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Abstract: The receptor for advanced glycation end products (RAGE) is a member of the immunoglob-
ulin family that is overexpressed in several cancers. RAGE is highly expressed in the lung, and its
expression increases proportionally at the site of inflammation. This receptor can bind a variety of lig-
ands, including advanced glycation end products, high mobility group box 1, S100 proteins, adhesion
molecules, complement components, advanced lipoxidation end products, lipopolysaccharides, and
other molecules that mediate cellular responses related to acute and chronic inflammation. RAGE
serves as an important node for the initiation and stimulation of cell stress and growth signaling
mechanisms that promote carcinogenesis, tumor propagation, and metastatic potential. In this review,
we discuss different aspects of RAGE and its prominent ligands implicated in cancer pathogenesis
and describe current findings that provide insights into the significant role played by RAGE in cancer.
Cancer development can be hindered by inhibiting the interaction of RAGE with its ligands, and this
could provide an effective strategy for cancer treatment.

Keywords: cancer; RAGE; RAGE inhibitor; targeted therapy; end products

1. Introduction

Cancer is a leading cause of mortality globally—it is estimated to have accounted for
10 million deaths in 2020, which is approximately one-sixth of all deaths worldwide. In
2020, the most prevalent cancers were lung, breast, colorectal, prostate, skin (nonmelanoma),
and stomach cancers, with 2.21, 2.26, 1.93, 1.41, 1.2, and 1.09 million cases, respectively.
The most prevalent causes of cancer-related deaths were lung, colorectal, stomach, liver,
and breast cancers, which accounted for 1.80, 0.935, 0.769, 0.83, and 0.685 million deaths,
respectively [1].

Receptor for advanced glycation end products (RAGE) is a 45 kDa multiligand trans-
membrane receptor in the immunoglobulin (Ig) superfamily that plays an important role
in pathophysiological activities and has attracted considerable attention for therapeutic
applications [2,3]. RAGE expression is highly downregulated in lung cancers, whereas its
ligands are widely overexpressed. In rat lungs, its expression is gradually increased from
the fetal stage until birth and is high in the mature stage. However, RAGE is either not
expressed in non-small cell lung cancer (NSCLC) tissues or its expression is significantly
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reduced compared with that in normal lungs, leading to reduced RAGE levels, which con-
tribute to the impairment of cells, differentiation, as well as arrangement of the epithelial
structure, with associated oncogenic transformation. RAGE is thought to be associated
with the development and invasiveness of lung tumors, as well as angiogenesis, and is thus
assessed as a diagnostic marker for lung malignancy. However, Hsieh et al. reported the
extensive expression of RAGE and its ligand, S100A6, in human lung cancer, suggesting a
possible role of RAGE-mediated signaling in the development of this cancer [4–10]. Recent
findings confirm that RAGE levels are increased in various malignancies, including breast,
pancreatic, prostate, colorectal, gastric, and liver cancer [2,11–14]. Because of its ability
to discriminate between a wide range of structurally distinct endogenous and exogenous
ligands, RAGE is classified as a pattern recognition receptor (PRR) and damaged-associated
molecular pattern (DAMP) [15]. RAGE is present at moderate concentrations in most
organs, except the lung, where it is highly expressed in alveolar (AT-1) epithelial cells [16].
RAGE can interact with multiple ligands, including AGEs, high-mobility group box1
(HMGB1), S100/Calgranulins family members, β-sheet fibrils, prions, adhesion molecules,
complement components, advanced lipoxidation end products (ALEs), lipopolysaccharide,
and others [17,18].

In identical tumor types, increased RAGE expression has been associated with in-
creased tumor histological progression [10,13,19–22]. In vitro and in vivo experiments re-
vealed that deletion of the short cytoplasmic domain of RAGE exerts a dominant-negative
effect, impairing the signal transduction response to the RAGE ligand. The cytoplasmic
RAGE domain is strongly charged and is critical for signaling and activation. Ligand–RAGE
interaction stimulates cellular transport and many signal transduction cascades, including
mitogen-activated protein kinases, phosphatidylinositol 3-kinase, Jak/STAT, and, most
notably, the Rho GTPases, Rac-1 and Cdc-42 [11,23–29]. The expression of RAGE has been
shown in a variety of human and mouse tumors, including pancreatic, breast, and colonic
carcinomas, fibrosarcoma, and melanoma cell lines. A murine model with high RAGE
expression has also been reported. RAGE and its ligand, HMGB1, were also found to
be expressed in a murine model [30]. Recent studies suggest that RAGE–ligand interac-
tions affect cellular responses, such as proliferation, survival, migration, and metastasis
by activating MAP kinase (Erk1/2), Ras-extracellular signal-regulated kinase, Cdc42/Rac,
stress-activated protein kinase/c-Jun-NH2–terminal kinase, and p38 mitogen-activated
protein kinase [11,14,20,23,24,27,30,31]. RAGE also induces an NF-κB response. NF-κB is a
transcription factor that protects against apoptosis, inducing antiapoptotic genes, such as
A1, A20, XIAP, Bcl-2, and Bcl-XL, which are crucial for cell survival under constant cellular
stimulation [32,33].

Full-length RAGE comprises a signal peptide (residues 1–22), an extracellular domain
(residues 23–342) flanked by V, C1, and C2 domains, a transmembrane domain (residues
343–363), and a cytoplasmic domain (residues 364–404) as shown in Figure 1A,B. The C1
domain has basic amino acids on the surface, whereas the C2 domain is negatively charged,
which offers the ability for dimerization of RAGE [34]. Among the RAGE domains, Gln119
in the V domain is implicated in beta-sheet H-bonding with Tyr150 on the C1 domain,
exhibiting hydrophobicity between H-bonds. In addition, in the C1 domain, an H2O
molecule connects to the amide nitrogen of Ile120 via the backbone atoms of Glu119
and Arg29 in the V domain. As hydrophobic interactions occur between the backbone
atoms of Pro215 via the C1 F-G loop and Tyr118 via the C1 B-C loop and Ile91, the V and
C1 domains of RAGE are consistently conserved and the VC1 domains have the same
components [35,36]. The V and C1 domains, which form an integrated unit, VC1, are
involved in the binding of RAGE with its ligands; however, the C1 domain also plays
an important role in the identification of ligands [35–38]. Binding to RAGE involves
homodimerization or oligomerization, characterized by different mechanisms that involve
amino acid residues in the V and transmembrane domains [36,39]. Because RAGE monomer
shows poor binding with monomeric ligands, binding to RAGE requires its oligomerization,
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which involves high-affinity binding between the receptor and ligand. Oligomerization of
RAGE is mediated by the self-association of C1-C1 and C2-C2 domains [35,40,41].
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Figure 1. (A) Head-to-toe organization of receptor for advanced glycation end products (RAGE),
consisting of a signal protein (residues 1–22), extracellular domains (V (residues 23–116), C1 (residues
124–221), and C2 (residues 227–317), a transmembrane domain (residues 343–363), and a cytosolic
domain (residues 364–404); and (B) a hypothetical model of the extracellular region of RAGE with V,
C1, and C2 domains.

Different isoforms of RAGE, including full-length RAGE, dominant-negative RAGE, N-
truncated RAGE, and C-truncated secretory/soluble RAGE, have been reported. Excessive
accumulation of RAGE on the cell membrane leads to multiple stimulatory and immuno-
logical responses [42–44]. RAGE expression is high in vascular and cancer cells. It binds
to different ligands including calgranulin family proteins, HMGB1, amyloid β-peptide,
β-sheet fibrils, advanced oxidation products (AOPs), Mac-1, and phosphatidylserine. The
binding of these ligands to RAGE stimulates MAPK and NF-κB, which induces cellular
proliferation as shown in Figure 2A [23,26,45–49]. Moreover, excessive RAGE expression
prevents cell death under hypoxia and chemotherapy in cancer cells [27,50]. Studies on
diabetes mellitus and hyperglycemia reveal a connection with breast cancer. RAGE, as a
PRR, is implicated in inflammatory diseases, and its stimulation in concert with diabetes
contributes to the progression of cancer [51–53].

Calgranulins are small cell signaling proteins with Ca-binding sites and EF-hand
motifs. These S100 family members act as stimulatory ligands that ensure interaction
between two or more monomers for intracellular and extracellular processes and are
responsible for cell growth, differentiation, and mobility [2,54,55].

The shortage of oxygen in tumors necessitates the glycolytic metabolism of glucose
to fulfill the energy needs and is associated with the increased formation of advanced
glycation end products (AGEs). Carboxymethyllysine (CML) is a lysine glycation end
product that has been identified as one of the most prominent AGEs of tissue proteins.
RAGE is a receptor for AGEs in various human malignancies; nonetheless, the presence of
AGEs in human malignancies has largely been unexplored [26,45,56,57].
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Figure 2. Schematic illustration of the functions of a receptor for advanced glycation end products
(RAGE) in the cancer microenvironment: (A) binding of RAGE and its ligands promotes angiogenesis
and cancer development by upregulating PKI3/mTOR/Akt, MAPKs, MMPs, VEGF, NF-κB, and
downregulating p53 signaling; (B) secretion of HMGB1 from inflamed or injured cells followed
by its binding with RAGE results in the increased release of proinflammatory cytokines via NF-
κB activation and ensuing harmful inflammatory responses; (C) HMGB1 operates via NF-κB and
epigenetic pathways in the cancer microenvironment to exert its long-lasting effects on surviving
tumor cells, immune cells, and stromal cells. Together with STAT3, NF-κB controls genes that
promote metastasis, angiogenesis, and cancer development; (D) upregulation of VEGF leads to
angiogenesis resulting in cancer progression; and (E) increased expression of MMPs and MMPKs
promotes metastasis in various cancers.

Amphoterin (HMGB1) is an electrically neutral non-histone protein involved in tran-
scription, DNA repair, differentiation, neural development, and extracellular signaling,
and has a plausible connection with cancer. HMGB1 is a cytokine released by monocytes
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and macrophages or other cells, except for apoptotic cells. It is responsible for the patho-
genesis of various inflammatory diseases and is involved in the secretion of inflammatory
cytokines [10,22,58,59]. The interaction of RAGE/TLRs with HMGB1 is associated with
the growth, progression, and metastasis of malignant tumors [60,61]. The binding of
HMGB1 with RAGE promotes chemotaxis and the secretion of cytokines, which corre-
sponds with the activation of NF-κB [62,63]. Because RAGE and its ligands are implicated
in many malignancies, small molecules that target RAGE and its ligands may help treat
various tumors.

In the present review, we discussed various aspects of RAGE and its prominent ligands,
which are implicated in cancer pathogenesis, and summarized the recent findings that will
provide novel insights into the significant role of RAGE and its ligands in cancer.

2. Immunotherapy for Cancer Treatment

Immunotherapy, in which immune cells are stimulated to destroy cancer cells, has
gained significant attention among researchers and physicians as a valuable therapeutic
option besides chemotherapy and targeted therapy. Exciting clinical remissions have
been reported in incurably ill cancer patients with no other treatment options, which
have laid the framework for many innovative cancer immunotherapies that are presently
being investigated in clinical trials. However, the treatment outcomes of this remarkable
approach are only relevant in 20–30% of all cancers [64–66]. Immunotherapy, often known
as biological therapy, is a type of cancer treatment that involves the use of chemicals or
molecules derived from living organisms (e.g., cancer vaccines, checkpoint inhibitors,
immune system modulators, monoclonal antibodies, and T cells Lymphoma). Checkpoint
inhibitors are increasingly being used in immunotherapy [67,68]. RAGE and its ligands are
located on the surface of cells, including tumor cells and immune cells, providing avenues
for cancer therapy using specific inhibitors.

3. Carbonyl Stress and RAGE Ligands in Cancer
3.1. Advanced Glycation End Products (AGEs)

AGEs are products of nonenzymatic glycation, in which the bases of DNA react
with reducing sugars, such as glucose, fructose, or deoxyribose, to form a Schiff’s base,
which can lead to the formation of an Amadori product through an enamine intermediate.
Furthermore, AGEs can also be formed through a variety of different processes, such as
the oxidation of sugars, lipids, and amino acids, which produce active aldehydes that
eventually become AGEs. The Amadori product undergoes dehydration, cyclization, con-
densation, and isomerization, culminating in the production of AGEs [69]. The formation of
AGEs is typically associated with increased free radical activity. AGEs can modify cell mem-
branes and account for gene alterations leading to the malignant transformation of cells [70].
N-carboxyethyllysine (CEL), N-carboxymethyllysine (CML), methylglyoxal lysine dimer
(MOLD), glyoxal lysine dimer (GOLD), and pentosidine are some of the AGEs that have
been identified. Regardless of their different nature or the state of cross-links, different
AGEs are known to be important in the development of a variety of diseases, including
cancer [71]. Diabetes is defined by elevated oxidative stress conditions. Experimental data
have demonstrated an increased risk for numerous types of cancers in diabetic patients.
Hyperglycemia promotes oxidative stress in various cells through numerous metabolic
pathways and causes oxidative DNA damage, which is a precursor to carcinogenesis.

Accumulating evidence implicates AGEs in aging, diabetes, and cancer. The interac-
tion of RAGE with AGEs causes oxidative stress, which in turn promotes the production of
AGEs and increases their interaction with RAGE [72]. RAGE–AGE interaction promotes the
activation of the PI3K, oncogenic Ras, PKC, and Rho/GTPase (Cdc42 and Rac-1) signaling
pathways shown in Figure 2, which leads to cell growth, stress responses, apoptosis, the
release of growth factors and proinflammatory cytokines, and motility via changes in
cellular properties [73,74]. Clinical evidence shows that individuals with oral cancer who
also have diabetes mellitus have a higher risk of cancer spread and have lower survival
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rates [75]. The binding of RAGE with AGEs in human oral cancer cells is associated with
metastasis and angiogenesis [75]. The interaction results in oxidative and glycation stress
and its products may have life-threatening repercussions in the lung, oral, prostate, and
breast cancers. Pathways, such as p38 MAPK, NF-κB, TNF-α, and AGE–RAGE interactions,
may play a vital role in cell growth, propagation, apoptosis, and metastasis [76]. Treatment
options remain insufficient for many tumors. We perceived certain important pathways
that may play a key role as therapeutic targets in diverse types of malignancies.

3.2. High-Mobility Group Box1

HMGB1 is made up of an N-terminal A segment (residues 1–83), a B segment (residues
88–164), and a C-terminal acidic tail [77]. Receptors for HMGB1—RAGE and Toll-like
receptors (TLRs)—exist on the surface of white blood cells as well as on endothelial cells;
RAGE and TLRs activate the expression of NF-κB, which is responsible for the activation of
genes encoding adhesion proteins as well as inflammatory cytokines and proangiogenic
factors. HMGB1 influences the maturation and progression of liver, breast, colon, and
gastrointestinal cancers [50,78–83]. It regulates the MAPK pathway in gastric, renal, colon,
and liver carcinogenesis in mice. HMGB1 is primarily found in the nucleus, although it can
translocate to the cytoplasm in response to cellular stress and injury. Through interaction
with Bcl-1 and dissociation from Bcl-2, it regulates autophagy and apoptosis [21,79,84–87].

In vitro and in vivo studies revealed that HMBG-1 promotes PGDF activity and ex-
pression of the vascular endothelial factor. The expression of HMGB1 involves various
autocrine/paracrine factors, which are responsible for the positive feedback mechanism to
its receptors. HMGB1 stimulates and promotes the expression of proangiogenic genes in
endothelial cells. It may bind various receptors, including RAGE, TLRs, and syndecan-1
(CD138), which activate NF-κB and ERK1/2 (Figure 2C). It can also bind lipid molecules,
such as sulfatide and phosphatidylserine lipids, and can react with lipopolysaccharides
and modify CD14 via TLR4-mediated signaling.

Extracellular HMGB1 interacts with RAGE to increase the release of proinflamma-
tory cytokines via NF-κB activation, which is responsible for harmful inflammatory re-
sponses [88–92].

The binding of HMGB1 with RAGE through its carboxyl-terminal tail can stimulate
RAGE, a criterion for cell motility; its binding to RAGE has a synergistic effect with a
dominant inhibitor in stopping the progression of cancer [93]. HMGB1 is characterized by
two homologous HMG-boxes, box A and box B, which are linked through linker proteins,
approximately 30 and 20 amino acids long. HMGB1 acts as a chaperone to facilitate the
incredibly quick binding of transcription factors to DNA [23,94,95]. It plays a very impor-
tant role in the binding of the tumor suppressor protein, p53, to DNA. HMGB1 decreases
p53 expression, which causes DNA damage [94,96,97]. HMGB1 binds to the V domain of
RAGE, driving dynamic protein concatenation as well as cell migration via GTPases, such
as Cdc42 and Rac; the RAGE binding site is in the HMGB1 box B at amino acid residues
150–183 [98]. In vitro, the binding of HMGB1 with RAGE and its effects through NF-κB
have been documented in numerous types of cancers, including human pancreatic cancer
(BxPC-3), human hepatocarcinoma (HUH7, H22, HCC), human fibrosarcoma (HT1080),
human NSCLC, human bladder carcinoma (5637, BIU (Colo320 and WiDr)), human re-
nal cell carcinoma (CCRCC), murine lung cancer (Lewis cells), mice hepatocarcinoma,
and human gastric carcinoma (BGC-823, SGC-7901, MKN-28, and MKN-45); its effects
mediated through Bcl-2 have been reported in mouse neuroblastoma (Neuro2a), human
neuroblastoma (SH-SY5Y), and human nasopharynges (MCF-7) [11,78,80,84–86,99–113].

