CMLS, Cell. Mol. Life Sci. 61 (2004) 709—-720
1420-682X/04/060709-12

DOI 10.1007/s00018-003-3395-y

© Birkhauser Verlag, Basel, 2004

Research Article

ICM LS cellular and Molecular Life Sciences

A novel muscle DNA-binding activity in the GLUT1

promoter

M. Sanchez-Feutrie?, T. Santalucia®™*, C. Fandos?, V. Noé¢, F. Vinals?, N. J. Brand®, C. J. Ciudad¢, M. Palacin?

and A. Zorzano® *

2 Departament de Bioquimica i Biologia Molecular, Facultat de Biologia, Universitat de Barcelona, Avda. Diagonal
645, and Barcelona Science Park, 08028 Barcelona (Spain), Fax: +34 93 4034717, e-mail: azorzano@bio.ub.es
b Department of Cardiothoracic Surgery, National Heart and Lung Institute, Imperial College School of Medicine,

London SW3 6LY (United Kingdom)

¢ Departament de Bioquimica i Biologia Molecular, Facultat de Farmacia, Universitat de Barcelona, Barcelona (Spain)

Received 23 October 2003; received after revision 17 December 2003; accepted 14 January 2004

Abstract. GLUT1 glucose transporters are highly ex-
pressed in proliferating and transformed cells and serum
and cAMP or the transcription factor Spl induce GLUT]1
gene transcription. Here we identified a cis element situ-
ated at —46/—37 (MG1E — muscle-specific GLUT]1 ele-
ment) to which muscle-specific nuclear factors bind, and
the DNA-protein complexes showed electrophoretic mo-
bility of 41 and 32 kDa. MyoD over-expression induced
the generation of MG1E-protein complexes characteristic
of myoblast cells. MG1E does not bind any known factors

defined in databases. Mutation of the MG1E sequence
impaired transcriptional activity of the GLUT1 promoter
specifically in skeletal or cardiac muscle cells. The tran-
scriptional activity of the GLUT1 promoter induced by
either Spl, cAMP or serum was markedly reduced when
MGIE was inactivated. We propose that the MGI1E se-
quence permits the binding of muscle-specific nuclear
factors and a maximal transcriptional activity in muscle
cells in response to Spl, cAMP or serum.
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GLUTI is a ubiquitous glucose transporter that mediates
basal glucose transport into cells. GLUTI is highly ex-
pressed in conditions with a high demand for glucose, as
in proliferating cells or in fetal tissues [1]. In adult life,
GLUTI is ubiquitously expressed, although usually at
low levels; however, GLUT! levels are exceptionally
high in endothelial cells from the blood-brain barrier, in
epithelial cells from the mammary gland during preg-
nancy and lactation, and in primate erythrocytes, and they
are also substantially elevated in cardiac myocytes from
adult rats [2—5]. The importance of GLUT1 is high-
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lighted by the observation that some patients show
GLUT! deficiency syndrome caused by haploinsuffi-
ciency due either to hemizygosity of GLUT1 or to non-
sense mutations resulting in truncation of the GLUTI
protein [6]. These patients have infantile seizures, de-
layed development, acquired microcephaly, normal blood
glucose, low-to-normal cerebrospinal fluid lactate, per-
sistent low concentrations of glucose in cerebrospinal
fluid and diminished hexose transport into isolated red
blood cells [6].

GLUTI gene expression is controlled by the activity of
the core promoter and two distinct enhancers [7—9]. We
have previously identified the core promoter of the rat
GLUTI gene in the —99/-33 region [7, 8, 10]. This pro-
moter drives transcriptional activity of GLUTI in a vari-
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ety of non-muscle and muscle cells and is responsible for
the down-regulation of GLUT1 during myogenic differ-
entiation of L6E9 cells [7]. A GC box has been identified
at —91/—86 in the GLUT1 core promoter that binds Spl
and Sp3. Spl acts as a transcriptional activativator and
Sp3 as arepressor [7, 8, 10]. Sp1 expression is down-reg-
ulated in L6E9 myotubes concomitantly with GLUT1
gene repression [7]. In addition, Sp3 undergoes transient
up-regulation in L6E9 cells after induction of differentia-
tion, which may explain the initial GLUT1 repression that
takes place in the presence of normal levels of Sp1l [8].
Furthermore, Sp1 also acts as a transactivator in neonatal
rat cardiomyocytes and Sp!l levels are high in fetal heart
and low in the adult state, which correlates with the rate
of GLUT1 gene transcription [10].

There is evidence that the —91/~86 GC box is not the
only element contributing to the transcriptional activ-
ity of the GLUT1 promoter. Thus, inactivation of the GC
box in L6E9 muscle cells or in neonatal rat cardiomy-
ocytes does not completely inhibit transcriptional activity
of the GLUT! promoter, despite the abolition of Spl
binding [8, 10]. On the basis of these observations, we
searched for other elements contributing to the transcrip-
tional activity of the GLUT1 promoter. We identified a
novel activating element, which binds muscle-specific
nuclear factors.

Material and methods

Materials

[y-32P]-ATP was purchased from ICN (Irvine, Calif.).
Gamma-globulin, 8-bromo-cAMP and most commonly
used chemicals were from Sigma (St. Louis, Mo.). Dul-
becco’s modified Eagle’s medium (DMEM), fetal bovine
serum, pancreatin, glutamine and antibiotics were ob-
tained from BioWhittaker (Walkersville, Md.). Fugene
transfection reagent and CAT FElisa kit were from Roche
(Basel, Switzerland). A double-stranded oligonucleotide
containing an Sp1 consensus binding site and the pCAT-
Basic vector were obtained from Promega (Madison,
Wis.). The plasmid containing the —2106/+134 region of
the rat GLUT1 genomic sequence was obtained from Dr
M. Birnbaum (University of Pennsylvania, Philadelphia,
Pa.). CMV-Spl plasmid was a generous gift of Dr R.
Tjian (University of California, Berkeley, Calif.). Con-
stitutively active Ras (RasVal12) was kindly given by Dr
P. Ruiz-Lozano (University of California, San Diego, La
Jolla, Calif.). Polyclonal antibody against Spl and
against NF-YB (C-20) were from Santa Cruz Biotech-
nology (Santa Cruz, Calif.). Antiserum against rat Sp3
was a gift from Dr G. Suske (Philipps-Universitét Mar-
burg, Germany) and polyclonal antibody against GLUT1
was from Diagnostic International (Karlsdorf, Ger-
many).

