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Abstract

Reactive oxygen species, including hydrogen peroxide (H,O,), can cause toxicity and act as signaling molecules
in various pathways regulating both cell survival and cell death. However, the sequence of events between the
oxidative insult and cell damage remains unclear. In the current study, we investigated the effect of oxidative
stress on activation of the Receptor for Advanced Glycation End-products (RAGE) and subsequent protection
against H,O,-induced pancreatic tumor cell damage. We found that exposure of pancreatic tumor cells to H,O,
provoked a nuclear factor kappa B (NF-kB)-dependent increase in RAGE expression. Further, suppression of
RAGE expression by RNA interference increased the sensitivity of pancreatic tumor cells to oxidative injury.
Furthermore, targeted knockdown of RAGE led to increased cell death by apoptosis and diminished cell survival
by autophagy during H,O,-induced oxidative injury. Moreover, we demonstrate that RAGE is a positive
feedback regulator for NF-kB as knockdown of RAGE decreased H,O,-induced activity of NF-xB. Taken to-
gether, these results suggest that RAGE is an important regulator of oxidative injury. Antioxid. Redox Signal. 15,

2175-2184.

Introduction

IT IS WELL ESTABLISHED THAT CANCER INTERVENTIONS with
some chemotherapeutic agents and radiation therapies
generate ROS in patients (27). Reactive oxygen species (ROS)
are reactive molecules containing an oxygen atom and are
produced as a normal byproduct of cellular metabolism. In
particular, superoxide that leaks from the mitochondria and is
converted to hydrogen peroxide (H,O,) is one of the major
contributors to oxidative damage (18). Within the cell, catalase
and superoxide dismutase mitigate the damaging effects of
hydrogen peroxide by converting it into oxygen and water.
Excessive ROS production can lead to oxidation of macro-
molecules and has been implicated in mitochondrial DNA
(mtDNA) mutations, aging, and cell death (18). Mitochondrial-
generated ROS play an important role in the release of pro-
apoptotic proteins, which can trigger caspase activation and
apoptosis. Additionally, autophagy, a process by which eu-
karyotic cells degrade and recycle macromolecules and or-
ganelles, also has an important role in the cellular response to
oxidative injury (18). Functioning as an anti-aging mecha-
nism, autophagy augments "cellular housekeeping" through
enhanced removal of proteins and organelles damaged by
ROS, thereby minimizing the formation of potentially harm-
ful stress/age pigments (25). Indeed, there is a complex in-

terplay between autophagy and apoptosis in the cellular
response to ROS with the initiation of the respective prosur-
ival or cell death pathway, dependent on the severity of the
oxidative damage (18, 35).

The Receptor for Advanced Glycation End-products
(RAGE) is a transmembrane receptor from the immunoglob-
ulin super family. RAGE is expressed by cancer cells and cells
in the tumor microenvironment including leukocytes, endo-
thelial cells, and fibroblasts (37, 45). RAGE ligands [Advanced
glycation end-products (AGEs), High-mobility group box 1
(HMGBT1), and S100 protein family] secreted from cancer cells
or leukocytes interact with RAGE and other receptors to in-
fluence tumor progression (37, 45). Tumor pathogenesis is
partially hypothesized to result from ligands binding to
RAGE which signals the activation of the nuclear factor kappa
B (NF-kB) (2). NF-«B is a dimeric transcription factor that is
involved in the regulation of a large number of genes that
control various aspects of the immune and inflammatory re-
sponse. This transcription factor also provides a direct link
from inflammation and immunity to cancer development and
progression (17). NF-«xB is activated by a variety of stimuli
including cytokines, radiation, and oxidative stress (such as
exposure to H;O,) (28). Interestingly, RAGE is upregulated
by NF-«B after lipopolysaccharide treatment (20). Recently,
there is increasing evidence supporting the notion that the
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interaction between an AGE and RAGE generates oxidative
stress and subsequently evokes vascular inflammation and
thrombosis, in the context of diabetic vascular complications (49).

