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We reported that RAGE (receptor for advanced glycation end
products), amultiligand receptor of the immunoglobulin superfam-
ily expressed inmyoblasts, when activated by its ligand amphoterin
(HMGB1), stimulates rat L6 myoblast differentiation via a Cdc42-
Rac-MKK6-p38 mitogen-activated protein kinase pathway, and
that RAGE expression in skeletal muscle tissue is developmentally
regulated.We show here that inhibition of RAGE function via over-
expression of a signaling deficient RAGE mutant (RAGE�cyto)
results in increasedmyoblast proliferation,migration, and invasive-
ness, and decreased apoptosis and adhesiveness, whereasmyoblasts
overexpressing RAGE behave the opposite, compared with mock-
transfected myoblasts. These effects are accompanied by a decreased
inductionof theproliferation inhibitor, p21Waf1, and increased induc-
tion of cyclin D1 and extent of Rb, ERK1/2, and JNK phosphoryla-
tion in L6/RAGE�cyto myoblasts, the opposite occurring in
L6/RAGEmyoblasts.Neutralizationof culturemediumamphoterin
negates effects of RAGE activation, suggesting that amphoterin is
the RAGE ligand involved in RAGE-dependent effects inmyoblasts.
Finally, mice injected with L6/RAGE�cyto myoblasts develop
tumors as opposed to mice injected with L6/RAGE or L6/mock
myoblasts that do not. Thus, the amphoterin/RAGE pair stimulates
myoblast differentiation by the combined effect of stimulation of
differentiation and inhibition of proliferation, and deregulation of
RAGE expression inmyoblasts might contribute to their neoplastic
transformation.

Myogenesis is a multistep process in which the precursors of myofi-
bers, the myoblasts, first proliferate and then differentiate into fusion-
competent cells that finally fuse with each other to form myotubes
(1–3). A similar process occurs in mature skeletal muscles in case of
damage; quiescent, mononucleated cells, the satellite cells, that coexist
with myofibers, can be activated by a number of extracellular factors to
proliferate and then to differentiate as above to repair the damaged
myofibers (3). In both cases, proliferation and differentiation are sepa-

rate and mutually exclusive events that must occur sequentially in that
order.
Proliferation arrest is one critical step in the process of embryonic

myogenesis and muscle regeneration/repair (3). Either excessive or
defective myoblast and satellite cell proliferation can result in altered
skeletal muscle formation because myoblasts cannot activate promyo-
genic signaling pathways in the former case, and because of the low
density and insufficient cell-cell contacts that hamper myoblast fusion
intomyotubes in the second case. Thus, embryonic myogenesis and the
closely related muscle regeneration appear to be the net result of the
action of a cohort of factors that balance each others activities in a timely
and highly coordinated manner so as to assure a sized extent of muscle
tissue formation. These factors will assure an appropriate extent of
myoblast and satellite cell proliferation at sites of skeletal muscle forma-
tion during embryogenesis and in damaged muscles, respectively,
and/or will trigger the myogenic differentiation program in prolifera-
tion-arrested myoblasts and satellite cells. Thus, some of these factors
stimulate myoblast proliferation and differentiation (e.g. insulin and
insulin-like growth factors and their receptors), other factors promote
myoblast fusion intomyotubes (e.g.BOC,CDO, neogenin and its ligand,
netrin), whereas other factors inhibit myoblast proliferation and differ-
entiation (e.g. tumor necrosis factor-�, transforming growth factor-�,
and myostatin), and still other factors (e.g. basic fibroblast growth
factor, hepatocyte growth factor and, as recently shown, S100B) stimu-
late myoblast proliferation and/or modulate myoblast differentiation
(3–15).
We have reported that amphoterin (HMGB1) and its receptor for

advanced glycation end products (RAGE)3 promote rat L6 myoblast
differentiation and myotube formation by up-regulating the expression
of the muscle-specific transcription factor, myogenin, via a Rac1-
Cdc42-MKK6-p38 MAPK pathway (16). RAGE is a multiligand recep-
tor belonging to the immunoglobulin superfamily that has been impli-
cated in the regulation of several activities/processes such as protection
of neurons against stress and stress-induced neuronal death depending
on the nature of the ligand and the duration and intensity of its activation,
the inflammatory response, tumorigenesis and, as mentioned above, myo-
blast terminal differentiation (16, 17).Amphoterin (HMGB1), a lowmolec-
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ular weight protein with both intracellular and extracellular regulatory
activities (18), is one established RAGE ligand that is normally found in
serum and extracellular fluids (17, 19). Besides stimulating myogenesis
in vitro via RAGE activation, amphoterin has been shown to promote
skeletal muscle repair when administered to dystrophic mice, via stim-
ulation of measoangioblast homing into the diseasedmuscle tissue (20),
possibly via RAGE binding in the light of our previous data (16).
We found that overexpression of RAGE in L6myoblasts resulted in a

significant extent of myoblast differentiation and fusion into myotube
even in growth medium (GM, 10% fetal bovine serum (FBS)) and in an
acceleration of differentiation of myoblasts in differentiation medium
(DM, 2% FBS), whereas overexpression of a RAGE mutant lacking the
cytoplasmic and transducing domain (RAGE�cyto) resulted in a
reduced tendency of myoblasts in DM to differentiate, compared with
wild type and mock-transfected myoblasts (16). Overall, the activation
of the MKK6-p38 MAPK signaling pathway for the amphoterin/RAGE
pair to promote myoblast differentiation is in line with the notion that
p38 MAPK needs to be activated for terminal differentiation to take
place (21–24). Specifically, the amphoterin/RAGE pair might be one
trigger of the signaling cascade leading to p38 MAPK activation in dif-
ferentiating myoblasts.
In the present study we addressed the question whether RAGE

engagement inmyoblasts and the resulting p38MAPK activationmight
determine changes in myoblast proliferation as well as other processes
such as apoptosis, adhesiveness, migration, and invasiveness, which
characterize myoblast terminal differentiation and fusion into myo-
tubes (3).
We showhere that RAGE activation and signaling inmyoblasts result

in reduced proliferation, migration, invasiveness, and matrix metallo-
proteinase (MMP) 1 and 2 activity, and increased apoptosis and adhe-
siveness, and that these effects rely on amphoterin/RAGE-dependent
activation of p38 MAPK. We also show that inoculation into immuno-
compromised mice of myoblasts overexpressing a signaling-deficient
RAGEmutant, but not mock-transfected myoblasts or myoblasts over-
expressing full-length RAGE results in tumor formation.

EXPERIMENTAL PROCEDURES

Cell Culture Conditions, [3H]Thymidine Incorporation, Transfec-
tions, and Apoptosis and Luciferase Assays—Rat L6 myoblasts (clone
L6C31) were cultured for 24 h in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS (Invitrogen), 100 units/ml peni-
cillin, and 100 �g/ml streptomycin, in a H2O-saturated 5% CO2 atmo-
sphere at 37 °C before decreasing FBS to 2% to induce myoblast differ-
entiation. L6 myoblast clones stably overexpressing RAGE or
RAGE�cyto were selected and characterized as described (15). Experi-
ments were performed using mock-transfected, L6/RAGE and
L6/RAGE�cytomyoblasts in 10 or 2% FBS as indicated in the legends to
figures. The anti-amphoterin antibody (BD Pharmingen) used in some
experiments was shown to neutralize culture medium amphoterin (16).
For [3H]thymidine incorporation assay, myoblasts (25 � 103 cells/

well) were cultivated in 10% FBS for 24 h in 24-multiwell plates, washed
with DMEM, serum-starved for 24 h, washed with DMEM, and culti-
vated in DMEM in the presence of either 10 or 2% FBS for another 24 h
in the presence of 1�Ci of [3H]thymidine/ml. Parallelmyoblasts treated
in the same manner in the absence of [3H]thymidine were incubated
with HOECHST 33258 (bisbenzimidazole) as described (25) to normal-
ize incorporated [3H]thymidine to DNA content.

