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Abstract

Compelling shreds of evidence derived from both clinical and experimental
research have demonstrated the crucial contribution of receptor for advanced
glycation end products (RAGE) axis activation in the development of neoplasms,
including gastric cancer (GC). This new actor in tumor biology plays an important
role in the onset of a crucial and long-lasting inflammatory milieu, not only by
supporting phenotypic changes favoring growth and dissemination of tumor
cells, but also by functioning as a pattern-recognition receptor in the inflammatory
response to Helicobacter pylori infection. In the present review, we aim to highlight
how the overexpression and activation of the RAGE axis contributes to the prolif-
eration and survival of GC cells as and their acquisition of more invasive pheno-
types that promote dissemination and metastasis. Finally, the contribution of
some single nucleotide polymorphisms in the RAGE gene as susceptibility or poor
prognosis factors is also discussed.
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Core Tip: During the last two decades, new evidence supported by basic and clinical research has supported the role of the
receptor for advanced glycation end products (RAGE) axis as a crucial actor in gastric carcinogenesis. We herein discuss
how RAGE overexpression and RAGE activation-mediated signaling mechanisms are the main contributions of the RAGE
axis to tumor development, migration, and metastasis in gastric cancer.

Citation: Rojas A, Lindner C, Schneider I, Gonzalez I, Morales MA. Contributions of the receptor for advanced glycation end products
axis activation in gastric cancer. World J Gastroenterol 2023; 29(6): 997-1010

URL: https://www.wjgnet.com/1007-9327/full/v29/i6/997 htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i16.997

INTRODUCTION

Gastric cancer (GC) is the fifth most common cancer and the fourth leading cause of cancer death worldwide[1]. It
remains one of the most lethal neoplasms, with a 5-year survival rate of around 20%2].

Although GC incidence and mortality rates have declined worldwide during the last decades, it still remains a very
important clinical and public health issue. Important research efforts have shed new light not only on the main associated
risk factors for development of GC, but also to the identification of crucial mechanistic contributors to gastric carcino-
genesis[3-7]. Among these newly defined contributors to tumor growth and development of many cancer types, the
receptor for advanced glycation end products (RAGE) multiligand axis has gained the attention of many research groups
due to the diversity of mechanistic contributions to cancer growth and development supported by the complex signaling
of the axis[5,8-11].

This review primarily highlights how the RAGE axis is involved in gastric carcinogenesis, focusing on its early contri-
bution to the onset of a chronic inflammatory condition at the gastric epithelium and its role in tumor growth and
development.

EPIDEMIOLOGY OF GC

A stated above, GC is the fourth most common cancer and the fourth leading cause of cancer death worldwide[1], despite
the improvement of public health policies throughout the world to decrease the incidence and mortality rates from GC
[12,13]. International reports have shown that the annual number of new GC cases is estimated to increase by 62% by
2024, especially in geographic areas of high-burden disease such as Asia, Eastern Europe, and South America[14]. The
main risk factor for GC is infection by the bacterium Helicobacter pylori (H. pylori), due to this microorganism’s ability to
induce chronic inflammation in the gastric mucosa, atrophy of gastric glands, gastric intestinal metaplasia (IM), and
carcinogenesis[14,15]. H. pylori infection is associated with 60%-80% of GC cases, as evidenced by extensive cohort studies
of high-risk populations[16,17].

It is estimated that H. pylori infection is currently present in more than half of the world’s population (4.4 billion
people)[18]. Strikingly, only a small fraction of these H. pylori-infected individuals develop GC, with incidence ranging
from 2% to 5%[19], strongly suggesting that GC development cannot only be explained by H. pylori infection.
Accordingly, we must consider the role of different contributors to the sustained chronic inflammation observed in H.
pylori-induced gastric carcinogenesis[5,20].

INFLAMMATION AND GC

In the 19* century, Rudolf Virchow outlined the putative connection between inflammation and cancer[21]. At present,
there is compelling evidence supporting the role of chronic inflammation in organ-specific carcinogenesis, as is observed
with H. pylori-induced gastric inflammation and the development of GC, gastric mucosa lymphoma[22], prostatitis and
prostate cancer[23], chronic cholecystitis and gallbladder carcinoma[24], acid reflux-induced esophageal adenocarcinoma
[25], and hepatocellular neoplasms associated with chronic viral hepatitis[26].

