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Activation of receptor for advanced glycation end
products (RAGE) by its ligand, HMGB1, stimulates
myogenesis via a Cdc42-Rac1-MKKG6-p38 mitogen-ac-
tivated protein kinase pathway. In addition, func-
tional inactivation of RAGE in myoblasts results in
reduced myogenesis, increased proliferation, and tu-
mor formation in vivo. We show here that TE671
rhabdomyosarcoma cells, which do not express
RAGE, can be induced to differentiate on transfection
with RAGE (TE671/RAGE cells) but not a signaling-
deficient RAGE mutant (RAGEAcyto) (TE671/
RAGEAcyto cells) via activation of a Cdc42-Racl-
MKKG6-p38 pathway and that TE671/RAGE cell
differentiation depends on RAGE engagement by
HMGB1. TE671/RAGE cells also show p38-dependent
inactivation of extracellular signal-regulated kinases
1 and 2 and c-Jun NH, terminal protein kinase and
reduced proliferation, migration, and invasiveness
and increased apoptosis, volume, and adhesiveness
in vitro; they also grow smaller tumors and show a
lower tumor incidence in vivo compared with wild-
type cells. Two other rhabdomyosarcoma cell lines
that express RAGE, CCA and RMZ-RC2, show an
inverse relationship between the level of RAGE ex-
pression and invasiveness in vitro and exhibit re-
duced myogenic potential and enhanced invasive
properties in vitro when transfected with RAGEAcyto.
The rhabdomyosarcoma cell lines used here and
C2C12 myoblasts express and release HMGB1, which
activates RAGE in an autocrine manner. These
data suggest that deregulation of RAGE expression
in myoblasts might concur in rhabdomyosarco-
magenesis and that increasing RAGE expression in

rhabdomyosarcoma cells might reduce their tumor
potential. (4m J Pathol 2007, 171:947-961; DOI:
10.2353/ajpath.2007.070049)

At a certain stage during myogenesis, myoblasts, ie, the
precursors of skeletal muscle cells, cease to proliferate
and start to differentiate once they attain a critical densi-
ty.'"* Extracellular factors acting via cell surface recep-
tors as well as adhesion molecules control proliferation
arrest and differentiation of myoblasts by regulating via
signaling pathways the expression of muscle-specific
transcription factors. This in turn coordinates the expres-
sion and activity of a cohort of factors responsible for
phenotypic changes, including myoblast fusion into myo-
tubes, the precursors of mature myofibers.™"" In this
context, extracellular signal-regulated kinases 1 and 2
(ERK1/2) and c-Jun NH, terminal protein kinase (JNK)
need to be inactivated, and p38 mitogen-activated pro-
tein kinase (MAPK) and Akt need to be activated for
myoblasts to exit the cell cycle and for differentiation to
proceed.'> '8

Receptor for advanced glycation end products
(RAGE) is a multiligand receptor of the immunoglobulin
superfamily expressed during development, repressed in
adulthood, and re-expressed in the course of several
pathological conditions.’® RAGE is expressed in rat skel-
etal muscle cells in a developmentally regulated manner;
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it is present in rat embryo skeletal muscle fibers and in rat
postnatal myofibers until ~11 days after birth and absent
from adult muscle fibers,"" suggesting that it might play a
role in embryonic myogenesis. RAGE can be activated
by several ligands, including HMGB1 (amphoterin), and
effects of RAGE engagement depend on the cell type
considered.' Thus, RAGE has been shown to transduce
trophic and toxic stimuli in neurons depending on the
nature and concentration of the ligand,?°22 to take part
in the inflammatory response in monocytes/macro-
phages/microglia,?® and to be involved in neoplastic
transformation and metastasis of neuroepithelial tumor
cells.?*?7 Besides, RAGE engagement by HMGB1 in
myoblasts results in stimulation of differentiation via a
Cdc42-Rac1-MKK6-p38 MAPK pathway,'' supporting
the possibility that the HMGB1/RAGE pair might contrib-
ute to embryonic myogenesis and potentially muscle re-
generation. Moreover, RAGE ligation by HMGB1 results
in a decreased proliferation and increased apoptosis in
wild-type (wt) myoblasts, whereas myoblasts stably over-
expressing a RAGE mutant lacking the cytoplasmic and
transducing domain (RAGEAcyto) show enhanced pro-
liferation, migration, and invasiveness in vitro and
increased tumor formation in vivo compared with wt
myoblasts.®?® These latter findings suggest RAGE
engagement in myoblasts, besides activating the myo-
genic program, might contribute to the proliferation arrest
required for myoblast differentiation and that functional
inactivation or repression of expression of RAGE in myo-
blasts might contribute to rhabdomyosarcomagenesis.

Rhabdomyosarcoma (RMS) is the most common pedi-
atric soft-tissue sarcoma, arising from muscle precursor
cells. The two most common histological subtypes are
embryonal RMS, which has a more favorable prognosis,
and alveolar RMS, which has a poor prognosis. The
embryonal-type TE671 RMS cells, which are similar if not
identical to the RMS cells, RD,?® are unable to complete
the differentiation program despite the expression of
muscle-specific regulatory proteins.>%2" However, per-
sistent activation of p38 MAPK in a panel of RMS cells
resulted in proliferation arrest and terminal differentia-
tion,32 implying that defective activation of p38 MAPK
might be one of the causes of the inability of RMS cells to
exit the cell cycle and initiate the myogenic program.

We show here that the embryonal-type TE671 RMS
cells do not express RAGE and that enforced expression
of RAGE in TE671 cells results in myogenic differentiation
and reduced proliferation, migration, and invasiveness in
vitro and reduced tumor growth in vivo. We also show that
the RMS cell lines CCA (embryonal-type) and RMZ-RC2
(alveolar-type), which do express RAGE albeit to a differ-
ent extent from one another, show an inverse relationship
between the level of RAGE expression and migration/
invasiveness in vitro and exhibit a reduced myogenic
potential and enhanced invasive properties in vitro when
transfected with the signaling-deficient RAGE mutant
RAGEAcyto and an increased myogenic potential and
reduced invasive properties when transfected with full-
length RAGE.

Materials and Methods

Transfection and Reverse Transcriptase-
Polymerase Chain Reaction

TE671 cells were cultivated in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS) (Life Technologies, Carlsbad, CA), 100
U/ml penicillin, and 100 pg/ml streptomycin, in a H,O-
saturated 5% CO, atmosphere at 37°C. Transfection of
TE671 cells to obtain clones stably expressing human
RAGE®® or RAGEAcyto®* was performed exactly as de-
scribed for L6 myoblasts.® TE671/RAGE cells, TE671/
RAGEAcyto cells, and TE671/wt cells were used in ex-
periments described below, in media containing
Geneticin (G-418) (125 ug/ml), in the presence of
HMGB1, a polyclonal anti-HMGB1 antibody (BD Phar-
Mingen, San Diego, CA), or an anti-RAGE extracellular
domain antibody (N16; Santa Cruz Biotechnology, Santa
Cruz, CA) where required. Neutralization of culture me-
dium HMGB1 using an anti-HMGB1 antibody and neu-
tralization of RAGE in TE671/RAGE cells were performed
as described previously."" Transient transfections were
performed using LipofectAMINE 2000 (Invitrogen, Carls-
bad, CA) as recommended by the manufacturer. In brief,
cells cultured in 5% FBS without antibiotics were trans-
fected with expression plasmids MKKBAA (an inactive
mutant of the p38 MAPK upstream kinase MKKG),3°
N17Rac1 or N17Cdc42 (inactive forms of Rac1 and
Cdc42, respectively),>® MKKBEE (a constitutively active
form of MKK6),%” or empty vector and with muscle crea-
tine kinase (MCK)-luc reporter gene,®® myogenin-luc re-
porter gene,®® or p21"WAF _|uc reporter gene.*© After 6
hours in the cases of MCK, myogenin, and p21"“AF" and
after 24 hours in the cases of MKKG6AA, MKKG6EE,
N17Rac1, and N17Cdc42, the cells were washed with
DMEM and cultivated in 2% FBS. After another 24 hours,
the cells were harvested to measure luciferase activity.
Transient transfection of TE761/wt, TE671/RAGE, CCA,
and RMZ-RC2 cells with RAGE or RAGEAcyto was done
as described for MKKBAA, MKKGEE, N17Raci, or
N17Cdc42. Where used, the p38 MAPK inhibitor
SB203580 (Calbiochem, San Diego, CA), the phospha-
tydilinositol-3-kinase (P13-K) inhibitor LY294002 (Calbio-
chem), the mitogen-activated protein kinase kinase inhib-
itor PD98059 (Calbiochem), and the JNK inhibitor
SP600125 (Alexis, Lausen, Switzerland) were used at a
final concentration of 2, 10, 30, and 10 wmol/L, respec-
tively, in dimethylsulfoxide. For reverse transcriptase-
polymerase chain reaction (RT-PCR), TE671/RAGE,
TE671/RAGEAcyto, TE671/wt, CCA, and RMZ-RC2 cells
were processed as described previously.?®

