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Increased levels of glucose uptake and increased expression
of the glucose transporter (GLUT) genes are characteristic
features of tumors. In the muscle-derived tumor alveolar
rhabdomyosarcoma (ARMS), a chromosomal translocation
t(2:13) generates the PAX3/forkhead homolog in rhabdomyo-
sarcoma (FKHR) oncoprotein. In muscle tissues, glucose
transport is primarily mediated by GLUT4. However, the
mechanisms that regulate GLUT4 gene expression in tumor
tissues are largely unknown. Therefore, we evaluated the role
of PAX3/FKHR in the regulation of GLUT4 gene expression in
muscle tumorigenesis. GLUT4 mRNA and protein were de-
tected in ARMS-derived human biopsies and in ARMS-derived
RH30 myoblasts, which both express the PAX3/FKHR chi-
meric protein, but not in either C2C12 or embryonal rhab-
domyosarcoma-derived myoblasts. GLUT4 was functionally
active in RH30 cells, because insulin induced a 1.4-fold stim-
ulation of basal 2-deoxyglucose uptake rates. Coexpression of
PAX3/FKHR increased basal transcriptional activity from a
GLUT4 promoter reporter (GLUT4-P) in C2C12, SaOS-2, and
Chinese hamster ovary-K1 cells in a dose-dependent and

tissue-specific manner. PAX3/FKHR mutants with deletions in
either the homeodomain (!HD) or the FKHR-derived activa-
tion domain (!FKHR), or in which the PAX3-derived paired
domain (PD) was point-mutated (PD-R56L), were unable to
activate GLUT4-P. Progressive 5!-deletion analysis of
GLUT4-P further identified a specific region of the promoter,
"66/#163 bp, which retained about 65% of the full transacti-
vation effect. EMSA studies established that the PAX3/FKHR
protein directly and specifically binds to this region and to a
shorter fragment, "4/#36 bp, that contains potential binding
sites for HD and PD, but not to a "4/#36-bp fragment whose
HD and PD sites have been mutated. Thus, the functional
interaction of PAX3/FKHR with GLUT4-P appears to require
all of the functional domains of PAX3/FKHR, as well as a "4/
#36-bp region within the GLUT4 promoter. Taken together,
the data suggest that the GLUT4 gene is a downstream target
of PAX3/FKHR and that GLUT4 is aberrantly transactivated
by this oncoprotein both in vivo and in vitro. (J Clin Endocri-
nol Metab 87: 5312–5324, 2002)

THE GLUCOSE TRANSPORTER (GLUT) family of mem-
brane transport proteins mediates glucose uptake in

eukaryotic cells. To date, six GLUT isoforms have been iden-
tified and cloned, and their tissue expression patterns have
been extensively studied (for review, see Ref. 1). Thus, al-
though GLUT1 and GLUT3 are widely expressed, tissue
distributions of the other isoforms are much more restricted.
GLUT2 is primarily present in liver, kidney, intestine, and
pancreatic !-cells; GLUT5 is expressed in the small intestine;
and GLUT7 is detected in gluconeogenic tissues (another
isoform, GLUT6, is a pseudogene). The insulin-responsive
GLUT4 isoform is expressed almost exclusively in insulin
target tissues, i.e. in fully differentiated brown and white
adipose, and in skeletal and cardiac muscle tissues. In these

tissues, GLUT4 mediates the increase in glucose uptake that
occurs in response to acute insulin stimulation (2, 3). Because
glucose transport is a rate-limiting step in glucose metabo-
lism, GLUT4 expression is tightly regulated at both mRNA
and protein levels (4).

Accelerated glucose metabolism has long been recognized
as a hallmark feature of transformed cells (5). Furthermore,
the activation of GLUT genes represents one of the earliest
events in oncogenesis (6, 7). The accelerated glucose uptake
that is observed in tumor cells has been generally ascribed to
GLUT1 overexpression (6–9). However, the aberrant expres-
sion of other GLUT isoforms has also been implicated in
enhancing glucose uptake in tumor cells. For example, in
gastric tumors, the amounts of GLUT1, GLUT2, and GLUT3
transcripts were higher than those in the respective normal
tissues (10). Moreover, under normal physiological condi-
tions, glial and mammary cells do not show GLUT4 and
GLUT5 expression. However, the abnormal presence of
mRNA and protein for both isoforms was detected in 20–
50% of human astrocytic and breast tumors (11–13). Recently,
we have detected GLUT4 mRNA in human papillary carci-
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noma but not in normal thyroid or goiter cells (Fishman, B.,
M. J. Quon, A. Fusco, G. Maor, O. Ben-Izhack, M. Armoni,
and E. Karnieli, unpublished data). However, the molecular
mechanisms that regulate GLUT4 transcription in general,
and in muscle tumorigenesis specifically, are still unclear.

Solid tissue tumorigenesis is frequently associated with
chromosomal translocations. Such events can result in the
expression of novel oncogenic fusion proteins that act as
aberrant transcription factors (14). In the skeletal muscle-
derived tumor alveolar rhabdomyosarcoma (ARMS), a
t(2:13)(q35;q14) chromosomal translocation juxtaposes the
DNA binding domains of the PAX3 gene in frame with the
DNA activation domain of the forkhead homolog in rhab-
domyosarcoma (FKHR) gene (15, 16). Although both the
PAX3 and the forkhead gene products are essential for nor-
mal cellular growth, the chimeric protein has acquired on-
cogenic potential, perhaps in part due to inappropriate ac-
tivation of normal PAX3 target genes (17, 18).

The winged helix/forkhead family of transcription factors is
a large group of proteins characterized by the presence of a
highly conserved DNA binding domain termed the forkhead
box (FOX) domain (19). The Drosophila melanogaster gene fork-
head was the first member of this gene family to be identified
(20). Since then, over 100 members of the winged helix/fork-
head gene family have been found in numerous species, rang-
ing from human to yeast. The human FOXO family includes,
among others, the FOXO1a, FOXO3a, and FOXO4 genes, pre-
viously known as FKHR(alv), FKHRL1, and AFX, respectively
(21). The human FOXO1a gene was originally identified in the
chromosomal translocation PAX3/FKHR as a gene associated
with human ARMS. A large body of evidence now suggests that
there is a functional connection between members of the FOX
family and insulin regulation of glucose homeostasis. Recent
works have identified the Foxo1 protein as a downstream target
of protein kinase B (PKB)/Akt, a serine-threonine protein ki-
nase that lies downstream of phosphatidylinositol 3!-kinase
(PI3-K) in the insulin-signaling cascade (22, 23). Thus, Foxo1
was suggested to act as a mediator of insulin-regulated gene
expression, functioning as a transcription factor that binds to
insulin response elements in a variety of downstream target
genes, and thereby conferring an inhibitory effect of insulin on
gene transcription (23).

The paired box (PAX) genes are members of a large su-
perfamily of transcription factors that control development
(24). Nine PAX-encoded factors have been identified in hu-
mans and mice, and each includes a conserved 128-amino
acid DNA binding domain, termed the paired box (25). The
PAX-3 gene encodes a 479-amino acid protein containing two
conserved DNA binding motifs: an amino terminus paired
domain (PD) of 128 amino acids and a paired-type home-
odomain (HD) of 60 amino acids. PAX-3 controls regulatory
events associated with myogenesis and is essential for the
proliferation, specificity, and migration of limb precursor
cells (26). Mutations in the PAX3 gene have been linked to
Waardenburg syndrome in man and to the mouse mutant
Splotch, which develops no limb musculature (24).

