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The receptor for advanced glycation end products (RAGE) is a
multiligand transmembrane receptor that can undergo proteol-
ysis at the cell surface to release a soluble ectodomain. Here we
observed that ectodomain shedding of RAGE is critical for its
role in regulating signaling and cellular function. Ectodomain
shedding of both human and mouse RAGE was dependent on
ADAMI10 activity and induced with chemical activators of
shedding (ionomycin, phorbol 12-myristate 13-acetate, and
4-aminophenylmercuric acetate) and endogenous stimuli
(serum and RAGE ligands). Ectopic expression of the splice var-
iant of RAGE (RAGE splice variant 4), which is resistant to ect-
odomain shedding, inhibited RAGE ligand dependent cell sig-
naling, actin cytoskeleton reorganization, cell spreading, and
cell migration. We found that blockade of RAGE ligand signal-
ing with soluble RAGE or inhibitors of MAPK or PI3K blocked
RAGE-dependent cell migration but did not affect RAGE splice
variant 4 cell migration. We finally demonstrated that RAGE
function is dependent on secretase activity as ADAM10 and
y-secretase inhibitors blocked RAGE ligand-mediated cell
migration. Together, our data suggest that proteolysis of RAGE
is critical to mediate signaling and cell function and may there-
fore emerge as a novel therapeutic target for RAGE-dependent
disease states.

Receptor for advanced glycation end products (RAGE)? is a
transmembrane, multiligand receptor expressed by most cells
but is characterized by its up-regulation in a range of inflam-
matory disease states including diabetes, various cancers, and
cardiovascular disease (1). RAGE activation through ligand
binding transduces intracellular signaling and in turn induces
cell migration, invasion, and adhesion (1). Work from multiple
groups has demonstrated using rodent models that blocking
RAGE signaling impairs the development of numerous patho-
logic states and therefore highlights RAGE as an attractive ther-
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apeutic target (2-5). The most widely used means for blocking
RAGE signaling is with soluble RAGE (sRAGE), the recombi-
nantly produced extracellular domain of RAGE. Soluble RAGE
acts as a decoy receptor and therefore neutralizes RAGE ligands
(2, 6). Endogenous sRAGE isoforms, which have been iden-
tified in human and mouse sera, are generated through two
distinct biological mechanisms: the alternative splicing of
the transmembrane region of RAGE leading to a secreted
isoform (esSRAGE/RAGEv1) and the cleavage of extracellular
domain (ectodomain or ECD) at the cell surface by ectodo-
main shedding (1, 7-10). Ectodomain shedding is a tightly
regulated process and is mediated by various metalloprotei-
nases (11, 12). Shedding is essential for normal physiological
function but can be deregulated in various pathological dis-
orders where altered levels of metalloproteinases are found
(11, 12). In fact, many transmembrane proteins are known to
undergo ectodomain shedding including cell adhesion mol-
ecules, ligands for growth factor receptors, immunoglobu-
lins, and various enzymes (10 -13). Ectodomain shedding of
cell surface receptors can affect a number of processes: the
loss of cell-cell or cell-matrix interactions, the production of
asoluble ectodomain that acts as a agonist/antagonist for the
cell surface protein, and the release of the intracellular
domain (ICD) of the receptor to induce cell signaling (10—
13). For RAGE, it has been proposed that shedding acts to
release the soluble ECD, which in turn acts as an inhibitor of
RAGE signaling through sequestering RAGE ligand from
binding cell surface intact RAGE. RAGE shedding is depen-
dent on ADAMIO0 activity and can be induced with phorbol
12-myristate 13-acetate (PMA) and calcium ionophores in a
PKCa/B1-dependent manner (8-10). The importance of
RAGE shedding is underscored by clinical cohort studies
that show serum sRAGE levels are correlated with clinical
disease states including cardiovascular disease, diabetes,
cancer, and various inflammatory disease states (14-19).
Although a few studies have explored the regulation of
RAGE ectodomain shedding (8 —10), no studies to date have
investigated the biological function of RAGE ectodomain
shedding.

In the current study, we investigated in depth the regulation
of RAGE ectodomain shedding and for the first time investi-
gated the impact RAGE ectodomain shedding has on cellular
signaling and function. Our data identify RAGE ectodomain
shedding as an integral part of its function and a target for
designing novel therapeutics for use in RAGE-associated
pathologic states.
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RAGE Ectodomain Shedding and Cell Function

Experimental Procedures

Generation of Stable Cell Lines—HEK-293 and C6 cells were
obtained from American Type Culture Collection (ATCC) and
used to generate cells stably expressing human RAGE (Gen-
Bank™ accession number AY755619), mouse RAGE (Gen-
Bank accession number EU520325), mouse RAGEv4 (GenBank
accession number EU570243), and empty vector (mock) by
transfection with FuGENE 6 (Promega) and antibiotic selection
with G418 or Zeocin as described previously for RAGE and its
splice variants (7, 20). Stable expression was confirmed by
Western blotting using anti-RAGE polyclonal antibodies as
described below. An N-terminal His-tagged RAGE construct
was provided by Dr. Nam-Ho Huh (21) that was previously
engineered to express a His;-2HA tag in between the N-termi-
nal signal sequence and the rest of the RAGE cDNA. Cells were
maintained in DMEM (Gibco) supplemented with 10% FBS
(Atlanta Biologicals) along with penicillin/streptomycin
(Gibco) and MycoZap (Lonza) antibiotics. All cell counting was
performed using a Countess® automated cell counter (Invitro-
gen) according to the manufacturer’s instructions.

Ectodomain Shedding Assays—Stably transfected HEK-293
cells (293-RAGE, 293-mRAGE, 293-mRAGE splice variant 4
(mRAGEV4), and 293-mock empty vector-transfected) were
seeded at 2.5 X 10° cells/well on poly-p-lysine-coated 6-well
plates and grown for 2 days until 70—80% confluence was
reached. The cells were then serum-starved overnight (0.5%
FBS in DMEM) and the following day incubated for 1 h with
fresh serum-free DMEM prior to experiments. All medium
changes were performed with a sterile 1 X PBS rinse. Shedding
assays were performed in 2 ml of serum-free DMEM with or
without shedding compounds for a period of 1 h. In experi-
ments using inhibitors of proteinases or signaling pathways,
cells were preincubated with compound for 1 h prior to shed-
ding assays to allow uptake into cells. The cell medium was then
removed, and fresh medium containing inhibitor and shedding
stimulator was added as above for 1 h.

After shedding assays were completed, conditioned medium
was removed from cells and centrifuged for 5 min at 1000 rpm
to remove cell debris. Cell lysate was processed as described
below for Western blotting. Shedding inducers used included
PMA, 4-aminophenylmercuric acetate (APMA), ionomycin,
cantharidin, calyculin A, and sodium pervanadate (all obtained
from Sigma). Pervanadate was freshly prepared for each exper-
iment by mixing 100 mm hydrogen peroxide and 100 mm
sodium orthovanadate, pH 10, at 1:1 as described previously
(22). RAGE ligands used for shedding assays included CML-
human serum albumin (prepared as we have described previ-
ously (3)) and s100B (Calbiochem). Inhibitors used included
BB94 (Santa Cruz Biotechnology), G66976 (Millipore),
GFX109203X (Millipore), SB203580 (Sigma), SP600125
(Sigma), UO0126 (Cell Signaling Technology), LY-294002
(Sigma), and GI254023X (Tocris). EGTA was obtained from
Sigma and prepared in water.