Immunofluorescence, Immunocytochemistry,
and Western Blotting

Immunofluorescence was performed as using a poly-
clonal anti-RAGE antibody (1:25, N16; Santa Cruz Bio-
technology), and myosin heavy chain (MHC) was
detected by immunocytochemistry, as described previ-



ously."" For detection of F-actin, TE671 cells were fixed
for 10 minutes in 3.7% formaldehyde in phosphate-buff-
ered saline (PBS), extensively washed with PBS, perme-
abilized with 0.1% Triton X-100 in PBS for 2 minutes,
washed again, and incubated with fluorescein isothiocya-
nate-phalloidin (Sigma, St. Louis, MO) (1:250 in PBS) for
1 hour in a humid chamber at room temperature. After
three washes in PBS, the cells were mounted in mounting
medium (Meridian Bioscience Inc., Cincinnati, OH) and
viewed on a DM Rb fluorescence microscope equipped
with a digital camera (Leica, Wetzlar, Germany). To de-
tect RAGE, RAGEAcyto, myogenin, MHC, cyclin D1, tu-
bulin, phosphorylated and total p38 MAPK, phosphory-
lated and total Akt, phosphorylated and total ERK1/2,
phosphorylated and total retinoblastoma suppressor pro-
tein (Rb), and phosphorylated JNK by Western blotting,
cells were cultivated as detailed in the figure legends,
washed twice with PBS, and solubilized with 2.5% so-
dium dodecyl! sulfate, 10 mmol/L Tris-HCI, pH 7.4, 0.1
mol/L dithiothreitol, and 0.1 mmol/L N-tosyl-L-phenylala-
nine chloromethyl ketoneprotease inhibitor (Roche,
Basel, Switzerland). The following antibodies were used:
monoclonal anti-developmental MHC antibody (1:300;
Biogenesis, Poole, Dorset, UK), monoclonal anti-myoge-
nin antibody (1:1000; PharMingen), monoclonal anti-a-
tubulin antibody (1:10,000; Sigma), polyclonal anti-RAGE
extracellular domain (1:2000; Santa Cruz Biotechnology),
monoclonal anti-RAGE antibody (1:2000; Chemicon In-
ternational, Temecula, CA), polyclonal anti-phosphory-
lated (Thr180/Tyr182) p38 MAPK (1:1000; New England
BiolLabs, Ipswich, MA), polyclonal anti-phosphorylated
(Ser473) Akt (1:1000; New England BiolLabs), polyclonal
anti-p38 MAPK antibody (1:2000; New England BiolLabs),
polyclonal anti-Akt antibody (1:2000; New England Bio-
Labs), polyclonal anti-phosphorylated (Thr202/Tyr204)
ERK1/2 (1:2000; New England BiolLabs), polyclonal anti-
ERK1/2 antibody (1:20,000; Sigma), polyclonal anti-phos-
phorylated (Ser-807/811) Rb antibody (1:1000; Cell Sig-
naling Technology, Danvers, MA), polyclonal anti-Rb
antibody (1:1000; Cell Signaling Technology), polyclonal
anti-phosphorylated JNK  (Thr183/Tyr185) antibody
(1:1000; Cell Signaling Technology), and monoclonal an-
ti-cyclin D1 antibody (1:200; Santa Cruz Biotechnology).
The immune reaction was developed by ECL [SuperSig-
nal West Femto Maximum (Pierce, Rockford, IL) for
RAGE; SuperSignal West Pico (Pierce) for all other
antigens].

Analysis of Medium HMGB1

To characterize basal release of HMGB1 from mouse
C2C12 myoblasts and TE671/wt, TE671/RAGE,
TE671RAGEAcyto, CCA, and RMZ-RC2 RMS cells, con-
fluent or near-confluent cells were transferred to serum-
free medium for 24 hours. The next steps were as de-
scribed previously.*' In brief, individual culture media
were clarified by centrifugation, added with 1/100 volume
of 2% sodium deoxycholate and subjected to precipita-
tion with 1/10 volume of 100% trichloroacetic acid. The
resultant pellets were resuspended in sodium dodecyl
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sulfate buffer and titrated with 1 N NaOH to obtain the
normal blue color of the sample buffer, boiled for 5 min-
utes, and subjected to Western blotting using an anti-
HMGB1 antibody (BD PharMingen). Purified HMGB1 was
used as a marker. HMGB1 in culture media was mea-
sured semiquantitatively by densitometry relative to
known amounts of purified HMGB1. HMGB1 was also
detected by Western blotting in lysates from cells, and its
levels were normalized to tubulin. Culture media were
also analyzed for levels of LDH to document the contri-
bution of cell necrosis to released HMGB1. Under the
present experimental conditions, negligible amounts of
LDH were measured, pointing to absence of significant
cell necrosis (data not shown).

Proliferation and Apoptosis Assays

To measure [®H]thymidine incorporation, TE671 cells
(25 x 10° cells/well) were cultivated in 10% FBS for 24
hours in 24-multiwell plates, washed with DMEM, serum-
starved for 24 hours, washed with DMEM, and cultivated
in DMEM for 24 hours in the presence of 1 uCi of [°H]thy-
midine/ml. Parallel TE671 cells treated in the same man-
ner in the absence of [*H]thymidine were used to count
cell numbers. For cell number measurements, TE671
cells were plated in 96-multiwell plates at a density of 4 X
10° cells/well and processed by a tetrazolium-based
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] col-
orimetric assay. To measure apoptosis and analyze cell
cycle, TE671 cells were seeded onto 35-mm plastic
dishes (18 x 10% cells/dish) for 24 hours, washed with
DMEM, and cultivated for 72 hours in DMEM containing
varying concentrations of FBS (see figure legends). Cells
were stained with propidium iodide and subjected to
fluorescence-activated cell sorting (FACS).*2 FACS anal-
ysis was also used to measure cell size.*®

Migration, Adhesiveness, and Invasiveness
Assays and in Vivo Tumor Growth

For adhesion experiments, TE671/wt, TE671/RAGE, and
TE671/RAGEAcyto cells (3 X 10 cells in 0.1 ml of DMEM
containing 10% FBS) were seeded in 96-multiwell plates
and incubated for 3 hours. The supernatant with nonad-
herent cells was removed by two washes with warmed
culture medium. Attached cells were fixed with 30%
methanol/ethanol for 15 minutes at room temperature,
stained with 0.1% crystal violet (Sigma) in PBS, exten-
sively washed with distilled water, and dried at room
temperature. The dye was resuspended with 50 ul of
0.2% Triton X-100/well, and color yield was measured
using an enzyme-linked immunosorbent assay reader at
590 nm.

For migration assay, we used Boyden chambers (pore
size, 8 wm) (BD Biosciences). Individual TE671 clones
and CCA and RMZ-RC2 cells (5 x 10% 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 hours in culture, cells on the upper
side of the filters were removed with cotton-tipped swabs,
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and the filters were fixed in methanol for 2 minutes and
stained with 0.05% crystal violet in PBS for 15 minutes.
Cells on the underside of the filters were viewed and
counted under a microscope. For invasion assay, condi-
tions were as described for migration assay except that
BioCoat Matrigel invasion chambers (pore size, 8 um)
(BD Biosciences) were used.

For tumor growth in vivo, female (nonobese diabetic/
severe combined immunodeficient) mice weighing ~20 g
were inoculated subcutaneously with 4 X 10° TE671/wt,
TE671/RAGEAcyto, or TE671/RAGE cells and monitored
for 4 to 6 weeks. The mice were sacrificed by cervical
dislocation. Consent was obtained by the Ethics Commit-
tee of the University of Perugia. Tumor masses were
excised and weighed, and tumor volume was calculated
by the equation: tumor volume = x?y/2, where x and y
correspond to the width and thickness of the tissue,
respectively. Tumors were then fixed with 4% paraformal-
dehyde in PBS (2 days at 4°C), extensively washed in
PBS, and paraffin-embedded. Sections were either
stained with hematoxylin or subjected to immunohisto-
chemistry using an anti-Ki-67 antibody (anti-MIB1, 1:10;
Dako, Carpinteria, CA) to determine semiquantitatively
cell proliferation. Before fixation, samples of individual
tumors were subjected to RT-PCR to confirm lack of
expression of RAGE in tumors arising from injected
TEG671/wt cells and expression of RAGEAcyto and RAGE
in tumors arising from injected TE671/RAGEAcyto cells
and TE671/RAGE cells, respectively (data not shown).
Histopathology was performed by an independent
pathologist.