Regulation of GLUT1 gene expression

Cell culture and preparation of cell extracts

Skeletal muscle L6E9, C3H10T1/2 fibroblasts and
C3H10T1/2 cells stably transfected with MyoD were
grown as reported elsewhere [7]. Preparation of enriched
neonatal rat cardiomyocyte culture has been described
previously [10]. Membrane proteins were obtained as re-
ported in Vidals et al. [7].

Site-directed mutagenesis
GCbox mutants (mutl and mut2) and MG1E mutant were
constructed as described elsewhere [8].

GLUT1 CAT reporter constructs, transient transfec-
tion and CAT assays

The GLUT-1 CAT constructs containing various 5" dele-
tions of the 2240-bp fragment of the rat GLUT1 promoter
region from positions —2106 to +134 (relative to the tran-
scription start site) and the mutations —99 mutl
(5’-CCTCAGGCCCCGTACCCCGGCCCACC-3%), —99
mut2 (5’-CCTCAGGCCCCGTACGTCGGCCCACC-3")
have been previously reported [7, 8]. The mutations
—2106 MGIEmut and —99 MGIEmut (5-CGGGC-
CAATGGCATCGGTCCTATAAAAAG-3") were gener-
ated as previously reported [8].

A series of CAT reporter constructs were transfected into
L6E9 myoblasts, C3H10T1/2 cells or neonatal rat car-
diomyocytes as previously reported [7, 11]. The test plas-
mids were co-transfected with S-galactosidase expres-
sion plasmid pON239 [12] to normalize for the efficiency
of transfection. After harvesting, cells were lysed. The
CAT activity was measured either by incubation with “C-
chloramphenicol, further extraction into ethyl acetate and
thin-layer chromatography or by using a CAT-ELISA
method, in accordance with the manufacturer’s instruc-
tions (Roche).

Electrophoretic mobility shift assays

The nuclear protein extracts from cultured cells were pre-
pared as described by Ausubel et al. [13]. Nuclei were
isolated from adult rat ventricular muscle or fetal rat
hearts for the preparation of nuclear extracts as described
elsewhere [10]. Nuclear extract preparation was per-
formed as described previously [7].

Electrophoretic mobility shift assays (EMSA) were per-
formed as described previously [7, 8]. A consensus Oct-1
probe (5-GGGATCCATATGCAAATCAATT-3’) and a
series of wild-type and mutant oligonucleotides corre-
sponding to short sequences in the rat GLUT1 proximal
promoter were used as probes in the EMSA: —48/-35 (5'-
CCAATGGCGGCGGT-3"), —100/-82 (5’-CCTCAGGC-
CCCGCCCCCCG-3"), —60/—41 (CTGCGGCGCGGGC-
CAATGGC) and (—40/~39) mut (5-CCAATGGCAT-
CGGT-3’) (mutation underlined). When oligonucleotides
were used as probes, 20 pmol of double stranded oligonu-
cleotide were end-labeled with [y-*?P]-ATP using T4
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polynucleotide kinase (Promega), and 10,000 cpm of the
probe was incubated with 5 pg of the corresponding nu-
clear extracts as described in Vifials et al. [7]. An oligonu-
cleotide containing the consensus site for Spl (Promega)
was also used as a competitor. Supershift experiments
were performed as described elsewhere [7].

UV cross-linking assay

Five micrograms of nuclear protein were incubated with
0.1 pmol of the biotinylated probes —48/—35 or (—40/
—39)mut, in the same conditions as in EMSAs. The reac-
tion mixure was then maintained on ice in Eppendorf
tubes and irradiated using a 254-nm UV lamp (UV
Stratalinker 1800; Stratagene) placed at a distance of 4
cm from the sample for 10 min. Cross-linked samples
were subjected to electrophoresis in SDS-12 % PAGE and
transferred to Immobilon (same buffer as electrophoresis
and immunoblotting). The membrane was blocked in
PBS/0.05% (v/v) Tween 20 plus 3 % (w/v) bovine serum
albumin (BSA) overnight at 4°C. Filters were then incu-
bated with streptavidin-conjugated peroxidase (Roche)
diluted 1:5000 in blocking buffer for 1 h at room tem-
perature, washed three times with PBS/0.2% (v/v) Tween
20 BSA and detection was performed with the ECL
chemiluminiscence system.