For cell number measurements, myoblasts were cultivated in 10%
FBS for 24 h in 96-multiwell plates at a density of 4 � 103 cells/well and
then in DMEM in the presence of either 10 or 2% FBS for 1–7 days. Cell

density was measured by a tetrazolium-based (MTT) colorimetric
assay.
To analyze the cell cycle and measure apoptosis, myoblasts were

seeded onto 35-mm plastic dishes (18 � 104 cells/dish) in 10% FBS for
24 h, washedwithDMEM, and cultivated for 24 or 48 h inDMEM in the
presence of either 10 or 2% FBS. Cells were stained with propidium
iodide in hypotonic buffer and subjected to fluorescence-activated cell
sorting (FACS) analysis as described (26). This procedure allows the
determination of the percentage of apoptotic (hypodiploid) nuclei as
well as that of normal (diploid) nuclei in the same cell population irre-
spective of the cell volume. In experiments performed in the presence of
the p38 MAPK inhibitor, SB203580 (Calbiochem) (2 �M, final concen-
tration), control cells received an equal volume of vehicle (dimethyl
sulfoxide). FACS analysis was also employed to measure the mean cell
volume as described (27).
Transient transfections were carried out using Lipofectamine 2000

(Invitrogen) as recommended by the manufacturer. Briefly, myoblasts
cultured in 10% FBS without antibiotics were transfected with the
reporter gene p21Waf1-luc, reporter gene cyclinD1-luc, or empty vector.
After 6 h, cells were cultivated in 10 or 2% FBS, as indicated in the figure
legends. After another 24 h cells were harvested to measure luciferase
activity. p21Waf1 and cyclin D1 promoter transcriptional activities were
normalized for transfection efficiency by cotransfecting cells with a
cDNA encoding green fluorescent protein. The percentage of green
fluorescent protein-positive cells (20 to 25%) was determined by FACS
analysis.

Western Blot Analyses—Todetect phosphorylated and total extracel-
lular signal-regulated kinase (ERK) 1/2, phosphorylated and total c-Jun
NH2-terminal protein kinase (JNK), phosphorylated and total retino-
blastoma suppressor protein Rb, tubulin, caspase-3, Bcl-2, integrin �1,
VCAM, NCAM, and caveolin-3 in myoblast extracts by Western blot-
ting, myoblasts were cultivated as detailed in the legend of pertinent
figures, washed twice with PBS, and solubilized with 2.5% SDS, 10 mM

Tris-HCl, pH 7.4, 0.1 M dithiothreitol, 0.1 mM tosylsulfonyl polyclonal
chloromethyl ketone protease inhibitor (Roche). The following anti-
bodies were used: polyclonal antibody specific to phosphorylated
(Thr202/Tyr204) ERK1/2 (1:1,000, New England BioLabs), polyclonal
anti-ERK1/2 antibody (1:5,000, Sigma), polyclonal anti-phosphorylated
(Ser807/Ser811) Rb antibody (1:1,000, Cell Signaling Technology), poly-
clonal anti-Rb antibody (1:1,000, Cell Signaling Technology), mono-
clonal anti-�-tubulin antibody (1:10,000; Sigma), polyclonal anti-
caspase-3 antibody (1:1,000; Cell Signaling Technology), polyclonal
anti-Bcl-2 antibody (1:1,000; BD Pharmingen), monoclonal anti-inte-
grin �1 antibody (1:2,000; BD Transduction Laboratories), monoclonal
anti-VCAM antibody (1:2,000; BD Pharmingen), monoclonal anti-
NCAMantibody (1:2,000; Sigma), andmonoclonal anti-caveolin-3 anti-
body (1:2,000; BD Transduction Laboratories). The immune reaction
was developed by enhanced chemiluminescence (ECL) (SuperSignal
West Pico, Pierce).

Adhesion, Migration, and Invasiveness Assays, and F-actin Staining—
For adhesion experiments, mock-transfected, L6/RAGE, and L6/RAGE�
cytomyoblasts (50 � 103 cells in 0.1 ml of DMEM containing 10% FBS)
were seeded into each well, incubated for 3 h, and further processed as
described (28, 29). The supernatant with non-adherent cells was
removed by two washes with warmed culture medium. Attached cells
were fixed with 30%methanol/ethanol for 15min at room temperature,
stained with 0.1% crystal violet (Sigma) in PBS, extensively washed with
distilled water, and dried at room temperature. The dye was resus-
pended with 50 �l of 0.2% Triton X-100/well, and color yield was meas-
ured using an enzyme-linked immunosorbent assay reader at 590 nm.
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Formigration assay, we used Boyden chambers (pore size, 8�m) (BD
Biosciences). Individual myoblast clones (5 � 104 cells in 0.5 ml of
DMEM) were placed in the upper chamber, and 0.75 ml of DMEM
containing 10% FBS was placed in the lower chamber. After 20 h in
culture, cells on the upper side of the filters were removed with cotton-
tipped swabs, and the filters were fixed in methanol for 2 min and
stained with 0.05% crystal violet in PBS for 15 min. Cells on the under-
side of the filters were viewed and counted under a microscope. Each
clone was plated in triplicate in each experiment. For the invasiveness
assay, conditions were as described for migration assay except that bio-
coat Matrigel invasion chambers (pore size, 8 �m) (BD Biosciences)
were used.
For F-actin staining, myoblasts were seeded onto 13-mm glass cov-

erslips in plastic multiwell dishes (7.5 � 104 cells/dish) in DMEM con-
taining 10% FBS for 24 h andwashed in PBS. Cells were then fixed for 10
min in 3.7% paraformaldehyde in PBS, extensively washed with PBS,
permeabilized with 0.1% Triton X-100 in PBS for 2 min, washed again,
and incubated with fluorescein-labeled phalloidin (Sigma) (1:250 in
PBS) for 1 h in a humid chamber at room temperature. After three
washes in PBS, the cells weremounted in 80% glycerol, containing 0.02%
NaN3 and p-phenylenediamine (1 mg/ml) in PBS to prevent fluores-

cence fading and viewed on a Leica DM Rb fluorescence microscope
equipped with a digital camera.