Statistical Analysis

Each experiment was repeated at least three times. Rep-
resentative experiments are depicted in the figures un-
less stated otherwise. The data were subjected to anal-
ysis of variance with Student-Newman-Keuls post hoc
analysis using a statistical software package (GraphPad
Prism version 4.0; GraphPad Software, San Diego, CA).
Statistical significance was assumed when P < 0.05.

Results

Characterization of TE671/RAGE Cell

Expression of RAGE and RAGEAcyto in TE671 clones
that had been stably transfected with RAGE and
RAGEAcyto, respectively, was documented by RT-PCR,
Western blotting, and immunofluorescence. Although
TE671/wt cells did not express RAGE (mRNA and pro-
tein), TE671/RAGE and TE671/RAGEAcyto cells ex-
pressed their respective mRNA and protein products
(Figure 1, A and B). By immunofluorescence (Figure 1, C
and D), RAGE was found in the form of focal and granular
aggregates. Similar images were obtained in TE671/
RAGE and TE671/RAGEAcyto cells because the anti-
RAGE antibody used recognizes RAGE extracellular
domain. By contrast, TE671/wt cells showed no
immunofluorescence signal (Figure 1E).
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Figure 1. Characterization of TEG671/wt (embryonal type), TEG71/
RAGFEAcyto, and TE671/RAGE cells. A: RT-PCR products for human RAGE
and RAGEAcyto in TE671/RAGE (R), TE671/RAGEAcyto (A), and TEG71/wt
(wt) cells. Shown are PCR products obtained with human RAGE reverse
primer 1 (lanes a—c) and reverse primer 2 (lanes a'—c’). No PCR products
can be seen with reverse primer 2 in the case of TE671/RAGEAcyto cells
because of specificity of this primer for a region present in full-length RAGE
and absent from RAGEAcyto. No PCR products can be seen with either
primer in the case of TE671/wt cells. B: TEG71/wt, TE671/RAGEAcyto, and
TE671/RAGE cells in GM were solubilized and analyzed for expression of
RAGE and RAGEAcyto by Western blotting using an anti-RAGE extracellular
domain antibody (Chemicon). Note the faster migrating immunoreactive
band in the TE671/RAGEAcyto lane. C=E: TEG671/wt, TE671/RAGEAcyto, and
TEG71/RAGE cells were cultivated in GM and processed for immunofluores-
cence with the anti-RAGE extracellular domain antibody above. F and G:
Lysates from C2C12 myoblasts, TE671/wt, TE671/RAGE, TE671/RAGEAcyto,
RMZ-RC2, and CCA cells (F) and culture media from these same cell lines (G)
were analyzed for HMGB1 by Western blotting. Notice that purified HMGB1
(M, in F) shows two bands, one corresponding to monomeric (29-kd) and the
other one to dimeric (58-kd) HMGBI, that intracellular HMGB1 migrates as
a monomer exclusively (F), and that extracellular (released) HMGB1 mi-
grates as a dimer exclusively (G). Semiquantitative analysis of HMGB1 was
performed using the culture media of the cell lines as indicated (G). One
representative experiment of three is shown (A-F). The numbers on top of
lanes in F refer to the HMGB1-to-tubulin ratio. Averages of three indepen-
dent experiments = SD (G). Bars = 20 um (C-E).

HMGBT1 Is Expressed in and Released by
C2C12 Myoblasts and RMS Cell Lines

Confluent cells were serum-starved, and the culture me-
dia and cells were analyzed for HMGB1 content by West-
ern blotting. Mouse C2C12 myoblasts and TEG71/wt,
TE671/RAGEAcyto, TE671/RAGE, RMZ-RC2, and CCA
RMS cells all expressed and released HMGB1 (Figure 1,
F and G). Interestingly, whereas intracellular HMGB1 was
in the form of monomer, culture medium (released)
HMGB1 was in the form of a dimer, pointing to disulfide
complex formation likely due to the nonreducing condi-
tions found extracellularly.** Semiquantitative analyses
revealed that the different cell lines investigated here
expressed varying amounts of HMGB1 (normalized to
tubulin) according to the following order: TE671/RAGE >
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Figure 2. Enforced expression of RAGE in TE671 cells activates the myo-
genic program on stimulation with HMGB1. A-C: TEG671/wt, TEG71/
RAGEAcyto, and TE671/RAGE cells were cultivated in DM for 4 days, fixed,
and subjected to immunocytochemistry for detection of MHC. D: Same as in
A—C except that the cells were solubilized and subjected to Western blotting
for detection of MHC. R, wt, and A stand for TE671/RAGE, TE671/wt, and
TE671/RAGEAcyto cells, respectively. E: Same as in A—C except that the cells
were cultivated in DM for 24 and 48 hours before Western blotting for
detection of myogenin. F: TE671/wt, TE671/RAGEAcyto, and TE671/RAGE
cells were transiently transfected with MCK-luc reporter gene, switched to
DM, cultivated for 24 hours in the absence or presence of added HMGB1 to
100 nmol/L, and harvested to measure luciferase activity. G: Same as in F
except that TE671/RAGEAcyto and TEG71/RAGE cells were cultivated in the
presence of either 2.5 ug/ml nonimmune IgG or 2.5 pg/ml anti-HMGB1
antibody for 48 hours. H: Same as in F except that TE671/RAGE cells were
cultivated in the presence of added HMGBI to the concentrations indicated.
One representative experiment of three is shown (A-E). Averages of three
independent experiments = SD (F-HD. *Significantly different from control
(first column from left in F and G; TE671/RAGE cells in the absence of
additions in H) (P < 0.01). Bars = 200 pm (A=C).

C2C12 = TE671/wt = TE671/RAGEAcyto > RMZ-RC2 =
CCA cells (Figure 1F). Released HMGB1 amounted to
0.42, 0.10, 0.27, 0.13, 0.26, and 0.33 nmol/L in culture
media from C2C12, TE671/wt, TE671/RAGE, TE671/
RAGEAcyto, RMZ-RC2, and CCA cells, respectively (Fig-
ure 1G). These HMGB1 concentrations were calculated
relative to ~1 X 108 cells in 5 ml of culture medium
(DMEM without serum). Thus, the HMGB1 concentration
in individual culture media was within the range of
HMGB1 concentration shown to engage RAGE in
myoblasts. "

RAGE Expression in TE671 Cells Induces
Myogenic Differentiation: Role of HMGB1

When cultivated in 2% FBS [differentiation medium (DM)]
TE671/RAGE, but not TE671/RAGEAcyto or wild-type
TE671 (TEG71/wt), cells showed expression of the late
myogenic differentiation marker MHC (Figure 2, A-D) and
the muscle-specific transcription factor myogenin, an
early myogenic differentiation marker (Figure 2E). Thus,
transfection with RAGE resulted in activation of the myo-
genic program in TE671 cells. Because HMGB1 stimu-
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lates RAGE promyogenic activity in rat L6 myoblasts’”
and is released by C2C12 myoblasts and the RMS cells
used in the present study (Figure 1, F and G), we rea-
soned that HMGB1 might activate RAGE in TE671/RAGE
cells in an autocrine manner.

TE671/RAGE cells in DM displayed a seven to eight
times greater induction of the myogenic differentiation
marker MCK compared with TE671/wt or TE671/
RAGEAcyto cells (Figure 2F). Administration of a neutral-
izing anti-HMGB1 antibody' to TE671/RAGE cells re-
sulted in decreased MCK induction (Figure 2G),
suggesting that culture medium HMGB1 was responsible
for RAGE activation in TE671/RAGE cells and that
HMGB1 might act in an autocrine manner. Administration
of HMGB1 to TE671/RAGE cells caused a further induc-
tion of MCK (Figure 2, F and H). However, the moderate
(ie, twofold) increase in MCK induction detected in TE/
RAGE cells exposed to administered HMGB1 (Figure 2H)
compared with the remarkable (ie, ~85%) decrease in
MCK induction observed in TE/RAGE cells exposed to
the HMGB1-neutralizing antibody (Figure 2G) suggested
that released HMGB1 was sufficient to stimulate nearly
maximally MCK induction in TE671/RAGE cells. Transient
transfection of TEG71/wt cells with increasing amounts of
RAGE expression plasmid resulted in dose-dependent
increase in myogenin and MCK induction, with a plateau
between 1 and 10 ug of transfected RAGE (Supplemen-
tal Figure S1A at http://ajp.amjpathol.org). Conversely,
transient transfection of TE671/RAGE cells with increas-
ing amounts of RAGEAcyto expression plasmid (Supple-
mental Figure S1B at http://ajp.amjpathol.org) or treat-
ment of TE671/RAGE cells with a RAGE-neutralizing
antibody'"  (Supplemental Figure S1C at http:/ajp.
amjpathol.org) resulted in a dose-dependent decrease in
myogenin and MCK induction. Thus, the ability of these
cells to undergo myogenic differentiation seemed to be
dependent on the amount of expressed RAGE and of
functionally active RAGE. Collectively, these data sug-
gested that HMGB1 engaged RAGE in TE671/RAGE
cells, thereby activating a myogenic program.

