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Abstract Receptor for advanced glycation end products

(RAGE) mediates diverse physiological and pathological

effects and is involved in the pathogenesis of Alzheimer’s

disease (AD). RAGE is a receptor for amyloid b peptides

(Ab), mediates Ab neurotoxicity and also promotes Ab
influx into the brain and contributes to Ab aggregation.

Soluble RAGE (sRAGE), a secreted RAGE isoform, acts

as a decoy receptor to antagonize RAGE-mediated dam-

ages. Accumulating evidence has suggested that sRAGE

represents a promising pharmaceutic against RAGE-medi-

ated disorders. Recent studies revealed proteolysis of RAGE

as a previously unappreciated means of sRAGE production.

In this review we summarize these findings on the proteo-

lytic cleavage of RAGE and discuss the underlying

regulatory mechanisms of RAGE shedding. Furthermore,

we propose a model in which proteolysis of RAGE could

restrain AD development by reducing Ab transport into

the brain and Ab production via BACE. Thus, the modula-

tion of RAGE proteolysis provides a novel intervention

strategy for AD.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease

and is the most prevalent cause of dementia. AD-affected

individuals develop a gradual and progressive decline in

cognitive and functional abilities as well as behavioral and

psychiatric symptoms leading to a vegetative state and

ultimately death [1]. The presence of amyloid plaques and

intracellular neurofibrillary tangles are the main neuro-

pathological hallmarks of AD [2]. The primary constituents

of the amyloid plaques are heterogeneous, 39–43 amino

acid peptides, the amyloid b peptides (Ab). Ab peptides are

generated by the sequential proteolytic processing of their

precursor, the amyloid precursor protein (APP) [3]. Pro-

cessing of APP occurs in vivo by two competitive pathways:

the amyloidogenic pathway is initiated by cleavage at Asp1

of the Ab sequence mediated by b-secretase and generates

soluble APPb (sAPPb) and a unique C-terminal membrane-

retained fragment, termed CTF-b. Subsequent cleavage

of CTF-b by c-secretase results in the production of Ab.

In contrast, the non-amyloidogenic pathway is mediated by

a-secretase, which generates soluble APPa (sAPPa) and the

C-terminal fragment-a (CTF-a). Subsequent cleavage of

CTF-a by c-secretase generates a truncated non-toxic pep-

tide. Since a-secretase attacks APP inside the Ab sequence,

the non-amyloidogenic pathway precludes neurotoxic Ab
peptide formation [4].

According to the amyloid cascade hypothesis [5], which

states that AD development is due to abnormal accumu-

lation of Ab in the brains of AD patients causing
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neurodegeneration and finally the clinical symptoms of

dementia, Ab is considered to play a central role in the

pathogenesis of AD. First of all, Ab is directly toxic to

cultured neurons due to its ability to generate reactive

oxygen species (ROS) and produce an accumulation of

H2O2 and lipid peroxides in cells [6]. Second, Ab is a

potent inducer of the transcription factor nuclear factor-jB

(NF-jB) in primary neurons and astrocytes [7]. Third,

being chemotactic, Ab causes migration of microglia,

thereby contributing to an increased accumulation of mi-

croglial cells surrounding the amyloid plaques [8]. Finally,

Ab potentiates the secretion of the cytokines interleukin

(IL)-6 and IL-8 in IL-1b-activated human astrocytoma

cells [9]. The predominant forms of Ab are the Ab40

and Ab42 fragments. Soluble Ab40 is the major form of

circulating Ab and cerebrovascular amyloid, whereas

amyloidogenic Ab42, the major constituent of amyloid

plaques, accounts for minor amounts in the circulation

[10]. The origin of Ab deposited in the cerebral vasculature

and brain is uncertain. According to the ‘‘neuronal theory,’’

Ab is produced locally in the brain. In contrast, the ‘‘vas-

cular theory’’ proposes that Ab originates from the entire

body and that circulating soluble Ab can contribute to

neurotoxicity since it crosses the blood brain barrier (BBB)

[11]. The ‘‘vascular theory’’ is supported by the compelling

evidence that the BBB plays a crucial role in the transport

and metabolism of circulating Ab and the modulation of

AD progression [12–14].

The life-long accumulation of Ab in the brain is deter-

mined by the rate of Ab generation versus Ab clearance.

Strategies to treat AD have focused on both decreasing Ab
production and enhancing its clearance from the brain.

Clearance can be accomplished via two major pathways:

proteolytic degradation and receptor-mediated export from

the brain. Degradation of Ab in the central nervous system

(CNS) could play an important role in clearance [15]. The

proteases capable of degrading Ab include neprilysin,

insulin-degrading enzyme (insulysin), plasmin, tissue

plasminogen activator, endothelin-converting enzyme and

matrix metalloproteinase-9 [16]. An Ab-lowering strategy

based on receptor mediated-Ab transport has just recently

begun to receive more attention. Increasing lines of evi-

dence suggest that the low-density lipoprotein receptor-

related protein-1 (LRP-1) and the receptor for advanced

glycation end products (RAGE) are involved in receptor-

mediated flux of Ab across the BBB [17]. While LRP-1

appears to mediate the efflux of Ab from the brain to the

periphery, RAGE is implicated in Ab influx back into the

CNS.