These data have increased our understanding of how chronic inflammation can promote not only the initiation of
malignant transformation, but also the sculpting of the tumor microenvironment, and its transformation into a tumor-
supportive niche. Through these mechanisms, inflammation can promote proliferation and survival of malignant cells,
cancer cell acquisition of invasive phenotypes, dysregulation of the antitumoral immune response, and cancer cell
resistance to chemotherapeutic agents[27,28]. The International Agency for Research on Cancer has recognized the
bacterium H. pylori as a class 1 carcinogen[29]. In addition, recent evidence supports H. pylori’s causal role in the majority
of cases of cardia- and non-cardia GC[17].

The persistent inflammation caused by chronic H. pylori infection in the gastric mucosal epithelium is a critical
initiating factor in the multistep processes of gastric carcinogenesis, also known as Correa’s cascade: (1) Chronic inflam-
mation; (2) atrophic gastritis; (3) metaplasia; (4); dysplasia; and (5) adenocarcinomal16].
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H. PYLORI-MEDIATED INFLAMMATION

H. pylori infection incites an inflammatory reaction through myriad mechanisms in gastric epithelial cells and circulating
immune cells recruited to the site of infection. Inflammation can be triggered by classical pathogenicity factors such as
CagA, cagPAl, urease, and outer membrane proteins, which all play roles in nuclear factor-kappa B (NF-xB) activation
[30]. Outer membrane adhesion proteins such as OipA and BabA are involved in the induction of cytokines such as tumor
necrosis factor (TNF)-a, interleukin (IL)-1p, IL-6, and IL-8. CagA can also induce a marked IL-8 production, which is
crucial to the recruitment of inflammatory cells and reactive oxygen species (ROS) production. Additionally, the contri-
bution of H. pylori to an inflammatory milieu is supported by its induction of cyclooxygenase 2 (COX-2) and inducible
nitric oxide synthase transcription, which lead to enhanced production of inflammatory mediators prostaglandin E2 and
nitric oxide, respectively[31-33].

However, the earliest activation of proinflammatory pathways is associated with the sensing capacity of the innate
immune response via pattern recognition receptors (PRRs), which can recognize evolutionarily-conserved structures
found on pathogens, termed pathogen-associated molecular patterns (PAMPs)[34]. Of note, PRRs can also recognize
many structures known as alarmins, or damage-associated molecular patterns (DAMPs), which are associated with
cellular necrosis in the setting of noxious stimuli such as inflammation[35]. PRRs play a pivotal role in the inflammatory
response to H. pylori infection by recognizing both PAMPs and DAMPs. A compelling body of evidence supports the
relevance of several PRRs in the immune response to H. pylori, including Toll-like receptors, NOD-like receptors, RIG-I-
like receptors, C-type lectin receptors, and more recently the RAGE[36,37].

THE RAGE AXIS

RAGE was initially recognized due to its ability to bind advanced glycation end products (AGEs). AGEs are a wide and
diverse group of molecules derived via structural modifications of proteins, lipids, and nucleic acids, which all become
non-enzymatically glycated by reducing sugars[38].

RAGE is a member of the immunoglobulin (Ig) superfamily. The human RAGE gene is located on chromosome 6p21.3,
in the class II/III junction of the major histocompatibility complex locus and lies adjacent to the homeobox gene HOX12.
The mature RAGE protein is 404 amino acids long with three major regions: an extracellular segment, a transmembrane
segment, and an intracellular segment. The extracellular segment of RAGE is responsible for its ligand binding capacity
and has three Ig domains, termed V-type, Cl-type, and C2-type[39-42].