RAGE Engagement by HMGB1 in TE671/RAGE
Cells Activates the Promyogenic p38 MAPK
and PI3-K/Akt and Relieves JNK Antimyogenic
Effect

Expression of myogenin, which is under the control of
p38 MAPK, governs the expression of MCK and MHC in
myoblasts.® 151718 Transfection of TE671/RAGE cells
with MKKBAA, a functionally inactive mutant of MKK®6,
resulted in a reduced MCK induction irrespective of the
absence or presence of added HMGB1 (Figure 3A), sug-
gesting that the MKK6/p38 MAPK pathway was involved
in the myogenic program activated by HMGB1/RAGE.
Switching TE671/RAGE cells from growth medium (GM,
5% FBS) to DM consistently caused a sustained activa-
tion of p38 MAPK (Figure 3B), and administration of
HMGB1 caused a further increase in p38 MAPK activa-
tion at an early time point (Figure 3C). In addition, tran-



952  Riuzzi et al
AJP September 2007, Vol. 171, No. 3

A TE/RAGE
Empty vector E
, ., Empty veetc
;825 H =] orEwt H
2575 2 ;| OTERAGEAcyto
oBs 23 BTE/RAGE
SEY MKK6AA ey
2% 05 x %i . *
“= 0 e 3
HMGBl — + ~ 4 \
None PD98059
B GM DM,24h DM, 72h
1.0 0.27 1.830.62 0.05 3.1 0.86 0.4 4.25 F
pho-p33 TS = — 1.0 0.790.46 047 2.0 2.24
pho-Akt | _——— -—-—_-|
p38

wt A R wt A R wt AR

Akt|..-.—'|

C 1.0 2.04 1.6 791 1.78 7.36 1.85 7.84 GM DM GM DM GM DM
pho-p38| VY. o 'l wt A R
p38|----- --Ol
wt R wt R wt R wt R G IOgE/SRAlG]E()4
HMGBl — — + + — — + + 0 045 11 0.
3 *
ONone Ab-HMGBI — + — +
OLY294002 —24 h =0

W SB203580

MCK-luc,
fold induction

Control HMGBI

Figure 3. Enforced expression of RAGE in TEG71 cells activates p38 MAPK
and Akt on stimulation with HMGB1. A: TEG71/RAGE cells were transiently
transfected with MCK-luc reporter gene and MKKOAA, switched to DM,
cultivated for 24 hours under these conditions in the absence or presence of
added HMGBI1 to 100 nmol/L, and harvested to measure luciferase activity.
B: TE671/wt (wr), TE671/RAGEAcyto (A), and TE671/RAGE (R) cells were
cultivated in GM for 24 hours or in DM for 24 or 72 hours and processed for
detection of phosphorylated and total p38 MAPK by Western blotting. C:
TE671/wt (wv), TE671/RAGEAcyto (A), and TE671/RAGE (R) cells were
cultivated in DM for 30 minutes or 24 hours in the absence or presence of
added HMGB1 to 100 nmol/L and processed for detection of phosphorylated
and total p38 MAPK. D: TE671/RAGE cells were transiently transfected with
MCK-luc reporter gene, switched to DM, cultivated for 24 hours in the
absence or presence of added HMGB1 to 100 nmol/L plus or minus the PI3-K
inhibitor LY294002 or the p38 MAPK inhibitor SB203580 and harvested to
measure luciferase activity. E: TE671/wt, TE671/RAGEAcyto, and TEG671/
RAGE cells were transiently transfected with MCK-luc reporter gene,
switched to DM, cultivated for 24 hours in the absence or presence of the
mitogen-activated protein kinase kinase inhibitor PD98059, and harvested to
measure luciferase activity. F: TE671/wt, TE671/RAGEAcyto, and TE671/
RAGE cells were cultivated in GM or DM for 24 hours and processed for
detection of phosphorylated and total Akt by Western blotting. G: Same as in
F except that TE671/RAGE cells were cultivated in DM for 24 hours or 72
hours in the presence of either 2.5 pg/ml nonimmune IgG or 2.5 ug/ml
anti-HMGBL1 antibody. One representative experiment of three is shown (B,
C, F, and G). The numbers on top of lanes in B, C, F, and G refer to the
phosphorylated-to-total ratio of the pertinent kinase relative to the respective
control (first lane from left on each blot). Averages of three independent
experiments * SD (A, D, and E). *Significantly different from control (first
column from left in A, D, and E) (P < 0.01).

sient transfection of TE671/wt and TE671/RAGEAcyto
cells with MKKBEE, a constitutively active mutant of the
p38 MAPK upstream kinase MKK®, resulted in induction
of myogenin and MCK (data not shown), in accordance
with previous observations made using a panel of RMS
cell lines.®? Collectively, these data supported the notion
that defective activation of p38 MAPK might contribute to
the inability of RMS cells to undergo myogenic differen-
tiation®2 and suggested that lack of RAGE expression in
TEG671/wt cells might be a cause of their inability to acti-
vate p38 MAPK persistently and to differentiate.
Administration of the p38 MAPK inhibitor SB203580 or
the PI3-K inhibitor LY294002 resulted in reduced MCK
induction in TE671/RAGE cells irrespective of the ab-
sence or presence of added HMGB1 (Figure 3D),
whereas administration of the mitogen-activated protein

kinase kinase-ERK1/2 inhibitor, PD98059, resulted in in-
creased MCK induction (Figure 3E). Data obtained with
SB203580 were in line with data in Figure 3A and with the
notion that p38 MAPK needs to be activated for myo-
blasts to differentiate’™'"'® and indicated that expres-
sion of RAGE in TE671 cells was sufficient to restore a
crucial event in myogenic differentiation, ie, sustained
p38 MAPK activation. By contrast, inhibition of mitogen-
activated protein kinase kinase-ERK1/2 favored the exe-
cution of the myogenic program activated by RAGE
engagement in TE671/RAGE cells (Figure 3E) in
accordance with the notion that ERK1/2 inactivation re-
sults in enhanced myoblast differentiation.”*~'* In addi-
tion, data obtained with LY294002 suggested that the
PI3-K/Akt pathway became likewise activated in TEG71/
RAGE cells. The extent of Akt phosphorylation was con-
sistently higher in TE671/RAGE cells than TE671/
RAGEAcyto and TE671/wt cells in GM and in DM (Figure
3F), and neutralization of culture medium HMGB1 re-
duced Akt phosphorylation in TE671/RAGE cells
(Figure 3G).

Excessive activation of the small GTPases of the Rho
family, Rac1 and/or Cdc42, causes inhibition of myoblast
differentiation via stimulation of JNK activity,*> and RMS
cells have constitutively active Rac1 and Cdc42® that
stimulate proliferation and inhibit differentiation via
JNK activation.*”*® Administration of the JNK inhibitor
SP600125 to TE671/RAGE cells in DM caused a threefold
stimulation of MCK induction compared with untreated
TE671/RAGE cells (Figure 4A), suggesting that (exces-
sive) activation of JNK reduced RAGE promyogenic ac-
tivity and that, conversely, RAGE signaling to MKK6/p38
MAPK was able to overcome JNK antimyogenic activity
in TE671/RAGE cells in part. Consistently, TE671/
RAGEAcyto and TE671/wt cells exhibited remarkably
higher levels of JNK phosphorylation (activation) com-
pared with TE671/RAGE cells in GM and in DM, and
inhibition of p38 MAPK with SB203580 in TE671/RAGE
cells resulted in levels of JNK phosphorylation compara-
ble with those found in TE671/RAGEAcyto and TE671/wt
cells (Figure 4B). Inhibition of p38 MAPK phosphorylation
by SB203580 under these conditions was verified by
Western blotting (data not shown). In addition, RAGE
signaling in TE671 cells resulted in a certain extent of
MCK induction even in cells in GM (Figure 4A) analogous
to the case of L6 myoblasts,'" and again inhibition of JNK
resulted in stimulation of RAGE-dependent induction of
MCK under these conditions (Figure 4A). Thus, expres-
sion of RAGE in TE671 cells relieved the antimyogenic
effect of JNK in a p38 MAPK-dependent manner in part.

