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Abstract
RAGE (Receptor for Advanced Glycation End-products) and its ligands are overexpressed in
multiple cancers. RAGE has been implicated in tumorigenesis and metastasis, but little is known
of the mechanisms involved. In this study we define a specific functional role for an alternate
splice variant termed RAGEv1 that encodes a soluble endogenous form of the receptor that
inhibits tumorigenesis. RAGEv1 was downregulated in lung, prostate, and brain tumors relative to
control matched tissue. Overexpressing RAGEv1 in tumor cells altered RAGE-ligand stimulation
of several novel classes of genes that are critical in tumorigenesis and metastasis. Additionally,
RAGEv1 inhibited tumor formation, cell invasion, and angiogenesis induced by RAGE-ligand
signaling. Analysis of signal transduction pathways underlying these effects revealed marked
suppression of JNK pathway signaling and JNK inhibition suppressed signaling through the
RAGE pathway. Tumors expressing RAGEv1 were significantly smaller than wild-type tumors
and displayed prominently reduced activation of JNK. Our results identify RAGEv1 as a novel
suppressor function the study of which may offer new cancer therapeutic directions.
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Introduction
Tumorigenesis is a multi-step process involving the alteration of a number of key cellular
properties including uncontrolled proliferation, evasion of cell death (apoptosis and
necrosis), vascularization (angiogenesis) and subsequent invasion and migration of tumor
cells into the surrounding tissues (1). Understanding the molecular processes underlying
these cellular phenotypic changes is critical in order to develop novel therapies. Central to
mediating these changes is the interaction between cell surface receptors and their cognate
ligands, which through intracellular signaling induce alterations in gene expression. In this
context, recent studies have identified that the Receptor for Advanced Glycation End-
products (RAGE) and its ligands may play an important role in cancer (2-5). RAGE is a
multi-ligand receptor that has been implicated in the pathogenesis of numerous disease
states including diabetes, vascular and inflammatory diseases (3;6;7). RAGE-ligand
interaction triggers activation of a diverse array of signaling pathways that lead to processes
integrally linked to the tumorigenic sequelae including cellular migration, invasion,
proliferation and survival (2;4). These pathways include the mitogen activated protein
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kinases (MAPK), Rho GTPases (Rac-1 and Cdc42) as well as activation of nuclear factor κB
(NF-κB), which in-turn result in the expression and activation of proinflammatory cytokines
(2;8-13). Notably, in mice, blocking RAGE-ligand induced signaling led to a striking
reduction in tumor development and suppressed the motility and invasiveness of tumor cells
(2). Furthermore, studies have indicated that RAGE and its ligands are expressed in human
tumors, and often the extent of tumor invasiveness and metastatic potential was correlated
with the degree of RAGE/lignad up-regulation (9;14-22).

In recent years, the discovery that endogenous soluble isoforms exist for the RAGE gene
suggest a potential innate mechanism to counter-act the adverse effects of RAGE ligands
(23-25). In particular, endogenous soluble RAGE (esRAGE or RAGE splice variant 1;
RAGEv1) is produced by alternative splicing, resulting in a product lacking the
transmembrane domain and cytoplasmic domain of RAGE and is readily secreted from cells
(23;24). Intriguingly, soluble forms of RAGE have been detected in human plasma, and
these levels correlate with the presence and/or extent of RAGE-mediated diseases (26-29).
In cancer, specifically, a number of studies have reported that levels of soluble RAGE were
lower in subjects afflicted with breast or lung cancer compared to controls (30;31). Yet, no
experiments to date have elucidated a functional role of soluble RAGE isoforms detected in
human subjects. Therefore, our goal here was to establish the mechanistic effects of
RAGEv1 on RAGE ligand-mediated tumorigenesis, and to test if RAGEv1 might suppress
tumor-provoking signaling pathways. Here, we therefore report on a novel mechanism by
which the soluble splice variant of RAGE (RAGEv1) inhibits tumorigenesis, and may
represent a novel therapeutic target in the treatment of cancer.