The integrated structural unit of the V and C1 domains is primarily responsible for interactions with a diverse group of
negatively-charged RAGE ligands, including S100/ calgranulins, AGEs, high mobility group box 1 (HMGB1) proteins,
and Ap-proteins[43]. The intracellular region of RAGE can also bind key molecules to activate downstream signaling, as
reported in the cases of diaphanous-related formin 1 and toll-interleukin 1 receptor domain-containing adaptor protein
(TIRAP)[44-46]. Soluble forms of RAGE, also known as soluble RAGE (sRAGE), have been identified and found in many
fluid compartments, including serum[47,48]. These soluble variants arise from two main mechanisms: (1) Alternative
splicing; and (2) enzymatic cleavage via the actions of matrix metalloproteinases (MMPs), disintegrin, and metallo-
protease domain-containing protein 10[49]. RAGE activation by ligand binding triggers complex signaling cascades,
leading to the activation of transcription factors such as NF-kB, signal transducer and activator of transcription 3 (STAT3),
hypoxia-inducible factor-1a, activator protein-1, and cyclic-AMP response element binding (CREB). RAGE activation also
stimulates p21ras, extracellular signal-regulated kinase (ERK) 1/2, p38 MAPK, stress-activated protein kinase/c-Jun n-
terminal kinase, Rho GTPase, the PI3K and Janus kinase/STAT pathways. Accordingly, RAGE activation leads to a
robust proinflammatory gene expression profile[50,51] (Figure 1).

Additionally, RAGE activation causes a positive feed-forward loop, where inflammatory stimuli activate NF-xB, which
induces RAGE expression followed by sustained NF-xB activation[52].

The complexity of RAGE signaling is further expanded by its interaction at the plasma membrane with other receptors,
such as the chemotactic G-protein-coupled receptors formyl peptide receptors 1 (FPR1) and FPR2, as well as the
leukotriene B4 receptor 1[53]. Additionally, adaptor proteins for Toll like receptor 2 (TLR-2) and TLR-4 such as TIRAP
and MyD88 also bind to the cytoplasmatic domain of RAGE, when phosphorylated at Ser 391 by PKC-zeta, following
other ligand-mediated activation of RAGE[54].

The gene encoding RAGE is highly polymorphic, and several single-nucleotide polymorphisms (SNPs) within this
gene have been described. Compelling data support the role of RAGE gene polymorphisms in the onset and severity of
several diseases, including cancer[55].

At present, RAGE is widely recognized as a PRR[56-58]. Beyond the AGEs, RAGE also acts a signaling receptor for
various DAMPs or alarmins, such as members of the S100/ calgranulin family, HMGB1, amyloid-beta (B) peptide, p-sheet
fibrils, lysophosphatidic acid, Mac-1, phosphatidylserine, lipopolysaccharide, the complement component C3a, CpG
oligos, and nucleic acids[59,60]. The emerging role of RAGE in sensing not only DAMPs but also PAMPs has been
documented[61,62]. RAGE has also been reported to mediate the adherence of some pathogens to target cells by
recognizing outer membrane proteins, as reported in the case of mycobacteria[63]. Of note, RAGE not only contributes to
the adherence of H. pylori to gastric epithelial cells, but also to the production of the inflammatory response. This increase
in RAGE expression and the amplification of the inflammatory cascade therefore culminates in H. pylori-induced gastric
inflammation[64]. This finding is particularly interesting because this pathogen also uses another PRR, TLR-4, as a
receptor for binding to gastric epithelial cells[65,66].
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Figure 1 Receptor for advanced glycation end products engagement by several ligands such as advanced glycation end products, high
mobility group box 1, S-100 calgranulin family proteins, and pathogen-associated molecular patterns from Helicobacter pylori. Receptor for
advanced glycation end products (RAGE) activation by these various ligands triggers complex signaling cascades and consequently, the activation of a gene
transcriptional profile that supports growth and development of gastric cancer. Soluble forms of RAGE (sRAGE) function as decoy receptors and do not activate
RAGE signaling. Some adaptor molecules, such as mDia1 and toll-interleukin 1 receptor domain-containing adaptor protein, are required for optimal signaling. AP-1:
Activator protein-1; CREB: Cyclic-AMP response element binding; EMT: Epithelial-to-mesenchymal transition; ERK: Extracellular signal-regulated kinase; H. pylori:
Helicobacter pylori; IL-8: Interleukin-8; JAK: Janus kinase; JNK: c-Jun n-terminal kinase; MMP: Metalloproteinases; mTOR: Mechanistic target of rapamycin; NF-xB:
Nuclear factor-kappa B; SAPK: Stress-activated protein kinase; STAT: Signal transducer and activator of transcription.