Western Blotting Analysis—Cell lysate was collected immedi-
ately after experiments by rinsing in ice-cold PBS followed by
lysis with Mammalian Protein Extraction Reagent (MPER)
(Thermo Scientific) containing protease (Sigma) and phospha-
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tase inhibitors (Sigma) according to the manufacturers’
instructions. Conditioned medium for Western blotting was
concentrated by cold acetone precipitation at —20 °C for 2 h
followed by centrifugation at 16,000 X g for 10 min and resus-
pension of protein pellet in Western blotting sample buffer
(Invitrogen). Protein concentration in cell lysate was deter-
mined by the Bradford assay (Pierce), and lysates were run on
SDS-polyacrylamide gels as described previously (23). Antibod-
ies used were as follows: human RAGE monoclonal antibody
(Millipore; MAB5328), RAGE polyclonal (Santa Cruz Biotech-
nology; H300), B-actin (Millipore; MAB1501), and anti-HisG
(Invitrogen; R940-25).

SRAGE ELISA—Soluble RAGE levels were measured in whole
conditioned medium by ELISAs using the respective human
and mouse RAGE DuoSet kits (R&D Systems) according to the
manufacturer’s instructions. ELISA microplates (R&D Sys-
tems; DY990) were coated overnight at room temperature with
capture antibody in PBS. Plates were blocked for 2 h at room
temperature with Reagent Diluent 2 (R&D Systems) before
incubation of samples for 2 h at room temperature. RAGE
detection was performed using a RAGE streptavidin-labeled
antibody diluted and incubated for 2 h at room temperature
followed by streptavidin-HRP (R&D Systems) binding. ELISA
plates were extensively washed between all incubations with a
PBS, 0.05% Tween 20 solution. For detection, 1-Step Ultra
TMB-ELISA Substrate Solution (Thermo Scientific) was added
before quenching with 2 N H,SO, (Sigma). ELISA plates were
measured using a Bio-Rad iMark 1.04.02 at 450 nm subtracting
from 595 nm background. To quantitate RAGE levels in condi-
tioned media, each ELISA experiment contained a human or
mouse RAGE standard as provided with the kit. Data were ana-
lyzed using Microplate Manager Version 6.1.

Cell Migration Assays—For functional cell assays, the C6 cell
line, which is an established model for RAGE signaling and cell
function (3, 4, 24), was used. Cell migration assays were per-
formed using C6-mRAGE-, C6-mRAGEv4-, and C6-mock-
transfected cells with transwell migration chambers as
described previously (4). 5 X 10> cells were seeded in the upper
chamber of 8-um porous transwell inserts (ThinCerts, Greiner)
in serum-free DMEM and incubated in 24-well plates with 5
png/ml S100B or 1% FBS used as a chemoattractant for 24 h. For
collagen, transwell inserts were coated with 10 ug/ml for 1 h at
37 °C before use in migration assays. For experiments involving
inhibitors, these were added to the upper and lower chambers
of transwell experiments (U0126, 10 um; LY-294002, 10 wm;
GI254023X, 5 um; DAPT, 10 um; BB94, 10 puMm; sRAGE (R&D
Systems), 5 ug/ml). Following incubation, cells were fixed with
methanol for 10 min and stained with 2% crystal violet in 2%
ethanol solution. Non-migrated cells were removed from tran-
swell chambers with a cotton swab. To quantify the cells, the
cell stain was extracted with 10% acetic acid, transferred to a
96-well plate, and measured at 595 nm using an iMark micro-
plate reader.

Cell Adhesion/Spreading Assay—Cell spreading assays were
performed by seeding cells (C6-mRAGE, C6-mRAGEv4, and
C6-mock) in serum-free medium on culture slides coated with
either collagen I or PBS. Culture slides were coated with either
5 wg/ml collagen I or PBS control for 1 h at 37 °C followed by
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two washes in PBS. C6-mRAGE, -mRAGEv4, or -mock cells
were then seeded in wells for 2 h at 37 °C. Unbound cells were
washed from the plates with PBS, and attached cells were fixed
with 4% paraformaldehyde for 15 min at room temperature.
The surface area of cells was determined in at least 50 cells per
view in triplicate manually outlined using Image] software as
described previously (25-27). For immunofluorescence assays,
fixed cells were stained for actin and vinculin using the Actin
Cytoskeleton/Focal Adhesion Staining kit (Millipore; FAK100).

Cell Signaling Assays—For cell signaling assays, C6-mRAGE,
-mRAGEV4, or -mock cells were harvested and seeded onto
6-well plates previously coated with 5 ug/ml collagen I as above
for 2 h. Cells lysis was performed as described above, and West-
ern blotting was performed using antibodies against phospho-/
total proteins including Src (p416 (6943P), p527 (2105P), and
total (2123P)), Akt (phospho (4060P)/total (4691P)), ERK1/2
(phospho (4370P)/total (9102P)), and p38 (phospho (4511P)/
total (8690P)) (all from Cell Signaling Technology). Densitom-
etry was used to quantify phospho- and total protein levels
using Image], and relative activity was assessed by calculating
the ratio of phospho- to total protein. Western blot images
shown are representative of three independent experiments.

Statistical Analysis—All statistical analyses were performed
using GraphPad Prism version 6.00 for Windows (GraphPad
Software, San Diego, CA). Student’s ¢ test was used for compar-
ison between experiments involving two groups, and one-way
ANOVA was used for analysis of experiments involving three
or more groups. A probability value of p < 0.05 was considered
to be of significance. For all experiments where statistical anal-
ysis was performed, three independent experiments were
analyzed.

Results

Human and Mouse RAGE Undergo Constitutive Shedding in
a Similar Manner—Previous studies have demonstrated that
human RAGE undergoes ectodomain shedding in both a con-
stitutive (non-stimulated) and inducible (stimulated) manner
(8—10); however, this has not been established for mouse
RAGE. Although multiple sized products of RAGE have been
detected in murine tissue, whether these are a result of ectodo-
main shedding has not been established experimentally (9, 28).

We therefore first tested whether human (herein hRAGE)
and mouse RAGE (herein mRAGE) undergo constitutive shed-
ding in a similar manner (Fig. 1A4). HEK-293 cells stably
expressing hRAGE displayed a doublet band of ~52 kDa (Fig.
1B), whereas mRAGE doublet bands were only detectable at
lower exposures of Western blots (data not shown). Prior stud-
ies have confirmed these doublet bands to be the non- and
N-glycosylated forms of RAGE (9, 10). In a similar manner,
conditioned medium displayed doublet bands for hARAGE (~48
kDa) and mRAGE (~45 kDa) (Fig. 1B). ELISA of conditioned
medium revealed hRAGE and mRAGE levels to be ~5000 and
~1500 pg/ml, respectively, which is within the physiological
range seen in human serum (14). Our data confirm in the same
cellular context that both hRAGE and mRAGE undergo consti-
tutive shedding.
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Human and Mouse RAGE Similarly Undergo Inducible Shed-
ding in Response to Diverse Stimuli—Ectodomain shedding is a
tightly regulated process that can be induced by a wide range of
stimuli. For the majority of receptors tested to date, factors that
induce ectodomain shedding include phorbol esters, calcium
ionophores, serum factors, the organomercurial compound
APMA that activates latent metalloproteinases, and various
phosphatase inhibitors including cantharidin, calyculin A, and
sodium pervanadate (12, 13, 29, 30). Recently it was shown that
shedding of hRAGE could be induced by calcium ionophores
(calcimycin and ionomycin), but contrasting data were seen
whether hRAGE shedding could be activated by PMA (8 -10).
To test the effects of these compounds on hRAGE and mRAGE
shedding, cells were incubated for 1 h with PMA (200 nm),
ionomycin (1 um), APMA (25 um), or FBS (1%). Western blot-
ting analysis of conditioned medium revealed a similar pattern
of induction for both hRAGE and mRAGE; PMA displayed a
lower induction of shedding, whereas ionomycin and APMA
strongly induced shedding of RAGE (Fig. 1, Cand D). ELISA of
neat conditioned medium revealed a similar pattern for both
hRAGE and mRAGE as seen by Western blotting with a strong
induction seen with of ionomycin/APMA and less intense
induction with PMA (Fig. 1, E and F). Incubation with serum
revealed a similar induction of shedding for both hRAGE and
mRAGE (Fig. 1, E and F). As conflicting data exist for the effect
of RAGE ligands on RAGE ECD shedding (8, 9), we tested the
effect of CML-advanced glycation end product and s100B on
RAGE shedding. Both CML-advanced glycation end product
and s100B induced RAGE shedding but to a lesser degree
than ionomycin/APMA (Fig. 1G). To test whether inhibitors
of RAGE ligand binding impacted shedding of RAGE, we
tested the effect of the RAGE inhibitor FPS-ZM1 on shed-
ding. FPS-ZM1 was developed to interact with the ligand
binding domain of the receptor to block RAGE signaling
(31). FPS-ZM1 treatment for 1 h led to a striking decrease in
RAGE ECD shedding compared with control (Fig. 1G).
These data together demonstrate human and mouse RAGE
to be proteolytically processed to a similar level by diverse
stimuli including RAGE ligands.