We have previously demonstrated that expression of
RAGE correlates with pancreatic tumor cell survival follow-
ing cytotoxic insult such as chemotherapy, ultraviolet radia-
tion, and hypoxia (14, 15). However, the expression and
function of RAGE in the context of oxidative injury remain
largely unknown. Here, we demonstrate that RAGE is upre-
gulated by H,O, and protects against oxidative injury in
pancreatic tumor cells. The mechanism involved in the pro-
tection conferred by RAGE upregulation is decreased apo-
ptosis and increased autophagy. Moreover, there is positive
feedback between RAGE and NF-«kB in cells exposed to oxi-
dative injury. Together, these findings contribute significantly
to our understanding of the function of RAGE and uncover a
new level of regulation of oxidative injury.

Materials and Methods
Reagents

The antibodies to actin and tubulin were obtained from
Sigma (St. Louis, MO). The antibody to RAGE was obtained
from R&D Systems Inc (Minneapolis, MN) and Sigma. The
antibody to LC3 was obtained from Novus (Littleton, CO). The
antibodies to p62 and NF-kB p65 were from Santa Cruz
Technology (Santa Cruz, CA). The antibody to COX IV was
obtained from Cell Signaling Technology (Danvers, MA). The
HMGBI neutralizing antibody was obtained from Novus (Cat
# H00003146-M08). H,O,, curcumin, Bay 11-7082, NAC and
3-MA were obtained from Sigma. The caspase-9 inhibitor (Z-
LEHD-FMK) was from EMD Chemicals Inc (Gibbstown, NJ).
Gemcitabine was from Eli Lilly (Indianapolis, IN). The HMGB1
enzyme-linked immunosorbent assay (ELISA) kit was from
Shino-Test Corporation (Sagamihara-shi, Kanagawa, Japan).

Cell culture

Human [Panc2.03 and Panc1.28] and mouse [Panc02]
pancreatic tumor cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum,
2mM glutamine, and antibiotic-antimycotic mix in a humid-
ified incubator with 5% CO, and 95% air.

Cell viability assay

Cells were plated at a density of 4 x 10* cells/well in 96-
well plates in 100 pl RPMI. Cell viability was evaluated using
the Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories,
Tokyo, Japan) according to the manufacturer’s instructions. In
parallel, analysis of cell viability by trypan blue exclusion
assay was performed and yielded similar results.

RNAi

RAGE short hairpin RNA (shRNA), p65 shRNA, and con-
trol shRNA (Sigma) were transfected into cells using the Li-
pofectamine 2000 reagent (Life Technologies, Carlsbad, CA)
according to the manufacturer’s instructions (15, 16).

Western blot analysis

Proteins in cell lysates were resolved on 4%-12% Criterion
XT Bis-Tris gels (Bio-Rad, Hercules, CA) and transferred to a
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nitrocellulose membrane as previously described (42, 43).
After blocking, the membrane was incubated for 2 h at 25°C or
overnight at 4°C with various primary antibodies. After in-
cubation with peroxidase-conjugated secondary antibodies
for 1h at 25°C, the signals were visualized by enhanced che-
miluminescence (Pierce, Rockford, IL) according to the man-
ufacturer’s instruction. The relative band intensities were
quantified using the Gel-pro Analyzer® software (Media
Cybernetics, Bethesda, MD).

Immunofluorescence analysis

Cells were cultured on glass cover-slips and fixed in 3%
formaldehyde for 30 min at room temperature prior to de-
tergent extraction with 0.1% Triton X-100 for 10 min at 25°C,
as previously described (48). Cover slips were saturated with
2% bovine serum albumin (BSA) in phosphate buffered saline
(PBS) for 1h at room temperature and processed for immu-
nofluorescence with primary antibodies, followed by Alexa
Fluor 488 or Cy3-conjugated IgG (Invitrogen, San Diego, CA),
respectively. Nuclear morphology was analyzed with the
fluorescent dye Hoechst 33342. Between all incubation steps,
cells were washed three times for 3 min with 0.5% BSA in PBS.