Results

Nuclear proteins bind to a conserved —48/—35
fragment of the GLUT1 promoter

Several results suggest the operation of elements in the
core promoter of the rat GLUT1 gene other than the —91/
—86 GC box, previously reported and known to bind Sp1
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and Sp3 [7, 8, 10]. Thus, inactivation of the —91/—~86 GC
box in L6E9 muscle cells or in neonatal rat cardiomy-
ocytes, in conditions known to abolish Sp1 binding, did
not cause the complete inhibition of transcriptional activ-
ity. Thus, the transcriptional activity of the —99/+134
mutl construct (construct where the —91/~86 GC box is
mutated) was greater than the —33/+134-CAT construct
(that only contains the GLUT1 TATA box and 5” down-
stream of the TATA) (fig. 1). Based on these observa-
tions, we searched for additional elements, other than the
GC box, that could contribute to the transcriptional activ-
ity of the proximal GLUT1 promoter. Analysis of the se-
quence of the proximal promoter of the rat GLUT1 gene
using the TESS program from the TRANSFAC database
[14] revealed a putative protein-binding element at
—48/-35, near the TATA box, which corresponds to a
conserved region in the rat and mouse genes. Band-shift
analysis using the oligonucleotide —48/-35 (5'-
CCAATGGCGGCGGT-3’) as a labeled probe revealed
two retardation complexes, showing similar mobility pro-
files in nuclear extracts obtained from L6E9 myoblasts
(fig. 2, see arrows); the unlabeled —48/-35 oligonu-
cleotide competed these complexes (fig. 2). In contrast,
the unlabeled —55/—42 oligonucleotide (5-GCGCG-
GGCCAATGG-3’) did not compete, and the mutant form
(—40/~39)mut (5-CCAATGGCATCGGT-3") competed
less for the formation of the two complexes (fig. 2). In ad-
dition, the labeled oligonucleotide —60/—41 (CTGCG-
GCGCGGGCCAATGGC) did not generate any retarda-
tion band when incubated with nuclear extracts from
L6E9 myoblasts (data not shown). This suggests that the
3’ end of the —48/-35 oligonucleotide is required for
complex formation.
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Figure 1. Inactivation of the —91/-86 GC box does not abolish transcriptional activity of the GLUT1 gene promoter. LOE9 myoblasts or
neonatal rat cardiomyocytes were transiently transfected with either the wild-type —99/+134-CAT construct, the mutl —99/+134-CAT con-
struct (mutation of the —91/-86 GC box) or the —33/+134-CAT construct. Left, L6E9 myoblasts were transfected with 10 pg of CAT con-
structs and 5 pg of B-galactosidase plasmid (control of transfection efficiency). Ninety-six hours after transfection, cells were harvested
and lysed and CAT and S-galactosidase activity was determined. Right, neonatal rat cardiomyocytes were transfected with 8 pg of CAT
constructs and 250 ng of B-galactosidase plasmid. Ninety-six hours after transfection, cells were harvested and processed for the analysis
of enzymatic activity. The data are expressed as relative CAT activity/$-galactosidase activity (mean + SE) from six to eight experiments
in LOE9 myoblasts and from a representative experiment in cardiomyocytes. * indicates a significant difference compared with the
—33/+134-CAT group, at p<0.05.



712 M. Sanchez-Feutrie et al.

-48/-35 probe

Extract;: — + + + + + + 4+ + + + + + +
. -48/-35 (-40/-39)mut -55/-42
Competitor: — — i |

Figure 2. Nuclear factors bind to the —48/-35 fragment of the
GLUT-1 promoter. The —48/-35 oligonucleotide was labeled and
incubated with 5 pg of nuclear extracts from L6E9 myoblasts, and
EMSA was performed. Two retarded bands with different elec-
trophoretic mobility appeared, and a molar excess of the same un-
labeled oligonucleotide —48/—35, —55/-42 oligonucleotide or a
mutant form (—40/—39)mut of the —48/-35 oligonucleotide (rang-
ing from 10- to 100-fold molar excess) were used as competitors.
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Muscle-specific nuclear factors bind to the —48/-35
sequence

Next, we assessed whether the —48/—35 sequence bound
ubiquitous factors. We incubated the —48—-35 oligonu-
cleotide with nuclear factors from L6E9 myoblasts and
myotubes, neonatal rat cardiomyocytes, 10T1/2 fibro-
blasts or 10T1/2-MyoD cells (after stable transfection
with MyoD), and from fetal, neonatal or adult vat heart.
There were no retardation bands in nuclear extracts de-
rived from 10T1/2 fibroblasts or from fetal rat hearts (fig.
3). No complexes were detected after incubation of the
—48/-35 oligonucleotide with nuclear extracts from ei-
ther NIH-3T3 or rat liver (data not shown). In contrast,
nuclear extracts from LO6E9 myoblasts, 10T1/2-MyoD
myoblasts or neonatal rat cardiomyocytes generated a
doublet of strongly retarded bands (fig. 3). Furthermore,
L6E9 myotubes, 10T1/2-MyoD myotubes or adult rat
heart showed two distinct retardation bands that migrated
faster than the bands seen in myoblasts (fig. 3). Competi-
tion of band-shift performed in the presence of increasing
concentrations of wild-type —48/—35 oligonucleotide re-
vealed that the bands were specific both in myoblast and
in myotube nuclear cell extracts (figs 2, 3 A).

The acquisition of the retardation complexes characteris-
tic of myoblasts or myotubes was dependent upon the cul-
ture conditions. Thus, when L6E9 myoblasts became con-
fluent, they showed the characteristic strongly retarded
bands as well as the faster retarded bands of the myotubes
(fig. 5B). This situation was also observed when my-
otubes co-existed with a large myoblast population (data
not shown).
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Figure 3. The —46/—37 fragment binds to nuclear factors present in cardiac and skeletal muscles in a differentiation- and development-de-
pendent manner. EMSA experiments using the —48/—35 probe and 5 pg of different nuclear extracts. (4) LOE9 myoblasts and myotubes
(competition with a 50- and 500-fold excess of the unlabeled nucleotide). (B) 10T1/2 fibroblasts, 10T1/2MyoD-Myoblast and 10T1/2
MyoD-Myotube. (C) Fetal heart and adult heart. (D) Freshly isolated neonatal cardiomyocytes (d0), cardiomyocytes cultured for 4 days

(d4) and 10T1/2-MyoD-myoblasts and 10T 1/2-MyoD-myotubes.
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Figure 4. Determination of the specific bases in the —48/—35 oligonucleotide that confer capacity for competition in band-shift assays. (4,
B) The —48/-35 oligonucleotide was labeled and incubated with 5 pg of nuclear extracts from 10T1/2 myotubes (4) or LOE9 myoblasts
(B). Bands were competed with a 50-fold molar excess of unlabeled oligonucleotide. Lane 1, probe without nuclear extracts; lane 2, probe
without competitor; from lane 3 to lane 8, sequences of unlabeled oligonuclotides used for competition are specified in the figure: lane 3,
competition with wild-type —48/—35; lane 4, competition with (—46/—45)mut; lane 5, competition with (—44/—33)mut; lane 6, competition
with (—42/-41)mut; lane 7, competition with (—40/—39)mut; lane 8, competition with (—38/ —37)mut. (C) EMSA experiment using two
different labeled probes: wild-type —48/-35 and (—40/-39)mut and using 5 pg of nuclear extracts from LOE9 myoblasts.