RAGE Shedding Is Mediated by Metalloproteinases and Is
Induced by Distinct Signaling Pathways—RAGE ectodomain
shedding has been shown to be a metalloproteinase-dependent
mechanism; however, the regulation of the upstream signaling
mechanism has not been fully explored (8 —10). Various studies
have demonstrated that protein phosphatase inhibitors are
strong inducers of protein ectodomain shedding of other recep-
tors due to their activation of numerous protein kinases (12, 13,
29, 30). As the role of serine/threonine and tyrosine phospha-
tases in regulating RAGE shedding has not been studied before,
we tested whether phosphatase inhibition could activate RAGE
shedding. Cantharidin and calyculin A are natural compounds
derived from the blister beetle and marine sponge Discodermia
calyx, respectively, known to inhibit the PP1/PP2A family of
serine/threonine phosphatases (32, 33), whereas pervanadate is
a potent inhibitor of tyrosine protein phosphatases (34). As
similar data were seen between hRAGE and mRAGE with all
other inducers of shedding, we tested the effect of phosphatase
inhibitors on hRAGE shedding in HEK-293 cells. Stimulation of
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cells with cantharidin, calyculin A, and pervanadate resulted in
the strong induction of RAGE ectodomain shedding as assessed

by ELISA (Fig. 1H). Together, these results demonstrate that regulation of RAGE ectodomain shedding.
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the inhibition of protein phosphatases promotes strong shed-
ding of RAGE and suggest a role of inside-out signaling in the
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Zhang et al. (10) previously demonstrated a role for PKC
signaling (PKCa and PKC@I) in PMA-induced shedding but
found a lesser inhibition of ionophore-induced RAGE ectodo-
main shedding by PKC inhibition. We observed that cells
treated with the PKC inhibitor G66976 displayed markedly
reduced PMA-induced shedding of RAGE (Fig. 24). Further-
more, to control for off-target effects of PKC inhibitors, we
confirmed our data with the PKCa and PKCPI inhibitor
GFX109203. Treatment of cells with GFX109203 also inhibited
PMA-induced shedding of RAGE (Fig. 2A). In contrast, iono-
mycin-induced ectodomain shedding of RAGE was not affected
by either PKC inhibitor (Fig. 2B). To demonstrate that ionomy-
cin-induced shedding could be inhibited, cells were treated
with the metalloproteinase inhibitor BB94 (batimastat), which
completely inhibited RAGE shedding for both PMA and iono-
mycin (Fig. 2, A and B). We next tested the effect of calcium
chelation with EGTA on PMA- and ionomycin-induced shed-
ding. Treatment of cells with EGTA did not impair PMA-in-
duced shedding (Fig. 24) but completely impaired ionomycin-
induced shedding (Fig. 2B). These data therefore demonstrate
PMA stimulation to be independent of calcium influx and that
different signaling pathways exist to activate RAGE shedding.

Because it appears that PMA and Ca®™" influx (by ionomycin)
stimulate RAGE shedding by distinct signaling pathways, we
probed the role of other signaling pathways in this process. The
mitogen-activated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K) pathways have been shown to regulate shed-
ding of other proteins (30, 34, 35). Treatment of cells with
inhibitors for components of the MAPK pathway including p38
(SB203580), MEK (U0126), and SAPK/JNK (SP600125) did not
significantly affect PMA- or ionomycin-induced RAGE shed-
ding (Fig. 2, C and D). In contrast, treatment of cells with
a phosphoinositide 3-kinase inhibitor (LY-294002) led to
reduced RAGE ectodomain shedding after stimulation with
ionomycin but not PMA (Fig. 2, C and D).

Prior studies have shown through gene knockdown and
chemical inhibitors that the major metalloproteinase mecha-
nism responsible for ectodomain shedding of RAGE involves
ADAMI10 (8-10). We next tested whether ADAMIO is the
major sheddase activated by these different signaling pathways.
Inhibition of ADAM10 with GI254023X repressed RAGE ECD
shedding for both PMA and Ca*" influx (by ionomycin) (Fig. 2,

RAGE Ectodomain Shedding and Cell Function

E and F). These data together indicate that distinct signaling
pathways involving PKCa/PKCBI or phosphoinositide 3-
kinase regulate activation of RAGE ectodomain shedding
and that this is an ADAMI10 metalloproteinase-dependent
mechanism.

Identification of the RAGE Cleavage Site—Typically, ectodo-
main shedding of cell surface receptors occurs at the extracel-
lular juxtamembrane (JM) region. For RAGE, because the full-
length RAGE protein is around 50-55 kDa and the cleaved
form of RAGE is about 48 kDa, this has led to the assumption
that the cleavage site must be within the extracellular JM
region. However, it is not known whether RAGE can be cleaved
at multiple sites throughout the ECD, producing smaller ect-
odomain products. To first test whether ectodomain shedding
occurs at a single cleavage site/region, we tested for RAGE
cleavage products using an N-terminally epitope-tagged con-
struct as described previously (21) (Fig. 34). This cDNA con-
struct of RAGE was engineered to express a Hiss-2HA tag in
between the N-terminal signal sequence and the rest of the
RAGE cDNA (Fig. 3A) (21). This allows epitope tag detection of
all ECD cleavage products independently of RAGE antibody
epitope recognition issues. Stimulation of HEK-293 cells
expressing His,-2HA-tagged RAGE was performed with PMA,
ionomycin, and APMA. Western blotting using anti-His
epitope antibodies revealed a single cleaved product under all
conditions at ~52 kDa (Fig. 3B). These data provide strong
evidence to suggest that there is only a single cleavage site of
RAGE and that this occurs at/around the JM region.

Prior work has suggested that RAGE is proteolytically pro-
cessed between amino acids Gly**" and Ser®*? in the JM region
of the extracellular domain as protein sequencing of soluble
RAGE isolated from mouse lung was found to have the Gly>*" at
the C terminus (10, 28). To further explore this potential site of
RAGE ectodomain shedding, we analyzed protein sequences
of RAGE from numerous species to investigate conservation of
the potential cleavage region. As RAGE is restricted to mam-
mals (36), we aligned the RAGE protein sequence of mouse, pig,
horse, and various primates (rhesus macaque and chimpanzee)
with human. As shown in Fig. 44, this region of RAGE is highly
conserved with the Gly>*'-Ser®** proposed cleavage site being
conserved across all species analyzed.