3.3. S100/Calgranulin Family of Proteins

Ca2+ is a second messenger that regulates nerve conduction, muscle contraction, cell
motility, gene expression, cell mortality, and necrosis. Ca2+ signaling is controlled by
calcium-binding proteins, which regulate Ca2+ concentration in the cytoplasm [87,114–116].
S100 proteins are a family of calcium-binding proteins, which are involved in calcium
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homeostasis [117]. In addition, S100 proteins also bind Zn2+. S100 proteins, such as
S100B, S100A6, S100A7, S100A8, S100A9, S100A10, and S100A12, are EF-hand calcium-
binding proteins that form homo- and heterodimers. Cysteine and histidine are major
constituent amino acids in these proteins. These proteins undergo a structural change
upon calcium-binding, which is responsible for protein–protein interaction. The protein–
protein interaction site of S100B contains hydrophobic and polar residues required for
high binding affinity. S100B functions extracellularly in a cytokine-like manner and shows
unique interaction with RAGE [55,118–120].

3.3.1. S100A4/Calvasculin

S100A4, also known as calvasculin/metastatin/placental calcium-binding protein/
protein Mts1, is abundantly expressed in various cancers. Its expression is associated with
malignant growth. It affects various cellular processes, such as angiogenesis, metastasis,
and cell growth, and also increases the expression of matrix metalloproteinases [121–124].
The binding of S100A4 with RAGE increases MAPK/ERK and hypoxia signaling [123–125].
In vitro, the activation of NF-κB upon the interaction of S100A4 with RAGE has been
reported in various cancer cells, including human osteosarcoma (II-11b), human melanoma
(A375, B16-F10), and human pancreatic cancer (BxPC-3) cells [110,126–129]. The expres-
sion of S100A4 is increased in breast cancer in humans, rats, and mice and metastatic
cells compared with that in nonmetastatic cells [130,131]. Stimulation of II-11b cells by
extracellular S100A4 results in increased NF-κB and JNK activation. S100A4 was shown to
stimulate the expression of NF-κB, ERK/2, p38MAP kinase, and JNK in other cell systems.
The binding of S100A4 with RAGE was reported to stimulate NF-κB, resulting in an in-
crease in MMP-13 expression in chondrocytes. Also, through its NF-κB promoting activity,
S100A4 activates IKK, following its binding to RAGE. S100A4 can promote angiogenesis
via annexin II, and through interactions with heparan sulfate proteoglycans, it promotes
neurite outgrowth. S100A4 can interact with various receptors to transmit varied biological
information [124,132–137].

S100A4 has a 12-amino acid calcium-binding domain at the C-terminus and an N-
terminal pseudo-EF-hand with 14 residues [127,138]. It is a homodimer with noncovalent
interactions between helices 1 and 4, and is responsible for the X-type four-helix bundle;
both subunits have two EF-hand calcium-binding domains that have an N-terminal pseudo-
EF hand and a C-terminal canonical characteristic EF-hand with a small two-stranded
antiparallel β-sheet [139–141]. S100A4 undergoes a significant conformational change in
the canonical EF-hand upon calcium binding, resulting in the exposure of the hydrophobic
binding pocket composed of helices 3, and 4, the hinge region (loop 2), and the C-terminal
loop region. In two crystal structures of calcium-bound S100A4, the hydrophobic cleft of
each subunit is occupied by the C terminus of an attached dimer, which is responsible for
the formation of S100A4 oligomers that were detected extracellularly [142]. The calcium-
binding site of S100A4 is located at the C-terminal end of helix 1, and Ca2+ is coordinated
via the backbone carboxyl group at Ser20, Glu23, Asp25, Lys28, the side-chain carbonyl of
Glu33, and an H2O molecule. The two binding sites are contiguous in space and involve
hydrophobic interactions between Lys28 from site 1 and Glu69 from site 2 [125,135,140–142].

3.3.2. S100A6/Calcyclin

Homodimeric S100A6 (10–11 kDa) is a calcium-binding protein that is believed to
also interact with Zn2+. S100A6 belongs to the calgranulin family and is involved in the
propagation of calcium signals. It is conspicuously located in the cytoplasm although it
has also been detected in the extracellular matrix and various body fluids. It is highly
expressed in the muscles, lungs, kidneys, and brain. The signaling pathway is aided by the
extracellular binding of S100A6 with RAGE. Calcium binding induces a conformational
change in S100A6, which increases its hydrophobicity and allows for interaction with target
proteins. Elevated levels of S100A6 have been observed in epithelial cells, fibroblasts, and



Int. J. Mol. Sci. 2023, 24, 266 8 of 36

several types of tumor cells. The function of S100A6 is unknown; however, it is thought to
be involved in cell propagation, cytoskeletal dynamics, and tumorigenesis [25,143–146].

S100A6 functions as a homodimer formed by noncovalent interactions and binds
two Ca2+ per monomer, each through an EF-hand structure composed of two helices
connected by a short loop region. S100A6 can also bind two Zn2+ per monomer and can
serve as a Zn2+ chelator mostly in the cytoplasm, but also outside the cell. Under conditions
of increased Ca2+ concentration, S100A6 can associate with the nuclear envelope and
plasma membrane [147,148]. The role of S100A6 signaling in breast cancer has previously
been reported; it promotes the function of cacy/SIP, which is related to tumor invasion
and metastasis by increasing β-catenin levels. In contrast, S100A6 levels are decreased
in human breast cancer cell lines [143,149,150]. The binding of S100A6 with the V and
C2 domains of recombinant RAGE has been reported. Studies have shown that the C1
and C2 segments, as well as their associated linker, configure a binding site for S100A6.
Isothermal titration calorimetry for the binding of mutant S100A6 with the V domain of
RAGE revealed the involvement of basic charged amino acids, Lys44, Arg48, Arg98, Arg104,
and Lys107, and Met102, and Gly106, which form a hydrophobic region. Gly47, Leu49,
Glu50, Gln100, Asn103, and Asn105 interact with mutant S100A6, allowing proximity
of the basic amino acids to adjacent surfaces on the V domain of RAGE. Gln24, Thr28,
Arg62, Asn63, Lys64, Gln66, Asn69, and Phe70 are the S100A6 amino acid residues in the
protein–protein interface as shown in Figure 3A,B [151,152]. S100A6 is overexpressed in
breast, stomach, and pancreatic cancers, as well as in thyroid carcinoma, clear cell renal
cell carcinoma, and mixed lineage leukemia. Its expression is low in prostate and oral
cancer, and it is used as a diagnostic or predictive marker in pancreatic, gastric, and prostate
cancers, melanoma, NSCLC, and hepatocellular carcinoma [54,153–158].
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3.3.3. S100A7/Psoriasin

S100A7/psoriasin is a 12 kDa EF-hand calcium-binding protein in the S100 family
that promotes cell migration through RAGE in a zinc-dependent manner. Extracellular
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expression of S100A7 is primarily associated with squamous cell cancer subtypes, namely
lung cancer, head and neck cancer, cervical cancer, and bladder cancer, as well as with
nonsquamous cancer subtypes, such as melanoma, breast cancer, and gastric cancer. S100A7,
like S100A6, occurs in a homodimeric form with two Ca2+ EF-hand motifs and two Zn2+

ions at the binding site that span the dimer interface. S100A7 has been postulated to be
involved in cell propagation, relocation, invasion, and tumor metastasis. Its expression
is higher in cervical cancer compared with that in normal cervical tissues. The binding
of S100A7 with RAGE activates the ERK signaling cascade, promotes cell mesenchymal
competence, and induces epithelial–mesenchymal transition. Human S100A7 induces IL-
1α expression in keratinocytes through RAGE-p38 MAPK-calpain-1 signaling (Figure 1A,B),
and psoriasis-associated cytokines, such as IL-17a, IL-22, and IL-36, may upregulate S100A7
expression in keratinocytes [159–170]. Each monomer of the homodimer begins with helix
I (Gln4 to Lys18), which leads through the first loop (Tyr19 to Asp27) into helix II (Lys28 to
Phe39) where Pro40 results in a breach in the systematic helical pattern and a small turn
linker helix II′ (Asn41 to Lys48) ensues in a different direction; this is followed by helix III
(Tyr53 to Lys61), the calcium-binding loop (Asp62 to Asp72), and helix IV (Phe71 to Gln88).
The zinc-binding site on S100A7 is mostly comprised of two histidines, His86 and His90, in
the C terminus, and is located next to the end of helix IV [170].

3.3.4. S100A8/Calgranulin-A and S100A9/Calgranulin-B

Cytosolic calcium regulates various cellular functions. Notably, calcium-binding
proteins are important molecules in signal transduction, differentiation, and cell cycle
regulation. S100A8/CACA/CFAG/MRP8 (10.8 kDa) and S100A9/MRP14 (13.2 kDa) are
calcium-binding proteins expressed by neutrophils and activated monocytes. At basal
concentrations, S100A8 and S100A9 display growth-promoting effects upon binding RAGE.
Their binding to RAGE is implicated in breast cancer metastasis and stimulates the phos-
phorylation of LIN-11, IsL-1, and MEC-3 protein domain kinase, as well as cofilin. The
binding of S100A8 and S100A9 with RAGE stabilizes Snail via NF-κB, enhances lung metas-
tasis, and improves mesenchymal properties [171–173]. In vitro and in vivo data reveal
homodimerization of S100A8 and S100A9, forming calprotectin; the resulting isoform may
play a variety of roles in phagocyte physiology. S100A8 and S100A9 are found in the cyto-
plasm of neutrophils, monocyte membranes, plasma, and other body fluids. Calprotectin
expression is associated with rheumatoid arthritis, autoimmune diseases, cystic fibrosis,
chronic bronchitis, acute allograft rejection, gut irritation, inflammatory dermatoses, and
abscesses, and it is a relevant marker for medical diagnosis [174–178]. RAGE is a key
receptor of S100A8 and S100A9 in tumor cells, whereas TLR4 is a major receptor for both
these ligands in macrophages.

Carboxylated N-glycans are expressed on RAGE, for example, on immune and tumor
cells, which mediate S100A8/A9 and RAGE binding, promoting receptor-mediated signal-
ing and pathogenesis. In colon cancer, S100A8 and S100A9 induce RAGE- and carboxylated
glycan-dependent phosphorylation of ERK1/2 and SAPK/JNK, but in prostate and breast
cancer, they promote p38 phosphorylation. The binding of S100A8/S100A9 on RAGE
and carboxylated glycan in colon cancer activates the NF-κB pathways, resulting in a
life-threatening link between inflammation and cancer. S100A8 and S100A9 are recognized
as novel target genes in hepatic carcinoma cells during inflammation-mediated liver car-
cinogenesis [179–185]. Individually, S100A8 and S100A9 domains for the calcium-binding
loop are fully conserved, and Ca2+ binds to the EF-hand I, which exhibits additional varied
sequences correspondingly, as in the crystal structures with specific ligands. In the homod-
imers of S100A8 and S100A9 with calcium-binding sites at the N terminus occupied, each
monomer is held together by a hydrophobic core of conserved sequences. Homodimers
are stabilized by interactions of hydrophobic sidechains among these helices. S100A8
homodimer interaction takes place at the surface of each monomer between Leu72 and
Ile76, whereas S100A9 interaction takes place on S100A8 at the site of Ile76 in a single chain
that connects two helices. S100A9/S100A8 connection provides extra balance to the S100A9



Int. J. Mol. Sci. 2023, 24, 266 10 of 36

subunit and promotes transition for a stretch of 6–14 amino acid residues at the C-terminal
end, α-helix customs a disorganized state to α-helical configuration through increased
electron compactness. S100A8 and S100A9 heterodimers have disulfide bridges between
S100A9 at Asp30, and in S100A8 at His83 and His87, these amino acids participate in the
binding of two Zn+ ions [186–189].

3.3.5. S100A14/S100 Calcium-Binding Protein A14

S100A14 is an 11.6 kDa protein belonging to the S100 family. It has an N-glycosylation
site, a protein kinase phosphorylation site, and an N-myristoylation motif [190]. S100A14
is highly expressed in some types of cancers, including ovarian, breast, and uterine can-
cers, and at low levels in the kidney, colon, and rectal cancers [191,192]. The binding of
extracellular S100A14 with RAGE has been shown to control proliferation and apoptosis
in esophageal cancer cells, and cell proliferation and invasion in oral squamous cell car-
cinoma [193–195]. Although the expression level and living purposes retain a tissue or
malignancy character, S100A14 has been reported to remain contrary expressed in several
human melanomas responsible for diverse life progression including propagation, apopto-
sis, cell motility keratinocytes variation, and motion transduction. S100A14 triggers the
MAPK pathway, which causes lung adenocarcinoma, epithelial-mesenchymal transition
cervical cancer cells, and metastatic breast cancer cells to proliferate. The interaction of
RAGE and S100A14 is associated with increased cancer growth. However, S100A14 has
been found to hinder gastric malignancy metastasis by hindering Ca2+ entry by limiting
the FAK signaling pathway and MMP expression. In vivo and in vitro data demonstrate
that S10014 inhibits NPC cellular motility via the NF-κB signaling pathway; moreover, it
has been discovered that overexpression of S100A14 lowers the risk of NPC resistance to
cisplatin [192,196–200]. Although the involvement of S100A14 in the translocation from
the cytosol to the plasma membrane in breast cancer is well known, S100A14 has also
been discovered to play a dynamic role in bladder cancer and growth. S100A14-related
genes may be useful for detecting cancer in the peripheral blood of patients with advanced
cancer. In vivo data reveal that the S100A14 gene is regulated by p53, which is associated
with esophageal squamous cell cancer. Exogenous S100A14 ligation with RAGE on ESCC
cell lines reported that a low dosage of exogenous S100A14 activates ERK1/2 and NF-κB
signaling, stimulating cell proliferation or increasing cell endurance, as shown in Figure 1A.

On other hand, a higher amount of S100A14, can cause apoptosis and increase the
generation of reactive oxygen species. Exogenous S100A14 stimulates cell proliferation or
promotes apoptosis at different doses based on in vitro findings [201–206]. An S100A14
monomer interacts with aromatic amino acids in helix I at position Phe29 and in helix IV
at positions Phe80, and Phe84, and additionally Trp85, which aids in helical orientation
and maintains contact between two subunits. Numerous hydrophobic residues make
the monomer–monomer on the helix I connection through helix I0 and helix IV0, and the
various connection link residues in helices IV and IV0 become constant. The association
between two monomers was intended to be enhanced by residues 53–57 in the hinge loop,
which was recognized by residues at the N-terminal of helix I0 and the C-terminal segment
of helix IV. As a result, it is said that S100A14 takes a conformation distinguished from
that of the canonical apo arrangement, and that the Ca2+ loaded from helices II and III are
almost antiparallel, employing the canonical apo arrangement of S100 proteins. However,
the superimposition of the current structure of S100A13 with the structures of the apo
and holo forms of S100A13 reveals a well-structured fold that used the last N-terminal
of S100A14 with 13 residues for the Ca2+-binding loop, and another Ca2+-binding loop
reported at the end C-terminal of S100A14 [190,207–212].

3.3.6. S100A16/S100 Calcium-Binding Protein A16

S100A16/S100F is a 10–12 kDa protein with the EF-hand Ca2+ binding motif signif-
icantly regulated in lung, ovarian, prostate, and breast cancers [140,213,214]. S100A16
mRNA has been found in a variety of tissues, including the brain, as astrocyte-specific
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glioblastoma cells, where it has been shown to accumulate in nucleoli and translocate
to the cytosol in response to Ca2+ stimulation, implying that it may perform a role in
ribonucleoprotein complex processing, gene silencing, or cell cycle development. The
identified nuclear localization signal is absent in S100A16, as it is in other members of
the S100 family. Phosphorylated S100A16 protein has been discovered in the nucleoli
of HeLa cells, indicating that phosphorylation of S100A16 may play a role in nuclear
translocation. S100A16 binds a single Ca2+ monomer at each atom, and it also binds Zn2+.
However, the Ca2+ and Zn2+ binding sites are at distinct sites [215–218]. S100A16 expres-
sions, mutually with S100A14, have been linked to a dangerous condition in patients with
breast cancer; both proteins, in cooperation, can increase the aggressive activity of breast
cancer cells via cytoskeleton functions. In MCF-7, high S100A16 accumulation supports
epithelial–mesenchymal transition via the Notch-1 pathway, whereas low accumulation
in oral squamous cell carcinoma patients is associated with deficient progenesis. It has
been shown that the expression S100A16 in various malignancies is highly correlated with
high prognostic outcomes. S100A16 in comparison to S100A14, in single cooperation in
oral squamous cell carcinoma, indicated that S100A16 may serve the same purpose as
S100A14. S100A14 is a prominent ligand of RAGE signaling pathways, and S100A16 is the
most associated protein, implying that S100A16 has a role in tumor invasion and develop-
ment [218–222]. Two common cell signaling pathways through serine/threonine kinases
show S100A16 in prostate malignancy: MAPK/ERK and PI3K/AKT (Figure 1A) [223,224].
Consequently, with the suppression of p53 expression, S100A16 has been shown to promote
metastasis. The high expression of S100A16, assumed in the relocation, invasion, and
proliferation in human prostate cancer cells, was discovered in vitro [225].