Activation of the Myogenic Program in TE671/
RAGE Cells Requires Cdc42/Rac1 Activity

Excessive activation and inhibition of activity of Cdc42
and Rac1 inhibit myoblast differentiation,*® implying that
a certain degree of Cdc42 and Rac1 activation is re-
quired for myoblast differentiation.*® In L6 myoblasts, the
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HMGB1/RAGE pair signals to MKK6/p38 MAPK via
Cdc42/Rac, thereby stimulating differentiation.” Trans-
fection of TE671/RAGE cells with an inactive mutant of
Cdc42 (N17Cdc42) or Rac1 (N17Ract) resulted in re-
duction of MCK induction to the levels found in TE671/
RAGEAcyto and TE671/wt cells (Figure 4C), suggesting
that RAGE promyogenic activity required Cdc42 and
Rac1 activity. Consistently, in N17Cdc42-, N17Rac1-, or
MKK6AA-transfected TE671/RAGE cells, nearly no p38
MAPK  phosphorylation (Figure 4D) or MHC-positive
TE671/RAGE cells could be detected (Figure 4E). These
data suggested that RAGE engagement by HMGB1 in
TE671/RAGE cells activated the MKK6/p38 MAPK path-
way via Cdc42/Rac1, thereby stimulating myogenin and
MHC expression and MCK induction.

TE671/RAGE Cells Show Reduced Proliferation
and Increased Apoptosis

Recent work has shown that RAGE engagement in myo-
blasts results in reduced proliferation and increased ap-
optosis via p38 MAPK activation and p38 MAPK-depen-
dent inactivation of ERK1/2 and JNK.2® In a proliferation
assay, TE671/RAGE cells incorporated less [*H]thymi-
dine compared with TE671/RAGEAcyto and TE671/wt
cells (Figure 5A), indicating a slower proliferation rate,
and administration of an anti-HMGB1 antibody to TE671/
RAGE cells resulted in an increased [>H]thymidine incor-

poration compared with control cells (Figure 5B). In ad-
dition, under varying culture conditions (ie, 5, 2, and 0.5%
FBS) and as determined by FACS analysis, a smaller
fraction of TE671/RAGE cells was in the S phase, and a
larger fraction was in the Go/G, phase of the cell cycle,
compared with TE671/RAGEAcyto and TE671/wt cells
(Figure 5C), again indicating a reduced proliferation of
TE671/RAGE cells. This was accompanied by a larger
extent of apoptosis in TE671/RAGE cells (Figure 5D),
suggesting that RAGE-transducing activity interfered with
mitogenic and pro-survival signaling pathways. A consis-
tently smaller number of TE671/RAGE cells was mea-
sured on days 1 and 2 of cultivation in GM compared with
TE671/RAGEAcyto and TE671/wt cells (Figure 5G). In
addition, whereas starting at day 2, the number of TE671/
RAGEAcyto and TE671/wt cells increased linearly up to
day 9, the number of TE671/RAGE cells slightly in-
creased between day 3 and day 6 with no further in-
crease thereafter (Figure 5G). A similar pattern was ob-
served with cells in DM (data not shown). Moreover,
effects of RAGE transfection on TE671 cell proliferation
(Figure 5E) and apoptosis (Figure 5F) were reduced in
cells treated with the p38 MAPK inhibitor, SB203580. A
similar reduction was observed in TE671/RAGE cells that
had been treated with anti-HMGB1 antibody (data not
shown). Thus, expression and activation of RAGE and
RAGE ligation by HMGB1 in TE671 cells resulted in a
reduced cell number via p38 MAPK activation.
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Figure 5. Enforced expression of RAGE in TE671 cells reduces proliferation
and increases apoptosis. A: TE671/wt, TE671/RAGEAcyto, and TE671/RAGE
cells were subjected to a [PHlthymidine assay. B: Same as in A except that
TEG71/RAGE cells were cultivated in the presence of either 2.5 ug/ml
nonimmune IgG or 2.5 ug/ml anti-HMGBI1 antibody for 48 hours before
[PHlthymidine assay. C and D: TE671/wt (wb), TE671/RAGEAcyto (A), and
TEG71/RAGE (R) cells were cultivated for 72 hours in the presence of the FBS
concentration indicated and subjected to FACS analysis to measure the
fraction of cells in the various phases of the cell cycle (C) and apoptosis (D).
E and F: Same as in C and D, respectively, except that the cells were
cultivated in 2% FBS in the presence of the p38 MAPK inhibitor, SB203580, or
vehicle [dimethylsulfoxide (DMSO)]. G: TE671/wt, TE671/RAGEAcyto, and
TEG71/RAGE cells were cultivated in GM for the days indicated and pro-
cessed by the 3-(4,5-dimethylthiazol-2-yD-2,5-diphenyltetrazolium assay. H:
TE671/wt (wv), TE671/RAGEAcyto (A), and TE671/RAGE (R) cells were
transiently transfected with p21¥A"!-luc reporter gene, switched to DM,
cultivated for 48 hours and harvested to measure luciferase activity. I:
TE671/wt (wv), TE671/RAGEAcyto (A), and TE671/RAGE (R) cells were
cultivated for 24 hours in either GM or DM and processed for detection of
cyclin D1, phosphorylated and total ERK1/2, and phosphorylated and total
Rb by Western blotting. A Western blot of tubulin is included below the
cyclin D1 blot to show total protein loading in individual lanes. One repre-
sentative experiment of three is shown (I). The numbers on top of lanes in
I refer to the relative density of cyclin D1, phosphorylated ERK1/2 and
phosphorylated Rb to tubulin, total ERK1/2, and total Rb, respectively.
Averages of three independent experiments = SD (A-H). *Significantly
different from control (first column from left in A, B, D, F, and H) or from
internal control (first column from left in each group in C and E) (P < 0.01).

TE671/RAGE Cells Show Increased Induction of
p21"VAF1 and Decreased Levels of Cyclin D1
and Extent of ERK1/2 and Rb Phosphorylation

Increased levels of the proliferation inhibitor p21WAF"
decreased levels of cyclin D1, and decreased extent of
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Figure 6. Enforced expression of RAGE in TEG71 cells reduces migration,
colony formation, and invasiveness and increases adhesiveness. A: TE671/
wt, TE671/RAGEAcyto, and TE671/RAGE cells were subjected to a migration
assay in Boyden chambers. B: In a colony formation assay, a ~50% decrease
in the number of colonies was observed in the case of TE671/RAGE cells (R).
C: In a cell adhesion assay, nearly twice as many TE671/RAGE cells adhered
to the support after 3 hours as TE671/wt and TE671/RAGEAcyto cells. One
representative experiment of three is shown (A and B). *Significantly differ-
ent from control (first column from left in B and C, 7 = 3) (P < 0.01). Bars:
100 um (A); 500 wm (B).

Rb phosphorylation accompany myoblast proliferation
arrest and differentiation,®°=>* and RMS cells contain
abnormally low levels of p21"WAF! that do not change on
their cultivation in DM.®* Thus, we next analyzed
TE671/RAGE, TE671/RAGEAcyto, and TE671/wt cells
for levels of p21"WAF! and cyclin D1 and extent of
ERK1/2 and Rb phosphorylation. We detected similar
extents of p21"WA™" induction in TE671/RAGEAcyto and
TE671/wt cells in GM and in DM and larger extents of
p21WAR induction in TE671/RAGE cells in GM (Figure
5H). Moreover, a further increase in p21WAF! induction
was seen in TE671/RAGE cultivated in DM (Figure 5H).
These latter findings correlated positively with the de-
creased proliferation of TE671/RAGE cells compared
with TE671/RAGEAcyto and TE671/wt cells. In addi-
tion, similar extents of cyclin D1 expression and
ERK1/2 phosphorylation were detected in TE671/
RAGEAcyto and TE671/wt cells irrespective of the cul-
ture conditions, although remarkably lower levels were
found in TE671/RAGE cells in GM and in DM (Figure
51). Moreover, the extent of Rb phosphorylation was
considerably low in TE671/RAGE cells compared with
TE671/RAGEAcyto and TE671/wt cells (Figure 5I).
Collectively, these data suggested that RAGE expres-
sion in TE6G71 cells triggered most of the intracellular
events that lead to myoblast proliferation arrest and
differentiation.

