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Receptor for advanced glycation end products (RAGE) plays a central role in the regulation of tissue homeostasis, regenera-
tion and resolution of inflammation, but under pathological conditions RAGE-mediated pathways may induce diminished
apoptosis, but enhanced autophagy and cell necrosis. These mechanisms may contribute to malignant transformation, cancer
progression and metastases. Soluble RAGE may bind natural RAGE ligands and counteract some of the RAGE-mediated
effects. Activation of RAGE was demonstrated in different types of cancer (including colon, pancreatic and breast cancer).
Expression of RAGE and serum levels of soluble RAGE may serve as cancer biomarkers and strategies aimed at interfering

with RAGE signaling might be promising anticancer drugs.
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Receptor for advanced glycation products (RAGE)

Innate immunity plays an important role not only in the
defense of organisms against external pathogens, but also in
the reaction to the dying and modified cells, e.g. in cancer.

Cells involved in the innate system detect either patho-
gen-associated molecular patterns (PAMP) or endogenous
molecules released due to the tissue injury or inflammation
- danger-associated molecular patterns (DAMP). Toll-like
receptors (TLR) were the first being characterized as so called
pattern-recognition receptors (PRR), which act as immune
sensors that discriminate self from non-self and link innate
to adaptive immunity [1]. PRR were shown to be involved
in microbe internalization by phagocytes (soluble PRR and
endocytic receptors) and/or cell activation (signaling PRR).
Classes of PRRs that have been recently discovered include
RIG-I-like receptors, Nod-like receptors, and C-type lectin
receptors [2].

PRR recognize also dying or damaged cells (i.e. self modi-
fied). Apoptotic cell recognition involves soluble bridging
molecules (e.g. pentraxins) and endocytic receptors (e.g.
scavenger receptors, the CD91-calreticulin complex). Apop-
totic cells induce an immunosuppressive signal, avoiding the
initiation of an autoimmune response. By contrast, necrotic
cells, via the release of damage (or danger)-associated mo-
lecular patterns (DAMP) activate innate immunity and induce
subsequent inflammation [3]. The prototypic DAMP is the
high mobility group box 1 (HMGB1), a DNA-binding nuclear
protein released from the cells either passively during cell
death, or actively upon cytokine stimulation. HMGB1 may
associate with Toll-like receptor (TLR) ligands and activate
cells through TLR2 and TLR4, but it can also directly activate
cells through multiligand receptor called RAGE (receptor for
advanced glycation end-products).

Whereas TLR are involved namely in detecting PAMP with
the established role in the host immune response to infection,
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receptor for advanced glycation products (RAGE) is a PRR
involved in recognizing endogenous molecules associated
with the tissue damage (DAMP) [4]. RAGE and TLRs may
share some ligands (e.g. HMGBI1, S100A8/A9 and LPS) and
also singaling pathways and may cooperate in the innate im-
mune response [5,6].

RAGE is an evolutionarily recent single transmembrane
member of the immunoglobulin superfamily, encoded in the
class III region of the major histocompatibility complex on
the chromosome 6 [7]. RAGE may be bound by many lig-
ands which include advanced glycation endproducts, certain
members of the S100/calgranulin family, extracellular HMGB1
-amphoterin, the integrin Mac-1, amyloid beta-peptide and
fibrils (Table 1) [4,8]. Serving as counter-receptor for leukocyte
integrins (B-2 integrins) RAGE may also play an important
role in cell adhesion and clustering as well as recruitment of
inflammatory cells [9]. Another important ligand for RAGE
may be glycosaminoglycans (including chondroitin sulfate,
dermatan sulfate and heparan sulfate) which are frequently
attached to proteoglycans at the surface of cancer cells and
may play an important role in the malignant transformation
of the tumor and metastasis [10]. Lysophosphatidic acid
regulates proliferation, survival, motility and invasion of cells.
Lysophosphatidic acid avidly binds to RAGE and RAGE is
required for its signaling [11], phosphorylation of Akt and
cyclin D which may thus also result in promoting carcino-
genesis. Although these ligands are chemically very different
they all share negative charges on their surface and they have
a tendency to oligomerize [4].

RAGE is constitutively highly expressed only in the lung
at readily measurable levels, but increases quickly at sites of

Table 1. Multiple ligands of RAGE

acute or chronic inflammation, largely on inflammatory and
epithelial cells [8].

RAGE may occur either as a membrane-bound or soluble
protein that is markedly upregulated by stress in epithelial
cells, thereby regulating their metabolism and enhancing their
central barrier functionality. Activation and upregulation of
RAGE by its ligands generally leads to enhanced survival of
the RAGE expressing cells. RAGE and its soluble forms thus
play a key role in the regulation of metabolism, inflammation
and the survival of epithelial cells [7].

Mechanisms of signalling upon RAGE activation

Activation of RAGE by its ligands stimulates diverse sig-
naling cascades. Upon RAGE ligation, adaptor proteins (i.e.,
diaphanous-1, TIRAP, MyD88 and/or other as yet unidentified
adaptors) associate with RAGE cytoplasmic domain resulting
in signaling.