THE RAGE AXIS: AN EMERGING ACTOR IN TUMOR BIOLOGY

In the year 2000, an article published by Schmidt et al[67] outlined various RAGE axis contributions to pathophysiology.
This study demonstrated its active participation in tumor biology, as the blockage of RAGE was shown to decrease tumor
growth and metastases in vivo. Since then, additional compelling pieces of evidence have also demonstrated RAGE's
contribution to carcinogenesis and have highlighted its expression levels on both tumor and stromal cells, the high
diversity of signaling cascades triggered upon RAGE activation, its wide repertoire, and the abundance of RAGE ligands
in the tumor microenvironment[68-70]. RAGE axis activation contributes to critical processes during tumorigenesis, such
as the promotion of genetic instability, the initiation of chronic inflammation, the induction of phenotypic changes in
tumor cells favoring growth and dissemination, and the support of an immunosuppressive environment[71,72].

Based on the growing body of evidence supporting the crucial role of the RAGE axis in many human pathologies,
including cancer, and the availability of the 1.5 A resolution crystal structure of the receptor, the RAGE axis has become
an attractive target for the development of pharmacological interventions. Notably, the design and even the virtual
screening of RAGE antagonists and signaling inhibitors (e.g., small-molecule inhibitors, natural products) has
demonstrated the feasibility for inhibition of RAGE signal transduction, regardless of the nature of the ligand[51,73].

RAGE AXIS CONTRIBUTION TO GC

Tumor cell proliferation and survival

HMGBI is a classical RAGE ligand with recognized roles in tumor biology. Of note, HMGBI is overexpressed in gastric
tumors, and a recent systematic meta-analysis demonstrated that HMGB1 plays an important role in GC, and its
expression significantly correlates with tumor pT stage[74].

HMGB1-mediated RAGE activation triggers either MAPK or PI3K/AKT signaling and thus enhances tumor cell prolif-
eration in different cancer cell types[75,76]. Additionally, data derived from in vitro experiments support the role of
HMGBT1 in promoting GC cell proliferation and migration via activation of RAGE-mediated Akt-mechanistic target of
rapamycin (mTOR) and ERK-CREB signaling pathways, as well by initiation of a positive feedback loop that increases
RAGE expression via these pathways. Furthermore, HMGB1 increases the expression levels of cyclin D1, cyclin E1, and
proliferating cell nuclear antigen (PCNA), and HMGB1 knockdown reduces the expression of these proteins in GC cells
[77].

The role in cancer cell proliferation of the S100 Calcium Binding Protein A16 (S100A16) remains controversial in some
cancer types[78,79]. However, this alarmin is reported to promote cancer cell proliferation, migration, and invasion. In
vivo and in vitro analyses revealed that S100A16 promotes both tumor cell proliferation and migration, whereas S100A16
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knockdown abolished both[80]. Autophagy is a lysosome-mediated, self-degradation process that has emerged as key in
protecting normal cells via the elimination of damaged organelles and protein aggregates and supporting bioenergetic
homeostasis[81]. Autophagy can suppress the initiation of tumor development, or, in contrast, activate tumor cell
survival, growth, and malignancy by facilitating access to metabolic demands during tumor progression and supporting
tumor cell survival under stress[82-84].

The role of autophagy in GC progression, metastasis, and overall prognosis has been extensively documented[85,86].
Of note, HMGBI released by autophagic GC cells through a RAGE-dependent mechanism acts as a pro-survival signal
for remaining tumor cells, supporting cancer cell survival and promoting resistance to chemotherapy[87] (Figure 2).

Cancer cell invasion
Decades of research have demonstrated that the RAGE axis and its associated proinflammatory downstream pathways
act as key mediators of carcinogenesis[88], especially in gastrointestinal tumor development[89].

