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We previously reported that 2400 base pairs (bp) of
5’-flanking DNA is sufficient for tissue-specific and hor-
monal/metabolic regulation of the human GLUT4 gene
in transgenic mice (Liu, M.-L., Olson, A. L., Moye-Rowley,
W. S., Buse, J. B,, Bell, G. 1., and Pessin, J. E. (1992) J.
Biol. Chem. 267,11673-11676). To further define the DNA
sequences required for GLUT4 expression, we generated
transgenic mice carrying 1975, 1639, 1154, 730, and 412
bp of the GLUT4 5'-flank (hG4) fused to the chloram-
phenicol acetyltransferase (CAT) reporter gene. The
1975-hG4-CAT, 1639-hG4-CAT, and 1154-hG4-CAT con-
structs were expressed in a tissue-specific manner iden-
tical to the endogenous murine GLUT4 mRNA. Regula-
tion of these reporter gene constructs in insulin-
deficient diabetes also paralleled the endogenous gene.
In contrast, 730-hG4-CAT was expressed at high levels
only in skeletal muscle and at low levels in all of the
other tissues examined. Additionally, expression of 412-
hG4-CAT was completely unrestricted. Neither the 730-
hG4-CAT nor the 412-hG4-CAT reporter genes displayed
any insulin-dependent regulation. These data demon-
strate that a skeletal muscle-specific DNA element is
located within 730 bp of the GLUT4 5'-flanking DNA but
that 1154 bp is necessary to direct the full extent of
tissue-specific and insulin-dependent regulation of the
human GLUT4 gene in transgenic mice.

A fundamental process in cellular metabolism is the uptake
and metabolism of glucose. In all mammalian cells, facilitative
glucose transport is catalyzed by at least six members of a
structurally related family of glucose transporter proteins,
termed GLUT1-5 and GLUT7 (For reviews see Refs. 1-3). Each
of these glucose transporter isoforms have unique tissue dis-
tributions and kinetic properties, which are necessary for par-
ticular physiologic functions. For example, GLUT1 is predom-
inantly expressed at the plasma membrane in most cell types
and is generally thought to account for the majority of basal
state glucose uptake (4—8). In contrast, the primary role of the
GLUT4! glucose transporter isoform is to mediate an insulin-
sensitive glucose uptake in muscle and adipose tissues (4,
9-13). In these cells, the GLUT4 protein is uniquely localized
to an intracellular vesicle pool and, upon insulin treatment, is
rapidly translocated to the cell surface membrane accounting
for the large increase in glucose transport activity (9, 14-16).
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Several studies have documented the essential role of
GLUT4 in the maintenance of whole body glucose homeostasis.
In rodent models of insulin deficiency (fasting or streptozotocin
(STZ)-induced diabetes), the expression of GLUT4 protein and
mRNA is markedly reduced and accounts for the insulin resist-
ance of glucose transport under these conditions (17-23). Sim-
ilarly, the expression of GLUT4 is also decreased in cardiac and
skeletal muscle, although the insulin resistance associated
with these tissues may occur prior to the loss of GLUT4 protein
levels (24). In any case, transgenic mice expressing the human
GLUT4 gene specifically in adipose tissue or in both adipose
and muscle tissues displayed a marked increase in basal glu-
cose disposal and insulin-sensitive glucose uptake (6—8, 25—
28). Furthermore, expression of the human GLUT4 gene in the
genetically diabetic db/db strain of mice also resulted in im-
proved basal glycemic control concomitant with an increase in
insulin sensitivity (29). Together, these data indicate that
physiologic manipulation of GLUT4 expression may be a useful
strategy to alleviate insulin resistance states associated with
several forms of diabetes.

To this end, a detailed molecular understanding of the reg-
ulation of GLUT4 gene expression is required. Previously, we
have demonstrated that 2400 bp of the GLUT4 5’-flanking
DNA was sufficient to direct the appropriate tissue-specific and
hormonal/metabolic regulation of a CAT reporter gene in trans-
genic mice (30, 31). In the current study, we have performed a
5’-deletion analysis of the human GLUT4 promoter in trans-
genic mice. These data have defined at least one proximal
region responsible for skeletal muscle-specific expression and a
more distal region responsible for cardiac and adipose tissue
expression. In addition, the distal region is required for de-
creased GLUTH4 transcription in insulin-deficient diabetes.