Gelatin Zymography—Mock-transfected, L6/RAGE, and L6/RAGE�
cyto myoblasts were cultivated in a 150-cm2 flask in DMEM containing
10% FBS, after which the supernatant was collected, centrifuged to remove
detached cells, and concentrated. The protein concentration of the super-
natants was determined using the Bio-Rad proteinmicroassay systemwith
bovine serum albumin as a standard. Samples were stored at �70 °C until
use. Aliquots (10 �g of total protein per sample) were electrophoresed at
constant voltage on a 10% polyacrylamide gel containing 2 mg/ml of
gelatin. The gels was rinsed three times for 15min in 2.5% Triton X-100
to remove SDS and renature the proteins and then incubated in MMP
activation buffer (50 mMTris-HCl, pH 7.5, with 5mMCaCl2) for 24 h at
37 °C with constant shaking. Gels were stained overnight in 0.5% Coo-
massie Blue R-250 and destained for 1 h in 40% methanol, 10% acetic
acid. Proteinase activity was quantified by densitometric scanning.

In Vivo Tumor Growth—For tumor growth in vivo, female (NOD/
SCID) mice weighing �20 g were inoculated subcutaneously with 5 �
106 L6/wt, L6/RAGE�cyto, or L6/RAGE myoblasts and monitored for
�3.5months. Themice were sacrificed by cervical dislocation. Consent
was obtained by the Ethics Committee of the University of Perugia.

FIGURE 1. The amphoterin/RAGE pair negatively regulates myoblast proliferation. A, L6/mock, L6/RAGE�cyto, and L6/RAGE myoblasts were cultivated for 24 h in GM (10% FBS)
and serum-starved for another 24 h. Then, the medium was renewed in one series of cells (GM), whereas another series of cells was switched to differentiation medium (2% FBS) (DM).
Parallel cells not serum-starved were given 2.5 �g/ml of an anti-amphoterin antibody at the time of the switch to DM. The control experiment performed with 2.5 �g/ml non-immune
IgG (that gave similar results to the DM series without additions) is not shown. [3H]Thymidine (1 �Ci) was added to myoblasts at the time of culture medium renewal or switch, and
cells were cultivated for 24 h before processing for [3H]thymidine incorporation. B and C, same as in A except that after culture medium renewal (B) or switch to DM (C), myoblasts were
cultivated for the times indicated and processed by MTT assay. D and E, same as in A except that after culture medium renewal (D) or switch to DM (E), myoblasts were cultivated for
another 24 or 48 h as indicated and subjected to FACS analysis to measure the fractions of cells in the Go/G1, S, and G2/M phases of the cell cycle. F, same as in E except that at the time
of the culture medium switch to DM, myoblasts received either 2.5 �g/ml non-immune IgG or 2.5 �g/ml of an anti-amphoterin antibody for 48 h. Averages of three independent
experiments � S.D. Asterisk, significantly different from control ([3H]thymidine incorporation in L6/mock myoblasts in GM) (p � 0.05) (A); asterisk, significantly different from internal
control (individual phases of the cell cycle in L6/mock myoblasts) (p � 0.05) (D–F).

Rage Inhibits Myoblast Proliferation and Tumor Formation

8244 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 12 • MARCH 24, 2006

 by guest on July 27, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Tumor masses were excised and weighed, and tumor volume was cal-
culated by the equation: tumor volume � x2y/2, where x and y corre-
spond to the width and thickness of the tissue, respectively. Tumors
were then fixed with 4% paraformaldehyde in PBS (2 days at 4 °C),
extensively washed in PBS, and paraffin-embedded. Sections were
stained with hematoxylin/eosin, and histopathology was performed by
an independent pathologist.

Statistical Analysis—The data were subjected to analysis of variance
with SNK post-hoc analysis using a statistical software package (Graph-
Pad Prism version 4.00, GraphPad Software, San Diego, CA). Statistical
significance was assumed when p � 0.05.

RESULTS

RAGE Activation in Myoblasts Reduces Proliferation and Stimulates
Apoptosis: Role of Amphoterin and p38 MAPK—L6/RAGE�cyto myo-
blasts incorporated more [3H]thymidine and L6/RAGE myoblasts
incorporated less [3H]thymidine than did L6/mockmyoblasts in both GM
andDM(Fig. 1A). ByMTTassay, a larger number of L6/RAGE�cytomyo-
blasts and a smaller number of L6/RAGEmyoblastswere obtained at any
day of cultivation in both GM (Fig. 1B) and DM (Fig. 1C) between days
1 and 7, compared with L6/mock myoblasts. Moreover, after 1 and 2
days of cultivation in both GM (Fig. 1D) and DM (Fig. 1E) by FACS
analysis a larger fraction of L6/RAGE�cyto myoblasts and a smaller
fraction of L6/RAGE myoblasts were in the S and G2/M phases of the
cell cycle (with a low percentage of L6/RAGEmyoblasts in G2/M phase
at 48 h, pointing to the inability of these cells to complete cell division),

and a smaller fraction of L6/RAGE�cytomyoblasts and a larger fraction
of L6/RAGE myoblasts were in the G0/G1 phase, compared with
L6/mock myoblasts. Collectively, these data suggested that RAGE
might transduce an antiproliferative signal in myoblasts.
Neutralization of culture medium amphoterin with an anti-ampho-

terin antibody (16) resulted in an increased [3H]thymidine incorpora-
tion by L6/RAGE and L6/mock myoblasts compared with their respec-
tive controls, and no effects in the case of L6/RAGE�cyto myoblasts
(Fig. 1A). Notably, on administration of anti-amphoterin antibody the
levels of [3H]thymidine incorporation were similar in the three L6
clones under study. Neutralization of the culture medium amphoterin
with an anti-amphoterin antibody also reduced the fractions of
L6/mock and L6/RAGE myoblasts in the G0/G1 phase and increased
those in S and G2/M phases, whereas without an effect on
L6/RAGE�cyto myoblasts (Fig. 1F). Thus, amphoterin appeared to
exert a regulatory role on myoblast proliferation, promoting prolifera-
tion arrest via RAGE engagement and stimulation of RAGE transducing
activity. This effect of amphoterin would add to the reported promyo-
genic activity of the protein via activation of a RAGE-Cdc42-Rac-
MKK6-p38 MAPK pathway (16).
In addition to reduced proliferation, L6/RAGEmyoblasts exhibited a

larger extent of apoptosis than did L6/mock myoblasts which in turn
showed a larger extent of apoptosis than did L6/RAGE�cyto myoblasts
in both GM and DM, with larger percentages in DM than in GM as
expected, after 1 day of cultivation (Fig. 2A). Similar results were
obtained after 2 days of cultivation (Fig. 2A). Also, neutralization of

FIGURE 2. The amphoterin/RAGE pair stimu-
lates apoptosis and inhibits proliferation via a
p38 MAPK-dependent mechanism in L6 myo-
blasts. A, conditions were as described in the leg-
end to Fig. 1, D and E, except that FACS analysis
was employed to measure apoptosis in individual
L6 clones. B, same as in A except that at the time of
the culture medium switch to DM, myoblasts
received either 2.5 �g/ml non-immune IgG (con-
trol) or 2.5 �g/ml of an anti-amphoterin antibody
for 48 h. C, same as in A except that at the time of
the switch to DM, myoblasts received 2 �M

