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Background: Bladder cancer (BC) is a highly heterogeneous malignancy with
limited molecular biomarkers and therapeutic targets. The S100 protein family, a
group of calcium-binding proteins, has emerged as a crucial regulator in cancer
development. However, their mechanistic roles and clinical significance in BC
remain underexplored.

Methods: This review summarizes the current understanding of the expression
patterns, biological functions, and signaling mechanisms of key S100 family
members in BC, integrating data from transcriptomic studies, public databases
(The Cancer Genome Atlas Program, Gene Expression Omnibus), and recent
preclinical research.

Results: S100 family members such as S100A8, SI00A9, S100A13, and S100A6
are upregulated in advanced BC and are associated with tumor progression,
immune suppression, and poor prognosis. In contrast, SI00C exhibits tumor-
suppressive properties. Mechanistically, S100 proteins promote epithelial-
mesenchymal transition, angiogenesis, and immune evasion by activating
receptor for advanced glycation end products(RAGE) and toll-like receptor 4
(TLR4)-mediated signaling pathways. Emerging evidence supports the
development of S100-targeted therapeutics including small molecules,
monoclonal antibodies, and RAGE inhibitors.

Conclusion: S100 proteins represent promising biomarkers and therapeutic
targets in BC. Integrating S100-based profiling into clinical practice may
improve molecular classification, prognostication, and personalized treatment.
Future efforts should focus on resolving protein redundancy, validating context-
specific functions, and advancing drug development for clinical translation.
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1 Introduction

1.1 Structure, classification, and biological
functions of S100 proteins

The S100 protein family comprises a group of small calcium-
binding proteins characterized by the presence of at least one EF-
hand Ca**-binding motif. In humans, this family includes 21 to 22
members, which exhibit high structural similarity yet possess
distinct, non-interchangeable functions (1). Most S100 genes are
clustered on chromosome 1q21, a genomic region frequently
rearranged in various cancers (2). Structurally, S100 proteins
function as homodimers or heterodimers, with each monomer
containing two EF-hand motifs that undergo conformational
changes upon calcium binding—an essential mechanism for their
interaction with downstream targets (3). Functionally, they act both
intracellularly and extracellularly. Intracellularly, S100 proteins
regulate protein phosphorylation, modulate enzymatic activities
(e.g., ATPase, adenylate cyclase), influence cytoskeletal dynamics,
and affect transcription factor activity (3). Extracellularly, several
§100 proteins function as signaling molecules via receptors such as
RAGE and TLR4, thereby modulating inflammation, proliferation,
apoptosis, and migration (1, 4). Under physiological conditions,
S100 protein expression is tightly regulated in a cell- and tissue-
specific manner. Epigenetic modifications, such as promoter
deoxyribonucleic acid(DNA) methylation, play critical roles in
controlling their expression profiles (5). Dysregulation of S100
expression is common in malignancies, contributing to tumor
progression, metastasis, and prognosis (6). For example, S100A8
and S100A9 activate mitogen-activated protein kinases(MAPK) and
nuclear factor-kappaB(NF-xB) signaling, promoting migration and
inflammation in cancer cells (7). S100A4 is also well-established as a
driver of metastasis and epithelial-mesenchymal transition(EMT)
through interactions with matrix metalloproteinases (8, 9). Due to
their multifaceted biological roles, S100 proteins are increasingly
recognized as potential diagnostic and prognostic biomarkers, as
well as therapeutic targets. Drug development efforts have yielded
inhibitors targeting specific S100 members, with some entering
clinical trials (1, 10). Understanding the individual contributions of
S100 proteins in cancer—particularly BC—is crucial to harnessing
their clinical utility.

1.2 Epidemiology and molecular
pathogenesis of BC

BC is one of the most prevalent malignancies of the urinary
tract, contributing significantly to global cancer morbidity and
mortality (11). It demonstrates notable heterogeneity in
histological subtypes, molecular characteristics, and clinical
behavior. Clinically, BC is broadly classified into non-muscle-
invasive bladder cancer (NMIBC) and muscle-invasive bladder
cancer (MIBC), each with distinct molecular features and clinical
courses (12, 13). Epidemiologically, several environmental and
lifestyle factors contribute to BC risk. Tobacco smoking is the
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most established risk factor, accounting for approximately half of
all cases (14). Occupational exposure to aromatic amines, arsenic in
drinking water, and dietary influences also play roles. Genetic
predisposition is increasingly recognized, with familial clustering
observed in epidemiological studies. Individuals with a first-degree
relative diagnosed with BC face nearly a twofold increased risk,
independent of shared environmental exposures such as smoking
(15). Molecular studies, including genome-wide association studies
(GWAS) and next-generation sequencing, have identified
numerous genetic alterations associated with BC development
and progression. These include mutations in the promoter region
of the telomerase reverse transcriptase gene (TERT), and alterations
in key oncogenes and tumor suppressor genes such as FGFR3,
TP53, and PIK3CA, as well as genes involved in chromatin
remodeling (16-18). BC evolves through at least two distinct
oncogenic pathways. The papillary/luminal pathway is commonly
associated with FGFR3 mutations and characterizes NMIBC. In
contrast, the non-papillary/basal pathway is frequently driven by
TP53 mutations and is linked to MIBC (19). These divergent
pathways correspond to intrinsic molecular subtypes—luminal
and basal—that possess distinct gene expression profiles with
implications for prognosis and treatment selection (13). Notably,
the mutational burden is generally higher in MIBC than in NMIBC
(11). Advances in proteomic and transcriptomic profiling have
further clarified the molecular landscape of BC. Dysregulated
biological processes include extracellular matrix organization,
oxidative stress response, RNA splicing, and macromolecular
complex assembly (20, 21). Gene set variation analysis has
revealed enrichment of critical signaling pathways such as Notch,
Wnt/B-catenin, apoptosis, and coagulation cascades in bladder
tumorigenesis (22). These molecular insights have facilitated the
discovery of candidate biomarkers and therapeutic targets, paving
the way for improved early diagnosis, prognostic stratification, and
personalized treatment strategies (23, 24).