Since the subject of this review is on proteolysis of

RAGE and AD, we will first briefly describe the biology of

RAGE and the interaction of RAGE and Ab. Then we

focus on proteolysis of RAGE and discuss recent exciting

findings on ectodomain shedding of RAGE. At the end, we

propose an intriguing model in which modulation of

RAGE sheddases is a double-edged strategy to alleviate

AD by preventing Ab production and aggregation in the

brain.

Biology of RAGE

RAGE was first identified as a cell surface receptor for the

products of nonenzymatic glycation and oxidation of pro-

teins, the advanced glycation end products (AGEs). The

RAGE gene was located on chromosome 6p21.3 in a gene-

rich region containing a number of genes involved in

inflammation and components of the major histocompati-

bility complex (MHC) [18]. The human RAGE gene

encodes a type-I transmembrane protein of 404 amino

acids, composed of an extracellular domain with 344 amino

acids, a transmembrane domain with 19 residues and a

cytosolic domain with 43 amino acids (Fig. 1) [19]. The

large extracellular domain of RAGE contains a N-terminal

signal sequence of 22 amino acids and three immuno-

globulin (Ig)-like regions, which define the RAGE protein

as a member of the immunoglobulin superfamily. These

Ig-like regions include one ‘‘V’’-type domain (IgV

sequence from residue 41 to residue 126) followed by two

‘‘C’’-type domains (IgC sequence from residue 127 to

residue 234 and IgC’ from residue 235 to residue 344). The

‘‘V’’-type domain confers ligand binding and contains two

putative N-glycosylation sites. Deglycosylation was shown

to affect RAGE binding of certain ligands [20]. The short

cytoplasmic domain is critical for signaling downstream of

receptor–ligand interaction.

Fig. 1 Structure of receptor for advanced glycation end products

(RAGE). The large extracellular domain of RAGE contains an

N-terminal signal sequence and three Ig-like regions including one

‘‘V’’-type domain followed by two ‘‘C’’-type domains. The ‘‘V’’-type

domain confers ligand binding and contains two putative

N-glycosylation sites. The short cytoplasmic domain is critical for

downstream signaling
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RAGE transcription is controlled by several transcrip-

tion factors, including SP-1, AP-2 and NF-jB [21]. During

development, RAGE is highly expressed in the nervous

system, e.g., in the developing embryonic rat brain [22,

23]. In striking contrast, in mature mammalians there is

relatively little expression of RAGE in most tissues except

lung and skin. At the cellular level, RAGE is expressed in a

variety of cell types, including endothelial, vascular

smooth muscle, mononuclear phagocytes, microglial cells,

astrocytes and neuronal cells [24]. RAGE expression is

highly up-regulated under pathological conditions such as

diabetic vascular disease, chronic inflammation, AD and

tumors [25].

RAGE is a multi-ligand receptor and in addition to

AGEs, its ligands also include amphoterin (also know as

high mobility group I DNA-binding protein, HMG-1), Ab
and S100/calgranulins. The engagement of RAGE by these

diverse ligands contributes to various pathologic processes

ranging from proinflammatory responses, accelerated dia-

betic atherosclerosis, AD to tumor cell invasion [26]. On

the other hand, RAGE also has physiological functions.

Judged from the expression patterns of RAGE described

above, it is reasonable to assume that RAGE could play

roles in development. A few reports have suggested that

RAGE might contribute to CNS development. For instance,

amphoterin can bind RAGE and contributes to axonal

sprouting, which accompanies neuronal development [22].

Recently, RAGE was shown to promote neurite outgrowth

in vivo in a unilateral sciatic nerve crush model and the

trophic effects could be blocked by soluble RAGE

(sRAGE) or antibodies against either RAGE or ampho-

terin, thus confirming the neurotrophic function of RAGE

[27]. These results are in accord with the fact that RAGE is

expressed at a high level in the nervous system during

development [22]. However, RAGE null mice develop

normally, live a natural life span and are fertile [28];

therefore, redundant molecules can compensate for the loss

of RAGE. Another recent study revealed the possibility of

an involvement of RAGE in the regulation of cell differ-

entiation [29]. In this context, down-regulation of RAGE

may be considered as a critical step in tissue reorganization

and the formation of lung tumors. Considering that lung is

one of the few tissues in which RAGE is constitutively

expressed at a high level, we can suppose that in normal

lung tissues RAGE maintains cells in the differentiated

state and inhibits tumorigenesis. Upon down-regulation of

RAGE, cells may become undifferentiated and tumor

growth may ensue. Undoubtedly, further experiments are

needed to confirm whether RAGE indeed regulates cell

differentiation.