Cytoplasmic domain of RAGE interacts with diaphanous
or mDia-1 which links RAGE signal transduction to cellular
migration and activation of the Rho GTPases, cdc42 and
rac-1[12]. Other cascades activated upon RAGE signaling are
inflammation (NFkB, NFAT1) [13] and proliferation (MAPK
- mediated by p21 Ras and JAK/STAT ) [14] stimulating
pathways. Following activation of RAGE by lysophospha-
tidic acid (LPA - fundamental in cellular processes such as
proliferation, survival, motility, and invasion implicated in
many homeostatic and pathological conditions) autotaxin/
LPA-driven phosphorylation of Akt and cyclin D1 results in
proliferation and migration of the cells [11]. Activation of
RAGE splice variant (RAGEv1 - vide infra) may, on the other

Ligand Binding

Potential role

Advanced glycation endproducts (AGEs)

Heterogeneous group of molecules derived from
glycation of proteins, high-affinity binding

Diabetic complications, including diabetic
nephropathy, accelerated atherosclerosis and
cardiovascular disorders, chronic inflammatory
diseases, cancer (kidney, prostate)

$100 proteins: S100B, S100P, S100A1, S100A2,
S100A4. S100A5, S100A6, SI00A8/A9,
S100A12, SI00A13

Large group of small calcium-binding proteins,
calcium binding necessary for binding RAGE,
not all of them demonstrated to bind RAGE (e.g.
S100A5)

Inflammation, neurodegeneration, differentiation
and cell growth, including cancer

High-mobility group box-1 protein (HMGB1)

Nuclear DNA-binding protein, extracellular
HMGBI binds to both RAGE and TLR

Inflammation, cancer

Amyloid p and amyloid fibrils

Form insoluble extracellular aggregates, putative
role of RAGE in transportation of amyloid
B across blood-brain barrier

Alzheimer disease

B-2 integrin Mac-1

Surface receptor (CD11b/CD18) involved in
leukocyte adhesion and migration (possibly
augmented by S100B, S100A9, HMGB1)

Inflammation

Glycosaminoglycans (including chondroitin
sulfate, dermatan sulfate and heparan sulfate)

Attached to proteoglycans at the surface cells
(including cancer cells)

Malignant transformation, metastasis

Lysophosphatidic acid

RAGE required for lysophosphatidic acid signaling

Regulation of proliferation, survival, motility and
invasion of (cancer) cells
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hand, suppress c-jun-NH(2)-kinase (JNK) pathway signaling
[15] suggesting that activation of RAGE may promote both
proliferative and antiproliferative responses based on the splice
variant of RAGE expressed.

Activation of RAGE in health and disease

However, RAGE activation may not be restricted only to
the pathological situations, the receptor being involved in
tissue homeostasis and regeneration repair upon acute injury,
and in resolution of inflammation. RAGE effects are strongly
dependent on the cell type and the context, which may be kept
in mind when any therapeutic strategies aimed at reducing
RAGE signaling are considered.

Perpetual signaling through RAGE-induced survival
pathways in the setting of limited nutrients or oxygenation
results in enhanced autophagy, diminished apoptosis, and
(with ATP depletion) necrosis [7]. Engagement of RAGE
results in sustained NF-«xB activation and converts a short
cellular activation to persistent cellular dysfunction and tissue
destruction [16]. This results in chronic inflammation and
may enhance malignant transformation of epithelial cells.
RAGE may thus be involved in cancerogenesis and cancer
progression [8].

As a multiligand receptor of enviromental stressors RAGE
upregulation has been implicated in aging and many patho-
logical processes, including immune/inflammatory disorders,
diabetes and its complications, including diabetic nephropathy,
atherosclerosis, neurodegeneration and Alzheimer's diseas and
also tumorigenesis, and metastasis [12, 17 - 19].

Soluble RAGE

Circulating soluble forms of RAGE (sRAGE) may arise
either from receptor ectodomain shedding (this form is some-
times called cleaved RAGE), or splice variant [endogenous
secretory (es) RAGE] secretion and may counteract RAGE-
mediated cellular effects by acting as a decoy [20]. sSRAGE
thus represents a naturally occurring competitive inhibitor
of RAGE-mediated events.

Besides the full-length RAGE protein in humans nearly
20 natural occurring RAGE splicing variants were described
on mRNA and protein level [14, 18]. These naturally occur-
ring isoforms are characterized by either N-terminally or
C-terminally truncations, including a soluble form called
endogenous secretory RAGE (esRAGE) which may function
as possible regulators of the full-length RAGE receptor either
by competitive ligand binding or by displacing the full-length
protein in the membrane. RAGE has several isoforms derived
from alternative splicing. Analysis of splice variants for pre-
mature termination codons reveals that approximately 50%
of identified variants are targeted to the nonsense-mediated
mRNA decay pathway. Expression analysis demonstrated that
the RAGE_vl1 variant is the primary secreted soluble isoform
of RAGE [17].

Cells may produce also a form of soluble RAGE, derived
from proteolytic cleavage of the membrane-bound molecules
by the sheddase ADAMI10, a membrane protease responsi-
ble for RAGE cleavage (cleaved soluble RAGE). Binding of
HMGBI to RAGE promotes RAGE shedding.

Soluble forms of RAGE (sRAGE), including the splice
variant endogenous secretory (es)RAGE, have been found
circulating in plasma and tissues [21]. Both SRAGE and
esRAGE may serve as biomarkers or endogenous protection
factors against RAGE-mediated pathogenesis. Deregula-
tions of the circulating levels of soluble RAGE forms were
reported in several RAGE-associated pathological disorders
including, for example atherosclerosis, diabetes, renal failure,
Alzheimer’s disease, and several cancer types. Monitoring of
plasma sRAGE levels could thus provide help to assess the
severity of the inflammatory, or cancer disease and the re-
sponse of the disease to the therapeutic intervention. SRAGE
could also serve as a predictor of the outcome. Pharmaco-
logical blockade of RAGE or genetic deletion of RAGE was
shown to impart a significant protection in murine models
of diabetes, inflammatory conditions, Alzheimer’s disease,
and some tumors.