1.3 Expression profiles of S100 proteins in
BC

The altered expression of S100 family members in BC has
garnered increasing attention due to their implications for tumor
biology and clinical outcomes. Several S100 proteins show
differential expression in BC tissues compared to normal
urothelium, suggesting their potential roles in tumor progression,
metastasis, and prognosis.S100C (also known as SI00A10) is
notably downregulated during BC progression. Comparative
proteomic analyses have demonstrated significantly reduced
S100C mRNA levels in invasive tumors (T1 and T2-T4 stages)
relative to superficial tumors (Ta stage), with a strong inverse
correlation to histological grade. Lower S100C expression is
significantly associated with poorer overall survival, underscoring
its potential as a prognostic biomarker (25). In contrast, other S100
proteins such as S100A6, S100A8, S100A9, and S100A1l are
frequently upregulated in various malignancies, including BC,
where they are linked to tumor-promoting functions (26, 27). For
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instance, increased expression of S100A8 and S100A9 is associated
with pro-inflammatory signaling and enhanced tumor cell
migration. A particularly notable BC-specific nuclear protein,
BLCA-1, has been identified as a potential urinary biomarker.
Detected in both tissue and urine samples from BC patients—but
absent in normal bladder tissue—BLCA-1 showed 80% sensitivity
and 87% specificity for BC detection, independent of tumor grade
(28). These findings highlight the potential for S100-related
proteins to serve as non-invasive diagnostic markers. Proteomic
profiling using tissue microarrays and mass spectrometry has
further confirmed the altered expression of S100 proteins in BC.
For example, high levels of S100A6 and other immunogenic
proteins have been found to correlate with histological grade and
overall survival, particularly in MIBC (29). Integrative analyses
combining proteomic and transcriptomic datasets have revealed
that S100 family members are involved in biological processes
related to proliferation, migration, and immune modulation
within the tumor microenvironment (20). Together, these
findings illustrate the diverse, context-dependent roles of S100
proteins in BC. Their differential expression patterns not only
reflect tumor behavior but also provide promising opportunities
for the development of diagnostic, prognostic, and
therapeutic strategies.

2 Molecular mechanisms of S100
proteins in BC development

2.1 Regulation of cell proliferation,
apoptosis, and cell cycle

Members of the S100 protein family play pivotal roles in
regulating critical cellular processes involved in BC development,
including proliferation, apoptosis, and cell cycle progression. Acting
as both intracellular calcium sensors and extracellular signaling
mediators, S100 proteins influence tumorigenic pathways in a
highly context-dependent manner (1). Several S100 proteins have
been implicated in the dysregulation of proliferation in various
cancers. For example, S100P has been shown to promote cancer cell
growth by interacting with key regulators. In colon cancer models,
lentivirus-mediated knockdown of S100P significantly reduced
tumor proliferation and metastasis, suggesting an oncogenic role
(30). Mechanistically, S100P modulates downstream effectors such
as thioredoxin 1 and B-tubulin, which are involved in redox balance
and cytoskeletal integrity, respectively (30). In pancreatic cancer,
overexpression of S100P enhances proliferation through
cytoskeletal reorganization and upregulation of invasion-
associated proteins such as cathepsin D (31). S100P also interacts
with tumor suppressor pathways. It binds to both p53 and its
negative regulator HDM2, disrupting their interaction and
stabilizing p53. However, this stabilized p53 is functionally
impaired, lacking phosphorylation and failing to activate its
transcriptional targets (e.g., p21, Bax), thereby reducing apoptosis
and promoting therapy-induced senescence (32). This mechanism
contributes to chemoresistance and tumor progression. Epigenetic
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modifications further modulate S100 protein expression and
function. In addition to transcriptional and epigenetic regulation,
post-translational modifications (PTMs) critically influence S100
protein stability and activity (33). Various PTMs—including
phosphorylation, oxidation, acetylation, and S-nitrosylation—
modulate the conformational dynamics of S100 proteins, thereby
altering their affinity for calcium ions, target proteins, and
membrane receptors (33, 34). For instance, phosphorylation of
S100A4 and SI100A9 can enhance their interaction with
cytoskeletal and inflammatory signaling molecules, promoting
motility and NF-kB activation (32, 35). Oxidation of SI00A8/A9
alters their dimerization status and inflammatory potential,
functioning as a molecular switch between pro-tumor and anti-
tumor states under oxidative stress conditions (36). Moreover,
acetylation may affect nuclear localization and transcriptional
regulatory capacity of certain S100 members (33). These PTM-
mediated alterations underscore the fine-tuned molecular plasticity
of S100 proteins and may partly explain their context-dependent
roles in bladder cancer progression and therapy response. Aberrant
DNA methylation in the regulatory regions of S100 genes can lead
to dysregulated expression, contributing to altered cell cycle
progression and evasion of apoptosis in cancer cells (5). Other
family members, such as SI00A11, also act as oncogenic drivers. In
gastric cancer, S100A11 overexpression correlates with poor
prognosis and promotes metastasis through activation of matrix
metalloproteinases and EMT. Silencing S100A11 suppresses
metastasis and enhances chemosensitivity to agents like 5-
fluorouracil and cisplatin (37). Collectively, these findings
illustrate that S100 proteins regulate BC cell behavior by
modulating signaling pathways associated with proliferation,
apoptosis, and the cell cycle. Their dysregulation promotes tumor
progression and therapy resistance, highlighting their potential as
targets for anticancer intervention. Future proteomic studies
focusing on PTM profiling of S100 proteins in bladder cancer
tissues may provide valuable insights into dynamic regulation and
therapeutic vulnerabilities.