Among different cancer cell types, RAGE overexpression has been largely recognized as a patho-logical feature
associated with increased tumor development, high invasiveness of cancer cells, and overall poor clinical prognosis[90-
92].

The first experimental evidence supporting a correlation between RAGE overexpression and increased invasive and
metastatic activity of GC cells was reported in 2002 by Kuniyasu et al[93]. This study revealed that RAGE axis signaling in
gastric tumors may promote the acquisition of an invasive phenotype by increasing MMP-2 and MMP-9 expression,
decreasing E-cadherin expression, and promoting tumor growth in a MAPkinase-dependent manner.

More recently, the analysis of RAGE expression in primary GC tissue reported by Wang et al[94] demonstrates that the
upregulation of RAGE is associated with histological grade, nodal status, metastasis status, and American Joint
Committee on Cancer (AJCC) stage in GC. RAGE upregulation is also associated with shorter overall survival rates.
These data suggest that RAGE expression could be considered an independent predictor of GC aggressiveness and
prognosis.

RAGE axis activation can have great influence on the invasive capacity of GC tumor cells through the modulation of
cellular adhesion, motility, and production of MMPs. These functions are critical for epithelial-to-mesenchymal transition
(EMT)[9,10], a complex process by which epithelial cells transdifferentiate to mesenchymal phenotypes. EMT is normally
present during embryogenesis, tissue morphogenesis, wound healing, and regulation of stem cell behavior[95]. During
this process, epithelial cells lose basal adhesion and demonstrate downregulation of epithelial cell markers (e.g., E-
cadherin) and upregulation of mesenchymal markers (e.g., vimentin and fibronectin). These changes are also
accompanied by increased expression of MMP-2 and MMP-9, which favors the degradation of ECM proteins[96]. EMT is
a key mediator of the invasive and dissemination capacities of almost all types of cancer cells[97], including GC[98,99].

RAGE ligands have also been associated with cancer cell invasion and progression[100,101]. For example, the cancer-
promoting role of HMGBI has been extensively reported as a prognostic factor in many cancer types[74]. Importantly,
differential expression analysis has shown that HMGBI1 is increased in gastric adenocarcinoma cells[100] and has been
directly associated with higher tumor stage, lymph node metastasis, depth of invasion, macrophage infiltration in the
tumor microenvironment, and antineoplastic drug resistance[102-105]. Moreover, increased HMGB1 has also been
correlated with poor prognosis and overall survival in GC[106-109].

In vitro and in vivo assays have demonstrated that high concentrations of extracellular HMGB1 can directly impact the
progression of GC cells through the induction of IL-8, which promotes tumor angiogenesis via increasing vascular
endothelial growth factor (VEGF) and TNF-o expression[110]. Increased HMGBI also works to favor tumor invasiveness
and promote EMT through RAGE-dependent activation of ERK 1/2 and NF-xB[111]. Recent experiments have also
confirmed that HMGBI activation of the RAGE axis can strongly regulate direct EMT mediators in GC cells via downreg-
ulation of E-cadherin, as well as by upregulation of transcription factors of Snail and Slug[111] and MMPs (e.g., MMP-9
and MMP-2), whereas the knockdown of HMGB1 showed opposite effects. These results implicate HMGBI is a key
mediator of RAGE-dependent EMT, acting to favor the expression of more invasive GC cell phenotypes[77]. To this end,
compelling data have revealed that RAGE knockdown in GC cells suppresses cell growth, invasion, and metastasis
through the downregulation of RAGE-related pro-tumoral mediators of EMT (e.g., Akt, PCNA, and MMP-2)[112].
Additionally, the knockdown of the HMGB1 gene inhibits cell proliferation and the invasive potential of GC cells via
suppression of RAGE-dependent NF-xB activation[113].

