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Brief Definit ive Report

Endogenous phospholipids such as lysophos-
phatidic acid (LPA) regulate cellular signal 
transduction cascades implicated in diverse 
homeostatic and pathological conditions, from 
vascular signaling and tumorigenesis to neu-
ropathic pain, as examples (Moolenaar et al., 
2004; Lin et al., 2010). Thus, it is not sur-
prising that the production of LPA is tightly 
regulated. The control of LPA levels occurs 
largely through the action of the enzyme au-
totaxin (atx), the principal source of LPA in 
the tissues (Georas, 2009; Pamuklar et al., 
2009). In the vasculature and in tumors, LPA 
stimulates cellular proliferation, survival, mo-
tility, invasion, and production of growth fac-
tors (Moolenaar et al., 2004; Lin et al., 2010). 
LPA exerts homeostatic effects in develop-
ment, but in adult organisms recrudescence 
of LPA signaling in stressed tissues is met 
with pathological responses such as neointi-
mal expansion and tumor growth and metas-
tasis (Moolenaar et al., 2004; Smyth et al., 
2008; Lin et al., 2010). Although it is known 

that LPA interacts with G protein–coupled 
receptors (GPCRs), not all LPA activities can 
be explained by GPCR signaling. A potential 
role for an intracellular receptor has been 
proposed; further, unidentified LPA receptors 
or possibly nonreceptor pathways have been 
implicated in the biological actions of this 
lipid (McIntyre et al., 2003; Choi et al., 2010; 
Chun et al., 2010). Despite the high interest 
in LPA signaling, the identity of non-GPCR 
receptors has remained elusive. Because the 
receptor for advanced glycation end products 
(RAGE) has been implicated in vascular sig-
naling, atherosclerosis, and tumorigenesis (Yan  
et al., 2010), we surmised that RAGE might 
mediate some of the biological effects of LPA 
and provide here substantial evidence in sup-
port of this hypothesis.
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The endogenous phospholipid lysophosphatidic acid (LPA) regulates fundamental cellular 
processes such as proliferation, survival, motility, and invasion implicated in homeostatic 
and pathological conditions. Hence, delineation of the full range of molecular mechanisms  
by which LPA exerts its broad effects is essential. We report avid binding of LPA to the 
receptor for advanced glycation end products (RAGE), a member of the immunoglobulin 
superfamily, and mapping of the LPA binding site on this receptor. In vitro, RAGE was 
required for LPA-mediated signal transduction in vascular smooth muscle cells and C6 
glioma cells, as well as proliferation and migration. In vivo, the administration of soluble 
RAGE or genetic deletion of RAGE mitigated LPA-stimulated vascular Akt signaling,  
autotaxin/LPA-driven phosphorylation of Akt and cyclin D1 in the mammary tissue of 
transgenic mice vulnerable to carcinogenesis, and ovarian tumor implantation and  
development. These findings identify novel roles for RAGE as a conduit for LPA signaling  
and suggest targeting LPA–RAGE interaction as a therapeutic strategy to modify the 
pathological actions of LPA.

© 2012 Rai et al.  This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
by-nc-sa/3.0/).
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Figure 1.  Direct binding of LPA to RAGE: SPR and NMR. (A) Binding of 218 nM LPA to the immobilized sRAGE surface on CM5 sensor chip and SPR 
sensorgrams. (B) A monolayer of POPC liposomes was formed on the flow cell 1 (dark blue), and a monolayer of LPA-POPC liposomes was formed on the 
flow cell 2 (dark red). (C) Binding of 4 nM sRAGE to the immobilized LPA surface on HPA sensor chip. (D) sRAGE does not bind to POPC liposomes immo-
bilized on flow cell 1 HPA sensor chip in sRAGE-LPA binding experiment (red curve). (E) SPR sensorgrams indicating that 1 µM sRAGE does not interact 
with immobilized S1P-POPC surface on flow cell 2 of the HPA sensor chip (dark red) and that sRAGE binds to LPA on flow cell 1 immobilized with LPA-
POPC as the positive control for binding interaction (blue curve). (F) Binding of 9 nM RAGE V domain to the immobilized LPA surface. (G) Binding of 1 µM 
RAGE C2 domain to the immobilized LPA surface on HPA sensor chip. (H) Surface representation of the V domain (PDB 3CJJ) colored by electrostatic field, 
showing the highly basic (blue) character of the LPA binding surface. (I) NMR chemical shift perturbations mapped on the structure of the V domain (PDB 
3CJJ) for LPA and Ca2+-loaded S100B. The significantly perturbed residues are highlighted in red. (J) 15N-1H HSQC NMR spectrum of 15N-enriched C2  
domain in the absence (black) and presence (red) of LPA. (K) Complete 15N-1H HSQC NMR spectrum of 15N-enriched C2 domain in the absence (black) and 
presence (red) of LPA. (L) Binding of 1 µM sRAGE with 1 µM BSA or 1 µM S100B to the immobilized LPA liposomes on HPA sensor chip (blue and red,  
respectively). SPR assays results shown are representative of three independent experiments.
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RESULTS AND DISCUSSION
LPA binds to RAGE primarily through RAGE V-type 
immunoglobulin domain
To test the hypothesis that LPA could induce signaling 
through RAGE, we first performed experiments to test for 
LPA–RAGE physical interaction. The extracellular portion 
of RAGE (soluble RAGE [sRAGE]) was immobilized on 
a carboxymethylated dextran CM5 chip and high affinity 
LPA binding was observed by surface plasmon resonance 
(SPR; Fig. 1 A). To confirm the interaction, we reversed 
the binding assay and examined the binding of sRAGE to  
immobilized LPA (18:1) 1-Palmitoyl-2-Oleoyl-sn-Glycero-
3-Phosphocholine (POPC; POPC-LPA 10:1 wt/wt) and 
POPC liposomes as a reference on the HPA sensor chip 
(Fig. 1 B). The SPR binding response in these experiments 
validated that sRAGE bound LPA (Fig. 1 C).