SB203580 (an inhibitor of p38 MAPK) in Me2SO or
an equal volume of Me2SO (control) for 48 h before
FACS analysis to measure the fractions of cells in
the G0/G1, S, and G2/M phases of the cell cycle. D,
same as in C except that FACS analysis was
employed to measure apoptosis in myoblasts in
DM. E, myoblasts were cultivated 24 h in GM and
then 24 h in DM, and subjected to Western blot-
ting with either an anti-caspase-3 antibody to
detect the fraction of activated caspase-3 or an
anti-Bcl-2 antibody to detect Bcl-2 in individual L6
clones. Numbers on top of lanes refer to the fraction
of activated caspase-3 relative to total caspase-3
or the fraction of Bcl-2 in L6/RAGE�cyto and
L6/RAGE myoblasts relative to L6/mock myoblasts
after normalization to tubulin as analyzed by den-
sitometry. Mock, �, and R in E stand for L6/mock,
L6/RAGE�cyto, and L6/RAGE myoblasts, respec-
tively. Averages of three independent experi-
ments � S.D. (A–D). One representative experi-
ment of three (E). Asterisk in A, significantly
different from control (percentage of apoptotic
cells in L6/mock myoblasts after 24 h in GM,
respectively), p � 0.05; asterisk in B and D, signifi-
cantly different from control (percentage of apop-
totic cells in L6/mock myoblasts after 48 h in DM),
p � 0.05; asterisk, significantly different from inter-
nal control (C) (individual phases of the cell cycle in
L6/mock myoblasts), p � 0.05.
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culture medium amphoterin reduced apoptosis in both L6/mock and
L6/RAGEmyoblasts, whereas without effect in the case of L6/RAGE�cyto
myoblasts (Fig. 2B), suggesting that amphoterin was the RAGE ligand
involved in RAGE-dependent stimulation of myoblast apoptosis.
RAGE-dependent activation of p38 MAPK (16) was responsible for

RAGE-mediated effects on myoblast proliferation and apoptosis. In
fact, treatment with the p38 MAPK inhibitor, SB203580, reduced the
fraction of L6/RAGE and L6/mockmyoblasts in the S and G2/M phases
of the cell cycle and decreased the fraction of these cells in the G0/G1

phase, without affecting L6/RAGE�cyto myoblasts (Fig. 2C), and
decreased apoptosis in L6/RAGE, L6/RAGE�cyto, and L6/mock myo-
blasts (Fig. 2D), probably because of lack of inhibition of Raf activity
under these conditions (30).
RAGE-dependent regulation of myoblast apoptosis was further

investigated by analyzing the levels of activated caspase-3 and the anti-
apoptotic factor, Bcl-2. We found that L6/RAGE�cyto myoblasts in
GMandDMexhibited a smaller extent and L6/RAGEmyoblasts exhib-
ited a larger extent of caspase-3 activation, compared with L6/mock
myoblasts (Fig. 2E). Also, L6/RAGE�cyto myoblasts exhibited
higher levels and L6/RAGEmyoblasts exhibited lower levels of Bcl-2,
compared with L6/mock myoblasts (Fig. 2E), suggesting that RAGE
signaling might negatively regulate Bcl-2 expression in myoblasts.
Collectively, these data suggested that, besides promoting myoblast
differentiation (16), RAGE activation by amphoterin might cause pro-
liferation arrest and promote apoptosis in myoblasts via stimulation of
p38 MAPK.

RAGE Activation in Myoblasts Increases p21Waf1 Induction and
Reduces Cyclin D1 Induction and Rb Phosphorylation—Because
increased levels of the proliferation inhibitor p21Waf1 and decreased
levels of cyclin D1 and extents of Rb phosphorylation accompany
myoblast proliferation arrest and differentiation (24, 31–33), we next
analyzed the role of the amphoterin/RAGE pair in p21Waf1 and cyclin
D1 induction and extent of Rb phosphorylation. In both GM and
DM, L6/RAGE�cyto myoblasts exhibited a smaller induction of
p21Waf1, a larger induction of cyclin D1, and higher levels of phos-
phorylated Rb, whereas the opposite was observed in L6/RAGEmyo-
blasts, compared with L6/mock myoblasts (Fig. 3, A–C). Neutraliza-
tion of culture medium amphoterin reduced the levels of p21Waf1

induction in L6/RAGE and L6/mock myoblasts to nearly those
detected in L6/RAGE�cyto myoblasts (Fig. 3A). Similarly, neutral-
ization of culture medium amphoterin resulted in an increase in
cyclin D1 induction (Fig. 3B) and the extent of Rb phosphorylation
(Fig. 3D) in L6/RAGE and L6/mock myoblasts to the levels observed
in L6/RAGE�cyto myoblasts. These data suggested that induction of
p21Waf1 and cyclin D1 and the extent of Rb phosphorylation in myo-
blasts is under the control of the amphoterin/RAGE pair signaling.
Thus, we concluded that the amphoterin/RAGE pair might trans-
duce antiproliferative signals in myoblasts via up-regulation of
p21Waf1 induction, down-regulation of cyclin D1 induction, and
reduction of Rb phosphorylation.

RAGE Activation in Myoblasts Results in ERK1/2 and JNK
Inactivation—We have previously shown that the amphoterin/RAGE
pair stimulates myogenic differentiation via a Rac1-Cdc42-MKK6-p38
MAPK pathway (16), and data in Figs. 1 and 2 suggest that amphoterin/
RAGE-dependent inhibition of myoblast proliferation and stimulation
of myoblast apoptosis alsomight rely on p38MAPK activation. Because
ERK1/2 and JNK are known to exert pro-mitogenic and/or pro-survival
effects in myoblasts (15, 34), we next analyzed the extent of their phos-
phorylation (activation) in the three L6 myoblast clones under study.
Higher levels of phosphorylated ERK1/2 (Fig. 4A) and JNK (Fig. 4B)

were detected in L6/RAGE�cyto myoblasts in GM compared with
L6/RAGE and L6/mock myoblasts, and low extents of ERK1/2 or JNK
phosphorylation were observed in L6/RAGEmyoblasts in DM (Fig. 4,A

FIGURE 3. The amphoterin/RAGE pair stimulates p21Waf1 induction and reduces cyclin
D1 induction and Rb phosphorylation in L6 myoblasts. A, L6/mock, L6/RAGE�cyto, and
L6/RAGE myoblasts were cultivated for 24 h in GM (10% FBS) after which individual clones
were transiently transfected with the p21Waf1-luc reporter gene, further cultivated in GM or
DM for 24 h as indicated, and processed to measure luciferase activity. Parallel cells were
given 2.5 �g/ml of an anti-amphoterin antibody at the time of the switch to DM. The control
experiment performed with 2.5 �g/ml non-immune IgG (that gave similar results to the DM
series without additions) is not shown. B, same as in A except that individual L6 clones were
transiently transfected with cyclin D1-luc reporter gene. C, L6/mock, L6/RAGE�cyto, and
L6/RAGE myoblasts were cultivated for 24 h in GM (10% FBS) after which the culture medium
was either renewed (GM) or switched to 2% FBS (DM). Cells were cultivated for another 24 h
and subjected to Western blotting with anti-phosphorylated (phospho-Ser807/Ser811) Rb
antibody or an anti-Rb antibody. D, same as in C except that at the time of the switch to DM,
myoblasts received either 2.5 �g/ml non-immune IgG (control) or of an anti-amphoterin
antibody. Mock, �, and R in C and D stand for L6/mock, L6/RAGE�cyto, and L6/RAGE myo-
blasts, respectively. Numbers on top of lanes refer to the relative amount phosphorylated Rb
(C and D). Averages of three independent experiments � S.D. are shown in A and B. One
representative experiment of two is shown in C and D. Asterisk, significantly different from
control (-fold induction in L6/mock myoblasts in GM), p � 0.05 (A and B).
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and B). Moreover, levels of phosphorylated ERK1/2 and JNK were
higher in L6/RAGE�cyto myoblasts compared with L6/mock myo-
blasts (Fig. 4, A and B), supporting the conclusion that RAGE signaling
in L6myoblasts might depress the activity of these kinases. Inhibition of
p38 MAPK with SB203580 resulted in an increase in the extent of
ERK1/2 (Fig. 4C) and JNK (Fig. 4D) phosphorylation in L6/RAGE and
L6/mockmyoblasts to the levels detected in L6/RAGE�cyto myoblasts.
Thus, RAGE engagement caused inactivation of the mitogenic ERK1/2,
likely via p38 MAPK-mediated inhibition of the Raf-MEK-ERK1/2
pathway (30), which might explain the antiproliferative and pro-apo-
ptotic activity of RAGE as well as regulatory effects of RAGE signaling
on induction of cyclin D1 and Rb phosphorylation, whereas the stimu-
latory effects of RAGE signaling on p21Waf1 induction could be ascribed
to the activation of p38MAPK (23). As to JNK, its inactivation by RAGE
signaling might contribute to the observed decrease in proliferation of
L6/RAGE and L6/mock myoblasts.