MATERIALS AND METHODS

Preparation of Transgenic Mice—The ¢cDNA constructs used to gen-
erate transgenic mice were derived from the plasmid hGLUT4(2.4)CAT
containing 2400 bp of GLUT4 5'-flanking DNA (30). Five separate
constructs containing the identical 3'-end (+163) but with sequential
deletions from the 5’-end (—1975, —1639, —1154, —730, and —412)
were prepared as described in Table I. The DNA fragments were iso-
lated by agarose gel electrophoresis and injected into the pronucleus of
fertilized mouse embryos at either the DNX, Inc. Transgenic Animal
Facility (Princeton, NJ) or The University of Iowa Transgenic Animal
Facility (Iowa City, IA). Transgenic animals carrying the appropriate
constructs were identified by slot blot analysis of isolated tail DNA
using the 4.6-kilobase SacI-HinDIII fragment of hGLUT4(2.4)CAT as a
probe.

STZ-induced Diabetes—Insulin-deficient diabetes was induced by a
single intraperitoneal injection of STZ (200 mg/kg, body weight) follow-
ing an overnight fast as previously described (32). 72 h after injection,
tail vein blood samples were assayed for glucose concentration using a
glucometer (Lifescan, Inc.; Miltipas, CA). Animals with blood glucose
levels greater than 400 mg/dl were considered diabetic. The diabetic
animals were either left untreated or treated with 2 units of regular
insulin per day for 2 days. The mice were killed 5 days after STZ
injection, and the tissues were snap frozen in liquid nitrogen until
prepared for analysis.
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TaBLE 1
Summary of constructs used to generate the human GLUT4
transgenic mice

Fragment length Restriction enzymes Construct name

4277 Tth1111/HinDIII 1975-hG4-CAT
3941 Dralll/HinDIII 1639-hG4-CAT
3456 Bcll/HinDIIL 1154-hG4-CAT
3032 RSRIV/HinDIII 730-hG4-CAT
2712 BssHII/HinDIII 412-hG4-CAT

RNA Isolation and RNase Protection Assay—Total cellular RNA was
isolated from snap-frozen tissues using the guanidinium isothiocyanate
extraction followed by purification on a CsCl gradient (33) as previously
described (34). RNA was quantified spectrophotometrically by absorb-
ance at 260 nM and stored as an ethanol precipitate at —70 °C.

An 890-bp Sall-EcoRI fragment of the mouse GLUT4-CAT plasmid,
p469GLUT4.CAT (obtained from Dr. M. D. Lane, Johns Hopkins Med-
ical School, Baltimore, MD) (35) was subcloned into the SalI-EcoRI site
of pIBI30 (IBI). This plasmid was linearized with Bsu361 and was used
as a template to generate a 616-nucleotide antisense RNA probe, which
is able to anneal to the 5'-untranslated region of mouse GLUT4 mRNA
up to the Dral site of the mouse GLUT4 ¢cDNA and to CAT mRNA
corresponding to the Xbal-EcoRI fragment of the CAT ¢cDNA. Since the
5’-untranslated region of the mouse GLUT4 mRNA is not conserved in
the human GLUT4 transcript, this probe is specific for both the endog-
enous mouse GLUT4 message and transgenic CAT mRNA. The anti-
sense RNA was labeled with [a-3?P]UTP using T3 polymerase in an in
vitro transcription assay (Promega). 10 ug of total RNA was hybridized
with 5 X 10° cpm of labeled probe in 30 pul of hybridization buffer (80%
deionized formamide, 0.4 M NaCl, 40 mM Pipes, pH 6.4, and 1 mm
EDTA). Hybridization was carried out overnight at 50 °C, and the
non-hybridized RNA was digested for 30 min at room temperature in 10
mM Tris-HCl, pH 7.5, 200 mM sodium acetate, and 5 mm EDTA con-
taining 500 units of RNase T1/ml (Life Technologies, Inc.). The pro-
tected fragments were analyzed using 6% acrylamide, 7.5 M urea gel
electrophoresis and identified by autoradiography.