Materials and Methods
Cell Culture, Antibodies and Reagents

Rat C6 glioma cells were obtained from ATCC and maintained in DMEM supplemented
with 10% FBS (Invitrogen). Human primary aortic endothelial cells (ECs) were purchased
from Lonza and maintained in EGM2 media (Lonza, Basel, Switzerland). The RAGEv1
rabbit polyclonal antibody was raised against the purified peptide sequence (Ac-
CGEGFDKVREADSPQHM-amide) and affinity purified by QCB. This antibody recognizes
the unique C-terminus region of RAGEv1, but not full-length RAGE.

Plasmid Engineering and RAGEv1 Stable Clone Generation
RAGEv1 (Genbank no.AY755620) was cloned as previously described (24). The RAGE-
ligand, S100A12 was cloned in frame with the 6xHis-tag (C-terminus tag) in the vector
pET101 (Invitrogen) from lung cDNA, using the primers (5′-
CTCCATGACAAAACTTGAAGAGC-3′) and (5′-TTCTTTGTGGGTGTGGTAATG-3′).
C6 cells were stably transfected with pcDNA3.1-RAGEv1 or empty pcDNA3.1 (mock
transfected) constructs and screened for RAGEv1 expression by western blot of cell lysates
and conditioned using anti-RAGE IgG, anti-RAGEv1 IgG. RAGEv1 expression was further
verified by measurement of conditioned media using the sRAGE Quantikine ELISA (R&D
Systems).

RAGEv1 in vitro binding assay
Binding of RAGEv1 to RAGE-ligand was tested using pull-down assays with the Pierce His
Protein Interaction Pull-Down Kit (Pierce) according to the manufacturer's instructions
using His-tagged s100A12 (bait) and cultured media from RAGEv1 (prey).

Kalea et al. Page 2

Cancer Res. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cancer PathwayFinder PCR Array
RAGEv1 and mock C6 cells were incubated with/without 10 μg/ml S100B for 2 h and total
RNA extracted using Trizol (Invitrogen). Gene expression of 84 genes representative of the
six biological pathways involved in tumorigenesis (including 5 housekeeping genes for
normalization; Rplp1, Hprt1, Rpl13a, Ldha and Actb) was assessed using the Rat Cancer
PathwayFinder™ RT2 Profiler™ PCR Array (SABiosceinces) according to the
manufacturer's instructions and analyzed on an MX3005P Real-time PCR System
(Stratagene). Only genes demonstrating a 1.5-fold or greater change were considered for
further analysis. PCR array data was validated using a combination of Taqman QPCR and
western blot analysis as described in the supplementary methods.

In vitro tumorigenic assays
In vitro angiogenesis assays were performed by seeding ECs on top of Matrigel (BD
Biosciences) and incubated with 50% EGM-2 media : 50% conditioned media from
RAGEv1 and mock cells incubated with/without s100B. After 2 h, tube formation was
assessed and images taken from 4 independent fields. Tumor cell adhesion assays were
performed by incubating cells with/without 10 μg/ml S100B for 24 h were seeded into tissue
culture plates for 2 h to adhere. Attached cells were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet and OD measured at 590nm. Cellular apoptosis was
assessed using Annexin V / propidium iodide staining. Cells stimulated with/without 10 μg/
ml S100B for 24 h, were stained with the ApoTarget Annexin-V FITC Apoptosis Kit and
analyzed by flow cytometry. Invasion assays were performed using the BD BioCoat™ BD
Matrigel™ Invasion Chambers (BD Biosciences) by seeding cells into the upper chamber,
after 24 h, invaded cells were assessed by staining with 0.1% crystal violet solution. In vitro
tumor growth was performed using the Cell Transformation Detection Assay (Millipore) by
plating cells in a layer of 0.4% agarose in DMEM. After 14 days, colonies were visualized
using Cell Stain solution (Millipore).

In vivo tumor growth
All animal studies were performed with the approval of the Institutional Animal Care and
Use Committee of Columbia University and conform to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health. Weanling female SCID
mice were subcutaneously injected in the right flank with 1×105 of mock or RAGEv1
expressing C6 cells suspended in 0.1 ml PBS. After 31 days, tumors were measured with
calipers and the volume of the tumor calculated using the following formula: V = π×h(h2 +
3a2)/6, where h = height of the tumor section; a = (length + width of the tumor)/4; and V =
volume of the tumor. Excised tumors sections were snap frozen for protein analysis.

