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Abstract. This article examines the multifaceted roles of
the S100P gene in pan-cancer, with the aim of exploring
its biological functions and related mechanisms in depth.
S100P is a small calcium-binding protein that recent studies
have identified as playing a significant role in the occurrence
and progression of various cancers. As research on cancer
biomarkers advances, the relationship between S100P expres-
sion levels and cancer prognosis, metastasis and invasiveness
has garnered increasing attention. However, the specific
mechanisms underlying the role of S100P in different cancer
types remain elusive and related research is still in the explor-
atory phase. Therefore, this review systematically summarizes
the biological functions of S100P, clarifying its signaling
pathways and regulatory mechanisms. This work provides new
insights and strategies for targeted therapy and establishes a
theoretical basis for subsequent clinical applications. Through
this summary, the present review aims to enhance personal-
ized treatment approaches for S100P-related cancers and
strengthen future explorations of S100P.
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1. Introduction

S100P is a member of the S100 protein family, first purified and
characterized from the placenta by Becker et al (1) in 1992, with
the ‘P’ denoting its placental origin. Notably, SI00P is exclu-
sively found in the genomes of vertebrate species (2). Among
vertebrates, the S100 protein family represents the largest group
of innate immune proteins containing EF-hand motifs (3,4),
where the two alpha helices in these motifs provide calcium
(Ca?*) binding sites (5). Consequently, SI00P participates in
mediating Ca?*-dependent signaling pathways (6). Uniquely, in
humans, the SI00P gene is located on chromosome 4 (4pl6).
Although S100P is present in many mammals, its expression is
not universally widespread (7). This phenomenon may be due
to incomplete genome sequencing or the loss of corresponding
genomic sequences during the process of speciation (8).
Research indicates that SIOOP is related to human evolution;
for instance, Zhu et al (9) observed the expression of S100P
protein during hormonal rhythmic fluctuations in the uterine
wall, suggesting its potential involvement in embryo implanta-
tion and development, as well as its functional roles in various
adult human tissues. Numerous studies have demonstrated that
S100P is functionally related to the carcinogenic processes of
several cancers, including lung cancer, pancreatic cancer and
breast cancer. This underscores its significant potential as a
tumor biomarker and therapeutic target (10,11). Although the
specific mechanisms remain elusive in numerous areas, this
review offers new insights and strategies for targeted therapy. It
establishes a theoretical foundation for a deeper understanding
of S100P and its applications in personalized cancer treatment,
highlighting its significant clinical implications. Information
regarding the literature search pertinent to this review is
provided in the supplementary information file. Additionally,
a detailed literature search flowchart is available in Fig. S1.
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2.S100P-related biomarkers

Biomarkers serve as indicators of abnormal signals across
multiple biological levels, including molecular, cellular and
organismal, which emerge due to the influence of environ-
mental pollutants prior to the onset of significant damage
to the organism. The specific expression of SIO0P in cancer
indicates its potential as a histological marker for pan-cancer,
with elevated levels typically correlating with poor prognosis,
as illustrated in Table I. Research has shown that S100P
is highly expressed in various malignancies, such as lung
cancer (12), pancreatic cancer (13,14), liver cancer (15,16) and
colorectal cancer (CRC) (17). For instance, in intrahepatic
cholangiocarcinoma, S100P serves as a highly sensitive
diagnostic marker for differentiating its various pathological
subtypes (16,18). Furthermore, SIO0OP can function as a
screening marker for early biliary tract lesions during bile
cytology examinations (19).

Given the high postoperative recurrence rates observed
in most cancer patients, effective predictive factors remain
elusive. Research conducted by Ji ef al (20) identified S100P
as a promising biomarker for predicting the risk of post-
operative recurrence in CRC during follow-up. Similarly,
Hwang et al (21) demonstrated that SIO0P functions as a
postoperative predictive marker for hepatocellular carcinoma
(HCC) within the Asian population. The detection of SI00P in
body fluids, such as blood or cerebrospinal fluid, is clinically
more feasible than in tissue samples. For instance, in HCC
characterized by portal vein tumor thrombus and micro-
vascular invasion, serum S100P levels measured via ELISA
are regarded as a robust biomarker for this condition (22).
Currently, there is a notable absence of effective immunohisto-
chemical (IHC) markers for the diagnosis of pancreatic tumors.
Research has indicated that employing S100P classification
in conjunction with peptide nucleic acid (PNA)-mediated
real-time polymerase chain reaction (PCR) clamp techniques
(i.e., PNA clamp PCR) can significantly improve the accuracy
of diagnosing histologically challenging cases (23).