As a transmembrane receptor, the engagement of RAGE

by its ligands has been reported to trigger intracellular

signaling pathways. In most cases, RAGE induces the

activation of the immune/inflammatory-associated tran-

scription factor NF-jB. Notably, the human RAGE

promoter contains two NF-jB responsive elements that act

to form a positive feedback loop such that RAGE is up-

regulated where its ligands are present [21]. In addition to

NF-jB, RAGE can activate a range of signaling pathways

including nuclear factor of activated T-cells (NF-AT) [30],

small GTPases Rac1 and Cdc42 [31], mitogen-activated

protein kinase (MAPK) and c-Jun N-terminal kinase [32],

extracellular signal-regulated kinases 1 and 2 [33], as well

as cAMP response element-binding factor [34]. The

diversity of signaling cascades identified in RAGE-medi-

ated cellular signaling implies that different RAGE ligands

might induce different pathways and thus make the RAGE

network more complicated. Although a number of reports

suggested that the cytoplasmic domain of RAGE is

essential for intracellular signaling, a challenging task will

be to elucidate the exact bridging molecules that engage

the cytoplasmic domain of RAGE upon activation of the

receptor. Dia-1 was recently identified as a direct binding

partner of the RAGE cytoplasmic domain and the mediator

of downstream Rac1 and Cdc42 activation [31].

RAGE and Ab interaction

It has been demonstrated that expression of RAGE is

increased in AD patients and furthermore, expression of

RAGE was colocalized with that of Ab in human AD brain

tissues, in neurons, microglia and vascular elements [35,

36], thus indicating the possibility of a RAGE–Ab inter-

action in the pathogenesis of AD. It has been suggested that

RAGE may be the nerve cell receptor for Ab [37–39].

Indeed, RAGE binds soluble Ab in a dose-dependent

manner in the nanomolar range [35]. Studies using an in

vitro model of the human BBB showed that RAGE medi-

ated the binding of soluble Ab1–40 at the apical side of

brain capillary endothelium, and RAGE was also involved

in soluble Ab1–40 transcytosis [40]. In addition, RAGE

mediates the transport of pathophysiologically relevant

concentration of plasma Ab across the BBB, while deletion

of the RAGE gene eliminates transport of free circulating

Ab into the brain [41]. Besides RAGE, gp330/megalin may

also transport circulating Ab in a complex with apoJ [42].

However, gp330/megalin is normally saturated by high

levels of plasma apoJ, which precludes a significant influx

of Ab into the CNS under physiological conditions. This

leaves RAGE as a probable major influx receptor for Ab at

the BBB. Furthermore, RAGE is involved in Ab-mediated

migration of monocytes across the BBB, which may con-

tribute to Ab-related vascular disorder [43].

Transport of circulating Ab into the brain results in

expression of proinflammatory cytokines in neurovascular
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cells and elaboration of endothelin-1 causing decreased

cerebral blood flow. Because of the presence of two NF-jB

responsive elements in the human RAGE promoter,

RAGE–Ab interaction might induce a possible feedback

loop. Thereby, Ab-induced oxidant stress activates NF-jB,

which subsequently binds to the RAGE promoter and

upregulates RAGE expression. The interaction of RAGE

with Ab is followed by a series of intracellular activities

that trigger inflammatory pathways, which could contribute

to the progression of AD [39]. Furthermore, mouse models

were developed to assess the impact of RAGE in an

Ab-rich environment. Transgenic mice with targeted neu-

ronal overexpression of either RAGE or dominant negative

(DN) RAGE were used for these studies. When compared

with mutant APP transgenic mice, double transgenic mice

expressing RAGE and mutant APP displayed earlier

abnormalities in spatial learning and memory that were

accompanied by altered activation of markers of synaptic

plasticity and exaggerated neuropathologic changes. In

contrast, double transgenic mice bearing DN-RAGE and

APP displayed preservation of spatial learning and memory

and diminished neuropathologic changes. These data

strongly indicate that RAGE is a cofactor for Ab-induced

neuronal pathology in AD models and suggest its potential

as a therapeutic target to ameliorate dysfunction associated

with AD [44].

Isoforms of RAGE

There are three major different forms of RAGE (Fig. 2).

These isoforms can be defined as full-length RAGE

(fl-RAGE), soluble RAGE (sRAGE) and C-terminal trun-

cated RAGE (C-truncated RAGE) [45]. C-truncated RAGE

contains the extracellular and transmembrane domain of

RAGE, but lacks the C-terminal intracellular domain

important for signal transduction. Therefore, by competing

for the binding of RAGE ligands C-truncated RAGE

prevents the activation of fl-RAGE. For this reason

C-truncated RAGE is also named dominant negative

RAGE (DN-RAGE) [35]. Recently, it was shown that the

expression level of DN-RAGE in the human brain is sim-

ilar to that of fl-RAGE [46]. Since a number of RAGE

ligands such as AGE and Ab have devastating effects on

cells, binding of these ligands to DN-RAGE would lead to

dismissed binding to fl-RAGE and consequently, less del-

eterious effects mediated by fl-RAGE. But it is important

to keep in mind that although trapping of harmful ligands

by DN-RAGE may be beneficial during the initial periods

of ligand binding, the long-term effects may be less

advantageous. The engagement of the ligands at the cell

surface by DN-RAGE may lead to the initiation of further

ligand recruitment, oxidation, and aggregation, which

unfavorably enhances the activation of fl-RAGE [45]. It

is undisputed that a detailed understanding of the regu-

lation of DN-RAGE generation is crucial to evaluate

DN-RAGE as a target to modulate signaling mediated by

fl-RAGE.