Interestingly, the S100 family proteins have two sites for Ca+ binding, one at the
EF-hand C-terminal and the other at the S100 short N-terminal. S100 family proteins have
highly conserved Ca+ ligand amino acids at 1, 3, 5, 7, and 12 locations, which generate an
enhanced attraction for metals. The backbone oxygen atoms of the residues at the positions
of 1, 4, 6, and 9, as well as two side-chain oxygen atoms of the residues at the 14 locations,
which is generally glutamate, are placed at the position of the 14th residue. However, due
to the absence of glutamate at the comparable location S100A16, the Ca+ binding affinity
is reduced by the S100A16 shortage of glutamate by the side of this site. In addition, the
N-terminal has 15 amino acids rather than 14, which is unique to S100A16. Dimerization of
Apo S100A16 with Ca+-loaded S100A16 generally occurs across communications between
helices I, I0, IV, and IV0, which is responsible for forming an X-type helix package. Trp80
and Ile83, two hydrophobic amino acids in helix IV0, form many contacts with Leu8, Val12,
and Leu15 in helix I0, as well as Trp80 and Ile83 in helix IV0 of the other subunit. Amino
acids at positions Glu45, Leu46, His48, and Met49, in the hinge loop between helices II and
III, form connections with amino acids towards the N-terminus of the subsequent subunit
of helix I0. The connections in a dimeric arrangement of S100A16 align helices I and IV in
opposing orders to helices I0 and IV0, respectively [226].

3.3.7. S100B/S100 Calcium-Binding Protein B

S100B is a 10.7 kDa protein, and its expression has been reported in many disorders,
including neurological diseases and cancer. High S100B absorptions continue to be used
as a biomarker for malignant melanoma, with the increasing amount of S100B indicating
cancer progression. High expression of S100B is still linked to unfavorable liver metastases
and early deterioration in colorectal cancer. On other hand, high expression of S100B
reveals ovarian malignancy-associated utilizing primary cancers. By activating NK-кB,
S100B ligation with RAGE improves cell survival. S100B, a RAGE ligand that promotes
tumorigenesis by promoting IL-6 expression and STAT-3 activation, is abundantly expressed
in gliomas [227–235]. Based on the cell nature, RAGE, in conjugation with S100B and S100B,
can activate STAT-3 through phosphorylation. S100B ligation with RAGE, a primary
controller designed for downstream Akt-1 and STAT-3 activation, has been observed
(Figure 1A). The results indicated that the C6 glioma-conditioned medium can promote
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the malignant transformation of mesenchymal stem cells and that this transformation
is mediated by S1001B interaction with RAGE [120,236,237]. S100B has received much
attention because of its binding to p53, a tumor suppressor gene in cancer that lowers
the p53 protein level, perhaps hindering wild-type p53 malignant development [238–243].
S100B interaction with p53 causes Ca+-dependent progression; nevertheless, S100B ligation
with Ca+ causes conformational rearrangement, causing several hydrophobic amino acids
to become solvent-exposed. As a result, an interaction flanked by two associate proteins has
been identified in rat S100B in multipart, using the C-terminal negative regulating domain,
which comprises the amino acids in helices III and IV, and the S100B hinge loop [244,245].
Ca2+ binding reveals a significant hydrophobic grove near helix III on S100B. Homodimeric
S100B binds two Ca2+, one at the position of the hinge-connected C-terminal and another at
the site of the N-terminal EF-hand, indicating that many ligands result in RAGE-mediated
signal transduction [38,39,246,247]. S100B can bind to Zn2+, Cu2+, and Ca2+; therefore, Zn2+

interaction with S100B increases the attraction, as mentioned above, to Ca2+, particularly
in the peptide and protein function [38,39,246–249]. S100B ligation, in combination with
RAGE activation, promotes oxidative stress through the activation of ERK1/2, p38, and
JNK MAP kinase pathways [143,250,251]. S100B has a 12 amino-acid loop with acidic
amino acids required for Ca2+ organization at Asp61 on the X-axis, Asp65 on the Y-axis,
and Glu72 on the Z-axis, which has many homologous sequences in the S100 family Ca2+

binding EF-hand ligand. Helix III, which closely follows in the loop in human S100B,
causes a conformational change in the C-terminal loop with Ca2+ binding, resulting in a
redirection of helix III involving helices II and IV, as seen in rat apo S100B [210,211,252].

3.3.8. S100P/S100 Calcium-Binding Protein P

S100P, a RAGE ligand, has been found in prostate, pancreatic, lung, breast, and
colon cancers [253–257]. The interaction of RAGE with S100P stimulates major signaling
pathways, including ERK1/2, NF-κB, and JAK/STAT, which increased S100P levels in
colon cancers linked to metastasis (Figure 1A) [30,256,258–260]. S100P is highly expressed
in pancreatic tumors, where it regulates multiple intracellular and extracellular processes,
including cell proliferation, survival, treatment resistance, and diversity. S100P, on the other
hand, includes the genesis of cancer and plays an important role in cancer progression.
In vitro findings illustrate that the invasiveness is reduced by silencing S100P by employing
siRNA, and in vivo findings illustrate a reduction in metastasis by silencing the S100P by
using siRNA [31,256]. In vitro studies show that S100P is expressed in human colon cancer
and stimulates cell growth, cell relocation, ERK phosphorylation, and NF-κB activation;
these activities were mediated through RAGE [211]. S100P includes multiple α-helical
concerns, with four systematic α-helical segments inserted at Glu3 to Ser19, Lys30 to Glu40,
Ala53 to Ala63, Glu71 to His86, and another α-helical segment introduced in the linker
region at Phe44 to Gly48. The Ca2+-binding loop I, on the other hand, attaches to helices
I, one at Glu3 to Ser19 and the other at Lys30 to Glu40, forming the N-terminal EF-hand,
whereas helices III at Ala53 to Ala63 and helices IV at Phe71 to His86 are linked via the
Ca2+-binding loop II, forming the C-terminal EF-hand. The Ca2+-binding loop forms the
N-terminal EF-Hand I attaching to helices I, one at Glu3 to Ser19 and the other at Lys30 to
Glu40, whereas the C-terminal EF-hand is formed by the Ca2+-binding loop II connecting
helices III at Ala53 to Ala63 and helices IV at Phe71 to His86. There appears to be no change
in preceding Ca2+ binding in the S100 family, but there is a change in the relative position
of loop I to helices I and II. Phe44 to Gly48 participate in a short α-helix that connects
with two Ca2+ binding domains at Leu41 to Asp52 [261,262]. The hydrophobic surface of
S100P at Tyr88 and Phe89 shows a substantial feature in the recognition of a target protein
compared to other S100 family proteins, which play a crucial part in the acknowledgment
of target proteins. S100P reveals the central linker region at sites 43 to 49, the amino acid
contained at sites 83 to 94 in helix IV of the first monomer, and the 2nd to 14 amino acid of
helix I, which is another monomer that indicates a prolonged surface binding directed at
the RAGE V-segment. S100P hydrophobic residues are nonpolar amino acids of S100P, such
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as Ala92, Gly93, Phe89, Tyr88, Gly9, Ile12, Met8, Met1, Phe44, Gly43, Pro42, Leu41, and
Gly48, that bind on the V-segment of the RAGE. The charge–charge interaction involving
the acidic amino acids at the position of Glu5 and Asp13 represents the V-segment of
RAGE to S100P, which may contribute to the maintenance of the complexes. Thr6, Thr2,
Ser47, Gln46, and Cys85, as well as neutral and polar amino acids, make non-hydrophobic
interactions with the RAGE V-segment. Amino acids on the RAGE V-segment that interact
with the S100P ligand include the basic amino acids Arg48, Lys52, Lys62, Arg98, Arg104,
and Lys110, which are responsible for the inter-spread of basic patches, as well as amino
acids such as Leu53, Trp61, Val63, Pro66, Gly68, Gly56, Met102, and Pro71 as shown in
Figure 4A,B [263,264].
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3.4. Adhesion Molecules

Cell adhesion molecules are life-threatening in tumor growth and are classified into
several functions and classifications. Cell adhesion molecules of various classes and roles
can collaborate and temper the signaling purpose of receptor tyrosine kinases and soluble
proteins in the extracellular matrix, accompanied by cadherins, integrins, immunoglobulin
family CAMs, and CD44 [265]. They play a crucial role in cancer growth and metastasis
in pancreatic cancer, tumorigenic cancer stem cells, melanoma, breast, lung, and oral
cancer. [266–269]. Although RAGE has been suggested to maintain lung homeostasis by
arbitrating cell adhesion molecules, the ERM protein family (ezrin, radixin, and moesin)
has a strong cross-link between the cytoskeleton and the plasma membrane. It can interact
with transmembrane proteins and the cytoskeleton, forming structural linkages that help
to improve the cell cortex and control signal transmission pathways. According to a new
study, the interaction of RAGE with ERM appears to be essential in regulating EMT-related
structural alterations in alveolar epithelial cells. In pro-inflammatory cytokines that support
EMT of human alveolar epithelial cells, ERM interaction with RAGE shows important stages
in the rearrangement of the actin cytoskeleton [270]. RAGE shares substantial structural
features with adhesion molecules such as ALCAM (CD166), BCAM (CD239), and MCAM
(CD146, Mel-Cam, Muc18, and S-Endo1), according to recent findings [271]. MCAM has
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been linked to advancing melanoma, prostate cancer, and breast cancer. Members of the
IgSF (immunoglobulin superfamily) association have been identified as biomarkers for
cancer development.

Similarly, IgSF associates such as L1CAM, NCAM, PECAM-1, ALCAM, and ICAM-1
are associated with metastatic development in melanoma, glioma, breast, ovarian, endome-
trial, prostate, and colon cancer [272–276]. In colorectal cancer, cell adhesion molecules
play an important role in determining the prognosis of this common disease. However,
studies on adhesion molecule interactions with the RAGE axis may play a role in cancer
progression and metastasis, and the machinery that causes the most significant reorganiza-
tions of the submembrane cytoskeleton is poorly understood, which could be a therapeutic
target for cancer.

3.5. Complement Component

The complement component is a danger-sensing organization for external pathogens
and endogenous modified characters. Although there is no conclusive proof, the comple-
ment component has a function in tumor resistance, according to available studies. The
complement component, on the other hand, appears to be more effectively induced in tumor
cells and their non-malignant specimens [277]. Even though each tumor has its unique pro-
file of antigens and complements, the fascinating categorization of membrane components
responsible for complement activation, and their pathways, is unclear. Tumors employ a
variety of inhibitory mechanisms, including the articulation of CD35, CD46, CD55, and
CD59 (membrane-bound proteins) with factor H or factor-H similar proteins, factor I, and
C4b-binding protein, to alter complement activation (soluble regulatory proteins) [278–281].
Both complement stimulation results, anaphylatoxins C3a and C5a, can maintain chronic
inflammation, promote an immunosuppressive microenvironment, induce angiogenesis,
and increase cancer cell motility and spreading potential [282]. The complement compo-
nent, which functions as a crucial character in both adaptive and innate immune systems,
can work with the activator of immunoglobulin and non-immunoglobulin complement
systems. By collaborating with a wide range of surface molecules, C1q plays a supervisory
function in cellular processes [283]. C1q also helps other dangerous immune functions, such
as allowing the apoptotic to be activated and modulating cellular activities within adaptive
immune responses, and an integrin b2, also known as MAC-1, can bind to the collagen
domain of C1q, while RAGE, as a receptor for Mac-1, may generate a complex structure
that can enhance the binding affinity [284–287]. RAGE acts as a receptor for the globular
domain complement component C1q, which improves C1q-mediated phagocytosis by
allowing for critical interactions in response to RAGE and C1q [288].

3.6. Advanced Lipoxidation end Products (ALEs)

Advanced lipoxidation end products (ALEs) are a collection of adducts and cross-links
formed by the nonenzymatic response of reactive carbonyl species (RCS) produced by lipid
peroxidation, lipid breakdown by nucleophilic sites of proteins (primarily Cys, Lys, His,
and Arg residues), amino phospholipids, and DNA [289]. Lipoxidation of a protein is a
nonenzymatic post-translational modification that occurs when reactive lipid molecules
are covalently incorporated into proteins. Studies have correlated protein lipoxidation to
cancer, neurodegeneration, and atherosclerosis [290].

Lipoxidation is a well-known process between electrophilic carbonyl species and
certain proteins, which is characterized by the oxidation of lipids and, in some situations,
the alteration of protein characteristics. Studies on lipoxidation have revealed the impact of
cancer growth on tumor cells, the change of immune elements, and subsequent immune
response stress. Protein adducts disrupt a variety of proteins in cancer that can activate
various types of machinery, such as cell division, differentiation, and death. In in vivo
findings on the human colon, adenocarcinoma showws a reduced appearance of TGFb-1
and a scarcity of 4-HNE protein adducts, implying that neoplastic evolution is healthier
under these conditions. Meanwhile, TGFb-1 and 4-HNE collaborate to promote colon cell
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apoptosis by activating the JNK pathway [291,292]. At normal conditions, the adducted
residues are in their neutral configuration, a proportional change in their ionization state
that weakens the ionic bridges and makes nearby anionic residues more approachable
and accessible to relieve ion pairs with the RAGE-positive residues. The ability of ALEs
to interact with RAGE protein is mostly determined by the type of the adduct and the
modification site [293].

3.7. Lipopolysaccharide

Lipopolysaccharide is a bacterial antigen that plays a vital role in cancer progression
by encouraging the release of IL-8 and TGF-1, which promotes the growth and invasion
of liver cancer cells, colorectal cancer cells, and leukemia cells [294–297]. TLR4 is a major
LPS receptor, and RAGE can interact with LPS and cause pro-inflammatory signaling [298].
TLR4 is an important LPS receptor, and RAGE can interact with LPS and cause pro-
inflammatory signaling [298,299]. According to the latest in vitro studies in breast cancer
cells, LPS increases the expression of S100A7, which inhibits TLR4 and promotes RAGE
accumulation in breast carcinogenesis. In vitro, treatment of LPS on an S100A7 overexcited
in breast cancer cell line (MDA-MB-231), and in vivo treatment of MVT-1 (mouse mammary
tumor cell line) with mS100A7/A15 revealed enhanced RAGE manifestation in a dose-
dependent and time-dependent manner [75,300]. Another study found that LPS-induced
inflammation of normal cervical epithelial cells promotes the malignant transformation
of the cell. Additionally, the LPS may promote the proliferation and invasion of normal
epithelial cells; the accumulation of IL-1, IL-6, and TNF were promoted in cervical epithelial
cell lines, whereas RAGE inhibitors altered the LPS [301].

4. RAGE-Specific Signaling in Cancer Progression

RAGE–AGE interaction enhances the activation of the PI3K, oncogenic Ras, PKC,
and Rho/GTPase partners (Cdc-42 and Rac-1) signaling pathways, which is mandatory
for cell survival, stress responses, apoptosis, the release of growth factors, proinflamma-
tory cytokines, and motility (Table 1) [21,207,301,302]. A protein initiates the release of
IL-1, called the nucleotide-binding oligomerization domain-like receptor. Whereas IL-
1, on the other hand, stimulates the nuclear translocation of HMGB-1 to the cytoplasm.
Extracellularly, HMGB-1 can interact with RAGE and TLRs to trigger the release of proin-
flammatory cytokines, such as NF-κB, and elicit physiological responses. HMGB-1 tempted
signaling through surface receptors, such as receptors for advanced glycation end-product
and toll-like receptors, can discharge pro-inflammatory cytokines and chemokines, which
include detrimental inflammatory responses, according to in vitro and in vivo investiga-
tions [19,50,91,92,106,111,303,304]. Intracellular signaling of HMGB-1 via RAGE and TLR
activates many signaling pathways, including MAP kinases and JNK, as well as NF-κB
translocation and inflammation [126,305]. In CRC cell lines, S100A4 interacts extracellularly
with RAGE and impacts cell motility and metastasis, priming MAPK/ERK hyperactivation
and hypoxia signaling (Figure 2E) [127]. Previously, in vitro studies suggested that S100A4
interaction with RAGE are involved in various cancers and activate several signaling
pathways, including NF-κB upregulation in human osteosarcoma, human melanoma, and
human pancreatic cancer, and ERK or Cdc42 upregulation in human colorectal carcinoma
and thyroid cancer [127,203,299,305,306]. The combination of S100A6 and RAGE in vivo
has been shown to produce nasopharyngeal cancer by upregulating p38 [170]. RAGE and
S100A7 interaction were discovered to be involved in breast cancer and human cervical
cancer through upregulation of ERK, MMP9, and NF-κB in vivo and in vitro investigations
(Figure 2E) [171,182,307]. The upregulation of NF-κB, p38, ERK1/2, SAPK/JNK and the
upregulation of p38, p-erk1/2 in human hepatocellular carcinoma can cause human breast
cancer, prostate cancer, colon tumor, oral, esophageal tumor, and squamous carcinoma.
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Table 1. RAGE–ligand interaction in different malignancies.