3. Upstream regulators of S100P

In the genomes of eukaryotes, the majority of transcriptional
genes are composed of non-coding RNAs (ncRNAs). The
present study focuses on the regulatory ncRNAs associated
with S100P, which include long ncRNAs (IncRNAs), circular
RNASs (circRNAs) and microRNAs (miRNAs). ncRNAs are
crucial for regulating gene expression and maintaining cellular
homeostasis (24,25), and their roles in cancer regulation are
receiving increasing attention (26). For instance, in pancreatic
cancer, Jiang et al (27) demonstrated that both transient and
stable transfection of miR-495 led to a reduction in the mRNA
and protein expression levels of SI00P in pancreatic cancer
cell lines (SW1990 and BxPC-3). Experiments involving the
overexpression and knockdown of miR-495 confirmed its
role in suppressing tumor growth and invasion in a manner
dependent on S100P (27). Similarly, another study revealed
that miR-671 was sequestered by circ_0092314, which alle-
viated the suppressive effect of miR-671 on S100P, thereby
activating the AKT pathway, as discussed in the earlier section
on epithelial-mesenchymal transition (EMT) (28).

In addition to their roles in metastasis-related cellular
functions (28,29), miRNAs are also implicated in the devel-
opment of resistance to conventional chemotherapy, which
represents another detrimental characteristic of cancer
cells. Gemcitabine, a deoxycytidine derivative, is a standard
chemotherapeutic agent used in the treatment of pancreatic
cancer (30). Specifically, miR-365 targets the 3'untranslated
regions of src homology 2 domain-containing transforming
protein 1 (SHC1) and BAX mRNA, resulting in decreased
expression of these genes, while simultaneously increasing
the expression of the oncogenic factor SI00P (29). SHC1 is
localized to the mitochondrial intermembrane space and plays
a role in the production of reactive oxygen species, which
can induce apoptosis (31). Additionally, BAX enhances the
sensitivity of ovarian cancer cells to cisplatin (32). These
findings suggest that downregulation of SHC1 and BAX may
contribute to the development of gemcitabine resistance (29).
Although the authors did not perform any follow-up studies
to elucidate the interaction mechanisms among S100P, SHC1
and BAX, prior research indicates that this could represent a
promising mechanism of action. Similarly, in breast cancer,
researchers hypothesized that IncRNAs associated with
trastuzumab resistance at the transcriptional level are closely
linked to S100P, although no specific in-depth studies have
been conducted (33). In both breast and lung cancers, IncRNA
non-coding RNA activated by DNA damage (NORAD) is
transcriptionally suppressed via the Hippo pathway, and the
associated transcriptional co-activator with PDZ-binding
motif-TEA domain transcription factors complex, along with
the nucleosome remodeling and deacetylase complex, is also
found to be downregulated. LncRNA NORAD acts as a decoy
to sequester S100P, thereby inhibiting metastasis in these
cancers. In cancerous tissues, the suppression of its repetitive
sequences results in an increase in SI00P expression (34).

4. Metastasis

Tumor metastasis is one of the leading causes of mortality
among cancer patients. EMT is a crucial regulatory program
in cancer development. Through this process, epithelial cells
lose their intercellular connections and polarity, resulting in
the loss of epithelial characteristics and the acquisition of
mesenchymal traits that confer invasive and migratory capa-
bilities (35). EMT is characterized by alterations in epithelial
markers, such as E-cadherin, and mesenchymal markers,
including vimentin and fibronectin (36). Furthermore, there
is an increasingly recognized association between EMT and
drug resistance across various cancers (36-38). It has been
indicated that S100P plays a significant role in EMT-related
processes and is critical for invasion and metastasis in various
tumors (28,39).

In pancreatic adenocarcinoma, circ_0092314 sequesters
miR-671, resulting in an increase in SI00P, which promotes
EMT and cellular invasion. The inhibitory effect of miR-671 on
S100Pis primarily manifested throughreduced cell invasion and
spheroid formation, alongside the upregulation of E-cadherin
and downregulation of vimentin (28). In CRC, Zuo et al (39)
identified SI00P as a crucial initiating target that interacts
with thioredoxin-1, promoting EMT and enhancing cellular
invasion and metastasis. Shen et al (40,41) validated in murine
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Table I. Expression and significance of S100P in different types of tumors.