RESULTS

Tissue-specific Expression of the Human GLUT4 Gene in
Transgenic Mice—To identify the DNA sequences responsible
for tissue-specific expression of the human GLUT4 gene, we
have generated multiple lines of transgenic mice carrying CAT
reporter gene constructs containing various deletions in the
5'-flanking DNA. Since expression of reporter genes in trans-
genic animals can be effected by the location of genomic inte-
gration and copy number, we analyzed a minimum of two
independent founder lines per construct. RNase protection
analysis of mice carrying 412 bp of GLUT4 5'-flanking DNA
fused to CAT (412-hG4-CAT) demonstrated a lack of tissue
specificity (Fig. 1A). The level of CAT mRNA was relatively low
and present in all the tissues examined, including the brain
and liver (Fig. 1B). Although mice carrying 730 bp of GLUT4
5'-flanking DNA (730-hG4-CAT) was expressed in a propor-
tionally high level in skeletal muscle, it was also expressed in
brain. The relative low level of this reporter gene mRNA in
cardiac and adipose tissue indicates that the expression of this
construct was generally unrestricted. However, the high level
of expression in skeletal muscle suggests the presence of a
skeletal muscle-specific cis-DNA element located downstream
of —730.

In contrast to 412-hG4-CAT and 730-hG4-CAT, 1154 bp of
the GLUT4 5'-flanking DNA (1154-hG4-CAT) displayed a pat-
tern of CAT expression that paralleled the expression of the
endogenous murine GLUT4 mRNA (Fig. 1, A and B). The
transgenic CAT and murine GLUT4 mRNAs were expressed at
highest levels in brown adipose tissue and skeletal muscle with
slightly lower levels in cardiac muscle followed by white adi-
pose tissue. Importantly, there was no measurable expression
of the 1154-hG4-CAT transgenic mRNA in liver or brain, tis-
sues which normally do not express GLUT4. This pattern of
expression was virtually identical in the lines of transgenic
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Fic. 1. Tissue-specific expression of CAT mRNA in transgenic
mice carrying different human GLUT4 5'-flanking DNA. 10 ug of
total RNA isolated from white adipose tissue (WA), brown adipose
tissue (BA), heart (Ht), hindquarter skeletal muscle (SM), liver (Li), and
brain (Br) was analyzed for CAT mRNA (panel A) and endogenous
mouse GLUT4 mRNA (panel B) using RNase protection assay as de-
scribed under “Experimental Procedures.” The names and schematic
representation of constructs used to generate transgenic mice are
shown in panel A. The stippled box represents the human GLUT4
5'-flank, and major transcription start site of the human GLUT4 gene
is indicated by the arrow. Nucleotide sequence for each construct is
indicated relative to the transcription start site as +1.

animals carrying the larger 1639 (1639-hG4-CAT) and 1975 bp
(1975-hG4-CAT) of GLUT4 5'-flanking DNA (Fig. 1A). From
these data, we conclude that at least 1154 bp of 5'-flanking
DNA is required for the appropriate tissue-specific expression
of the GLUT4 gene.

Regulated Expression of Transgenic mRNA in Diabetic Ani-
mals—To determine the cis-DNA sequences involved in the
regulation of the human GLUT4 gene in an insulin-deficient
state, we examined the expression of the CAT reporter genes in
STZ-induced diabetes. Previous studies have demonstrated
that GLUT4 mRNA is down-regulated in STZ-diabetic rats and
mice due to a decrease in transcription rate (31, 36). This is an
insulin-specific response since the loss of GLUT4 mRNA is fully
reversible following insulin therapy. As expected, mice made
insulin-deficient by STZ treatment had a marked reduction in
the steady-state levels of the endogenous GLUT4 mRNA in
white adipose tissue (Fig. 2B, lane D) compared to control
animals (Fig. 2B, lane C). Treatment of the diabetic animals
with insulin resulted in a restoration of the GLUT4 mRNA
levels somewhat above the control value (Fig. 2B, lane I). In
contrast to the endogenous GLUT4 mRNA, the two smallest
constructs (412-hG4-CAT and 730-hG4-CAT) did not decrease
in the diabetic state and, in fact, appeared to increase (Fig. 2A).
Furthermore, insulin treatment did not increase expression of
the CAT reporter genes but did reduce the small increase
observed in the untreated diabetic animals. However, the
transgenic mice carrying the the three larger constructs (1154-
hG4-CAT, 1639-hG4-CAT, and 1975-hG4-CAT) all displayed a
pattern of reporter gene regulation, which paralleled that of
the endogenous GLUT4 gene. In each case, CAT mRNA was
reduced in the diabetic state and was subsequently returned to
supranormal levels following insulin treatment.