Cell signaling assays
Activation of cell signaling proteins were performed by western blot using antibodies to
phospho/total MEK1/2, SAPK/JNK, p38 and AKT (Cell Signaling). Inhibition of these
pathways was performed with chemical for SAPK/JNK (SP600125, 10μM), MEK1/2
(U0126, 10μM), p38 (SB203580, 10μM) and AKT (Triciribine, 10μM) or control (0.1%
DMSO), using stimulated cells (10 μg/ml S100B for 2h) and QCR analysis performed for
Apaf1, Pdgfb and Tnf performed as above. Invasion assays were performed by incubating
cells with either 2.5μM SP600125 or 0.1% DMSO as vehicle, and invasion performed with
ligand stimulation as described above.
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Statistical analyses
In all experiments, unless otherwise indicated, data are reported as mean ± SEM in at least 3
replicates per group. Data were analyzed by post-hoc comparisons using 2-tailed t test and a
P value less than or equal to 0.05 was considered significant.

Results
RAGEv1 is down-regulated in various human cancers

Previous studies have monitored the presence of RAGEv1 in human plasma and the
relationship with various inflammatory disease states. To analyze the expression profile of
RAGEv1 directly in human tumor tissue samples, we studied normal and tumor matched
tissue retrieved from the same subject, and examined the expression of RAGEv1 by western
blot analysis (Supplementary Fig. S1). Interestingly, these experiments suggested that levels
of RAGEv1 tended to be lower in tumor versus normal matched adjacent tissue. These data
suggest for the first time that RAGEv1 levels may be down-regulated in the tumor, but not
in adjacent non-malignant tissue, and thus we sought to test the hypothesis that RAGEv1
might act as a molecular decoy to block tumorigenesis through preventing the cellular
effects of RAGE ligands.

The ectopic expression of RAGEv1 by tumor cells
To test these concepts, we firstly generated rat C6 glioma cells which stably expressed
RAGEv1. C6 rat glioma cells are an established model system for both in vitro and in vivo
analysis of tumorigenesis, and we have previously seen RAGE-ligand dependent responses
in this cell line (s100B / CML) (13;32). Western blot analysis confirmed the expression of
RAGEv1 in transfected cells compared to control empty vector transfected (mock) cells, by
using antibodies to the unique C-terminus sequence of RAGEv1 and antibodies to the
extracellular domain of human RAGE (Fig. 1A). Furthermore, western blot analysis of cell
culture media confirmed that RAGEv1 protein was actively secreted by the C6 cells (Fig.
1A). Measurement of RAGEv1 in cell culture media using an sRAGE ELISA demonstrated
levels of ∼1500-2000 pg/ml, which is in the physiological range detected in human plasma
(7). To confirm that RAGEv1 binds RAGE ligands, pull-down experiments were performed
with recombinant RAGE ligand (GST-s100A12), using the conditioned cell culture media
(CM) containing RAGEv1. Western blot analysis of pull-down elutant showed a clear
interaction between RAGEv1 and s100A12, but not with GST alone (Fig. 1B).

