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Abstract

Previous studies indicate that the receptor for advanced glycosylation end products (RAGE) plays an important role in multiple pathological
processes, including Alzheimer’s disease. Currently there are three established isoforms of the RAGE receptor, with each isoform generated
as the result of alternative splicing. It is presently unclear which of the RAGE isoforms are normally expressed in the human brain, nor has
it been determined if additional RAGE isoforms exist in the human brain. In the present study we demonstrate for the first time that each of
the three established RAGE isoforms, as well as three previously unidentified RAGE splicing variants, are normally expressed in the human
brain. These data suggest that RAGE may have multiple functions in the human brain, mediated by the individual or coordinated efforts of the
different RAGE isoforms, with alternative splicing generating individual RAGE isoforms that specifically interact with the various ligands
present in the brain.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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The receptor for advanced glycosylation end products corporates a stop codon within the sequence. Because of the
(RAGE), is a multiligand receptor of the immunoglobulin su- insertion of this stop codon the SRAGE mRNA lacks exon 10
perfamily[1]. At present, there are three well-characterized and 11, which encode the trasmembrane domain of RAGE,
isoforms of the RAGE receptor, two of which are individually  resulting in SRAGE being releas¢ti7,23] The mRNA for
generated as the result of alternative spli¢2®]. Thesethree ~ NtRAGE retains intron 1, which like intron 9 contains a novel
RAGE isoforms are commonly referred to as the full-length stop codon, resulting in the loss of both exon 1 and exon 2.
RAGE receptor, secretory RAGE (SRAGE), and N-truncated This truncated version of full-length RAGE therefore lacks
RAGE (NtRAGE)[12,23] The full-length RAGE receptoris  the V-type immunoglobulin domain, but is otherwise identi-
an integral transmembrane protein with an extracellular do- cal to full-length RAGE, and is retained in the plasma mem-
main containing one variable (V-type) and two constant (C- brane[17,23] As a result of the deletion of the V-type im-
type) immunoglobulin domaing’]. Full-length RAGE also munoglobulin domain NtRAGE is significantly impaired in
contains a short hydrophobic domain that corresponds to aits ability to bind RAGE ligand$23].
single transmembrane domain, which is followed by a short A growing nhumber of studies now suggest that the role of
cytoplasmic domain that is essential for RAGE-mediated sig- RAGE signaling is not mediated by the sole action of any one
nal transductiorj7,17]. Secretory RAGE contains the same type of RAGE receptor, but is summation of the effects de-
immunoglobulin domains present in full-length RAGE re- rived from each of the different RAGE isoforrf518,19,22]
ceptor mRNA, but also contains part of intron 9, which in- To add to this complexity, recent studies in the rat liver and
rat kidney suggest that additional alternatively spliced RAGE
mspondmg author. Tel.: +1 859 257 1412x333: isoforms exisf7]. Taken tpgether, the_se data highlightthe im—
fax: +1 859 323 2866. portance of understanding the totality of RAGE expression
E-mail addressdnkell0@pop.uky.edu (J.N. Keller). present within individual tissues, and suggest that each of
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Fig. 1. Schematic illustration of the multiple RAGE splice isoforms found

in human brain. Open boxes represent the exons and shaded boxes indicat

introns in human RAGE sequence. The symhdirfdicates the position of

deletion occurred. Inserted shaded boxes represent read through introns.
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Fig. 2. Schematic representation of functional domains in RAGE splicing
isoforms. There are three immunoglobulin-like domains IBE) in full-

the RAGE receptor isoforms is expressed in a tissue specificlength RAGE, with the first one being V-type (variable region), followed
manner in order to cope with the specific ligands endogenousby two C-type (constant region). The first and third of these domains are

to an individual tissue.

RAGE receptors are predominantly studied for their

observed to be highly homologous to actual immunoglobulin domains, as
indicated by (ig). The numbers correspond to amino acid number and begin
with first methionine resude. Connecting lines indicate the deletion positions,

role in diabetes, inflammation, atherosclerosis, and cancerplack bars in SRAGE and SRAGE and red bar in NtRAGE represent the
[11,13,16,21]A number of recent studies have also indicated presence of a non-homologous additional amino acid sequence. S: signal

that RAGE signaling may play an important role in multiple

neurodegenerative conditions. For example, studies have in
dicated a probable role for RAGE in Crutzfield—Jakobs dis-

easq16], ischemia reperfusion injurf20], and Alzheimer’s
disease (ADJ)6]. At present the identification of which of the

sequence; E: extracellular region; M: transmembrane region; I: introcellular
region.