NF-«kB activation assay

Cells were transiently transfected in a 12-well plate with an
NF-«B luciferase reporter plasmid or control empty plasmid
using the Lipofectamine 2000 reagent (Life Technologies) ac-
cording to the manufacturer’s instructions. After 24—48 h, the
cells were exposed to various agents. The luciferase activity
was determined using the luciferase assay system with the
reporter lysis buffer obtained from Promega (Madison, WI).
The results are expressed as relative NF-«xB activity after
normalizing to the control empty plasmid.

Quantitative real-time polymerase chain reaction

c¢DNA from various cell samples were amplified by real-
time quantitative PCR with specific primers for RAGE (upper
GCCAGGCAATGAACAGGAATGGAA, lower TTCCCAT
CCAAGTGCCAGCTAAGA) and GAPDH (upper GGTGAA
GGTCGGAGTCAACGG, lower GGTCATGAGTCCTTCCA
CGATACC) using the iQ SYBR Green Supermix (Bio-Rad).
Data were normalized to GAPDH expression. The control
group was set as 100%.

Apoptosis assays

Apoptosis in cells was assessed using a TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end labeling) kit from
Roche Applied Science (Stockholm, Sweden), Caspase-3 and —
9 Colorimetric Assay Kit (Calbiochem, Gibbstown, NJ), ac-
cording to manufacturer’s instructions. Mitochondrial mem-
brane potential depolarization was measured by flow
cytometric analysis utilizing a fluorescent cationic dye, 1,1'3,3'-
tetraethylbenzamidazolocarbocyanin iodide (JC-1, Molecular
Probes, San Diego, CA). JC-1 is a lipophilic, cationic dye that
can selectively enter into mitochondria and reversibly change
color from green to red with increases in membrane potential.

Autophagy assays

Autophagic flux assays were performed by Western blot-
ting for LC3-I/1I and p62 and by imaging for LC3 punctae, as
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previously described (15, 44). Images were collected using a
laser-scanning confocal microscope (Fluoview FV-1000;
Olympus) using a 60x Plan Apo/1.45 oil immersion objective
and Fluoview software (FV10-ASW 1.6; Olympus).

Isolation and subcellular fractionation of mitochondria

Subcellular fractionation of tumor cells was carried out
with a mitochondria isolation kit obtained from Pierce
(Rockford, IL). To confirm that these were the appropriate
fractions, the Western blots were probed for COX IV as a
mitochondrial marker and tubulin as a cytoplasmic marker.

Statistical analysis

Data are expressed as means * SD of three independent
experiments performed in triplicate. One-way ANOVA was
used for comparison among the different groups. When the
ANOVA was significant, post hoc testing of differences be-
tween groups was performed using an LSD test. A p value
<0.05 was considered significant.

Results

Upregulation of RAGE expression in H-O»-induced
oxidative injury is NF-kB-dependent

The effects of H,O, on cell viability were determined by
CCK8 and trypan blue exclusion assay. CCK-8 utilizes the
highly water-soluble tetrazolium salt, WST-8 [2-(2-methoxy-
4-nitrophenyl)-3- (4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-
tetrazolium, monosodium salt], which has a detection
sensitivity that is higher than other tetrazolium salts such as
MTT [3-[4,5- dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide]. Consistent with previous studies (48), at lower
(0.0025-0.025 mM) concentrations, H,O, was not toxic to the
pancreatic tumor cell lines (data not shown). However, at
higher concentrations (0.25mM), H,O, demonstrated time-
dependent cytotoxicity in pancreatic tumor cells (Panc2.03,
Panc02, and Panc1.28; Fig. 1A).

To determine if H,O, induces RAGE expression, pancreatic
tumor cells (Panc2.03, Panc02, and Pancl.28) were treated
with H,O, for various amounts of time and cell lysates were
assayed for RAGE expression by Western blot analysis.
Indeed, at toxic doses (e.g., 0.25mM), H,O, induced a time-
dependent increase in RAGE protein levels (Fig. 1A), indi-
cating that RAGE is upregulated after oxidative injury.