FIGURE 1. RAGE undergoes constitutive and inducible ectodomain shedding in HEK-293 cells. A, schematic of RAGE showing the major protein domains
(ECD, transmembrane region (TM), and ICD). Protein sizes for full-length and cleaved ECD human or mouse RAGE are shown in kDa. B, stably transfected
HEK-293 cells expressing empty vector control, hRAGE, or mRAGE were incubated for 24 h in serum-free medium to allow constitutive shedding to occur.
Blotting was performed on concentrated conditioned medium and total cell lysate with anti-RAGE antibodies. Cell lysates were probed with anti-f actin as a
loading control. Images are representative of three independent experiments. C and D, stably transfected HEK-293 cells expressing empty vector, hRAGE, or
mMRAGE were serum-starved overnight, and fresh medium was added for experiments. RAGE shedding was induced with PMA (200 nm), ionomycin (lono) (1 um),
or APMA (25 um) with non-stimulated (NS) control treated with vehicle (DMSO) for 1 h. Medium and lysate were collected as above, and Western blotting (WB)
was performed for RAGE. Images are representative of three independent experiments. E and F, human and mouse RAGE shedding was measured by ELISA
using conditioned medium collected as above. In addition to PMA, ionomycin, and APMA stimulation, stimulation of shedding by 1% FBS was measured by
ELISA. Data are means = S.E. from three independent experiments. Statistical difference between groups was assessed by one-way ANOVA compared with
non-stimulated where * denotes significant differences (p < 0.05) between groups. Error bars represent S.E. G, RAGE shedding was measured by ELISA after
incubation of HEK-293 hRAGE-expressing cells with RAGE ligands (S100B and CML-human serum albumin; 1 wg/ml) or RAGE inhibitor (FPS-ZM1; 1 um). Data are
means * S.E. from three independent experiments (n = 3). Statistical difference between groups was assessed by one-way ANOVA compared with non-
stimulated where * denotes significant differences (p < 0.05) between groups. Error bars represent S.E. H, shedding of RAGE was induced with the phosphatase
inhibitors cantharidin, calyculin A, and sodium pervanadate. Stably transfected HEK-293 cells expressing hRAGE were serum-starved overnight, and fresh
medium was added for experiments. Shedding was induced for 1 h with cantharidin (500 um), calyculin A (50 nm), and sodium pervanadate (10 um) with
non-stimulated (NS) control treated with vehicle (DMSO). Data are means = S.E. from three independent experiments (n = 3). Statistical difference between
groups was assessed by one-way ANOVA compared with non-stimulated where * denotes significant differences (p < 0.05) between groups. Error bars
represent S.E.
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RAGE Ectodomain Shedding and Cell Function
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FIGURE 3. RAGE ectodomain shedding occurs within a single region of the extracellular domain. A, schematic of the Hisg-2HA N-terminally tagged human
RAGE construct and isoform used in this study. The RAGE ECD, transmembrane region (TM), and ICD are shown. The predicted cleavage site at the JM domain
should result in a shed ECD RAGE product of ~50 kDa as indicated by the arrow. B, HEK-293 cells were transfected with a Hiss-2HA N-terminally tagged human
RAGE construct, and 48 h later shedding was induced with PMA (200 nm), ionomycin (1 um), or APMA (25 um) with non-stimulated (NS) control treated with
vehicle (DMSO) for 1 h. Blots were performed on conditioned medium and total cell lysate with anti-His and anti-RAGE antibodies. Cell lysates were probed with
anti-p actin as a loading control. Images are representative of three independent experiments. WB, Western blotting; lono, ionomycin.

As point mutations of ADAM cleavage sites in target pro- the proposed cleavage site of RAGE. Previous studies from our
teins have shown minimal effects on ectodomain shedding in  group have revealed that RAGE alternative splicing affects var-
vitro (37-40) and cleavage site sequence specificity of ADAM ious regions of the ECD (7, 20). Interestingly, in lung, kidney,
proteins has not provided a clear consensus sequence (37—40), and heart, one of these splice variants lacks exon 9 (mMRAGEv4)
we investigated other approaches to functionally characterize and is the most prevalent murine isoform after the canonical

FIGURE 2. Regulation of RAGE ectodomain shedding in HEK-293 cells. A and B, stably transfected HEK-293 cells expressing hRAGE were serum-starved
overnight and treated for 1 h with the PKC inhibitors G66976 (2 um) and GFX109203X (2.5 um) or metalloproteinase inhibitor BB94 (10 um). Fresh medium was
added, and shedding was induced for 1 h with either PMA (200 nm) (A) or ionomycin (1 um) (B) with inhibitors re-added at the time of the experiment. The
calcium chelator EGTA (10 mm) was added at the time of stimulation for 1 h. RAGE shedding was quantified in conditioned medium by human ELISA. Statistical
difference between groups was assessed by one-way ANOVA where * denotes significant differences (p < 0.05) between groups. Error bars represent S.E. Cand
D, stably transfected HEK-293 cells expressing hRAGE were serum-starved overnight and treated for 1 h with either the p38 inhibitor SB203580 (10 um),
SAPK/JNK inhibitor SP600125 (100 um), MEK inhibitor U0126 (10 um), or phosphoinositide 3-kinase inhibitor LY-294002 (50 um). Fresh medium was then added,
and shedding was induced for 1 h with either PMA (200 nm) or ionomycin (1 wm) with inhibitors re-added at the time of the experiment. RAGE shedding was
quantified in conditioned medium by human ELISA. Data are means = S.E. from three independent experiments (n = 3). Statistical difference between groups
was assessed by one-way ANOVA where * denotes significant differences (p < 0.05) between groups. Error bars represent S.E. E and F, stably transfected
HEK-293 cells expressing hRAGE were serum-starved overnight and treated for 1 h with either the ADAM10 inhibitor GI254023X (5-20 uMm) or metalloproteinase
inhibitor BB94 (10 uMm). Fresh medium was then added, and shedding was induced for 1 h with either PMA (200 nm) orionomycin (1 um) with inhibitors re-added
at the time of the experiment. RAGE shedding was quantified in conditioned medium by human ELISA. Data are means = S.E. from three independent
experiments (n = 3). Statistical difference between groups was assessed by one-way ANOVA where * denotes significant differences (p < 0.05) between
groups. Error bars represent S.E. NS, not-stimulated; lono, ionomycin.
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full-length isoform of RAGE (20). Protein alignment of mRAGE
and mRAGEv4 revealed that mRAGEv4 appears to lack 9
amino acids that overlap with the proposed cleavage site (Fig.
4B).

We therefore tested whether mRAGEv4 displayed impaired
ectodomain shedding compared with canonical RAGE. We
generated HEK-293 cells stably expressing mRAGEv4 (Fig. 4C)
and validated by flow cytometry that mRAGEv4 is indeed
expressed on the cell surface (Fig. 4D). Under constitutive con-
ditions, we were unable to detect any shed ectodomain product
for mRAGEV4 in conditioned medium by either Western blot-