We next asked if distinct lipids bound to RAGE. POPC, 
a member of the phosphatidylcholine family of lipids, was 
used as a negative control (HPA chip flow cell 1) in the Bia
core SPR assay and did not bind RAGE (Fig. 1 D). Further-
more, we tested the sphingolipid sphingosine-1-phosphate 
(S1P). As shown in Fig. 1 E (red curve), S1P did not bind to 
RAGE with appreciable affinity. In Fig. 1 E, the blue curve 
represents positive control sRAGE-LPA binding.

It has been reported that ligand binding to RAGE occurs 
through the extracellular N-terminal V-type immunoglobu-
lin domain that is part of the extracellular VC1 structural 
module and possibly through the C2 domain (Leclerc et al., 
2007). To understand the mechanism by which RAGE binds 
LPA, the LPA-modified surface was used in SPR experi-
ments to further probe the binding of LPA to sRAGE using 
the isolated V domain and C2 domains. We observed high 
affinity binding of LPA to V domain with a dissociation con-
stant of (Kd) of 9 × 109 M (Fig. 1 F), nearly the same as that 
to full-length sRAGE. The interaction of the C2 domain to 
an LPA-modified surface was 1,000-fold weaker with the es-
timated Kd of 9 × 106 M (Fig. 1 G). Table 1 lists the associa-
tion and dissociation rates, and the Rmax and KD values for 
each of the above experiments.

Next, to confirm that LPA binds directly to RAGE, het-
eronuclear NMR experiments were performed using samples 
of 15N-enriched V and C2 domains. Titrations of the V do-
main with LPA resulted in selective broadening of the 
NMR signals. The residues most perturbed by the addition of 
LPA include Lys52, Val63, Trp72, Gly90, Gln100, Lys110, 

Tyr113, and Val115, which map to a specific basic surface  
on the V domain structure (Fig. 1 H) that is a logical site for  
interaction of negatively charged LPA. Previous work by our 
group and others has identified this surface as the site for 
binding the endogenous RAGE ligands S100B and AGE 
(Fig. 1 I; Dattilo et al., 2007; Koch et al., 2010; Xue et al., 
2011). In the titration of the C2 domain with LPA, a limited 
number of resonances exhibited perturbations in the inter-
mediate to fast exchange regimen on the NMR timescale 
(Fig. 1, J and K). These observations indicate that LPA physi-
cally interacts with RAGE; the interaction of the C2 domain 
with LPA is significantly weaker than that observed for the  
V domain and is consistent with the 1,000-fold weaker binding 
reported by SPR. To further investigate where LPA binds on 
RAGE, the SPR assay for binding to LPA was performed 
with preincubation of sRAGE with BSA (Fig. 1 L, blue 
curve) or S100B (Fig. 1 L, red curve). The observed suppres-
sion of LPA interaction by S100B, but not BSA, confirms 
that the two ligands bind to the same site on RAGE.