The soluble form of RAGE contains only the extracel-

lular domain of RAGE, while lacking the transmembrane

and the cytoplasmic domains. Thereby, sRAGE is released

from the cell surface into the extracellular space as a sol-

uble form, which serves as a decoy receptor for the ligands

and blocks RAGE signaling by preventing ligands from

gaining access to fl-RAGE. Recombinant sRAGE has been

used to reduce diabetic late complications [47], to inhibit

tumor metastases and invasion [32] and to block transport

of Ab across the BBB [41]. However, it is important to

note that sRAGE provides a decoy strategy, i.e., sRAGE

sequesters ligands and prevents their interaction with

RAGE and, potentially, other receptors as well. So it is

imperative to investigate whether sRAGE has any inhibi-

tory effects on normal functions of other receptors before a

therapy based on sRAGE can be implemented.

Soluble forms of membrane-associated receptors can be

generated via distinct mechanisms. The first involves the

alternative splicing of mRNA transcripts that usually

encode membrane-associated receptors. Alternative splic-

ing is an important way to generate soluble forms of cell

surface receptor; examples include the transforming

growth factor (TGF)-b receptor [48], the tumor necrosis

factor (TNF) receptor [49] and the IL-17 receptor-like

protein [50]. Several alternatively spliced RAGE mRNAs

encoding secretory proteins have also been reported to be

present in human brain [46].

fl-RAGE

extracellular intracellular

ligands

• C-truncated RAGE

soluble RAGE

V type domain

C type domain

C´type domain

Fig. 2 Three major isoforms of RAGE. Major RAGE isoforms

include full-length RAGE (fl-RGAE), soluble RAGE (sRAGE) and

C-terminal truncated RAGE (C-truncated RAGE). The existence of

multiple RAGE isoforms indicates that the physiopathological effects

mediated by RAGE ligands result from the complex interaction of

these ligands with different RAGE isoforms
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Ectodomain shedding of membrane proteins

While overwhelming data demonstrated that sRAGE is

derived from alternative splicing of the RAGE mRNA,

some evidence indicated that sRAGE in mice may be

generated as a result of protein cleavage instead of mRNA

splicing [51].

The extracellular domains of various cell surface pro-

teins are released through proteolytic cleavage. This type

of proteolysis occurs at or near the plasma membrane and

is known as ectodomain shedding [52]. The shedding of

cell surface proteins can occur either in non-stimulated

cells (known as constitutive shedding) or in activated cells

(known as inducible shedding) [52]. Stimulants that can

induce shedding include phorbol esters [53], calcium

ionophores [54] and serum factors [55]. Ectodomain

shedding events have been observed for a surprisingly large

number of cell surface proteins with distinct functions.

Targets of this process include cytokines and cytokine

receptors [56–58], growth factors [59, 60], adhesion mol-

ecule L1 [61], angiotensin-converting enzyme [62] and

proteins associated with neuropathological disorders (APP

and prion protein) [63, 64].

It appears increasingly apparent that proteolytic shed-

ding of cell surface proteins is an important cellular post-

translational regulatory process. Soluble shedded proteins

commonly consist of the extracellular portions or ecto-

domains of their membrane-bound precursors and thereby

retain the ability to bind ligands. They may further serve to

affect the nature of cell-signaling events by acting as

antagonists, carrier molecules or chaperones to protect the

ligands from binding to membrane-bound proteins [65] and

in some cases acting as agonists [66]. Cleavage of various

membrane proteins contributes to mitogenesis, cell

migration, differentiation and various diseased states such

as inflammation, tumorigenesis, spongiform encephalopa-

thies and AD [67]. Thus, protein ectodomain shedding can

potentially modulate most cellular functions mediated by

transmembrane proteins and, therefore, has attracted

extensive attention to understand the underlying regulatory

mechanisms [68].

Proteases responsible for mediating ectodomain shed-

ding are denoted as ‘‘sheddases’’ or ‘‘secretases’’ and

appear to be members of the metzincin superfamily of zinc-

dependent proteases, including A disintegrin and metallo-

proteinases (ADAMs) and matrix metalloproteinases

(MMPs). ADAMs are type-I transmembrane proteins that

contain a disintegrin-like and a metalloproteinase-like

domain. Up to date, more than 40 ADAMs have been

identified in the mammalian genome [69]. ADAMs have

been implicated in most of the known shedding events [70,

71]. ADAM17, also known as tumor necrosis factor-a
converting enzyme (TACE), was the first protease shown

