applications when combined with organ‑specific biomarkers 
(outlined in Table SIII).

Strong immune responses against pancreatic cancer have 
been hard to achieve. Osteopontin derived from tumor‑infil‑
trating macrophages or in macrophage‑fibroblast interactions 
has been associated with overall poor prognosis. Furthermore, 
despite the frequent presence of PD‑L1, immune checkpoint 
blockers have had little efficacy. Osteopontin may compensate 
PD‑L1 function to promote pancreatic cancer immune escape. 
However, pancreatic cancer may not have the levels of antige‑
nicity required for prompting anti‑tumor immunity. Whether 
the suppression of osteopontin in this setting could suffice for 
triggering an immune reaction to the pancreatic malignancy 
will require further research.

In non‑transformed tissues, only the full‑length form 
OPN‑a is pertinent. In the healthy pancreas, osteopontin fulfills 
safeguarding functions, including islet survival and protection 
from hyperglycemia. However, its increased production is 
associated with pancreatitis, and there it may contribute to the 
inflammation.

The roles of osteopontin in diabetes are multi‑faceted. 
In type 1 diabetes, the protein could be an autoantigen. 
However, it is also secreted during the disease and may have 
an ameliorating effect on the destructive inflammation. In type 
2 diabetes, the β‑cell protective functions seem to be in the 
foreground. Osteopontin is an islet protein and a pro‑survival 
factor that is protective against both cytotoxicity and hyper‑
glycemia, and may serve as an intrinsic feedback regulator of 
nitric oxide signaling in β‑cells. Its temporal pattern of expres‑
sion is inversely correlated with progression of insulitis and 
β‑cell destruction.

Connections. The present systematic review has brought 
to the forefront several connections of osteopontin to other 
molecules and mechanisms. 

Osteopontin avidly binds calcium and hydroxyapa‑
tite  (18,146,147). This may be relevant for diseases of the 
pancreas.

i) Osteopontin is detectable in all cases of chronic calci‑
fying pancreatitis and in approximately half of cases of chronic 
pancreatitis without stones. The molecule may play a critical 
role in stone formation (124). Autoimmune pancreatitis has 
the potential for calcification over a long‑term clinical course. 
The incidence of osteopontin expression in centroacinar cells 
in chronic pancreatitis with calcification and in autoimmune 
pancreatitis was significantly greater than that in healthy 
controls (123). 

ii) The ectopic mineralization of soft tissues is a typical 
response to systemic imbalance of various metabolic factors as 
well as tissue injury. Coxsackievirus B3 infection resulted in 
significant tissue injury, particularly in the pancreas and heart, 
involving substantial ectopic calcification. Infection induced 
upregulation of osteopontin, SPARC and collagen type I in the 
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pancreas. α‑lipoic acid diminished the tissue damage, subse‑
quently ameliorating ectopic calcification via the suppression 
of osteogenic signals (148).

iii) Calcification is very rare in ductal adenocarci‑
nomas, but sometimes focal dystrophic calcification arises. 
Psammoma bodies contain osteopontin, and their develop‑
ment may be facilitated by the high calcium‑binding capacity 
of osteopontin (75,76).

The regulation of nitric oxide by osteopontin has long been 
known (149‑152):

i) Pro‑inflammatory cytokines and macrophage‑derived 
IL‑1β, TNF‑α and nitric oxide perturb insulin secretion from 
transformed β‑cells and whole islets. Osteopontin regulates 
nitric oxide production via inhibition of iNOS transcription. It 
dose‑dependently improved islet cell‑derived, glucose‑stimu‑
lated insulin secretion and inhibited IL‑1β‑induced nitric oxide 
production in an arginine‑glycine‑aspartate (RGD)‑dependent 
manner (120). 

ii) The addition of osteopontin to diabetic islets signifi‑
cantly improved their glucose‑stimulated insulin secretion. 
Osteopontin significantly reduced the streptozotocin‑induced 
nitric oxide levels in the islets through an RGD‑dependent 
reduction of iNOS mRNA levels (46).

The PPAR‑γ agonist rosiglitazone is administered to 
improve glycemic control in adults with type 2 diabetes. It is 
typically prescribed as a monotherapy or in combination with 
metformin or sulfonylureas. In addition, the agent may be a 
treatment choice in acute pancreatitis and in post‑transplant 
organ damage by cyclosporine A. In mice with acute pancre‑
atitis fed a high‑fat diet, the drug increased survival and 
hastened recovery from inflammation. This was associated 
with significantly lower circulating and pancreas‑associated 
levels of osteopontin (122). The long‑term administration of 
the immunosuppressant cyclosporine A post‑transplantation 
causes hypoxic injury to the kidneys. Mediators include osteo‑
pontin. Rosiglitazone had a protective effect against pancreatic 
and renal injury caused by cyclosporine A. Pro‑inflammatory 
and pro‑fibrotic molecules, including osteopontin, also 
decreased under treatment (127).

Conclusion. The prognosis of pancreatic cancer is poor. This 
is due to the fact that, to a large extent, it is typically detected 
at advanced stages. Insights into its mechanisms of progression 
may lead to improved early detection and better late‑stage treat‑
ments. Osteopontin variants, once sufficiently elucidated and 
delineated from non‑cancerous diseases of the pancreas, are 
prominent candidate markers for this goal. The cancer‑specific 
variant forms also represent candidate drug targets.
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