LPA-mediated Akt signal transduction in primary murine 
aortic smooth muscle cells (SMCs) requires RAGE
Based on these data, we tested the hypothesis that LPA initi-
ates signal transduction through RAGE. As the full repertoire 
of LPA receptors in SMCs is not fully clarified (Kim et al., 
2006; Panchatcharam et al., 2008), we performed experiments 
in primary murine aortic SMCs from wild-type and RAGE-
null mice. Activation of Akt and ERK was determined in 
wild-type and RAGE-null SMCs in response to LPA. We 
first performed a dose response study and found significant  
activation of Akt in SMCs treated with 1, 10, or 20 µM LPA 
(Fig. 2 A). We used a dose of 10 µM for all subsequent studies. 
Although LPA treatment activated Akt in wild-type SMCs, 
LPA-stimulated activation of Akt was not observed in RAGE-
null SMCs (Fig. 2 B). In contrast, LPA-stimulated ERK phos-
phorylation and the degree of activation did not differ between 
wild-type and RAGE-null SMCs (Fig. 2 C). These data sug-
gest that there are distinct functional receptors for LPA on 
SMCs, and that RAGE mediates the effects of LPA through 
Akt, but not ERK signal transduction.

Consistent with the binding of LPA to RAGE, equimolar 
concentrations of sRAGE blocked LPA-mediated phosphory-
lation of Akt in SMCs (Fig. 2 D). We performed gain- and loss-
of-function experiments in wild-type and RAGE-null SMCs. 
We transiently transfected wild-type SMCs with full-length 

Table 1.  RAGE binds LPA: data analysis from Biacore studies

Experiment ka (association rate) kd (dissociation rate) Rmax KD

1/Ms 1/s RU M
LPA to immobilized sRAGE 1.06 × 104 9.00 × 104 56 8.49 × 108

sRAGE to LPA liposomes 1.96 × 107 0.03 356 1.36 × 109

V domain RAGE to 
LPA liposomes

1.72 × 107 0.04 467 2.47 × 109

C2 domain to LPA liposomes 1.95 × 104 0.01 146 6.35 × 106
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Figure 2.  RAGE is a functional LPA receptor in vascular SMCs. (A) Quantified levels of phosphorylated/total AKT are shown in wild-type and RAGE-
null SMCs, upon 0 to 0.01–20 µM LPA stimulation. (B and C) Quantified levels of phosphorylated/total AKT (B) and ERK (C) are shown in wild-type and 
RAGE-null SMCs, upon 10 µM LPA stimulation at the indicated times. (D–G) Quantified levels of phosphorylated/total AKT induced by LPA were tested in 
the presence of sRAGE (D), in the presence of SMCs transfected with control vector, full-length RAGE or DN RAGE (E and F), or in RAGE-null SMCs trans-
fected with vector, or full-length RAGE (G). In E, RAGE levels are shown by Western blotting in transfected SMCs and, after probing with the primary anti-
RAGE antibody, blots were stripped and reprobed with antibody to GAPDH. (H) Real time PCR for LPA receptors 1–5 and RAGE gene products was 
performed, normalized to 18s transcript levels, and expressed as fold change comparing wild-type versus RAGE-null SMCs. (I) LPA1 receptor levels as 
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shown by Western blotting in wild-type and RAGE-null SMCs. After probing with the primary anti-LPA1 antibody, blots were stripped and reprobed with 
antibody to GAPDH. NS, not significant. (J) Transiently transfected scramble control (PBS) or scramble, LPA1 + LPA2 siRNAs, or RAGE siRNA–transfected 
primary murine aortic SMCs were stimulated with 10 µM LPA. Total lysates were subjected to Western blotting with antibodies against total AKT or p-AKT. 
Quantified levels of phosphorylated/total Akt in the wild-type–transfected SMCs are shown (fold changes are relative to control). **, P < 0.05. Assays  
results shown are representative of three independent experiments. Error bars represent SD.

 

RAGE or signaling-deficient, cytoplasmic domain–deleted 
dominant-negative (DN) RAGE (Fig. 2 E). LPA induced robust 
phosphorylation of Akt in RAGE-overexpressing SMCs 
compared with vector but failed to induce Akt phosphoryla-
tion in SMCs expressing DN-RAGE (Fig. 2 F). Transfection 
of RAGE-null SMCs with RAGE-expressing vector restored 
LPA-mediated phosphorylation of Akt compared with un-
transfected or vector-transfected SMCs (Fig. 2 G).

Next, to be certain that RAGE deletion did not impact 
the expression of the major LPA receptors of the GPCR 
family in SMCs, we determined the transcript levels for these 
receptors in both wild-type and RAGE-null SMCs (Fig. 2 H) 
and assessed protein expression of LPA1 receptor and its 
potential dependence on RAGE (Fig. 2 I). We found that 
LPA1, LPA2, and RAGE were the main LPA receptors on 
SMCs and that deletion of RAGE did not impact expression 
levels of LPA1-5. To determine the role of RAGE in LPA-
mediated activation of Akt in SMCs, we used siRNA to 
reduce expression of LPA1+2 or RAGE in these cells. 
Knockdown of LPA1+2 had no effect on LPA-mediated 
activation of Akt, but knockdown of RAGE significantly 
reduced LPA-stimulated Akt phosphorylation (Fig. 2 J).