Together, these data indicate that the —48/—~35 sequence
binds to nuclear factors that are present in cardiac and
skeletal muscles. Accordingly, we named this element
MGIE (muscle-specific GLUT1 element)

Characterization of the MG1E element

More insight into the specific bases involved in the com-
petition in band-shift analyses was obtained by incubat-
ing the labeled —48/—35 oligonucleotide probe with nu-
clear extracts from L6E9 myoblasts or 10T1/2-MyoD
myotubes either in the absence or presence of an array of
unlabeled mutant —48/—35 oligonucleotides (fig. 4A, B).
The (—46/—45)-mutant oligonucleotide (5’-CCCCTG-
GCGGCGGT-3") competed to a large extent but not com-
pletely (fig. 4 A, B), and in keeping with this, the labeled
(—46—45) mutant oligonucleotide did not generate any re-
tardation band when incubated with nuclear extracts from
L6E9 myotubes (data not shown). In addition, the
(—44/—43) mutant oligonucleotide (5-CCAAGAGCG-
GCGGT-3’) caused a competition similar to that detected
with the wild-type oligonucleotide (fig. 4A, B). In con-
trast, the mutant forms (-42/-41) (5-CCAATGITG-
GCGGT-3"), (—40/~39) (5'-CCAATGGCATCGGT-3") and

(—-38/—37) (5’-CCAATGGCGGATGT-3") competed less
or did not compete for the formation of the retardation
complexes (fig. 4A, B). In keeping with these observa-
tions, the labeled (—40/—39) mutant oligonucleotide did
not generate any retardation band when incubated with
nuclear extracts from L6E9 myoblasts or myotubes (fig.
4C, and data not shown). Further evidence of the speci-
ficity of this element was obtained with more subtle mu-
tations of the sequence; thus, the mutant oligonucleotide
(5’-CCAATGGCCGGGGT-3") neither competed for the
formation of band-shift complexes nor generated any re-
tardation bands when used as a labeled probe (data not
shown). All these observations suggest that the MGIE el-
ement that binds nuclear factors from myoblasts or my-
otubes requires the sequence 5-AANNGCGGCG-3’ lo-
cated at —46/—37 in the GLUT1 promoter.

Novel factors bind to MG1E

Both the TESS and the Signal Scan programs from the
TRANSFAC database [14, 15] recognized a number of
putative factors that could bind the —48/—35 element:
they include CCAAT-binding factors, YY1 and Spl. To
determine whether any of these factors participated in the
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binding to MG1E, we performed band-shift studies in
which the formation of complexes with the —48/-35
oligonucleotide was prevented by increasing amounts of
consensus oligonucleotides that bind to the above-men-
tioned factors. Consensus oligonucleotides correspond-
ing to CCAAT-binding proteins such as NF-YB/CP1 (5'-
GGAACCAATGAAATGCGAGG-3") [l16], CP2 (5'-
GAGCAAGCACAAACCAGCCAA-3") [17], CTF (5'-
TTTTGGATTGAAGCCAATATGATA-3") [18] or C/EBP
(5-AATTCAATTGGGCAATCAGG-3") [19] did not
compete for the retardation bands formed from L6E9 my-
oblasts (data not shown). Negative results were obtained
in supershift assays for the presence of the NFY-B sub-
unit. In addition, the unlabeled —55/—42 oligonucleotide
(5’-GCGCGGGCCAATGG-3’) did not compete for the
band-shift complexes (fig. 2), which further supports the
absence of CCAAT-binding proteins in the MGIE retar-
dation complexes. We also analyzed whether YY1 or Spl
factors bind the MGIE element. We incubated the
—48/-35 oligonucleotide with L6E9 nuclear extracts and
with either the YY1 (5-GTTTTGCGACATTTTGCGA-
CAC-3") [20] or Spl consensus oligonucleotides (5’-
ATTCGATCGGGGCGGGGCGAGC-3"); in these condi-
tions, no competition was detected. Additional evidence
that neither Spl nor YY1 binds to the MG1E element is
the finding that they bind to DNA in a Zn?>*-dependent
manner [21, 22] and in our experimental conditions, re-
tardation bands were independent of Zn?>* or EDTA. Fur-
ther demonstration that Sp1 does not bind to MG1E is the
fact that Sp1-binding activity is abolished in nuclear ex-
tracts from LO6E9 myotubes [7, 8], whereas MG 1E-bind-
ing activity is apparent (fig. 3). Factors binding to MG1E
were heat sensitive, since treatment of nuclear factors
from L6E9 myoblasts at 80°C for 5 min prevented the
formation of complexes (data not shown). Heat sensitiv-
ity further supports the view that C/EBPs are not involved
in binding to MG1E [23].

Partial characterization of MG1E-binding proteins
EMSA is limited in its ability to resolve the size(s) of the
specific nuclear protein(s) that interact with a DNA ele-
ment. We therefore performed experiments in which the
DNA-protein complexes were UV cross-linked. DNA-
protein complexes were allowed to form in the same con-
ditions as in EMSA, and after probe incubation, the bind-
ing reaction was either left untreated or cross-linked by
exposure to UV light at 254 nm at 4°C for 10 min. The
binding reactions were subjected to SDS-PAGE to re-
solve DNA-protein complexes.

Nuclear extracts from confluent myoblasts showed the
characteristic strongly retarded bands as well as the faster
retarded bands of the myotubes in EMSA assays (fig.
5A). Under these conditions, two major UV-dependent
polypeptide bands that bind specifically to the wild-type

Regulation of GLUT1 gene expression

probe (—48/—35) migrating at a position corresponding to
approximately 41 and 32 kDa were detected in nuclear
extracts from myoblasts (fig. 5B). Nuclear extracts from
L6E9 myotubes and from adult rat heart preferentially
showed the 32-kDa band (figs 6 B, C and data not shown).
The detection of the 41- and 32-kDa bands was depen-
dent on the integrity of the MG1E sequence and when the
(—40/~39)mut oligonucleotide (mutation that inhibits
protein binding to MG1E) was used as a probe, the de-
tection of these bands was markedly reduced (figs 5B,
C). In addition, excess of the unlabeled —48/—35 oligonu-
cleotide competed the two bands, whereas no competition
was observed using the (—40/-39)mut oligonucleotide
(data not shown).