man RAGE reported previously in human lufig] (Fig. 1.
The full-length RAGE in human brain possessed each of the

established RAGE receptor isoforms are normally present in established functional domains described previo(is)23]
the human brain, and the identification of potentially novel (Figs. 2 and 3 In addition to this established form of full-
RAGE isoforms in the brain, has not been reported previ- length RAGE, a slightly truncated version of full-length hu-
ously. Such data are essential in beginning to elucidate theman RAGE was also identified in human braig. 1). This

specific role of RAGE signaling for both neurophysiological
and neuropathological processes in the human brain.

previously unidentified form of full-length RAGE possessed
a 13 base pair deletion of exon 10 and a 35 base pair deletion

In order to begin such studies we conducted studies usingin exon 11, resulting in a predicted deletion of 16 amino acids
human brain tissue obtained from the brain tissue bank from (Figs. 1 and 3 This unique form of full-length RAGE pos-
the Sanders-Brown Center on Aging, with hippocampal brain sessed an identical extracellular domain as full-length RAGE

tissue utilized for the generation of cDNA,5]. Two primers
were used for the cloning of individual RAGE isoforms with
the insertion oKpnl and Xbd restriction enzyme sites (un-
derlined): KpnS5: 5GGAGGTACCATGGCAGCCGGAA-
CAGCAGTTGG-3; XbaE3: 3-CACTCTAGATCAAGGC-
CCTCCAGTACTACTCTCG-8 The resulting fragments

(Figs. 1 and 2, but lacked a significant substantial amount of
the intracellular signal transduction domalid. 2).

The sRAGE isoform identified in human braiRig. 1),
was identical to the SRAGE sequence described in other tis-
sueqd7,9,23](Fig. 3). An additional SRAGE variant was iden-
tified in the human brairHig. 1). This previously unidentified

were isolated by agarose electrophoresis and then clonedsRAGE splice variant lacked 16 base pairs of exon 5, and 20
into the pGEM-3Z vector (Promega) followed by sequencing base pairs in exon 6-(gs. 1 and 2 This deletion results in
(Davis Sequencing Inc.). Pfu DNA polymerase (Promega) a predicted deletion of 12 amino acidsd. 3), which was

was utilized in PCR amplification. The National Center
for Biotechnology Information (Blast program) and Ex-
PASYy tools http://www.us.expasy.org/too)sivere utilized
for identification and analysis of individual sequences.

contained within the first constant immunoglobulin domain
of RAGE (Fig. 2.

The NtRAGE isoform of RAGE was also identified in hu-
man brain Figs. 1 and », and had a predicted amino acid se-

Our RT-PCR reaction generated six different PCR prod- quence identical to the established NtRAGE sequénes]
ucts, which were then cloned and sequenced. Sequence ana(Fig. 3). An addition splice variant isoform of NtRAGE was
ysis indicated the presence of full-length RAGE and five also identified in human brairFigs. 1 and 2 This variant

splice variants of full-length RAGHEHg. 1). The full-length
RAGE in human brain was identical to the full-length hu-

of NtRAGE contained intron 1 as described previously for
NtRAGE [23], but also contained intron 6, resulting in the
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RAGE MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEA
RAGEA MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEA
sRAGE MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEA
sSRAGEA MAAGTAVGAWVLVLSLWGAVVGAQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEA
NtRAGE ~  —————— - — -
NtRAGEA W === = - — i m e e
RAGE WKVLSPQGGGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQI
RAGEA WKVLSPQGGGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQT
sRAGE WKVLSPQGGGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQT
sRAGEA WKVLSPQGGGPWDSVARVLPNGSLFLPAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQI
NtRAGE ~ --—------——mmmmm MNRNGKETKSNYRVRVYQI
NtRAGEA W —=———m s MNRNGKETKSNYRVRVYQI
KRR KA KRRKKKERKKIKAKK

RAGE PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRH
RAGEA PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRH
sRAGE PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRH
sSRAGEA PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPL-=——===—===— TRRH
NtRAGE PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRH
NtRAGEA PGKPEIVDSASELTAGVPNKVGTCVSEGSYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRH
ek ok ok kK ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok kK k ok ok ek ok ok ok ok ok ok ok K *okok Kk