In addition, we tested RH7777 cells, as these cells are de-
void of most LPA receptors (Valentine et al., 2008). As shown 

in Fig. 3 A only LPA2, LPA5, and RAGE, but not LPA1, 
LPA3, or LPA4 are expressed in these cells as shown by quan-
titative real-time PCR. When we overexpressed full-length 
RAGE in these cells, we found that stimulation with LPA 
resulted in a significantly higher degree of ERK phosphory-
lation compared with treatment of control or vector control-
transfected cells (Fig. 3 B). Hence, in the presence of only two 
non-RAGE LPA receptors (LPA2 and LPA5), overexpression 
of RAGE augmented LPA-dependent signaling.

RAGE-dependent vascular signaling: in vivo studies
To test if LPA serves as a RAGE ligand in vascular cells in vivo, 
LPA was infused into the left ventricles of wild-type and 
RAGE-null mice and activation of Akt was tested. In wild-type 
mice, LPA induced rapid (15 min) activation of Akt in vivo in 
SMCs as revealed by immunostaining of aorta tissue sections 
and Western blotting for detection of phospho-Akt. In con-
trast, RAGE-null mice displayed significantly less Akt phos-
phorylation in the aorta after administration of LPA (Fig. 4,  
A and B). Note that studies at later time points (30 and 60 min 
after LPA infusion) revealed that Akt phosphorylation was not 
simply delayed in RAGE-null mice, as there was no increase in 
pAkt/total Akt in either wild-type or RAGE-null mice after 
LPA infusion at 30 or 60 min after LPA infusion (Fig. 4 B).

Figure 3.  RAGE activates ERK in RH-7777 in rat hepa-
toma cells. (A) Real-time PCR for LPA receptors 1–5 and RAGE 
mRNA transcripts was performed in RH-7777 cells and normal-
ized to 18s transcript levels. The graphs show relative fold of LPA 
receptor transcripts in RH-7777 cells. Assays were performed in 
triplicate and results shown are representative of two indepen-
dent experiments. (B) Quantified levels of phosphorylated/total 
ERK are shown in RH-7777 rat hepatoma cells transfected with 
control vector, full-length RAGE, and upon 10 µM LPA stimula-
tion at the indicated times. Representative results from triplicate 
experiments and at least two independent experiments are 
shown. *, P < 0.05. Error bars represent SD.
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retrieved from RAGE-expressing or RAGE-null mouse 
aortas. Migration and proliferation responses to LPA in 
RAGE-null SMCs were significantly lower than those ob-
served in wild-type SMCs (Fig. 4, C and D, respectively). 

LPA displays chemoattractant effects in vascular SMCs 
(Panchatcharam et al., 2008; Smyth et al., 2008). To specifi-
cally test if RAGE contributed to LPA-mediated SMC  
migration and proliferation, we performed studies in SMCs 