RAGEv1 expression impacts on pro- tumorigenic gene expression profiles
Next, we tested the impact of RAGEv1 on RAGE /ligand-activated tumorigenic pathways.
We hypothesized that RAGE activation regulates the expression of genes that promote
tumor cell properties, and that RAGEv1 might block these effects. To test this hypothesis,
we performed QPCR array analysis on the control and RAGEv1 transfected cells, and
assessed the impact of RAGE -ligand stimulation using the Cancer PathwayFinder array.
This array consists of 84 genes representing six major biological pathways involved in
tumorigenesis. We identified several classes of genes that were altered by RAGEv1
expression including angiogenesis, adhesion, apoptosis, invasion/metastasis, cell cycle
control and signaling (Supplementary Table 1). Of the 84 cancer pathway focused genes, 19
demonstrated at least a 1.5-fold difference in gene expression between ligand-stimulated
cells expressing either RAGEv1- or mock-transfected cells. Interestingly, genes implicated
in angiogenesis represented the major class altered both in number and expression level,
which include Fgf1, Ifna1, Pdgfb, Thbs1, Tnf and Vegfc. As shown in Fig. 2 (and
Supplementary Fig. S2), we validated several of these genes for changes in expression by
Taqman QPCR and western blot analysis. Taqman QPCR analysis confirmed that RAGEv1
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impaired RAGE-ligand induced expression of Pdgfb (Fig. 2A) and Tnf (Fig. 2B), and
increased expression of the apoptotic gene, Apaf-1 (Supplementary Fig. S2A),. Western blot
analysis demonstrated that RAGEv1 blocked RAGE-ligand (s100B) induced expression of
cyclin D1 (Fig. 2C) and increased expression of Apaf-1 (Fig. 2D). Similar changes in
protein expression (cyclin D1) were seen for other RAGE-ligands (CML-HSA) (data not
shown). Together these data indicate that expression of RAGEv1 inhibits expression of
genes critically involved in tumorigenesis through blocking RAGE-ligand interaction.

RAGEv1 impacts on the mechanisms of tumorigenesis in vitro
As RAGE has been reported to have a role in promoting cancer cell survival, migration and
invasion, we hypothesized that RAGEv1 may impair these functions. To test this, we
analyzed in vitro whether RAGEv1 impacts on RAGE-mediated tumor cell angiogenesis,
adhesion, apoptosis and invasion. We first evaluated angiogenesis, as the gene expression
data suggested pathways involved in this process were most affected by RAGEv1 blockade
of RAGE signaling. Assays were performed by culturing endothelial cells on Matrigel in
conditioned medium (CM) from RAGEv1-transfected or mock-transfected tumor cells. We
observed markedly reduced tube formation of ECs exposed to CM from RAGEv1 cells
versus mock (Fig. 3A). Consistent with these findings, CM from RAGE ligand-stimulated
mock cells induced a two-fold increase in tube formation compared to unstimulated mock
CM (Fig. 3A), whereas CM from RAGEv1 failed to stimulate tube formation (Fig. 3A). We
next analyzed the effect of RAGEv1 expression on cellular adhesion. As shown in Fig. 3B,
RAGEv1-expressing cells adhered more to the substratum than mock cells. RAGE ligand
stimulation of did not affect tumor cell adhesion in either mock or RAGEv1 cells (Fig. 3B).
To determine the effect of RAGEv1 on tumor cell survival, we next studied cellular
apoptosis. Using the Annexin-V/PI FACS assay, compared to control cells, RAGEv1
expressing cells displayed more apoptotic cells (4% vs 8%, Fig. 3C). However, RAGE
ligand stimulation did not appear to alter the percentage of apoptotic cells in either control or
RAGEv1- expressing cells. To confirm that RAGEv1 expression affects tumor cell survival,
we performed cell viability and caspase 3/7 activation assays. We observed a significant
decrease in cellular viability of RAGEv1- expressing cells compared to controls,
independent of ligand stimulation (Supplementary Fig. S3A). This was further confirmed by
an increase in caspase 3/7 activation in RAGEv1-expressing cells compared to control
(Supplementary Fig. S3B). These data suggest that by blocking RAGE activation, RAGEv1
prevents tumor cell evasion of apoptosis and cell death.