to be responsible for shedding events. A number of diverse

cell surface proteins, including APP, TNF-a, TNFRs I and

II, TGF-a, L-selectin, IL-6R, CD30 and growth factor

receptors, undergo proteolysis mediated by TACE. Other

members of the ADAM family of proteinases, particularly

ADAM9, ADAM10 and ADAM12, have been implicated

as sheddases for a wide range of proteins such as Notch and

APP [72]. MMPs, also known as matrixins, are a large

family of zinc-dependent metalloproteinases that degrade

extracellular matrix and basement membrane components

[73]. Till now, more than 20 endopeptidases have been

classified as MMPs. Based on substrate specificity and the

presence of distinct structural domains, MMPs are cate-

gorized into six subfamilies: collagenases, gelatinases,

stromelysins, matrilysins, membrane type MMPs (MT-

MMPs) and other MMPs [74]. The MMPs are homoge-

neous enzymes and share common structural elements. All

members of this family contain a pro-domain and a cata-

lytic domain. The pro-domain is cleaved upon activation

while the catalytic domain contains the catalytic machinery

including the zinc binding site and a conserved methionine.

The metal ions maintain the three dimensional structure

of MMPs and are necessary for stability and enzymatic

activities. Physiologically, MMPs are thought to be

important in wound healing, angiogenesis and bone

remodeling [75, 76]. MMPs also have pathological roles in

a variety of disease processes exemplified by tumor

metastasis and neurodegeneration [77, 78]. In addition,

certain MMPs are found to play a role in the shedding of

cell surface proteins. Specifically, MT5-MMP has been

shown to cleave cadherin [79], MMP7 participates in the

constitutive shedding of proTNF-a [80] and MT1-MMP

contributes to the shedding of the cell adhesion molecule

CD44 [56]. MMP-9 can accomplish cleavage of cell sur-

face proteins including TGF-b [81], IL-2R [82] and

intercellular adhesion molecule 1 (ICAM-1) [83].

Shedding of RAGE

Purification of RAGE from mouse lung and protein

sequencing revealed that mouse soluble RAGE might be

generated by proteolysis [51]. It was also found that in the

human lung 80% of RAGE mRNAs encode for the

fl-RAGE protein and only 7% encode the endogenous

secretory RAGE variant [84]. However, the fl-RAGE pro-

tein is difficult to detect in human lung samples where the

sRAGE protein is abundant [85]. Collectively these results

suggest that mechanisms other than alternative splicing

account for the secretion of RAGE. Recently, several

independent studies converge to support that proteolysis

based ectodomain shedding is the second mechanism that

contributes to the production of sRAGE [86–89].

RAGE shedding and Alzheimer’s disease 3927



A soluble form of RAGE was detected in supernatant of

HEK Flp-In 293 cells transfected with fl-RAGE cDNA,

indicating constitutive shedding of RAGE. Several

stimuli including phorbol-12-myristat-13-acetate (PMA)

and 4-aminophenylmercuric acetate (APMA) enhance the

release of sRAGE, representing inducible shedding of

RAGE [86]. Furthermore, HMGB1, a RAGE ligand, pro-

moted RAGE shedding [87]. In contrast, another group

reported calcium inducible RAGE shedding in HEK 293

cells but failed to observe PMA or RAGE ligands inducible

RAGE shedding [89]. Hydrogen peroxide also induced

RAGE shedding in neonatal rat oligodendrocytes [88].

By cell surface protein biotinylation experiments, it was

demonstrated that sRAGE is biotinylated, providing further

evidence that sRAGE is derived from cleavage of fl-RAGE

at the cell surface [86]. While two groups identified

ADAM10 as the sheddase responsible for RAGE shedding

[87, 89], one study revealed both ADAM10 and MMP9 to

be involved in RAGE shedding [86]. The contribution of

MMP9 may explain the residual shedding of RAGE

observed in ADAM10 null cells [87]. Interestingly, sRAGE

was detected as doublet bands, and only the low molecular

weight protein could be detected after treatment with

peptide N-glycosidase F, demonstrating that the two forms

of sRAGE result from different glycosylation rather than

from different proteolytic cleavage [86]. The fact that

sRAGE is glycosylated is consistent with previous obser-

vations [20, 51]. The importance of glycosylation for the

ability of RAGE to bind its ligands has been demonstrated

[20]. Furthermore, it is likely that glycosylation is of the

same importance for sRAGE to bind its ligand. As

fl-RAGE and shedded RAGE possess the same glycosyla-

tion pattern, ligand binding should be indistinguishable

between these two isoforms. Ectodomain shedding of

RAGE is followed by subsequent proteolytic cleavage by

c-secretase, which releases RAGE intracellular domain into

the cytoplasm [86, 89].

Regulation of RAGE shedding

Ectodomain shedding represents a distinguished mecha-

nism to regulate the signaling capacity of cell surface

receptors. On one hand, ligands are synthesized as inactive

transmembrane proforms and converted to active forms

able to bind receptors by shedding. On the other hand,

cleaving the ligand binding domain of receptors by shed-

ding can terminate receptor signaling.