Figure 4.  LPA infusion into mouse hearts activates Akt signal transduction via RAGE. (A) LPA (200 µl of a 100 µM solution) was infused directly 
into wild-type and RAGE-null mice left ventricles. Aortas were retrieved and confocal microscopy was performed on aortic tissue and subjected to immuno
staining for detection for p-Akt (15 min). The left column reveals staining with a p-Akt-specific antibody; the middle column reveals staining with mono-
clonal mouse smooth muscle actin antibody specific to SMC-actin; and the right column reveals the DAPI staining for nuclei. Bar, 100 µm. (B) Mice aortas 
were retrieved at the indicated times, lysed, and LPA-induced Akt phosphorylation was determined by Western blotting. (C and D) Wild-type and RAGE-
null SMCs were treated with 10 µM LPA, 10 µg/ml S100B, or 10 ng/ml platelet-derived growth factor (PDGF) for 5 or 48 h, and migration (C) and prolif-
eration (D), respectively, were assessed. Error bars represent SD. Assays were performed in triplicate and results are representative of three independent 
experiments. (E) Serum-starved RAGE-expressing SMCs and RAGE-null SMCs were scratched and treated with 10 µM LPA or 10 µg/ml S100B for  
18-h LPA-stimulated wound healing in RAGE-expressing SMCs but not in RAGE-null SMCs. RAGE ligand S100B was used as reference. Bar, 100 µm.  
Assays were performed in triplicate and results are representative of three independent experiments. *, P < 0.005.
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Figure 5.  RAGE is a functional LPA receptor on C6 glioma tumor cells and is required for atx/LPA-mediated signaling in vivo. (A) Relative ex-
pression of transcripts of LPA receptors. Real-time PCR for LPA receptors 1–5 and RAGE gene products was performed, normalized to 18s transcript levels, 
and expressed as fold change in C6 glioma cells. The graphs show relative fold of LPA receptor transcripts. Assays were performed in triplicate and results 
are representative of two independent experiments. Error bars represent SD. (B) Quantified levels of phosphorylated/total ERK in the C6, C6 full-length 
RAGE, and C6 DN-RAGE cells upon LPA stimulation (10 µM) at different times, determined by Western blotting are shown. Fold changes are relative to con-
trol. (C) Colony-forming unit assays were performed in C6 glioma cells in the presence of control vector, full-length RAGE, or DN RAGE in the presence of 
10 µM LPA or fetal bovine serum (10%). In B and C, ** indicates P < 0.05. Assays were performed and results are representative of three (B) and two  
(C) independent experiments. Error bars represent SD. (D–G) MMTV-atx mice were bred into the RAGE-null background and these mice and littermate 
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Similar patterns of migration and proliferation were noted 
in SMCs exposed to a distinct RAGE ligand, S100B (Fig. 4,  
C and D). However, incubation of SMCs with a non-RAGE 
ligand, PDGF, mediated comparable degrees of cellular mi-
gration in both wild-type and RAGE-null SMCs (Fig. 4 C). 
In addition, experiments in SMC wound healing assays con-
firmed roles for RAGE in LPA signaling (Fig. 4 E).

LPA–RAGE interaction mediates C6 glioma  
tumor cell phosphorylation of ERK  
mitogen-activated protein (MAP) kinase
As it was essential to test the role of RAGE in transducing 
the effects of LPA in a distinct cell type to support our hy-
pothesis, and because LPA and RAGE play key roles in the 
behavior of transformed cells, additional experiments were 
performed using C6 glioma cells stably expressing vector 
control, full-length RAGE, or DN-RAGE (Taguchi et al., 
2000). These cells express LPA1, LPA2, LPA3, and LPA4 re-
ceptors in addition to RAGE (Fig. 5 A), so our experiments 
were specifically designed to obtain evidence of signaling 
through RAGE. Activation of ERK MAP kinase is stimu-
lated by LPA in C6 glioma cells (Cechin et al., 2005). C6 gli-
oma cells stably expressing full-length RAGE revealed strong 
phosphorylation of ERK in response to LPA over 15-min 
stimulation, which was greater than that seen in vector alone 
cells (Fig. 5 B). In contrast, LPA-stimulated ERK phosphory
lation was not detected in stably expressing DN-RAGE C6 
cells (Fig. 5 B). We next performed colony-forming assays 
and show that compared with vector control C6 glioma 
cells, LPA induced a significant increase in colony-forming 
units in full-length RAGE-overexpressing cells. Furthermore, 
colony forming units were greatly reduced in the presence 
of DN-RAGE (Fig. 5 C). In contrast, exposure of C6 glioma 
cells to a general stimulus, fetal bovine serum (10%), stimu-
lated colony-forming units in a manner independent of RAGE 
overexpression or DN-RAGE (Fig. 5 C).

Role for RAGE in atx/LPA-mediated signaling  
in a murine model of mammary tumor development
In the above studies, we stimulated cells and animals exoge-
nously with LPA. To test if RAGE transduced the signals 
stimulated by endogenously produced LPA, we used trans-
genic mice overexpressing atx under the control of the mu-
rine mammary tumor virus (MMTV) LTR promoter, which 
enables control of the levels of LPA. Hence, LPA is produced 
endogenously in these mice. In the mammary tissues of 
MMTV-atx mice, phosphorylation of Akt and hyperplasia 
were previously shown to be significantly higher versus that 

observed in control wild-type mice of the FVB back-
ground (Liu et al., 2009). To test the impact of RAGE, we 
bred MMTV-atx mice into the RAGE-null background 
and compared findings to those observed in littermate 
MMTV-atx mice expressing RAGE, all in the FVB back-
ground (Fig. 5 D). Mammary glands were retrieved from 
female animals at age 6 wk to determine the effects of RAGE 
deletion on modulation of early signal transduction pathways 
implicated in tumor development (Liu et al., 2009). Com-
pared with MMTV-atx mice expressing RAGE, mammary 
glands retrieved from those mice devoid of RAGE revealed 
significantly less phosphorylation of Akt (Fig. 5 E) and phos-
phorylation of cyclin D1 (Fig. 5 F). Note that levels of atx 
in the mammary tissue did not differ between MMTV-atx 
mice expressing RAGE versus MMTV-atx mice devoid of 
RAGE (Fig. 5 G).