S. No. RAGE–Ligand
Interaction Cancer Type In Vitro/In Vivo Study References

1. RAGE–AGEs Human oral cancer, breast cancer, prostate carcinoma cells In vitro [2–5]

2. RAGE–HMGB1 Gastric cancer, colon cancer, breast cancer, melanoma,
prostate cancer, hepatocellular carcinoma In vitro [2,6–11]

3. RAGE–S100A4
Human colorectal cancer, melanoma, human osteosarcoma,
human pancreatic cancer, thyroid cancer
(human specimens)

In vitro/In vivo [12–16]

4. RAGE–S100A6 Nasopharyngeal carcinoma In vitro [10]

5. RAGE–S100A7 Breast cancer,
human cervical cancer In vitro/In vivo [17,18]

6. RAGE–S100A8 Human breast cancer, human prostate cancer, colon tumor,
oral-esophageal tumor, squamous cell carcinoma In vitro/In vivo [19–23]

7. RAGE–S100A9 Human hepatocellular carcinoma In vitro [24]

8. RAGE–S100A14 Esophageal squamous
cell carcinoma In vitro [25]

9. RAGE–S100A16 Human prostate cancer In vitro [26]

10. RAGE–S100B Ovarian cancer, glioma (C6), human colon adenocarcinoma In vitro [27–30]

11. RAGE–S100P Nasopharyngeal carcinoma, colon
cancer, pancreatic cancer, In vitro/In vivo [16,31,32]

12. RAGE–LPS Liver cancer cells, colorectal cancer, and leukemia cells In vitro/In vivo [33,34]

In vitro and in vivo findings of S100A8/9 interaction with RAGE can cause human breast
cancer, human prostate cancer, colon tumor, and oral and esophageal tumors [225,308–311].
The overexpression of ERK1/2, NF-κB, and Akt, as well as the downregulation of p21
and p27, have been found to have a role in diverse malignancies, such as esophageal
squamous cell carcinoma and human prostate cancer in vitro [235,312]. In vitro data on
the interaction of RAGE with S100B/P suggest a role in ovarian cancer, glioma (C6), and
human colon adenocarcinoma by downregulating p53 and upregulating Akt1, STAT3,
and in nasopharyngeal carcinoma, colon cancer, and pancreatic cancer by upregulating
NF-κB, ERK1/2, MMP2, and MMP9 [256,298,299,313–316]. According to recent in vitro
studies in breast cancer cells, LPS increases the expression of S100A7, which inhibits
TLR4 and promotes RAGE accumulation in breast carcinogenesis. In invasive breast
cancer cells, RAGE interaction with S100A7 mediates oncogenic response; in vitro, LPS
treatment of S100A7 rose in a breast cancer cell line (MDA-MB-231). In vivo treatment
of the mouse mammary tumor cell line (MVT-1) with mS100A7/A15 revealed enhanced
RAGE expression in a dose- and time-dependent manner [23,112].

5. Anti-RAGE Therapeutics in Cancer Management

In vitro experiments with S100 proteins and HMGB-1 in mutual ligation with RAGE
stimulate HMGB-1 ligation on RAGE. Likewise, via S100P, the first 40 amino acids of
HMGB-1, the HMGB-1 derivative peptide, can prevent the ligation and activation of RAGE.
RAGE inhibitor peptide sequences occur at residues 32–42 on S100P in the same region as
many other S100 family members. RAGE inhibitor peptides can disrupt the connection
between S100P, HMGB-1, and S100A4 on RAGE as shown in Figure 5 (Table 2) [31,317,318].
The impact of RAGE inhibitors on various cancers is described further down. RAGE
inhibitors have been investigated for their potential to inhibit cancer progression. Some of
these are described below.
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Figure 5. RAGE inhibitors such as duloxetine, hispidin, ergothioneine, ethyl pyruvate low-molecular-
weight heparins (LMWHs), and papaverine diminish the formation of AGEs, S100B, and HMGB1
and have an impact on downstream signaling (red arrow in downward direction). However, these
inhibitors upregulate NF-κB (green arrow upward direction) and downregulate STAT3 (red ar-
row downward direction) which are primarily involved in the regulation of cancer progression.
Moreover, another green arrow indicates the suppression of cancer progression (green arrow in
downward direction).
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Table 2. RAGE inhibitors are designed for diverse human malignancies.

S. No. RAGE Inhibitors In Vitro/In Vivo
Findings RAGE Pathways Studies Cancer Types References

1. RGBO1 In vitro/In vivo AKT, BCL2, and cyclin D1
HEC1A, HEC1B,
HEC50/Murine xenograft
model

Endometrial cancer (EC) [35,36]

2. Sorafenib In vitro/In vivo AMPK/mTOR signaling
HepG2, HCCLM3, Huh7,
Bel7402/xenografts and
orthotopic nude mice models

Hepatocellular carcinoma
(HCC) [37]

3. S100B inhibitor /K-Luc (Duloxetine) In vitro/In vivo STAT3 GL261/Murine model Gliomas [38]

4.

Sulfated
Glycosaminoglycans
(Chondroitin sulfate (CS), Heparan
sulfate (HS))

In vivo RAGE-mediated pathway Male C57BL/6
mice Lung metastasis [39,319]

5. S100P-derived inhibitor In vitro/In vivo via NF-κB
C6-glioma, MPanc-96 for
pancreatic cancer/Murine
model

Pancreatic tumors and Glioma
tumor growth [33]

6. RAGE inhibitor FPS-ZM1/ PI3K
inhibitor LY294002 In vitro/In vivo PI3K/AKT SiHa, CaSki, C33A,

MS751/xenograft mouse model
Cervical squamous cell
carcinoma (CSCC) [40]

7. Gefitinib In vitro ERK1/2 MAPK GES-1 Gastric carcinoma cells [41]

8. Metformin/RAGE-Ab In vitro AMP-activated
protein kinase MCF-7 Breast cancer cells [42]

9. (RAP) Potent LRP1 antagonist In vivo NF-κB signaling Nude mice Pancreatic tumors, glioma
tumor growth [43]

10. Cromolyn In vivo NF-κB signaling Male CB17 SCID mice Pancreatic cancer [31]

11. Ethyl pyruvate In vitro/In vivo NF-κB/STAT3 signaling
A549, H520, and PC-9 cell
lines/orthotopic
MM xenograft model

Human malignant
mesothelioma/non-small cell
lung cancer cells

[44]

12. Papaverine In vitro NF-κB signaling HT1080, U87MG,
and T98G cell lines

Human fibrosarcoma, human
glioblastoma [45]

13. Ergothioneine and Hispidin In vitro NF-κB signaling PC12 cell lines Rat pheochromocytoma [46]
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5.1. siRNA Inhibitor

RAGE has been identified as an oncogenic protein that promotes the development and
spread of various malignancies. However, the migratory and invasive abilities of NSCLC
cells are reduced when siRNA inhibits RAGE. RAGE is also involved in EMT, reducing
RAGE and initiating transmutation from mesenchymal to epithelial signals in cell lines.
Moreover, we found RAGE to be a factor in epithelial–mesenchymal transition (EMT), with
RAGE deficiency resulting in the transmutation of mesenchymal to epithelial markers in
cell lines. According to in vivo data, siRNA can decrease RAGE and tumor growth and
proliferation [320–322]. In NSCLC cells, siRNA-suppressed RAGE inhibits PI3K/AKT
activity, impacts downstream mTOR/p70S6K signaling, and reduces the phosphorylation
initiation of KRAS and RAF-1 at the same time. As a result, RAGE may have a role in
NSCLC growth, metastasis, and other malignancies [322] and siRNA targeting of RAGE
might be useful as a therapeutic approach for NSCLC.

5.2. shRNA Inhibitor

RAGE accumulation is associated with increased microvessel efficiency in colorectal
tissue samples, and the familiar method can reduce VEGF expression by silencing RAGE
expression, implying that RAGE plays a role in VEGF expression and blood vessel formation
in colorectal cancer. Furthermore, the VEGF gene promoter’s convenient domain has
significant GC-rich motifs that may be modulated by transcriptional factor explicitness
(SP1) [323,324]. According to the findings, silencing RAGE affects a variety of stages of
colorectal cancer angiogenesis, including an SP1 decrease and VEGF articulation [325,326].

5.3. RBGO1 and ADC

In contrast to RAGE, RGBO1 is a monoclonal antibody. KLH (keyhole limpet hemo-
cyanin) linked RAGE was injected into mice, and the KLH coupled peptides corresponding
to amino acid residues 198–217 or 327–344 of the RAGE protein. Replicas were selected
based on a positive ELISA screen utilizing BSA (bovine serum albumin) linked peptides.
RGBO1 is a clone of the full-length RAGE protein [145]. In vivo efficacy was determined
by injecting RBGO1 ADC (3 mg/kg) or MCF (45 g/kg) into female nude mice with 5mm
HEC1A xenograft tumors on a two-time weekly basis for four weeks. As a result, whereas
RGBO1 therapy alone had no significant effect on cell survival, RGBO1 treatment on MCF
was determined to be effective.

Furthermore, RBGO1 ADC is effective in vivo at a 7.4 µg/ml concentration. The
RAGE importance on RBGO1 ADC was significantly more potent than the same ADC focus
on HER2. RAGE-directed efficacy of ADCs is based on V-domain binding, and RGBO1
ADC is 200-fold more effective than cytotoxic drug therapy alone [13]. These findings
suggest that using RAGE-targeting RGBO1 ADCs as a treatment for endometrial cancer is
highly effective.

5.4. Sorafenib

Sorafenib, a kinase inhibitor, has been approved to treat early-stage kidney cancer,
advanced liver cancer, and thyroid carcinoma. RAGE is overexpressed in both tumor and
stromal cells; however, RAGE accumulation is more prominent in tumors, and RAGE tar-
gets in HCC cell lines can enhance autophagy [327]. RAGE activation by the AMPK/mTOR
pathway triggers autophagy. Furthermore, sorafenib promoted apoptosis by modifying
AMPK activity and preventing RAGE. By regulating autophagy, RAGE promotes HCC pro-
liferation and sorafenib resistance. An in vitro investigation identified HCC and sorafenib
resistance as probable causes [327].

5.5. Duloxetine

Duloxetine, commonly known as serotonin/noradrenaline, is a reuptake inhibitor (RI)
used to treat depression and neuropathic pain. It has also been employed for the treatment
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of chemotherapy-induced acentric neuropathy [321,325]. Gao et al. examined GL261 cell
lines of mouse glioma cells using duloxetine in a dose-dependent manner (30 mg/kg) by
way of oral feeding for 14 days and concluded that duloxetine has the potential to suppress
S100B production as well as the inhibition of GL261 glioma cell proliferation within the
cranium [113].

5.6. Heparin

In various studies, an anti-thrombotic medicine, achieving the perfect anti-coagulant,
was critically employed for modern hematology and oncology with the affected patient,
who was at the greatest risk of bleeding and circulatory thromboembolism through RAGE
of an NF-κB dependent on luciferase reporter assay and the human fibrosarcoma cell
line (HT1080); heparin decreased the HMGB1 level and encouraged the activation of NF-
κB (Figure 5). Heparin, but not HT1080mock or HT1080dnRAGE cells, suppressed the
relocation, invasion, tumor formation, and lung metastasis of the human fibrosarcoma
cell line (HT1080RAGE cells) [23]. According to reported data, heparin had therapeutic
potential in individuals with specific types of malignant tumors, such as chondroitin sulfate
and heparan sulfate-directed RAGE, suggesting that lung metastasis was reduced [110,326].

5.7. S100P-Derived RAGE Inhibitor

The HMGB-1 antagonist peptide sequence was compared to the S100P sequence and a
resemblance was found in amino acid sequence and pattern between the first 40 residues
of S100P and the 33 residues of RAGE-obligatory peptide derived from HMGB-1. The dis-
covery of this likeness resulted in the modeling of three peptides from the S100P sequence,
each of which was 95% pure. The peptides were designed with the amino terminus by
amidation, and the carboxyl terminus by acetylation to improve their consistency. A RAGE
inhibitor derived from S100P can prevent the adherence of various RAGE ligands involved
in inflammation and cancer. In vivo data revealed that the S100P-derived inhibitor may
have therapeutic potential against glioma and pancreatic cancer and may inhibit a variety of
RAGE ligands, implying that it could be useful in additional RAGE-related diseases [3,85].

5.8. FPS-ZM1 and LY294002

RAGE overexpression stimulates cervical cancer cell proliferation and increases the ap-
pearance of proliferating cell nuclear antigens. Meanwhile, RAGE overexpression inhibited
cells, resulting in apoptosis suppression, a reduction in Bax/Bcl-2 levels, and activation
of PI3K/AKT. SiHa cell capability and PCNA appearance were decreased by FPS-ZM1, a
RAGE inhibitor, which also increased cell death and Bax/Bcl-2 levels. The PI3K inhibitor
LY294002 decreased PI3K and AKT activation and RAGE accumulation, promoting cell
proliferation and death [3]. It has a wide range of RAGE ligands, suggesting that it may be
effective in other RAGE-related disorders.

5.9. Gefitinib

HMGB1 has a key function in autophagy stimulation in vital carcinogenesis, and it is
mostly found in the cytoplasm of human gastric cancer cells with cell death and survival
supervisory body. Gefitinib is an EGFR inhibitor, and HMGB1 release from tumor cells
treated with gefitinib promotes autophagy, interacts with RAGE, and induces ERK1/2
signaling in gastric cancer cells. HMGB1 inhibitors, such as gefitinib, and RAGE inhibitors
might play an essential role in preventing cancer regrowth, as suggested by HMGB1-related
autophagy in chemotherapy [41].

5.10. Metformin

Metformin use has been linked to duction in the occurrence and mortality of breast
cancer in diabetics patient. AGEs appear to have accelerated MCF-7 cell proliferation,
which was inhibited by 0.01mM or 0.1mM metformin or anti-RAGE antibodies. Metformin,
at a dosage of 0.01 mM, also suppressed the AGE-induced upregulation of RAGE and
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VEGF mRNA levels in MCF-7 cells. In AGEs-exposed MCF-7 cells, compound C, an AMP-
triggered protein, appeared to block the growth inhibition of metformin, RAGE, and VEGF
effects. As reported, metformin may limit AGE-induced growth and VEGF expression
in MCF-7 breast cancer cells by RAGE expression via the AMP-triggered protein kinase
pathway. As a result, metformin may protect diabetic individuals against breast cancer
expansion by inhibiting the AGEs–RAGE axis [328–333].

5.11. RAP (RAGE Antagonist Peptide)

In vivo and in vitro research reveals that RAP inhibitor inhibits the ligation of S100A4,
S100P, and HMGB-1 with RAGE at micromolar concentrations. The efficiency of the ligands
to promote RAGE activation of NF-κB in cancer cells is hampered by the presence of a RAP
inhibitor. Systemic in vivo study of RAP significantly reduced the growth and spread of
pancreatic and glioma tumors. The RAP has the potential to explore RAGE issues and cure
RAGE-related disorders in vivo [304].

5.12. Cromolyn

Cromolyn is an antiallergen, and its study revealed that it inhibits S100P. Cromolyn
is a RAGE inhibitor that reduces cancer growth, endurance, and invasiveness in vitro
by inhibiting RAGE interaction with S100P. Cromolyn inhibited the NF-κB pathway in
pancreatic cancer with endogenic S100P in vitro and in vivo. In mouse models, studies
show that the processes clarify the pragmatic suppression of tumor development and
cromolyn’s capacity to increase gemcitabine’s efficacy in eradicating pancreatic cancer
cells [315].

5.13. Ethyl Pyruvate

An ethyl ester of pyruvic acid effectively inhibits HMGB1 in treating inflammatory dis-
eases and malignancies [334–336]. The effectiveness of ethyl pyruvate on human malignant
mesothelioma cells and tumor formation has been demonstrated in vivo investigations.
Because ethyl pyruvate successfully decreased RAGE accumulation and the activation of
NF-κB, research has discovered that it has a significant role in reducing HMGB1 release in
malignant mesothelioma cells. Furthermore, ethyl pyruvate reduced the HMGB1 serum
scale in vivo and suppressed the growth of malignant mesothelioma xenografts [336].
Moreover, an in vitro study found that ethyl pyruvate can inhibit non-small cell lung cancer
growth and progression by inducing apoptosis via the HMGB1-RAGE axis and the NF-
κB/STAT3 pathway (Figure 5) [337]. Consequently, ethyl pyruvate has been identified as a
promising treatment for malignant mesothelioma, with the ability to reduce the progression
of NSCLC.

5.14. Papaverine

A non-narcotic opium alkaloid derived from the plant Papaver somniferum. Contrary to
multiple tumor cells, papaverine demonstrated discriminating anticancer effects [338,339].
An in vitro experiment was performed to test the anti-RAGE result of papaverine, im-
proved using the structure-based pharmacological technique known as a conversion-to-
small-molecules-via-optimized-peptide strategy (COSMOS), in human fibrosarcoma cell
lines (HT1080). It was revealed utilizing RAGE or dnRAGE expressing (dominant-negative)
HT1080 cell lines that papaverine inhibited RAGE-dependent human fibrosarcoma cell
propagation, relocation, and invasion in a dose-dependent manner by significant suppres-
sion of RAGE-dependent NF-κB determined by HMGB1 (Figure 5) [339]. Furthermore,
papaverine inhibited cell proliferation in human glioblastoma (U87MG and T98G) cell lines
via downregulating HMGB1 and RAGE [339]. Therefore, papaverine may inhibit RAGE
and can be safeguarded as an encouraging anticancer medication.
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5.15. Hispidin and Ergothioneine

Hispidin is a polyphenol derived from the fungus Phellinus linteus that can be used
as a major medication due to its biological applicability as an antioxidant and anticancer.
Hispidin may be a novel gemcitabine chemosensitizer and a cooperative representative
that can shift the gemcitabine therapeutic indication to pancreatic cancer treatment. Fur-
thermore, hispidin induces apoptosis in colon cancer cells via a class of reactive oxygen
species. Fungi and bacteria make ergothioneine, a thiol molecule. A mixture of 2 µM
ergothioneine and hispidin reduces the development of AGEs, RAGE expression, and the
activation of NF-κB in a PC12 cell line from rat pheochromocytomata (Figure 5) [340–343].
The AGEs–RAGE axis-associated stimulation of carcinogenesis was minimized in collabo-
ration with ergothioneine and hispidin.