MGI1E maintains high rates of promoter activity

in skeletal muscle and in cardiac myocytes

To determine the precise role of the MGIE situated be-
tween —46 and —37 in the proximal GLUT1 promoter, we
mutated this element and analyzed the impact on tran-
scriptional activity. We incorporated two mutations at po-
sitions —40 and —39, thus changing the sequence from 5’-
CCAATGGCGGCGGT-3" to 5-CCAATGGCATCGGT-
3’ (MGI1E mutant). This mutation cancels the binding of
nuclear factors to MG1E (fig. 4C) and the mutant com-
petes poorly for the generation of retardation complexes
(fig. 2). In these conditions, transient transfection analy-
sis indicated that basal transcriptional activity was
markedly reduced in MG1E mutant constructs in L6E9
myoblasts (33% and 47% reduction using the —2106/
+134 and —99/+134 constructs, respectively), in L6E9
myotubes (37 % reduction) and in neonatal rat cardiomy-
ocytes (50% reduction) (fig. 6). In contrast, we found no
significant effects of the MG1E mutant on GLUT1 tran-
scriptional activity when 10T1/2 fibroblasts were tran-
siently transfected (fig. 6). The transcriptional activity of
the MG1E mutant construct was greater than the activity
displayed by the —33/+134-CAT construct (fig. 6), which
is consistent with the activity of the —91/~86 GC box re-
ported in those different cell types [7, &].

Based on the reduction of the transcriptional activity in
MG1E mutants, we next analyzed whether agents that are
known to stimulate transcriptional activity of the GLUT1
promoter in muscle cells depend upon the integrity of
MGIE. We analyzed the effect of cAMP analogues,
which stimulate transcriptional activity of the GLUT1
promoter and GLUT1 expression in L6E9 muscle cells
[24]. The stimulatory effect of §-bromo-cAMP on the
GLUT!1 promoter is not mediated by the —91/-86 GC box
and the cAMP analogue caused a nearly complete reduc-
tion of Spl and Sp3 binding to the GC box, which was
due to Sp1l and Sp3 repression (fig. 7A). The generation
of Spl and Sp3 complexes was demonstrated by super-
shift assay (fig. 7A). Transient transfection studies indi-
cated that 8-bromo-cAMP caused a 2.7-fold stimulation
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Figure 5. Determination of the molecular masses of the DNA-protein complexes. (4) EMSA experiment using the —48/—~35 probe and
5 pg of LOE9 myoblast and myotube nuclear extracts. (B, C) UV cross-linking assay. 5 pg of LOE9 myoblast or myotube nuclear extracts
was incubated with 0.1 pmol of biotinylated probes [(—48/—35) or (—40/-39)mut] in the same conditions as EMSA assays and irradiated
at 254 nm. Cross-linked samples were subjected to electrophoresis to resolve DNA-protein complexes. The nuclear cell extracts samples
used in panels 4 and B were the same as in the EMSA assay shown in 4.
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Figure 6. Inactivation of the MG1E reduces basal transcriptional activity of the GLUT1 promoter in skeletal muscle cells and cardiomy-
ocytes. Comparison of CAT activity in wild-type (white bars) and MG1E mutant (black bars) constructs (—2106/+134-CAT, —99/+134-
CAT or —33/+134-CAT) in different cell types. LOE9 myoblasts, LOE9 myotubes and 10T1/2 fibroblasts were transfected with CAT con-
structs (10 pg in L6E9 cells and 5 pg in 10T1/2 cells) and 5 pg of S-galactosidase plasmid (control of transfection efficiency). Ninety-
six hours after transfection, cells were harvested and enzymatic activity was determined. In cardiomyocytes, 1 pg of CAT construct and
250 ng of B-galactosidase were used for transfection in a depleted serum medium. Enzymatic activity was determined after 72 h. Data are
expressed as CAT activity corrected per micrograms of protein and per f-galactosidase activity (mean + SE) from six to ten independent
experiments in LOE9 myoblasts and from a representative experiment in cardiomyocytes, LE9 myotubes and 10T1/2 fibroblasts with the
wild type CAT set to a value of 100. * indicates a significant difference compared with the wild-type group, at p<0.05. + indicates a sig-
nificant difference between the —33/+134-CAT construct and the MG1E mutant group, at p<0.05.

of transcriptional activity of the GLUT1 promoter when  shown), which indicates that MGIE is not the only cis-

using the —99/+134 construct in L6E9 myoblasts (fig.
7C); in these conditions, the maximal transcriptional ac-
tivity of the MG1E mutant construct was reduced in the
presence of 8-bromo-cAMP and this analogue only
caused a 2-fold stimulation of the transcriptional activity
(fig. 7C). However, mutation of the GC box did not alter
8-bromo-cAMP-induced transcriptional activity (fig.
7C). A 5" deletion construct that only contains the TATA
box (—33/+134-CAT) still responded to cAMP (data not

element responsible for the effects of cAMP. In keeping
with the view that MGI1E participates in the effects of
cAMP, treatment with 8-bromo-cAMP enhanced forma-
tion of the MGIE retardation complexes in L6E9 my-
oblasts (fig. 7B).