RAGE PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVPLEEVQL
RAGEA PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVPLEEVQL
sRAGE PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVPLEEVQL
sRAGEA PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVPLEEVQL
NtRAGE PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWEPVPLEEVQL

NtRAGEA PETGLFTLQSELMVTPARGGDPRPTFSCSFSPGLPRHRALRTAPIQPRVWGE--—-—-——--—

% %k %k %k ok ok %k ok ok ok ok ok ok ok ok %k ok ok ok %k ok ok ok ke ok %k ke ke ok %k ok ke ok ke ok ok ok ke ke ok ok ke ok ok ok ok ok ke

RAGE VVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYS
RAGEA VVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYS
sRAGE VVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYS
sRAGEA VVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYS
NtRAGE VVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMKDGVPLPLPPSPVLILPEIGPQDQGTYS
NtRAGEA --HRWGG---—--=-————————————— POAH----——-—— ==
* %* * Kk K
RAGE CVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGV
RAGEA CVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGV
sRAGE CVATHSSHGPQESRAVSISIIEPGEEGPTAG-——-—==———=——————————————————
sSRAGEA CVATHSSHGPQESRAVSISIIEPGEEGPTAG-—-———————————————————————————
NtRAGE CVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLALALGILGGLGTAALLIGV
NtRAGEA -VSTFWKSDP-=======——===—— === = ———— e —— e ——————
* % *
RAGE ILWQRRQRRGEERKAPENQEEEEERAELNQSEEPEAGESSTGGP
RAGEA ILWOQRRQRR-=======—====——=—— AELNQSEEPEAGESSTGGP
sRAGE ~~  --———- EGFDKVREAEDSPQHM-----———-—-—————————————
sRAGEA —--———- EGFDKVREAEDSPQHM-—---———=—————————————
NtRAGE ILWQRRQRRGEERKAPENQEEEEERAELNQSEEPEAGESSTGGP
NtRAGEA W —————— - m oo e

Fig. 3. Alignments of the amino acid sequences of the RAGE splicing isoforms. ExPASy tools are used to analyse the animo acid sequences ofadl.the isofor
Star %) indicates the homologous amino acids. Broken dash lines represent the deletion locations or truncated regions.

predicited addition of 18 amino acid&i. 3), and a loss  timal cycle number was established as being 21 cycles.
of exons 7-11Kig. 1). This novel NtRAGE isoform there-  Primers for analysis of full-length RAGE expression were
fore lacked the second constant immunoglobulin domain of identical to those described above and the primer pairs
RAGE (Fig. 2. used for measuring NtRAGE and sRAGE are as followed:
We next sought to elucidate the relative abundance of for NtRAGE, 3-GTGCTGGTCCTCAGTCTGT-3and 3-
the different RAGE isoforms in human brain. A one-step CCTTCTCATTAGGCACCAG-3, for sRAGE, 3-AGGC-
RT-PCR system (Invitrogen) was used to quantify the ex- GAGGAGGGGCCAAC-3 and 3-AAGGTGGGGTTATA-
pression level of full-length RAGE, NtRAGE, and sSRAGE CAGGAG-3. The relative expression levels of individual
as described previously by our laboratgdy5]. Based on RAGE isoforms data was obtained using the brains of four
pilot experiments and real time RT-PCR curves, the op- control patients (two males and two females). These patients
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800 currently underway to determine the functional significance
of this specific deletion to RAGE signaling. Similarly, the
novel forms of SRAGE and NtRAGE observed in the present
600+ T study lack significant portions of the constant immunoglob-
ulin domain present in the established SRAGE and NtRAGE
isoforms. It is highly likely that such modifications alter the
400+ ability of these novel RAGE isoforms to interact with spe-
cific ligands such as beta-amyloid. These data raise the very
real possibility that the cells of the brain utilize alternative
200+ splicing as a means of selectively altering RAGE expres-
sion in order to cope with specific ligands present within
ﬁ ’_r_l the brain. It will be important in future studies to determine
0 ‘ : ‘ the functional relevance of splicing variations to the ability
RAGE sRAGE NtRAGE of individual RAGE isoforms to interact with brain resident
RAGE ligands, such as beta-amyloid. Additionally, it will
Fig. 4. Relative expression level of three RAGE isoforms. Total RNA were be important to elucidate the expression of these individual
purified from four samples of human control brain (hippocampus) and semi- splice variants at the protein level, in order to understand the

guantitive RT-PCR methods utilized to measure the expression level of full- : : : :
length RAGE (RAGE), secretory RAGE (SRAGE), and N-truncated RAGE functional consequences of the splice variants observed in