Cancer type S100P overexpression Clinical correlation (Refs.)
Non-small cell lung cancer mRNA and protein OS and PFS (12,84)
Colorectal cancer mRNA and protein EFS (17,40)
Hepatocellular carcinoma mRNA and protein OS and RFS (21,85)
Intrahepatic cholangiocarcinoma mRNA and protein OS and PFS (15,86)
Lung adenocarcinoma mRNA and protein OS and PFI (51,75,76)
Gastric cancer mRNA and protein OS and PFS (52)
Gallbladder cancer mRNA and protein oS (87,88)
Breast cancer mRNA and protein RFS (89-91)
Ovarian cancer mRNA and protein (0N} (92,93)

OS, overall survival; PFS, progression-free survival; EFS, event free survival; RFS, recurrence-free survival; PFI, progression-free interval.

models that SIOOP facilitates EMT in colon adenocarcinoma
via the advanced glycosylation end-product receptors (RAGE)
signaling pathway. Of note, Hsu et al (42) demonstrated that in
lung cancer, RAGE does not mediate S100P-induced cancer
progression; instead, SIOOP binds to integrin a7, subsequently
mediating cellular invasion and metastasis by activating the
focal adhesion kinase (FAK)/AKT/zinc finger e-box binding
homeobox 1 signaling axis and promoting the EMT process.
Regarding drug resistance, Hamada et al (29) discovered that
miR-365, associated with EMT, upregulates the expression of
the oncogenic molecule S100P, thereby increasing the resis-
tance of pancreatic cancer cells to gemcitabine through the
downregulation of SHC1 and BAX; however, further specific
studies on the interaction between these factors were not
conducted. These findings suggest a close relationship between
the S100P-regulated EMT process and drug resistance, indi-
cating significant potential for targeting SIOOP in therapeutic
strategies against resistance in future research.

5. S100P and signaling pathways

S100P is a tumor-promoting factor that primarily regulates the
activity of multiple targets within signaling pathways through
various modes of interaction, while simultaneously coordi-
nating other target proteins within multiprotein complexes.
Additionally, SIOOP modulates proliferation, apoptosis, inva-
sion, migration and drug resistance in cancer cells (Fig. 1).
Furthermore, angiogenesis, the cell cycle and drug resistance
in tumors are associated with S1I00P (Fig. 2). Of note, in certain
contexts, SI00P can also function as a tumor suppressor in
specific cancer types, such as gastric and lung cancers.

The critical regulatory functions of SIOOP encompass a
complex network of interactions, including protein-protein
and protein-nucleic acid interactions, which are mediated by
signaling pathways and ncRNAs. Consequently, a review of
the S100P-related signaling pathways in cancer was provided
below to establish a foundation for further clinical translation,
as detailed in Table II.

SI00P and the PI3K/AKT pathway. The PI3K-Akt signaling
pathway represents a crucial signaling network within cells,
activated by a variety of cellular stimuli or toxic injuries.

When growth factors bind to receptor tyrosine kinases or G
protein-coupled receptors on the cell membrane, they initiate
the activation of class Ia and Ib PI3K isoforms, respec-
tively. These activated PI3Ks catalyze the phosphorylation
of phosphatidylinositol at the cell membrane, resulting in
the production of the second messenger phosphatidylino-
sitol-3,4,5-trisphosphate (PIP3). Subsequently, PIP3 functions
as a pivotal molecule in the activation of Akt (protein kinase
B). The PI3K-Akt signaling pathway ensures that cells can
appropriately respond to external stimuli or damage, thereby
maintaining normal cellular function and homeostasis.

In bladder cancer and gallbladder cancer, SIO0P has been
confirmed as a target of the PI3K/AKT pathway, promoting
cancer cell invasion and metastasis (43,44). For instance,
Hou et al (43) demonstrated that Leupaxin upregulates SI00P
via the PI3K/AKT pathway in bladder cancer. In addition,
Li et al (44) reported that in gallbladder cancer, LIM and SH3
domain protein 1 downregulates SI00P through the PI3K/AKT
pathway, leading to cell cycle arrest. Of note, in endometrial
cancer, SI00P enhances the growth and metastasis of cancer
cells by regulating the PI3K/AKT signaling pathway and can
serve as a marker to differentiate between the squamous cell
carcinoma and adenosquamous cell carcinoma subtypes of
endometrial cancer (45).

Knockdown of miR-671 results in the overexpression of
S100P, which enhances the signaling expression of the AKT
pathway, ultimately promoting the EMT process in pancreatic
cancer (28). Similarly, SIOOP facilitates EMT, migration and
invasion of CRC cells by upregulating S1I00A4, thereby acti-
vating the AKT signaling pathway (39). In lung cancer, integrin
o7 serves as a binding receptor for SI00P, which activates the
FAK/AKT axis and promotes EMT. This further demonstrates
the role of the AKT signaling pathway in tumor invasion and
metastasis (42). Numerous studies have suggested that the
activation of SIO0P within the AKT pathway may contribute
to its carcinogenic effects.