The S100 calcium-binding protein family member SI00A8/A9 is a proinflammatory heterodimer produced by both
myeloid-derived suppressor cells (MDSCs) and tumor cells[114]. SI00A8 and S100A9 form a heterodimeric complex to
interact with RAGE, promoting pro-tumoral signaling pathways within cancer cells[115]. Of note, serial analyses of gene
expression reported significant overexpression of the genes encoding S100A8 and S100A9 in GC cells when compared to
normal gastric epithelial cells[116]. In addition, in vitro evidence has revealed that these calcium-binding proteins are
critical in promoting the invasive and migratory phenotype in GC cells through the engagement of RAGE and its pro-
tumoral signaling pathways (e.g., p38, MAPK, and NF-xB). These RAGE-activated pathways further mediate SI00A8/ A9-
induced migration and invasion in GC[116,117]. For example, Yong and Moon[118] studied siRNA blockade of SI00A8/
A9 in a human GC cell line, and found a drastic decrease in the invasive ability of malignant cells. This finding suggests
the critical role of SI00A8 and S100A9 and their heterodimer in promoting progression and invasion in GC. Novel
evidence has also shown a significant increase in MDSC-induced S100A8/ A9 plasma levels in GC patients, which is
thought to induce immunosuppressive effects through RAGE-dependent T-cell proliferation and interferon-y production,
which directly correlate with advanced cancer stage and reduced survival[119].

Interestingly, the emerging role of calprotectin as a modulator of apoptosis has been recently reported. Calprotectin has
been shown to be involved in the regulation of apoptotic mediators such as Bax, Bcl-2 family proteins, and ERK signaling
pathway proteins through RAGE engagement in GC cell lines[120].
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Figure 2 Overview of RAGE-dependent intracellular signaling. RAGE binding triggers myriad mechanisms that support tumor
proliferation and survival, invasion, and metastasis. AGE: Advanced glycation end product; AP-1: Activator protein-1; CREB: cyclic-AMP response
element binding; ERK: Extracellular signal-regulated kinase; HMGB1: High mobility group box 1; JAK: Janus kinase; JNK: c-Jun n-terminal kinase; NF-B: Nuclear
factor-kappa B; PAMP: Pathogen-associated molecular patterns; RAGE: Receptor for advanced glycation end products; SAPK: Stress-activated protein kinase;
STAT: Signal transducer and activator of transcription; TIRAP: Toll-interleukin 1 receptor domain-containing adaptor protein.

Dissemination and metastasis

The dissemination of malignant cells from their primary site and the subsequent development of secondary tumors in
distant organs, a process called metastasis, is a main consequence of cancer therapy failure and a major cause of cancer-
related mortality[1,14]. The complex process of metastasis is supported by different mechanisms that require primary
tumor cells to leave their origin, circulate within the microvasculature, escape immune surveillance, and colonize distant
niches to promote the formation of secondary tumors[121].

A pivotal step in the development of secondary metastasis is the establishment of a complex interplay of tumor-
derived factors, a favorable microenvironment in the distant site (i.e. a “pre-metastatic niche”). The pre-metastatic niche
favors tumor cell colonization and promotes micro- and macrometastasis. Processes that contribute to the cultivation of
the niche include inflammation, immunosuppression, neoangiogenesis, lymphangiogenesis, and organotropism[122].

Strikingly, the niche-promoting molecules described in various malignancies, including GC, are closely regulated by
RAGE axis activation[71]. Examples of niche-promoting factors include SI00A8/ A9 ligand[39,123], VEGF-A, TNF-a, TGF-
B, MMPs[43,46,124], extracellular vesicles, exosomes, and various microRNAs[5,7]; these mediators sculpt the cellular
crosstalk that allows the initiation of metastatic secondary tumor formation[125,126]. In GC, it has been documented that
patients with advanced stage and distant dissemination have a poor prognosis with a 5-year survival of approximately
20% depending on the population analyzed, tumor histological features, and the antineoplastic therapy used[1-3].