The existence of natural sRAGE in biological fluids

suggests that sRAGE has important roles in normal phys-

iology as well as in the development of pathological

processes. The biological function of sRAGE may be

implied by the efficacy of recombinant sRAGE to treat

diabetic atherosclerosis [90] and tumor metastases [32] as

well as reduce Ab accumulation in brain [41]. However,

the in vivo significance of RAGE shedding to generate

sRAGE has not yet been studied. A relatively lower level

of plasma sRAGE has been described to be associated with

various diseases including mild cognitive impairment [91],

AD [92], hypertension [93], rheumatoid arthritis [94] and

coronary artery disease [95]. Therefore, the formation of

sRAGE by metalloproteinase cleavage might be important

to regulate RAGE-mediated cellular functions. The pres-

ence of sRAGE in biological fluids could affect the

function of RAGE ligands by competing for ligand binding

with membrane-bound RAGE. Thus, by preventing inter-

action of ligands with cell surface RAGE, sRAGE can

disrupt ligand-induced RAGE signaling. Given that RAGE

is a multi-ligand receptor and a number of disorders have

been reported to be associated with activation of the

ligand–RAGE axis, modulation of sRAGE generation by

regulating proteolysis of RAGE provides a novel and

favorable therapeutic way in addition to administration of

recombinant sRAGE. Additionally, because RAGE and

presumably also sRAGE are considered as pattern recog-

nition receptors [96], sRAGE would be able to prevent

ligand binding of other types of pattern recognition

receptors by trapping of their ligands.

Since RAGE shedding is inducible by several stimuli, it

is worth investigating the underlying mechanisms to

exploit this understanding to promote sRAGE production

in order to antagonize harmful effects mediated by

fl-RAGE. PMA is a potent activator of PKC. In addition to

RAGE, several other proteins known to be shed from the

cell surface display PMA stimulated shedding. Currently,

the mechanism of PMA stimulated ectodomain shedding is

poorly understood. Although some reports indicated that

PMA stimulated shedding is PKC-dependent, others gave

controversial results [97]. Intriguingly RAGE shedding is

PKC-dependent [86], suggesting that PKC agonists may be

beneficial to alleviate RAGE-mediated disorders. APMA

has been extensively used to activate recombinant MMPs

in vitro. These metalloproteinases are synthesized as

zymogens in which an unpaired cysteine residue of

the prodomain binds to the active site zinc ion. In vitro,

APMA reacts with the free thiol group of the zymogen and

stabilizes an active form of the enzyme that leads to

autoproteolytic processing of the propeptide [98]. Although

the mechanism by which APMA enhances RAGE shedding

was not addressed [86], the known ability of APMA to

activate the removal of prodomains from metalloproteinase

opens up the possibility that prodomains could play a role

in the regulation of RAGE sheddase in cells. Calcium

ionophores can activate a range of cell signaling path-

ways including PKC [99, 100], which may lead to

activation of metalloproteinases. This may explain the
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observed inducibility of RAGE shedding by ionomycin

[89] and calcium ionophore A23187 (Zhang L and Postina

R, unpublished data). Furthermore, it has been reported that

hydrogen peroxide induced RAGE shedding while anti-

oxidant inhibited RAGE shedding [88]. We observed that

chelerythrine enhanced RAGE shedding (Zhang L and

Postina R, unpublished data). This is in accordance with a

recent study reporting chelerythrine stimulated shedding of

HB-EGF in a ROS dependent manner [101]. Since chel-

erythrine was shown to induce intracellular ROS [102], it is

important to address the involvement of intracellular per-

oxides in the regulated ectodomain shedding of RAGE in

future studies.

Modulating RAGE shedding for AD therapy

Given the crucial role of RAGE in AD progression as

discussed in previous sections, RAGE represents a prom-

ising target for AD therapy. RAGE antibodies or sRAGE

have proved to be effective means to inhibit RAGE–Ab
interaction, prevent RAGE activation, block Ab influx

across the BBB and alleviate RAGE-mediated cellular

perturbation in AD. Furthermore, a set of compounds is

being developed as RAGE antagonists for RAGE-related

diseases. TTP488 (PF 04494700), an orally available small

compound that inhibits RAGE activation, is in phase IIa/IIb

clinical trials for AD patients. TTP488 is also in phase II

clinical trials for type 2 diabetes patients. Compared to

these approaches aiming at the RAGE molecule, manipu-

lation of RAGE shedding may be a better strategy to

prevent the progression of AD because RAGE shedding

would reduce the amount of harmful membrane-bound

RAGE and increase the amount of beneficial sRAGE

simultaneously. Indeed, the amount of membrane-bound

RAGE is elevated in the brain vasculature of AD patients

while the level of sRAGE is significantly reduced in the

plasma of AD patients compared with controls [92]. Given

the recent identification of ADAM10 and MMP9 as the

sheddases for RAGE, it is conceivable that elevated level

of membrane-bound RAGE in the brain vasculature as well

as the decrease of circulating sRAGE in the plasma may be

due to the decrease of either ADAM10/MMP9 expression

or ADAM10/MMP9 activity in AD patients. Consistent

with this assumption, ADAM10 has been reported to be

reduced in the platelets and CSF of AD patients [103, 104].