TE671/RAGE Cells Show Reduced Migration
and Invasiveness

We next examined the possibility that RAGE expres-
sion might also interfere with TE671 cell migration,
ability to form colonies, and invasiveness. TE671/RAGE
cells exhibited reduced migration (Figure 6A) and abil-
ity to form colonies in soft agar (Figure 6B) compared
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with TE671/RAGEAcyto and TE671/wt cells, pointing to
a lower tendency of TE671/RAGE cells to grow in the
absence of a support and, hence, to enhanced adhe-
sion properties of TE671/RAGE cells. Accordingly, in a
cell adhesion assay, TE671/RAGE cells were more ad-
hesive to the substratum than TE671/RAGEAcyto and
TE671/wt cells (Figure 6C). In addition, in an invasive-
ness assay, whereas TE671/RAGEAcyto and TE671/wt
cells migrated through a Matrigel barrier to the same
extent, TE671/RAGE cells showed reduced or no inva-
siveness (data not shown). Thus, the aggressive po-
tential of TE671 cells was remarkably reduced by
RAGE expression.

By fluorescein isothiocyanate-phalloidin  staining,
TE671/RAGE cells displayed a structured pattern of
stress fibers, whereas TE671/RAGEAcyto and TEG71/wt
cells showed collapsed F-actin and filopodia (Figure 7,
A-C) as typically seen in highly proliferating cells. In
addition, by phase contrast microscopy and FACS anal-
ysis (Supplemental Figure S2, A and B, at http://ajp.
amjpathol.org), TE671/RAGE cells exhibited a larger vol-
ume than TE671/RAGEAcyto and TEG671/wt cells.
Although a large fraction of MHC-positive TE671/RAGE
cells in DM appeared elongated and hypertrophic (Fig-
ures 2C and 4E, control), ie, reminiscent of differentiating
myoblasts, only sporadic multinucleated cells could
be detected (Supplemental Figure S2A at http./ajp.
amjpathol.org), as also observed in previous studies.®?
However, on treatment with the p38 MAPK inhibitor,
SB203580, the three TE671 clones showed a similar
cell volume (Supplemental Figure S2B at http://ajp.
amjpathol.org), and TE671/RAGE cells re-acquired the
collapsed F-actin cytoskeleton detected in TE671/
RAGEAcyto and TE671/wt cells (Figure 7, D-F). This
suggested that RAGE-dependent activation of p38 MAPK
in TE671/RAGE cells might be responsible for TE671/
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Figure 7.Enforced expression of RAGE in
TEG71 cells increases cell volume and restores
stress fiber formation in a p38 MAPK-dependent
manner. A-F: TEG71/wt, TEG671/RAGEAcyto,
and TE671/RAGE cells were cultivated in GM for
48 hours in the absence or presence of the p38
MAPK inhibitor SB203580 (2 wmol/L for 24
hours), fixed, and incubated with fluorescein
isothiocyanate-phalloidin to detect F-actin. Well-
structured stress fibers (arrow in C) can be seen
in TE671/RAGE cells that also exhibit a smaller
number of filopodia than do TE671/wt and
TEG71/RAGEAcyto cells (arrows in A and B).
Note the absence of stress fibers in TE671/wt
and TE671/RAGEAcyto cells and the larger size
of TE671/RAGE cells compared with TE671/wt
and TEG671/RAGEAcyto cells. Treatment with
SB203580 results in collapse of F-actin onto
plasma membranes in the three TEG671clones,
acquisition of a round shape, decrease in cell
volume, and appearance of numerous filopodia.
G-I: TEG71/wt, TE671/RAGEAcyto, and TEG671/
RAGE cells were cultivated in DM for 3 days and
analyzed by phase-contrast microscopy. One
representative experiment of three with similar
results is shown (A-D). Bars: 20 um (A-F); 250
pm (G-D.

RAGE cell hypertrophy and stress fiber formation. Thus,
RAGE transfection resulted in dramatic changes in TE671
cell shape consistent with their reduced proliferation and
invasiveness, increased adhesiveness, and activation of
the myogenic program.

Different Extents of RAGE Expression in

RMS Cell Lines: Correlation with Migration,
Invasiveness, and Myogenic Differentiation

in Vitro

We analyzed two other RMS cell lines, ie, the embryonal-
type CCA and alveolar-type RMZ-RC2, for RAGE and
MHC expression and invasiveness. Differently from

TE671/wt cells, by RT-PCR (Figure 8A), Western blotting
(Figure 8B), and immunofluorescence (Supplemental

Figure S8 at http.//ajp.amjpathol.org), CCA and RMZ-RC2
cells expressed RAGE; however, RMZ-RC2 cells exhib-
ited ~50% less RAGE protein than CCA cells and RAGE
protein levels comparable with TE671/RAGE cells, rela-
tive to tubulin (Figure 8B). Compared with TE671/wt cells,
CCA and RMZ-RC2 cells showed a more pronounced

Figure 8. CCA (embryonal type) and RMZ-RC2 (alveolar type) RMS cells
express RAGE. A and B: Expression of RAGE in CCA, RMZ-RC2, TE671, and
TEG71/RAGE cells was investigated by RT-PCR (A) and Western blotting (B).
The numbers on top of lanes in A and B refer to the densities of RAGE mRNA
relative to GADPH mRNA (A) and of RAGE protein relative to tubulin (B).
One representative experiment of three with similar results is shown.
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Figure 9. CCA and RMZ-RC2 RMS cells show reduced invasiveness com-
pared with TE671 cells, express MHC in DM, and exhibit increased invasive-
ness and reduced MCK and myogenin induction when transfected with
RAGEAcyto. A: CCA, RMZ-RC2, and TE671 cells were cultivated in GM for 24
hours, switched to DM for 4 days, and subjected to immunocytochemistry to
detect MHC. B: CCA, RMZ-RC2, and TE671 cells were subjected to an
invasiveness assay. C: CCA and RMZ-RC2 cells were transiently transfected
with RAGE or RAGEAcyto and subjected to an invasiveness assay. D and E:
CCA and RMZ-RC2 cells transiently transfected with either RAGE or
RAGEAcyto were transfected with MCK-luc or myogenin-luc reporter gene.
One representative experiment of three is shown (A—=C). *Significantly dif-
ferent from control (first column from left in each group in D and E) (P <
0.01). Bars: 250 um (A); 100 um (B and ©).

MHC immunostaining intensity when cultivated in DM
(Figure 9A) and exhibited reduced migration/invasive-
ness (Figure 9B), proportionally to the amount of RAGE
protein. However, although RMZ-RC2 cells and TE671/
RAGE cells expressed similar levels of RAGE protein,
they behaved differently in an invasion assay, the alveo-
lar-type RMZ-RC2 cells being more invasive than the
embryonal-type TE671/RAGE cells (compare Figure 9B
with Figure 6D). Thus, although in TE671/wt, RMZ-RC2,
and CCA cells, a positive correlation was found between
the extent of RAGE expression and that of MHC expres-
sion, and a negative correlation was found between the
extent of RAGE expression and invasiveness, the levels
of expression of RAGE in the alveolar-type RMZ-RC2
cells seemed to be insufficient to reduce invasiveness to
the extent registered in the case of the embryonal-type
TE761/RAGE cells. However, transient transfection of
CCA and RMZ-RC2 cells with RAGE resulted in reduced
invasiveness and enhanced MCK and myogenin induc-
tion, whereas transfection with RAGEAcyto resulted in an
increased invasiveness and a dramatic decrease in MCK

and myogenin induction, compared with mock-trans-
fected cells (Figure 9, C-E). In addition, CCA cells in DM
displayed higher levels of p38 MAPK phosphorylation
compared with TE671/wt cells, and inhibition of p38
MAPK by SB203580 resulted in increased migration and
invasiveness of CCA cells compared with untreated cells
(data not shown). Moreover, inhibition of JNK by
SP600125 resulted in reduced migration and invasive-
ness of CCA cells (data not shown). Thus, the extent of
myogenic differentiation of CCA and RMZ-RC2 cells was
proportional to the level of RAGE expression, and func-
tional inactivation of RAGE or inhibition of p38 MAPK in
CCA and RMZ-RC2 cells increased their aggressive po-
tential and reduced their myogenic potential.