The appropriate pattern of insulin regulation of the 1154-
hG4-CAT, 1639-hG4-CAT, and 1975-hG4-CAT reporter genes
was reiterated in brown adipose tissue (Fig. 3A), heart (Fig.
4A), and skeletal muscle (Fig. 5A), all of which mirrored that of
the endogenous murine GLUT4 mRNA (Figs. 3B, 4B, and 5B).
As observed in white adipose tissue, both the 412-hG4-CAT and
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Fic. 2. Regulation of CAT mRNA expression in white adipose
tissue from STZ-diabetic transgenic mice. Total cellular RNA was
isolated from gonadal white adipose tissue from control (C), untreated
diabetic (D), or insulin-treated diabetic (I) female mice. RNA was ana-
lyzed for CAT mRNA (panel A) and endogenous mouse GLUT4 mRNA
(panel B) using RNase protection assay as described under “Experimen-
tal Procedures.” The names and schematic representation of constructs
used to generate transgenic mice are shown in panel A. The stippled box
represents the human GLUT4 5'-flank, and major transcription start
site of the human GLUT4 gene is indicated by the arrow. Nucleotide
sequence for each construct is indicated relative to the transcription
start site as +1.

730-hG4-CAT reporters did not display any significant down-
regulation in brown adipose, cardiac, or skeletal muscle in the
STZ-induced diabetic state. The inability of 730-hG4-CAT to
undergo hormonal/metabolic regulation was surprising in that
this reporter construct contained the necessary cis-DNA ele-
ments required for high levels of skeletal muscle expression.

DISCUSSION

Insulin-stimulated glucose disposal primarily results from a
translocation of an intracellular pool of GLUT4 protein to the
cell surface membrane in muscle and adipose cells (9, 14, 15).
The insulin-stimulated increase in cell surface GLUT4 protein
is required for the maintenance of normal glucose homeostasis,
particularly in the post-prandial state (37). We and others
(17-23, 38) have previously demonstrated that in some rodent
models of peripheral tissue insulin resistance there is a loss of
both GLUT4 protein and mRNA expression. More recently,
expression of the GLUT4 protein in both normal and geneti-
cally diabetic mice has demonstrated an important role for
GLUT4 in regulating insulin sensitivity (25-29, 39). These
data strongly suggest that increased expression of the GLUT4
gene would have a major beneficial effect to enhance glucose
disposal and to maintain more efficient control over fluctua-
tions in circulating glucose concentrations. Based upon this
potentially important intervention, we have begun to dissect
the GLUT4 promoter in normal and pathophysiologic states in
vivo.

Previously, we had determined that 2400 bp of 5’-flanking
DNA of the human GLUT4 promoter was sufficient for tissue-
specific and normal physiologic regulation in insulin-deficient
diabetes and fasted states (30, 31). The deletion analysis pre-
sented in this manuscript has demonstrated that 412 bp of
5'-flanking DNA supports a basal level of transcription but
which is neither tissue restricted nor regulated by insulin
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Fic. 3. Regulation of CAT mRNA expression in brown adipose
tissue from STZ-diabetic transgenic mice. Total cellular RNA was
isolated from brown adipose tissue from control (C), untreated diabetic
(D), or insulin-treated diabetic (I) female mice. RNA was analyzed for
CAT mRNA (panel A) and endogenous mouse GLUT4 mRNA (panel B)
using RNase protection assay as described under “Experimental Proce-
dures.” The names and schematic representation of constructs used to
generate transgenic mice are shown in panel A. The stippled box rep-
resents the human GLUT4 5’-flank, and major transcription start site
of the human GLUT4 gene is indicated by the arrow. Nucleotide se-
quence for each construct is indicated relative to the transcription start
site as +1.