S100P and RAGE/ERK pathways. RAGE activates various
signaling pathways, including MAPK, ERK, PI3K and
NF-kB, which regulate critical cellular processes such as
the cell cycle, gene expression, chronic inflammation and
extracellular matrix synthesis. In this context, the role of
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Figure 1. SIOOP signaling pathways associated with proliferation, apoptosis, migration, invasion and EMT in tumors. EMT, epithelial to mesenchymal transi-
tion; miR, microRNA. YAP, yes-associated protein; IncRNA NORAD, long non-coding RNA activated by DNA damage; PGE,, prostaglandin E,; EP4, E-type
prostanoid receptor 4; Trx-1, thioredoxin-1; PKA, protein kinase A; c-Jun, cellular Jun proto-oncogene; AP-1, activator protein 1; NF-«xB, nuclear factor
k-light-chain-enhancer of activated B cells,; SOX9, SRY-Box transcription factor 9; RAGE, receptor for advanced glycation end-products; ERK, extracel-
lular signal-regulated kinase; MEK, MAPK kinase; FAK, focal adhesion kinase; MAPK, mitogen-activated protein kinase; AKT, protein kinase B; TXNIP,
thioredoxin interacting protein; Keapl, kelch-like ECH associated protein-1; TRIM27, tripartite motif 27; SIX3, sine oculis homeobox homolog 3; BMP, bone
morphogenetic protein; Smad4, mothers against decapentaplegic homolog 4; PI3K, phosphoinositide 3-kinase; BCL10, B-cell lymphoma 10; STAT1, signal
transducer and activator of transcription 1; ATF4, activating transcription factor 4.
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Figure 2. S100P signaling pathways associated with angiogenesis, cell cycle and drug resistance in tumors. LASP-1, LIM and SH3 domain protein 1;
PI3K, phosphoinositide 3-kinase; LPXN, leupaxin; AKT, protein kinase B; TFF1, trefoil factor 1; TGF-f, transforming growth factor-f; RAS, rat sarcoma
viral oncogene homolog; MEK, MAPK kinase; MAPK, mitogen-activated protein kinase.

S100P as an upstream regulator of the RAGE/ERK pathway = was present in both normal and malignant tissues, SI00P
in modulating the phenotypic functions of cancer cells may be  expression was restricted to malignant specimens. The intro-
emphasized. The first study, published by Fuentes ef al (46) in  duction of exogenous S1I00P to SW480 cells resulted in the
2007, focused on colon cancer and revealed that, while RAGE  stimulation of ERK1/2 phosphorylation and NF-«kB activity,



ld 2 SPANDIDOS
/) PUBLICATIONS

ONCOLOGY REPORTS 53: 62, 2025

‘3ojowoy suafoouo

[BIIA BWODIES 1Rl ‘S ‘g-10308) 3mo13 Jurwiojsues ‘g- 0L, ¢ J01oe] [10jon ‘[ 4L ‘urxedno] ‘N'XdT ¢ uraloid urewop ¢HS pue NI ¢ 1-dSV1 ¢§ Jo1oe} uonduosueny uneande ‘4 1v ¢ uonduosuer) jJo
JojeAn)oe pue Joonpsuen [eudis ¢ [ [V.LS ‘01 ewoydwA] [[99-g ‘01104 ‘oseuny-¢ apnrsoutoydsoyd ‘¢4 ‘4 Sojowoy s13adejuadessp jsurede sioypow ‘4pews ‘urajoid onousjoydiow auoq ‘qINg ‘€ Sojowoy
X0QOJWOY SI[NJ0 JUIS ‘¢X]S ‘27 Jnowr Anredn / ZINTYL ¢T-urojoxd pajeroosse HOH oNI[-Yo[ay ¢ 1deay ‘urajord Sunoerour urxoparony) ‘qINX.L ¢g oseuny urajoxd ‘1 3y ‘oseury urjoid pajeanoe-us3ojru
SIAVIA $oseuny| uoisaype [e00J YV ‘oseuny] MdVIN ‘SN ‘oseuny paje[n3al-feusis Ie[nj[ooenxa ‘S <s1onpoid-pud uonedA[s paoueape 10y 101dadar ‘gOVY 6 1030y uonduosuen) Xoq-xyS ‘6X0S
{S[[99 g PRILATIOR JO IOJURYUR-UTRYD-JYSI[-31 J0JoR] Jed[onu ‘gi-JN ] urojoid Iojeande ‘[-Jv ouadoouo-ojoid ung Ie[ny[ad ‘unf-d ¢y aseuny urojoid ‘y3d ¢[-Urxopalory ¢ [-xiT, 4 10)dosar prouejsord
adA1-9 ‘¢dd ‘4 upue[Seisoid < gD ‘9Sewep yYNJ Aq pareAlor YN Suipoo-uou Suol ‘QVION VNYOU] ‘uajold pajeroosse-sak ‘qyA “YNYOIOIW “yJIw ‘uonisuen pwiyoussaw o) [erpynds ‘LINA