TE671/RAGE Cells Show Altered Tumor Growth
in Vivo

Next, we injected immunocompromised mice with TE6G71/
RAGE, TE671/RAGEAcyto, or TEG7 1/wt cells, and tumor
formation was monitored for 4 to 6 weeks. All of the mice
injected with TE671/wt cells, 80% of mice injected with
TE671/RAGEAcyto cells, and 40% of mice injected with
TE671/RAGE cells developed a tumor (Figure 10, A and
B), with tumor formation on TE671/wt cell injection pre-
ceding by ~10 days that following TE671/RAGE or
TE671/RAGEAcyto cell injection. Volume was smaller in
the case of TE671/RAGE and TE671/RAGEAcyto tumors
compared with TE671/wt tumors (Figure 10, A and B). In
addition, larger areas of necrosis were detected in
TE671/wt and TE671/RAGEAcyto tumors than in TE671/
RAGE tumors, and a remarkably reduced vasculature
was found in TE671/RAGEAcyto and TE671/RAGE tu-
mors compared with the TE671/wt tumors (Figure 10C).
Finally, the density of proliferating cells was high in
TE671/wt tumors, intermediate in TE671/RAGEAcyto tu-
mors, and low in TE671/RAGE tumors (Figure 10D). Thus,
expression of RAGE reduced the aggressive potential of
TE671 cells in terms of tumor incidence, whereas the
reduced vasculature observed in TE671/RAGE and
TE671/RAGEAcyto tumors suggested that RAGE extra-
cellular domain might function as a decoy receptor for
HMGBH1, thereby reducing the ability of HMGB1 to pro-
mote reactive angiogenesis (see Discussion).® Reduced
angiogenesis might explain the reduced proliferation and
tumor volume and the retarded tumor formation observed
in TE671/RAGE and TE671/RAGEAcyto tumors com-
pared with TE671/wt tumors (Figure 10D).

Discussion

RAGE, a cell surface receptor of the immunoglobulin
superfamily,®* is expressed in skeletal muscles in a de-
velopmentally regulated manner and transduces a myo-
genic signal in L6 myoblasts, and the RAGE ligand,
HMGB1 (amphoterin), engages RAGE in L6 myoblasts,
thereby stimulating myogenic differentiation.’ In addi-
tion, functional inactivation of RAGE in L6 myoblasts re-
sults in reduced differentiation and apoptosis, increased
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Figure 10. Inoculation of TE671/RAGE cells into mice results in reduced tumor volume and incidence. Immunocompromised mice were injected with TE671/wt,
TEG671/RAGEAcyto, or TE671/RAGE cells, and tumor mass formation was followed for 4 to 6 weeks. Tumor masses were analyzed for volume (A and B),
histopathology (C), and proliferating cells (D). Ample zones of necrosis are detected in TE671/wt and TE671/RAGEAcyto tumors compared with TE671/RAGE
tumors (C, left panels), and TE671/RAGEAcyto tumors and TE671/RAGE tumors exhibit a remarkably reduced vasculature compared with TE671/wt tumors
(arrows in C, right panels). In addition, a much larger number of proliferating cells is detected in TE671/wt tumors compared with TE671/RAGEAcyto tumors
that, in turn, show a larger number of proliferating cells than TE671/RAGE tumors, as investigated by Ki-67 (MIB1) immunohistochemistry (D). *Significantly
different from control (first column from left in the average volume panel in B) (12 = 5, P < 0.05).

proliferation, and tumor formation in vivo.?® These obser-
vations suggest that deregulation of RAGE expression
and/or functionality in myoblasts might contribute to myo-
blast neoplastic transformation and, conversely, that res-
toration of RAGE expression and/or functionality in RMS
cells might mitigate RMS aggressive potential. To test this

hypothesis, we investigated effects of stable transfection
with RAGE of embryonal-type TE671 RMS cells on differ-
entiation, proliferation, migration, invasiveness, and tu-
mor growth. We found that TE671 cells do not express
RAGE, myogenin, or MHC; proliferate at a high rate; and
are unable to complete the myoblast differentiation pro-
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gram. However, on transfection with RAGE, but not its
signaling-deficient mutant, RAGEAcyto, TE671 cells
show signs of myogenic differentiation (ie, myogenin and
MHC expression, MCK induction, and cell hypertrophy)
when cultivated in DM, proliferate at a significantly re-
duced rate, and exhibit increased adhesiveness and re-
duced migration, invasiveness, and in vivo tumor growth.
Moreover, because TE671/RAGE, TE671/RAGEAcyto,
and TE671/wt cells, CCA and RMZ-RC2 cells, and C2C12
myoblasts release HMGB1 and because a HMGB1-neu-
tralizing antibody reduces effects of RAGE expression in
TE671 cells, activation of RAGE likely depends on an
autocrine effect of released HMGB1. Last, the ability of
RAGE-transfected TE671/wt cells to undergo myogenic
differentiation depends on the amount of expressed
RAGE and of functionally active RAGE. Thus, enforced
expression of RAGE and RAGE engagement by HMGB1
are able to reduce the neoplastic potential of and to
trigger the myogenic program in TE671 cells. Likewise,
the CCA and RMZ-RC2 RMS cell lines, which express
RAGE and MHC in DM, show remarkably reduced inva-
siveness, compared with TE6G71/wt cells, proportionally to
the amount of expressed RAGE and show increased
myogenin and MCK induction when transfected with
RAGE and dramatically reduced myogenin and MCK
induction when transfected with RAGEAcyto. In a spec-
ular fashion, RAGEAcyto-transfected CCA and RMZ-RC2
RMS cells are more invasive in vitro compared with their
mock-transfected counterparts. It is notable that overex-
pression of either CDO (cell adhesion molecule-related/
down-regulated by oncogenes) or BOC (brother of CDO),
two receptors that, analogous to RAGE, are members of
the immunoglobulin superfamily and positive regulators
of myogenesis,®® results in differentiation of RD RMS
cells.®”

p38 MAPK activity is crucial for activation of the myo-
genic program in myoblasts and RMS cells, and Akt is
also required for myoblast differentiation and myoblast/
myotube hypertrophy.'®17:18:32 TEG71/RAGE cells show
increased extents of phosphorylation (activation) of the
promyogenic p38 MAPK and Akt, and HMGB1 further
increases them. Thus, a relationship exists in TE671/
RAGE cells among RAGE expression, p38 MAPK and Akt
activation, up-regulation of myogenin and MHC expres-
sion, induction of MCK, and cell hypertrophy. Transfec-
tion of TE671/RAGE cells with MKKBAA, a constitutively
inactive mutant of the p38 MAPK upstream kinase,
MKK®6, or with a constitutively inactive mutant of either
Cdc42 or Rac1 or inhibition of p38 MAPK with SB203580
in TE671/RAGE cells results in negation of effects of
enforced expression of RAGE. Thus, we conclude that
HMGB1-activated RAGE signals to Cdc42-Rac1-MKK6-
p38 MAPK and PI3-K/Akt to induce TE671/RAGE cell
differentiation and hypertrophy (Figure 11).

Besides causing activation of the myogenic program,
RAGE expression in TE671 cells also results in reduced
proliferation, migration, invasiveness, and in vivo tumor
growth/incidence and increased apoptosis and adhe-
siveness. These observations are at variance with data
obtained with glioma, melanoma, colon cancer, and hu-

man pancreatic carcinoma cells,?*2 in which a positive
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Figure 11. Schematic representation of the proposed effects of enforced
expression of RAGE in TE671 RMS cells. RAGE engaged by HMGB1 signals
to Rac1/Cdc42 and to PI3-K via unknown intermediates, thereby stimulating
myogenic differentiation through activation of the MKK6/p38 MAPK module
and myotube hypertrophy through the PI3-K/Akt module. HMGB1/RAGE-
dependent activation of p38 MAPK also causes inactivation of ERK1/2 and
JNK with consequent inhibition of proliferation and decrease in cell survival.
Shown are also monomeric HMGB1 within myoblasts and the RMS cell lines
used in this study and released HMGB1, which forms disulfide cross-linked
dimers in the extracellular medium.

correlation was found among RAGE expression, neoplas-
tic transformation, and metastasis, but are consistent with
the differentiating activity of HMGB1/RAGE in neurons
and L6 myoblasts.™">* However, our data are consistent
with observations made with non-small lung carcinoma
cells,®® in which down-regulation of RAGE was found to
be associated with neoplastic transformation and with
previous work showing that RAGE-induced neuronal dif-
ferentiation is associated with proliferation arrest.?®