2.2 Roles in tumor invasion, metastasis,
and angiogenesis

$100 proteins play critical roles in BC progression by promoting
tumor invasion, metastasis, and, potentially, angiogenesis. Their
functions in these processes involve modulation of cytoskeletal
dynamics, interaction with extracellular matrix (ECM)
components, and activation of pro-metastatic signaling
pathways.S100A4 is one of the best-characterized S100 family
members implicated in metastasis. Elevated SI00A4 expression is
associated with enhanced tumor motility, invasion, and poor
prognosis across multiple cancer types, including BC (8, 9).
Mechanistically, S100A4 promotes EMT and interacts with
matrix metalloproteinases (MMPs), facilitating ECM degradation
and enabling tumor cell dissemination (6). S100P also contributes
significantly to tumor invasion and metastasis. Its overexpression
results in cytoskeletal reorganization, characterized by actin
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filament disassembly and altered phosphorylation of actin-
regulating proteins such as cofilin. These changes enhance cell
motility and invasive potential (31). Furthermore, S100P
upregulates cathepsin D, a lysosomal protease involved in ECM
remodeling and metastatic spread. In colon cancer models, S100P
knockdown reduces both migration and liver metastasis,
highlighting its role in cancer dissemination (30). Although direct
evidence for S100-mediated angiogenesis in BC remains limited,
studies in other cancers suggest a likely role. S100 proteins,
particularly S100A8 and S100A9, have been shown to modulate
the tumor microenvironment in ways that promote
neovascularization, thereby supporting tumor expansion and
metastasis (38). These pro-angiogenic effects may involve
interactions with endothelial cells, inflammatory mediators, and
VEGF-related pathways. Interestingly, the metastatic behavior
associated with certain S100 proteins can be context-dependent.
For example, in breast cancer, high S100B expression is associated
with reduced migratory capacity and improved prognosis,
indicating that not all S100 members universally promote
metastasis (39). In summary, S100 proteins facilitate BC
progression by orchestrating key events in invasion, metastasis,
and potentially angiogenesis. Their expression patterns correlate
with aggressive tumor phenotypes, underscoring their value as both
prognostic markers and therapeutic targets in advanced BC.

2.3 Modulation of the tumor
microenvironment and immune response

§100 proteins significantly influence the tumor
microenvironment (TME) and immune responses in BC,
contributing to tumor progression and therapeutic resistance.
These effects are mediated through interactions with immune
cells, modulation of inflammatory signaling, and facilitation of
immune evasion. The TME in BC comprises tumor cells, stromal
cells, immune infiltrates, and extracellular matrix components. S100
proteins function as damage-associated molecular patterns
(DAMPs), activating innate immune receptors such as RAGE and
TLR4, thereby initiating pro-inflammatory cascades (1). SI00A8
and S100A09, for instance, activate the MAPK and NF-kB pathways,
which in turn promote cytokine production, leukocyte recruitment,
and tumor-associated inflammation (7). S100P is increasingly
recognized as a key immunomodulator. In pancreatic cancer, its
expression correlates with an immunosuppressive
microenvironment, characterized by reduced CD8" T cell
infiltration and increased expression of immune checkpoint
molecules, including TIGIT, CTLA-4, and BTLA (40). Although
such associations have not been fully validated in BC, these findings
suggest that SI00P may play a similar role in shaping an immune-
evasive TME.BC is known for its high recurrence and immune
escape potential. Immunosuppressive populations, such as
regulatory T cells (Tregs), are often enriched within the TME. An
inverted ratio of effector T cells to Tregs has been correlated with
disease recurrence, underscoring the critical role of immune
imbalance in tumor persistence (41). S100 proteins, through their
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ability to modulate inflammatory cytokines and immune
checkpoints, may contribute to this imbalance. Proteomic
analyses of BC have identified biomarkers related to immune
infiltration and prognosis. For example, chloride intracellular
channel protein 1 (CLIC1), although not an S100 member, has
been associated with immune cell infiltration and adverse outcomes
(42). Furthermore, systemic inflammatory markers such as C-
reactive protein (CRP) have been linked to poor survival,
suggesting that inflammation-related proteins, including S100
family members, may serve as prognostic indicators (43).
Emerging evidence indicates that S100 proteins may also mediate
resistance to immunotherapy. Their roles in modulating immune
checkpoints and maintaining an immunosuppressive TME suggest
that S100-targeted strategies could enhance the efficacy of immune
checkpoint blockade (44). In summary, S100 proteins actively shape
the immune landscape of BC by regulating inflammatory signaling,
immune cell infiltration, and checkpoint expression. These
functions support tumor immune evasion and may limit the
effectiveness of current immunotherapies, making S100 proteins
attractive candidates for combination strategies aimed at
overcoming resistance. The functional complexity of S100 family
members in BC is further illustrated in Figure 1, which outlines the
major mechanisms by which these proteins contribute to tumor
progression, immune evasion, and therapy resistance.

Beyond immune modulation, S100 proteins exert profound
effects on other cellular components of the tumor
microenvironment. Cancer-associated fibroblasts (CAFs) respond
to extracellular S100A4, S100A8, and S100A9 by activating pro-
inflammatory and pro-fibrotic signaling pathways, which enhance
extracellular matrix remodeling and facilitate tumor invasion (45).
Endothelial cells exposed to S100A13 and S100A6 display increased
angiogenic activity through VEGF and ERK pathway activation,
linking S100 signaling to neovascularization and nutrient supply
within the tumor (46). Moreover, tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs) are
recruited and polarized by SI00A8/A9 and S100P, reinforcing an
immunosuppressive milieu that limits cytotoxic T cell infiltration
(40, 43). These interactions collectively establish a feed-forward
loop between S100 proteins and the TME, promoting tumor
progression, metastasis, and resistance to immunotherapy (44).
Targeting these S100-mediated stromal and immune interactions
may therefore represent a promising avenue for combined
therapeutic strategies in bladder cancer (50).