It is well established that exogenous H,O, induces NF-xB
activation (28). To explore the potential role for NF-«kB in the
regulation of H,O,-induced RAGE expression, we evaluated
the effects of two potential NF-kB inhibitors, Bay 11-7085
and curcumin (28), on the expression of RAGE in response to
oxidative injury. Indeed, both Bay 11-7085 and curcumin
attenuated H,O,-induced NF-kB activation by a luciferase
reporter assay and RAGE expression by Western blot analysis
(Fig. 1B). Similarly, administration of the antioxidant N-acetyl
cysteine (NAC) inhibited oxidative stress-induced NF-xB
activation and RAGE expression in pancreatic cancer cells
(Fig. 1B). Moreover, knockdown of the p65 subunit of NF-xB
by shRNA inhibited H,O,-induced RAGE mRNA and pro-
tein expression in pancreatic cancer cells (Panc2.03, Panc02)
(Figs. 1C and 1D). These data suggest that oxidative
injury induces an NF-kB-dependent upregulation of RAGE
expression.
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The prototypical damage-associated molecular pattern
molecule (DAMP) (45), HMGBI is released with sustained
autophagy (22, 23, 40, 41, 47), late apoptosis (1), and necrosis
(34). Consistently, HMGB1 was released by pancreatic cancer
cells (Panc2.03, Panc02, and Panc1.28) during oxidative injury
(Fig. 1E). Moreover, HMGBI1-neutralizing antibodies signifi-
cantly inhibited H,O,-induced NF-kB activation and RAGE
expression (Fig. 1F), suggesting that HMGB1 release con-
tributes to NF-kB activation and RAGE expression in re-
sponse to oxidative injury.

Suppression of RAGE expression by shRNA increases
pancreatic tumor cell sensitivity to oxidative injury

To explore the potential role for RAGE in the regulation of
oxidative injury in pancreatic tumor cells, target-specific
shRNA against RAGE was transfected into Panc2.03 or Panc02
cells. Transfection of RAGE shRNA at 48 h led to a significant
decrease in RAGE expression in cells (Fig. 2A). Depletion of
RAGE expression in these cells rendered them significantly
more sensitive to HyO»-induced cell injury (Fig. 2A), suggest-
ing that RAGE plays a protective role against oxidative injury.

To further characterize the role of RAGE in pancreatic tu-
mor cells after oxidative injury, we treated cells with NF-xB
inhibitors during H,O, treatment. Both Bay 11-7085 and
curcumin inhibited H,O,-induced RAGE expression (Fig. 1B),
and increased oxidative cytotoxicity in Panc2.03 and Panc02
cells (Fig. 2B). These data suggest that cell survival following
oxidative injury is dependent on NF-kB transcriptional up-
regulation of RAGE.

Suppression of RAGE expression increases
the mitochondrial apoptotic pathway
during oxidative injury

In vitro studies have demonstrated that apoptosis can be
triggered by many distinct and different stimuli, including
exposure to physical and chemical agents or removal of
growth factors (10). Free radicals and oxidative stress have
been implicated in apoptosis, although there is uncertainty
regarding their degree of importance in this cell death path-
way. TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling) is a common method for detecting DNA
fragmentation that results from apoptotic signaling cascades.
Compared with cells treated with control shRNA, suppres-
sion of RAGE expression by shRNA increased H,O,
(0.25 mM)-induced apoptosis by TUNEL assay (Fig. 3A) and
high levels of caspase-3 and —9 activities (Fig. 3B), suggesting
a potential anti-apoptotic role for RAGE in pancreatic tumor
cells. Furthermore, the caspase 9 inhibitor, Z-LEHD-FMK,
inhibited H,O,-induced apoptosis in RAGE knockdown
pancreatic cells. Caspase-9 has been linked to the mitochon-
drial apoptotic pathway, but not the cell death receptor
pathway (10). These data suggest that RAGE inhibits activa-
tion of the mitochondrial apoptotic pathway in response to
oxidative injury.