RAGE Activation in Myoblasts Increases Adhesiveness, Reduces
Migration, Increases Cell Volume, and Up-regulates the Expression of
Adhesion Molecules—Changes in adhesiveness and migration occur in
myoblasts in coincidence with the initiation of terminal differentiation,

and these changes depend on expression of adhesion molecules shown
to be important and/or crucial for myogenesis (35–43). Thus, we
sought to analyze the three myoblast clones under study for adhesive-
ness, migration, invasiveness, and expression of adhesion molecules.
L6/RAGE�cyto myoblasts exhibited decreased adhesiveness, increased
migration and invasiveness, and decreased cell volume, whereas
L6/RAGE myoblasts exhibited the opposite, compared with L6/mock
myoblasts. Specifically, in a cell adhesiveness assay, 3 h after plating
�40% less L6/RAGE�cyto myoblasts and �2 times more L6/RAGE
myoblasts adhered to the substratum compared with L6/mock myo-
blasts (Fig. 5A). Qualitatively similar results were obtained at 24 h after
plating (data not shown). Moreover, in a migration assay using Boyden
chambers, a higher percentage of L6/RAGE�cytomyoblasts and a lower
percentage of L6/RAGE myoblasts were recovered in the lower cham-
ber, comparedwith L6/mockmyoblasts (Fig. 5B), suggesting that RAGE
signaling might influence myoblast motility. In addition, 1 day after
culture in GM, L6/RAGE�cyto myoblasts exhibited a smaller size and
L6/RAGE myoblasts exhibited a larger size, compared with L6/mock
myoblasts, as investigated by F-actin decoration with fluorescein-la-
beled phalloidin (Fig. 5C) and FACS analysis (Fig. 5D).When analyses of
cell size were performed on myoblasts in DM, a general increase in
mean cell size was registered in individual L6 clones, compared with the
respective counterpart in GM, but whereas L6/mock and L6/RAGE
myoblasts exhibited a similar size, L6/RAGE�cyto myoblasts showed a
significantly smaller size compared with the two other clones again
pointing to different responses of L6/RAGE�cyto myoblasts from
L6/mock and L6/RAGEmyoblasts to the switch fromGM to DM. Also,
the F-actin cytoskeleton appeared well organized in L6/RAGE myo-
blasts and much less so in L6/RAGE�cyto myoblasts compared with
L6/mockmyoblasts (Fig. 5C). These data suggested that the transducing
activity of RAGE in myoblasts might not be restricted to stimulation of
differentiation (16), inhibition of proliferation, and stimulation of apo-
ptosis (Fig. 1 and 2); RAGE activation also appeared to profoundlymod-
ify myoblast morphology and motility, suggesting that these changes
might be mechanistically linked to RAGE-dependent stimulation of
myoblast differentiation. In particular, functional inactivation of RAGE
in L6 myoblasts resulted in a dramatic decrease in cell size along with a
less organized F-actin cytoskeleton and increased filopodia formation
(Fig. 5), as is typical of proliferating, migrating, and poorly adherent
cells, the opposite being observed in myoblasts overexpressing RAGE.
As mentioned above, adhesion molecules (e.g. �1-integrin, NCAM,

and VCAM) and caveolin-3 play an important role in myoblast adhe-
siveness and differentiation (35–43), and RAGE activation has been
shown to result in an enhanced expression of VCAM, NCAM, and
ICAM in other cell types (17, 18). We found that L6/RAGE�cyto myo-
blasts expressed lower levels, and L6/RAGEmyoblasts expressed higher
levels of �1-integrin, caveolin-3, NCAM, and VCAM, compared with
L6/mock myoblasts, as investigated by both Western blotting (Fig. 6A)
and immunofluorescence (Fig. 6B), suggesting that RAGE signaling
contributed to up-regulate the expression of a set of adhesionmolecules
playing a fundamental role in myoblast fusion into myotubes. These
data were in agreement with the observation that RAGE signaling in
myoblasts resulted in enhanced adhesiveness (Fig. 5A) and, incidentally,
they provide evidence for the first time that RAGE engagement can
induce �1-integrin and caveolin-3 expression.

RAGE Signaling in Myoblasts Results in Increased Invasiveness and
Reduced MMP-1 and MMP-2 Activity—Given the increased motility of
L6/RAGE�cyto myoblasts and the decreased motility of L6/RAGE myo-
blasts reported above (Fig. 5B), we sought to determine whether RAGE
might be implicated in the regulationof invasive properties of L6myoblasts

FIGURE 4. RAGE signaling reduces ERK1/2 and JNK phosphorylation in a p38 MAPK-
dependent manner in L6 myoblasts. A and B, L6/mock, L6/RAGE�cyto, and L6/RAGE
myoblasts were cultivated for 24 h in GM (10% FBS) and then in DM for 24 (A) or 48 h (B),
washed and subjected to Western blotting with anti-phosphorylated ERK1/2 or anti-
ERK1/2 (A), anti-phosphorylated JNK or anti-tubulin antibody (B). C and D, same as in A
and B except that at the time of the switch to DM, myoblasts received 2 �M SB203580 (an
inhibitor of p38 MAPK) in Me2SO or an equal volume of Me2SO (control) for 24 h before
Western blotting with anti-phosphorylated ERK1/2 or anti-ERK1/2 (C) and anti-phospho-
rylated JNK or anti-tubulin antibody (D). Mock, �, and R stand for L6/mock, L6/RAGE�cyto,
and L6/RAGE myoblasts, respectively. Numbers on top of lanes refer to the relative
amount of phosphorylated ERK1/2 or JNK (A-D). One representative experiment of two is
shown in A-D.
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byan invasiveness assay anddeterminationofMMPactivity. In an invasive-
ness assay using Boyden chambers endowed with a Matrigel barrier,
L6/RAGE�cyto myoblasts migrated to a larger extent through Matrigel,
whereas L6/RAGE myoblasts behaved the opposite, compared with
L6/mockmyoblasts (Fig. 7A). Thus, functional inactivation of RAGEmade
L6myoblasts more locally invasive, whereas RAGE activation reduced the
invasive properties of L6myoblasts. Alternatively, the increased volume of
L6/RAGE myoblasts (Fig. 5, C and D) might have precluded migration
through the 8-�mpores of Boyden chambers.