Experimental results suggest that RAGE overexpression is closely associated with the disruption of cell-to-cell
adhesion and acceleration of GC cell motility, both of which support the metastatic activity of GC cells[93]. To this end,
RAGE knockdown reduces GC cell proliferation and invasion and decreases the expression of pro-tumoral mediators (
e.g., Akt, PCNA, and MMP-2) consequently inducing aberrant cell apoptosis and cell cycle arrest[112]. For example, in
vivo and in vitro evidence has shown that AGE binding to RAGE can accelerate gastric tumor progression and dissem-
ination through the dose-dependent upregulation of the pro-tumoral mediators Specificity Protein 1 and MMP-2 via
activation of ERK signaling[126,127].

In addition to its actions discussed above, HMGBI also facilitates the progression and metastasis of various types of
cancer[128], including GC[105,107]. In recent years, a growing body of evidence has begun to unravel the molecular
mechanisms behind this contribution HMGB1 to CG metastasis[106]. For example, several studies have revealed
increased expression of RAGE and HMGBI in gastric tumor samples, which correlates with local and distant advanced
disease and poor overall prognosis[102,107,109,110,113]. This association is accentuated under hyperglycemic conditions
such as in diabetes mellitus, which enhance endogenous AGE formation and RAGE signaling[105]. Furthermore, other
experimental research has shown that the overexpression of HMGB1 and the subsequent induction of IL-8 in the gastric
tumor microenvironment (TME) may contribute to EMT and GC micrometastasis through the activation of downstream
pathways of the RAGE axis, including ERK 1/2 and NF-xB[110]. In addition, overexpression of HMGB1 promotes the
recruitment of neutrophils to the TME; this inflammation and associated production of ROS further promotes GC prolif-
eration and metastasis[128,129].
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Another recent investigation has demonstrated that the HMGB1/RAGE axis can regulate GC cell proliferation and
migration via the enhanced expression of cyclins and MMPs, the induction of EMT, and activation of several cellular
proliferation pathways including the Akt/mTOR and ERK/CREB signaling pathways[77].

Moreover, the in vivo or in vitro knockdown of HMGB1 leads to downregulation of NF-xB, PCNA, and MMP-9
expression in gastric tumor cells. This finding suggests that targeting the HMGB1 pathway may be a promising approach
to inhibit the growth and metastasis of GC cells through the regulation of RAGE-dependent pathways[113]. Also, the
overexpression of HMGB1 has been shown to enhance gastric tumor cell secretion of IL-8, supporting EMT during the
early stages of tumor progression. Conversely, reduction in HMGB1/RAGE signaling by in vivo targeting of extracellular
HMGB1 produces a significant reduction in tumor growth[111].

The overexpression of calgranulins in invasive GC cell lines has also been demonstrated[116]. These recognized RAGE
ligands can promote not only more invasive phenotypes of the malignant cells, but can also enhance their migration
capacity via RAGE-dependent mechanisms (e.g., p38 MAPK-dependent NF-«B activation and MMP2 upregulation)[117].

RAGE polymorphisms
The expression level of RAGE has been associated with invasion, metastasis, and poor prognosis in GC[93,94]. RAGE
levels also correlate with the severity of gastric mucosal lesions in patients infected with H. pylori, where the highest

RAGE expression was observed in precancerous lesions (e.g., atrophy or IM), dysplastic lesions, or in situ adenocarcinoma
[130].

Compelling data have identified diverse polymorphisms within exons, introns, and regulatory regions of the gene
encoding RAGE[131]. Interestingly, some of these polymorphisms may affect either RAGE gene transcriptional activity or
the binding affinity of RAGE for its ligands[55,132]. Thus, RAGE polymorphisms are now potentially considered as
susceptibility or poor prognostic factors in different cancer types. In this regard, several research groups have invest-
igated the association between RAGE gene polymorphisms and the risk of various cancers[133-137]. For example, studies
have demonstrated the association of certain RAGE polymorphisms and GC. The pioneering work of Wang et al[136]
demonstrated that the rs2070600 RAGE polymorphism [Gly82Ser] confers an increased risk of GC in the Chinese
population[138]. Of note, this polymorphism is associated with enhanced RAGE signaling[132].

More recently, Liu et al[125] further confirmed that the rs2070600 variant AG genotype plays a predominant role in the
development of GC. On the contrary, the rs184003 GT genotype represents a significantly reduced risk for GC.
Additionally, the rs2070600 and rs184003 polymorphisms affect the serum levels of the splice variant of sSRAGE, where
the first is associated with a decreased level of while the latter with an increased serum level of SRAGE[139].