3 Clinical relevance of S100 proteins
in BC

3.1 Diagnostic and prognostic biomarker
value

The S100 protein family, characterized by conserved calcium-
binding EF-hand motifs, has gained increasing attention for its
diagnostic and prognostic utility across various malignancies,
including BC. Aberrant expression of S100 proteins is frequently
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FIGURE 1

Mechanistic roles of S100 family proteins in BC progression, immune evasion, and therapy resistance. SI00A4, SI00A8, SI00A9, and S100A3 are
secreted by tumor and immune cells within the BC microenvironment. These proteins interact with RAGE and TLR4 receptors on BC cells, triggering
downstream activation of the NF-xB and MAPK pathways. This signaling cascade promotes EMT, which enhances tumor cell invasiveness and
facilitates escape from immune surveillance. In parallel, S100-mediated signaling leads to the recruitment of immunosuppressive cells such as
myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs), further contributing to immune evasion and dampening of T
cell-mediated responses. These processes synergistically result in enhanced therapy resistance. Additionally, SI00C exerts dual, context-dependent
effects: in some settings it supports anti-tumor immunity, while in others it promotes epithelial disruption and tumor progression. The combined
effects of S100 proteins on signaling activation, immune modulation, and treatment resistance highlight their central role in BC biology and support

their value as potential diagnostic and therapeutic targets.

observed in cancer tissues, and specific expression patterns often
correlate with tumor progression, grade, and patient outcomes (1).
In BC, several S100 proteins have emerged as potential biomarkers.
For example, S100C (also referred to as S100A10) is significantly
downregulated in invasive bladder tumors. Quantitative PCR
analysis of 88 BC specimens showed markedly reduced S100C
mRNA levels in muscle-invasive tumors (T2-T4) compared to
superficial tumors (Ta). Furthermore, low S100C expression was
associated with higher tumor grade and worse overall survival,
indicating its potential as a tumor suppressor and prognostic
marker (25). SI00A8 has also shown clinical relevance. A study
analyzing 103 primary NMIBC specimens identified an SI00A8-
correlated gene expression signature that predicted disease
progression. This signature yielded a hazard ratio of 15.225 for
progression, and its predictive capacity was validated in an
independent cohort of 302 patients (47). These results suggest
that S100A8 may help identify NMIBC patients at high risk of
progressing to MIBC. Urinary biomarkers based on S100-related
proteins have also been explored. BLCA-1, a BC-specific nuclear
structural protein, was detectable in both tumor tissues and urine
samples, but not in normal bladder tissues. The urinary test
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demonstrated a sensitivity of 80% and specificity of 87%,
independent of tumor grade (28). This highlights the potential of
S100-associated proteins for non-invasive detection and monitoring
of BC. Large-scale proteomic studies have supported the inclusion
of S100 proteins in multi-marker panels. For instance, S100 family
members have been identified as differentially expressed in tumors
using mass spectrometry, correlating with stage and grade (20).
Circulating proteomic signatures involving S100 proteins have also
been proposed for early diagnosis and risk stratification (48). In
summary, S100 proteins—through their altered expression in
tumor tissues and bodily fluids—represent promising biomarkers
for BC diagnosis and prognosis. Further validation in large, multi-
center clinical studies and standardization of detection assays are
essential for their translation into routine clinical practice.

3.2 S100 protein levels in non-invasive
versus muscle-invasive disease

The expression levels of S100 proteins vary significantly
between NMIBC and MIBC, reflecting their involvement in
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tumor progression and aggressiveness. Proteomic and
transcriptomic studies have demonstrated distinct S100
expression patterns corresponding to disease stage.S100C
expression is notably decreased in MIBC compared to NMIBC.
Quantitative analyses have revealed that SI00C mRNA levels are
significantly reduced in T1 and muscle-invasive tumors (T2-T4)
relative to superficial tumors (Ta), with a strong negative
correlation to histopathological grade (25). This downregulation
is evident early in disease development and is associated with poor
clinical outcomes, suggesting that S100C loss may contribute to
invasive phenotypes. Conversely, SI00A8 and S100A9 expression is
elevated in more advanced stages of BC. In a study comparing
MIBC and NMIBC tissues, these proteins were significantly
upregulated in invasive tumors, implicating them in disease
progression (47). These findings are supported by their known
roles in promoting inflammation, migration, and immune
modulation. Additional proteomic analyses have identified S100
proteins among broader panels of differentially expressed proteins
in BC subtypes. For example, mass spectrometry of BC serum and
tissue samples has revealed elevated expression of proteins,
including S100 family members, associated with tumor stage,
grade, and prognosis (42). Gene expression-based molecular
classification has further highlighted the stage-specific roles of
S100 proteins. In particular, transcriptomic subtyping has
improved prognostic stratification in T1 tumors, where clinical
outcomes are highly variable. S100 expression patterns have
contributed to defining molecular subgroups with distinct clinical
behavior and therapeutic response profiles (49). Collectively, these
findings suggest that S100 proteins not only serve as indicators of
tumor stage but may actively drive the transition from non-invasive
to invasive disease. Their differential expression patterns may be
leveraged for risk stratification and treatment planning in BC.

The functional heterogeneity of the S100 family arises from
multiple layers of molecular regulation. Although structurally
homologous, individual S100 proteins differ in subcellular
localization, PTMs, binding partners, and receptor affinity, all of
which dictate their downstream biological consequences. For
instance, S100A8 and S100A9, when secreted as calprotectin, act
as damage-associated molecular patterns (DAMPs) that engage
RAGE or TLR4, triggering pro-inflammatory and pro-
tumorigenic cascades such as NF-kB and STAT3 activation (50).
In contrast, S100C (S100A10) primarily functions intracellularly in
association with annexin 2, modulating cytoskeletal stability and
suppressing cell motility, which confers tumor-suppressive
potential (51). Moreover, oxidative stress—dependent PTMs can
alter S100 conformations and switch their receptor interactions,
further contributing to context-dependent duality (52). These
differences underscore that the oncogenic or tumor-suppressive
roles of S100 proteins are not intrinsic but rather determined by
molecular context, cellular localization, and interaction networks
within the bladder tumor microenvironment.