(€9 uonowold UOISEAUT ‘UONEISTU ‘UOIEIJI[OI] §9d/d00TS/PALV/TIILVLS/011O0d Iooued T8I0

(9 uonowoid/uorssaxddng souessisar 3ni(J ‘stsoydody uLyped-g/d001S I90URD OLIISED)

(89) uonowold UONEULIO} AUOOD ‘UOISEAU] dOOTS/AHN/MIH/ydd/HDd

(9] uonoworq UONEISIU ‘UOTSEAU] dINXL/Z/TIA-d/d001S/1-X1L

(81) uonowold UONEISIW ‘UOISEAU] AN/ 1T VNYORIW/HADVE/d001S

(Lv) uonouolid UONEISIW ‘UOISEAU] SST-VNYOIW/T-dV/HDVI/d00TS

%) uonowold UoNeISIW ‘UONLIII0I] geddexIN/z/ T IYa/d0V 4/d001'S

(1v) uonouwolid UONRISIW ‘UOISBAUT L INH MAH/ADVE/d001S/6X0S I90ued [e19310[07)

#6) uonowoiq 9[04d [[90 ‘uoneIdfIoid uruled-g/d0o1s

(sp) uonowoiq s1sojdode ‘uorseAur ‘UoneISIW ‘UOTIBIJI[0I] SIAVIN/LIV-SEId/d00TS JI90URD [RLIIQWOPUT

(rv) uonowold 91940 [[99 ‘UonLISIW ‘UONLIJI0I] dOOTS/LAV/A€Id/1-dSVT Iaoued Ioppe[q[[eD)

(€v) uonouolid SISQUASOITUE ‘UOISLAUI ‘UOTBIDJI[OI] dOOTS/IAV/ACId/NXdT 1ooued Ioppe[g

(s6) uonowold UONBISIA dO00TS/yPelS/dING

(82) uonowold uorseAur ‘uonedjroid ‘L IN| IAV/dO0TS/TL9-W/FTET600 10 Isdued dnealoued

(19) uonowoiq uonezue[od ‘uoneiSN ung-o/vd/d001S BUWOUIOIEO0UIPE Jun‘|

09) uorssaiddng UOISBAUI ‘UONBISIIA d00T1S/ZIIN/1deay]

(6) uonowold UOISEAUT ‘UONBISTW ‘UONEIJI[OI] d00TS/uIua1ed-gNuM/EXTS/LTINTIL

D uonowoig 9oue)sISaI Inip ‘sIsouaSoISue ‘UONRIJI[OI] QIDL/14AL/d00TS I90ued 3Uny [0 [[BWS-UON

(Tv) uonouwolid LA ‘UOISEAUT ‘UOLRISTIA dOOTS/LAV/AVA/LP I2oued ung

#€) uorssaiddng uoISeAUl ‘UOTjRISIA d001S/AVION VNIUT/dVA JoouED ISBAIq pUB Jodued Sun‘|

(€©) uonowold 2oue)SISAI I MIdVIN/AHIN/SVE/d00TS Iodued jsealq
(s30d) 9101 130w0xd/s0ssaxddns IOOURD Ul 9]0y Kemyped Jureusig ad£y 190uB)

Jowng,

‘saredronied Joo1S yoryam ur Aemyjed Surfeusrs ] 9[qeL,


https://www.spandidos-publications.com/10.3892/or.2025.8895

6 WANG et al: MULTIPLE ROLES OF S100P IN PAN CARCINOMA: BIOLOGICAL FUNCTIONS AND MECHANISMS

thereby promoting biological processes such as proliferation
and migration. Co-immunoprecipitation studies confirmed an
interaction between S100P and RAGE; however, the precise
mechanism underlying this interaction remains to be eluci-
dated (46). Following this, numerous researchers have further
explored this relationship. For instance, Onyeagucha er al (47)
demonstrated that S1I00P activates RAGE, which in turn influ-
ences the expression of miRNA-155 through the activator
protein-1 (AP-1) in colon cancer cells. Conversely, the inhibi-
tion of MAPK kinase (MEK) using dominant-negative c-Jun
(TAMG67) or through genetic suppression of c-Jun activation
attenuated AP-1 activity,leading to adecrease in miR-155 induc-
tion by S1I00P (47). Furthermore, they discovered that S1I00P
enhanced miR-21 expression via the RAGE pathway, with
ERK/MEK also playing a regulatory role (48). Additionally,
S100P was shown to stimulate the gene promoters of these two
miRNAs, enriching c-Fos and AP-1 family members (47,48).
Similarly, Shen et al (41) investigated the regulation of SOX9
on S100P and the RAGE/ERK pathway, further substantiating
the role of SIO0P in promoting tumor growth and invasion
within this signaling context in colon cancer.