To date, several transcriptional targets have been identi-
fied for either native PAX3 (24, 27) or the chimera PAX3/
FKHR, whereas only the antiapoptotic protein BCL-XL (28)
and the proto-oncogene c-Met (29) were shown to be acti-

vated by both PAX3 and PAX3/FKHR. In this study, we
provide data suggesting that the GLUT4 gene is a down-
stream target for transactivation by PAX3/FKHR as well as
by PAX3. Our data also suggest that the GLUT4 promoter has
novel cis-elements that may be involved in its activation in
ARMS tumor cells. The identification of regulatory elements
within the GLUT4 promoter that regulate its aberrant ex-
pression may provide important clues for understanding the
molecular basis of tumorigenesis.

Materials and Methods
Materials

Luciferase Reporter assay kit, calf intestine alkaline phosphatase, and
restriction endonucleases were obtained from Promega Corp. (Madison,
WI). T4 polynucleotide kinase was obtained from Boehringer-Manne-
haim (Ottweiler, Germany). ATP-"-32P (6000 Ci/mmol) was purchased
from NEN Life Science Products (Boston, MA). Cell labeling grade
L-35S-methionine and 125I-labeled protein A were obtained from Am-
ersham (Buckinghamshire, UK). Cell culture reagents were from Bio-
logical Industries (Beth Hemeek, Israel). Synthetic oligonucleotides were
ordered from Eisenberg Brothers, Inc. (Tel Aviv, Israel). Rabbit poly-
clonal antibody directed against the C terminal of GLUT4 (clone no.
R1288) was donated by Dr. Michael P. Czech (Program in Molecular
Medicine, University of Massachusetts Medical Center, Worcester, MA).
Mouse antihemagglutinin (anti-HA) monoclonal antibody (clone
12CA5; isotype IgG2b/k; 25 mg/ml) was from BabCo (Berkeley, CA).

Cell cultures

Characterization of the endogenous expression of GLUT4 and in vitro
transfection studies were performed in the following cell lines: human
ARMS-derived RH30 (ATCC no. CRL-2061), human embryonal rhab-
domyosarcoma (ERMS)-derived RD (ATCC no. CCL-136), human
osteosarcoma-derived SaOS-2, murine skeletal muscle-derived C2C12
myoblasts, and Chinese hamster ovary (CHO)-K1 fibroblasts. Cell cul-
tures were grown in 95% air/5% CO2 atmosphere, in high-glucose
DMEM (for RH30, RD, C2C12, and SaOS-2 cells) or Ham’s F-12 (CHO-
K1) medium, supplemented with 10% fetal calf serum, 100 U/ml pen-
icillin, and 100 #g/ml streptomycin.

RT-PCR and Northern blot analysis

Total cellular RNA was prepared from the various cells using TriReagent
(Molecular Research Center, Inc., Cincinnati, OH). For RT-PCR, sense
and antisense primers specific for !-actin, GLUT1, GLUT4, and PAX3/
FKHR mRNA were synthesized based on sequences obtained from Gen-
Bank, using the GCG program (Genetic Computer Group, http://www.
accelrys.com), and are shown on Table 1. First-strand cDNA synthesis and
PCR amplification were performed as described in detail by Zipris (30).
Some experiments were performed in the absence of reverse transcriptase,
to exclude the possibility of amplification from genomic contamination.
PCR products were electrophoresed on 2% agarose gels and visualized by
ethidium bromide staining. For Northern blot analysis, total RNA (20 #g)
was subjected to electrophoresis on 1% formaldehyde/agarose gels and
transferred to nylon membranes by vacuum pressure. Ethidium bromide
staining of the 18S and 28S rRNA bands was used to control for equal
loading, and the intensity of the bands was quantified by scanning den-
sitometry under UV illumination. A 1.6-kb BglII-SalI fragment from the
human GLUT4 cDNA was used as a probe for Northern blots. Membranes
were hybridized with 0.5–1.0 " 106 cpm of the 32P-labeled GLUT4 cDNA
probe in 10 ml buffer containing 1" SSPE, 2% dextran sulfate, 0.02% Den-
hardt’s solution, and 0.2% SDS at 50 C for 48 h. Blots were washed twice
for 30 min at 50 C in 2" SSPE with 0.2% SDS and once for 15 min at 60 C
in 0.1" SSPE. Then, blots were dried and exposed to a PhosphorImager
screen (Molecular Dynamics, Inc., Sunnyvale, CA). mRNA levels were
quantified using a PhosphorImager and MacBas1000 software (Molecular
Dynamics, Inc.), and the data were normalized to the intensity of 18S rRNA
in each lane.
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Immunodetection of GLUT4 proteins

Western immunoblotting analysis was performed to assess the ex-
pression of endogenous GLUT4 proteins in total membrane fractions
prepared from the various cell sources, as we have described previously
(31). Immunohistochemical localization of GLUT4 proteins was per-
formed in deparaffinized sections prepared from muscle-derived biop-
sies that had been obtained from five patients previously diagnosed by
histology as ARMS and shown by RT-PCR to bear the t(2;13)(q35;q14)
chromosomal translocation (32). Endogenous peroxidase activity was
blocked by incubating sections in a solution of 3% H2O2 (vol/vol) in
methanol for 20 min. Sections were than incubated with a rabbit anti-
GLUT4 antibody (1:200; AB1346, CHEMICON International Inc., Te-
mecula, CA) for 90 min at room temperature, followed by incubation
with a biotinylated goat antirabbit secondary antibody for 10 min at
room temperature. The sections were then incubated with a streptavi-
din-peroxidase conjugate and with S-(2-aminoethyl)-l-cysteine as a sub-
strate for 10 min following the instructions of the kit (Histostain-SP kit,
Zymed Laboratories, Inc., South San Francisco, CA). Sections were coun-
terstained with hematoxylin.

Cellular glucose uptake rates in myoblasts

Functional activity of GLUT4 transporters was assessed in RH30,
C2C12, and RD myoblast cell lines by measuring the rates of 2-deoxy-
d-glucose uptake exactly as described previously (33). Briefly, cells were
incubated in Krebs-Ringer phosphate buffer (pH 7.4) in either the ab-
sence (basal state) or presence (insulin-stimulated state) of 10 nm insulin
for 30 min at 25 C, followed by the addition of 2-deoxy-d-2,6-3H-glucose
to a final concentration of 0.1 mm (1 #Ci/ml) for an additional 5 min at
25 C. Nonspecific 2-deoxyglucose uptake was measured in the presence
of 20 #m cytochalasin B and was subtracted from each value to obtain
specific uptake rates.

PAX3/FKHR expression vectors

A full-length cDNA of the human PAX3/FKHR and the related
functional mutants (see Results) were obtained from Sublett et al. (18). All
cDNAs were cloned into the BamHI/XhoI site of pcDNA3 (Invitrogen
Corp., San Diego, CA), except for the parental PAX3 expression con-
struct, which was cloned as a BamHI fragment. A 3!-HA-PAX3/FKHR
expression vector, which includes a 3!-HA-tagged PAX3/FKHR cDNA,
was used to verify the expression of PAX3/FKHR in EMSA. When
expressed in cells (either by transfection of eukaryotic cells or by in vitro
translation), this construct gave rise to a protein that was detectable by
anti-HA antibodies (mAb HA-11, BabCo). A full-length cDNA of the
human FKHR (current terminology, FOXO1a) in pcDNA3 was obtained
from Tang et al. (34). Each of the mutants was generated by PCR mu-
tagenesis and confirmed by DNA sequencing.

GLUT4-P-LUC promoter reporters

pGEM7-Luc was constructed by Quon et al. (35) by subcloning the
firefly luciferase gene (taken as a HindIII/SmaI fragment from pRSV-
Luc) into the pGEM7zf(#) plasmid (Promega Corp.). This construct has
no eukaryotic promoter and was used as a negative control throughout
the experiments. The GLUT4 promoter reporter (pGLUT4-P-Luc) was
generated by subcloning the upstream 5! region of rat GLUT4 gene (from
$2213 to #163 bp relative to transcription start site) into pGEM7-Luc,
upstream of the luciferase gene. GLUT4-P deletion mutants were gen-

erated from GLUT4-P-Luc by excising specific fragments with the ap-
propriate restriction endonuclease enzymes, followed by religation.