A

ting or ELISA in contrast to mRAGE (Fig. 4C). We next tested
whether shedding of mRAGEv4 could be induced with PMA,
ionomycin, APMA, or serum. As seen with constitutive shedding,
induced mRAGE shedding could readily be detected by both
Western blotting and ELISA (Fig. 4, E and F). In contrast, for mRA-
GEv4, we could not detect any shed ectodomain product in con-
ditioned medium by either Western blotting or ELISA (Fig. 4, E
and F). Together, these data demonstrate that mRAGEvV4 is an
endogenous ectodomain cleavage-resistant isoform of RAGE.
This therefore presented us with an endogenous control to explore
the cellular function of RAGE ectodomain shedding.
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Inhibition of RAGE Ectodomain Shedding Impairs Cell
Migration—RAGE has been shown to affect various cell prop-
erties, most notably cell migration and adhesion (1). To test
whether ectodomain shedding of RAGE is important for cell
migration, we investigated its effect using C6 glioma cells. The
C6 cell line has been demonstrated to be an excellent model of
RAGE signaling and cell function in numerous studies (3, 4, 24).
C6 cells that stably expressed mRAGE, mRAGEv4, or empty
vector control (mock-transfected) were generated. Western
blotting of cell lysate confirmed that both mRAGE and mRA-
GEv4 were expressed in total cell lysates in C6 cells for multiple
stably transfected cell clones (Fig. 5 A). Importantly, we did not
detect any cleaved product from mRAGEv4 C6 cells in condi-
tioned medium (Fig. 54). We tested the effects of RAGE ect-
odomain shedding in transwell migration assays using various
RAGE ligands. We first tested the effects of collagen I on
RAGE-mediated cell migration. It has been shown that not only
does RAGE bind directly and specifically to various collagens
but RAGE/collagen binding enhances cell migration and adhe-
sion (36, 41, 42). C6 cells expressing mRAGE displayed
increased collagen-stimulated cell migration compared with
mock-transfected cells (Fig. 5B). In contrast, cells expressing
mRAGEv4 displayed migration comparable with mock cells
(Fig. 5B).

To ensure these cleavage resistance effects were not ligand-
specific, we next tested the effects of other RAGE ligands
including the well characterized RAGE ligand s100B and 1%
FBS. Recent studies have shown that serum is a rich source of
numerous RAGE ligands (43— 45); furthermore, various studies
have shown serum to induce RAGE-dependent cell migration
and signaling effects (23, 46 —51). For both s100B and 1% FBS,
C6 glioma cells expressing cleavage-resistant mRAGEv4 dis-
played lower levels of cell migration compared with both mock
and mRAGE-expressing cells (Fig. 5, Cand D). These data dem-
onstrate RAGE ectodomain shedding to be important to facili-
tate RAGE ligand-mediated cell migration.

Inhibition of RAGE Ectodomain Shedding Impairs Cell Adhe-
sion, Spreading, and Actin Cytoskeletal Reorganization—Inte-
gral to the process of cell migration is the ability of cells to
adhere and spread on extracellular matrix components. Recent
studies have revealed that RAGE promotes cell adhesion and
spreading through direct binding to various extracellular

RAGE Ectodomain Shedding and Cell Function

matrix proteins including collagens I and IV (36, 41, 42). As
ectodomain shedding of proteins has been shown to be critical
in this cellular process, we tested the effect of RAGE cleavage
on cell spreading and actin cytoskeletal reorganization. Cell
spreading of C6-mRAGE-expressing cells displayed increased
spreading on collagen versus non-coated plates (Fig. 6, A and B).
C6-mRAGE cells also had higher levels of cell spreading on
both uncoated plastic and collagen I-coated dishes compared
with C6-mock cells (Fig. 6, A and B). In contrast, mnRAGEv4-
expressing C6 cells displayed less spread area compared with
mRAGE cells on both uncoated and collagen I-coated dishes
(Fig. 6, A and B).

To further establish the mechanisms underlying these differ-
ences in cell migration and adhesion, we analyzed the actin
cytoskeleton organization by rhodamine-conjugated phalloidin
and vinculin staining in cells by immunofluorescence. Com-
pared with mock cells, mRAGE-overexpressing cells displayed
a well spread and polarized cell morphology, demonstrated by
the presence of prominent actin stress fibers (Fig. 6C). Further
broad cellular staining of focal adhesions (vinculin), indicative
of the highly migratory phenotype of RAGE-expressing cells,
was seen (Fig. 6C). In striking contrast, mRAGEv4-expressing
cells displayed condensed actin stress fiber staining mainly
around the cell periphery accompanied with a similar and lesser
staining pattern of focal adhesions, indicating impaired adhe-
sion, spreading, and migration (Fig. 6C). These data demon-
strate RAGE ectodomain shedding to be important for the
adhesion of cells to the extracellular matrix and their reorgani-
zation of the actin cytoskeleton.

Inhibition of RAGE Ectodomain Shedding Impairs Cell
Signaling—Next we examined the effect of RAGE ectodomain
shedding on downstream signaling. RAGE has been shown to
signal through diverse pathways involved in cell migration
including various MAPKs (ERK1/2 and p38), PI3K/Akt, and Src
(2, 3, 52—-56). We tested the effect of RAGE ectodomain shed-
ding on cell signaling by plating cells on collagen I and assessing
ligand activation of downstream signaling pathways. Compared
with mock-expressing C6 cells, RAGE-overexpressing cells dis-
played increased activation of Src (both p416Src and p527Src),
Akt, and ERK1/2 pathways (Fig. 7). By contrast, mRAGEv4-
expressing cells displayed impaired activation of signaling com-
pared with RAGE-overexpressing cells (Fig. 7). We did not

FIGURE 4. Identification of a protease-resistant RAGE splice variant. A, RAGE protein sequences around the proposed cleavage site were obtained from
UniProt (72) and aligned using Jalview (61). These included mouse (Q62151_MOUSE), pig (A5A8Y1_PIG), horse (F6W335_HORSE), rhesus monkey
(F1ABQ1_MACMU), human (Q15109_HUMAN), and chimpanzee (H2R7GO_PANTR) obtained from UniProt (72). Conserved amino acids are shown below the
alignments; a“+"is shown if two or more residues are equally conserved. Amino acid residues are colored according to the ClustalX color scheme where a color
is only applied if the amino acid meets the criteria specific for the residue type at the alignment position (64). The proposed cleavage site is shown above, and
the exon coding for each region is shown below. B, schematic of the RAGE ectodomain shedding site. The RAGE ECD, transmembrane region (TM), and ICD are
shown as a schematic with the sequence alignment of the JM region and transmembrane region shown below. Protein alignment of mMRAGE with mRAGEv4
shows the 9 amino acids missing in mRAGEV4 as a result of alternative splicing of exon 9 of RAGE with the proposed cleavage site indicate by an arrow. C, stably
transfected HEK-293 cells expressing mRAGE or mRAGEv4 were assessed for constitutive shedding. RAGE was detected by Western blotting using polyclonal
antibodies raised against the total ECD of RAGE. Cells were incubated for 24 h in serum-free medium to allow constitutive shedding to occur, and blotting was
performed on conditioned medium and total cell lysate with anti-RAGE antibodies. Cell lysate were probed with anti-3 actin as a loading control. Images are
representative of three independent experiments. D, cell surface RAGE expression of HEK-293 cells (vector control, mRAGE, or mRAGEv4) was assessed by flow
cytometry. Cells were incubated sequentially with anti-RAGE and Alexa Fluor 647-labeled secondary antibodies, and cell surface RAGE expression was detected
using a FACSCalibur flow cytometer. Images are representative of three independent experiments. E, stably transfected HEK-293 cells expressing mRAGE or
mMRAGEv4 were serum-starved overnight, and fresh medium was added for experiments. RAGE shedding was induced with PMA (200 nm), ionomycin (1 um), or
APMA (25 um) with non-stimulated (NS) control treated with vehicle (DMSO) for 1 h. Medium and lysate were collected as above, and Western blotting was
performed for RAGE. Images are representative of three independent experiments. F, RAGE shedding of HEK-293 cells (vector control, mRAGE, or mRAGEv4)
was quantified by ELISA using total unconcentrated conditioned medium collected in D. In addition to PMA, ionomycin (lono), and APMA stimulation, 1%
FBS-stimulated shedding was measured by ELISA. Data are means = S.E. from three independent experiments (n = 3). Error bars represent S.E.
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FIGURE 5. RAGE ectodomain shedding affects cell migration of C6 glioma cells. A, stably transfected C6 cells (vector control, mRAGE, or mRAGEv4) were
generated and assessed for RAGE expression and shedding. Shedding of mRAGE from independently generated stable transfectants (denoted as mRAGE-A or
-Band mRAGEv4-A or -B) was assessed by Western blotting (WB) using polyclonal antibodies raised against the total ECD of RAGE. Cells were incubated for 24 h
in serum-free medium to allow constitutive shedding to occur. Blotting was performed on conditioned medium and total cell lysate with anti-RAGE antibodies.
Cell lysates were probed with anti-g actin as a loading control. Images are representative of three independent experiments. B, C6 glioma cells expressing
mMRAGE, mRAGEv4, or empty vector (mock) were assessed for ligand-induced migration toward collagen | in transwell migration assays. Independently
generated stable transfectants (denoted as mRAGE-A or -B and mRAGEv4-A or -B) were tested. Following 24h of migration, cells were fixed in crystal violet
solution, and dye was extracted and quantified using spectrophotometry. Data are means = S.E. from three independent experiments (n = 3). Statistical
difference between groups was assessed by one-way ANOVA where * denotes significant differences (p < 0.05) between groups. Error bars represent S.E. Cand
D, C6 glioma cells stably expressing mRAGE, mRAGEv4, or empty vector (mock) were assessed for ligand-induced migration in transwell migration assays with
S100B (C) or FBS (D). Cells were seeded into the upper chamber of a Boyden transwell filter and allowed to migrate toward 5 uwg/ml S1T00B or 1% FBS stimulant
for 24 h. Cells were fixed in crystal violet solution, and dye was extracted and quantified using spectrophotometry. Data are means = S.E. from three
independent experiments (n = 3). Statistical difference between groups was assessed by one-way ANOVA where * denotes significant differences (p < 0.05)