MMP, i.e. proteases that are liberated into the extracellular space and
are implicated in cell migration and invasiveness, have been shown to
play a role in myogenesis (44). Specifically, activation of MMP-1 and
MMP-2 have been proposed to be important for myoblasts migration
and invasiveness both in early phases of skeletal muscle formation dur-
ing embryogenesis, when proliferating myoblasts have to migrate to the
places ofmuscle formation, and duringmuscle regeneration, when acti-
vated satellite cells have to migrate toward damaged myofibers. Also,
the liberation and activity of these twoMMPs are remarkably increased

in rhabdomyosarcomas (45), which are known to exhibit an exaggerated
motility and invasiveness. On the other hand, MMP-9 seems to play a
negligible role in myoblast migration and invasiveness normally, its lib-
eration and activity likely being increased in the course ofmuscle regen-
eration (44). We analyzed the culture media of individual myoblast
clones for MMP-1, MMP-2, and MMP-9 activity by zymography. An
increased MMP-1 and MMP-2 activity and remarkably low MMP-9
activity were observed in L6/RAGE�cyto myoblast culture medium,
comparedwith L6/mockmyoblasts (Fig. 7B). By contrast, lowerMMP-1
andMMP-2 activities were detected in the culturemediumof L6/RAGE
myoblasts, compared with L6/mock myoblasts (Fig. 7B). Thus, a close
relationship was confirmed between myoblast migration and invasiveness
and MMP-1 and -2 activity, and an inverse relationship was established
betweenMMP-1 and -2 activity and the amount of RAGE expressed.
Collectively, these data suggested the possibility that RAGE might

negatively regulate the release of certain MMPs in myoblasts and that
repression of RAGE expression (here exemplified by functional inacti-
vation of RAGE)might confer increasedmotility and invasiveness upon

FIGURE 5. RAGE signaling increases adhesive-
ness and reduces motility in L6 myoblasts. A,
L6/mock, L6/RAGE�cyto, and L6/RAGE myoblasts
were seeded at a density of 3 � 104 cells/well into
a 96-multiwell plate and cultivated for 3 h in GM
(10% FBS) after which the medium was aspirated
and attached cells were washed twice with culture
medium, fixed in methanol/ethanol, and stained
with crystal violet. Absorbance at 590 nm was used
to calculate the number of adherent cells. B, same
as in A except that myoblasts were seeded in Boy-
den chambers and processed to analyze cell
migration as described under “Experimental Pro-
cedures.” C, same as in A except that myoblasts
cultivated in GM for 24 h were fixed and stained
with fluorescein-labeled phalloidin. Arrows and
arrowheads point to stress fibers and filopodia,
respectively. D, same as in C except that after 24 h
in GM, myoblasts were cultivated in DM for 24 or
48 h and processed for FACS analysis to measure
the mean cell volume. Averages of three inde-
pendent experiments � S.D. are shown in A. Aster-
isk, significantly different (p � 0.05) (B–D). One rep-
resentative experiment of two is shown. Numbers
in the legends in the GM and DM panels in D refer
to the median distribution of cells. Bars � 250 �m
(A) and 20 �m (C ).
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myoblasts that was also manifested by an increased MMP-1 and -2
activity. As to MMP-9, its low extent of activity in L6/RAGE myoblasts
might be in accordance with it not playing a major role in myoblast
migration and invasiveness (44).

Inoculation of L6/RAGE�cytoMyoblasts Results in Tumor Formation
in Vivo—Next we inoculated immunocompromisedmice with L6/RAGE,
L6/RAGE�cyto, or L6/mock myoblasts, and tumor formation was
monitored for�3.5 months. All five mice injected with L6/RAGE�cyto
myoblasts, three of fivemice injectedwith L6/RAGEmyoblasts, and two
of five mice injected with L6/mock myoblasts developed a tumor mass
(Fig. 8A). However, tumor formation in the case of L6/RAGE�cyto
myoblasts preceded that of L6/RAGE and L6/mock myoblasts by �4
weeks, and mean volume and weight of tumor masses were �2.5 times
larger in the case of L6/RAGE�cyto myoblasts compared with
L6/RAGE and L6/mock myoblasts (Fig. 8B). Moreover, large areas of
necrosis in the central core of the tumor and neovascularization at the
tumor periphery were detected in L6/RAGE�cyto myoblast tumors,
whereas L6/RAGE and L6/mock masses were essentially devoid of
necrosis (Fig. 8C), and the tumor tissue invaded the neighboring skeletal

muscle tissue in the case of L6/RAGE�cyto myoblasts only (data not
shown). Lastly, L6/RAGE�cyto myoblasts in the tumor mass appeared
mostly as densely packed, round cells, whereas L6/RAGE and L6/mock
myoblasts appeared elongated and hypertrophic, i.e. similar to myo-
blasts ready for fusion (Fig. 8C). Indeed, elongated and hypertrophic
myoblasts could be detected in L6/mockmyoblasts and evenmore so in
L6/RAGE myoblasts (Fig. 8C, arrows). Thus, masses formed in mice
inoculated with L6/RAGE�cyto myoblasts exhibited characteristics of
authentic tumors,whereas those formed inmice inoculatedwithL6/RAGE
and L6/mock myoblasts did not, and the higher incidence of tumor mass
formation in mice inoculated with L6/RAGE myoblasts compared with
those inoculated with L6/mock myoblasts likely depended on the larger
volume of L6/RAGE and L6/mock myoblasts rather than on uncontrolled
proliferation. In conclusion, overexpression of signaling-deficient RAGE
conferred an aggressive potential on L6myoblasts.

DISCUSSION

RAGE, a multiligand receptor of the immunoglobulin superfamily,
has been implicated in the inflammatory response, neuronal trophism,