Transient expression and GLUT4 promoter activity assays

Cells were plated in 100-mm dishes (750,000 cells per dish) and
transfected 24 h later with a total of 15 #g affinity-purified plasmid
DNA (QIAGEN Inc., Hilden, Germany) using the calcium-phosphate
DNA precipitation method (36). Depending on specific experimental
conditions, cells were transfected with 10 #g pGLUT4-P-Luc reporter
DNA, 0 –3 #g pcDNA3-PAX3/FKHR (parental or mutants) expres-
sion vectors, and 2.0 #g pCMV-!-galactosidase. In preliminary stud-
ies, we found that these conditions provide the optimal signal-to-
noise ratio and are still nontoxic to the cells. To determine nonspecific
activity, one set of dishes was cotransfected with 10 #g pGEM7-Luc
reporter (which we named p0-LUC, because it is devoid of any
eukaryotic promoter), and 0 – 4 #g pcDNA3-PAX3/FKHR. In each set
of the experiments, this promoterless p0-LUC reporter exhibited only
background levels of activity that were unaffected by PAX3/FKHR
itself (data not shown), thus ruling out the possibility of global,
nonspecific activity of the expression vectors tested. In each exper-
iment, the total amount of DNA transfected was kept constant by
adding the insertless pCDNA3 expression vector, to account for
squelching by the CMV promoter itself. Five hours later, DNA-
containing medium was replaced with complete medium, and the
cells were incubated for an additional 48 h at 37 C. Luciferase activity
was assessed using a Luciferase Reporter assay kit (Promega Corp.)
and a Lumat LB9501 luminometer (Berthold Systems Inc., Nashua,
NH) and was normalized for !-galactosidase activity (36). Within
each experiment, values are expressed as percentage of the induced
basal GLUT4-P activity, i.e. the activity obtained in cells transfected
with the pGLUT4-P-Luc reporter alone. Each experiment was re-
peated three to four times, with each sample analyzed in triplicate.

In vitro translation and EMSAs

The Promega TnT T7 transcription/translation system with rabbit
reticulocyte lysate was used to generate in vitro translated PAX3/
FKHR protein from PAX3/FKHR cDNA. The resulting PAX3/FKHR
protein lysate was used in EMSA. Protein production was confirmed
by SDS-PAGE, followed by PhosphorImager analysis of proteins
translated in the presence of 35S-methionine. In vitro translation re-
actions generated sufficient protein to use in EMSA studies. For
EMSA studies, a GLUT4 promoter-derived $66/#163-bp DNA probe
was prepared by NcoI-HindIII digestion of pGLUT4-P-Luc. GLUT4
promoter-derived $4/#36-bp sequence (wild-type, and HD-PD mu-
tated oligos) and paired response sequence (PRS)1 oligonucleotides
were commercially synthesized (Table 2). Double-stranded DNA
probes were end-labeled with "-32P-ATP in the presence of polynu-
cleotide kinase. EMSA was then performed using Gel Shift Assay
System kit (Pharmacia Biotech, Uppsala, Sweden) with minor mod-
ifications. Protein-DNA binding reactions were assembled in a total
volume of 20 #l, which included 2– 6 #l in vitro translated PAX3/
FKHR protein lysate, radiolabeled probe (%50,000 cpm), and 4 #g
poly(dI-dC) in a buffer containing 10 mm HEPES (pH 7.9), 1 mm
dithiothreitol, 1 mm EDTA, 4% Ficoll, and 50 mm KCl. Competition
experiments were performed in the presence of 10- to 100-fold molar
excess of unlabeled probe DNA, which was added 10 min before
addition of the radiolabeled probe. An OCT1-derived oligonucleotide

TABLE 1. Sequence of sense and antisense primers used in RT-PCR

Sense Antisense

! Actin GACGAGGCCCAGAGCAAGAGCG TCAGGCAGCATAGCTCTCCAGGG
GLUT1 GCCATACTCATGACCATCGC AGCTCCTCGGGTGTCTTATC
GLUT4 CATCCTGATGACTGTGGCTC TCTCATCTGGCCCTAAATACT
PAX3/FKHR GCACTGTACACCAAAGCACG AACTGTGATCCTGGGCTGTC

Sense and antisense primers specific for the detection of the human mRNA for !-actin, GLUT1, GLUT4, and PAX3/FKHR were synthesized
based on sequences obtained from GenBank, using the GCG program (Genetic Computer Group, http://www.accelrys.com). Due to highest
homology between the human and murine glucose transporters, primers for human species also recognize the mRNA species derived from murine
C2C12 myotubes.
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(supplied with the kit) that contains neither the ATTA nor GTPyA/
CPy motifs (i.e. known recognition sites for HD and PD, respectively)
was included as a nonspecific inhibitor. For supershift assays, 2 #l
anti-HA antiserum (25 mg/ml) were preincubated with the 3!-HA-
PAX3/FKHR protein lysate for 10 min before the addition of the
labeled probe. After samples were incubated for 30 min at 25 C,
DNA-protein complexes were resolved by electrophoresis on 6%
nondenaturing polyacrylamide gels at 300 V at 4 C in 0.25" TBE
buffer [25 mm Tris (pH 8.3), 25 mm borate, and 0.5 mm EDTA]. Gels
were fixed in 10% acetic acid for 15 min, dried, and analyzed by
PhosphorImager.

Results
Expression of functional GLUT4 in ARMS-derived
RH30 myoblasts

The endogenous expression of PAX3/FKHR and GLUT4
genes was assessed in transformed ARMS-derived RH30
and ERMS-derived RD myoblasts, SaOS-2 osteoblasts, as
well as nontransformed CHO-K1 fibroblasts and C2C12
myoblasts. The ubiquitously expressed !-actin and

FIG. 1. Endogenous expression of PAX3/FKHR and
GLUT4. Total RNA was isolated from the various cell lines
(numbered 1–5 in panel A) and subjected to either RT-PCR
(A) or Northern blot (B) analyses, as described in Materials
and Methods. A, RT-PCR analysis. Specific primers cor-
responding to !-actin, GLUT1, GLUT4, or PAX3/FKHR
were used to amplify these mRNA species, as indicated.
Ten-microliter aliquots of PCR products were electropho-
resed on 2% agarose gels and then stained with ethidium
bromide. All PCR products were of the expected size, based
on molecular weight (MW) markers shown in the left lane
of each panel. B, Northern blot analysis. Total RNA sam-
ples (20 #g), prepared from the various cell lines as shown
in panel A, were subjected to Northern blot analysis for
GLUT4 using a 32P-labeled GLUT4 cDNA probe. Top, One
representative blot of three separate experiments using
different membrane preparations. The size of GLUT4
mRNA bands (indicated by arrow) was estimated as ap-
proximately 4.0 kb, based on gel mobility relative to that
of the 28S and the 18S rRNA bands (6.3 kb and 2.3 kb,
respectively; data not shown). In each experiment, data
were quantified, and the relative intensities of GLUT4
mRNA levels were expressed as percentage of the values
obtained in human skeletal muscle. The mean & SEM of the
three separate experiments are presented in the histo-
gram. C, Western blot analysis. GLUT4 immunoreactivity
was assessed in total membrane fractions prepared from
the various cell sources as indicated on the figure. Samples
containing 50 #g of protein were subjected to Western
immunoblot analysis exactly as described previously (31).
Immunoreactive proteins were visualized by phosphor im-
aging, and the relevant bands are shown. The size of
GLUT4 protein bands (indicated by arrow) was estimated
as approximately 50 kDa on the basis of molecular weight
markers (data not shown). Results from two (of three)
representative experiments are presented. p.d., Post dif-
ferentiation.