With regard to MMP9, the level of circulating MMP9 in

AD patient’s plasma has been studied by several different

groups. Although one group detected an increased level of

plasma MMP9 in AD patients [105], others found no sig-

nificant difference between AD patients and normal

controls. On the other hand, increased MMP9 expression

levels have been observed in AD brains, but MMP9 was

predominantly found in the latent or proenzyme form in the

proximity of extracellular amyloid plaques, and it was

proposed that the lack of MMP9 activation contributes to

the accumulation of insoluble Ab in plaques [106]. Whe-

ther a reduction of MMP9 activation contributes to a

decreased level of sRAGE in the plasma and a corre-

sponding elevated amount of membrane-bound RAGE in

the brain vasculature in AD needs to be addressed in future

studies.

The identification of ADAM10 and MMP9 as the pro-

teases responsible for ectodomain shedding of RAGE

provides an unprecedented opportunity to modulate these

enzyme activities for AD therapy. As shown in Fig. 3,

RAGE/Ab interaction creates a positive feedback loop to

execute and amplify neurotoxic effects mediated by RAGE

receptor–Ab ligand binding. Upon binding Ab, RAGE

initiates several branches of downstream signaling. In one

branch, increased ROS activates NF-jB, leading to

increased RAGE expression [21]. In another branch,

increased calcium activates NFAT, which upregulates

BACE expression and enzymatic activity, resulting in

elevated Ab generation by b-secretase [30]. If left uncon-

trolled, this ligand and receptor interaction will lead to the

generation of more and more ligand/receptor and severe

pathological consequences. Fortunately, RAGE is subject

to ectodomain shedding by ADAM10 and MMP9 and the

derived sRAGE can sequester Ab for systemic clearance

and antagonize Ab binding to cell surface RAGE, on one

hand blocking the amplification loop for more Ab and

RAGE generation, on the other hand inhibiting RAGE-

mediated transport of Ab into brain for aggregation. Fur-

thermore, ADAM10 and MMP9 enzymes play other

beneficial roles in alleviating AD development. ADAM10

acts as a-secretase for APP to produce neurotrophic and

neuroprotective sAPPa [4]. This antagonizes APP pro-

cessing by b-secretase BACE and reduces Ab production.

MMP9 can degrade both soluble Ab and tightly aggregated

Ab fibrils, while other Ab degrading enzymes including

endothelin-converting enzyme, insulin-degrading enzyme

and neprilysin can only degrade soluble Ab, implying the

significant contribution of MMP9 to clearance of plaques

in amyloid-laden brains [107]. In vivo studies further

demonstrated that pharmacological inhibition of MMPs

increased the brain interstitial fluid Ab level in an AD mice

model, and the Ab level was significantly increased in

MMP9 knockout mice [108].

The functional interaction between MMP9 and RAGE is

particularly reasonable in view of several aspects. First,

both molecules are expressed in human endothelial cells,

neurons, astrocytes, and microglia, thus giving the chance

to interact with each other. Second, increased expression

of both RAGE and MMP9 is found in Ab rich tissues

[35, 106]. Third, overexpression of both molecules is

RAGE shedding and Alzheimer’s disease 3929



involved in inflammation, tumor growth and migration,

atherosclerosis, multiple sclerosis and neurodegenerative

disorders such as AD. All these coincidences between

MMP9 and RAGE strongly support the possibility of

ectodomain shedding of RAGE by MMP9. Although

MMP9 has the potential to be utilized for AD therapy by

producing sRAGE and degrading Ab, MMP9 has been

shown to play detrimental roles in other diseases such as

stroke and metastasis. Thus, whether or not MMP9 is ben-

eficial or harmful may depend on several factors, including

the cellular sources, the extracellular environment and the

stage of lesion in the development of diseases.

RAGE shedding can be promoted via the increase of

ADAM10/MMP9 activity or expression to generate more

sRAGE. In contrast, specific ADAM10/MMP9 inhibitors

can be used to inhibit RAGE shedding. Given the complex

roles of RAGE and other receptors interacting with RAGE

ligands, the decision to activate or inhibit RAGE shedding

will depend on different physiological or pathological

contexts. But considering the overwhelming evidence that

supports pathogenic roles of RAGE in AD, it is tempting to

promote RAGE shedding for the benefits of AD patients. It

has been speculated that sRAGE–ligand complexes are

eliminated from the blood via the spleen and/or liver [109].

Considering this, enhancement of RAGE shedding will

give rise to clearance of circulating Ab from blood by

sRAGE. On the other hand, by shifting cell surface RAGE

into sRAGE, it is possible to reduce the uptake of Ab into

the brain and diminish membrane-bound RAGE-mediated

neurotoxicity.