RAGE expression in cancer

Receptor for advanced glycation end products (RAGE) and
its ligands are overexpressed in multiple cancers [15]. On the
other hand, there are apparent differences between RAGE
expression in different tumors. RAGE was found to be highly
expressed in hepatocellular, colorectal, and breast cribriform
carcinomas, but not at all in malignant testicular specimens
[22]. On the oppposite, RAGE expression is decreased in lung
cancer.

RAGE has been implicated in tumorigenesis, cancer
growth and metastasis [23], but relatively little is known of
the mechanisms involved, but both cancer-induced carbonyl
stress (increased production of AGEs) and tissue hypoxia with
the release of DAMP may be involved. Moreover, activation of
RAGE elicits oxidative stress generation and evokes inflam-
matory and thrombogenic responses which may contribute
to the progression of cancer and development of some of its
complications.

Cancer is associated with increased glycolysis and carbo-
nyl stress [24]. In view of this, AGE modified proteins were,
e.g. identified from clinical breast cancer tissue using 2DE-
immunoblot and mass-spectrometry. These proteins were
identified to be transferrin, fibrinogen gamma chain, glycerol-
3-phosphate dehydrogenase, lactate dehydrogenase, annexin
11, prohibitin and peroxiredoxin 6, which all have established
role in cancer. Further, RAGE expression correlated with AGE
levels and NOX2 and NF-kappa B expression [23].

Hypoxia which may play a role in tumor progression was
shown to increase expression of the receptor for advanced
glycation end products (RAGE) [25]. Hypoxic tumor cells
treated with HMGBI activate Akt and Erk phosphorylation
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resulting in the nuclear accumulation of NF-xB and increased
cell invasion. Inhibition of Akt and Erk and silencing RAGE
prevented or abolished both nuclear translocation of NF-kB
and cell invasion. Hypoxia induced release of HMGBI1 from
necrotic cells and increased expression of RAGE.

Role of RAGE expression and RAGE polymorphisms in
different types of cancer (table 2)

RAGE expression and RAGE polymorphisms were studied
in different types of cancer. Most frequently studied poly-
morphisms of RAGE are: rs1800625 (-429T/C), rs1800624
(-374T/A), rs3134940 (2184A/G) and rs2070600 (557G/A,
also frequently named Gly82Ser). Ethnicity may play an im-
portant role in the occurrence of some polymorphisms, e.g.
most studies relating cancer susceptibility to Gly82Ser poly-
morphisms comes from China and this type of polymorphism
is relatively rate in Caucasian patients. Interestingly Gly82Ser
polymorphism may be related to RAGE glycosylation and
ligand binding [26, 27].

RAGE is abundant in both the transcriptional and transla-
tional level in normal lung but is not expressed in non-small
cell lung cancer (NSCLC) [28]. Using immunohistochemisty
membranous and cytoplasmic RAGE was less expressed in
lung cancer tissue than in nearby normal lung tissue [29, 30].
RAGE overexpression in lung alveolar type I epithelial cells
was downregulated upon malignant transformation and this
downregulation was associated with increased aggressiveness
of malignant cells [31].

RAGE apparently plays an important role in normal lung
physiology, possibly stabilizing mature alveolar epithelial cells
as an adhesion molecule. Downregulation of RAGE observed
in lung cancer may then interrupt cell-cell and cell-substrate
communication and thus enhances tumor growth and migra-
tion of cancer cells.

In another paper three major RAGE genetic polymor-
phisms, namely, -429T/C, -374T/A and 82G/S were found
to be associated with susceptibility for non-small cell lung
cancer (NSCLC) [32]. Only the 82G/S polymorphisms de-
noted, however, a significant difference between responders
and non-responders to chemotherapy. The 82SS genotype
and 82§ allele distribution not only increased the NSCLC
risk, but also was associated with a lower platinum-based
chemotherapy response rate and poor prognosis, indicated
by overall survival and progression free survival. In a large
study in Han Chinese [33] two out of three tested RAGE
gene polymorphisms (rs1800625, rs2070600) occurred more
frequently among lung cancer patients suggesting that RAGE
may contribute to the pathogenesis of lung cancer among
Han Chinese.

Expression of mRNA for RAGE and its splice variants was
shown to be increased in esophageal cancer [29].

A Gly82Ser polymorphism in exon 3 of RAGE gene was
also studied in patients with gastric cancer [34]. The dis-

tribution of genotype was significantly different between
cases and controls. Compared with the wild-type 82Gly/Gly
carriers, subjects with the variant genotypes (82Gly/Ser and
82Ser/Ser) had a significantly higher risk of gastric cancer
(HR = 1.47). Risk of gastric cancer was elevated especially
in younger individuals (aged < 58 years), nonsmokers, and
rural subjects and variant genotypes were also associated with
cancer invasion.

RAGE was found to be highly expressed in colorectal cancer
[22] and high expression of RAGE in primary tumor correlated
with the formation of metastases and reduced survival [35].