The mitochondrial pathway of apoptosis begins with per-
meabilization of the mitochondrial outer membrane, which is
mainly regulated by Bcl-2 family members. Bax is a pro-
apoptotic member of the Bcl-2 family of proteins and plays a
critical role in apoptosis. Activation of Bax results in reduction
of the mitochondrial membrane and cytochrome c release
from mitochondria, which induces a series of biochemical
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FIG.1. NF-kB-dependent expression of RAGE in H,O,-induced oxidative injury. (A) Time-dependent effects of H,O, on
cell viability and RAGE expression. Pancreatic cancer cells as indicated were treated with H,O, (0.25 mM) for 648 h and cell
viability and RAGE expression were subsequently analyzed (1 = 3, *p < 0.05 versus untreated group). “AU”: arbitrary unit.
(B) NF-«B regulates RAGE expression during oxidative injury. Pancreatic cancer cells as indicated were treated with H,O,
(0.25mM) for 24 h with or without NF-«B inhibitors: Bay 11-7085 (“Bay”, 10 uM), curcumin (50 pM) and NAC (50 mM). The
total protein extracts were used for Western blot analysis (bottom). In parallel, the activity of NF-kB was analyzed by a
luciferase reporter assay (n = 3, *p < 0.05 versus H,O, group, #p < 0.05 versus untreated group). “AU": arbitrary unit. (C, D)
After transfection with p65 shRNA or control shRNA for 48 h, Panc2.03 and Panc02 cells were treated with H,O, (0.25 mM)
for 24 h and then the total protein extracts were used for Western blot analysis (1 = 3, *p < 0.05). In parallel, the mRNA level
of RAGE in Panc2.03 cells was analyzed by quantitative RT-PCR (1 = 3, *p < 0.05). “AU”: arbitrary unit. (E) The indicated
pancreatic cancer cells were treated with H,O, (0.25mM) for 24h and HMGBI release were analyzed by ELISA (n =3,
*p < 0.05 versus untreated group). (F) Panc2.03 cells were treated with H,O, (0.25 mM) for 24h with or without HMGB1-
neutralizing antibody (10 pg/ml) or control IgG, and then NF-kB activity and RAGE protein expression were analyzed (n = 3,
*p < 0.05 versus control IgG group). “AU”: arbitrary unit.

reactions that result in caspase-3 and —9 activation and sub-
sequent cell death. Knockdown of RAGE by shRNA increased
mitochondrial Bax translocation and these downstream
events resulting in apoptosis (Figs. 3B-3D).

p53 has a direct apoptogenic role at the mitochondria.
Mitochondrial p53 directly activates Bax in the absence of
other proteins to permeabilize mitochondria and initiate the
apoptotic program (5). Our previous study demonstrated that
increased apoptosis in RAGE knockdown pancreatic tumor
cells is associated with p53 phosphorylation and subsequent
translocation to the mitochondria during treatment with
chemotherapies (15). Consistently, knockdown of RAGE by

shRNA increased H,O,-induced mitochondrial p53 translo-
cation (Fig. 3C). Taken together, these findings suggest that
RAGE regulates the p53-Bax mitochondrial pathway of
apoptosis.