The reduced proliferation of TE671/RAGE cells in vitro
compared with TE671/wt and TE671/RAGEAcyto cells is
accompanied by an increased induction of the prolifera-
tion inhibitor p21WA™" and remarkably decreased levels
of cyclin D1 and extent of ERK1/2 and Rb phosphoryla-
tion. The reduced proliferation of TE671/RAGE cells de-
pends on a rapid and sustained activation of p38 MAPK,
which is known to stabilize the p21WA™ transcript in cells
of the myogenic lineage®® and to cause proliferation ar-
rest when persistently activated in RMS cells.®? In the
present case, sustained activation of p38 MAPK depends
on HMGB1/RAGE-induced activation of Cdc42-Rac1
(Figure 4C). Notably, activation of the MKK6-p38 MAPK
pathway by a number of upstream intermediates, includ-



ing Cdc42, has been reported to cause cell proliferation
arrest.®%¢" Thus, our results suggest that expression and
activation of RAGE in cells of the myogenic lineage might
cause proliferation arrest, a critical event in the process
of myoblast differentiation and in the control of neoplastic
transformation. Consistent with this conclusion is the find-
ing that the extent of phosphorylation (activation) of JNK,
a mitogenic kinase particularly active in RMS cells and
suggested to play an important role in rhabdomyosarco-
magenesis,*”*® is remarkably reduced in TE671/RAGE
cells, compared with TE671/wt and TE671/RAGEAcyto
cells, again in a p38 MAPK-dependent manner (Figure
3B). In addition, as mentioned above, forced expression
of RAGE in TE671 cells results in down-regulation of
expression of cyclin D1 (Figure 5I), which is overex-
pressed in highly proliferating, metastatic cells, including
RMS cells, has an important role in cellular survival and
DNA synthesis, and is induced by sustained activation of
ERK1/2.52-%¢ Qur data suggest that RAGE signaling in
TE671/RAGE cells might down-regulate the expression of
cyclin D1 via p38 MAPK-dependent inhibition of ERK1/2
and JNK activities.?®67 After the submission of the
present work, data have appeared showing that p38
MAPK causes myoblast proliferation arrest by inactivat-
ing JNK via up-regulation of MAPK phosphatase-1.°% On
this basis, we propose that inability of TE671 cells to
express RAGE might contribute to their high proliferation
rate and hence to their malignancy and that re-expres-
sion of RAGE might reduce TE671 cell aggressiveness
(Figure 11), which might have important implications for
our understanding of the biology of RMSs and, poten-
tially, therapeutic intervention.

Although tumor incidence in mice inoculated with
TE671/RAGE cells is 50% lower than that registered in
mice inoculated with TE671/RAGEAcyto cells, tumor vol-
ume is, unexpectedly, essentially the same (Figure 10B).
However, a reduced reactive angiogenesis is found in
TE671/RAGE and TE671/RAGEAcyto tumors compared
with TE671/wt tumors (Figure 10C). These observations
raise the possibility that RAGE extracellular domain in the
inoculated TE671/RAGE and TE671/RAGEAcyto cells
might sequester endogenous HMGB1 (likely the HMGB1
released by the inoculated cells), thereby reducing the
ability of HMGB1 to promote reactive angiogenesis.*®
The following observations support this possibility. i)
RAGE engagement by HMGB1 in TE671/RAGE cells in
vitro results in reduced proliferation and increased apo-
ptosis, and this effect requires an intact RAGE (ie, TE671/
RAGEAcyto cells behave like TE671/wt cells). ii) The
number of proliferating cells in the tumor masses is
small in TE671/RAGE tumors, intermediate in TE671/
RAGEAcyto tumors, and high in TE671/wt tumors (Figure
10D). iii) TE671/wt, TE671/RAGE and TE671/RAGEAcyto,
CCA, and RMZ-RC2 cells release HMGB1. The concen-
tration of released HMGB1 ranges from a minimum of
0.10 nmol/L in the case of TE671/wt cells to a maximum of
0.42 nmol/L in the case of C2C12 myoblasts in vitro. We
have no information concerning the concentration of re-
leased HMGB1 at sites of inoculation of TE671/wt, TE671/
RAGE, and TE671/RAGEAcyto cells and of tumor forma-
tion, but any released HMGB1 at these sites may well
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engage RAGE in TE671/RAGE cells and bind to RAGE
extracellular domain in TE671/RAGEAcyto cells, thereby
stimulating the myogenic and antiproliferative potential of
RAGE (in the case of inoculated TE671/RAGE cells) and
preventing efficient interaction with endothelial RAGE (in
the case of inoculated TE671/RAGE and TEG671/
RAGEAcyto cells). Thus, whereas the reduced prolifera-
tion of TE671/RAGE cells in vitro is an intrinsic property
because of the presence of full-length RAGE, the re-
duced tumor progression of TE671/RAGE cells in vivo
might result from this intrinsic property and the likely
decoy function of RAGE extracellular domain toward re-
leased HMGB1 (with consequent reduction of the pro-
angiogenic activity of HMGB1). TE671/RAGEAcyto tu-
mors are midway because although TE671/RAGEAcyto
cells are incapable of arresting their proliferation in vitro
similarly to TE671/wt cells, their RAGE extracellular do-
main might sequester endogenous HMGB1, the pro-
angiogenic activity of which®® would so be reduced.
Although further in vivo analyses are required to substan-
tiate this possibility, we note that RAGE extracellular do-
main has long been known to act as a decoy receptor for
RAGE ligands, including HMGB1."924

The CCA and RMZ-RC2 RMS cell lines, which do ex-
press RAGE although to a different extent from one an-
other, show invasiveness in an inverse proportion to the
extent of RAGE expression and show a lower invasive-
ness compared with TE671/wt cells. In addition, func-
tional inactivation of RAGE in these cells by transient
transfection with RAGEAcyto results in an increased ag-
gressive potential and a reduced myogenic potential.
Similar results were obtained after inhibition of p38 MAPK
(data not shown). These data support our proposal that
RAGE expression and engagement might reduce the
aggressive potential of RMS cells and might be important
for tumor grade diagnosis, whereas repression of RAGE
expression or functional inactivation of RAGE might en-
hance RMS cell aggressiveness. However, although the
amount of RAGE expressed in individual TE671/wt, CCA,
and RMZ-RC2 cells, relative to tubulin, influences their
behavior in terms of myogenic differentiation in DM and
invasiveness (the higher the levels of RAGE in individual
cell lines, the lower the invasiveness and vice versa), at
similar levels of RAGE expression relative to tubulin, the
alveolar-type RMZ-RC2 cells are more invasive than the
embryonal-type TE671/RAGE cells (compare Figure 9B
with Figure 6D). These data suggest that the levels of
endogenous RAGE in the alveolar-type RMZ-RC2 cells
are not sufficient to reduce the invasiveness to the extent
observed in the embryonal-type TE671/RAGE cells. Thus,
the recurrent chromosomal translocations t(2;13) or
t(1;13) occurring in alveolar RMSs and resulting in the
formation of chimeric transcription factors PAX3-FOXO1a
and PAX7-FOXO1a, respectively,®® and other events oc-
curring in alveolar and embryonal RMSs might have more
profound effects than RAGE expression on the ability of
RMS cells to stop proliferating, differentiate, and fuse into
myotubes. However, enforced expression of RAGE in the
RAGE-negative embryonal-type TE671 RMS cells results
in reduced proliferation and invasiveness and decreased
tumor growth/incidence in vivo along with increased
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apoptosis and restoration of the ability to express mark-
ers of myogenic differentiation. In addition, transient
transfection of the RAGE-positive CCA and RMZ-RC2
cells with RAGE results in a reduced invasiveness and
enhanced MCK and myogenin induction, whereas trans-
fection with RAGEAcyto results in an increased invasive-
ness and a remarkable decrease in MCK and myogenin
induction compared with mock-transfected cells. This
suggests that the presence and/or increased dosage of a
functional RAGE might mitigate the aggressive potential
of RMS cells, and conversely, repression of RAGE ex-
pression or functional inactivation of RAGE in RMS cells
might result in an increased aggressive potential. It is
tempting to speculate that loss of RAGE and/or reduced
RAGE activity might contribute to rhabdomyosarco-
magenesis. Specifically, we propose that although re-
routing signaling pathways (by any of the several causes
proposed to be responsible for myoblast neoplastic
transformation) likely is a major event in rhabdomyosar-
comagenesis, reduced activity of p38 MAPK consequent
to repression of RAGE expression and/or function likely is
an important cause of such a re-routing. By virtue of its
ability to persistently activate p38 MAPK in myoblasts,
RAGE might reduce or interrupt JNK and ERK1/2 activi-
ties, thereby preventing uncontrolled proliferation, pro-
moting apoptosis, and stimulating differentiation.
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