6. Conclusions

We reviewed RAGE and its ligands, as well as various inhibitors that can provide a
platform for researchers and clinicians to develop a novel strategy for tackling numerous
types of cancers, considering that RAGE is a cell surface receptor known to interact with a
wide range of ligands. Multiple small RAGE inhibitors were explored in this review for
their ability to inhibit RAGE in various malignancies. The current research shows that
RAGE and its interaction with ligands increase the efficiency of antiapoptotic proteins while
diminishing the effectiveness of proapoptotic proteins in promoting cancer cell proliferation,
invasion, and angiogenesis. In the initial sections of this review, we described the role of
RAGE ligands in cancer progression, particularly AGEs, HMGB1, S100 proteins, adhesion
molecules, complement components, ALEs, and lipopolysaccharides, which play important
roles in cancer biology in conjunction with RAGE. In the later sections, we focused on
various anti-RAGE therapeutics, particularly mAbs, peptides, and small molecules, for
managing cancer metastasis. The utilization of existing and newly discovered RAGE
inhibitors for cancer prognosis might reduce the burden of cancer. Additionally, several
existing RAGE inhibitors, acting as anticancer drugs, which could be beneficial in integrated
treatment strategies, were also presented.
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178. Stříž, I.; Trebichavský, I. Calprotectin—A Pleiotropic Molecule in Acute and Chronic Inflammation. Physiol. Res. 2004, 53, 245–253.
[CrossRef] [PubMed]

179. Ghavami, S.; Rashedi, I.; Dattilo, B.M.; Eshraghi, M.; Chazin, W.J.; Hashemi, M.; Wesselborg, S.; Kerkhoff, C.; Los, M. S100A8/A9
at Low Concentration Promotes Tumor Cell Growth via RAGE Ligation and MAP Kinase-dependent Pathway. J. Leukoc. Biol.
2008, 83, 1484–1492. [CrossRef] [PubMed]

180. Vogl, T.; Tenbrock, K.; Ludwig, S.; Leukert, N.; Ehrhardt, C.; Van Zoelen, M.A.D.; Nacken, W.; Foell, D.; Van Der Poll, T.;
Sorg, C.; et al. Mrp8 and Mrp14 Are Endogenous Activators of Toll-like Receptor 4, Promoting Lethal, Endotoxin-Induced Shock.
Nat. Med. 2007, 13, 1042–1049. [CrossRef]

181. Loser, K.; Vogl, T.; Voskort, M.; Lueken, A.; Kupas, V.; Nacken, W.; Klenner, L.; Kuhn, A.; Foell, D.; Sorokin, L. The Toll-like
Receptor 4 Ligands Mrp8 and Mrp14 Are Crucial in the Development of Autoreactive CD8+ T Cells. Nat. Med. 2010, 16, 713–717.
[CrossRef]

182. Hermani, A.; De Servi, B.; Medunjanin, S.; Tessier, P.A.; Mayer, D. S100A8 and S100A9 Activate MAP Kinase and NF-KB Signaling
Pathways and Trigger Translocation of RAGE in Human Prostate Cancer Cells. Exp. Cell Res. 2006, 312, 184–197. [CrossRef]

183. Greten, F.R.; Eckmann, L.; Greten, T.F.; Park, J.M.; Li, Z.-W.; Egan, L.J.; Kagnoff, M.F.; Karin, M. IKKβ Links Inflammation and
Tumorigenesis in a Mouse Model of Colitis-Associated Cancer. Cell 2004, 118, 285–296. [CrossRef]

184. Karin, M.; Greten, F.R. NF-KB: Linking Inflammation and Immunity to Cancer Development and Progression. Nat. Rev. Immunol.
2005, 5, 749–759. [CrossRef] [PubMed]

http://doi.org/10.4049/jimmunol.0902464
http://doi.org/10.1016/S0969-2126(98)00049-5
http://doi.org/10.1016/S0022-5347(01)66118-4
http://doi.org/10.1074/mcp.M700500-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18339795
http://doi.org/10.1186/1471-2407-5-17
http://www.ncbi.nlm.nih.gov/pubmed/15717926
http://doi.org/10.1097/00008390-200212000-00013
http://www.ncbi.nlm.nih.gov/pubmed/12459653
http://doi.org/10.1002/ijc.2910630225
http://www.ncbi.nlm.nih.gov/pubmed/7591220
http://doi.org/10.1021/bi901330g
http://doi.org/10.18632/oncotarget.15329
http://doi.org/10.1007/s10549-013-2737-1
http://doi.org/10.1046/j.1432-1033.2003.03414.x
http://doi.org/10.1371/journal.pone.0120971
http://doi.org/10.1074/jbc.273.20.12427
http://www.ncbi.nlm.nih.gov/pubmed/9575199
http://doi.org/10.1515/BC.2005.051
http://doi.org/10.1074/jbc.274.1.183
http://doi.org/10.1002/jemt.10299
http://www.ncbi.nlm.nih.gov/pubmed/12645005
http://doi.org/10.33549/physiolres.930448
http://www.ncbi.nlm.nih.gov/pubmed/15209531
http://doi.org/10.1189/jlb.0607397
http://www.ncbi.nlm.nih.gov/pubmed/18339893
http://doi.org/10.1038/nm1638
http://doi.org/10.1038/nm.2150
http://doi.org/10.1016/j.yexcr.2005.10.013
http://doi.org/10.1016/j.cell.2004.07.013
http://doi.org/10.1038/nri1703
http://www.ncbi.nlm.nih.gov/pubmed/16175180


Int. J. Mol. Sci. 2023, 24, 266 30 of 36

185. Németh, J.; Stein, I.; Haag, D.; Riehl, A.; Longerich, T.; Horwitz, E.; Breuhahn, K.; Gebhardt, C.; Schirmacher, P.; Hahn, M.
S100A8 and S100A9 Are Novel Nuclear Factor Kappa B Target Genes during Malignant Progression of Murine and Human Liver
Carcinogenesis. Hepatology 2009, 50, 1251–1262. [CrossRef] [PubMed]

186. Itou, H.; Yao, M.; Fujita, I.; Watanabe, N.; Suzuki, M.; Nishihira, J.; Tanaka, I. The Crystal Structure of Human MRP14 (S100A9), a
Ca2+-Dependent Regulator Protein in Inflammatory Process. J. Mol. Biol. 2002, 316, 265–276. [CrossRef] [PubMed]

187. Korndörfer, I.P.; Brueckner, F.; Skerra, A. The Crystal Structure of the Human (S100A8/S100A9) 2 Heterotetramer, Calprotectin,
Illustrates How Conformational Changes of Interacting α-Helices Can Determine Specific Association of Two EF-Hand Proteins.
J. Mol. Biol. 2007, 370, 887–898. [CrossRef]

188. Santamaria-Kisiel, L.; Rintala-Dempsey, A.C.; Shaw, G.S. Calcium-Dependent and-Independent Interactions of the S100 Protein
Family. Biochem. J. 2006, 396, 201–214. [CrossRef]

189. Ishikawa, K.; Nakagawa, A.; Tanaka, I.; Suzuki, M.; Nishihira, J. The Structure of Human MRP8, a Member of the S100 Calcium-
Binding Protein Family, by MAD Phasing at 1.9 Å Resolution. Acta Crystallogr. Sect. D Biol. Crystallogr. 2000, 56, 559–566.
[CrossRef]

190. Pietas, A.; Schlüns, K.; Marenholz, I.; Schäfer, B.W.; Heizmann, C.W.; Petersen, I. Molecular Cloning and Characterization of the
Human S100A14 Gene Encoding a Novel Member of the S100 Family. Genomics 2002, 79, 513–522. [CrossRef]

191. Jin, Q.; Chen, H.; Luo, A.; Ding, F.; Liu, Z. S100A14 Stimulates Cell Proliferation and Induces Cell Apoptosis at Different
Concentrations via Receptor for Advanced Glycation End Products (RAGE). PLoS ONE 2011, 6, e19375. [CrossRef]

192. Bresnick, A.R.; Weber, D.J.; Zimmer, D.B. S100 Proteins in Cancer. Nat. Rev. Cancer 2015, 15, 96–109. [CrossRef]
193. Sapkota, D.; Bruland, O.; Costea, D.E.; Haugen, H.; Vasstrand, E.N.; Ibrahim, S.O. S100A14 Regulates the Invasive Potential of

Oral Squamous Cell Carcinoma Derived Cell-Lines in Vitro by Modulating Expression of Matrix Metalloproteinases, MMP1 and
MMP9. Eur. J. Cancer 2011, 47, 600–610. [CrossRef]

194. Sapkota, D.; Costea, D.E.; Blø, M.; Bruland, O.; Lorens, J.B.; Vasstrand, E.N.; Ibrahim, S.O. S100A14 Inhibits Proliferation of Oral
Carcinoma Derived Cells through G1-Arrest. Oral Oncol. 2012, 48, 219–225. [CrossRef] [PubMed]

195. Xu, C.; Chen, H.; Wang, X.; Gao, J.; Che, Y.; Li, Y.; Ding, F.; Luo, A.; Zhang, S.; Liu, Z. S100A14, a Member of the EF-Hand
Calcium-Binding Proteins, Is Overexpressed in Breast Cancer and Acts as a Modulator of HER2 Signaling. J. Biol. Chem. 2014, 289,
827–837. [CrossRef] [PubMed]

196. Bigelow, R.L.H.; Williams, B.J.; Carroll, J.L.; Daves, L.K.; Cardelli, J.A. TIMP-1 Overexpression Promotes Tumorigenesis of
MDA-MB-231 Breast Cancer Cells and Alters Expression of a Subset of Cancer Promoting Genes in Vivo Distinct from Those
Observed in Vitro. Breast Cancer Res. Treat. 2009, 117, 31–44. [CrossRef]

197. Zhu, M.; Wang, H.; Cui, J.; Li, W.; An, G.; Pan, Y.; Zhang, Q.; Xing, R.; Lu, Y. Calcium-Binding Protein S100A14 Induces
Differentiation and Suppresses Metastasis in Gastric Cancer. Cell Death Dis. 2017, 8, e2938. [CrossRef] [PubMed]

198. Lavoie, C.; Meerloo, T.; Lin, P.; Farquhar, M.G. Calnuc, an EF-Hand Ca2+-Binding Protein, Is Stored and Processed in the Golgi
and Secreted by the Constitutive-like Pathway in AtT20 Cells. Mol. Endocrinol. 2002, 16, 2462–2474. [CrossRef] [PubMed]

199. Meng, D.-F.; Sun, R.; Liu, G.-Y.; Peng, L.-X.; Zheng, L.-S.; Xie, P.; Lin, S.-T.; Mei, Y.; Qiang, Y.-Y.; Li, C.-Z. S100A14 Suppresses
Metastasis of Nasopharyngeal Carcinoma by Inhibition of NF-KB Signaling through Degradation of IRAK1. Oncogene 2020, 39,
5307–5322. [CrossRef]

200. Medapati, M.R.; Dahlmann, M.; Ghavami, S.; Pathak, K.A.; Lucman, L.; Klonisch, T.; Hoang-Vu, C.; Stein, U.; Hombach-Klonisch, S.
RAGE Mediates the Pro-Migratory Response of Extracellular S100A4 in Human Thyroid Cancer Cells. Thyroid 2015, 25, 514–527.
[CrossRef]

201. Adam, P.J.; Boyd, R.; Tyson, K.L.; Fletcher, G.C.; Stamps, A.; Hudson, L.; Poyser, H.R.; Redpath, N.; Griffiths, M.; Steers, G.
Comprehensive Proteomic Analysis of Breast Cancer Cell Membranes Reveals Unique Proteins with Potential Roles in Clinical
Cancer. J. Biol. Chem. 2003, 278, 6482–6489. [CrossRef]

202. Yao, R.; Lopez-Beltran, A.; Maclennan, G.T.; Montironi, R.; Eble, J.N.; Cheng, L. Expression of S100 Protein Family Members in
the Pathogenesis of Bladder Tumors. Anticancer. Res. 2007, 27, 3051–3058.

203. Smirnov, D.A.; Zweitzig, D.R.; Foulk, B.W.; Miller, M.C.; Doyle, G.V.; Pienta, K.J.; Meropol, N.J.; Weiner, L.M.; Cohen, S.J.;
Moreno, J.G. Global Gene Expression Profiling of Circulating Tumor Cells. Cancer Res. 2005, 65, 4993–4997. [CrossRef]

204. Chen, H.; Yu, D.; Luo, A.; Tan, W.; Zhang, C.; Zhao, D.; Yang, M.; Liu, J.; Lin, D.; Liu, Z. Functional Role of S100A14 Genetic
Variants and Their Association with Esophageal Squamous Cell Carcinoma. Cancer Res. 2009, 69, 3451–3457. [CrossRef] [PubMed]

205. Bertini, I.; Borsi, V.; Cerofolini, L.; Das Gupta, S.; Fragai, M.; Luchinat, C. Solution Structure and Dynamics of Human S100A14.
JBIC J. Biol. Inorg. Chem. 2013, 18, 183–194. [CrossRef] [PubMed]

206. Nogueira-Machado, J.A.; M de Oliveira Volpe, C. HMGB-1 as a Target for Inflammation Controlling. Recent Pat. Endocr. Metab.
Immune Drug Discov. 2012, 6, 201–209. [CrossRef] [PubMed]

207. Arnesano, F.; Banci, L.; Bertini, I.; Fantoni, A.; Tenori, L.; Viezzoli, M.S. Structural Interplay between Calcium (II) and Copper (II)
Binding to S100A13 Protein. Angew. Chem. 2005, 117, 6499–6502. [CrossRef]

208. Otterbein, L.R.; Kordowska, J.; Witte-Hoffmann, C.; Wang, C.-L.A.; Dominguez, R. Crystal Structures of S100A6 in the Ca2+-Free
and Ca2+-Bound States: The Calcium Sensor Mechanism of S100 Proteins Revealed at Atomic Resolution. Structure 2002, 10,
557–567. [CrossRef]

209. Drohat, A.C.; Amburgey, J.C.; Abildgaard, F.; Starich, M.R.; Baldisseri, D.; Weber, D.J. Solution Structure of Rat Apo-S100B (Bβ) as
Determined by NMR Spectroscopy. Biochemistry 1996, 35, 11577–11588. [CrossRef]

http://doi.org/10.1002/hep.23099
http://www.ncbi.nlm.nih.gov/pubmed/19670424
http://doi.org/10.1006/jmbi.2001.5340
http://www.ncbi.nlm.nih.gov/pubmed/11851337
http://doi.org/10.1016/j.jmb.2007.04.065
http://doi.org/10.1042/BJ20060195
http://doi.org/10.1107/S0907444900002833
http://doi.org/10.1006/geno.2002.6744
http://doi.org/10.1371/journal.pone.0019375
http://doi.org/10.1038/nrc3893
http://doi.org/10.1016/j.ejca.2010.10.012
http://doi.org/10.1016/j.oraloncology.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22032898
http://doi.org/10.1074/jbc.M113.469718
http://www.ncbi.nlm.nih.gov/pubmed/24285542
http://doi.org/10.1007/s10549-008-0170-7
http://doi.org/10.1038/cddis.2017.297
http://www.ncbi.nlm.nih.gov/pubmed/28726786
http://doi.org/10.1210/me.2002-0079
http://www.ncbi.nlm.nih.gov/pubmed/12403836
http://doi.org/10.1038/s41388-020-1363-8
http://doi.org/10.1089/thy.2014.0257
http://doi.org/10.1074/jbc.M210184200
http://doi.org/10.1158/0008-5472.CAN-04-4330
http://doi.org/10.1158/0008-5472.CAN-08-4231
http://www.ncbi.nlm.nih.gov/pubmed/19351828
http://doi.org/10.1007/s00775-012-0963-3
http://www.ncbi.nlm.nih.gov/pubmed/23197251
http://doi.org/10.2174/187221412802481784
http://www.ncbi.nlm.nih.gov/pubmed/22845335
http://doi.org/10.1002/ange.200500540
http://doi.org/10.1016/S0969-2126(02)00740-2
http://doi.org/10.1021/bi9612226


Int. J. Mol. Sci. 2023, 24, 266 31 of 36

210. Smith, S.P.; Shaw, G.S. A Novel Calcium-Sensitive Switch Revealed by the Structure of Human S100B in the Calcium-Bound
Form. Structure 1998, 6, 211–222. [CrossRef]

211. Kiess, A.P.; Cho, S.Y.; Pomper, M.G. Translational Molecular Imaging of Prostate Cancer. Curr. Radiol. Rep. 2013, 1, 216–226.
[CrossRef]

212. Marenholz, I.; Heizmann, C.W. S100A16, a Ubiquitously Expressed EF-Hand Protein Which Is up-Regulated in Tumors. Biochem.
Biophys. Res. Commun. 2004, 313, 237–244. [CrossRef]

213. Heizmann, C.W.; Fritz, G. The Family of S100 Cell Signaling Proteins. In Handbook of Cell Signaling; Elsevier: Amsterdam, The
Netherlands, 2010; pp. 983–993.