Suppression of RAGE expression decreases
autophagy in response to oxidative injury

Autophagy has been implicated in many physiologic and
pathologic processes, including oxidative injury (4). We
therefore investigated whether RAGE regulates autophagy in
the context of oxidative injury. During autophagic flux, the
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cytosolic form of LC3 (LC3-I) is cleaved and then conjugated method for monitoring autophagy and autophagy-related
to phosphatidylethanolamine to form the LC3-phosphati- processes (24). Indeed, suppression of RAGE expression in
dylethanolamine conjugate (LC3-II), which is recruited to Panc2.03 cells decreased H,O,-induced LC3 expression and
autophagosomal membranes. Detecting microtubule-associ- accumulation of LC3-II by Western blot (Fig. 4A). Further-
ated protein light chain 3 (LC3) has become a widely accepted ~ more, we observed a loss of endogenous LC3 punctae

A I Control shRNA ] RAGE shRNA C
= Panc2.03 Panc02 Cyt Mit
=
3 50 o — 1 —*— Control RAGE Control RAGE
< 40 ] shRNA shRNA shRNA shRNA
- -
D 30 Bax [@leses | |~ =
S 20
- 10 ] i CytCl i ol [ames |
0s ’ n p53 Fﬁ"~- R
B 1400 1Caspase-3, N Tubulin s s smes [ |
1200 X .
1000 1 COX IV | | [ o e o
= 800
5600 HO, - + - + - + - +
£ 400 ' I_L‘
5 200
o ol mmc CImE [ | 5
= 1200 * c 12
£ 1000 {Caspase-9, —rl 3 10 *
S 800 5 D 8
< 600 ? s
400 . 1 ' - 4 ‘
200 |_L‘ e =2
oL mm sl | /] s [ | 2%
H,0, - + + - + + H,0, - +
Z-LEHD-FMK . - + : ;

FIG.3. Suppression of RAGE expression actives mitochondrial apoptotic pathway in response to oxidative injury. (A, B)
Panc2.03 and Panc02 cells were treated with H,O, (0.25mM, 24h) with or without caspase-9 inhibitor (Z-LEHD-FMK,
20 pM), then apoptosis levels were assessed by (A) TUNEL and (B) caspase-3 and —9 activity assays (n = 3, *p < 0.05). (C, D)
Panc2.03 cells were treated with HyO, (0.25mM) for 24h and then cytosolic (“Cyt” and mitochondrial (“Mit”) Bax were
assayed by Western blot analysis (C). Cyt C: cytochrome c. In parallel, the mitochondrial membrane potential was analyzed
by flow cytometric analysis (D) utilizing a fluorescent cationic dye JC-1 (n = 3, *p < 0.05). The JC-1 red-to-green fluorescence
ratio of the untreated shRNA group was set as 1.
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creatic cancer cells were treated
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formation after knockdown of RAGE following oxidative in-
jury by immunofluorescence analysis (Fig. 4B), indicating a
specific role for RAGE in the regulation of autophagosome
formation during oxidative stress.

In addition to LC3, levels of other autophagy substrates
such as p62 (SQSTM1/sequestosome-1) can be used to mon-
itor autophagic flux (29). p62 is selectively incorporated into
autophagosomes through direct binding to LC3 and is effi-
ciently degraded by autophagy (29). Thus, the total cellular
expression of p62 inversely correlates with autophagic activ-
ity (24). Consistent with a downregulation of autophagy,
knockdown of RAGE inhibited H,O,-induced p62 degrada-
tion (Fig. 4A). These autophagic flux assays implicate RAGE
in the regulation of autophagic activity.

To explore the role of autophagy in oxidative injury, we
use 3-methyladenine (3-MA), a well known inhibitor of
autophagy in mammalian cells, in pancreatic cancer cells.
3-MA inhibited H,O-induced LC3 punctae formation and
increased cell death (Fig. 4C). These findings confirm the
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notion that autophagy promotes tumor cell survival after
cell stress.