Ultimately in the tumorigenic process, cells invade the surrounding tissue and metastasize
(33). Therefore we tested whether RAGEv1 blocks RAGE ligand-induced cellular invasion.
RAGE ligand stimulation of control cells induced a ∼2.5-fold increase in cell invasion (Fig.
3D), whereas in contrast, RAGEv1 expression blocked cell invasion (Fig. 3D). Previous
studies demonstrated that RAGE activation leads to an increased invasive phenotype though
activation of matrix metalloproteinases (MMPs) (2). To investigate this, we analyzed both
protein levels and activity of MMP-2/9 in control and RAGEv1 expressing cells. MMP-9
protein levels were upregulated in control cells in response to RAGE ligand stimulation
(Supplementary Fig. S3C), whereas in RAGEv1-expressing cells, MMP-9 was not
detectable. Furthermore, activity levels of MMP-9 by gelatin zymography in control cell
CM revealed increased MMP-9 activation in response to RAGE-ligand, whereas active
MMP-9 was not detected in RAGEv1-expressing cells (Supplementary Fig. S3D). MMP-2
(antigen or activity) was not detected in either control or RAGEv1-expressing cells (data not
shown). Together these data demonstrate that RAGEv1 acts to block RAGE ligand-induced
tumor invasion.

Kalea et al. Page 5

Cancer Res. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RAGEv1 suppresses tumorigenic signaling
Previous studies have suggested that RAGE signals through these MAPK pathways to
regulate cellular processes (2;8;8;9). To explore the specific signaling mechanisms
modulated by RAGEv1, we examined the MAPK signaling pathway, including MEK1/2,
p38 and SAPK/JNK. RAGE-ligand stimulation (s100B) resulted in ∼2 fold activation of
MEK 1/2, p38 and SAPK/JNK in control cells (Fig. 4A-C). In contrast, in cells expressing
RAGEv1, activation of MEK 1/2, p38 and SAPK/JNK was markedly reduced (Fig. 4A-C).
Interestingly, AKT was not activated by RAGE ligand (s100B), nor did activity levels differ
between control and RAGEv1-expressing cells (Fig. 4D). Experiments with mock /
RAGEv1 expressing cells using the CML-HSA RAGE-ligand (13), revealed similar changes
in MEK 1/2, p38, SAPK/JNK and AKT (data not shown). To evaluate the specific signaling
pathway(s) responsible for the tumorigenic changes observed in these cells, we tested the
effect of various inhibitors. Control cells were incubated with inhibitors of MEK1/2
(U0126), p38 (SB203580), SAPK/JNK (SP600125) and AKT (Triciribine), followed by
RAGE ligand stimulation. Analysis of gene expression by QPCR revealed that in the
presence of the SAPK/JNK inhibitor SP600125, RAGE ligand stimulation induced Apaf1
and blocked Pdgfb and Tnf expression, compared to control stimulated cells (Fig. 5A-C).
Pre-treatment of cells with U0126, SB203580 or Triciribine had little or no effect on RAGE
ligand dependent expression of Apaf1, Pdgfb and Tnf (Fig. 5A-C). To test the functional
role of JNK inhibition in RAGE-ligand mediated tumorigenesis, we analyzed its effects on
RAGE ligand- driven cellular invasion. Stimulation of control cells induced a ∼3-fold
increase in cell invasion (Fig. 5D), whereas treatment of cells with the JNK inhibitor
blocked RAGE ligand stimulated cellular invasion (Fig. 5D).

RAGEv1 suppresses tumorigenesis
Finally, we investigated whether RAGEv1 expression affected tumor cell growth in vitro
and in vivo, and if these effects are linked to SAPK/JNK signaling. To determine whether
RAGEv1 modulates tumor formation, we performed the soft agar assay. This is perhaps the
most consistent in vitro method to replicate the in vivo tumorigenic environment. Control
and RAGEv1 cells were assayed for anchorage-independent growth for 14 days. Compared
to mock cells, RAGEv1 expression drastically reduced the ability of tumor cells to form
colonies in soft agar (Fig. 6A). Athymic nude mice were injected with mock or RAGEv1
cells and tumor growth was measured after 31 days. Compared to control cells, there was a
∼25-fold lower volume in tumors developed from RAGEv1-expressing cells (Fig. 6B). In
parallel with these effects, western blotting revealed that expression of RAGEv1
significantly reduced SAPK/JNK activation by ∼2 fold compared to control tumors (Fig.
6C).