214. He, M.; Kubo, H.; Morimoto, K.; Fujino, N.; Suzuki, T.; Takahasi, T.; Yamada, M.; Yamaya, M.; Maekawa, T.; Yamamoto, Y.
Receptor for Advanced Glycation End Products Binds to Phosphatidylserine and Assists in the Clearance of Apoptotic Cells.
EMBO Rep. 2011, 12, 358–364. [CrossRef]

215. Andersen, J.S.; Lam, Y.W.; Leung, A.K.L.; Ong, S.-E.; Lyon, C.E.; Lamond, A.I.; Mann, M. Nucleolar Proteome Dynamics. Nature
2005, 433, 77–83. [CrossRef] [PubMed]

216. Sturchler, E.; Cox, J.A.; Durussel, I.; Weibel, M.; Heizmann, C.W. S100A16, a Novel Calcium-Binding Protein of the EF-Hand
Superfamily. J. Biol. Chem. 2006, 281, 38905–38917. [CrossRef] [PubMed]

217. Sapkota, D.; Costea, D.E.; Ibrahim, S.O.; Johannessen, A.C.; Bruland, O. S100A14 Interacts with S100A16 and Regulates Its
Expression in Human Cancer Cells. PLoS ONE 2013, 8, e76058. [CrossRef] [PubMed]

218. Zhou, W.; Pan, H.; Xia, T.; Xue, J.; Cheng, L.; Fan, P.; Zhang, Y.; Zhu, W.; Xue, Y.; Liu, X. Up-Regulation of S100A16 Expression
Promotes Epithelial-Mesenchymal Transition via Notch1 Pathway in Breast Cancer. J. Biomed. Sci. 2014, 21, 97. [CrossRef]
[PubMed]

219. Sapkota, D.; Bruland, O.; Parajuli, H.; Osman, T.A.; Teh, M.-T.; Johannessen, A.C.; Costea, D.E. S100A16 Promotes Differentiation
and Contributes to a Less Aggressive Tumor Phenotype in Oral Squamous Cell Carcinoma. BMC Cancer 2015, 15, 631. [CrossRef]

220. Kobayashi, M.; Nagashio, R.; Saito, K.; Aguilar-Bonavides, C.; Ryuge, S.; Katono, K.; Igawa, S.; Tsuchiya, B.; Jiang, S.-X.; Ichinoe,
M. Prognostic Significance of S100A16 Subcellular Localization in Lung Adenocarcinoma. Hum. Pathol. 2018, 74, 148–155.
[CrossRef] [PubMed]

221. Schmitt, T.; Ogris, C.; Sonnhammer, E.L.L. FunCoup 3.0: Database of Genome-Wide Functional Coupling Networks. Nucleic Acids
Res. 2014, 42, D380–D388. [CrossRef]

222. Price, D.J.; Avraham, S.; Feuerstein, J.; Fu, Y.; Avraham, H.K. The Invasive Phenotype in HMT-3522 Cells Requires Increased EGF
Receptor Signaling through Both PI 3-Kinase and ERK 1, 2 Pathways. Cell Commun. Adhes. 2002, 9, 87–102. [CrossRef]

223. Peng, S.; Zhang, Y.; Zhang, J.; Wang, H.; Ren, B. ERK in Learning and Memory: A Review of Recent Research. Int. J. Mol. Sci.
2010, 11, 222–232. [CrossRef]

224. Zhu, W.; Xue, Y.; Liang, C.; Zhang, R.; Zhang, Z.; Li, H.; Su, D.; Liang, X.; Zhang, Y.; Huang, Q. S100A16 Promotes Cell
Proliferation and Metastasis via AKT and ERK Cell Signaling Pathways in Human Prostate Cancer. Tumor Biol. 2016, 37,
12241–12250. [CrossRef]

225. Babini, E.; Bertini, I.; Borsi, V.; Calderone, V.; Hu, X.; Luchinat, C.; Parigi, G. Structural Characterization of Human S100A16, a
Low-Affinity Calcium Binder. JBIC J. Biol. Inorg. Chem. 2011, 16, 243–256. [CrossRef] [PubMed]

226. Steiner, J.; Bogerts, B.; Schroeter, M.L.; Bernstein, H.-G. S100B Protein in Neurodegenerative Disorders. Clin. Chem. Lab. Med.
2011, 49, 409–424. [CrossRef] [PubMed]

227. Schmidt, A.P.; Tort, A.B.L.; Amaral, O.B.; Schmidt, A.P.; Walz, R.; Vettorazzi-Stuckzynski, J.; Martins-Costa, S.H.; Ramos, J.G.L.;
Souza, D.O.; Portela, L.V.C. Serum S100B in Pregnancy-Related Hypertensive Disorders: A Case–Control Study. Clin. Chem. 2004,
50, 435–438. [CrossRef] [PubMed]

228. Harpio, R.; Einarsson, R. S100 Proteins as Cancer Biomarkers with Focus on S100B in Malignant Melanoma. Clin. Biochem. 2004,
37, 512–518. [CrossRef] [PubMed]

229. Hamberg, A.P.; Korse, C.M.; Bonfrer, J.M.G.; De Gast, G.C. Serum S100B Is Suitable for Prediction and Monitoring of Response to
Chemoimmunotherapy in Metastatic Malignant Melanoma. Melanoma Res. 2003, 13, 45–49. [CrossRef]

230. Huang, M.-Y.; Wang, H.-M.; Chang, H.-J.; Hsiao, C.-P.; Wang, J.-Y.; Lin, S.-R. Overexpression of S100B, TM4SF4, and OLFM4
Genes Is Correlated with Liver Metastasis in Taiwanese Colorectal Cancer Patients. DNA Cell Biol. 2012, 31, 43–49. [CrossRef]

231. Hwang, C.-C.; Chai, H.-T.; Chen, H.-W.; Tsai, H.-L.; Lu, C.-Y.; Yu, F.-J.; Huang, M.-Y.; Wang, J.-Y. S100B Protein Expressions as an
Independent Predictor of Early Relapse in UICC Stages II and III Colon Cancer Patients after Curative Resection. Ann. Surg.
Oncol. 2011, 18, 139–145. [CrossRef]

232. Villarreal, A.; Aviles Reyes, R.X.; Angelo, M.F.; Reines, A.G.; Ramos, A.J. S100B Alters Neuronal Survival and Dendrite Extension
via RAGE-mediated NF-κB Signaling. J. Neurochem. 2011, 117, 321–332. [CrossRef]

233. Wang, H.; Zhang, L.; Zhang, I.Y.; Chen, X.; Da Fonseca, A.; Wu, S.; Ren, H.; Badie, S.; Sadeghi, S.; Ouyang, M. S100B Promotes
Glioma Growth through Chemoattraction of Myeloid-Derived Macrophages. Clin. Cancer Res. 2013, 19, 3764–3775. [CrossRef]

234. Yang, T.; Cheng, J.; Yang, Y.; Qi, W.; Zhao, Y.; Long, H.; Xie, R.; Zhu, B. S100B Mediates Stemness of Ovarian Cancer Stem-like
Cells through Inhibiting P53. Stem Cells 2017, 35, 325–336. [CrossRef]

235. Zhang, F.; Banker, G.; Liu, X.; Suwanabol, P.A.; Lengfeld, J.; Yamanouchi, D.; Kent, K.C.; Liu, B. The Novel Function of Advanced
Glycation End Products in Regulation of MMP-9 Production. J. Surg. Res. 2011, 171, 871–876. [CrossRef] [PubMed]

http://doi.org/10.1016/S0969-2126(98)00022-7
http://doi.org/10.1007/s40134-013-0020-1
http://doi.org/10.1016/j.bbrc.2003.11.115
http://doi.org/10.1038/embor.2011.28
http://doi.org/10.1038/nature03207
http://www.ncbi.nlm.nih.gov/pubmed/15635413
http://doi.org/10.1074/jbc.M605798200
http://www.ncbi.nlm.nih.gov/pubmed/17030513
http://doi.org/10.1371/journal.pone.0076058
http://www.ncbi.nlm.nih.gov/pubmed/24086685
http://doi.org/10.1186/s12929-014-0097-8
http://www.ncbi.nlm.nih.gov/pubmed/25287362
http://doi.org/10.1186/s12885-015-1622-1
http://doi.org/10.1016/j.humpath.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29320753
http://doi.org/10.1093/nar/gkt984
http://doi.org/10.1080/15419060214147
http://doi.org/10.3390/ijms11010222
http://doi.org/10.1007/s13277-016-5096-9
http://doi.org/10.1007/s00775-010-0721-3
http://www.ncbi.nlm.nih.gov/pubmed/21046186
http://doi.org/10.1515/CCLM.2011.083
http://www.ncbi.nlm.nih.gov/pubmed/21303299
http://doi.org/10.1373/clinchem.2003.027391
http://www.ncbi.nlm.nih.gov/pubmed/14752015
http://doi.org/10.1016/j.clinbiochem.2004.05.012
http://www.ncbi.nlm.nih.gov/pubmed/15234232
http://doi.org/10.1097/00008390-200302000-00008
http://doi.org/10.1089/dna.2011.1264
http://doi.org/10.1245/s10434-010-1209-7
http://doi.org/10.1111/j.1471-4159.2011.07207.x
http://doi.org/10.1158/1078-0432.CCR-12-3725
http://doi.org/10.1002/stem.2472
http://doi.org/10.1016/j.jss.2010.04.027
http://www.ncbi.nlm.nih.gov/pubmed/20638679


Int. J. Mol. Sci. 2023, 24, 266 32 of 36

236. Donato, R. RAGE: A Single Receptor for Several Ligands and Different Cellular Responses: The Case of Certain S100 Proteins.
Curr. Mol. Med. 2007, 7, 711–724. [CrossRef] [PubMed]

237. Baudier, J.; Delphin, C.; Grunwald, D.; Khochbin, S.; Lawrence, J.J. Characterization of the Tumor Suppressor Protein P53 as a
Protein Kinase C Substrate and a S100b-Binding Protein. Proc. Natl. Acad. Sci. USA 1992, 89, 11627–11631. [CrossRef]

238. Rustandi, R.R.; Drohat, A.C.; Baldisseri, D.M.; Wilder, P.T.; Weber, D.J. The Ca2+-Dependent Interaction of S100B (Bβ) with a
Peptide Derived from P53. Biochemistry 1998, 37, 1951–1960. [CrossRef] [PubMed]

239. Delphin, C.; Ronjat, M.; Deloulme, J.C.; Garin, G.; Debussche, L.; Higashimoto, Y.; Sakaguchi, K.; Baudier, J. Calcium-Dependent
Interaction of S100B with the C-Terminal Domain of the Tumor Suppressor P53. J. Biol. Chem. 1999, 274, 10539–10544. [CrossRef]

240. Lin, J.; Yang, Q.; Yan, Z.; Markowitz, J.; Wilder, P.T.; Carrier, F.; Weber, D.J. Inhibiting S100B Restores P53 Levels in Primary
Malignant Melanoma Cancer Cells. J. Biol. Chem. 2004, 279, 34071–34077. [CrossRef]

241. Lin, J.; Blake, M.; Tang, C.; Zimmer, D.; Rustandi, R.R.; Weber, D.J.; Carrier, F. Inhibition of P53 Transcriptional Activity by the
S100B Calcium-Binding Protein. J. Biol. Chem. 2001, 276, 35037–35041. [CrossRef]

242. Wilder, P.T.; Lin, J.; Bair, C.L.; Charpentier, T.H.; Yang, D.; Liriano, M.; Varney, K.M.; Lee, A.; Oppenheim, A.B.; Adhya, S.
Recognition of the Tumor Suppressor Protein P53 and Other Protein Targets by the Calcium-Binding Protein S100B. Biochim.
Biophys. Acta (BBA)-Mol. Cell Res. 2006, 1763, 1284–1297. [CrossRef]

243. Drohat, A.C.; Baldisseri, D.M.; Rustandi, R.R.; Weber, D.J. Solution Structure of Calcium-Bound Rat S100B (Bβ) as Determined by
Nuclear Magnetic Resonance Spectroscopy. Biochemistry 1998, 37, 2729–2740. [CrossRef]

244. Rust, R.R.; Baldisseri, D.M.; Weber, D.J. Structure of the Negative Regulatory Domain of P53 Bound to S100B (Bβ). Nat. Struct.
Biol. 2000, 7, 570–574.

245. Amburgey, J.C.; Abildgaard, F.; Starich, M.R.; Shah, S.; Hilt, D.C.; Weber, D.J. 1 H, 13 C and 15 N NMR Assignments and Solution
Secondary Structure of Rat Apo-S100β. J. Biomol. NMR 1995, 6, 171–179. [CrossRef] [PubMed]

246. Fritz, G.; Heizmann, C.W. 3D Structures of the Calcium and Zinc Binding S100 Proteins. In Handbook of Metalloproteins; Wiley:
Hoboken, NJ, USA, 2004; Volume 3, pp. 529–540.

247. Xie, J.; Méndez, J.D.; Méndez-Valenzuela, V.; Aguilar-Hernández, M.M. Cellular Signalling of the Receptor for Advanced
Glycation End Products (RAGE). Cell. Signal. 2013, 25, 2185–2197. [CrossRef] [PubMed]

248. Ostendorp, T.; Diez, J.; Heizmann, C.W.; Fritz, G. The Crystal Structures of Human S100B in the Zinc-and Calcium-Loaded State
at Three PH Values Reveal Zinc Ligand Swapping. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2011, 1813, 1083–1091. [CrossRef]
[PubMed]

249. Sorci, G.; Riuzzi, F.; Agneletti, A.L.; Marchetti, C.; Donato, R. S100B Causes Apoptosis in a Myoblast Cell Line in a RAGE-
independent Manner. J. Cell. Physiol. 2004, 199, 274–283. [CrossRef]

250. Huttunen, H.J.; Kuja-Panula, J.; Sorci, G.; Agneletti, A.L.; Donato, R.; Rauvala, H. Coregulation of Neurite Outgrowth and Cell
Survival by Amphoterin and S100 Proteins through Receptor for Advanced Glycation End Products (RAGE) Activation. J. Biol.
Chem. 2000, 275, 40096–40105. [CrossRef]

251. Marsden, B.J.; Shaw, G.S.; Sykes, B.D. Calcium Binding Proteins. Elucidating the Contributions to Calcium Affinity from an
Analysis of Species Variants and Peptide Fragments. Biochem. Cell Biol. 1990, 68, 587–601. [CrossRef]

252. Averboukh, L.; Liang, P.; Kantoff, P.W.; Pardee, A.B. Regulation of S100P Expression by Androgen. Prostate 1996, 29, 350–355.
[CrossRef]

253. Logsdon, C.D.; Simeone, D.M.; Binkley, C.; Arumugam, T.; Greenson, J.K.; Giordano, T.J.; Misek, D.E.; Hanash, S. Molecular
Profiling of Pancreatic Adenocarcinoma and Chronic Pancreatitis Identifies Multiple Genes Differentially Regulated in Pancreatic
Cancer. Cancer Res. 2003, 63, 2649–2657.

254. Beer, D.G.; Kardia, S.L.R.; Huang, C.-C.; Giordano, T.J.; Levin, A.M.; Misek, D.E.; Lin, L.; Chen, G.; Gharib, T.G.; Thomas, D.G.
Gene-Expression Profiles Predict Survival of Patients with Lung Adenocarcinoma. Nat. Med. 2002, 8, 816–824. [CrossRef]

255. Fuentes, M.K.; Nigavekar, S.S.; Arumugam, T.; Logsdon, C.D.; Schmidt, A.M.; Park, J.C.; Huang, E.H. RAGE Activation by S100P
in Colon Cancer Stimulates Growth, Migration, and Cell Signaling Pathways. Dis. Colon Rectum 2007, 50, 1230–1240. [CrossRef]

256. Wang, G.; Platt-Higgins, A.; Carroll, J.; de Silva Rudland, S.; Winstanley, J.; Barraclough, R.; Rudland, P.S. Induction of Metastasis
by S100P in a Rat Mammary Model and Its Association with Poor Survival of Breast Cancer Patients. Cancer Res. 2006, 66,
1199–1207. [CrossRef] [PubMed]

257. Rehbein, G.; Simm, A.; Hofmann, H.-S.; Silber, R.-E.; Bartling, B. Molecular Regulation of S100P in Human Lung Adenocarcinomas.
Int. J. Mol. Med. 2008, 22, 69–77. [CrossRef] [PubMed]

258. Wang, Q.; Zhang, Y.-N.; Lin, G.-L.; Qiu, H.-Z.; Wu, B.; Wu, H.-Y.; Zhao, Y.; Chen, Y.-J.; Lu, C.-M. S100P, a Potential Novel
Prognostic Marker in Colorectal Cancer. Oncol. Rep. 2012, 28, 303–310. [PubMed]

259. Tothova, V.; Gibadulinova, A. S100P, a Peculiar Member of S100 Family of Calcium-Binding Proteins Implicated in Cancer. Acta
Virol. 2013, 57, 238–246. [CrossRef]

260. Lee, Y.-C.; Volk, D.E.; Thiviyanathan, V.; Kleerekoper, Q.; Gribenko, A.V.; Zhang, S.; Gorenstein, D.G.; Makhatadze, G.I.;
Luxon, B.A. Letter to the Editor: NMR Structure of the Apo-S100P Protein. J. Biomol. NMR 2004, 29, 399–402. [CrossRef]

261. Austermann, J.; Nazmi, A.R.; Müller-Tidow, C.; Gerke, V. Characterization of the Ca2+-Regulated Ezrin-S100P Interaction and Its
Role in Tumor Cell Migration∗. J. Biol. Chem. 2008, 283, 29331–29340. [CrossRef]

262. Cavallaro, U.G.O.; Christofori, G. Multitasking in Tumor Progression: Signaling Functions of Cell Adhesion Molecules. Ann. New
York Acad. Sci. 2004, 1014, 58–66. [CrossRef]

http://doi.org/10.2174/156652407783220688
http://www.ncbi.nlm.nih.gov/pubmed/18331229
http://doi.org/10.1073/pnas.89.23.11627
http://doi.org/10.1021/bi972701n
http://www.ncbi.nlm.nih.gov/pubmed/9485322
http://doi.org/10.1074/jbc.274.15.10539
http://doi.org/10.1074/jbc.M405419200
http://doi.org/10.1074/jbc.M104379200
http://doi.org/10.1016/j.bbamcr.2006.08.024
http://doi.org/10.1021/bi972635p
http://doi.org/10.1007/BF00211781
http://www.ncbi.nlm.nih.gov/pubmed/8589606
http://doi.org/10.1016/j.cellsig.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23838007
http://doi.org/10.1016/j.bbamcr.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20950652
http://doi.org/10.1002/jcp.10462
http://doi.org/10.1074/jbc.M006993200
http://doi.org/10.1139/o90-084
http://doi.org/10.1002/(SICI)1097-0045(199612)29:6&lt;350::AID-PROS2&gt;3.0.CO;2-C
http://doi.org/10.1038/nm733
http://doi.org/10.1007/s10350-006-0850-5
http://doi.org/10.1158/0008-5472.CAN-05-2605
http://www.ncbi.nlm.nih.gov/pubmed/16424059
http://doi.org/10.3892/ijmm.22.1.69
http://www.ncbi.nlm.nih.gov/pubmed/18575778
http://www.ncbi.nlm.nih.gov/pubmed/22552710
http://doi.org/10.4149/av_2013_02_238
http://doi.org/10.1023/B:JNMR.0000032617.88899.4b
http://doi.org/10.1074/jbc.M806145200
http://doi.org/10.1196/annals.1294.006