Accumulating evidence indicates that S100 family members
display distinct expression patterns across molecular subtypes and
pathological stages of bladder cancer, reflecting their diverse
biological functions. Basal-like tumors, characterized by high
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epithelial-mesenchymal transition (EMT) activity, immune
infiltration, and poorer clinical outcomes, exhibit elevated levels
of S1I00A8, S100A9, and S100A14 (53). These proteins are known to
amplify inflammatory signaling through the RAGE/TLR4-NF-xB
axis, thereby promoting tumor invasion, angiogenesis, and immune
evasion (57). In contrast, luminal-type tumors, defined by GATA3,
KRT20, and uroplakin expression, tend to exhibit higher expression
of differentiation-associated S100 members such as SI00A1 and
S100C (S100A10), which are enriched in terminally differentiated
urothelial cells and may contribute to epithelial stability and a less
aggressive phenotype (54). From a disease stage perspective, several
studies have shown that S100A4 and S100A8/A9 are significantly
upregulated in muscle-invasive bladder cancer (MIBC) compared
with non-muscle-invasive bladder cancer (NMIBC), supporting
their roles in facilitating invasion and metastasis (25). Together,
these findings highlight that S100 proteins exhibit subtype- and
stage-specific expression profiles in bladder cancer, which may
serve as molecular correlates of tumor aggressiveness and
potential biomarkers for patient stratification and
therapeutic guidance.

3.3 Correlation with clinicopathological
parameters and patient outcomes

The expression of S100 proteins in BC has been significantly
correlated with key clinicopathological features such as tumor stage,
grade, lymphovascular invasion, recurrence, and overall survival.
These associations highlight the prognostic potential of S100 family
members and their value in clinical decision-making.S100C, for
example, has been shown to have an inverse relationship with
tumor grade and stage. In a study of 88 BC specimens, S100C
expression was significantly lower in high-grade and muscle-
invasive tumors compared to low-grade and superficial lesions
(25). Importantly, patients with low S100C levels had shorter
overall survival, supporting its role as an independent prognostic
factor.S100A8 and S100A9, by contrast, are often upregulated in
aggressive disease and correlate positively with advanced
pathological features. High expression of these proteins has been
associated with increased risk of recurrence and progression. Their
inflammatory roles suggest that they may contribute to tumor-
promoting immune microenvironments, further exacerbating
disease aggressiveness (47). S100A6 has also been linked to poor
prognosis in BC. In proteomic analyses, its elevated expression was
associated with high histological grade and reduced survival. These
findings support the integration of SI00A6 into biomarker panels
for outcome prediction (20). Moreover, the correlation between
S100 protein levels and survival outcomes has been validated across
several datasets, including The Cancer Genome Atlas (TCGA) and
Gene Expression Omnibus (GEO). These public resources have
demonstrated that patients with dysregulated S100 expression—
either upregulation or downregulation depending on the subtype—
experience worse disease-specific or overall survival (20, 29). Taken
together, these observations reinforce the relevance of S100 proteins
in predicting BC behavior and prognosis. Incorporating S100
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protein assessment into clinical workflows may enhance
individualized risk stratification, inform surveillance schedules,
and guide treatment selection.

3.4 Limitations and subtype-specific
considerations

Despite increasing evidence linking S100 protein expression to
bladder cancer stage, grade, and prognosis, most existing studies
have not comprehensively accounted for molecular subtype
specificity or adjusted for clinical confounders. The expression
and prognostic value of S100 proteins can vary substantially
among molecular subtypes—for example, SI00A7 and S100A9 are
frequently upregulated in basal-type tumors, whereas S100A1 and
S100B appear more enriched in luminal subtypes (55). These
context-dependent differences suggest that subtype-specific
expression patterns should be considered when interpreting
prognostic associations. Moreover, many published analyses rely
on univariate comparisons without correction for variables such as
age, tumor stage, treatment modality, and inflammatory status,
which may lead to biased estimates. Future studies integrating
multivariate modeling and subtype-stratified validation across
large, well-annotated clinical cohorts are warranted to refine the
predictive and therapeutic implications of S100-related biomarkers.
Addressing these analytical limitations will be essential for
translating S100-based biomarkers from discovery to
clinical application.

4 Targeting S100 proteins in BC:
therapeutic prospects

4.1 Rationale for targeting S100 proteins

The consistent involvement of S100 proteins in tumor growth,
invasion, immune evasion, and treatment resistance provides a
compelling rationale for developing targeted therapies against this
family in BC. Their multifaceted roles in promoting oncogenesis
and shaping the tumor microenvironment suggest that S100
proteins may serve not only as biomarkers but also as direct
therapeutic targets. Many S100 proteins act as key mediators of
oncogenic signaling pathways. For instance, S100P enhances cancer
cell proliferation, cytoskeletal reorganization, and resistance to
apoptosis, contributing to tumor progression and poor treatment
response (30, 31). Similarly, S100A4 and S100A11 promote EMT,
invasion, and metastasis by interacting with matrix
metalloproteinases and modulating cytoskeletal proteins (6, 37).
These properties make them attractive candidates for therapeutic
inhibition. Additionally, S100 proteins modulate inflammatory and
immune responses, often creating an immunosuppressive
microenvironment. This can impair the efficacy of immune
checkpoint inhibitors in BC, where immune evasion is a major
hurdle to treatment success (44, 44). Targeting S100-mediated
pathways could restore immune surveillance and improve
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responses to immunotherapy. From a practical standpoint, several
features make S100 proteins amenable to therapeutic targeting.
These include their overexpression in cancer tissues, presence in
extracellular compartments, and involvement in ligand-receptor
interactions—such as with RAGE and Toll-like receptor 4 (TLR4)—
that can be disrupted by small molecules or monoclonal antibodies
(1, 7). Moreover, S100 proteins often function extracellularly in an
autocrine or paracrine manner, further supporting their drug
accessibility. Altogether, these observations provide strong
justification for targeting S100 proteins in BC. Therapeutic
interventions designed to inhibit S100 signaling may
simultaneously suppress tumor proliferation, reduce metastasis,
and overcome immune resistance, offering a multipronged
approach to improve patient outcomes.