Blockade or genetic deletion of RAGE suppresses  
LPA-mediated tumor formation in vivo
As it is established that LPA enhances tumor implantation 
and metastasis of ID8 cells, a murine epithelial ovarian cancer 
cell line (Roby et al., 2000; Li et al., 2009), in immunocom-
petent C57BL/6 mice, we tested if there is a role played by 
RAGE. ID8 cells express RAGE (Fig. 6 A). When ID8 cells 
are injected by intraperitoneal administration, near complete 
dependence on LPA treatment to stimulate tumor growth 
and metastasis has been observed (Li et al., 2009). Daily 
injections of LPA versus PBS alone for 4 wk enhanced  
tumor implantation from ID8 cells in RAGE-expressing wild-
type mice (Fig. 6, C vs. B, respectively, and G). Tumors were 
present on the peritoneal wall, diaphragm, omentum, and 
mesentery, and on the surface of the spleen, liver, kidney, 
and small intestine.

To test the effect of RAGE, we used sRAGE and RAGE-
null mice. LPA-induced tumor numbers were significantly re-
duced in sRAGE-treated wild-type and RAGE-null groups 
(Fig. 6, D, F, and G). Thus, sRAGE and RAGE deficiency 
significantly affected LPA-induced tumor implantation and 
metastasis. The representative hematoxylin and eosin (H&E) 
staining of the tumors from all groups is shown in Fig. 6, H–L.

Based on comprehensive physicochemical and biological 
experimentation in vitro, in cellular systems, and in vivo, we 
identify RAGE as a previously unrecognized receptor for 
LPA and illustrate the complex signaling network induced by 
this biologically active phospholipid. Although a role for the 
strongly positive electrostatic potential at the ligand binding 
surface of RAGE is clearly evident, the mechanism of activa-
tion by the diverse chemical structures of the various RAGE 

RAGE-expressing MMTV-atx mice were studied. (D) Genotyping of MMTV-atx and RAGE mice. Left panel shows the genotyping of MMTV-atx mice; PCR  
was performed according to established protocols. Right panel shows the genotyping of RAGE-expressing (+/+), heterozygous (+/), and null (/) mice 
using protocols established in our laboratory. Note that Mouse #2 for example is an MMTV-atx+ (hemizygous)/RAGE-null mouse used in the studies.  
(E and F) At 6 wk of age, mammary tissue was retrieved and subjected to Western blotting for detection of phosphorylated/total Akt and phosphorylated/
total cyclin D1. n = at least 3 replicates per group; **, P < 0.005. Error bars represent SD. (G) Mammary tissue from wild-type, MMTV-atx/RAGE–expressing 
mice, and MMTV-atx/RAGE-null mice was retrieved at age 6 wk and subjected to Western blotting for detection of atx. n = 3 mice per group.
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ligands remains enigmatic. We do note, however, that our 
data reveal that RAGE does not bind POPC or S1P. Fur-
thermore, although RAGE ligands are chemically distinct, 

virtually all are produced in the process of damage and stress 
within the cellular microenvironment. Moreover, as shown 
elsewhere for other RAGE ligands and here for LPA, there is 

Figure 6.  RAGE is a functional LPA receptor: RAGE deletion and sRAGE block LPA-induced growth of implanted ID8 tumor cells. (A) RAGE 
expression is shown by Western blotting in ID8 ovarian cancer cells probing with the primary anti-RAGE antibody in murine SMC lysates (lanes 1 and 2) 
and murine ID8 cells (lanes 3 and 4). Assays were performed in triplicate and results are representative of two independent experiments. (B–L) ID8 ovarian 
cancer cells were implanted into immunocompetent wild-type mice receiving PBS (B), wild-type mice receiving LPA (C), wild-type mice receiving LPA and 
sRAGE (D), RAGE-null mice receiving PBS (E), and RAGE-null mice receiving LPA (F), and tumor numbers/cm2 on day 28 are shown, n = 5 per group (G). 
The dose of LPA was 200 µl of a 100 µM solution given per day. sRAGE (200 µl of a 50 µM solution/day for 28 d) was administered to mice in F. Bar, 3 mm. 
(H–L) Representative H&E stained images of tumors retrieved from the peritoneal cavity on day 28 of mice bearing ID8 cells tumors after the indicated 
treatments are shown. Bar, 100 µm. Error bars represent SD. **, P < 0.05.
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the subtraction of systematic instrument noise and drift. LPA was immobilized 
on the HPA sensor chip by solubilization in LPA liposomes.