Suppression of RAGE expression decreases
the activity of NF-kB in response to oxidative injury

Previous studies have demonstrated that RAGE-mediated
NF-kB activation is involved in inflammation and inflam-
mation-associated carcinogenesis (2, 21). Moreover, NF-xB
activation leads chemoresistance to gemcitabine, the most
widely used first-line chemotherapeutic drug in human pan-
creatic tumors (11). To determine whether the increase ob-
served in RAGE expression was also responsible for oxidative
injury-mediated activity of NF-kB, we determined the activity
of NF-«B using a luciferase reporter assay and the location of
NF-kB p65 by immunofluorescence analysis in pancreatic
cancer cells transfected with RAGE-shRNA and control
shRNA. Indeed, knockdown of RAGE inhibited both activity
of NF-«B (Fig. 5A) and the nuclear localization of NF-xB p65
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(Figs. 5B and 5C) in response to H,O, and gemcitabine. Since
we also found that NF-kB mediates RAGE expression in re-
sponse to oxidative injury (Fig. 1B), we demonstrate that there
is a positive feedback loop between RAGE and NF-«B during
oxidative stress (Fig. 6).

Discussion

The Receptor for Advanced Glycation Endproducts
(RAGE) is an evolutionarily recent member of the immuno-
globulin super-family, encoded in the Class III region of the
major histocompatability complex (37). RAGE is highly ex-
pressed only in the lung at readily measurable levels but in-
creases quickly at sites of inflammation, largely on
inflammatory and epithelial cells (37). RAGE is a multifunc-
tional receptor that binds a broad repertoire of ligands and
mediates responses to cell damage and stress conditions (37,
45). We and others have demonstrated that this receptor can
be expressed on murine and human pancreatic tumor cell
lines (15, 39). Interaction of RAGE ligands (such as SI00A8/
A9 and HMGB1) with RAGE promotes tumor cell growth (9,
38, 45, 46). Overexpression RAGE inhibits apoptosis under
conditions of hypoxia (12) and chemotherapy treatment (15)
in tumor cells. Here, we demonstrate that RAGE promotes
pancreatic tumor cell survival in H,O,-induced cell death,
indicating an important role of RAGE in the regulation of
oxidative injury.

During cancer chemotherapy, oxidative stress-induced
lipid peroxidation generates numerous electrophilic alde-
hydes that can attack many cellular targets (27). We have
previously demonstrated that RAGE expression promotes
pancreatic tumor cell survival following administration of
chemotherapeutic agents (15). Thus, we reasoned that RAGE
was also involved in the response to oxidative injury since ROS
have been proposed as common mediators for chemotherapy-
mediated injury (27). To address this possibility, we first ob-

served the expression of RAGE in oxidative injury. Indeed, an
increase in RAGE protein expression was tightly associated
with H,O,-induced oxidative injury. Consistent with previous
findings that RAGE is a NF-kB target gene in lipopolysaccha-
ride-induced bovine aortic endothelial cells and rat vascular
smooth cells (20), we demonstrated that H;O,-induced RAGE
expression is NF-xB dependent. Although other studies have
shown that exogenous HyO,-induced activation of the tran-
scriptional factors HSF (heat-shock transcription factor) (13)
and STAT (signal transducer and activator of transcription) (3),
which are powerful multifaceted modifiers of carcinogenesis,
we do not yet know whether these factors regulate the ex-
pression of RAGE under oxidative stress in pancreatic tumors.
Moreover, RAGE has several isoforms deriving from alterna-
tive splicing, including a soluble form called endogenous se-
cretory RAGE (esRAGE) that acts as a decoy receptor (31).
Additionally, there are several reports of cell membrane re-
ceptor protein ectodomain shedding (tumor necrosis factor
receptor, betacellulin, calcineurin and RAGE) in response to
stress (33, 50). RAGE shedding has been confirmed in response
to H,O, exposure in oligodendrocytes (30).