4.2 Emerging small molecule and biologic
inhibitors of S100 proteins

Advancements in drug development have led to the
identification of small molecules and biologics that specifically
target S100 proteins or their downstream signaling pathways.
These agents have demonstrated antitumor efficacy in preclinical
models of various cancers, offering new therapeutic avenues for BC.
Trifluoperazine (TFP), a calmodulin antagonist originally used as
an antipsychotic, has been shown to inhibit S100A4 function and
block tumor cell migration and invasion in vitro and in vivo. TFP
interferes with S100A4-mediated cytoskeletal remodeling and
reduces metastatic potential in breast and pancreatic cancer
models (56). Although its effects in BC remain unexplored, its
ability to target SI00A4 makes it a promising candidate for future
studies. Amlexanox, an anti-inflammatory and anti-allergic agent,
inhibits S100A13-mediated pathways. In thyroid cancer cells,
amlexanox downregulates S100A13 expression and reduces cell
proliferation and invasion, partly by modulating downstream
angiogenic and inflammatory mediators (57). Given the pro-
angiogenic role of S100A13 in other malignancies, repurposing
amlexanox for BC therapy warrants investigation. Another
potential strategy involves targeting the interaction between S100
proteins and their receptors. The receptor for RAGE is a major
binding partner for several S100 proteins, including S100P, S100A8,
and S100A9. Inhibiting the S100-RAGE axis can disrupt oncogenic
signaling cascades such as NF-kB and MAPK pathways. Small
molecule RAGE inhibitors and decoy receptors have shown
promise in reducing tumor growth and inflammation in animal
models (58). Biologic therapies targeting S100 proteins are also
being explored. Monoclonal antibodies and peptide inhibitors
designed to block S100-receptor interactions have demonstrated
anti-proliferative and anti-metastatic effects in preclinical studies.
For example, antibodies against SI00A9 suppressed tumor growth
in prostate cancer models by modulating the immune
microenvironment (59). To provide a clearer overview of the
current therapeutic landscape, Table 1 summarizes representative
small molecules and biologic agents that target S100 proteins or
their downstream signaling pathways, including their mechanisms
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TABLE 1 Representative small molecules and biologics targeting S100 proteins or their downstream signaling pathways.

Cancer model/
evidence

Primary target (S100

Mechanism of action
member or pathway)

Compound/Agent

Category

Inhibits SI00A4-mediated

Breast, pancreatic cancer (in

Small molecule Trifluoperazine S100A4 cytoskeletal remodeling and . L
R vitro and in vivo)
metastasis
Downregulates SI00A13 and
Small molecule Amlexanox S100A13 suppresses angiogenic/ Thyroid cancer cell models
inflammatory signaling
RAGE (S100A8/A9/P Blocks S100-RAGE interaction,
Small molecule FPS-ZM1 ( /A9 ocks teraction Multiple cancer models

downstream receptor)

inhibits NF-xB activation

Monoclonal antibody Anti-S100A9 antibody S100A9

Peptide inhibitor RAGE decoy peptide

$100 inhibition +

Combination approach .
immunotherapy

of action and supporting evidence. Beyond preclinical compounds,
several S100-related therapeutic agents have advanced into clinical
evaluation, primarily through targeting the S100-RAGE signaling
axis. The RAGE antagonist azeliragon (TTP488), initially developed
for Alzheimer’s disease, has entered multiple phase II clinical trials
evaluating its safety and anti-inflammatory potential in oncology
and metabolic disorders (NCT02080364, NCT029160)
[ClinicalTrials.gov]. Similarly, the small-molecule RAGE inhibitor
FPS-ZM1 has demonstrated favorable pharmacokinetics and
tumor-suppressive effects in vivo, serving as a lead compound for
next-generation derivatives (60). In addition, neutralizing
antibodies against S100A8/A9 (e.g., tasquinimod) have shown
promising immunomodulatory and anti-angiogenic effects in
prostate and colorectal cancer models, supporting the feasibility
of S100-targeted immunotherapy (61). Importantly, combination
strategies involving S100 pathway inhibition with standard
treatments are emerging as a rational approach to overcome
therapeutic resistance. For instance, co-targeting S100A8/A9-
RAGE signaling with immune checkpoint blockade may alleviate
myeloid-derived immune suppression and enhance T-cell
activation, while combining S100 inhibition with chemotherapy
could mitigate treatment-induced inflammatory feedback that
promotes recurrence (62). These mechanistic complementarities
suggest that S100-targeted drugs, either as monotherapy or in
rational combinations, hold promise for translation into future
precision treatment regimens for bladder cancer. Despite these
encouraging findings, no S100-targeted therapies have yet reached
clinical approval. Challenges include protein redundancy, tissue-
specific functions, and compensatory pathways that may reduce
efficacy. Nevertheless, the therapeutic potential of S100 inhibition
remains significant, particularly in combination with
existing treatments.
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S100A8/A9-RAGE