between groups. Error bars represent S.E.

detect significant changes in the p38 pathway for mock,
mRAGE, or mRAGEv4 (Fig. 7E). Together, these data demon-
strate that RAGE ectodomain shedding is a critical mechanism
to induce cell signaling.

RAGE-mediated Cell Migration through Ectodomain Shed-
ding Is Dependent on Activation of MAPK and PI3K Signaling,
Metalloproteinases, and <y-Secretase—Finally, we tested the
mechanisms by which ectodomain shedding of RAGE activates
cell migration. As the MAPK and Akt/PI3K pathways are
involved in RAGE shedding and down-regulated in mRAGEv4-
expressing cells, we first tested how inhibitors of these path-
ways affect cell migration through RAGE. In mRAGE-express-
ing cells, both MEK (U0126) and PI3K (LY294002) inhibitors
significantly reduced migration of mRAGE cells to basal mock-
transfected cell levels (Fig. 84). By contrast, both MEK (U0126)
and PI3K (LY294002) inhibition had no effect on RAGE ligand-
mediated cell migration of mRAGEv4- or mock-transfected
cells (Fig. 84).

We next tested whether exogenous treatment of cells with
the RAGE ectodomain (sRAGE) could affect ligand-stimulated
cell migration in mRAGE and proteolytically resistant

12066 JOURNAL OF BIOLOGICAL CHEMISTRY

mRAGEv4 C6 cells. Treatment of C6-mRAGE with 5 ug/ml
recombinant SRAGE significantly impaired RAGE ligand-me-
diated cell migration compared with vehicle-treated
C6-mRAGE cells (Fig. 8B). Treatment of both C6-mock and
C6-mRAGEV4 cells with sSRAGE did not affect cell migration
(Fig. 8B).

To determine whether ectodomain shedding of RAGE regu-
lates cell migration through a metalloproteinase-dependent
mechanism, we performed experiments using broad metallo-
proteinase (BB94)- and ADAM10-specific (GI254023X) inhib-
itors. In mRAGE-expressing cells, both inhibitors BB94 and
GI254023X significantly reduced migration of mRAGE cells to
basal mock-transfected cell levels (Fig. 8, Cand D). By contrast,
neither BB94 nor GI254023X affected cell migration of
mRAGEV4- or mock-transfected cells (Fig. 8, C and D).

Finally, we studied the role of +y-secretases in regulating
RAGE-mediated cell migration. y-Secretases regulate cell sig-
naling by cleavage of the residual membrane-bound C-terminal
fragments formed by ectodomain shedding (8). Following
cleavage of the C-terminal fragments by +y-secretase, this
results in the release of the ICD of receptors, which can activate
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FIGURE 6. RAGE ectodomain shedding affects cell spreading and actin cytoskeleton rearrangement. A and B, cell adhesion/spreading assays were
performed by seeding C6 glioma cells expressing mRAGE, mRAGEv4, or empty vector (mock) onto cell culture dishes coated with either PBS (control) or
collagen I for 2 h. Independently generated stable transfectants (denoted as mRAGE-A or -B and mRAGEv4-A or -B) were tested. Adhered cells were fixed and
imaged using Olympus CK2 (400X magnification shown in A) with surface area estimated using Imagel. Surface area was calculated as a percentage of control
PBS cells. Data are means = S.E. from three independent experiments (n = 3). Statistical difference between groups was assessed by one-way ANOVA where
* denotes significant differences (p < 0.05) between groups. Error bars represent S.E. C, C6 glioma cells expressing mRAGE, mRAGEv4, or empty vector (mock)
were seeded on collagen-coated cell culture dishes for 2 h, fixed, and stained with rhodamine-conjugated phalloidin (actin)/anti-vinculin with GFP secondary
antibody/DAPI. Cells were examined and photographed using an Olympus FV1000 microscope. Cells were examined and photographed using fluorescence

microscopy. Images are representative of three independent experiments.

signaling (8). Prior studies have indicated that following ect-
odomain shedding the remaining membrane-bound C-termi-
nal fragment of RAGE is processed by y-secretase (8, 10). How-
ever, no studies have investigated whether y-secretase regulates
RAGE function. Using the y-secretase inhibitor DAPT, we
demonstrated that DAPT significantly reduced migration of
mRAGE-expressing cells (Fig. 8E), whereas DAPT had no effect
on the RAGE ligand-induced migration of either mock- or
mRAGEv4-expressing cells (Fig. 8E). Together, these mecha-
nistic studies demonstrate that not only is RAGE ectodomain
shedding central to the mediating the effects of RAGE but it is
dependent on an inside-out signaling mechanism.

Discussion

In the current report, we have studied the mechanisms reg-
ulating RAGE ectodomain shedding and importantly its role in
cell function. First, human and mouse RAGE proteins undergo
shedding in a similar constitutive and inducible manner. Sec-
ond, RAGE shedding is regulated by distinct signaling pathways
SASBMB
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dependent on the stimuli. Third, we confirm that the site of
cleavage occurs in the protein region close to the membrane,
and RAGE ectodomain shedding can be blocked by a splice
variant lacking this region of RAGE. Most importantly, we
demonstrate ectodomain shedding of RAGE to be a critical
mechanism in the biology of RAGE and its ability to induce cell
signaling and movement.