Spl transactivates the GLUT1 promoter after binding to
the -91/-86 GC box [7, 8, 10]. Thus, we also tested
whether the effects of Spl on transcriptional activity re-
quired an intact MG1E. L6E9 myoblasts were co-trans-
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Figure 7. The maximal response of the GLUT1 promoter to cAMP requires the integrity of MGI1E in L6E9 muscle cells. (4) The
—100/-82 oligonucleotide was labeled and incubated with 5 pg of nuclear extracts from control or 8-bromo-cAMP-treated LOE9 myoblasts
(1 mM 8-bromo-cAMP for 48 h) (left panel). Incubations were performed in the absence or presence of an anti-Sp1, an anti-Sp3 or an ir-
relevant antibody (Ig) (middle panel). Spl and Sp3 levels were analyzed by Western blot in nuclear extracts from each condition (right pan-
els). (B) The —48/-35 oligonucleotide was labeled and incubated with 5 pg of nuclear extracts from control or 8-bromo-cAMP-treated
L6E9 myoblasts. (C) Effect of 8-bromo-cAMP on the expression of wild-type, MG1E-mutant or GC-mutant —99/+134-CAT GLUT1 con-
structs in LOE9 myoblasts transient transfections. After transfection, cells were incubated in 10% FBS medium for 48 h in the absence
(white bars) or presence of 1 mM 8-bromo-cAMP (black bars) and harvested in the same way as myoblasts. The data are expressed as the
relative CAT activity/pg of protein = SE from a representative experiment performed in triplicate. * indicates a significant difference be-
tween the 8-bromo-cAMP-treated wild-type and MG1E mutant groups, at p<0.05.

fected with the —2106/+134 wild-type or the MG1E mu-
tant construct together with Spl. Spl over-expression
caused a three-fold stimulation of GLUT]1 transcriptional
activity (fig. 8 A). On the other hand, transcription from
the MG1E mutant was only stimulated two-fold after Sp1
over-expression and the maximal transcriptional activity
was reduced 33 % in the MG1E mutant construct com-
pared to the wild type (fig. 8 A). Thus, maximal activation
induced by Spl is dependent on the integrity of MGI1E.
Other stimulatory agents do not show sensitivity to the
MGIE box; thus, RasVall2, a constitutively active form
of Ras, stimulates GLUT1 promoter activity in LOE9 my-

oblasts and this effect was not reduced in the MG1E mu-
tant construct (fig. 8 B).

MGIE also plays a role in maintaining high rates of tran-
scriptional activity in neonatal rat cardiomyocytes. Car-
diomyocytes responded to the addition of serum in the
culture medium by enhancing the expression of GLUT1
protein (fig. 9A) and the transcriptional activity of the
GLUT! promoter (fig. 9B). Transfection of cardiomy-
ocytes with the MG1E mutant or the GC mutant con-
structs in the presence of serum caused a substantial re-
duction (nearly 50%) in the transcriptional activity of the
GLUT]1 promoter (fig. 9B). Serum addition increased the
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Figure 8. The maximal response of the GLUT1 promoter to Sp1 but not to RasVall2 requires the integrity of MG1E in LOE9 muscle cells.
(A4) Effect of Sp1 transcription factor on the expression of wild-type and MG1E mutant —2106/+134-CAT GLUT1 constructs in LOE9 my-
oblasts. Cells were transfected without (white bars) or with (black bars) Sp1 expression vector (10 pg) and after 96 h, cells were harvested
and homogenized and CAT activity was determined. Data are expressed as CAT activity per microgram of protein + SE from a represen-
tative experiment performed in triplicate. Differences between control and Sp1-transfected groups were significant at p<0.05. * indicates
a significant difference between wild-type and MG1E mutant groups after Sp1 transfection, at p<0.05. (B) Effect of RasVal12 on the ex-
pression of wild-type and MG1E mutant —2106/+134-CAT GLUT]1 constructs in LOE9 myoblasts. Cells were transfected without (white
bars) or with (black bars) RasVall2 expression vector (10 pg) and after 96 h, cells were harvested and homogenized and CAT activity was
determined. Data are expressed as CAT activity per microgram of protein + SE from a representative experiment performed in triplicate.
Differences between control and Spl-transfected groups were significant at p<0.05. Differences between wild-type and MG1E mutant

groups were statistically non-significant.

binding of Spl and Sp3 to the —91/~86 GC box; under
these conditions, the formation of MGI1E was reduced,
due to an unspecific event as revealed by the parallel re-
duction in the formation of Oct-1 complexes (fig. 9C). In
keeping with the observations in LOE9 myoblasts, stimu-
lation of the GLUT1 promoter by RasVall2 in neonatal
cardiac myocytes was independent of the MGIE box
(data not shown).

Discussion

In this study, we identified a novel cis-acting element in
the mouse and rat GLUT1 glucose transporter gene situ-
ated at —46/-37, overlapping with a potential TFIIB
recognition element, and which drives transcriptional ac-
tivity of the GLUT1 proximal promoter. This element op-
erates in skeletal and cardiac muscle cells and not in fi-
broblasts; in addition, this element binds nuclear factors
in a differentiation-dependent and development-depen-
dent manner and we have named it MG1E (muscle spe-
cific GLUT1 element). Furthermore, MGIE permits
maximal transcriptional activity in skeletal and cardiac
muscle cells in response to the transcription factor Sp1 or
in response to serum or cAMP. Based on EMSA compe-
tition assays, MG1E does not seem to be present in the
human GLUT1 gene.

MGIE was found to bind muscle-specific factors. Thus,
robust band-shift complexes were detected in nuclear ex-
tracts from myoblasts, and a marked change in mobility
was detected after myogenic differentiation. Band com-
plexes were also detected in nuclear extracts from rat
heart but only in neonatal and adult samples, not in fetal
samples. Furthermore, a marked change in mobility was
detected in the transition between neonatal and adult life
in heart. In contrast, MG1E did not bind nuclear factors
from 10T1/2 or NIH-3T3 fibroblasts or from rat liver.
Thus, the MGIE element may permit muscle-specific
regulation of GLUT1 gene transcription.