Discussion
The generation of soluble receptor isoforms represents an important mechanism to regulate
aberrant receptor signaling in biological systems and a potential therapeutic strategy for
cancer. Here, we have identified for the first time a functional role for the endogenous
soluble RAGEv1 isoform as a molecular decoy for RAGE, and as an inhibitor of key
cellular properties that facilitate tumorigenesis. Firstly, RAGEv1 expression in tumor cells
inhibited RAGE-induced gene expression profiles favoring tumor cell mediated
angiogenesis, invasion, cell cycle progression and evasion of cell death. Secondly,
functional studies in vitro demonstrated that RAGEv1 strongly inhibited RAGE ligand
induced angiogenesis, tumor cell invasion / metastasis and JNK activation. Finally and
importantly, in vitro and in vivo studies firmly establish that expression of RAGEv1 strongly
suppresses tumor growth. We conclude that RAGEv1 acts as a molecular decoy for RAGE
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to block the tumorigenic process and therefore strategies to increase RAGEv1 levels could
be useful in the treatment of cancer.

A growing body of evidence suggests that the inhibition of RAGE has the potential to be a
specific and effective anti-cancer therapeutic strategy. In particular, RAGE and its diverse
ligands have been shown to be over-expressed in numerous tumorigenic states and blocking
their expression/interaction inhibits tumor growth and metastasis (2;4). In this regard, these
means of inhibition have included the use of RAGE blocking antibodies, dominant-negative
receptor constructs and the recombinant soluble ligand-binding extracellular domain
(sRAGE) (2;4;13). However, the occurrence of an endogenous soluble receptor system
(RAGEv1) suggests the possibility of a natural means to block RAGE signaling.
Furthermore, serum levels of RAGEv1 have been shown to be inversely correlated with
various inflammatory disease states, suggesting the role of RAGEv1 as a potentially useful
biomarker (26-28). These findings indicate that RAGEv1 may affect the clinical course of
RAGE-driven pathologies, including various tumorigenic states, by blocking RAGE:ligand
interaction. However, to-date no studies have investigated the molecular and cellular
significance of RAGEv1 in vascular and tumor biology. Here, we tested the hypothesis that
RAGEv1 acts as a molecular decoy for RAGE, blocking tumor- promoting signaling and in
turn, inhibiting the tumorigenic processes both in vitro and in vivo.

To explore the molecular mechanisms through which RAGEv1 may affect RAGE-induced
tumorigenesis, we analyzed gene expression profiles in tumor cells. Our data revealed that
compared to control cells, RAGEv1 altered expression of genes associated with invasion/
metastasis, apoptosis and cell cycle control. However, intriguingly the genes most
dramatically altered were associated with angiogenesis. In vitro cellular assays revealed
RAGEv1 strikingly inhibited RAGE ligand induction of angiogenesis and cellular invasion.
However, although RAGEv1 induced tumor cell adhesion and cell death, we were unable to
demonstrate any further effects of exogenous RAGE ligand stimulation on these processes,
therefore suggesting a role for endogenous ligand generation by these cells. These results
suggest that RAGEv1 inhibits multiple RAGE ligand-mediated processes leading to tumor
formation and progression. The surprising finding that RAGEv1 blocks tumor cell
expression of genes influencing angiogenesis implicates RAGE/RAGEv1 in multiple facets
of tumor development. The recent finding that RAGE influences tumor development
through inflammatory cell recruitment (5) and our angiogenesis data in this study, suggest
that the RAGE/RAGEv1 system can influence not only tumor cells, but also cells of the
tumor microenvironment. Furthermore, previous studies have demonstrated in human tumor
tissue a correlation between RAGE expression levels and tumor vessel density (34;35). This
therefore further implicates an essential role for RAGEv1 in countering the angiogenic
effects of RAGE in the process of tumor angiogenesis.