In addition to the two highlighted pathways mentioned
above, S100P plays a significant role in various other signaling
pathways. In lung cancer, SI00P, in conjunction with trefoil
factor 1 (TFF1), enhances the activity of the TGF[ signaling
pathway, thereby promoting the proliferation and angiogenesis
of non-small cell lung cancer (NSCLC) through its interac-
tion with spread through air spaces (combined aerospatial
diffusion), a recognized aggressive mode in lung cancer (12).
Furthermore, in NSCLC, tripartite motif containing 27
inhibits the downregulation of sine oculis homeobox homolog
3 in the B-catenin signaling pathway, leading to an increase in
S100P expression, which facilitates tumor migration and inva-
sion (49). Notably, overexpression of Keapl and the knockdown
of Nrf2 both aim to decrease S100P expression independently;
additionally, Keapl inhibits Nrf2 expression, which further
suppresses the migration and invasion of NSCLC (50). In
lung adenocarcinoma, S100P enhances the secretion of
chemokines and polarizing factors in tumor-associated
macrophages (TAM) by activating the PKA/c-Jun pathway,
thereby promoting tumor growth (51). In the context of lung
cancer, IncRNA NORAD inhibits the Hippo/ yes-associated
protein (YAP) pathway, leading to a reduction in S100P
functional expression, which in turn suppresses both the
growth and metastasis of lung cancer (34). Regarding gastric
cancer, researchers have found that the effect of SIO0P on
the growth and apoptosis of gastric cancer cells is contingent
upon the expression of E-cadherin in tumor cells. Specifically,
S100P promotes the growth of cancer cells in patients with
E-cadherin-negative tumors while inhibiting the expression of
E-cadherin in tumor subpopulations, thus affecting the biolog-
ical behavior of these cells (52). In oral cancer, Wu et al (53)
demonstrated that B-cell lymphoma/leukemia 10 enhances the
progression of oral cancer by upregulating SIO0P through the
STAT1/activating transcription factor 4 axis, while simultane-
ously reversing P65 activation. In CRC, Trx-1 activates SI00P
gene transcription; concurrently, SIOOP promotes Trx-1 expres-
sion and nuclear localization by upregulating phosphorylated
ERK1/2 and downregulating thioredoxin-interacting protein
expression, facilitating CRC cell invasion and metastasis (54).

Additionally, another study indicated that increased prosta-
glandin E,/E-type prostanoid receptor 4 expression of SI00P
correlates with elevated ERK levels (55). In breast cancer,
Merry et al (33) found that epigenomic changes at the enhancer
level drive S1I00P upregulation, activating RAS/MEK/MAPK
pathways to compensate for trastuzumab's inhibition of
human EGFR2. LncRNA NORAD is repressed by the YAP
pathway and suppresses lung and breast cancer metastasis by
sequestering S1I00P (34).

6. Targeting S100P in cancer therapy

The high degree of tumor heterogeneity and the complexity
of the tumor microenvironment (TME) significantly influ-
ence the occurrence, development and prognosis of cancer
therapies. Consequently, this section summarizes the latest
advancements in S1I00P therapy.

Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a pleiotropic myelogenic growth factor and
pro-inflammatory cytokine that has clinical applications across
various indications, making it a promising target for cancer
treatment. Vaccines that incorporate GM-CSF in their therapy
may stimulate effective anti-tumor responses by promoting
the differentiation and activation of dendritic cells (56). One
study confirmed that the ‘hinge’ region of SIOOP and the F89
residues are involved in GM-CSF recognition. When the same
concentration of GM-CSF and S100P was introduced to THP-1
cells, their combined effect resulted in a significant reduction
in cell viability. In addition, the study predicted that GM-CSF
binding should inhibit SI00P from interacting with RAGE (57),
which aligns with the above-mentioned descriptions in the
signaling pathway section. Under physiological conditions
in vitro, S1I00P interacts specifically with GM-CSF and several
other four-helical cytokines (58). The similar effects of SI00P
binding to another four-helical cytokine, IFN-f, on MCF-7
breast cancer cell viability (59,60) suggest substantial potential
for GM-CSF therapies targeting SI00P. Currently, GM-CSF is
utilized either alone or in combination with chemotherapy, and
monoclonal antibody/cancer vaccines are undergoing clinical
trials against various cancers (56). Building on previous studies
regarding the relationship between IFN-f§ and S100P (59,60),
researchers have targeted SI00P in prostate cancer treatment
by modulating the interferon pathway. This study analyzed
differential gene expression in humans and dogs, revealing
that S100P and interferon-induced transmembrane protein-like
1 exhibited increased transcript abundance in both human
and canine prostate cancer. Furthermore, it was found that
members of the SI00P co-expressed gene community were
enriched in the interferon pathway (61).