TABLE 2. Sequence of oligonucleotides used in EMSA

Sense strand

PRS1 GATTAGCACCGTTCCGCCGCTCTAGATATCTCG
$4/#36 (wt) GGATCCATTAGATCCCGGAGAGCCTTGGTGCTCTCCGGTTCCTTAAGCTT
$4/#36 (HD-PD) GGATCCTAGTGATCCCGGAGAGCCTTGGTGCTCTCCGGTTCATTAAGCTT

Synthetic sense and antisense oligonucleotide sequences were HPLC-purified and annealed, and the double-stranded DNA was end-labeled
with "-32P-ATP prior to use in EMSA. The sequence of PRS-1 was obtained from Sublett et al. (18). The $4/#36 wt oligonucleotide is a
promoter-derived oligonucleotide encompassing the 3!-proximal region of GLUT4-P spanning from $4 to #36 bp relative to the transcription
start site. Positions of ATTA and GTTCC consensus motifs are underlined. The $4/#36 HD-PD oligonucleotide is similar to the $4/#36 wt,
except that both PD and HD consensus motifs have been mutated according to Sublett et al. (18). Nucleotides that were added to $4/#36 oligo
for future subcloning purposes, but are not derived from the GLUT4 promoter, are shown in italics.

Armoni et al. • Activation of GLUT4 Gene Expression by PAX3/FKHR J Clin Endocrinol Metab, November 2002, 87(11):5312–5324 5315

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/87/11/5312/2823526 by U
niversità di C

hieti user on 05 July 2019



GLUT1 genes were also studied. With RT-PCR analysis,
the mRNA for GLUT1, but not GLUT4 isoform, was de-
tected in predifferentiated C2C12 myoblasts (Fig. 1A). As
previously shown (37, 38), we detected GLUT4 mRNA in
fully differentiated C2C12 myotubes (data not shown), as
well as in human skeletal muscle (Fig. 1A, panel 2). The
RH30 cell line was originally developed by Shapiro and
colleagues (18) from a human skeletal muscle ARMS tu-
mor, and it was histologically characterized as undiffer-
entiated rhabdomyoblasts that express the unique
t(2;13)(q35;q14) chromosomal translocation. In this cell
line, we found that GLUT4 mRNA was expressed in ad-
dition to PAX3/FKHR mRNA (Fig. 1A, panel 4). The pres-
ence of GLUT4 mRNA was unexpected, because these cells
are in the undifferentiated proliferating stage (18). To ex-
clude the possibility of a nonspecific effect of the trans-
formed state per se, GLUT4 expression was studied in other
transformed cell lines that resulted from different trans-
forming events. We examined human osteosarcoma-
derived SaOS-2 cells in which both p53 alleles are deleted
(39) and RD cells, derived from a human ERMS tumor, that
exhibit a mutant p53 allele Arg248Trp (40). Neither GLUT4
nor PAX3/FKHR mRNA was detected by RT-PCR analysis
in these lines (Fig. 1A, panels 3 and 5), suggesting that the
expression of GLUT4 is unique to the ARMS-derived tu-
mor cells.

To characterize the extent of GLUT4 mRNA expression in
the various samples, Northern blot analysis was performed
(Fig. 1B). We used a 1.6-kb BglII-SalI fragment from the
human GLUT4 cDNA as a probe, because this fragment
specifically recognizes the GLUT4 isoform and not the ubiq-
uitously expressed GLUT1 isoform. These experiments con-
firmed that GLUT4 mRNA was expressed in RH30 myo-
blasts, at approximately 20–25% of the level found in normal
human skeletal muscle. Furthermore, this mRNA was of the
same size as that normally found in fully differentiated mus-
cle cells.

Western blot analysis showed that GLUT4 mRNA, which is
aberrantly expressed in ARMS-derived RH30 myoblasts (but
not in normal nontumorigenic myoblasts like C2C12), is further
translated to GLUT4 protein (Fig. 1C). Furthermore, and in
accordance with our data regarding mRNA species, the trans-
lated GLUT4 proteins were of the same size as that observed in
fully differentiated muscle cells, i.e. approximately 50 kDa.

To determine whether the aberrantly expressed GLUT4
protein functions as an active transporter, basal and max-
imally insulin-stimulated rates of cellular glucose uptake
were assessed in RH30, C2C12, and RD myoblasts. As
shown in Fig. 2, basal rates of 3H-2-deoxyglucose uptake
in RH30 cells were 50% lower than in C2C12 myoblasts,
whereas their responsiveness to insulin was enhanced by
40% (P ' 0.01). These findings suggest that there is an
association between the unique presence of PAX3/FKHR
in ARMS-derived RH30 rhabdomyoblasts and the induc-
tion of functional GLUT4 transporters in these cells. These
data provide evidence for the role of PAX3/FKHR in
GLUT4 gene expression under physiological conditions
and emphasize the significance of GLUT4 in ARMS
tumorigenesis.

Human ARMS tumors containing the PAX3/FKHR
chimera express GLUT4 proteins

To further establish the role of PAX3/FKHR in the aber-
rant expression of GLUT4 in vivo, localization of GLUT4
proteins was assessed by immunohistochemical staining of
deparaffinized sections prepared from muscle-derived bi-
opsies that had been obtained from five patients previously
diagnosed by histology with ARMS (32). All biopsies in-
cluded in this study had been previously screened by RT-
PCR at the Pediatric Hematology Oncology Department
(Schneider Children’s Medical Center of Israel, Sackler Fac-
ulty of Medicine, Petach Tikva, Israel) and found positive for
the presence of the unique t(2;13)(q35;q14) chromosomal
translocation, which gives rise to the PAX3/FKHR chimera
(for original RT-PCR data, see Ref. 32). Biopsies were fixed
in neutral buffered formalin and processed for paraffin em-
bedding, and deparaffinized sections were immunostained
to determine the distribution of GLUT4. As shown in Fig. 3,
undifferentiated cells in the tumor tissues were positively
stained for GLUT 4 (Fig. 3, A and B, red staining). Normal
muscle tissue taken from an area adjacent to that shown in
Fig. 3B, served as a positive control and exhibited intense
staining for GLUT4, as shown in Fig. 3C. These results further
suggest that there is an association between the presence of
the PAX3/FKHR oncoprotein and the aberrant expression of
GLUT4 in vivo in undifferentiated human ARMS tumors.

PAX3/FKHR transactivates transcription from the GLUT4
promoter in vitro

To further investigate the role of PAX3/FKHR in aberrant
GLUT4 induction, GLUT4 gene expression was studied in vitro
at the promoter level, using transient cotransfection assays.
Transformed SaOS-2 osteoblasts, nontransformed CHO-K1 fi-
broblasts, and C2C12 myoblasts (all devoid of endogenous
GLUT4 expression), as well as ARMS-derived RH30 cells, were
cotransfected with the GLUT4-P-Luc promoter reporter and

FIG. 2. Cellular glucose uptake rates in myoblasts. Murine C2C12,
ERMS-derived RD, and ARMS-derived RH30 myoblasts were all cul-
tured in 12-well plates. Twenty-four hours after plating, the cells were
serum-starved for 2 h, then incubated in either the absence (basal,
gray bars) or presence (insulin-stimulated, black bars) of 10 nM in-
sulin for 30 min. Rates of 3H-2-deoxyglucose uptake were measured
as detailed in Materials and Methods. Within each experiment, data
were normalized per cell number, and the results were expressed as
a percentage of the basal uptake value obtained in C2C12 myoblasts.
Data are expressed as mean & SEM of three separate experiments.
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with increasing amounts of expression vectors encoding the
chimeric PAX3/FKHR protein or the native PAX3 protein (Fig.
4). In these cell lines, PAX3/FKHR expression enhanced the
basal activity of cotransfected GLUT4-P in a dose-dependent
manner to a maximum of 3- to 6-fold above basal levels. In