FIGURE 6. RAGE signaling stimulates integrin
�1, VCAM, NCAM, and caveolin-3 expression in
L6 myoblasts. A, L6/mock, L6/RAGE�cyto, and
L6/RAGE myoblasts were cultivated for 24 h in GM
(10% FBS), switched to DM (2% FBS), and left
undisturbed for 6 days under these conditions,
washed and subjected to Western blotting with an
anti-integrin �1, anti-VCAM, anti-NCAM, or anti-
caveolin-3 antibody. A Western blot of tubulin is
included to show loading of equal amounts of pro-
teins in individual lanes. Numbers on top of lanes
refer to relative amounts of individual adhesion
proteins in the three L6 clones after normalization
to tubulin. One representative experiment of two
is shown. Mock, � and R, in E stand for L6/mock,
L6/RAGE�cyto, and L6/RAGE myoblasts, respec-
tively. B, same as in A except that myoblasts were
cultivated for 3 days in DM, fixed, and subjected to
immunofluorescence with an anti-integrin �1,
anti-VCAM, anti-NCAM, or anti-caveolin-3 anti-
body as indicated. One representative experiment
of two is shown. Bars � 20 �m (B).
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and neuronal death (depending on the nature of the ligand and the
intensity and duration of the stimulus), and tumorigenesis (17). One
prominent feature of RAGE is that it is expressed during development,
repressed at completion of development, and re-expressed under cer-
tain pathological conditions (17). We reported that RAGE is expressed
in rat skeletal myofibers during fetal development and up to �11 days
after birth, disappearing thereafter (16), suggesting that it might play a
regulatory role in skeletal muscle formation. We also found that RAGE
is expressed by rat L6 myoblasts and transduces a promyogenic signal
via a Cdc42-Rac-MKK6-p38 MAPK pathway upon activation by its
ligand, amphoterin (16). Similar results were obtained using the mouse
C2C12 myoblast cell line.4 In the present work we show that, addition-
ally, RAGE engagement by amphoterin contributes to myoblast prolif-
eration arrest and apoptosis, two events strictly connected with the
activation of the myogenic program (1, 3, 4, 46), and that this activity
relies on p38 MAPK activation. We also show that RAGE engagement
contributes to the increased adhesiveness and reduced motility of
differentiating myoblasts, and, conversely, that reduction of RAGE
transducing activity results in a decreased adhesiveness and increased
motility and invasiveness of myoblasts. Finally, mice inoculated with
L6/RAGE�cyto myoblasts grow much larger, more aggressive, and
more precocious tumor masses and with a higher incidence compared

with L6/RAGE or L6/mock myoblasts, and signs of authentic tumor
formation can be observed in masses formed upon inoculation with
L6/RAGE�cyto myoblasts only.
Several lines of evidence support these conclusions. First,

L6/RAGE�cyto myoblasts proliferate more and L6/RAGE myoblasts
proliferate less than L6/mock myoblasts, as investigated by [3H]thymi-
dine incorporation, MTT assays, and FACS analysis, with consistent
changes in the extent of activation of the pro-mitogenic kinases, ERK1/2
and JNK, of induction of the myoblast proliferation inhibitor, p21Waf1,
and cyclinD1, and of levels of phosphorylated Rb (Figs. 1 and 4). Second,
lower and higher extents of apoptosis and caspase-3 activation were
measured in L6/RAGE�cyto and L6/RAGEmyoblasts, respectively, and
higher and lower levels of the anti-apoptotic factor, Bcl-2, were detected
in L6/RAGE�cyto and L6/RAGE myoblasts, respectively, compared
with L6/mockmyoblasts (Fig. 2). Third, inhibition of p38MAPK results
in a reduction of RAGE-dependent effects on myoblast proliferation
and apoptosis (Fig. 2). Fourth, neutralization of culturemediumampho-
terin negates the effects of RAGE signaling in L6/mock and L6/RAGE
myoblasts with no effects in L6/RAGE�cytomyoblasts (Figs. 1–3). Last,
a direct relationship is observed between expression of signaling-com-
petent RAGE in myoblasts and myoblast size and adhesiveness, and,
conversely, an inverse relationship is observedwith respect tomigration
and invasiveness, L6/RAGE�cyto myoblasts exhibiting reduced adhe-
siveness and enhanced migration and invasiveness compared with4 F. Riuzzi, G. Sorci, and R. Donato, unpublished results.

FIGURE 7. RAGE signaling in L6 myoblasts reduces invasiveness and modulates MMP release. A, L6/mock, L6/RAGE�cyto, and L6/RAGE myoblasts were seeded at a density of
3 � 104 cells/well into Boyden chambers endowed with a Matrigel barrier. Next, steps were as described under “Experimental Procedures” to analyze invasiveness. One representative
experiment of three is shown. B, L6/mock, L6/RAGE�cyto, and L6/RAGE myoblasts were cultivated for 24 h in GM (10% FBS) after which the culture medium was subjected to
zymography to detect the relative MMP-1, MMP-2, and MMP-9 activities. One representative experiment of three is shown. C, densitometric analysis of MMP-1, MMP-2, and MMP-9
activities in the culture medium of L6/mock, L6/RAGE�cyto, and L6/RAGE myoblasts. Mock, �, and R in B stand for L6/mock, L6/RAGE�cyto, and L6/RAGE myoblasts, respectively.
Averages of three independent experiments � S.D. is shown. Asterisk, significantly different from control (MPP activity in the culture medium of L6/mock myoblasts), p � 0.05. Bars �
250 �m (A).
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L6/mock and L6/RAGEmyoblasts (Figs. 5 and 7). Consistent with this
conclusion, we found that RAGE engagement and signaling posi-
tively regulate the expression of adhesion molecules shown to be
important for myogenesis and negatively regulate MMP-1 and -2
liberation and activity (Figs. 6 and 7). Last, masses with the histolog-
ical features of tumors form upon inoculation of immunocompro-
mised mice with L6/RAGE�cyto, but not L6/mock or L6/RAGE
myoblasts (Fig. 8). Most of the experiments described in the present
report were performed using three independent L6 stable clones
expressing similar amounts of RAGE or RAGE�cyto, with similar
results (data not shown).
Functional inactivation of RAGE signaling results in higher levels of

ERK1/2 and JNK phosphorylation compared with L6 mock-transfected
myoblasts (Fig. 4), suggesting that signaling competent RAGE might
inactivate these mitogenic kinases. Accordingly, levels of ERK1/2 and
JNK phosphorylation are very low in myoblasts overexpressing RAGE
(Fig. 4). This effect of RAGE signaling depends on activation of p38
MAPK because inhibition of p38 MAPK by use of SB203580 results in
higher levels of ERK1/2 and JNK phosphorylation in L6/RAGE�cyto,

L6/mock, and L6/RAGE myoblasts, compared with their respective
controls, with similar extents of phosphorylation in the three L6 clones
under study (Fig. 4). These findings suggest that RAGE signaling to p38
MAPK might cause inactivation of ERK1/2, likely via inhibition of Raf
activity (30), as well as of JNK. Moreover, higher levels of phosphoryl-
ated Rb and cyclin D1 and lower levels of the proliferation inhibitor,
p21Waf1, are detected in L6/RAGE�cyto myoblasts, whereas the oppo-
site occurs in L6/RAGE myoblasts, compared with L6/mock myoblasts
(Fig. 3). Because proliferation arrest, consequent to ERK1/2 and/or JNK
inactivation, is a critical step in the context of myoblast terminal differ-
entiation (at least at early phases of myogenic differentiation) (3, 15, 23,
34), RAGE-dependent inhibition of myoblast proliferation might thus
be functional to the subsequent myoblast differentiation operated via
p38 MAPK activation. We have previously reported that inhibition of
p38MAPK eliminates the ability of the amphoterin/RAGE pair to stim-
ulate myogenesis (16).
It is known that under differentiation conditions a subpopulation of

myoblasts undergoes differentiation and fusion into myotubes, another
subpopulation remains undifferentiated and becomes quiescent, and