Int. J. Mol. Sci. 2023, 24, 266 33 of 36

263. Beauchemin, N.; Arabzadeh, A. Carcinoembryonic Antigen-Related Cell Adhesion Molecules (CEACAMs) in Cancer Progression
and Metastasis. Cancer Metastasis Rev. 2013, 32, 643–671. [CrossRef]

264. Johnson, J.P.; Stade, B.G.; Holzmann, B.; Schwäble, W.; Riethmüller, G. De Novo Expression of Intercellular-Adhesion Molecule 1
in Melanoma Correlates with Increased Risk of Metastasis. Proc. Natl. Acad. Sci. USA 1989, 86, 641–644. [CrossRef]

265. Lin, Y.-C.; Shun, C.-T.; Wu, M.-S.; Chen, C.-C. A Novel Anticancer Effect of Thalidomide: Inhibition of Intercellular Adhesion
Molecule-1–Mediated Cell Invasion and Metastasis through Suppression of Nuclear Factor-KB. Clin. Cancer Res. 2006, 12,
7165–7173. [CrossRef]

266. Schröder, C.; Witzel, I.; Müller, V.; Krenkel, S.; Wirtz, R.M.; Jänicke, F.; Schumacher, U.; Milde-Langosch, K. Prognostic Value of
Intercellular Adhesion Molecule (ICAM)-1 Expression in Breast Cancer. J. Cancer Res. Clin. Oncol. 2011, 137, 1193–1201. [CrossRef]
[PubMed]

267. Usami, Y.; Ishida, K.; Sato, S.; Kishino, M.; Kiryu, M.; Ogawa, Y.; Okura, M.; Fukuda, Y.; Toyosawa, S. Intercellular Adhesion
Molecule-1 (ICAM-1) Expression Correlates with Oral Cancer Progression and Induces Macrophage/Cancer Cell Adhesion. Int. J.
Cancer 2013, 133, 568–578. [CrossRef] [PubMed]

268. Farahani, E.; Patra, H.K.; Jangamreddy, J.R.; Rashedi, I.; Kawalec, M.; Rao Pariti, R.K.; Batakis, P.; Wiechec, E. Cell Adhesion
Molecules and Their Relation to (Cancer) Cell Stemness. Carcinogenesis 2014, 35, 747–759. [CrossRef] [PubMed]

269. Buckley, S.T.; Medina, C.; Kasper, M.; Ehrhardt, C. Interplay between RAGE, CD44, and Focal Adhesion Molecules in Epithelial-
Mesenchymal Transition of Alveolar Epithelial Cells. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2011, 300, L548–L559. [CrossRef]

270. Sessa, L.; Gatti, E.; Zeni, F.; Antonelli, A.; Catucci, A.; Koch, M.; Pompilio, G.; Fritz, G.; Raucci, A.; Bianchi, M.E. The Receptor for
Advanced Glycation End-Products (RAGE) Is Only Present in Mammals, and Belongs to a Family of Cell Adhesion Molecules
(CAMs). PLoS ONE 2014, 9, e86903. [CrossRef]

271. Paschos, K.A.; Canovas, D.; Bird, N.C. The Role of Cell Adhesion Molecules in the Progression of Colorectal Cancer and the
Development of Liver Metastasis. Cell. Signal. 2009, 21, 665–674. [CrossRef]

272. Zecchini, S.; Cavallaro, U. Neural Cell Adhesion Molecule in Cancer: Expression and Mechanisms. In Structure and Function of the
Neural Cell Adhesion Molecule NCAM; Springer: New York, NY, USA, 2010; pp. 319–333.

273. Bergom, C.; Gao, C.; Newman, P.J. Mechanisms of PECAM-1-Mediated Cytoprotection and Implications for Cancer Cell Survival.
Leuk. Lymphoma 2005, 46, 1409–1421. [CrossRef]

274. Weichert, W.; Knösel, T.; Bellach, J.; Dietel, M.; Kristiansen, G. ALCAM/CD166 Is Overexpressed in Colorectal Carcinoma and
Correlates with Shortened Patient Survival. J. Clin. Pathol. 2004, 57, 1160–1164. [CrossRef]

275. Roland, C.L.; Harken, A.H.; Sarr, M.G.; Barnett Jr, C.C. ICAM-1 Expression Determines Malignant Potential of Cancer. Surgery
2007, 141, 705–707. [CrossRef]

276. Donin, N.; Jurianz, K.; Ziporen, L.; Schultz, S.; Kirschfink, M.; Fishelson, Z. Complement Resistance of Human Carcinoma Cells
Depends on Membrane Regulatory Proteins, Protein Kinases and Sialic Acid. Clin. Exp. Immunol. 2003, 131, 254–263. [CrossRef]

277. Okroj, M.; Hsu, Y.-F.; Ajona, D.; Pio, R.; Blom, A.M. Non-Small Cell Lung Cancer Cells Produce a Functional Set of Complement
Factor I and Its Soluble Cofactors. Mol. Immunol. 2008, 45, 169–179. [CrossRef] [PubMed]

278. Ajona, D.; Castano, Z.; Garayoa, M.; Zudaire, E.; Pajares, M.J.; Martinez, A.; Cuttitta, F.; Montuenga, L.M.; Pio, R. Expression of
Complement Factor H by Lung Cancer Cells: Effects on the Activation of the Alternative Pathway of Complement. Cancer Res.
2004, 64, 6310–6318. [CrossRef] [PubMed]

279. Ajona, D.; Ortiz-Espinosa, S.; Pio, R. Complement Anaphylatoxins C3a and C5a: Emerging Roles in Cancer Progression and
Treatment. Semin. Cell Dev. Biol. 2019, 85, 153–163. [CrossRef] [PubMed]

280. Ajona, D.; Hsu, Y.-F.; Corrales, L.; Montuenga, L.M.; Pio, R. Down-Regulation of Human Complement Factor H Sensitizes
Non-Small Cell Lung Cancer Cells to Complement Attack and Reduces in Vivo Tumor Growth. J. Immunol. 2007, 178, 5991–5998.
[CrossRef] [PubMed]

281. Reid, K. Complement Component C1q: Historical Perspective of a Functionally Versatile, and Structurally Unusual, Serum
Protein. Front. Immunol. 2018, 9, 764. [CrossRef] [PubMed]

282. Teh, B.K.; Yeo, J.G.; Chern, L.M.; Lu, J. C1q Regulation of Dendritic Cell Development from Monocytes with Distinct Cytokine
Production and T Cell Stimulation. Mol. Immunol. 2011, 48, 1128–1138. [CrossRef] [PubMed]

283. Lauvrak, V.; Brekke, O.H.; Ihle, Ø.; Lindqvist, B.H. Identification and Characterisation of C1q-Binding Phage Displayed Peptides.
Biol. Chem. 1997, 378, 1509–1520. [CrossRef]

284. Goodman, E.B.; Anderson, D.C.; Tenner, A.J. C1q Triggers Neutrophil Superoxide Production by a Unique CD18-dependent
Mechanism. J. Leukoc. Biol. 1995, 58, 168–176. [CrossRef]

285. Ma, W.; Rai, V.; Hudson, B.I.; Song, F.; Schmidt, A.M.; Barile, G.R. RAGE Binds C1q and Enhances C1q-Mediated Phagocytosis.
Cell. Immunol. 2012, 274, 72–82. [CrossRef]

286. Pamplona, R. Advanced Lipoxidation End-Products. Chem. -Biol. Interact. 2011, 192, 14–20. [CrossRef]
287. Viedma-Poyatos, Á.; González-Jiménez, P.; Langlois, O.; Spickett, C.M.; Pérez-Sala, D. Protein Lipoxidation: Basic Concepts and

Emerging Roles. Antioxidants 2021, 10, 295. [CrossRef] [PubMed]
288. Dianzani, M.U. Lipid Peroxidation and Cancer: A Critical Reconsideration. Tumori J. 1989, 75, 351–357. [CrossRef] [PubMed]
289. Biasi, F.; Vizio, B.; Mascia, C.; Gaia, E.; Zarkovic, N.; Chiarpotto, E.; Leonarduzzi, G.; Poli, G. C-Jun N-Terminal Kinase

Upregulation as a Key Event in the Proapoptotic Interaction between Transforming Growth Factor-B1 and 4-Hydroxynonenal in
Colon Mucosa. Free. Radic. Biol. Med. 2006, 41, 443–454. [CrossRef]

http://doi.org/10.1007/s10555-013-9444-6
http://doi.org/10.1073/pnas.86.2.641
http://doi.org/10.1158/1078-0432.CCR-06-1393
http://doi.org/10.1007/s00432-011-0984-2
http://www.ncbi.nlm.nih.gov/pubmed/21590495
http://doi.org/10.1002/ijc.28066
http://www.ncbi.nlm.nih.gov/pubmed/23364881
http://doi.org/10.1093/carcin/bgu045
http://www.ncbi.nlm.nih.gov/pubmed/24531939
http://doi.org/10.1152/ajplung.00230.2010
http://doi.org/10.1371/journal.pone.0086903
http://doi.org/10.1016/j.cellsig.2009.01.006
http://doi.org/10.1080/10428190500126091
http://doi.org/10.1136/jcp.2004.016238
http://doi.org/10.1016/j.surg.2007.01.016
http://doi.org/10.1046/j.1365-2249.2003.02066.x
http://doi.org/10.1016/j.molimm.2007.04.025
http://www.ncbi.nlm.nih.gov/pubmed/17548110
http://doi.org/10.1158/0008-5472.CAN-03-2328
http://www.ncbi.nlm.nih.gov/pubmed/15342420
http://doi.org/10.1016/j.semcdb.2017.11.023
http://www.ncbi.nlm.nih.gov/pubmed/29155219
http://doi.org/10.4049/jimmunol.178.9.5991
http://www.ncbi.nlm.nih.gov/pubmed/17442984
http://doi.org/10.3389/fimmu.2018.00764
http://www.ncbi.nlm.nih.gov/pubmed/29692784
http://doi.org/10.1016/j.molimm.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21429584
http://doi.org/10.1515/bchm.1997.378.12.1509
http://doi.org/10.1002/jlb.58.2.168
http://doi.org/10.1016/j.cellimm.2012.02.001
http://doi.org/10.1016/j.cbi.2011.01.007
http://doi.org/10.3390/antiox10020295
http://www.ncbi.nlm.nih.gov/pubmed/33669164
http://doi.org/10.1177/030089168907500410
http://www.ncbi.nlm.nih.gov/pubmed/2510383
http://doi.org/10.1016/j.freeradbiomed.2006.04.005


Int. J. Mol. Sci. 2023, 24, 266 34 of 36

290. Mol, M.; Degani, G.; Coppa, C.; Baron, G.; Popolo, L.; Carini, M.; Aldini, G.; Vistoli, G.; Altomare, A. Advanced Lipoxidation End
Products (ALEs) as RAGE Binders: Mass Spectrometric and Computational Studies to Explain the Reasons Why. Redox Biol. 2019,
23, 101083. [CrossRef]

291. Rakhesh, M.; Cate, M.; Vijay, R.; Shrikant, A.; Shanjana, A. A TLR4-Interacting Peptide Inhibits Lipopolysaccharide-Stimulated
Inflammatory Responses, Migration and Invasion of Colon Cancer SW480 Cells. Oncoimmunology 2012, 1, 1495–1506. [CrossRef]
[PubMed]

292. Liu, X.; Liang, J.; Li, G. Lipopolysaccharide Promotes Adhesion and Invasion of Hepatoma Cell Lines HepG2 and HepG2. 2.15.
Mol. Biol. Rep. 2010, 37, 2235–2239. [CrossRef]

293. Huang, T.A.O.; Chen, Z.; Fang, L. Curcumin Inhibits LPS-Induced EMT through Downregulation of NF-KB-Snail Signaling in
Breast Cancer Cells. Oncol. Rep. 2013, 29, 117–124. [CrossRef] [PubMed]

294. Yamamoto, Y.; Harashima, A.; Saito, H.; Tsuneyama, K.; Munesue, S.; Motoyoshi, S.; Han, D.; Watanabe, T.; Asano, M.;
Takasawa, S. Septic Shock Is Associated with Receptor for Advanced Glycation End Products Ligation of LPS. J. Immunol. 2011,
186, 3248–3257. [CrossRef]

295. Nakashima, H.; Nakamura, M.; Yamaguchi, H.; Yamanaka, N.; Akiyoshi, T.; Koga, K.; Yamaguchi, K.; Tsuneyoshi, M.; Tanaka, M.;
Katano, M. Nuclear Factor-KB Contributes to Hedgehog Signaling Pathway Activation through Sonic Hedgehog Induction in
Pancreatic Cancer. Cancer Res. 2006, 66, 7041–7049. [CrossRef]

296. Kojima, M.; Morisaki, T.; Izuhara, K.; Uchiyama, A.; Matsunari, Y.; Katano, M.; Tanaka, M. Lipopolysaccharide Increases Cyclo-
Oxygenase-2 Expression in a Colon Carcinoma Cell Line through Nuclear Factor-KB Activation. Oncogene 2000, 19, 1225–1231.
[CrossRef]

297. Wilkie, T.; Verma, A.K.; Zhao, H.; Charan, M.; Ahirwar, D.K.; Kant, S.; Pancholi, V.; Mishra, S.; Ganju, R.K. Lipopolysaccharide
from the Commensal Microbiota of the Breast Enhances Cancer Growth: Role of S100A7 and TLR4. Mol. Oncol. 2021, 16,
1508–1522. [CrossRef] [PubMed]

298. Nasser, M.W.; Wani, N.A.; Ahirwar, D.K.; Powell, C.A.; Ravi, J.; Elbaz, M.; Zhao, H.; Padilla, L.; Zhang, X.; Shilo, K. RAGE
Mediates S100A7-Induced Breast Cancer Growth and Metastasis by Modulating the Tumor Microenvironment. Cancer Res. 2015,
75, 974–985. [CrossRef]

299. You, L.; Cui, H.; Zhao, F.; Sun, H.; Zhong, H.; Zhou, G.; Chen, X. Inhibition of HMGB1/RAGE Axis Suppressed the Lipopolysac-
charide (LPS)-Induced Vicious Transformation of Cervical Epithelial Cells. Bioengineered 2021, 12, 4995–5003. [CrossRef] [PubMed]

300. Sharaf, H.; Matou-Nasri, S.; Wang, Q.; Rabhan, Z.; Al-Eidi, H.; Al Abdulrahman, A.; Ahmed, N. Advanced Glycation Endproducts
Increase Proliferation, Migration and Invasion of the Breast Cancer Cell Line MDA-MB-231. Biochim. Biophys. Acta (BBA)-Mol.
Basis Dis. 2015, 1852, 429–441. [CrossRef] [PubMed]

301. Allmen, E.U.; Koch, M.; Fritz, G.; Legler, D.F. V Domain of RAGE Interacts with AGEs on Prostate Carcinoma Cells. Prostate 2008,
68, 748–758. [CrossRef]

302. Poser, I.; Bosserhoff, A.K. Transcription Factors Involved in Development and Progression of Malignant Melanoma. Histol.
Histopathol. 2004, 19, 173–188.