Our results indicate that the commitment of cells to the
myogenic lineage is associated with the induction of nu-
clear MG1E-binding protein and that myogenic differen-
tiation leads to the generation of faster complexes. MyoD
over-expression in 10T1/2 fibroblasts induced the forma-
tion of protein-MGIE complexes characteristic of my-
oblast cells, supporting the view that muscle determina-
tion is associated with the formation of protein-MGI1E
complexes. In addition, cell differentiation into myotubes
generates the faster complexes. In parallel with these
findings, muscle-specific complexes are found in nuclear
extracts from adult rat heart or in neonatal rat cardiomy-
ocytes in culture. Furthermore, a pattern of complexes
similar to that found in myoblasts was detected in nuclear
extracts from day 1 neonatal rat hearts; hardly any com-
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Figure 9. Effect of serum on GLUT1 expression and GLUT1 promoter activity in neonatal rat cardiomyocytes. (4) Effect of stimulation
with serum on the expression of GLUT1 protein. Cardiac myocytes were cultured either in a serum-depleted medium or in a completed
medium for 72 h before harvesting. GLUT1 protein levels were analyzed by Western blot in total membrane extracts from each condition.
(B) Effect of stimulation with serum on the expression of wild-type —99/+134-CAT, GC mutant —99/+134-CAT or MG1E mutant —99/
+134-CAT GLUT]1 constructs in neonatal rat cardiomyocytes. Cells were transfected, and after washing the precipitates, they were cultured
either in a serum-depleted medium (white bars) or in a complete medium (black bars) for 72 h before harvesting. Data are expressed as
CAT activity per microgram of protein + SE from a representative experiment performed in triplicate with the wild-type CAT in the ab-
sence of serum set to a value of 100. * indicates a significant difference compared with the serum-treated wild-type group, at p<0.05. (C)
The —100/—82 oligonucleotide (left panel), the —48/—35 oligonucleotide (middle panel) or an Oct-1 consensus oligonucleotide (right panel)
were labeled and incubated with 5 pg of nuclear extracts from day 3 (d3) or d4 cardiomyocytes. d3 cells were cultured in a serum-depleted
medium or in a complete medium for 48 h before harvesting. d4 cells were cultured in a serum-depleted medium or in a complete medium
for 72 h before harvesting.



CMLS, Cell. Mol. Life Sci.  Vol. 61, 2004

plexes were detected in nuclear extracts obtained from fe-
tal rat hearts.

The factors that bind to MGIE are heat sensitive and do
not require Zn*". Furthermore, we excluded the participa-
tion of putative transcription factors found in databases as
MGI1E-binding proteins: (i) CAAT-binding factors such
as CP1 (NFY), CP2, CTF or C/EBP, based on band-shift
competition experiments, super-shift assays for CP1 and
the fact that MG1E-binding proteins are heat sensitive, in
contrast to C/EBPs which are heat resistant; (ii) Spl
based on band-shift competition assays, lack of correla-
tion with bona fide Sp1-binding activity and Zn>*/EDTA
insensitivity, and (iii) YY1, also based on band-shift com-
petition assays and Zn?*/EDTA insensitivity. We identi-
fied two polypeptide bands by DNA-protein cross-link-
ing assays as putative MG1E-binding proteins with ap-
proximate molecular masses of 41 and 32 kDa. The 32-
kDa band was only detected in nuclear extracts from my-
otubes, whereas the two bands were detected in nuclear
extracts from myoblasts. We propose that in the prolifer-
ative state, the 41-kDa is the main MG1E-binding protein
whereas after confluency and/or early differentiation, the
32-kDa is the major MG1E-binding protein.

MGIE is located in the proximal promoter relatively near
a GC box (—91/-86) that binds Sp1 and Sp3 factors and
controls GLUT1 gene transcription in cells [7, 8, 10].
MGI1E must play a pivotal role maintaining the activity of
the GLUT1 promoter in conditions in which the GC box
is inactive, as in terminally differentiated muscle cells. In
addition, MGIE also permits maximal stimulation of
transcriptional activity in response to a variety of regula-
tors such as cAMP, Sp1 or serum. Thus, the stimulation of
GLUT! transcriptional activity in response to the cAMP
analogue 8-bromo-cAMP in L6E9 myoblasts is markedly
reduced after inactivation of the MG1E. We have also
identified a functional cooperation between Spl and
MGIE in the GLUT!1 promoter. Spl binds GC box of
GLUTI gene and activates the GLUT1 promoter in mus-
cle cells [7, 8] and inactivation of MG1E markedly re-
duces the maximal transcriptional activity induced by
over-expression of Spl in L6E9 myoblasts. This suggests
functional cooperativity between the GC box at —91/—86
and the MG1E box at —46/—37.

Finally, we found that both basal and maximal activity of
the GLUT1 promoter due to serum is markedly reduced
after inactivation of MGIE in neonatal rat cardiomy-
ocytes. Furthermore, we have seen that re-addition of
serum to the culture medium was associated with en-
hanced binding of Sp1 and Sp3 to the GC box of the prox-
imal promoter and normal MG1E-binding activity. We
suggest that serum stimulates GLUT1 promoter activity
by a mechanism that entails activation of the GC box by
Spl and Sp3, and functional cooperation between the GC
box and the MG1E box.

Research Article 719

Acknowledgements. We thank Robin Rycroft for his editorial sup-
port. This work was supported in part by research projects from the
Direccion General de Investigacion Cientifica y Técnica (PM98/
0197), Ministerio de Ciencia y Tecnologia (SAF2002-02125), In-
stituto de Salud Carlos IIl RCMN (C03/08), RGDM (G03/212) and
RGTO (G03/028), Fondo de Investigacion Sanitaria (00/2101),
Grant 1999SGR 00039 from Generalitat de Catalunya, Spain, from
European Comission (Quality of Life, QLG-CT-1999-00295), from
BHF and by grant PG/2000006 from the British Heart Foundation
(T. S,,N. B.). M. S.-F. and C. F. were recipients of pre-doctoral fel-
lowships from the Generalitat de Catalunya, Spain.