To identify the signaling pathways eliciting these RAGEv1 mediated effects, we studied
various components of the MAPK pathway. Work from both our group and others have
definitely shown that RAGE predominantly acts as a signal transduction receptor for its
ligands, and interruption of RAGE signaling, abrogates cellular dysfunction and disease
pathogenesis (2;8-13). Furthermore, numerous studies have demonstrated a central role of
MAPK signaling in mediating RAGE-ligand effects (9;36). In agreement with these data, we
observed that RAGEv1 blocked RAGE-ligand activation of the major MAPK pathways
including MEK, p38 and JNK. Importantly to note, neither RAGE-ligand stimulation nor
RAGEv1 affected AKT signaling in these cells. Further investigation of the specific MAPK
pathway responsible for driving pro-tumorigenic gene expression, revealed JNK signaling to
predominantly play a role. The JNK pathway has been shown to be crucially involved in
cancer development through affecting a wide range of cellular processes including
proliferation, survival and invasion (37;38). Moreover, our results demonstrate that JNK
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activation is responsible for the increased tumor cell invasion seen through activation by
RAGE ligand. Together, these data suggest that RAGEv1 acts to block tumorigenesis
through inhibiting JNK signaling induced by RAGE ligand interaction.

To examine whether RAGEv1 may play a role in tumor formation, we used an in vitro
tumor formation assay and an in vivo ectopic murine tumor model. In our experiments,
RAGEv1 significantly inhibited tumor growth, which was consistent with previous
observations using approaches to block RAGE-ligand signaling (2). In agreement with the in
vitro signaling data, JNK activation was downregulated in tumors expressing RAGEv1,
suggesting that JNK may be involved in RAGE ligand mediated tumorigenesis in vivo.
However, due to the highly significant inhibition of tumorigenic growth in the RAGEv1
expressing cells, the very small size of the resulting tumors rendered it difficult to perform
extensive histological analyses, such as quantification of blood vessel density.

Intriguingly, to support these findings, our studies of human tumor versus unaffected tissue
suggest that RAGEv1 expression levels are decreased in tumor tissue. These findings
suggest that at some point in the tumorigenic process, shut-down of RAGEv1 expression
may facilitate tumor growth and invasion. Whether RAGEv1 is downregulated in the
process preceding the tumor state, or in the course of tumorigenesis is a question that future
studies need to address. Certainly, however, findings in human tumor versus adjacent
normal tissue indicate that RAGEv1 levels are mutable. Recent data from multiple human
cohort studies suggest that not only are RAGEv1 levels inversely correlated with
inflammatory disease states, but therapies that target these pathologies lead to increased
production of RAGEv1 (39;40). These data provide further evidence that not only are
RAGEv1 levels modulatable, but they may be changed as a consequence of altering the
inflammatory state during the course of disease pathology. Understanding the mechanism(s)
regulating expression of cell surface RAGE and the production and/or release of RAGEv1,
including the potential impact of ligand-RAGE interaction itself in these processes, will be
important to investigate in future experimentation. Furthermore, what role RAGE-ligand
signaling plays in their regulation will be interesting to investigate. This therefore raises the
tantalizing prospect that RAGEv1 may not only act as a biomarker for inflammatory disease
states, but targeted strategies to increase RAGEv1 levels may prove to be a useful therapy in
the treatment of cancer by countering the effects of RAGE-ligand signaling.