LPA binding to the sRAGE immobilized surface. The carboxyl groups 
on the CM5 sensor chips were activated for 7 min using 0.1 M N-hydroxy-
succinimide and 0.4 M (N-ethyl-N-3-dimethylaminopropyl) carbodiimide 
mixed at 1:1 (vol/vol) ratio. In the coupling step, a 30 µl injection of 0.16 
mg/ml sRAGE (in sodium acetate buffer, pH 5.5) was flowed over the acti-
vated surface for 6 min. The remaining activated sites on the chip surfaces 
were blocked with a 35 µl injection of an ethanolamine hydrochloride solu-
tion (1 M, pH 8.5), followed by a 60-s wash with 2 M NaCl to remove any 
nonspecifically adsorbed materials. About 4,000 RU of the immobilized 
sRAGE proteins was obtained.

LPA dilutions were prepared in HBS buffer and injected sequentially 
over two flow cells at a flow rate of 10 µl/min. Surface regeneration was 
achieved using a 60-s injection of 2 M NaCl. The response curve was ob-
tained by subtraction of the signals over the reference surface from the bind-
ing response over RAGE immobilized surface.

sRAGE and domains binding to LPA immobilized surface. LPA li-
posomes were used to generate a stable mimic membrane on the HPA sensor 
surfaces. The 18:1 LPA, LPA-POPC (1:10, wt/wt) liposomes, S1P-POPC 
(1:10, wt/wt), and POPC liposomes were obtained from Encapsula Nano-
sciences. The chips were cleaned by washing with octyl glucoside for 1 min 
at 10 µl/min, and 0.5 mM liposomes as prepared above were passed over the 
flow cells for 25 min at 4 µl/min. The chips were washed with a 30-s injec-
tion of 50 mM sodium hydroxide twice to remove the loosely bound lipo-
somes to obtain stable base line. In a typical experiment, a monolayer of 
POPC was deposited in flow cell 1 and referred to as POPC surface.  
A monolayer of LPA-POPC or S1P-POPC was deposited in flow cell 2 and 
referred to as LPA-POPC or S1P-POPC surface.

The dilutions of sRAGE, V domain, and C2 domain were prepared in 
HBS buffer and injected sequentially over two flow cells at a flow rate of 
30 µl/min for 150 s. The response curves were obtained by subtraction of 
the response signals over POPC surface from the binding response over 
LPA-POPC surface and were analyzed using Biacore software.

NMR binding studies. Experiments were performed at 25°C on a Bruker 
DRX500 spectrometer equipped with a Z-axis gradient cryoprobe. LPA 
was titrated into a solution of 50 µM 15N-labeled V domain in 20 mM phos-
phate, pH 6.0, and perturbations in NMR signals were monitored by ac-
quiring 2D 15N-1H HSQC spectra. The corresponding experiments for C2 
were performed in 20 mM phosphate, pH 6.1. Acquired data were processed 
using Topspin 2.1 (Bruker) and analyzed using NMRViewJ. The ratios of 
intensities between spectra with and without LPA (I/Io) were calculated for 
all well resolved resonances. Chemical shift perturbations were measured 
using the equation  = [(0.17N)2 + (HN)2]1/2.

Cell lines and materials. Wild-type and RAGE-null primary murine aortic 
vascular SMCs were isolated and used through passage 5 to 7. Rat C6 glioma 
cells and McA-RH7777 rat hepatoma cells were obtained from American 
Type Culture Collection. Murine epithelial ovarian cancer ID8 cells were a 
gift from K. Roby (Kansas University Medical Center, Kansas City, KS).

Full-length and DN-RAGE cloning and mammalian expression in-
troduction of siRNA and transfection. Full-length RAGE cDNA was 
generated from lung cDNA (Takara Bio Inc.) and DN RAGE cDNA was 
generated as previously described (Taguchi et al., 2000). Where indicated, 
Nucleofector kits for primary SMCs were used (Lonza). RH7777 cells were 
transfected using lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. The constructs expressing human full-length, human DN 
RAGE, or control vector, and siRNAs against LPA1, LPA2, and RAGE, or 
scramble (negative control; Ambion) were electroporated into primary SMCs 
using the Nucleofector device according to the manufacturer’s protocol 
(Lonza). After 24 h, cells were stimulated with LPA and subjected to studies.

a distinct specificity within each class of ligands. Potent roles 
for RAGE have been demonstrated in multiple facets of 
chronic inflammatory diseases such as diabetes, atheroscle-
rosis, and tumorigenesis (Park et al., 1998; Hofmann et al., 
1999; Taguchi et al., 2000; Sakaguchi et al., 2003; Zhou et al., 
2003; Chen et al., 2004; Bu et al., 2010). The finding that 
LPA is a functional ligand for RAGE expands this repertoire 
of RAGE ligand families and sheds new light on settings in 
which LPA may contribute to disease pathogenesis.