Probe technology serves as a crucial instrument for both
detecting tumor lesions and targeting single gene therapies.
In 2020, Sun et al (62) developed a novel DNA aptamer,
AptS100P-1, specifically targeting the S100P protein in CRC.
This aptamer exhibits high specificity and affinity, effectively
binding to S100P to inhibit tumor growth (62). Although
ELISA, THC and mass spectrometry are widely recognized
diagnostic methods for protein biomarkers, they often involve
complex procedures that are unsuitable for large-scale sample
analyses (63,64). Surface-enhanced Raman spectroscopy, a
vibrational fingerprint spectroscopy technique, is renowned for
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its exceptional sensitivity and accuracy. Recent studies indicate
that scholars have employed this technology in conjunction
with molecular probe techniques to detect biomarkers such
as S100P, facilitating the early detection and assessment of
CRC (65,66).

Targeted therapy operates at the molecular level, focusing
on specific carcinogenic targets. It utilizes drugs or other inter-
ventions to disrupt, inhibit and prevent the occurrence, growth
and spread of tumors. In a recent study by Ahmed et al (67), a
small-molecule therapy for pancreatic ductal adenocarcinoma
was developed. Their approach successfully downregulated
the quadruplex expression of SIO0P using a tetrad sequence
designed to target discrete ‘signals’ within S1I00P. Furthermore,
the combination of the naphthalene diimide compound
QN-302 with the S100P promoter G-quadruplex significantly
reduced tumor proliferation. Although still under develop-
ment, QN-302 has been granted orphan drug status by the US
Food and Drug Administration for the treatment of pancreatic
cancer (67).

Additionally, the results of current clinical trials and the
breakthrough progress of SIOOP were summarized based on
data from PubMed. Due to the absence of reliable markers
for the early diagnosis of pancreatic cancer, the sensitivity
and specificity of routine serum CA19-9 are notably low.
Furthermore, imaging and minimally invasive tests do not
serve as universal screening tools. Consequently, researchers
in the US and Japan have made significant advancements
in the investigation of S1I00P in duodenal pancreatic juice
as a standard for the early diagnosis of pancreatic cancer
(ClinicalTrials.gov ID, NCT01699698).

In breast cancer research, an ongoing clinical diagnostic
study has identified SIOOP as one of the diagnostic criteria.
Compared to traditional mammography, Visualized Tissue
Metabolism is a functional imaging method that displays
metabolic intensity in real time using colors from the visible
spectrum. This technique can detect metabolic changes prior
to anatomical transformation. It offers advantages such as
the absence of radiation, the need for contrast agents, pain or
physical contact, and it can be utilized without restrictions
on exposure time. Although the study has not yet yielded
successful outcomes, it indicates significant potential for
detecting S100P before the formation of a lump or tumor
(ClinicalTrials.gov ID, NCT06045572).

In addition to the aforementioned S100P therapies, which
are still in the development stage, the current studies on
the prognostic modeling of S100P following clinical treat-
ment were also analyzed. In lung cancer, the combination
of S100P and TFF1 has demonstrated a poor prognostic
effect in two clinical trial cohorts [EGFR-tyrosine kinase
inhibitor (TKI) therapy and immunotherapy], adversely
affecting patient survival (12). Another study elucidates a
novel prognostic model incorporating SI00P and the TME,
which similarly indicates a poor prognosis in the context of
immunotherapy (68-70). Researchers have also integrated
S100P into the prognostic models of TME and TAM (71,72).
Yu et al (73) proposed the inclusion of drug sensitivity in
the risk prediction model, highlighting that S100P is highly
expressed in high-risk patients as a gene associated with drug
resistance. Zhou et al (74) identified specific drug resistance
genes, focusing on the S100P-based model following gefitinib
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Figure 3. The functional phenotypic roles of SIOOP in various tumors.
EMT, epithelial to mesenchymal transition.