In a recent Chinese study Gly82Ser RAGE polymorphism
was shown to be associated with increased risk of colorectal
cancer [36]. Gly82Ser polymorphism was also more frequent
in patients with advanced colorectal cancer (TNM III + IV)
and patients with poorly differentiated colorectal cancer, sug-
gesting that in Chinese population this polymorphism may be
associated not only with the increased risk of colorectal cancer,
but also increased risk of invasion.

Relatively small Hungarian study looked in patients with
colorectal cancer only at one RAGE polymorphism (-429
T >C) in parallel with other 3 polymorphisms of genes (TNFa,
LTA and HSP70) located in the same major histocompat-
ibility complex (MHC) region (clas III) on the short arm of
chromosome 6 [37]. Although the occurrence of this RAGE
polymorphism did not differ from healthy controls, frequency
of ancestral haplotype (TNF-alpha -308A, RAGE -429C,
HSP70-2 -1267G, LTA 252G - 8.1AH) was significantly
more frequent (2.5 times) among patients with colorectal
cancer with higher risk in old subjects and in females sug-
gesting the risk of altered immune response associated with
this haplotype in the pathogenesis of colorectal (and possibly
also ovarian) cancer.

In a murine model targeted ablation of RAGE diminished
the autophagy (programmed cell survival, lysosome-me-
diated self-digestion) and attenuated the development of
early pancreatic neoplasia [38] possibly through IL-6-induced
phosphorylation of STAT3 with its subsequent mitochondrial
localization which results in increased cellular proliferation.
Targeted ablation of RAGE delayed the development of
neoplasia, decreases the levels of autophagy and inhibits
mitochondrial STAT3 activity and subsequent ATP produc-
tion [35].

RAGE contributes also to the intratumoral accumula-
tion of myeloid-derived suppressor cells during pancreatic
carcinogenesis [39]. In mice the absence of RAGE delayed
the development of neoplasia by limiting the accumulation
of myeloid-derived suppressor cells expressing an oncogenic
variant of Kras resulting in the accumulation of non-immu-
nosuppressive macrophages [39]. Both studies suggest an
important role of RAGE in the early phase of pancreatic
carcinogenesis.

Polymorphisms of RAGE (RAGE -429T/C, -374T/A,
2184A/G, Gly82Ser) were also studied in patients with pan-
creatic cancer [40]. No difference in allelic and genotype
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Table 2. Types of cancer associated with the activation of RAGE

Type of cancer

Membrane RAGE
and RAGE polymorphisms

Soluble RAGE

Lung cancer

RAGE abundant in normal lung, but less expressed (or non
expressed) in NSCLC [28,29], lung expression of RAGE may
disrupt normal cell-cell communication and enhance tumor
growth and metastasis [31], genetic polymorphisms of RAGE
associated with susceptibility for NSCLC [32, 33]

Alternate splice variant RAGEv1 encoding esRAGE downregu-
lated in lung cancer [15],

Levels of SRAGE ¥ in lung cancer, negatively correlated with
lymph node involvement and positively correlated with 4
expression of RAGE in the lung cancer tissue [29].

Esophageal cancer

Expression of RAGE and its splice variants increased [29]

Gastric cancer

A Gly82Ser polymorphism associated with gastric cancer and inva-
sion of gatric cancer [34]

Colorectal cancer

RAGE highly expressed [22],

T RAGE expression in primary tumor correlates with the formation
of metastases and reduced survival [35],

Gly82Ser RAGE polymorphism associated in Chinese population
with the risk and invasion of colorectal cancer [36]

Inverse association between sSRAGE and colorectal adenoma
among pts without hypertension [13], inverse relation between
sRAGE and colorectal cancer [65]

Hepatocellular cancer

RAGE highly expressed [22]

sRAGE inversely associated with liver cancer [63], sSRAGE
predicted the response to transarterial chemoembolization of
liver cancer [64],

Pancreatic cancer

In a murine model targeted ablation of RAGE delayed the develop-
ment of pancreatic neoplasia [38], Absence of RAGE in mice delayed
the development of pancreatic neoplasia [39], polymorphisms of
RAGE not associated with pancreatic cancer [40]

SRAGE levels inversely associated with pancreatic

cancer [61],

SRAGE levels { in pacreatic cancer ( 4 in diabetics with
pancreatic cancer [40],

no association between levels of esRAGE and pancreatic cancer
with the exception of patients with shorter follow-up [62]

Kidney cancer

AGE modified proteins induced growth of renal cancer cells prob-
ably through RAGE activation [41], increased co-expression of
RAGE and HMGBI on renal cancer cells correlated with the tumor
size and clinical stage [42]

Prostate cancer

RAGE and HMGBI coexpressed by the cells of prostate cancer,
associated with PSA, clinical stage and poor survival in advanced
prostate cancer [43], silencing RAGE 4 PSA levels, inhibited tumor
growth in the mouse model of prostate cancer [44], AGEs induce
invasion and growth in the hormone-independent prostate cell
line [45]

Alternate splice variant RAGEv1 encoding esRAGE downregu-
lated in prostate cancer [15]

Opvarian cancer

82G/S polymorphism of RAGE associated with epithelial ovarian
cancer [47]

Cervical cancer

82G/S polymorphism of RAGE associated with cervical squamous
cell cancer and HPV infection [48]

82G/S polymorphism of RAGE associated in cervical cancer
with lower soluble RAGE [48]