(NtRAGE). Bars represent the average value of four samples. the present StUdy- ) ]
The present study demonstrates that in the human brain

there is a highly specialized regulation of RAGE expression,

were devoid of dementia and any neuropathology not at- and presumably RAGE function, via alternative splicing. The
tributable to normal aging, with an average age of 837222, multiple RAGE isoforms were not generated from a simple
postmorteminterval oflessthan 4 h, and average brain weightexon excision, but rather generated from at least two differ-
of 12174+ 91 g. Analysis of brain tissue from four control in-  ent forms of alternative splicing. For example, in the present
dividuals revealed that the levels of full-length RAGE and study we observed the read through of introns as well as the
NtRAGE are nearly identical in control human bralfid. 4). deletion of specific exon sequences. It is interesting to note
In contrast, the level of SRAGE was4 fold higher than ei- that when deletion of exon sequences was observed, it always
ther full-length RAGE or NtRAGEKig. 4), indicating that occurred in two adjacent exons, and never was observed to
SRAGE is the predominant RAGE isoform in the brains of occur in a single exon. In future studies it will be important
non-demented and neuropathology-free individuals. to identify the molecular mechanisms responsible for the al-

Our data demonstrate for the first time that multiple forms ternative splicing of RAGE.
of RAGE are expressed in the human brain, with human brain ~ Our data indicate that in the brains of control subjects,
possessing at least three previously unidentified isoforms of SRAGE is expressed at much higher levels than either full-
RAGE. length RAGE or NtRAGE. Previous studies have demon-

These data strongly suggest that the role of RAGE in both strated that SRAGE can bind to RAGE ligands, and thereby
neurophysiological and neuropathological processes is medi-prevent their binding to the full-length RAGE receptor lo-
ated through a complex interplay between the various RAGE cated in the plasma membraj3]. By inhibiting the bind-
isoforms, and is not mediated solely by the full-length RAGE ing of ligands to the full-length RAGE receptor, SRAGE pre-
receptor. Infuture studies examining the role of RAGE in neu- vents the initiation of full-length RAGE-induced signal trans-
rodegenerative conditions such as AD, it will therefore be of duction[15,23] This inhibition may be important to main-
critical importance to examine the contribution of multiple taining brain homeostasis, given that RAGE-induced signal
RAGE isoforms, and not solely focus on full-length RAGE. transduction is particularly potent at inducing RB- acti-
In particular, it will be important to determine if the level vation, which then strongly induces the expression of the
of individual RAGE isoforms, or the ratio of RAGE iso- full-length RAGE receptof8]. This feed forward pathway
forms, becomes altered in neurodegenerative conditions suctof full-length RAGE receptor activation promotes further
as AD. RAGE-induced signal transduction, through the generation

The presence of multiple RAGE isoforms in the human of full-length RAGE receptor expression, which is believed
brain may indicate that individual RAGE isoforms have to play an important role in many pathological conditions
highly specialized functions in the human brain. For example, such as atherosclerosis and diabd&#8,10] our data in-
the novel full-length RAGE variant observed in the present dicate that such a feed forward pathway may be prevented
study would be expected to bind the same ligands as normalin the control human brain by the high level expression of
full-length RAGE, but would not be expected toinduce asim- sRAGE. It is interesting to note that at least two forms of
ilar pattern of signal transduction, based on the fact that this SRAGE are evident in the control human brain, suggesting
novel variant of full-length RAGE lacks a significant portion that SRAGE function is highly specialized within the brain.
of the intracellular signal transduction domain. Studies are The novel NtRAGE variant observed in human brain lacks
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the trasmembrane domain, and may serve as an additional[5] Q. Ding, K. Reinacker, E. Dimayuga, V. Nukala, J. Drake, D.A.
secretory form of RAGE. Butterfield, J.C. Dunn, S. Martin, A.J. Bruce-Keller, J.N. Keller, Role

Taken together these data suggest that in the healthy hu- of the proteasome in protein oxidation and neural viability following

. ! . . low-level oxidative stress, FEBS Lett. 546 (2003) 228-232.