We recently discovered that the cytoplasmic domain of 
RAGE binds to the formin mammalian diaphanous-1 (mDia1); 
in transformed cells, macrophages, and SMCs, mDia1 is es-
sential for RAGE ligand (AGE and S100B)–mediated activa-
tion of Rho GTPases and downstream signal transduction, 
formation of lamellipodia, and cellular migration (Hudson  
et al., 2008; Xu et al., 2010; Touré et al., 2012). Indeed, it has 
been shown that LPA regulates cellular morphology and inva-
sion in transformed cells and fibroblasts via a mechanism re-
quiring mDia1 through signaling cascades including GSK-3 
(Copeland and Treisman, 2002; Eng, et al., 2006; Kitzing,  
et al., 2007). Our recent work illustrates that SMC migration 
induced by S100B-RAGE signaling via mDia1 requires serine 
9 phosphorylation of GSK-3 (Touré et al., 2012) and the 
ROCK signaling pathway (Bu et al., 2010). In this context, it 
is important to note that in distinct cells—adult murine 
cardiomyocytes—RAGE ligands result in reduced serine 9 
phosphorylation of GSK-3 (Shang, et al., 2010), thereby 
highlighting the cell-type specificity of RAGE signals. Col-
lectively, these considerations provide a logical link to the 
biology of LPA and support integral roles for RAGE in 
transducing LPA-mediated signal transduction.

Previously reported LPA receptors are members of the 
GPCR family; thus, our studies identify a unique receptor of 
the immunoglobulin superfamily active in transducing LPA’s 
biological effects. Whether or not these receptor families func-
tion alone or in concert, and what are their precise mecha-
nisms of action, remain important questions that must be 
addressed in future studies. We conclude that optimal thera-
peutic strategies in vascular disease and tumors might include 
targeting LPA/RAGE-stimulated signal transduction.

MATERIALS AND METHODS
sRAGE, V domain, and C2 domain: expression and purification. 
Human sRAGE, V domain, and C2 domain proteins were expressed and 
purified as previously described (Park et al., 1998; Dattilo et al., 2007).

LPA and LPA liposomes. 18:1 LPA, 18:1 Lyso PA 1-oleoyl-2-hydroxy-sn-
glycero-3-phosphate (sodium salt), and S1P (d18:1) were purchased from 
Avanti Polar Lipids, Inc. The 100-nm-size LPA-POPC (1:10, wt/wt) lipo-
somes, S1P-POPC (1:10, wt/wt), and POPC liposomes were purchased 
from Encapsula Nanosciences.

SPR experiments. All experiments were performed at 25°C using a Biacore 
X with commercially available Biacore CM5 sensor chips or HPA sensor chips 
(GE Healthcare). HBS buffer (10 mM Hepes, pH 7.4, and 150 mM NaCl) was 
used as running buffer. Proteins were immobilized on the carboxymethyl 
dextran surface of flow cell 2 using amine-coupling chemistry with a flow rate 
of 5 µl/min. Flow cell 1 remained unmodified to serve as a reference cell for 
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22-gauge needle. Control animals received equal volumes of PBS. At the 
indicated times after injection, the aorta from the point distal to exit from the 
left ventricle to the clamp site was rapidly excised and placed in ice-cold 
buffer. Western blotting for detection of phospho/total Akt and immuno
histochemistry to detect phospho-Akt was performed. In the tumor model, 
mice were injected by the i.p. route with 5 × 106 ID8 cells in 1 ml PBS and 
LPA was administered daily (100 µmol/liter) in 200 µl PBS or PBS or LPA 
(100 µmol/liter) in 200 µl PBS and sRAGE (50 µmol/liter) in 200 µl PBS 
injections for 4 wk. Tumor implantation and development was recorded by 
counting the numbers and sizes of tumor foci on each organ. In other stud-
ies, MMTV-atx mice in the FVB genetic background (Liu et al., 2009), pro-
vided by G. Mills (University of Texas M.D. Anderson Cancer Center, 
Houston, TX), were bred into RAGE-null background (backcrossed >12 
generations into FVB). RAGE-expressing and RAGE-null MMTV-atx lit-
termate mice were sacrificed at 6 wk old and mammary tissue was collected 
and pooled for analysis by Western blotting.

Data analysis. The mean ± SD is reported. Statistical comparisons among 
groups were determined using one-way ANOVA. Where indicated, indi-
vidual comparisons were performed using Student’s t test.
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