Breast cancer

Estrogens induce RAGE expression on breast cancer cells and
prolong their survival [49], RAGE highly expressed in breast
cancer [22],

RAGE expression correlated with the levels of AGE modified
proteins [24],

no difference in genetic polymorphisms of RAGE between breast
cancer and healthy controls [50, 51],

rs184003 polymorphism and T-T-G-T haplotype more frequent in
breast cancer compared to healthy controls [52]

Lower sSRAGE levels in breast [50], but increasing in pts with
advanced breast cancer, lower grade, positive estrogen recep-
tors, and intermediate positivity of Her2/neu, genetic polymor-
phisms of RAGE related to serum levels of RAGE [50]

Melanoma

RAGE silencing inhibits migration of melanoma cells [53], T RAGE
on human metastatic melanoma a cell line associated with metastatic
phenotype [54],

Anti-RAGE antibodies [55], or DNA-AGE aptamer inhibited the
growth of melanoma cells and tumor-associated angiogenesis [57],
RAGE expression T in melanoma than in nevus pigmentosus and
1 in metastatic melanoma [58],

pretreatment of melanoma cells with anti-RAGE antibody sup-
pressed formation of pulmonary metastases in uteroglobin knockout
mice [59]

Brain tumors

Alternate splice variant RAGEv1 encoding esSRAGE downregu-
lated in brain tumors [15]
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frequencies in all studied RAGE polymorphisms among the
patients with pancreatic cancer and controls was found.

In an early in vitro study AGE modified proteins (AGE-
modified bovine serum albumin) showed a tendency to induce
the cell growth of the renal cancer cells and promoted the
production of IL-6 which may serve as an autocrine growth
factor [41]. Renal cancer cells were shown to express mRNA
for RAGE and the putative effect of AGEs on renal cancer cells
was probably mediated by RAGE. In another study, elevated
co-expression of RAGE and HMGB1 on renal cancer cells
correlated with the tumor size and clinical stage [42]. HMGB1
time- and dose-dependent induction of ERK1/2 could have
been partially reversed by RAGE knockdown with similar
partial reversal of HMGBI1- stimulated cell proliferation,
migration and invasion.

RAGE and HMGBI are believed to play an important role
in prostate cancer and are associated with its progression and
poor survival. RAGE and HMGB1 were expressed in 78.8%
and 68.2% of cases of prostate cancer, respectively [43], usu-
ally both proteins were co-expressed and their expression
strongly correlated. Expression of RAGE and HMGB1 was
associated with the clinical stage and PSA level, but not with
the Gleason score, but it was asssociated with poor survival
in patients with stage III and IV prostate cancer. RAGE and
HMGBI could be thus be potentially useful biomarkers and
potential therapeutic targets in prostate cancer. Silencing the
expression of RAGE by RNAi downregulated RAGE expres-
sion, reduced PSA levels, inhibited cell proliferation of both
androgen-dependent and androgen-independent prostate
cancer cells and resulted in the apoptotic elimination of
prostate cancer cells due to the induction of caspase-8 and
caspase-3 signaling and inhibited tumor growth in the mouse
model of prostate cancer [44]. Both androgen-dependent
and androgen-independent prostate cancer cell interacted
with soluble RAGE through the V domain of RAGE and this
adhesion had to be blocked by AGE-modified proteins and
antibodies against RAGE, but not by S100B, or amphoterin
(HMGB1) suggesting that AGEs may be the major ligand
of RAGE on prostate cancer cells [45]. In prostate tissue
untreated prostate cancer and hormone-refractory prostate
cancer had higher RAGE and HMGB1 mRNA expression
compared to normal prostate tissue and AGE-modified
bovine serum albumin induced invasion and growth in the
hormone-independent prostate cell line [46].

Out of three RAGE polymorphisms (82G>S,-374T>A,-429-
C>T,and 1704G>T) studied in epithelial ovarian carcinoma
(EOC) [47] only the frequencies of the 82G>S polymorphisms
were significantly different between the EOC cases and con-
trols. The 82SS genotype was significantly higher in EOC
patients than in controls and 82SS polymorphism increased
the risk of EOC compared to the 82 GG genotype 2.65 times
after adjustment for age, smoking status, body mass index,
family history, usage of contraceptives, tubal ligation history,
use of menopausal hormones and menopausal status. The
82§ allele carriage presented a 1.71 times higher risk for EOC

suggesting that that the 82G>S polymorphism of RAGE gene
may be associated with the susceptibility of EOC.

The same three RAGE polymorphisms (-429T>C,
-374T>A, 1704G>T, and 82G>S) and human papillomavirus
(HPV) infection were also studied in patients with cervical
squamous cell cancer [48]. Only in 82G>S polymorphism
genotype distributions and allele frequencies were sig-
nificantly different between the two groups. The cervical
cancer patients had markedly higher percentage of 82G>S
carriage than controls. The 82G>S genotype was associated
with significantly elevated risk (HR = 1.98) for cervical
cancer. In addition, the 82G>S carriers had significantly
lower serum soluble RAGE (sRAGE) levels compared to
patients with 82GG polymorphism. The polymorphisms of
-429T>C, -374T>A and 1704T>G did not affect the cervi-
cal cancer risk and the serum sRAGE levels. The 82GS and
82SS genotype carriers in the HPV infection subgroup had
increased risk for cervical cancer versus 82GG (OR=1.68
and 1.74, respectively, both P<0.05). This trend was not
observed in the subgroup with no detectable HPV DNA.
The RAGE 82G>S polymorphisms, interacting with HPV
infection thus seems to be implicated in the occurrence of
cervical cancer.