FIG. 3. GLUT 4 immunostaining of PAX3/FKHR-containing ARMS
tumors. Skeletal muscle biopsies from PAX3/FKHR-expressing
ARMS tumors were routinely processed for paraffin embedding.
Deparaffinized sections (6 #m) were immunostained for GLUT4 and
counterstained in hematoxylin, as described in Materials and Meth-
ods. Positive GLUT4 staining appears red, and nuclei are counter-

FIG. 4. PAX3/FKHR and PAX3 regulate GLUT4 promoter activity in
vitro. C2C12-MB cells, RH30 cells, CHO-K1 cells, or SaOS-2 cells were
plated in 100-mm dishes at a density of 750,000 cells per dish. A, Dose-
dependent activation of GLUT4-P by PAX3/FKHR in various cell lines.
Twenty-four hours after plating, the cells were cotransfected with 10 #g
of a full-length pGLUT4-P-Luc promoter reporter, together with 0–4 #g
of wild-type PAX3/FKHR in the pcDNA3 expression vector. GLUT4
promoter activity was determined by measuring luciferase and !-galac-
tosidase activities, as described in Materials and Methods. Within each
experiment, the results were expressed as a percentage of the basal
GLUT4 promoter activity, i.e. the activity obtained from the expressed
GLUT4-P-Luc reporter alone. The data are expressed as the mean & SEM
of three experiments performed in triplicate. B, Differential regulation
of GLUT4-P by PAX3/FKHR, PAX3, and FKHR. The various cell lines
were cotransfected with 10 #g of the pGLUT4-P-Luc promoter reporter,
together with 3 #g of either wild-type PAX3/FKHR, PAX3, or FKHR
(FOXO1a) in pcDNA3 expression vector, as described. GLUT4 promoter
activity was assessed as described in panel A above. The data are ex-
pressed as mean & SEM of three experiments, with each sample analyzed
in triplicate.

stained in blue. A and B, Two malignant tissues taken from two
different ARMS patients. Positive GLUT4 staining is scattered
throughout the tumor in undifferentiated cells, as indicated by ar-
rows. C, A normal muscle sample, taken from tissue adjacent to the
site of the biopsy shown in panel B, shows intense positive staining
for GLUT4.
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RH30, coexpression of PAX3/FKHR resulted in only a modest
enhancement of GLUT4 promoter activity. This poor response
of RH30 cells can be explained by the fact that these cells already
express endogenous PAX3/FKHR, so GLUT4 promoter is al-
ready transactivated in the basal state, and addition of exoge-
nous PAX3/FKHR can lead to only minor further transcription
activation GLUT4. Coexpression of PAX3/FKHR had no effect
on either the pCMV-!-galactosidase activity [driven by the
cytomegalovirus (CMV) promoter], or the activity obtained
from the p0-Luc reporter (the promoterless reporter serving as
negative control). Thus, PAX3/FKHR-induced transactivation
of GLUT4 gene is promoter-specific. Because PAX3/FKHR is
the chimeric product of PAX3 and FKHR gene rearrangement,
we further investigated the individual contribution of each of
these gene products to GLUT4 promoter activity. Like PAX3/
FKHR, PAX3 also transactivated GLUT4-P in CHO-K1 and
SaOS cells, but this effect was approximately 50% lower than
that induced by PAX3/FKHR (Fig. 3B).

We also assessed the effects of FKHR transcription factor
(current terminology, FOXO1a) on GLUT4-P activity. Inter-
estingly, our data show that FOXO1a regulated the tran-
scription activity from the GLUT4 promoter in a tissue-
specific manner, acting as a repressor of GLUT4 gene
expression in SaOS-2, CHO-K1, and RH30 cells, whereas
enhancing it in C2C12 myoblasts. These data show that
PAX3/FKHR can transactivate the GLUT4 gene promoter in
vitro in a dose-dependent and tissue-specific manner. In ac-
cordance with its known oncogenic potential (18), PAX3/
FKHR was found to be a more potent transcriptional acti-
vator of GLUT4-P than was PAX3 in all cell types examined.

All PAX3/FKHR functional domains contribute to
transactivation of GLUT4 promoter

To identify PAX3/FKHR trans-elements that contribute to
GLUT4-P activation, cells were cotransfected with either the
intact PAX3/FKHR or the related functional mutants, along
with either the pGLUT4-P-Luc or pGEM7-Luc reporters. A
schematic description of the native and mutant PAX3/FKHR
expression vectors is shown in Fig. 5A. We used the following
PAX constructs: 1) The human PAX3/FKHR, which encodes
the full-length fusion protein, with intact PAX3-derived PD and
HD DNA binding domains, and FKHR-derived transactivation
domain. This cDNA was subcloned by Chalepakis et al. (41)
from RH30 cells (GenBank accession no. U02368) and includes
all three ATGs at the N terminal. 2) PD-R56L, which bears a
specific point mutation in PD, that recapitulates a naturally
occurring Arg56Leu mutation in PAX3 that has been reported
in a family with Waardenburg syndrome type I (42). This con-
struct has been found to be incapable of binding PD recognition
sites or transactivating PD reporters (41). 3) (HD, a PAX3/
FKHR deletion mutant lacking the entire HD binding domain
of PAX3 (amino acids 219–289). This construct is transcription-
ally inactive, with synthetic PRS1 targets, i.e. sequences that
contain both PD and HD recognition motifs. 4) (FKHR, which
is a PAX3/FKHR deletion mutant lacking the entire FKHR-
derived DNA activation domain and is transcriptionally inac-
tive. 5) PAX3, which encodes the murine PAX3 protein, is 98%
homologous and 100% identical to human PAX3 in the DNA
binding paired box and homeodomain (25). These mutants
have been previously shown to be functionally altered (18). As

FIG. 5. PAX3/FKHR domains involved in GLUT4 promoter activation. A, Wild-type and mutated PAX3/FKHR expression vectors. A series of
PAX3/FKHR mutants generated from the wild-type expression vector was used. In each mutant, a different functional domain was incapacitated
either by a deletion ((FKHR, (HD) or by point mutation (PD-R56L). The structure of the native PAX3 cDNA is shown at the bottom. B, GLUT4
promoter activity. CHO-K1 cells were transiently cotransfected with 3 #g DNA of the various mutants (as indicated in panel A), together with
10 #g of either pGLUT4-P-Luc (black bars) or pGEM7-Luc (white bars). GLUT4 promoter activity was determined by measuring luciferase and
!-galactosidase activities, as described in Materials and Methods. Data are expressed as mean & SEM of three experiments, with each sample
analyzed in triplicate.
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shown in Fig. 5B, deletion of either the FKHR-derived DNA
activation domain ((FKHR) or the PAX3-derived homeodo-
main ((HD) abrogated the ability of PAX3/FKHR to transac-
tivate GLUT4-P. Similarly, the R56L point mutation in the
PAX3-derived paired domain (PD-R56L) also abrogated the
activation of GLUT4-P by PAX3/FKHR. In accordance with
data shown in Fig. 4, coexpression of PAX3 also enhanced
GLUT4-P activity, but this effect was approximately 50% less
potent than that of PAX3/FKHR. These data suggest that all of
the functional domains of the PAX3/FKHR protein are re-
quired to achieve a full transactivation of the GLUT4 promoter.
Thus, it appears that, at least as the GLUT4 gene is concerned,
impairment in any single domain, although still leaving all
others intact, is sufficient to impair the ability of PAX3/FKHR
to transcriptionally activate the GLUT4 promoter.