In addition to the protease-mediated cleavage soluble RAGE variants, sSRAGE can arise from alternative splicing of the
RAGE gene. These soluble variants lack the transmembrane and cytoplasmic domains, allowing them to function as
decoy receptors, that do not lead to the activation of RAGE-associated signaling[46]. Reduced sRAGE has been associated
with increased cancer risk and tumor progression in many other cancer types[140,141].

In summary, a diverse and compelling body of data shows the wide range of mechanistic contributions of the RAGE
axis to gastric carcinogenesis (Table 1).

CONCLUSION

The RAGE axis is emerging as a relevant actor in gastric carcinogenesis. In this regard, a high expression level of RAGE
and many RAGE ligands has been associated with tumor cell growth, invasion, metastasis, and poor prognosis.
Furthermore, polymorphisms in the gene encoding RAGE have been linked to strengthening of RAGE ligand affinity,
enhanced intracellular signaling, and modulation of the serum levels of the soluble form of the receptor (SRAGE), which
have been postulated as potential biomarkers of poor prognosis in GC patients.

However, additional research efforts are needed to fully understand the role of RAGE signaling in gastric carcino-
genesis, particularly in those populations with a high prevalence of GC. Of note, increasing focus is being placed on diet
and lifestyle modification as potential methods for preventing GC. This is particularly interesting, considering that in
modern society, the consumption of AGEs is markedly increased (due in part to increased consumption of modern
Westernized diets). Dietary intervention to restrict the intake of AGEs is recognized as a useful intervention, as
demonstrated in several pathologies[10,11].

Today, clinical and experimental data demonstrate the therapeutic potential of blocking activation of the RAGE axis, as
demonstrated by gene-silencing technologies, the use of aptamers, and the use of natural and synthetic molecules, all of
which decrease RAGE ligand binding and/or RAGE-dependent intracellular signaling[51,70]. However, more clinical
research is needed to establish the effectiveness of these promising options.
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Table 1 Main contributions of the receptor for advanced glycation end products axis to gastric carcinogenesis

Mechanism Impact in gastric carcinogenesis Year of publication Ref.

RAGE overexpression Promote tumor growth, migration and highly invasive phenotypes 2002 Kuniyasu et al[93]
Association with high invasive histopathological grade, and poor ~ 2015 Wang et al[94]
overall survival

RAGE polymorphisms

152070600 Association with increased risk of GC and highly invasive features 2008 Gu et al[138]
Association with increased risk of GC 2017 Liet al[139]

15184003 Association with decrease risk of GC 2017 Li et al[139]

RAGE activation

HMGB1 Association with advance pT stage 2021 Zhou and Yang|[74]
Promotes GC cell proliferation and migration 2021 Tang et al[77]
Support cancer cell survival and chemoresistance 2015 Zhang et al[86]
Association to higher TNM stage, lymph node metastasis, and 2021 Zhou et al[105]
depth of invasion
Increased macrophage infiltration 2007 Akaike et al[103]
Enhance tumor angiogenesis through induction of IL-8 2017 Chung et al[110]
Promotes EMT activation and increased cell motility/invasiveness 2015 Chung et al[111]
Promote GC progression via EMT 2020 Jin et al[104]

AGEs Upregulation of pro-tumoral mediators 2017 Deng et al[127]

5100 proteins Enhance tumor cell proliferation and migration 2021 You et al[80]
Induced migration and invasion in GC cells 2013 Kwon et al[117]
Promoting progression and invasion in GC cells 2007 Yong and Moon[118]
Immunosuppressive RAGE-mediated effects 2013 Wang et al[119]
Dysregulation of apoptotic factors 2020 Shabani et al[120]

AGE: Advanced glycation end products; EMT: Epithelial-to-mesenchymal transition; GC: Gastric cancer; HMGB1: High mobility group box 1; IL:
Interleukin; RAGE: Receptor for advanced glycation end products.
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