man brain a large amount. of RAGE expression is generated 6] R. Giri, S. Selvaraj, C.A. Miller, F. Hofman, S.D. Yan, D. Ster,
for the purpose of generating a secreted form of RAGE. Once B.V. Zlokovic, V.K. Kalra, Effect of endothelial cell polarity on
released, each of these secreted RAGE products would be ex-  beta-amyloid-induced migration of monocytes across normal and AD
pected to attenuate the ability of individual ligands to bind to endothelium, Am. J. Physiol. Cell Physiol. 283 (2002) 895-904.
the membrane-bound full-length RAGE receptor. Addition- [71 M-D. Giron, AM. Vargas, M.D. Suarez, R. Salto, Sequencing of

v th ted duct idi tina th two alternatively spliced mRNAs corresponding to the extracellular
ally these secreted products may aid In preventing the ag- domain of the rat receptor for advanced glycosylation end products

gregation of potential RAGE ligands, such as beta-amyloid, (RAGE), Biochem. Biophys. Res. Commun. 251 (1998) 230-234.
which would decrease the propensity of ligands to stimu- [8] H.P. Hammes, H. Hoerauf, A. Alt, E. Schleicher, J.T. Clausen, R.G.
late RAGE-induced signal transduction. The ability of se- Bretzel, H. Laqua, N(epsilon)(carboxymethyl)lysin and the AGE re-

creted RAGE to inhibit beta-amyloid aggregation would be ceptor RAGE coloca_lize in age-related macular degeneration, Invest.
. . Ophthalmol. Vis. Sci. 40 (1999) 1855-1859.

expected to not only reduce RAGE-induced signal transduc- [9] 1.H. Park, S.L. Yeon, J.H. Youn, J.E. Choi, N. Sasaki, I.H. Choi, J.S

tion b.Ut also prowdg a global benefit to the br:?un, p(.)S.SIb.|y Shin, Expression of a novel secreted splice variant of the receptor for

delaying or preventing the onset of beta-amyloid toxicity in advanced glycation end products (RAGE) in human brain astrocytes

the brain, which is believed to play a causal role in AD. and peripheral blood mononuclear cells, Mol. Immunol. 40 (2004)

Conversely, a loss of secreted RAGE expression may play  1203-121L.

. T . . . [10] T. Kislinger, C. Fu, B. Huber, W. Qu, A. Taguchi, S. Du Yan,
a causal role in the initiation of beta-amyloid toxicity, and M. Hofmann, S.F. Yan. M. Pischetsrieder, D. Stern, A.M. Schmidt,

directly Cont'ribu'[e to the .m.anifeStation of AD pathogenesis. N(epsilon)-(carboxymethyl)lysine adducts of proteins are ligands for
Understanding the beneficial effects of secreted RAGE recep-  receptor for advanced glycation end products that activate cell sig-
tor isoforms towards beta-amyloid toxicity is therefore not naling pathways and modulate gene expression, J. Biol. Chem. 274
only important to our understanding of RAGE signaling, but ___ (1999) 31740-31749. o

. . . - [11] H. Kuniyasu, Y. Chihara, H. Kondo, Differential effects between
may provide a potential therapeutic benefit in the treatment-

amphoterin and advanced glycation end products on colon cancer
of AD. cells, Int. J. Cancer 104 (2003) 722-727.
[12] P. Malherbe, J.G. Richards, H. Gaillard, A. Thompson, C. Diener,
A. Schuler, G. Huber, cDNA cloning of a novel secreted isoform of
ACknowledgements the human receptor for advanced glycation end products and charac-
terization of cells co-expressing cell-surface scavenger receptors and
. . Swedish mutant amyloid precursor protein, Brain Res. Mol. Brain
The authors wish to thank Dr William R. Markesbery for Res. 71 (1999) 159-170.
his continual support, and Dr Filomena Dimayuga for helpful [13] T. Miyata, Alterations of non-enzymatic biochemistry in uremia, di-
discussions. The authors also thank the faculty and staff ofthe ~ abetes, and atherosclerosis (“carbonyl stress”), Bull. Mem. Acad. R
Sanders-Brown ADRC research group for providing valuable Med. Belg. 157 (2002) 189-198.

. . . L ... . [14] M. Neeper, A.M. Schmidt, J. Brett, S.D. Yan, F. Wang, Y.C. Pan, K.
tissue and information. The ARDC brain tissue bank within Elliston, D. Stern, A. Shaw, Cloning and expression of a cell surface
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