303. Hernandez, J.L.; Padilla, L.; Dakhel, S.; Coll, T.; Hervas, R.; Adan, J.; Masa, M.; Mitjans, F.; Martinez, J.M.; Coma, S. Therapeutic
Targeting of Tumor Growth and Angiogenesis with a Novel Anti-S100A4 Monoclonal Antibody. PLoS ONE 2013, 8, e72480.
[CrossRef]

304. Dakhel, S.; Padilla, L.; Adan, J.; Masa, M.; Martinez, J.M.; Roque, L.; Coll, T.; Hervas, R.; Calvis, C.; Messeguer, R. S100P
Antibody-Mediated Therapy as a New Promising Strategy for the Treatment of Pancreatic Cancer. Oncogenesis 2014, 3, e92.
[CrossRef]

305. Li, A.; Shi, D.; Xu, B.; Wang, J.; Tang, Y.; Xiao, W.; Shen, G.; Deng, W.; Zhao, C. S100A6 Promotes Cell Proliferation in Human
Nasopharyngeal Carcinoma via the P38/MAPK Signaling Pathway. Mol. Carcinog. 2017, 56, 972–984. [CrossRef]

306. Sakurai, M.; Miki, Y.; Takagi, K.; Suzuki, T.; Ishida, T.; Ohuchi, N.; Sasano, H. Interaction with Adipocyte Stromal Cells Induces
Breast Cancer Malignancy via S100A7 Upregulation in Breast Cancer Microenvironment. Breast Cancer Res. 2017, 19, 70. [CrossRef]

307. Basnet, S.; Sharma, S.; Costea, D.E.; Sapkota, D. Expression Profile and Functional Role of S100A14 in Human Cancer. Oncotarget
2019, 10, 2996. [CrossRef] [PubMed]

308. Ichikawa, M.; Williams, R.; Wang, L.; Vogl, T.; Srikrishna, G. S100A8/A9 Activate Key Genes and Pathways in Colon Tumor
Progression. Mol. Cancer Res. 2011, 9, 133–148. [CrossRef] [PubMed]

309. Wan, S.; Taccioli, C.; Jiang, Y.; Chen, H.; Smalley, K.J.; Huang, K.; Liu, X.; Farber, J.L.; Croce, C.M.; Fong, L.Y.Y. Zinc Deficiency
Activates S100A8 Inflammation in the Absence of COX-2 and Promotes Murine Oral-esophageal Tumor Progression. Int. J. Cancer
2011, 129, 331–345. [CrossRef]

310. De Ponti, A.; Wiechert, L.; Schneller, D.; Pusterla, T.; Longerich, T.; Hogg, N.; Vogel, A.; Schirmacher, P.; Hess, J.; Angel, P. A
Pro-Tumorigenic Function of S100A8/A9 in Carcinogen-Induced Hepatocellular Carcinoma. Cancer Lett. 2015, 369, 396–404.
[CrossRef] [PubMed]

311. Yang, T.; Cheng, J.; You, J.; Yan, B.; Liu, H.; Li, F. S100B Promotes Chemoresistance in Ovarian Cancer Stem Cells by Regulating
P53. Oncol. Rep. 2018, 40, 1574–1582. [CrossRef] [PubMed]

312. Tan, B.; Shen, L.; Yang, K.; Huang, D.; Li, X.; Li, Y.; Zhao, L.; Chen, J.; Yi, Q.; Xu, H. C6 Glioma-Conditioned Medium Induces
Malignant Transformation of Mesenchymal Stem Cells: Possible Role of S100B/RAGE Pathway. Biochem. Biophys. Res. Commun.
2018, 495, 78–85. [CrossRef] [PubMed]

http://doi.org/10.1016/j.redox.2018.101083
http://doi.org/10.4161/onci.22089
http://www.ncbi.nlm.nih.gov/pubmed/23264896
http://doi.org/10.1007/s11033-009-9710-4
http://doi.org/10.3892/or.2012.2080
http://www.ncbi.nlm.nih.gov/pubmed/23076367
http://doi.org/10.4049/jimmunol.1002253
http://doi.org/10.1158/0008-5472.CAN-05-4588
http://doi.org/10.1038/sj.onc.1203427
http://doi.org/10.1002/1878-0261.12975
http://www.ncbi.nlm.nih.gov/pubmed/33969603
http://doi.org/10.1158/0008-5472.CAN-14-2161
http://doi.org/10.1080/21655979.2021.1957750
http://www.ncbi.nlm.nih.gov/pubmed/34369271
http://doi.org/10.1016/j.bbadis.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25514746
http://doi.org/10.1002/pros.20736
http://doi.org/10.1371/journal.pone.0072480
http://doi.org/10.1038/oncsis.2014.7
http://doi.org/10.1002/mc.22563
http://doi.org/10.1186/s13058-017-0863-0
http://doi.org/10.18632/oncotarget.26861
http://www.ncbi.nlm.nih.gov/pubmed/31105881
http://doi.org/10.1158/1541-7786.MCR-10-0394
http://www.ncbi.nlm.nih.gov/pubmed/21228116
http://doi.org/10.1002/ijc.25688
http://doi.org/10.1016/j.canlet.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26404752
http://doi.org/10.3892/or.2018.6527
http://www.ncbi.nlm.nih.gov/pubmed/29956807
http://doi.org/10.1016/j.bbrc.2017.10.071
http://www.ncbi.nlm.nih.gov/pubmed/29050939


Int. J. Mol. Sci. 2023, 24, 266 35 of 36

313. Seguella, L.; Capuano, R.; Pesce, M.; Annunziata, G.; Pesce, M.; de Conno, B.; Sarnelli, G.; Aurino, L.; Esposito, G. S100B
Protein Stimulates Proliferation and Angiogenic Mediators Release through RAGE/PAkt/MTOR Pathway in Human Colon
Adenocarcinoma Caco-2 Cells. Int. J. Mol. Sci. 2019, 20, 3240. [CrossRef]

314. Liu, Y.; Wang, C.; Shan, X.; Wu, J.; Liu, H.; Liu, H.; Zhang, J.; Xu, W.; Sha, Z.; He, J. S100P Is Associated with Proliferation and
Migration in Nasopharyngeal Carcinoma. Oncol. Lett. 2017, 14, 525–532. [CrossRef]

315. Arumugam, T.; Ramachandran, V.; Logsdon, C.D. Effect of Cromolyn on S100P Interactions with RAGE and Pancreatic Cancer
Growth and Invasion in Mouse Models. J. Natl. Cancer Inst. 2006, 98, 1806–1818. [CrossRef]

316. Köhler, G.; Milstein, C. Derivation of Specific Antibody-producing Tissue Culture and Tumor Lines by Cell Fusion. Eur. J.
Immunol. 1976, 6, 511–519. [CrossRef]

317. Healey, G.D.; Pan-Castillo, B.; Garcia-Parra, J.; Davies, J.; Roberts, S.; Jones, E.; Dhar, K.; Nandanan, S.; Tofazzal, N.; Piggott, L.
Antibody Drug Conjugates against the Receptor for Advanced Glycation End Products (RAGE), a Novel Therapeutic Target in
Endometrial Cancer. J. Immunother. Cancer 2019, 7, 280. [CrossRef] [PubMed]

318. Esumi, S.; Kitamura, Y.; Yokota-Kumasaki, H.; Ushio, S.; Yamada-Takemoto, A.; Nagai, R.; Ogawa, A.; Kawasaki, Y.; Sendo, T.
Effects of Magnesium Oxide on the Serum Duloxetine Concentration and Antidepressant-like Effects of Duloxetine in Rats. Biol.
Pharm. Bull. 2018, 41, 1727–1731. [CrossRef] [PubMed]

319. Mizumoto, S.; Takahashi, J.; Sugahara, K. Receptor for Advanced Glycation End Products (RAGE) Functions as Receptor for
Specific Sulfated Glycosaminoglycans, and Anti-RAGE Antibody or Sulfated Glycosaminoglycans Delivered in Vivo Inhibit
Pulmonary Metastasis of Tumor Cells. J. Biol. Chem. 2012, 287, 18985–18994. [CrossRef] [PubMed]

320. Muthyalaiah, Y.S.; Jonnalagadda, B.; John, C.M.; Arockiasamy, S. Impact of Advanced Glycation End products (AGEs) and its
receptor (RAGE) on cancer metabolic signaling pathways and its progression. Glycoconj J. 2021, 38, 717–734. [CrossRef]

321. Paleiron, N.; Bylicki, O.; André, M.; Rivière, E.; Grassin, F.; Robinet, G.; Chouaïd, C. Targeted Therapy for Localized Non-Small-
Cell Lung Cancer: A Review. OncoTargets Ther. 2016, 9, 4099.

322. Liang, H.; Zhong, Y.; Zhou, S.; Peng, L. Knockdown of RAGE Expression Inhibits Colorectal Cancer Cell Invasion and Suppresses
Angiogenesis in Vitro and in Vivo. Cancer Lett. 2011, 313, 91–98. [CrossRef]

323. Yu, Y.X.; Pan, W.C.; Cheng, Y.F. Silencing of Advanced Glycosylation and Glycosylation and Product-Specific Receptor (RAGE)
Inhibits the Metastasis and Growth of Non-Small Cell Lung Cancer. Am. J. Transl. Res. 2017, 9, 2760.

324. Finkenzeller, G.; Sparacio, A.; Technau, A.; Marmé, D.; Siemeister, G. Sp1 Recognition Sites in the Proximal Promoter of the
Human Vascular Endothelial Growth Factor Gene Are Essential for Platelet-Derived Growth Factor-Induced Gene Expression.
Oncogene 1997, 15, 669–676. [CrossRef]

325. Li, J.; Wu, P.-W.; Zhou, Y.; Dai, B.; Zhang, P.-F.; Zhang, Y.-H.; Liu, Y.; Shi, X.-L. Rage Induces Hepatocellular Carcinoma
Proliferation and Sorafenib Resistance by Modulating Autophagy. Cell Death Dis. 2018, 9, 225. [CrossRef]

326. Abdelrahim, M.; Smith, R.; Burghardt, R.; Safe, S. Role of Sp Proteins in Regulation of Vascular Endothelial Growth Factor
Expression and Proliferation of Pancreatic Cancer Cells. Cancer Res. 2004, 64, 6740–6749. [CrossRef]

327. Matsuoka, H.; Makimura, C.; Koyama, A.; Otsuka, M.; Okamoto, W.; Fujisaka, Y.; Kaneda, H.; Tsurutani, J.; Nakagawa, K.
Pilot Study of Duloxetine for Cancer Patients with Neuropathic Pain Non-Responsive to Pregabalin. Anticancer. Res. 2012, 32,
1805–1809. [PubMed]

328. Voigtlaender, M.; Langer, F. Low-Molecular-Weight Heparin in Cancer Patients: Overview and Indications. Hämostaseologie 2019,
39, 67–75. [CrossRef]

329. Dowling, R.J.O.; Goodwin, P.J.; Stambolic, V. Understanding the Benefit of Metformin Use in Cancer Treatment. BMC Med. 2011,
9, 33. [CrossRef] [PubMed]

330. Bodmer, M.; Meier, C.; Krähenbühl, S.; Jick, S.S.; Meier, C.R. Long-Term Metformin Use Is Associated with Decreased Risk of
Breast Cancer. Diabetes Care 2010, 33, 1304–1308. [CrossRef] [PubMed]

331. Gao, H.; Zhang, I.Y.; Zhang, L.; Song, Y.; Liu, S.; Ren, H.; Liu, H.; Zhou, H.; Su, Y.; Yang, Y. S100B Suppression Alters Polarization
of Infiltrating Myeloid-Derived Cells in Gliomas and Inhibits Tumor Growth. Cancer Lett. 2018, 439, 91–100. [CrossRef] [PubMed]

332. Col, N.F.; Ochs, L.; Springmann, V.; Aragaki, A.K.; Chlebowski, R.T. Metformin and Breast Cancer Risk: A Meta-Analysis and
Critical Literature Review. Breast Cancer Res. Treat. 2012, 135, 639–646. [CrossRef]

333. Currie, C.J.; Poole, C.D.; Jenkins-Jones, S.; Gale, E.A.M.; Johnson, J.A.; Morgan, C.L. Mortality after Incident Cancer in People
with and without Type 2 Diabetes: Impact of Metformin on Survival. Diabetes Care 2012, 35, 299–304. [CrossRef]

334. Ishibashi, Y.; Matsui, T.; Takeuchi, M.; Yamagishi, S. Metformin Inhibits Advanced Glycation End Products (AGEs)-Induced
Growth and VEGF Expression in MCF-7 Breast Cancer Cells by Suppressing AGEs Receptor Expression via AMP-Activated
Protein Kinase. Horm. Metab. Res. 2013, 45, 387–390. [CrossRef]

335. Pellegrini, L.; Xue, J.; Larson, D.; Pastorino, S.; Jube, S.; Forest, K.H.; Saad-Jube, Z.S.; Napolitano, A.; Pagano, I.; Negi, V.S. HMGB1
Targeting by Ethyl Pyruvate Suppresses Malignant Phenotype of Human Mesothelioma. Oncotarget 2017, 8, 22649. [CrossRef]

336. Chen, B.; Na, F.; Yang, H.; Li, R.; Li, M.; Sun, X.; Hu, B.; Huang, G.; Lan, J.; Xu, H. Ethyl Pyruvate Alleviates Radiation-Induced
Lung Injury in Mice. Biomed. Pharmacother. 2017, 92, 468–478. [CrossRef]

337. Liu, Q.; Huo, Y.; Zheng, H.; Zhao, J.; Jia, L.; Wang, P. Ethyl Pyruvate Suppresses the Growth, Invasion and Migration and Induces
the Apoptosis of Non-small Cell Lung Cancer Cells via the HMGB1/RAGE Axis and the NF-κB/STAT3 Pathway. Oncol. Rep.
2019, 42, 817–825. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20133240
http://doi.org/10.3892/ol.2017.6198
http://doi.org/10.1093/jnci/djj498
http://doi.org/10.1002/eji.1830060713
http://doi.org/10.1186/s40425-019-0765-z
http://www.ncbi.nlm.nih.gov/pubmed/31665084
http://doi.org/10.1248/bpb.b18-00392
http://www.ncbi.nlm.nih.gov/pubmed/30381673
http://doi.org/10.1074/jbc.M111.313437
http://www.ncbi.nlm.nih.gov/pubmed/22493510
http://doi.org/10.1007/s10719-021-10031-x
http://doi.org/10.1016/j.canlet.2011.08.028
http://doi.org/10.1038/sj.onc.1201219
http://doi.org/10.1038/s41419-018-0329-z
http://doi.org/10.1158/0008-5472.CAN-04-0713
http://www.ncbi.nlm.nih.gov/pubmed/22593465
http://doi.org/10.1055/s-0039-1677796
http://doi.org/10.1186/1741-7015-9-33
http://www.ncbi.nlm.nih.gov/pubmed/21470407
http://doi.org/10.2337/dc09-1791
http://www.ncbi.nlm.nih.gov/pubmed/20299480
http://doi.org/10.1016/j.canlet.2018.07.034
http://www.ncbi.nlm.nih.gov/pubmed/30076898
http://doi.org/10.1007/s10549-012-2170-x
http://doi.org/10.2337/dc11-1313
http://doi.org/10.1055/s-0032-1331204
http://doi.org/10.18632/oncotarget.15152
http://doi.org/10.1016/j.biopha.2017.05.111
http://doi.org/10.3892/or.2019.7176
http://www.ncbi.nlm.nih.gov/pubmed/31173265


Int. J. Mol. Sci. 2023, 24, 266 36 of 36

338. Inada, M.; Shindo, M.; Kobayashi, K.; Sato, A.; Yamamoto, Y.; Akasaki, Y.; Ichimura, K.; Tanuma, S. Anticancer Effects of a
Non-Narcotic Opium Alkaloid Medicine, Papaverine, in Human Glioblastoma Cells. PLoS ONE 2019, 14, e0216358. [CrossRef]
[PubMed]

339. Lee, S.; Piao, C.; Kim, G.; Kim, J.Y.; Choi, E.; Lee, M. Production and Application of HMGB1 Derived Recombinant RAGE-
Antagonist Peptide for Anti-Inflammatory Therapy in Acute Lung Injury. Eur. J. Pharm. Sci. 2018, 114, 275–284. [CrossRef]
[PubMed]

340. Park, I.-H.; Chung, S.-K.; Lee, K.-B.; Yoo, Y.-C.; Kim, S.-K.; Kim, G.-S.; Song, K.-S. An Antioxidant Hispidin from the Mycelial
Cultures of Phellinus Linteus. Arch. Pharmacal Res. 2004, 27, 615–618. [CrossRef] [PubMed]

341. El-Far, A.H.A.M.; Munesue, S.; Harashima, A.; Sato, A.; Shindo, M.; Nakajima, S.; Inada, M.; Tanaka, M.; Takeuchi, A.; Tsuchiya,
H. In Vitro Anticancer Effects of a RAGE Inhibitor Discovered Using a Structure-Based Drug Design System. Oncol. Lett. 2018, 15,
4627–4634. [CrossRef]

342. Chandimali, N.; JIN, W.O.O.Y.; KWON, T. Combination Effects of Hispidin and Gemcitabine via Inhibition of Stemness in
Pancreatic Cancer Stem Cells. Anticancer. Res. 2018, 38, 3967–3975. [CrossRef]

343. Song, T.-Y.; Yang, N.-C.; Chen, C.-L.; Thi, T.L.V. Protective Effects and Possible Mechanisms of Ergothioneine and Hispidin against
Methylglyoxal-Induced Injuries in Rat Pheochromocytoma Cells. Oxidative Med. Cell. Longev. 2017, 2017, 4824371. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.pone.0216358
http://www.ncbi.nlm.nih.gov/pubmed/31100066
http://doi.org/10.1016/j.ejps.2017.12.019
http://www.ncbi.nlm.nih.gov/pubmed/29292016
http://doi.org/10.1007/BF02980159
http://www.ncbi.nlm.nih.gov/pubmed/15283462
http://doi.org/10.3892/ol.2018.7902
http://doi.org/10.21873/anticanres.12683
http://doi.org/10.1155/2017/4824371

	Introduction 
	Immunotherapy for Cancer Treatment 
	Carbonyl Stress and RAGE Ligands in Cancer 
	Advanced Glycation End Products (AGEs) 
	High-Mobility Group Box1 
	S100/Calgranulin Family of Proteins 
	S100A4/Calvasculin 
	S100A6/Calcyclin 
	S100A7/Psoriasin 
	S100A8/Calgranulin-A and S100A9/Calgranulin-B 
	S100A14/S100 Calcium-Binding Protein A14 
	S100A16/S100 Calcium-Binding Protein A16 
	S100B/S100 Calcium-Binding Protein B 
	S100P/S100 Calcium-Binding Protein P 

	Adhesion Molecules 
	Complement Component 
	Advanced Lipoxidation end Products (ALEs) 
	Lipopolysaccharide 

	RAGE-Specific Signaling in Cancer Progression 
	Anti-RAGE Therapeutics in Cancer Management 
	siRNA Inhibitor 
	shRNA Inhibitor 
	RBGO1 and ADC 
	Sorafenib 
	Duloxetine 
	Heparin 
	S100P-Derived RAGE Inhibitor 
	FPS-ZM1 and LY294002 
	Gefitinib 
	Metformin 
	RAP (RAGE Antagonist Peptide) 
	Cromolyn 
	Ethyl Pyruvate 
	Papaverine 
	Hispidin and Ergothioneine 

	Conclusions 
	References