FIGURE 8. Functional inactivation of RAGE in L6
myoblasts results in tumor formation. Immuno-
compromised (NOD/SCID) mice were injected
with L6/RAGE, L6/RAGE�cyto, or L6/mock myo-
blasts and tumor mass formation was followed for
3.5 months. After excision, tumor masses were
analyzed for volume and weight (A and B) and his-
topathology (C). Before fixation, samples of indi-
vidual tumor masses were subjected to RT-PCR to
confirm expression of endogenous RAGE in
tumors arising from injected L6/mock myoblasts
and expression of human RAGE�cyto and human
RAGE in tumors arising from injected L6/
RAGE�cyto myoblasts and L6/RAGE myoblasts,
respectively (data not shown). Tumor incidence
was 100, 80, and 40% in the cases of L6/
RAGE�cyto, L6/RAGE, and L6/mock myoblasts,
respectively, and tumor volume and weight were
�2.5 times greater in L6/RAGE�cyto (�) tumors
than L6/RAGE (R) and L6/mock (mock) tumors (A
and B). However, ample zones of necrosis were
detected in L6/RAGE�cyto tumors (asterisks) that
were absent in L6/mock and L6/RAGE tumors, and
neovascularization was detected at the periphery
of the L6/RAGE�cyto tumor tissue (arrows in C, 20
and 40 � L6/RAGE�cyto panels). Also, elongated
and hypertrophic cells could be observed in
masses formed upon inoculation with L6/mock
myoblasts and even more so for L6/RAGE myo-
blasts (arrows in C, L6/mock and L6/RAGE panels,
40�) as opposed to the round cells found in
L6/RAGE�cyto tumor masses (C, 40�). Asterisk,
significantly different from control (first column
from left in the average volume and weight panel
in B) (n � 5, p � 0.05).
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still another subpopulation undergoes apoptosis (47–51). This latter
event might serve to reduce the population of non-fused myoblasts
coexisting with myotubes thus keeping the population of quiescent
myoblast relatively low.We found that functional inactivation of RAGE
signaling results in lower levels of myoblast apoptosis under both pro-
liferation and differentiation conditions via reduction of levels of acti-
vated caspase-3 and up-regulation of Bcl-2 expression, compared with
mock-transfected myoblasts, whereas the opposite occurs in myoblasts
overexpressing RAGE (Fig. 2). Thus, RAGE signaling might contribute
to the apoptosis usually taking place during themyoblast differentiation
process. The ability of RAGE signaling to inactivate ERK1/2 might be
responsible for this effect because inactivation of ERK1/2 by other
means (e.g. by use of the ERK1/2 inhibitor, PD98059) also results in
increased myoblast apoptosis (52–55).
Amphoterin/RAGE-dependent inactivation of ERK1/2 in myoblasts

and the consequent down-regulation of Bcl-2 are at variance with
respect to neurons in which RAGE engagement by amphoterin or low
doses of S100B, another RAGE ligand, results in protection against apo-
ptosis via stimulation of ERK1/2 and up-regulation of Bcl-2 expression
(56). These data, whereas supporting the notion that RAGE can activate
various signaling pathways (17), suggest that RAGE engagement might
preferentially activate one particular signaling pathway over other ones
in the different cell types in which the receptor operates thereby regu-
lating specific functions. In myoblasts, the amphoterin/RAGE pair
appears to mainly activate p38MAPK via Cdc42-Rac1-MKK6 (16) with
consequent depression of ERK1/2 and JNK activities (Fig. 4) and stim-
ulation of myogenic differentiation (16), inhibition of proliferation, and
enhancement of apoptosis (Figs. 1 and 2). These observations suggest
that different intermediates acting immediately downstream of RAGE
might operate in different cell types to specify the RAGE signaling activ-
ity. Additionally (or alternatively), different cell types might express
distinct RAGE variants (57) that might account for cell specificity of
RAGE effects. Whereas in principle the combination of the inhibitory
effect of RAGE signaling on myoblast proliferation and its stimulatory
effect on apoptosismight be detrimental duringmyogenesis andmuscle
regeneration, leading to a decreased myoblast density, its stimulatory
effect on the promyogenic p38 MAPK might instead provide a means
for accelerating myoblast terminal differentiation and fusion. Actually,
in cultures of 80–90% confluent myoblasts, the overall effect of RAGE
signaling is stimulation of myotube formation, which is best evident
after the switch from proliferation conditions to differentiation condi-
tions, but also detectable under proliferation conditions (16).
RAGE engagement in myoblasts also result in an increased adhesive-

ness and a decreased migration and invasiveness (Figs. 5 and 7). Myo-
blast proliferation arrest and the initiation of terminal differentiation
are accompanied by an increased adhesiveness and expression of adhe-
sion molecules and a decreased motility (3). Inhibition of RAGE signal-
ing by overexpression of RAGE�cyto results in decreased adhesiveness
and reduced expression of adhesion molecules (i.e. integrin �1, VCAM,
and NCAM) and caveolin-3, and an increased migration and invasive-
ness, whereas the opposite occurs in myoblasts overexpressing signal-
ing-competent RAGE (Figs. 5–7). Because each one of the molecules
listed above plays a fundamental role in myoblast fusion into myotubes
(35–43), we conclude that RAGE signaling might reduce myoblast
migration and accelerate fusion by contributing to the expression of
those adhesion molecules in myoblasts.
Finally, we observe that L6/RAGE�cyto myoblasts liberate larger

amounts of MMP-1 and -2 as inferred by zymography, the opposite
occurring in L6/RAGE myoblasts, compared with L6/mock myoblasts
(Fig. 7), in accordance with the increased migration and invasiveness of

L6/RAGE�cytomyoblasts and decreasedmigration and invasiveness of
L6/RAGE myoblasts as well as changes in the expression of adhesion
molecules mentioned earlier. These findings suggest that RAGE-de-
pendent reduction of MMP-1 and -2 activity might contribute to
decrease and/or interrupt myoblast migration thereby contributing to
myoblast alignment for subsequent fusion into myotubes and, con-
versely, repression of RAGE expressionmight be functional tomyoblast
migration and/or contribute to the increased motility and invasiveness
of, e.g. myoblast neoplastic counterparts. In fact, inoculation of
L6/RAGE�cyto myoblasts into scid mice results in much larger and
more aggressive tumor formation, compared with L6/RAGE or
L6/mock myoblasts. Also, work in progress suggests that rhabdomyo-
sarcoma cell lines that do not express RAGE undergo proliferation
arrest and terminal differentiation, exhibit reducedmigration and inva-
siveness, and grow much smaller tumor masses in vivo upon transfec-
tion with signaling-competent RAGE, compared with signaling-incom-
petent RAGE.5

In conclusion, our data provide evidence that, besides stimulating
myoblast differentiation, RAGEengagement by amphoterin contributes
to proliferation arrest of differentiating myoblasts, and that all of these
effects rely on p38MAPK activation.We also show that RAGE signaling
results in the up-regulation of expression of adhesion molecules (i.e.
integrin �1, VCAM, and NCAM) and caveolin-3 that have been shown
to play crucial roles in myoblast fusion into myotubes. We speculate
that RAGE might be active at precise phases of embryonic myogenesis,
i.e. in coincidence with myoblast proliferation arrest, initiation of ter-
minal differentiation, and fusion into myotubes, thereby taking part in
these events, and that repression of RAGE expression and/or signaling
in myoblasts might contribute to the increased migration and invasive-
ness occurring in myoblast migration during embryonic myogenesis
and/or muscle regeneration, and the increased migration invasiveness
and in vivo aggressiveness typical of myoblast neoplastic counterparts.
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