1 Flier J. S., Mueckler M. M., Usher P. and Lodish H. F. (1987)
Elevated levels of glucose transport and transporter messenger
RNA are induced by ras or src oncogenes. Science 235:
14921495

2 Vannucci S. J., Maher F. and Simpson 1. A. (1997) Glucose
transporter proteins in brain: delivery of glucose to neurons and
glia. Glia 21: 2-21

3 Camps M., Vilaro S., Testar X., Palacin M. and Zorzano A.
(1994) High and polarized expression of GLUT1 glucose trans-
porters in epithelial cells from mammary gland: acute down-
regulation of GLUT1 carriers by weaning. Endocrinology 134:
924-934

4 Baldwin S. A. (1993) Mammalian passive glucose transporters:
members of an ubiquitous family of active and passive trans-
port proteins. Biochim. Biophys. Acta 1154: 17—49

5 FischerY., Thomas J., Sevilla L., Munoz P, Becker C., Holman
G. et al. (1997) Insulin-induced recruitment of glucose trans-
porter 4 (GLUT4) and GLUT! in isolated rat cardiac myocytes:
evidence of the existence of different intracellular GLUT4 vesi-
cle populations. J. Biol. Chem. 272: 7085-7092

6 Seidner G., Alvarez M. G., Yeh J. 1., O’Driscoll K. R., Klepper
J, Stump T. S. et al. (1998) GLUT-1 deficiency syndrome
caused by haploinsufficiency of the blood-brain barrier hexose
carrier. Nat. Genet. 18: 188—191

7 Vinals F,, Fandos C., Santalucia T., Ferré J., Testar X., Palacin
M. et al. (1997) Myogenesis and MyoD down-regulate Spl: a
mechanism for the repression of GLUT! during muscle cell
differentiation. J. Biol. Chem. 272: 12913-12921

8 Fandos C., Sanchez-Feutrie M., Santalucia T., Vinals F., Cade-
fau J., Guma A. et al. (1999) GLUT1 glucose transporter gene
transcription is repressed by Sp3: evidence for a regulatory role
of Sp3 during myogenesis. J. Mol. Biol. 294: 103—-119

9 Murakami T., Nishiyama T., Shirotani T., Shinohara Y., Kan M.,
Ishii K. et al. (1992) Identification of two enhancer elements in
the gene encoding the type 1 glucose transporter from the
mouse which are responsive to serum, growth factor, and onco-
genes. J. Biol. Chem. 267: 9300—9306

10 Santalucia T., Boheler K. R., Brand N. J., Sahye U., Fandos C.,
Vinals F. et al. (1999) Factors involved in GLUT-1 glucose
transporter gene transcription in cardiac muscle. J. Biol. Chem.
274: 17626—-17634

11 Santalucia T, Moreno H, Palacin M, Yacoub MH, Brand NJ and
Zorzano A. (2001) A novel functional co-operation between
MyoD, MEF2 and TRalphal is sufficient for the induction of
GLUT4 gene transcription. J. Mol. Biol. 314: 195-204

12 Cherrington J. M. and Mocarski E. S. (1989) Human cy-
tomegalovirus iel transactivates the alpha promoter-enhancer
via an 18-base-pair repeat element. J. Virol. 63: 1435-1440

13 Ausubel F. M., Brent R., Kingston R. E., Moore D. D., Smith J.
A. et al. (1987) Current Protocols in Molecular Biology, John
Wiley and Sons, New York

14 Schug J. and Overton G. C. (1997) Modeling transcription fac-
tor binding sites with Gibbs sampling and minimum descrip-
tion length encoding. Proc. Int. Conf. Intell. Syst. Mol. Biol. 5:
268-271



720

20

M. Sanchez-Feutrie et al.

Prestridge D. S. (1991) SIGNAL SCAN: a computer program
that scans DNA sequences for eukaryotic transcriptional ele-
ments. Comput. Appl. Biosci. 7: 203-206

Maire P, Wuarin J. and Schibler U. (1989) The role of cis-act-
ing promoter elements in tissue-specific albumin gene expres-
sion. Science 244: 343346

Lim L. C., Fang L., Swendeman S. L. and Sheffery M. (1993)
Characterization of the molecularly cloned murine alpha-glo-
bin transcription factor CP2. J. Biol. Chem. 268: 18008—18017
Jones K. A., Kadonaga J. T., Rosenfeld P. J., Kelly T. J. and Tjian
R. (1987) A cellular DNA-binding protein that activates eu-
karyotic transcription and DNA replication. Cell 48: 79—89
Stewart M. J., Dipple K. M., Stewart T. R. and Crabb D. W.
(1996) The role of nuclear factor NF-Y/CP1 in the transcrip-
tional regulation of the human aldehyde dehydrogenase 2-en-
coding gene. Gene 173: 155—-161

ShiY., Seto E., Chang L. S. and Shenk T. (1991) Transcriptional
repression by YY1, a human GLI-Kruppel-related protein, and

21

22

23

24

Regulation of GLUT1 gene expression

relief of repression by adenovirus E1A protein. Cell 67:
377-388

Hoey T., Weinzierl R. O., Gill G., Chen J. L., Dynlacht B. D. and
Tjian R. (1993) Molecular cloning and functional analysis of
Drosophila TAF110 reveal properties expected of coactivators.
Cell 72: 247-260

Lee J. S., Galvin K. M. and Shi Y. (1993) Evidence for physical
interaction between the zinc-finger transcription factors YY1
and Spl. Proc. Natl. Acad. Sci. USA 90: 6145-6149

Johnson P. F,, Landschulz W. H., Graves B. J. and McKnight, S.
L. (1987) Identification of a rat liver nuclear protein that binds
to the enhancer core element of three animal viruses. Genes
Dev. 1: 133—-146

Vinals F., Ferré J., Fandos C., Santalucia T., Testar X., Palacin
M. et al. (1997) Cyclic adenosine 3’,5’-monophosphate regu-
lates GLUT4 and GLUT]1 glucose transporter expression and
stimulates transcriptional activity of the GLUT1 promoter in
muscle cells. Endocrinology 138: 2521-2529

To access this journal online:
http://www.birkhauser.ch