Cis-elements on GLUT4-P that are associated with its
transactivation

Previous studies have identified several consensus se-
quences that are recognized by the PD and the HD DNA
binding domains of PAX3. To date, the HD has been shown
to recognize a single core motif, ATTA, whereas several
recognition motifs have been identified for PD, including the
classic GTTCC and GTTAC sequences (41, 42), a GTCAC
motif found on the cMET promoter (27), and a newly iden-
tified GTTAT motif (43). However, although both the ATTA
and the GTPyA/CPy motifs can be recognized by PAX3 (and
by PAX3/FKHR), it is not yet known whether the simulta-
neous presence of both motifs is actually required for DNA
binding. Our data suggest that all functional domains of
PAX3/FKHR are required for full activation of GLUT4-P
(Fig. 5). Thus, we proceeded to screen the 5!-flanking and
promoter regions 1–2763 bp ($2213/#163 relative to tran-
scription start site) of the rat GLUT4 gene (GenBank acces-
sion no. L36125) for the presence of PD and HD recognition
motifs. We identified three ATTA (positions $1379, $144,
and $3), four GTTCC (positions $1821, $726, $213, and
#28), three GTTAC (positions $1426, $447, and $339), one
GTCAC (position $353), and one GTTAT (position $1052)
sequence motifs in this region of the GLUT4-P. The distri-
bution of these motifs along the GLUT4 promoter is shown
in Fig. 6A. To examine the contribution of these sequences to
GLUT4-P transactivation, we prepared 5!-deletion promoter-
reporter constructs, from which potential binding sites for
PD and HD were progressively deleted (Fig. 6B). The relative
ability of PAX3/FKHR to transactivate the various 5!-dele-
tion reporter constructs was then compared. For clarity,
PAX3/FKHR effect was expressed as percentage of the basal
promoter activity in each construct. Analysis of the data (Fig.
6C) revealed that deletion of a region from $2155 to $1887
bp, relative to the transcription start site, resulted in an ap-
proximately 30–35% reduction in PAX3/FKHR-induced
transactivation of GLUT4-P. Because none of the predicted
HD or PD boxes lie in this region, we have generated addi-
tional deletion constructs that either include it or not. These
constructs showed a similar 30%-reduced transactivation ca-
pacity toward GLUT4-P, and in fact, additional deletion of
promoter regions up to $66 bp had no additional effect. A
further deletion up to #163 bp led to complete loss of pro-

moter transactivation. We verified that all PAX3/FKHR con-
structs used in the transactivation assays were capable of
producing the correct protein at near equivalent amounts
(Fig. 7A). Therefore, a minimal promoter region spanning
$66/#163 bp was identified, whose presence was sufficient
to retain approximately 65% of the full transactivation effect
of PAX3/FKHR.

Physical interaction of PAX3/FKHR protein with GLUT4
promoter regions

A sequence analysis of the $66/#163-bp region of GLUT4-P
identified potential binding sites for both the HD and the PD of
PAX3/FKHR (ATTA at $3 bp and GTTCC at #28 bp, respec-
tively). Thus, we used EMSAs to test whether this region can
specifically and directly bind PAX3/FKHR proteins (Fig. 7).
Full-length PAX3/FKHR and PAX3 proteins were translated in
vitro, and were found to be expressed at the expected sizes of
97 kDa and 56 kDa, respectively, as determined by SDS-PAGE
analysis (Fig. 7A). The in vitro translated PAX3/FKHR protein
was functionally viable, as confirmed by its ability to form
complexes with a 32P-labeled PRS1 probe (Fig. 7B, lane 2). This
oligonucleotide has been used as a “gold standard” for PAX3/
FKHR (and PAX3) binding, because it contains binding sites for
both the PD and the HD (18). The addition of increasing
amounts of PAX3/FKHR protein (0–6 #l of PAX3/FKHR pro-
tein lysate) increased the formation of a complex with a 32P-
labeled probe derived from the $66/#163-bp region of the
GLUT4-P (Fig. 7B, lanes 3–6). This binding could be progres-
sively competed by the addition of increasing amounts of un-
labeled probe, and was completely abolished by 100-fold molar
excess of unlabeled probe, but it was unaffected by 100-fold
molar excess of nonspecific DNA (Fig. 7B, lanes 7–10). These
results suggest that PAX3/FKHR can bind directly and spe-
cifically to sequences within the $66/#163-bp region of the
GLUT4 promoter. To more precisely identify these sequences,
an oligonucleotide corresponding to a shorter region of the
GLUT4-P, $4/#36 bp, which still contained the ATTA and the
GTTCC recognition motifs, was synthesized (see Table 2 for
detailed sequence). Increasing amounts of PAX3/FKHR pro-
tein (Fig. 7C, lanes 6–9; 0–6 #l of PAX3/FKHR protein lysate)
increased the complex formation with this shorter 32P-labeled
probe derived from the $4/#36-bp region of the GLUT4-P. The
binding could be competed by addition of 100-fold molar excess
of unlabeled probe (Fig. 7C, lane 10), and it followed a pattern
similar to that exhibited by complex formation in the presence
of the PRS1 probe (Fig. 7C, lanes 1–5). To further establish the
role of HD and PD recognition motifs, a $4/#36-bp HD-PD
oligonucleotide was used, in which both ATTA and GTTCC
sequences have been mutated to TAGT and GTTCA, respec-
tively. According to Sublett et al. (18), reporter plasmid bearing
these mutated sites (PRS10) could neither bind nor be transac-
tivated by PAX3/FKHR. In accordance with that, our present
data show that a double-mutant $4/#36 HD-PD oligonucle-
otide could not bind the PAX3/FKHR protein (Fig. 7C, lanes
11–14), thus indicating that the simultaneous presence of both
the PD and the HD binding sites in the $4/#36-bp sequence
is required for GLUT4-P activation.

To test the specificity of this interaction, supershift assays
were performed using HA epitope-tagged PAX3/FKHR
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cDNA as a template for in vitro protein translation. As
shown in Fig. 7D, HA-tagging of PAX3/FKHR protein did
not affect its ability to specifically bind the $4/#36-bp
probe. Incubation of the HA-tagged protein/DNA com-
plexes with 2 #l of anti-HA antibodies resulted in further
retardation of their electrophoretic mobilities, compared
with probe and protein alone. These data indicate that the
shorter ($4/#36 bp) region of the GLUT4 promoter re-
tained the ability to form specific DNA-protein complexes
with the PAX3/FKHR protein. Taken together, our data
suggest that the PAX3/FKHR protein directly interacts
with the GLUT4 promoter to mediate its transcriptional
transactivation via a region that encompasses the tran-
scription start site ($4/#36 bp). This region contains an
ATTA and a GTTCC recognition motif, which may serve
as potential binding sites for the HD and the PD, respec-
tively. Thus, these elements may represent a PAX3/FKHR
response element within the GLUT4 promoter.

Discussion

In the present study, we show that the ARMS-unique
PAX3/FKHR oncoprotein induces the expression of the
insulin-responsive GLUT4 gene both in vivo and in vitro, by
binding to specific regions on the GLUT4 promoter and
enhancing its transcriptional activity. The PAX3/FKHR pro-
tein is an aberrant transcription factor that is uniquely
expressed in the muscle tumor ARMS. This protein has
oncogenic potential and results from a t(2:13)(q35;q14) chro-
mosomal translocation that juxtaposes the DNA binding do-
mains of the PAX3 gene in frame with the DNA activation
domain of the FKHR gene, thereby giving rise to a chimeric
PAX3/FKHR gene (GenBank accession no. U02368; Refs. 15
and 16). Although PAX3/FKHR is an oncoprotein, both the
PAX3 and the FKHR gene products are essential transcrip-
tion factors that regulate normal cellular growth and
differentiation.