Treatment of MCF-7 breast cancer cells with 17a-ethinyl
estradiol activated NF-kB and enhanced RAGE expression.
RAGE activated expression of cell cycle protein cyclin D1,
enhanced phosphorylation of prosurvival protein Akt and
increased expression of antiapoptotic protein Bcl-2 thus en-
hancing survival of breast cancer cells [49]. RAGE may thus
mediate the proliferation stimulating effect of estrogens on
breast cancer cells.

In our own study [50] we found no difference in RAGE
polymorphisms between patients with breast cancer and
healthy controls, but serum levels of SRAGE were also in-
fluenced genetically (were related to Gly82Ser and 2184 AG
polymorphisms of the RAGE gene). Another smaller study
also found no difference between RAGE ( -374T/A, -429T/C,
and 63 bp Ins/del) polymorphism among patients with breast
cancer and healthy controls [51], but in a recent large study
in Han Chinese [52] one out of four studied polymorphisms
(rs184003) significantly differed between breast cancer patients
and controls with patients carrying the rs184003 T allele ex-
hibiting 1.62 fold increased risk of breast cancer. There was
also a significantly more frequent occurrence of T-T-G-T
haplotype (of rs1800625, rs1800624, rs2070600, and rs184003,
respectively) conferring 1.43 fold increase in the adjusted risk
of breast cancer.

In melanoma RAGE silencing by RNAI selectively inhibited
migration of melanoma cells [53]. Overexpresssion of RAGE
on human melanoma cell line associated with the upregulation
of S100B and downregulation of p53, ERK1/2, cyclin E and
NF-kB. RAGE may play a role in the metastatic switch of the
melanoma cells [54]. Administration of anti-RAGE antibod-
ies [55], or DNA AGE-aptamer (a short sequence of DNA or
RNA with high affinity to cognate ligands [56]) to nude mice
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with infused melanoma cells significantly inhibited tumor
growth, number of tumor-associated vessels and decreased
expression levels of proliferating nuclear antigen [57]. Expres-
sion of RAGE, S100P and cytoskeletal protein ezrin which
all play a role in tumor growth, invasion and metastasis were
significantly higher (and closely correlating) in melanoma
than in nevus pigmentosus and higher expression levels were
observed in metastatic compared to primary melanomas [58].
Pretreatment of melanoma cells with anti-RAGE antibody sup-
pressed migration and invasion and formation of pulmonary
metastases of melanoma cells in uteroglobin knockout mice
[59]. All these data suggesting a role of RAGE in melanoma
growth and formation of metastases.

sRAGE in cancer (table 2)

Some RAGE splicing variants, e.g. RAGE variant 1 (RA-
GEvl) can provide a major soluble form of RAGE in blood
circulation, which can neutralize deleterious ligands, thus
diminishing signaling that can lead to inflammation and
pathogenesis in cancer cells [60]. High degree of RAGEvI
expression was shown to decrease the transcription of of NF-
kB and TNF-a in hepatic HepG2 cancer cells suggesting its
putative therapeutic potential.

Alternate splice variant termed RAGE splice variant 1
(RAGEv1), which encodes a soluble endogenous form of the
receptor that inhibits tumorigenesis, cell invasion and angio-
genesis is downregulated in lung, prostate, and brain tumors
relative to control matched tissues [22]. Tumors expressing
RAGEV1 were significantly smaller than wild-type tumors and
displayed prominently reduced activation of JNK. RAGEv1
would thus serve as a suppressor of the tumor growth with
apparent putative therapeutic implications [15].

Cigarette smoking, obesity, type 2 diabetes, and, to a lesser
extent, meat cooked at high temperatures are associated with
pancreatic cancer [61]. Cigarette smoke and foods cooked at
higher temperatures are major environmental sources of ad-
vanced glycation end products (AGE). In a large prospective
study in the Finnish male smokers CML-AGE levels were not
associated with pancreatic cancer. In contrast, SRAGE levels
were inversely associated with pancreatic cancer (fifth com-
pared with first quintile, RR = 0.46). Further adjustment for
glucose or insulin levels did not change the observed associa-
tions. This study suggests that SRAGE is inversely associated
with pancreatic cancer risk among Finnish male smokers.

In another study sRAGE was decreased in patients with
pancreatic cancer compared to patients with diabetes mellitus
and controls. Patients with pancreatic cancer and impaired
glucose tolerance had lower sSRAGE levels compared to
patients with pancreatic cancer without impaired glucose
tolerance. No relationship of SRAGE to the stage of pancreatic
cancer was, however, found [40]. The lowest RAGE levels were
found in patients with pancreatic cancer and impaired glucose
tolerance supporting the role of impaired glucose metabolism
disorder in cancerogenesis.

There was no correlation between esRAGE and the risk of
pancreatic cancer [62], however, there was an inverse associa-
tion between esRAGE and risk of pancreatic cancer for cases
that were diagnosed within the first 2 years of follow-up (HR
= 0.46). In a large study in a prospectively followed Finnish
population SRAGE and CML-AGE concentrations were in-
versely associated with liver cancer [63]. Further adjustment
for glucose and insulin or exclusion of case subjects with
chronic HBV or HCV did not change the associations.