In conclusion, our results suggest for the first time that RAGEv1 is likely not only a
potential tumor biomarker, but that it may possess innate functions. Here, we show that
RAGEv1 modulates tumor cell properties by affecting not only tumor cell survival,
migration and invasion, but by regulating molecular pathways that influence the
microenvironment to support tumor growth such as angiogenesis. We therefore propose that
strategies to either suppress RAGE-ligand signaling in malignant tissue and/or to boost
endogenous production and release of RAGEv1 in the tumor bed might represent highly
potent strategies in the control of tumor growth and metastasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RAGEv1 is secreted by tumor cells and binds RAGE-ligand. (A) Western blot analysis was
performed to assess the secretion of RAGEv1 from C6 glioma cells stably transfected with
empty vector control (mock) or RAGEv1. Total cell lysate or conditioned media were
analyzed for RAGEv1 expression with antibodies to human RAGE or the specific RAGEv1
C-terminus epitope. GAPDH was used as a loading control for total cell lysate. (B) Binding
of RAGEv1 to RAGE-ligands was assessed by incubation of GST-tag or GST-tagged
s100A12 with conditioned media from mock and RAGEv1 transfected cells. Pulldown
assays were performed to assess RAGEv1 binding and western blot analysis performed with
antibodies against RAGEv1 on the elutant from pulldown reactions.
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Figure 2.
RAGEv1 inhibits RAGE-ligand induced changes in tumorigenic gene expression. (A-B)
Relative gene expression of PDGFB and TNF were determined by QPCR on mock and
RAGEv1 expressing cells, stimulated with RAGE-ligand (s100B), gene expression
normalized to GAPDH levels. (C-D) Western blot analysis of cyclin D1 and Apaf1
performed on cell lysates from mock and RAGEv1 cells, stimulated with RAGE-ligand
(s100B), normalized to GAPDH levels. Data are means ± SEM from three independent
experiments and significant differences (P ≤ 0.05) indicated by an asterisk.
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Figure 3.
RAGEv1 inhibits mechanisms of tumorigenesis in vitro. (A) RAGEv1 blocks RAGE-ligand
induced angiogenesis. Matrigel tube formation assay of ECs exposed to conditioned media
from mock and RAGEv1 transfected tumor cells exposed to vehicle or RAGE-ligand
(s100B). Tube number was counted in three random fields from three independent
experiments. (B) RAGEv1 expression increases cellular adhesion. Serum starved cells were
incubated with vehicle or RAGE-ligand (s100B) for 24 h, seeded into plates, cultivated for 2
h and bound cells fixed, stained with crystal violet and quantified by absorbance at 570nm.
(C) RAGEv1 expression increases cellular apoptosis. Serum starved cells were incubated
with vehicle or RAGE-ligand (s100B) for 24 h and apoptosis assessed by staining for
annexin V-FITC (x-axis) and /PI (y-axis) and flow cytometry. (D) RAGEv1 blocks RAGE-
ligand induced tumor cell invasion. Matrigel invasion assays were performed with mock and
RAGEv1 transfected cells in response to vehicle or RAGE-ligand (s100B). Data are means
± SEM from three independent experiments. Significant differences (P ≤ 0.05) between
groups are indicated by an asterisk.
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Figure 4.
RAGEv1 inhibits MAPK signaling (A-D) Cells (mock and RAGEv1) were stimulated with
RAGE-ligand for the indicated times, lysed and subjected to western blot with antibodies for
phospho-status and total of SAPK/JNK, MEK 1/2, p38 and AKT for the indicated times.
Activity levels are expressed as a ratio of phospho/total levels. Data are means ± s.e.m from
three independent experiments. Significant differences (P ≤ 0.05) between groups are
indicated by an asterisk.
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Figure 5.
RAGEv1 inhibits tumorigenesis through blocking a JNK-dependent signaling mechanism.
(A-C) Cells were incubated with control (DMSO) or inhibitors for SAPK/JNK (SP600125),
MEK1/2 (U0126), p38 (SB203580) and AKT (Triciribine) for 1h before stimulation with
RAGE-ligand (s100B). RNA was then extracted and QPCR performed for APAF1, PDGFB
and TNF, normalized to GAPDH levels. (D) JNK inhibition blocks RAGE-ligand induced
tumor cell invasion. Matrigel invasion assays were performed with mock transfected cells,
treated with control (DMSO) or SAPK/JNK (SP600125) and in response to vehicle or
RAGE-ligand (s100B). Data are means ± s.e.m from three independent experiments.
Significant differences (P ≤ 0.05) between groups are indicated by an asterisk.
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Figure 6.
RAGEv1 inhibits tumorigenesis in vitro and in vivo. (E) RAGEv1 inhibits tumorigenic
growth in vitro. Soft agar assay were performed with mock and RAGEv1 transfected cells
cultured for 14 days and stained with crystal violet. (A) Athymic nude mice were injected
with either mock or RAGEv1 expressing tumor cells and tumor growth measured after 31
days. (B) Protein was extracted ex vivo from mock (Ma-c) and RAGEv1 (RAGEv1a-c)
tumors and subjected to western blot for phospho and total levels of SAPK/JNK. Significant
differences (P ≤ 0.05) between groups are indicated by an asterisk.
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