FIG. 6. Progressive 5!-deletion analysis of GLUT4-P. A, Schematic description of the rat GLUT4 promoter reporter. The full-length GLUT4
promoter reporter pGLUT4-P-Luc was generated by subcloning the upstream 5! region of the rat GLUT4 gene ($2213/#163 bp) into pGEM7-Luc,
upstream to the luciferase gene, as detailed in Materials and Methods. The transcription start site is indicated by an arrow. Distribution along
the promoter of ATTA and GTPyA/CPy sequence motifs (which are recognized by HD and PD of PAX3/FKHR, respectively) is also shown.
B, 5!-deleted GLUT4-P reporters. A series of progressive 5!-deletion mutants was used as detailed in Materials and Methods. The restriction
sites used to generate each construct are indicated and numbered according to the first nucleotide in the site. C, GLUT4 promoter activity. Cells
were transiently cotransfected with 10 #g of the various promoter-reporter constructs, as indicated, along with 3 #g of either the pcDNA3
expression vector alone (white bars) or with pcDNA3-PAX3/FKHR (black bars). GLUT4 promoter activity was determined by measuring
luciferase and !-galactosidase activities, as described in Materials and Methods. For clarity, PAX3/FKHR effect was expressed as percentage
of the basal promoter activity in each construct. The data are expressed as mean & SEM of three experiments, performed in triplicate.
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FIG. 7. EMSAs. A, In vitro translation of PAX3/FKHR. The integrity and correct size of the in vitro translated proteins for use in EMSA studies
were confirmed in parallel reactions performed in the presence of 35S-methionine. The resulting translation products were subjected to
electrophoresis on 10% SDS-PAGE, followed by PhosphorImager analysis. PAX3 was included as a control but was not used for EMSA.
B, PAX3/FKHR binding to GLUT4-P $66/#163-bp region. Binding reactions included either 32P-labeled PRS1 (lanes 1–2) or the 32P-labeled
GLUT4-P $66/#163-bp restriction fragment (lanes 3–10) and the indicated volumes of PAX3/FKHR protein lysate. An unlabeled GLUT4-P
$66/#163-bp fragment was used as specific DNA competitor (lanes 7–9), whereas an OCT1-derived oligonucleotide was used for a nonspecific
competition (lane 10). C, PAX3/FKHR binding to GLUT4-P $4/#36-bp region. Binding reactions included either 32P-labeled PRS1 (lanes 1–5)
or synthetic oligonucleotide representing GLUT4-P sequence $4/#36 bp (wild-type, lanes 6–10; HD.PD mutant, lanes 11–14) and the indicated
volumes of PAX3/FKHR protein lysate. Unlabeled PRS1 (lane 5) or $4/#36-bp (lane 10) fragments were used as specific DNA competitors.
D, Supershift assays. Binding reactions included 32P-labeled synthetic oligonucleotides corresponding to the GLUT4-P-derived sequence $4/#36
bp, in the absence (lane 1) or presence (lanes 2–4) of 2 #l of 3!-HA-PAX3/FKHR protein lysate. Complex supershifts were induced by the addition
of 2 #l of anti-HA antibody 10 min before addition of the probe. Black and white arrows indicate motilities of bound and free probes, respectively.
The fold molar excess of specific competitor DNA or the addition of nonspecific DNA (ns) is indicated above the relevant lanes.
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Enhanced glucose metabolism and GLUT1 expression have
long been recognized in transformed cells (6–9). However, the
role of GLUT4 expression in tumorigenesis in general and in
muscle tumors specifically is still undefined. In light of the
central role played by GLUT4 in glucose uptake in muscle and
the accelerated rate of glucose uptake in tumor cells, we hy-
pothesized that the aberrant expression of PAX3/FKHR in
ARMS tumors may be associated with the induction of the
GLUT4 gene expression in vivo. Indeed, our data demonstrate
that both mRNA and protein for GLUT4 are expressed in
ARMS-derived human tissue biopsies and in RH30 cells. Under
normal physiological conditions, GLUT4 is almost exclusively
expressed in fully differentiated adipose and muscle cells,
where glucose uptake is acutely responsive to insulin (4). The
expression of GLUT4 that was found in ARMS-derived cells is
aberrant because these cells are histologically characterized as
undifferentiated rhabdomyoblasts (18). The physiological rel-
evance of GLUT4 to cellular metabolism is further supported by
our finding that, unlike normal myoblasts (i.e. C2C12), ARMS-
derived myoblasts express functionally active GLUT4 protein,
as demonstrated by the presence of insulin-responsive glucose
uptake in these cells. In RH30 cells, insulin stimulated the basal
rates of 2-deoxyglucose uptake by as much as 140% (Fig. 2). The
magnitude of this effect is similar to that observed by Sarabia
et al. (44) in primary cultures of human muscle cells. Although
this effect of insulin on glucose uptake may seem low when
compared with the 20- to 30-fold stimulation of glucose trans-
port typically observed in rat adipocytes (for review, see Ref. 2),
it is important to note that: 1) the responsiveness to insulin in
human cells is far less than that observed in rat adipocytes in
primary cultures; 2) insulin responsiveness is further decreased
in immortalized cell lines, compared with cells in primary cul-
ture; and 3) lower levels of GLUT4 mRNA and proteins were
detected in ARMS-derived cells compared with normal human
skeletal muscle cells (Fig. 1B). Thus, we suggest that the unique
presence of the PAX3/FKHR oncoprotein in human ARMS-
derived rhabdomyoblasts is associated with aberrant yet func-
tional expression of GLUT4 transport proteins in these cells. The
ability of PAX3/FKHR to activate the GLUT4 promoter may be
tissue- and/or tumor-type specific.

The tissue-specific regulation of GLUT4 expression contrib-
utes to the maintenance of normal glucose homeostasis. How-
ever, GLUT4 is also critically important in altered metabolic
states. For example, in insulin-deficient states such as fasting
and streptozotocin-induced diabetes, we and others have
shown that GLUT4 protein is severely depleted and that this
impairs insulin stimulation of glucose transport (45, 46). Sim-
ilarly, insulin resistance in type 2 diabetes or aging was shown
to be associated with a major reduction in the intracellular pool
of GLUT4 (31, 47). Studies in transgenic animals show that
GLUT4 overexpression results in a marked improvement in
glycemic control (48). However, until now, activation of GLUT4
gene expression in predifferentiated myoblasts has not been
described under any pathophysiological state, including tu-
morigenesis. Teleologically, the presence of a high-affinity func-
tional GLUT4 isoform in tumor cells could confer them a met-
abolic advantage, because these cells need to maintain an
increased rate of glucose metabolism.

To better understand the mechanism of abnormal GLUT4
expression in skeletal myoblasts, we studied the regulation of

the GLUT4 promoter by PAX3/FKHR in vitro, using transient
coexpression assays. We found that in transformed SaOS-2
osteoblasts, in nontransformed CHO-K1 cells, and in C2C12
myoblasts (which are all devoid of endogenous GLUT4 and
PAX3/FKHR), the GLUT4 gene promoter was transactivated
by PAX3/FKHR in a dose-dependent and tissue-specific man-
ner (Fig. 4). Moreover, only minor further increases in GLUT4
promoter activity were observed in RH30 cells in response to
exogenous expression of the chimera, possibly reflecting the
relatively high basal levels of endogenous expression of PAX3/
FKHR in these cells. Native PAX3 was also able to transactivate
the GLUT4 promoter, but this effect was approximately 50%
less than that of the chimeric oncoprotein. This difference may
be due to the oncogenic potential of PAX3/FKHR. However,
because downstream target genes for PAX3/FKHR have not
been identified until now (other than the PDGF$R and BCL-
XL), its transactivation potential has been assessed on synthetic
target sequences derived from the even-skipped promoter of
Drosophila (25). Using PAX3/FKHR mutants with deletions in
either functional domain (Fig. 5), we found that the PAX3-
derived PD DNA binding domain, the HD DNA binding do-
main, and the FKHR-derived DNA activation domain are all
essential for transactivation of GLUT4-P. Similar findings have
been previously demonstrated with other synthetic PD/HD
targets (49).