In hepatocellular cancer there was and early decrease of
sRAGE after transarterial chemoembolization (TACE) therapy
(an effective locoregional treatment [64]). Pretherapeutic and
24-h values of sSRAGE were significantly higher in the no pro-
gression group than those in the progression group suggesting
that SRAGE could serve as a predictor of outcome in patients
with liver cancer undergoing TACE therapy.

In a colonoscopy-based case-control study patients with
colonic adenoma had insignificanty lower levels of SRAGE
than controls. Patients in the highest compared to the lowest
category had HR = 0.55 of colorectal adenoma. The inverse
association between sSRAGE and colorectal adenoma was
seen only among those patients without hypertension [65].
An inverse association between sSRAGE and colorectal
adenoma was in line with an inverse association between
sRAGE and colorectal cancer previously reported [65]. In
this study in the prospective cohort of the Finnish male
smokers patients in the highest quintile of SRAGE had
compared to patients in the lowest sSRAGE quintile 35%
lower risk for incident colorectal cancer after adjustment
for for age, years of smoking, body mass index, and CML-
AGE. Further adjustment for serum glucose strengthened
the association (RR = 0.52).

In patients with lung cancer patients serum sRAGE was
significantly decreased compared with to healthy controls
and patients with pulmonary tuberculosis. Lower sRAGE
concentration was negatively correlated with lymph node
involvement. Lower sRAGE concentrations also correlated
with lower membranous and lung expression of RAGE in the
lung cancer tissue [29, 30].

We recently studied the role of RAGE in 120 patients with
breast cancer [50]. In our study patients with breast cancer
had despite higher AGEs significantly lower serum levels of
SRAGE compared to healthy controls (1581 +/- 777 versus
1803 +/- 632 ng/mL, p < 0.05). Serum levels of SRAGE were
higher in patients with advanced breast cancer (stage III),
lower grade and positive estrogen receptors, and intermedi-
ate positivity of Her2/neu receptors and were also influenced
genetically (Gly82Ser and 2184 AG polymorphisms of the
RAGE gene). Decreased sRAGE levels in patients with
breast cancer may contribute to the progression of the dis-
ease. Patients with better outcome (low grade and positive
estrogen receptors) have higher sSRAGE levels. Progression
of the disease, may, however, increase sSRAGE levels, pos-
sibly as a compensatory mechanism to counteract further
progression.
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Targeting RAGE and its ligands - can it contribute to the
treatment of cancer?

Activity of RAGE may be suppressed in many different ways
using already available drugs (angiotensin receptor block-
ers, statins, metformin) which may e.g. interfere with RAGE
signaling, or more specifically targeting RAGE ligands, or
directly RAGE (anti-RAGE antibodies, recombinant sSRAGE),
or interfering with RAGE synthesis (e.g. AGE-RAGE aptamers,
or RAGE silencing RNAs).

In diabetic nephropathy both statins and angiotensin recep-
tor blockers were shown to inhibit the RAGE signaling [66, 67],
but there are no data showing that they could inhibited tumor
growth through the inhibition of RAGE signaling. Pravastatin
dose-dependently inhibited the AGEs-induced up-regulation
of RAGE mRNA level, ROS generation and apoptosis in hu-
man renal proximal tubular cells [66] and its effect on renal
tubular cells could have been blocked by geranylgeranyl pyro-
phosphate (GGPP) suggesting that pravastatin suppresses the
RAGE expression via inhibition of GGPP synthesis. Similarly,
angiotensin receptor blocker, irbesartan, inhibited the AGE-in-
duced up-regulation of RAGE mRNA levels, ROS generation,
increased expression of inflammatory, thrombogenic and
fibrogenic genes expression in human proximal tubular cells
and AGE-induced apoptosis of these cells [67].

Increased cancer risk in patients with type 2 diabetes in me-
diated by insulin/insulin-like growth factor-I (IGF-I). Human
epidermal growth factor receptor (HER2), insulin receptor and
IGF-I receptor involve the same PI3K/AKT/mTOR signaling,
and different antidiabetic pharmacotherapy may differentially
affect this pathway, leading to different prognosis of HER2+
breast cancer. Peroxisome proliferator-activated receptor-
gamma (PPARgamma) agonists were also shown to interfere
with the AGE-RAGE system [68].

In diabetic patients with breast cancer metformin (HR =
0.52) and thiazolidinediones (HR = 0.41) predicted lengthened
survival, and competing risk analysis showed that metformin
and thiazolidinediones were associated with decreased breast
cancer-specific mortality (HR=0.47 and HR=0.42, respec-
tively). So the choice of antidiabetic pharmacotherapy may
influence prognosis of this group [69]. The effect of metformin
may be at least partly mediated by the interference with AGE-
RAGE system. AGEs induced proliferation of breast cancer
cells could have been completely prevented by metformin
[70]. Metformin also completely suppressed the AGE-induced
upregulation of RAGE and VEGF mRNA. This inhibitory
effect of metformin could have been significantly blocked by
the inhibitor of AMP-activated protein kinase. AMP-activated
protein kinase pathway. Metformin may protect against breast
cancer expansion in diabetic patients possibly at least partly
by blocking the AGEs-RAGE axis.

Insulin was also suggested (based on in vitro studies) to
increase the cleavage of full-length RAGE mRNA with the
resultant release of esRAGE and sRAGE. As insulin seems to
increase both the expression of RAGE and the formation of its

putative inhibitor sSRAGE the overall effect of insulin on the
activation of RAGE system is uncertain [71].