Ectodomain shedding is an important post-translational
mechanism that increases the range of functions of cell surface
molecules (11, 12). For RAGE, various studies have demon-
strated that this cell surface receptor undergoes ectodomain
shedding in response to various stimuli and is a metallopro-
teinase-dependent mechanism (8 —10). However, no studies to
date have addressed whether this process is important for
RAGE function. Although numerous studies have shown a role
for RAGE and its soluble ECD in pathogenic states, less is
known about the normal biology of RAGE. RAGE has been
shown to be a pattern recognition receptor and to bind multiple
ligands (4, 5, 36, 41, 42, 57-59). Interestingly, RAGE is most
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FIGURE 7. RAGE ectodomain shedding affects cell signaling in C6 glioma cells. C6 glioma cells expressing mMRAGE, mRAGEv4, or empty vector (mock) were
seeded on collagen-coated cell culture dishes for 2 h. Cell lysates were then subject to immunoblotting with antibodies to phospho- (p) and total Src (B), Akt
(0), ERK1/2 (D), and p38 (E). Samples were also subjected to Western blotting for RAGE and actin controls (A). Densitometry for three independent experiments
was performed using ImageJ. Activation was calculated by normalization to total proteins levels, with percentage of induction calculated relative to control
cells. Data are means = S.E. from three independent experiments (n = 3). Statistical difference between groups was assessed by one-way ANOVA where *
denotes significant differences (p < 0.05) between groups. Images are representative of three independent experiments. Error bars represent S.E.

closely related to genes coding for immunoglobulin cell adhe-
sion molecules including activated leukocyte cell adhesion mol-
ecule and basal cell adhesion molecule (36), molecules with
both ligand signaling properties and key functions in cell adhe-
sion and migration. Therefore, we hypothesized RAGE ectodo-
main shedding to be an important mechanism to mediate the
biological activity of RAGE.

To understand further how RAGE ectodomain shedding is
regulated, we first tested whether RAGE ectodomain shedding
is a conserved mechanism between human and mouse RAGE.
Both human and mouse RAGE shedding was found to be
induced in a similar magnitude by PMA, ionomycin, and
APMA, suggesting common cleavage site mechanisms. As
these compounds represent non-physiological stimuli, we
demonstrated that serum can induce RAGE ECD shedding.
Serum factors that induce ectodomain shedding include pro-
teinaceous factors (growth factors and cytokines) as well as lipid-
based factors (lysophosphatidic acid and ceramide) (11, 12).
Furthermore, serum is a rich source of RAGE ligands, which
may activate ectodomain shedding of RAGE (9, 60). To inves-
tigate whether RAGE ligands induce shedding of RAGE, we
tested two highly characterized RAGE ligands for their ability
to induce shedding of RAGE. Prior studies have again been
conflicting in the role of RAGE ligands as inducers of RAGE

12068 JOURNAL OF BIOLOGICAL CHEMISTRY

ectodomain shedding (8, 25, 51). In our studies, both CML and
S$100B induced shedding of RAGE ectodomain, albeit to a lesser
degree than chemical inducers of shedding. To further validate
these data with RAGE ligands, we demonstrated that incuba-
tion of cells with the inhibitor FPS-ZM1 (31) led to striking
impairment of RAGE shedding.

To explore the intracellular signaling mechanisms regulating
induction of RAGE ectodomain shedding, we began by investi-
gating the effects of protein phosphatase inhibitors on RAGE
shedding. These compounds also mimic the effects of physio-
logical stimuli by inducing signal transduction pathways trig-
gered downstream of sheddase enzymes (34). We found that, in
a similar manner to other stimuli of ectodomain shedding used,
all protein phosphatase inhibitors induced RAGE ECD shed-
ding (including pervanadate, calyculin A, and cantharidin).
Although these inhibitors target different phosphatase types
(serine/threonine versus tyrosine), we observed a similar effect,
indicating the role of various diverse signaling pathways on
activating RAGE shedding. Prior work has shown that PMA-
stimulated RAGE ectodomain shedding is inhibited by the PKC
inhibitor G66976 (10). Furthermore, Zhang et al. (10) observed
that PKCa/PKCRI inhibition with G66976 led to a decrease in
shedding due to calcium influx. We observed that PKCa/
PKCRI inhibition with both G66976 and GFX109203X inhib-
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FIGURE 8. Cell migration induced by RAGE ectodomain shedding is dependent on signaling through ADAM10 and y-secretase. C6 glioma cells
expressing mRAGE, mRAGEv4, or empty vector (mock) were assessed for collagen I-induced migration in the presence of inhibitors of MEK (10 um U0126) or
PI3K (10 umLY294002) (A), sSRAGE (5 wg/ml) (B), metalloproteinases (10 um BB94) (C), ADAM10 (5 um GI254023X) (D), and y-secretase (10 um DAPT) (E). Following
24 h of migration, cells were fixed in crystal violet solution, and dye was extracted and quantified using spectrophotometry. Data are means = S.E. from three
independent experiments (n = 3). Statistical difference between groups was assessed by one-way ANOVA where * denotes significant differences (p < 0.05)

between groups. Error bars represent S.E.

ited PMA-induced shedding but had no effect on RAGE shed-
ding induced by calcium influx. Furthermore, inhibition of
calcium influx by EGTA affected ionomycin- but not PMA-
induced RAGE shedding, indicating key differences in the reg-
ulation of RAGE shedding. These data are consistent with stud-
ies of other receptors that display divergent mechanisms of
regulation of ectodomain shedding including L-selectin, CD44,
Syndecan-1, KIM-1, HER2, and ERB4 (30, 34, 35, 62). Indeed,
for CD44, shedding induced by calcium influx is insensitive to
PKCa and PKCBI inhibition, whereas PMA-induced shedding
similarly is PKCa/PKCpI-dependent and calcium influx/
EGTA-independent (62). Furthermore, we cannot rule out that
these effects may be mediated by other PKC isoforms as multi-
ple isoforms beyond PKC«/PKCpI have been implicated in ect-
odomain shedding (30, 63). To further probe the different sig-
naling pathways leading to RAGE shedding, we studied the role
of MAPK and PI3K signaling. For other cell surface proteins
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regulated by shedding, these pathways have been shown to be a
key mechanism leading to the activation of sheddases (30, 34,
35). In our experiments, PMA-induced shedding was not
affected by inhibitors against p38, MEK, SAPK/JNK, or PI3K.
However, calcium influx-induced shedding was inhibited by
PI3K inhibitors.

Prior studies have clearly shown that RAGE ectodomain
shedding is mediated by a metalloproteinase-dependent
mechanism, most likely ADAMI10 (8, 10). Using multiple
approaches including siRNA knockdown, ADAM10-specific
chemical inhibitors, and cells from ADAMI10 knock-out
mice, it appears that ADAMI0 is the major RAGE sheddase
(8-10). Our data support these findings as we observed that
ADAMIO0 inhibition with GI254023X prevented RAGE
shedding induced by both PMA and ionomycin. These data
together highlight divergent mechanisms of regulating
RAGE shedding (Fig. 94).
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FIGURE 9. Schematic model of the proposed mechanisms of RAGE ect-
odomain shedding and its regulation of cell function. A, following cell
exposure to stimuli or calcium influx, PKC and PI3K signaling is activated (7).
This in turn activates ADAM10 (2), which cleaves RAGE at the juxtamembrane
region, releasing the RAGE ECD (3). A membrane-tethered C-terminal frag-
ment (CTF) remains (4), and it can be cleaved by a y-secretase to release the
RAGE ICD (5). B, inhibition of pathways up- and downstream of RAGE ectodo-
main shedding affect cell migration. These include the inhibition of RAGE
ligand binding (sRAGE), activation of proteases including ADAM10
(GI254023X) and +y-secretase (DAPT), and downstream signaling pathways
(MEK and PI3K inhibition).