$100P/immune checkpoints

Neutralizes S100A9, reduces

tumor growth via immune Prostate cancer xenografts

modulation

Prevents ligand-receptor

binding, suppresses Preclinical tumor models

inflammation

Enhances immune response. . .
’ Preclinical studies, under

overcomes TME-mediated o
exploration in BC

resistance

4.3 Challenges and perspectives in
targeting S100 proteins

4.3.1 S100 proteins and therapy resistance
Emerging evidence indicates that S100 family members
contribute to resistance to multiple treatment modalities in
cancer, and several mechanistic routes are plausible in bladder
cancer (63). First, SI00P has been reported to bind and functionally
inactivate p53, permitting therapy-induced senescence and
contributing to chemoresistance in preclinical models; this
suggests that S100P upregulation may blunt p53-dependent
apoptotic responses to DNA-damaging agents (32). Second,
S100A8/A9 promote a pro-inflammatory yet immunosuppressive
tumor microenvironment by recruiting and polarizing myeloid
populations (e.g., myeloid-derived suppressor cells, Tumor-
associated macrophages) and upregulating immune checkpoint
molecules, which can impair the efficacy of immune checkpoint
blockade (64). Third, S100 proteins such as S100A4 and S100A11
facilitate EMT and cytoskeletal remodeling, phenotypes commonly
associated with reduced chemosensitivity and enhanced metastatic
seeding (9). Fourth, S100-mediated activation of downstream pro-
survival pathways [e.g., NF-kB, MAPK/ERK (extracellular signal-
regulated kinase)]can promote cell survival under therapeutic stress
and potentially reduce the efficacy of targeted inhibitors (63).
Table 2 summarizes key S100 family members and their reported
roles in therapeutic resistance in bladder cancer. Collectively, these
mechanisms indicate that S100 proteins may act as both intrinsic
and microenvironment-mediated drivers of therapeutic resistance.
From a translational perspective, these findings support two key
implications. (1) S100 expression or activity may serve as a
predictive biomarker for response to chemotherapy,
immunotherapy, or targeted treatments in BC, and should be
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TABLE 2 Selected evidence linking S100 proteins to therapy resistance.

Therapy type S100 member(s)

Chemotherapy S100P

senescence

I heckpoint blockad
mmune checkpoint blockade/ ¢, 5, 1 ¢/610040; s100p
Immunotherapy

Chemotherapy/Metastasis-
K : S100A4, SI00A11
associated resistance

Broad (pro-survival signaling) Various (S100A8/A9, S100P)

evaluated in retrospective cohorts and prospective trials (63, 64). (2)
Combination approaches that concurrently inhibit S100 signaling
(directly or via shared receptors such as RAGE/TLR4) and standard
therapies may overcome resistance and improve outcomes;
preclinical studies combining S100 blockade with immunotherapy
or chemotherapy warrant prioritization (65). Overall, recognizing
S100 proteins as modulators of therapy response could inform
patient stratification and the design of rational combination
regimens in bladder cancer.

Despite the promising preclinical evidence, several challenges
complicate the therapeutic targeting of S100 proteins in BC. The
functional redundancy and overlapping expression patterns of S100
family members complicate the identification of the most effective
targets. The functional complexity of the S100 family is further
compounded by the interconnected and compensatory nature of its
members. Many S100 proteins exhibit overlapping ligand-binding
properties and converge on common downstream effectors,
including RAGE, TLR4, and NF-xB signaling pathways, leading
to similar pro-tumorigenic outcomes such as inflammation,
angiogenesis, and epithelial-mesenchymal transition (66). For
instance, inhibition of S100A4 can be partially compensated by
upregulation of S100A6 or SI00A1l, maintaining cytoskeletal
remodeling and invasive potential (67, 68). Similarly, both
S100A8 and S100A9 act cooperatively as heterodimers
(calprotectin), amplifying inflammatory signaling and promoting
immune evasion (69). These overlapping functions underscore the
redundant network behavior of S$100 proteins in BC, suggesting that
targeting a single member may be insufficient to achieve durable
therapeutic efficacy (63). Future research should focus on integrated
approaches that consider multi-target inhibition or modulation of
shared receptors and downstream signaling hubs to overcome this
redundancy and achieve synergistic therapeutic benefit. Moreover,
the context-dependent roles of these proteins, which can vary
between intracellular and extracellular environments, add layers
of complexity to drug development (58). The structural similarity
among S100 proteins poses difficulties in designing highly selective
inhibitors that minimize off-target effects. Additionally, the
dynamic interactions of S100 proteins with multiple receptors,
such as the receptor for RAGE and TLR4, contribute to diverse
signaling outcomes that are not yet fully elucidated (59). This
incomplete understanding of molecular mechanisms limits the
rational design of targeted therapies. In BC, tumor heterogeneity
and lineage plasticity further challenge the efficacy of S100-targeted
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Suggested mechanism(s)

P53 inactivation — reduced apoptosis/therapy-induced

Recruitment/polarization of MDSCs & TAMs; immune
suppression; upregulation of checkpoints

EMT promotion; cytoskeletal remodeling — reduced
chemosensitivity and increased invasion

Activation of NF-KB/MAPK — cell survival under stress
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Evidence/cancer models

In vitro/preclinical (cancer models)
Bioinformatics + in vitro/preclinical

Preclinical studies (multiple cancers)

Proteomic and mechanistic studies

treatments. The variability in S100 protein expression across
different tumor subtypes and stages necessitates precise
biomarker-driven patient stratification to optimize therapeutic
responses (70). Currently, there is a lack of consensus on
standardized methodologies and scoring systems for assessing
S100 protein expression, which hampers the integration of these
markers into clinical decision-making (71). Resistance mechanisms
also pose significant hurdles. For example, the ability of S100P to
inactivate p53 and promote therapy-induced senescence suggests
that targeting S100 proteins alone may be insufficient without
combination strategies to overcome compensatory pathways (32).
Furthermore, the immunosuppressive effects mediated by certain
S100 proteins within the tumor microenvironment may limit the
efficacy of immunotherapies unless these pathways are concurrently
addressed (44). Clinical translation is additionally impeded by the
limited availability of potent and selective S100 inhibitors with
favorable pharmacokinetic and safety profiles. While some small
molecule inhibitors and neutralizing antibodies have entered
clinical trials, their therapeutic windows and long-term effects
remain to be fully characterized (10). The potential for
overlapping toxicities, especially when combined with other
modalities such as chemotherapy, radiation, or immunotherapy,
requires careful evaluation (72). Moreover, the identification of
predictive biomarkers for response to S100-targeted therapies is still
in its infancy. The heterogeneity of BC and the complex interplay
between S100 proteins and other oncogenic pathways necessitate
comprehensive biomarker panels rather than single markers to
guide treatment selection (73). Integration of molecular profiling
with clinical parameters is essential to overcome these challenges. In
summary, while targeting S100 proteins offers a novel avenue for
BC therapy, overcoming the challenges related to specificity, tumor
heterogeneity, resistance, and biomarker development is critical for
successful clinical application. These observations indicate that
S100 proteins are promising targets for combination strategies
aimed at overcoming therapy resistance in bladder cancer.