Retinol supplementation was shown to increase the inci-
dence of lung cancer and increase mortality in smokers. This
effect may be mediated by the retinol-induced free radical pro-
duction and oxidative stress (partly compensated by increased
antioxidant enzyme activity) and oxidative damage and down-
regulation of RAGE demonstrated also in the human lung
cancer cell line. Retinol-induced downregulation of RAGE
was mediated by p38MAPK activation which was inhibited
by the analog of a-tocopherol suggesting that the activation
of MAPK was redox-dependent. Downregulation of RAGE by
retinol was also mediated through the MAPK induced activa-
tion of NF-«B as inhibition of NF-kB by siRNA blocked the
effect of retinol on RAGE [72]. Normal expression of RAGE
(as already stressed) is important for the normal maintenance
of lung function and its downregulation may enhance (at least
in some experimental models) lung carcinogenesis suggesting
that any systemic administration of anti-RAGE treatment may
have some inherents risks.

Heparin has not only anticoagulant, but also broad antiin-
flammatory activity. Low anti-coagulant derivative of heparin
(2-0,3-O-desulfated heparin - ODSH) with preserved anti-
inflammatory activity disrupts (similarly as heparin) Mac-1
(CD11b/CD18)-mediated leukocyte adhesion to RAGE and
inhibits the activation of RAGE by its many proinflammatory
ligands, including AGEs, HMGB1 and S100 calgranulins. In
mice ODSH was more effective than heparin in reducing
selectin-mediated lung metastasis of melanoma and inhibited
RAGE- mediated airway inflammation after intratracheal
HMGBI administration showing its potential in treatment of
some malignancies [73].

Altered expression of chondrotin sulfate (CS) and heparan
sulfate (HS) at the surface of tumor cell plays a key role in
malignant transformation and tumor metastasis and the
lung cancer cells with greater metastatic potential may have
ahigher proportion of E-disaccharide units in CS chains than
lung cancer cells with low metastatic potential. Metastasis
may have been inhibited by pre-administration of CS-E from
squid cartilage rich in E units or by antibodies against CS-E.
As already mentioned RAGE is a receptor molecule of CS
chains containing E-disaccharides and binds also strongly to
heparan-sulfate expressing lung cancer cells and anti-RAGE
antibody inhibits the colonization of the lungs by lung cancer
cells. Both CS and HS and RAGE should be potential molecu-
lar targets of the treatment of pulmonary metastasis [74].

Different interventions may be aimed at multiple RAGE
ligands, e.g. activity of HMGB-1 can be blocked in several dif-
ferent ways [75]: by anti-HMGB-1 antibodies, by the inhibition
of HMGB-1 release from the nucleus into the extracellular
space, by HMGB- A box, a competitive antagonist of HMGB-1,
by blockage of RAGE-HMGB-1 signaling using RAGE antago-
nists, by blockage of TLR-HMGB-1 signaling using anti-TLR2
antibodies and by other molecules that modulate HMGB-1
activity using e.g. human soluble thrombomodulin.
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Another therapeutic target may be S100 proteins, an ex-
ample may be S100P. S100P interaction with RAGE can be
also blocked by the antiallergic drug cromolyn and high con-
centrations of cromolyn improve gemcitabine effectiveness in
pancreatic ductal adenocarcinoma. Cromolyn analog 5-methyl
cromolyn was more effective in inhibiting S100P- induced
increase of NF-«B, cell growth and apoptosis and cromolyn
derivatives may be promising drugs to block S100P in different
types of cancer [76]. Small S100P-derived RAGE antagonist
peptide (RAP) blocking activation of RAGE by multiple lig-
ands was recently developed [77] and was shown to inhibit
the interaction of S100P, S100A4, and HMGB-1 with RAGE at
micromolar concentrations. RAP also reduced the ability of the
ligands to stimulate RAGE activation of NFkB in cancer cells
in vitro and in vivo. Importantly, systemic administration of
RAP reduced the growth and metastasis of pancreatic tumors
and also inhibited glioma tumor growth.

Finally, there can be direct intervention against RAGE. Anti-
bodies against RAGE were shown to inhibit metastasis of lung
cancers and melanoma cells [10]. AGEs induced proliferation
of breast cancer cells could have been also completely prevented
by anti-RAGE antibodies [70]. Administration of recombinant
soluble RAGE was shown to block RAGE signaling pathway
in animal models suggesting that the circulating sSRAGE could
protect the tissue againgst RAGE-induced tissue damage [22].
Decrease in the proliferation of all sub-types of experimental
breast cancer, MCF-7, SK-Br-3 and MDA-MB-231 in which
RAGE expression levels correlated with the degree of sever-
ity of breast cancer may have been induced by RAGE siRNA
[78]. RAGE siRNA arrested breast cancer cells in the G1 phase
and inhibited DNA synthesis by decreasing the expression of
transcriptional factor NF-«xB p65 as well as the expression of
cell proliferation markers PCNA and cyclinD1.

RAGE and RAGE ligands can thus be considered as pos-
sible targets for the treatment of different types of although it
remains very uncertain if the promising data from cell cultures
and experimental models could be translated into clinically
useful anti-cancer tool. Apparently these specific modes of the
RAGE inhibition may be promising not only in cancer, but
also in diabetes, different inflammatory and neurodegenera-
tive disorders.
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