Using progressive 5! deletion analysis of GLUT4-P (Fig. 6),
we identified a promoter region, $66/#163 bp, whose pres-
ence was sufficient to retain about 65% of the full GLUT4-P
transactivation effect. A deletion of a region from $2155 to
$1887 bp resulted in an approximately 30% reduction in
PAX3/FKHR-induced transactivation of GLUT4-P, despite the
fact that none of the predicted HD or PD boxes lie in this region.
These results may be explained by a presence of an accessory
or cooperating factor, that its binding to this upstream region
may be required to achieve maximal transactivation effect. Al-
ternatively, it may well be that deletion of this region leads to
changes in the tertiary structure of the GLUT4 promoter that are
sufficient to interfere with its transactivation. In this regard,
studies by Pessin and co-workers (50) have shown that another
upstream region in the rat GLUT4 gene ($522 to $422) contains
a binding site for myocyte enhancer factor 2 (MEF2), and this
MEF2 binding site confers GLUT4 myotube-specific expression.
We have found that GLUT4-P constructs in which the MEF2
region was deleted can still be transactivated by PAX3/FKHR.
Therefore, the relevance of the MEF2 binding site to the regu-
lation of GLUT4 by PAX3/FKHR in vitro and to aberrant
GLUT4 expression in vivo in ARMS cells warrants further
investigation.

We found that the PAX3/FKHR protein binds specifically
and directly to the $66/#163-bp promoter region of GLUT4,
as well as to a shorter region spanning $4/#36 bp, using
EMSA. Furthermore, a double-mutant oligonucleotide, in
which both the ATTA and GTTCC sequences residing within
the $4/#36-bp region have been mutated to TAGT and
GTTCA, respectively, could not bind the PAX3/FKHR protein.
These data indicate that the simultaneous presence of both an
ATTA and a GTTCC recognition motif, which serve as binding
sites for the HD and the PD respectively, is required for PAX3/
FKHR binding to this promoter region. This is in line with our
transactivation data, showing that both the PD and the HD of
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PAX3/FKHR are indeed required for GLUT4-P transactivation
(Fig. 5). Localization of the PD and HD recognition elements
within 2–13 bp of each other has been reported to be essential
for the high-affinity binding of PAX3 (42), although these ele-
ments are located 26 bp apart in the GLUT4 promoter. There-
fore, defining the $4/#36-bp sequence as the PAX3/FKHR
response element on GLUT4-P may be somewhat problematic.
It may be that although both domains are required for binding,
only one domain is actually involved in the transactivation, as
suggested by Epstein et al. (51), for the PDGF$ receptor. Phelan
and Loeken (43) have shown that the GTS/PAX3 fusion protein
will recognize each individual binding element in the absence
of the other. However, these interactions with only one recog-
nition element appear to be of low affinity, similar to those
involving recognition elements that are either too close or too
far apart (43). Alternatively, it is possible that the tertiary struc-
ture of DNA assumes a spatial position that permits the distant
ATTA and GTTCC recognition motifs to be apposed in closer
proximity to one another, thus allowing for high-affinity bind-
ing of PAX3/FKHR. However, whatever the case, our present
work clearly demonstrates that a simultaneous presence of both
the PD and the HD binding sites within the $4/#36-bp pro-
moter sequence is required for PAX3/FKHR binding to and
transactivation of the GLUT4 promoter.

The relevance of FKHR to the insulin signaling as well as
to tumorigenicity has recently become apparent. It has been
suggested that FKHR is the transcription factor that mediates
the inhibitory effect of insulin on gene transcription, via its
binding to insulin response elements on various downstream
promoters (23). Recent studies now show that FKHR is neg-
atively regulated by the human PKB/Akt via a rapid and
hierarchic phosphorylation of FKHR on three PKB phos-
phorylation consensus sites, T24, S256, and S319 (for review,
see Ref. 52). PKB is a serine/threonine kinase that lies down-
stream of PI3-K and is thought to mediate many of the
intracellular actions of insulin and other growth factors, be-
ing an important member of the insulin signaling cascade as
well as a factor in newly defined mechanisms of PI3-K-
mediated tumorigenicity (52). The PAX3/FKHR protein con-
tains two of the three consensus PKB phosphorylation sites
that are present in FKHR, however neither the transcriptional
activity of the chimeric protein nor its nuclear localization is
altered by PKB phosphorylation, consistent with its tumor-
igenic potential (53). Because our data show that the level of
GLUT4 transactivation by PAX3/FKHR differs depending
on the cell line used, this may suggest that theoretically
PAX3/FKHR would have an in vitro transactivation effect in
all cells examined, but a repressor(s) that is present in normal
nontumorigenic cells dampens this action. Providing novel
data on GLUT4 promoter regulation by the human FKHR
transcription factor (current terminology, FOXO1a), we now
show that FKHR itself regulates transcription activity from
the GLUT4 promoter in a tissue-specific manner (Fig. 4),
acting as a repressor of GLUT4 gene expression in SaOS-2,
CHO-K1, and RH30 cell lines, whereas enhancing it in C2C12
myoblasts. Thus, it is possible that the chromosomal trans-
location in ARMS results not only in the activation of PAX3
but also in the disruption of functional FKHR, which is es-
sential for insulin-regulated gene repression and muscle cell
differentiation. It could be argued that the loss of these func-

tions of FKHR, rather than a gain of function by the PAX3/
FKHR fusion, led to the abnormal derepression of GLUT4
gene expression, thus contributing to the development of
ARMS. Our present work suggests that both options hold
true. We show that a direct and specific effect of PAX3/
FKHR oncoprotein itself exists, to transactivate GLUT4 gene
expression both in vivo and in vitro. Concomitantly, we show
that human FKHR transrepresses GLUT4 transcription in
these tumors cells. The physiological relevance of PAX3 and
FKHR proteins to the aberrant regulation of the GLUT4 gene
is further exhibited by studies showing that mutations in the
genes encoding for members of the large FKHR/hepatic
nuclear factor family of transcription factors were found in
patients with maturity-onset diabetes of the young, a genet-
ically heterogeneous form of diabetes characterized by an
autosomal dominant inheritance, early age of onset, and
primary !-cell dysfunction (54). Along the same lines, Wae-
ber et al. (55) have demonstrated that in pancreatic !-cells, the
GLUT2 gene promoter is controlled by the islet-specific
PDX-1 homeobox factor through an identified GLUT2 TAAT
motif. Using cDNA microarray to elucidate the pattern of
gene expression induced in ARMS, Khan et al. (56) have
demonstrated the profound myogenic properties of PAX3/
FKHR in NIH 3T3 cells. Although not investigating GLUT4
directly, this work clearly indicates that PAX3/FKHR acti-
vates a myogenic transcription program, including the in-
duction of transcription factors like MyoD, Myogenin, Six1,
and Slug as well as a battery of genes involved in major
aspects of muscle function. However, to the best of our
knowledge, the present study is the first to identify the
GLUT4 gene as a downstream target gene that is transacti-
vated by the chimeric oncoprotein PAX3/FKHR.

In summary, our studies suggest that the GLUT4 gene is
a downstream gene target for the ARMS-derived PAX3/
FKHR oncoprotein, and that GLUT4 is regulated by this
aberrant transcription factor in a direct, specific, and dose-
dependent manner. Although there is now a realistic possi-
bility of cure in the majority of solid tumors, there remains
a subset that is resistant to multimodality therapy. Therefore,
characterization of the molecular mechanisms that lead to
abnormal glucose metabolism may provide a better under-
standing of rhabdomyosarcoma tumorigenesis, which may
ultimately result in novel therapeutic strategies that increase
the overall cure. As such, the GLUT4 gene may serve as a
novel potential target for gene therapy in patients with
ARMS tumors, with respect to the treatment and prevention
of tumor growth.
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