Although RAGE ectodomain shedding has been described
previously (8, 10), little is known about the cleavage site of
RAGE. To attempt to characterize this site, we performed a
number of experiments to identify the site of cleavage. Using an
N-terminally epitope-tagged RAGE construct, we observed
only one cleavage product even under conditions of various
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shedding stimulants. This supports previous data suggesting
that RAGE ectodomain shedding occurs around the JM domain
(10, 28). For most receptors studied to date, the cleavage site for
sheddases occurs around 6-15 amino acids upstream of the
start of the transmembrane region (11, 12). As point mutations
of potential ADAM cleavage sites in target proteins have shown
limited effects on shedding in vitro (37— 40), we tried alternative
approaches to characterizing the site and function of RAGE
ectodomain shedding. Sequencing of murine soluble RAGE
isolated from lung has suggested a putative cleavage site
between Gly**' and Ser®®* of RAGE (28). This site occurs
in/around the short exon 9 sequence of both human and mouse
RAGE. Alignment of the protein sequence of RAGE from mul-
tiple species revealed this site and the surrounding amino acid
residues to be strongly conserved for RAGE, suggesting that a
consensus sequence may exist for shedding. Analysis of previ-
ously isolated alternative splice variants of RAGE revealed that
avariant exists that lacks exon 9 (mRAGEv4) and importantly is
missing the proposed cleavage site (20). The mRAGEv4 splice
variant is highly prevalent in lung, kidney, and heart (20); how-
ever, we did not previously identify this variant in human tissue
(7). BLAST analysis of human RAGE cDNA revealed various
¢DNAs for human and primate RAGE comparable with mRA-
GEv4 that lacks exon 9 (data not shown). We found that, under
both constitutive and inducible conditions, the mRAGEv4
splice variant proved to be protease-resistant in multiple cell
models. Therefore, these data confirm the cleavage site of
RAGE to be upstream of ~12 amino acids of the transmem-
brane domain. In previous studies, it was difficult to identify the
precise site of cleavage (10). It may be for RAGE as for other
receptors that, rather than a precise consensus sequence of
cleavage, the secondary structure of the receptor proximal to
the transmembrane region is more important. As there is no
clear consensus in existing ADAMIO targets, recent studies
have utilized peptide libraries and proteomics to attempt to
identify an ADAM10 and -17 cleavage consensus motif (65, 66).
It was found for ADAMIO that this sheddase prefers a Leu or
aromatic amino acid (Phe, Tyr, or Trp) in the residue after
cleavage (termed the P1’ site) (65, 66). However, this consensus
does not cover all ADAMI1O0 targets including RAGE, which
contains a Ser in this position. Further analysis of known pro-
teolytic substrate sites using the MEROPS database did not
reveal any further protease sites around the JM region of RAGE
(67). Analysis of secondary structure of mRAGE versus mRA-
GEv4 splice variant did not reveal changes in secondary struc-
tures such as a-helix or B-sheets. The removal of these 9 amino
acids may therefore be critical for solvent accessibility between
the JM region and the transmembrane domain. These data
would suggest that this, rather than altering a protein cleavage
site motif, could affect accessibility of the protease to its sub-
strate site on RAGE. The production of alternative splice iso-
forms that are resistant to ectodomain shedding is not unique
to RAGE. Indeed, it has been shown that alternative splicing of
the ERBB4 gene results in a JM region variant that is protease-
resistant (68). Moreover, as seen for RAGE in this study, expres-
sion of the non-cleavable ERBB4 splice variant altered cell
growth and survival (68). This therefore raises the intriguing
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question whether this splice variant of RAGE that prevents
shedding could affect cell function.

To understand the role of ectodomain shedding, we utilized
the protease-resistant RAGEv4 splice variant to determine how
it affected cell function compared with normal RAGE. One of
the major functions of RAGE shown to date is its regulation of
cell migration (1). We therefore investigated how ectodomain
shedding of RAGE impacts cell migration. We found that
expression of non-cleavable mRAGEv4 in C6 cells impaired cell
migration in response to various RAGE ligands including
S100B, serum, and collagen I. This was verified not to be a
clonal cell resulting from stable transfection, as multiple clones
of mMRAGE and mRAGEv4 gave similar results. Cell migration is
a complex, multifaceted process involving changes in actin
cytoskeletal remodeling, focal adhesion dynamics, and cell
spreading. We tested whether shedding of RAGE alters cell
migration by affecting cell adhesion and spreading through
altering signaling and rearrangement of the actin cytoskele-
ton. Expression of ectodomain shedding-resistant RAGE
(mRAGEV4) impaired cell spreading and in turn was reflected
by a condensed actin stress fiber staining mainly around the cell
periphery and lesser staining of focal adhesions. These data are
consistent with a lower migratory cell phenotype. To under-
stand the signaling mechanisms affected by RAGE ectodomain
shedding, we investigated how RAGE signaling was affected by
impairment of cleavage of its ectodomain. Cells expressing ect-
odomain shedding-resistant RAGE displayed impaired signal-
ing through MAPK and Akt/PI3K pathways.

It is also possible that the results seen here are due to other
effects of the mRAGEv4 splice variant. First, it is possible that
mRAGEv4 affects RAGE dimerization and subsequent signal-
ing; however, this is unlikely as the region involved in the
dimerization process is upstream of this region (69). Second, it
is possible that mRAGEv4 affects RAGE ligand binding and
signaling through alteration of the secondary structure of the
RAGE ECD. This again is unlikely as the majority of ligand
binding sites occur in the V-domain of RAGE, and only deletion
of this domain drastically affects RAGE function as seen here (3,
31, 45, 70, 71). These data together therefore suggest ectodo-
main shedding of RAGE to be a mechanism of multiple func-
tions in addition to merely generating the soluble ectodomain.

Our data suggest that shedding of RAGE may be a prerequi-
site to induce cell signaling and affect cell function (Fig. 9B). To
further explore the mechanistic regulation of RAGE ectodo-
main shedding and how it affects cell migration, we tested the
role of various pathways in this process. Exogenous treatment
of cells with the SRAGE ectodomain did not affect mRAGEv4
cell migration but, as expected, impaired mRAGE cell migra-
tion. Inhibitors of both MAPK and Akt/PI3K impaired RAGE-
mediated migration of C6 cells but had no effect on pro-
tease-resistant mRAGEv4-expressing cells. Similarly, broad
metalloproteinase and ADAMI0 inhibitors blocked mRAGE-
dependent cell migration without affecting mRAGEv4 cell
migration. As the non-cleavable RAGE isoform blocks these
cell processes, this therefore suggests production of the soluble
ECD to act as a decoy; it is not the mechanism responsible for
inhibiting migration and adhesion. Our data would therefore
indicate that RAGE ectodomain shedding may exist to allow the
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release and subsequent processing of its ICD (Fig. 9). This pro-
cess, known as regulated intramembrane proteolysis, typically
follows ectodomain shedding and has been demonstrated to
occur and be important for signaling of numerous receptors
(11, 12). In fact, for RAGE, it has been shown that following
ectodomain shedding the remaining C-terminal fragment is
further processed by a y-secretase (8, 10). Furthermore, ectopic
expression of the ICD results in a predominant nuclear expres-
sion, suggesting a direct role in gene regulation (8). Cell migra-
tion assays demonstrated that that this process is required
for RAGE-mediated cell function as +y-secretase impaired
mRAGE-expressing cells from migrating but did not alter
mRAGEv4-mediated migration. These data show for the first
time that processing of RAGE by y-secretase following ectodo-
main shedding is a central mechanism by which RAGE medi-
ates signaling.

In conclusion, shedding of RAGE is a precisely regulated pro-
cess involving multiple signaling pathways and stimuli. Our
data suggest that RAGE shedding is a critical mechanism not
only to affect cell signaling but also to mediate cell functional
changes. Further studies are required to explore how the RAGE
ICD formed by 7y-secretase is regulated and to determine its
function. Collectively, these data suggest that proteolytic regu-
lation of RAGE is a central mechanism in RAGE biology and
describe a new function by which RAGE can mediate diverse
functional roles in both physiology and disease.
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