4.4 Future directions for translational
application

Advancements in molecular characterization and therapeutic

development provide a foundation for translating S100 protein
targeting into clinical practice for BC. Recent years have
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witnessed increasing preclinical and early translational efforts to
develop S100-targeted therapies. Several small-molecule inhibitors
(e.g., trifluoperazine, amlexanox, niclosamide) have shown efficacy
in preclinical models by disrupting S100A4, S100A13, or RAGE-
mediated signaling (74). Neutralizing antibodies against SI00A8/A9
have demonstrated tumor-suppressive and immune-modulatory
effects in animal studies, particularly through attenuation of
myeloid-derived suppressor cell recruitment. In addition, RAGE
antagonists such as FPS-ZMI and azeliragon (TTP488)—originally
developed for inflammatory and neurodegenerative diseases—are
being explored for potential repurposing in oncology (60).
Although no S100-targeted therapy has yet entered late-stage
clinical evaluation for bladder cancer, these early studies provide
proof of concept that S100 inhibition can modulate tumor
proliferation, invasion, and immune evasion. Ongoing clinical
trials of RAGE inhibitors in other malignancies and chronic
inflammatory disorders may offer critical insights and safety data
to facilitate translation into bladder cancer-specific applications
(75). Integrating genomic, transcriptomic, and proteomic data can
facilitate the identification of patient subgroups most likely to
benefit from S100-targeted therapies (76). For example, molecular
subtyping of MIBC has revealed distinct profiles that may correlate
with differential S100 protein expression and therapeutic
vulnerabilities (71). Emerging technologies such as next-
generation sequencing and liquid biopsy enable non-invasive
monitoring of S100 protein-related biomarkers, potentially
allowing real-time assessment of treatment response and disease
progression (77).

The detection of small non-coding ribonucleic acids(RNAs) and
their modifications associated with S100 protein regulation may
further enhance biomarker discovery and precision medicine
approaches (77). Combination therapies incorporating S100
inhibitors with established modalities, including chemotherapy,
immunotherapy, and radiation, are promising strategies to
enhance efficacy and overcome resistance. For instance, the
immunosuppressive role of S100P suggests that its inhibition
could synergize with immune checkpoint blockade to improve
anti-tumor immunity (40). Clinical trials exploring such
combinations are warranted to validate these approaches.
Personalized medicine initiatives emphasize the need for
predictive biomarkers to guide therapy selection. Protein-based
biomarkers related to S100 family members, alongside other
molecular markers, may refine patient stratification and optimize
neoadjuvant and adjuvant treatment regimens (71, 78). The
development of multimarker panels combining S100 proteins
with other oncogenic and immune-related factors could improve
prognostic accuracy and therapeutic decision-making (71).
Furthermore, advances in drug design, including the development
of highly selective small molecule inhibitors and neutralizing
antibodies targeting specific S100 proteins, are critical. Structural
studies elucidating the binding interfaces and conformational
dynamics of S100 proteins will facilitate rational drug design and
improve therapeutic specificity (59). The ongoing clinical
evaluation of S100 inhibitors in other cancer types provides
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valuable insights that can be leveraged for BC applications (10).
In addition to summarizing molecular mechanisms and preclinical
evidence, we also reviewed ongoing and completed clinical trials
related to BC to better illustrate the current translational landscape.
This summary helps highlight research gaps and informs future
clinical strategies. Collectively, these ongoing efforts underscore the
translational potential of S100-targeted strategies and highlight the
need for dedicated clinical evaluation in bladder cancer.

5 Conclusion

The S100 protein family plays a multifaceted and dynamic role in
the pathogenesis and progression of BC. Through regulation of cell
proliferation, migration, immune modulation, and extracellular
signaling, S100 proteins contribute to tumor aggressiveness, immune
evasion, and therapeutic resistance. Their aberrant expression across
different tumor stages, molecular subtypes, and immune phenotypes
positions them as promising biomarkers for diagnosis, prognosis, and
therapeutic response prediction. Specific members such as S100C,
S100A8, S100A9, and S100A13 exhibit distinct expression patterns in
non-muscle-invasive and muscle-invasive disease, with functional
implications for tumor behavior. Mechanistic insights further
highlight the contributions of S100 proteins to epithelial-
mesenchymal transition, inflammatory signaling, and immune
checkpoint regulation. Although no S100-targeted therapies have yet
been approved, preclinical evidence supports their potential as
therapeutic targets. Small molecules (e.g., trifluoperazine, amlexanox),
biologics (e.g., monoclonal antibodies), and inhibitors of S100-RAGE
interactions represent promising strategies currently under
investigation. Future research should focus on overcoming challenges
related to functional redundancy, context-dependent effects, and
clinical validation. Incorporating S100 profiling into multi-omics and
precision oncology frameworks may enhance risk stratification, enable
biomarker-guided therapy, and identify novel combination strategies.
Overall, the S100 family represents a valuable frontier in BC research
with translational potential for improving diagnosis, prognosis, and
therapeutic outcomes.
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