We demonstrate that RAGE promotes pancreatic tumor cell
survival following oxidative injury by regulating levels of ap-
optosis and autophagy. ROS, including H,O,, are important
signal molecules that active both apoptosis and autophagy in
various cells through different mechanisms. For example, H,O,
induces apoptosis in HeLa cervical cancer cells (36) and T-cells
(8) through the mitochondrial pathway involving the release of
cytochrome ¢ and activation of caspases-9 and —3. Similarly,
we found that knockdown of RAGE in Panc2.03 cells increased
H,0Os-induced activation of caspases9 and —3 and subse-
quently apoptosis levels by TUNEL assay. RAGE limits che-
motherapeutic agent-induced apoptosis in pancreatic tumor
cells through a p53-dependent mitochondrial pathway (15).
Increased apoptosis in RAGE knockdown pancreatic tumor
cells is associated with p53 phosphorylation and translocation
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FIG. 6. Schematic of RAGE/ NF-kB regulation of oxida-
tive injury. The mitochondrial respiratory chain is the major
intracellular source of reactive oxygen species (ROS). Ra-
diation therapy and some forms of chemotherapy rely on
ROS toxicity to eradicate tumor cells. However, ROS such as
H,0; increase activity of NF-kB and subsequently result in
RAGE overexpression. This RAGE upregulation protects
pancreatic tumor cells against oxidative injury by increasing
programmed cell survival (autophagy) and decreasing pro-
grammed cell death (apoptosis). Furthermore, RAGE also
sustains NF-kB activation by positive regulation in response
to oxidative injury.
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to the mitochondria (15). Moreover, HO,-induced apoptosis in
glial cells is mediated by p53 induction of Bak (the Bcl-2
homologous antagonist/killer) (19). The Bak protein is a pro-
apoptotic member of the Bcl-2 gene family that is involved in
initiating apoptosis (19). We found that suppression of RAGE
expression by RNAi increased H,O,-induced mitochondrial
Bax translocation. Thus, RAGE may interact with p53 to reg-
ulate the ROS-mediated mitochondrial apoptosis pathway
through the Bcl-2 family.

Autophagy is activated to promote cell survival after en-
doplasmic reticulum stress, nutrient starvation, chemother-
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apy, and oxidative stress (4, 7, 26). The primary function of
autophagy is to recycle cellular components to sustain me-
tabolism during nutrient deprivation and to prevent the ac-
cumulation of damaged toxic proteins and organelles during
stress (32). Thus, autophagy may be viewed as a ‘pro-
grammed’ cell survival mechanism activated in response to
cellular injury. We found that suppression of RAGE expres-
sion by shRNA decreased H,O, and chemotherapy-induced
levels of autophagy in pancreatic tumor cells (15), indicating
that RAGE may increase the resistance to injury and promote
cell survival by promoting cellular clearance of the oxida-
tively damaged proteins, lipids, carbohydrates, and DNA.

Finally, our experimental data suggest that RAGE may
function as a positive feedback regulator for NF-«B, as sup-
pression of RAGE expression also inhibits the activity of NF-
kB during oxidative stress. Indeed, the involvement of RAGE
in the NF-kB pathway has been demonstrated in many studies
(2,21), although the precise mechanism is unknown. There are
two known pathways that lead to NF-kB activation. In the
classical pathway, pro-inflammatory stimuli and genotoxic
stress leads to IkB kinase (IKK)-p- and IKK-y-dependent
phosphorylation of IxB, which results in proteasomal degra-
dation and subsequent release of the NF-«xB dimers (28). The
alternative pathway works independently of IKK-B and IKK-
v (28). However, whether RAGE regulates IKK activity is
unknown. Interestingly, a recent study suggests that the IKK
complex has an NF-kB-independent role in the stimulation of
autophagy by physiological and pharmacological stimuli (6),
suggesting that IKK has a novel function in regulating
autophagy.

In summary, we show that RAGE is upregulated by H,O,
which confers protection from oxidative injury by inhibiting
apoptosis and increasing autophagy in pancreatic tumor cells.
Moreover, there is a positive feedback loop between RAGE
and NF-«xB in response to oxidative injury (Fig. 6). These
findings suggest that RAGE, in addition to NF-xB promotes
pancreatic tumor cell survival in response to H,O,-induced
oxidative injury. Today, studies using exogenous H,O, are
occasionally criticized because of the assertion that exogenous
addition of H,O, is always nonphysiological. Thus, future
studies should explore the effects of RAGE on oxidative
stress/injury in physiological and pathological conditions.
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