A plethora of molecules have been characterized to

stimulate sheddase activities, especially for ADAM10, the

a-secretase for APP [4]. Considering the crucial involve-

ment of ADAM10 in RAGE shedding, we are at a great

advantage to exploit the current understanding of the

modulation of ADAM10 activity in the shedding of other

membrane proteins and put it in the context of RAGE

shedding. The neuropeptide pituitary adenylate cyclase-

activating polypeptide (PACAP) was shown to stimulate

ADAM10 activity resulting in the a-secretase cleavage of

APP and the production of sAPPa [110]. Although the

neuroprotective effects of PACAP have been attributed to

the activation of the non-amyloidogenic pathway of APP

processing, it is possible that PACAP-stimulated ADAM10

activity also enhances RAGE shedding and antagonizes

RAGE-mediated neurodegeneration. Further study to

examine the sRAGE level in AD animal models treated

with PACAP will be important to test this hypothesis and

provide valuable information on the promise of PACAP as

a small molecule modulator of RAGE shedding for AD
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Fig. 3 Potential roles of ADAM10 and MMP9 in preventing Ab
aggregation in the brain. Processing of APP by ADAM10 produces

neurotrophic sAPPa and precludes Ab production by BACE and

c-secretase. RAGE promotes influx of circulating Ab across the BBB,

which is antagonized by LRP-1-mediated efflux of Ab. RAGE

initiates ROS/NF-kB and calcium/NFAT axes to promote RAGE and

BACE transcription, respectively, which lead to further production of

the RAGE receptor and Ab ligand, forming a positive feedback.

Shedding of RAGE by ADAM10/MMP9 decreases the availability of

RAGE to bind and transport Ab. Furthermore, the derived sRAGE

can sequester Ab to inhibit its neurotoxicity and influx into the brain.

sRAGE also promotes Ab systemic clearance. MMP9 degrades both

soluble Ab and aggregated Ab fibrils, further lessening the Ab load in

the brain. Thus, modulation of ADAM10/MMP9 emerges as a novel

strategy for AD therapy
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therapy. PKC activator bryostatin and a synthetic analog

were recently reported to be able to increase a-secretase

activity and reverse Ab-induced abnormality in a cell

model [111]. Given the observation that cognitive restor-

ative and antidepressant effects of bryostatin are partly

mediated by the activation of PKC isozymes [112] and our

demonstration that RAGE shedding is PKC-dependent

[86], it will be very attractive to test the effects of bry-

ostatin and its analog on RAGE shedding and the ensuing

impact on AD progression. More importantly, bryostatin

has been used in dozens of clinical studies for treatment of

many kinds of cancer and the first clinical trial for AD

patients was initiated in 2008. Therefore, bryostatin and its

analog show promise for AD drug development. Abnormal

insulin and insulin-like growth factor (IGF)-1 signaling has

been implicated in AD besides type 2 diabetes [113]. The

IGF-1 signal is transduced via different pathways including

MAPK and phosphatidylinositol 3-kinase (PI3K) cascades

to stimulate a-secretase activity and increase the shedding

of the APP protein family [114]. Insulin can increase the

shedding of Klotho by stimulating ADAM10 activity via

the PI3K pathway without increasing ADAM10 mRNA

and protein levels [115]. Therefore, it is worth investigat-

ing the stimulating effects of insulin and IGF-1 on the

sheddase responsible for RAGE shedding and correlating

insulin, IGF-1, RAGE and sRAGE levels in samples from

AD patients. These studies will reveal whether the thera-

peutic effects of insulin and IGF-1 on AD are partly

mediated through modulation of RAGE shedding.

Conclusion

RAGE acts as a multi-ligand receptor that is able to bind a

range of ligands and therefore mediates various physio-

logical and pathological effects. RAGE is abnormally

upregulated in many situations of disease and consequently

contributes to these processes. Although the detailed

molecular mechanisms underlying these RAGE-mediated

disorders are far from being completely elucidated,

extensive research contributed by researchers from differ-

ent disciplines by employing a variety of strategies has

greatly advanced our understanding of RAGE. As a result,

insightful views have emerged regarding the development

of innovative diagnosis and therapy approaches against

RAGE-mediated diseases [116]. The identification and

utilization of sRAGE are the most distinguished among

these advances. A growing body of evidence suggests the

possibility of sRAGE as a biomarker for many RAGE-

related diseases, including AD, coronary artery disease,

rheumatoid arthritis, diabetes, hypertension and chronic

renal failure [117]. On the other hand, recombinant sRAGE

has been used to alleviate RAGE-mediated pathological

conditions. Therefore, sRAGE represents both a potential

biomarker and a promising therapeutic tool for RAGE-

mediated disorders. So it is desperately necessary to deci-

pher the generation and pathophysiologic functions of

sRAGE. While the predominant view holds that sRAGE is

derived from alternative splicing of mRNA, recent studies

from independent groups demonstrated clearly that RAGE

undergoes ectodomain shedding in both constitutive and

regulated manner. Several stimuli including PMA, AMPA

and calcium stimulate RAGE shedding and contribute to

sRAGE production. Furthermore, ADAM10 and MMP9

are characterized as the sheddases that mediate RAGE

shedding. Since ADAM10 is also engaged in reducing Ab
production and MMP9 in promoting Ab degradation, the

exciting findings that sRAGE can be derived from shedding

of RAGE by ADAM10/MMP9 open up a fascinating field

for modulation of RAGE proteolysis as a new therapeutic

approach against AD.
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