and erlotinib treatment targeting EGFR-TKIs. They found that
high-risk patients exhibited a low immune infiltration score,
which holds significant potential for predicting drug responses
(e.g., Docetaxel and Sorafenib) (74). The study of tertiary
lymphoid structures (TLS) plays a crucial role in enhancing
therapeutic efficacy and in predicting and evaluating the
effectiveness of immunotherapy drugs. Consequently, some
scholars have developed a nomogram predictive scoring model
based on TLS, elucidating the relationship between S100P,
drug sensitivity, tumor mutation burden and cancer stem
cells (75). In the context of oxidative regulation, a prognostic
model based on oxidative stress factors has demonstrated that
S100P correlates with poor prognosis (76). Li et al (77) char-
acterized the interplay between immunity and hypoxia within
the TME as a prognostic model, revealing that SI00P also
indicates a poor prognosis. Autophagy serves as a key regulator
of programmed cell death; thus, researchers have integrated
autophagy and immune subtypes into a two-dimensional
index to construct a prognostic model, wherein the high-risk
group expressing S100P showed sensitivity to autophagy inhi-
bition (78). In cervical cancer (CC), the nicotinamide adenine
dinucleotide (NAD+) metabolizing-related gene S100P is
thought to contribute to cancer pathogenesis and can predict
survival and prognosis in CC. Targeting NAD+ is viewed as
a promising therapeutic approach in oncology (79). In CRC,
researchers have established prognostic models incorporating
urea cycle genes and immune-infiltrating cells, substantiating
that S100P is a reliable independent risk predictor (80). Given
the high recurrence risk associated with cancer, addressing the
reduction of recurrence probability post-treatment is a critical
concern. The expression model of SI00P associated with small
extracellular vesicles can effectively predict the risk of CRC
recurrence (20). Furthermore, another study highlighted the
role of S100P in predicting early recurrence following HCC
resection (21).

7. Limitations of S100P

While the significance of SIO0P in pan-cancer regarding its
biological functions and mechanisms has been highlighted
in the present review, its role in melanoma remains under-
explored. S100P is notably expressed in both primary and
metastatic melanoma (81,82); however, one study indicates
that its expression level is lower in metastatic melanoma
compared to normal tissues (82). This observation suggests
that SIO0P may have a negative role in more aggressive, dedif-
ferentiated melanoma. Furthermore, S1I00P lacks specificity in


https://www.spandidos-publications.com/10.3892/or.2025.8895

8 WANG et al: MULTIPLE ROLES OF S100P IN PAN CARCINOMA: BIOLOGICAL FUNCTIONS AND MECHANISMS

epidermal melanocytes. In normal skin tissue, SI00P is highly
expressed in the inner layer of the thoracic duct and in the
ducts of eccrine sweat glands; however, melanocytes exhibit
strong immunoreactivity to SI00A4 (83).

8. Other contents of S100P

In contrast to the interrelated research content discussed
previously, this section presents relatively independent
studies on S100P regarding clinical prognosis and signaling
pathways. In small cell lung cancer, SIOOP is highly
expressed and negatively correlates with overall survival
(OS) and progression-free survival (PFS) (12,84). In hepa-
tocellular carcinoma, S100P is also highly expressed and
negatively correlates with OS and recurrence-free survival
(RFS) (21,85). In intrahepatic cholangiocarcinoma, elevated
S100P levels are associated with OS and PFS (15,86). In
gallbladder cancer, increased S100P indicates a reduction in
OS (87,88). In breast cancer, elevated SI00P has been shown
to negatively correlate with RFS (89-91). In ovarian cancer, an
increase in S1I00P has been found to correlate with a decrease
in OS (92,93), as detailed in Table I. Regarding signaling
pathways, in addition to the PI3K/AKT and RAGE/ERK
pathways discussed earlier, SIO0P plays significant roles in
other pathways as well. For example, in endometrial cancer,
S100P promotes cancer cell proliferation by regulating
[-catenin (94). In pancreatic cancer, SI00P facilitates cancer
cell migration through the BMP/Smad4/S100P axis (95), as
detailed in Table II.

9. Conclusion

In this review, the potential of the SIO0P gene as a biomarker
was thoroughly explored, highlighting its critical role in
cancer metastasis and the associated regulatory mechanisms.
S100P is not only upregulated in various tumor types but
also closely linked to tumor aggressiveness and metastatic
potential (Fig. 3). The upstream regulatory factors of S100P
were analyzed and several signaling pathways were identified,
including PI3K/AKT and RAGE/ERK, which underscore its
multifaceted roles in tumor cell biology, such as promoting
cell proliferation, migration and anti-apoptotic processes.
This analysis offers a new perspective on understanding the
functions of S100P within the TME.

These findings provide new insights into the mechanisms
by which S100P is involved in cancer metastasis and establish a
foundation for future targeted therapeutic strategies. Targeting
S100P presents promising prospects and could yield new treat-
ment options for cancer patients. Furthermore, future research
should utilize genomic and proteomic approaches to further
explore the functional differences of SIO0P across various
tumor types and its potential for clinical application, with the
aim of enhancing cancer patient prognoses. The conclusions
drawn from this review offer a novel perspective on the role
of S100P in cancer research and clinical practice, and more
in-depth findings in future studies may be anticipated.
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