Mouse GLUT4

deficiency. Thus, 412 bp of the GLUT4 5'-flank was operation-
ally identified as the functional human GLUT4 minimal pro-
moter. In contrast, 730 bp of the GLUT4 5’-flanking DNA was
sufficient to direct relatively high levels of expression in skel-
etal muscle but not cardiac or adipose tissue. In addition,
expression of this reporter gene also failed to display the nor-
mal pattern of down-regulation in STZ-induced diabetes. These
data were consistent with a skeletal muscle-specific enhancer
element located between —412 and —730 of the human GLUT4
promoter. This region is highly conserved between the mouse,
rat, and human genes and contains a consensus binding se-
quence for the muscle-specific transcription factor MEF2. Re-
cent promoter analysis in the differentiating C2C12 muscle cell
line has demonstrated that the rat MEF2 sequence was essen-
tial for the myotube-specific expression of the rat GLUT4 gene
(40). Furthermore, this element was shown to directly bind
MEF?2 in cell extracts from differentiated C2C12 myotubes but
not undifferentiated C2C12 myoblasts. Although this element
was necessary for C2C12 myotube-specific expression, these
reporter constructs were not regulated, similar to our current
results in the 730-hG4-CAT-carrying transgenic mice. Cur-
rently, we are in the process of generating transgenic mice
carrying reporter genes mutated in the MEF2 consensus site of
the human GLUT4 promoter to directly determine its role in
skeletal muscle expression in vivo.

In contrast to 412-hG4-CAT and 730-hG4-CAT, the larger
constructs 1154-hG4-CAT, 1639-hG4-CAT, and 1975-hG4-CAT
showed no evidence of CAT mRNA expression in brain or liver,
tissues which do not express significant amounts of GLUT4
mRNA. These data suggest that upstream sequences located
between —730 and —1154 act to repress GLUT4 gene expres-
sion in some tissues while enhancing specific gene expression
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Fic. 4. Regulation of CAT mRNA expression in cardiac muscle
from STZ-diabetic transgenic mice. Total cellular RNA was isolated
from heart tissue from control (C), untreated diabetic (D), or insulin-
treated diabetic (I) female mice. RNA was analyzed for CAT mRNA
(panel A) and endogenous mouse GLUT4 mRNA (panel B) using RNase
protection assay as described under “Experimental Procedures.” The
names and schematic representation of constructs used to generate
transgenic mice are shown in panel A. The stippled box represents the
human GLUT4 5’'-flank, and major transcription start site of the hu-
man GLUT4 gene is indicated by the arrow. Nucleotide sequence for
each construct is indicated relative to the transcription start site as +1.

in cardiac and adipose tissues. Furthermore, the elements con-
firming the appropriate pattern of metabolic regulation for the
endogenous GLUT4 gene appear to reside within 1154 bp of the
human GLUT4 promoter. However, it is important to recognize
that these data have defined boundaries of these tissue-specific
and regulatory elements. It remains to be determined whether
the sequences responsible for physiologic regulation coincide
with the cardiac and adipose tissue-specific enhancers.

In summary, we have performed a 5’'-deletion analysis of the
human GLUT4 promoter in transgenic mice to define the DNA
sequences responsible for both tissue-specific and hormonal/
metabolic regulation of GLUT4 expression in vivo. The data
presented in this manuscript have defined —1154 as the 5'-
boundary of the human GLUT4 promoter that contains the
necessary elements for tissue-specific expression and down-
regulation by insulin deficiency. Furthermore, a skeletal mus-
cle-specific element was located within —730 bp of the tran-
scription initiation site; however, these DNA sequences were
not sufficient to confer regulation in STZ-induced diabetes.
Thus, the basal GLUT4 promoter (—412) was not a tissue-
specific promoter, and other upstream regulatory elements
function to suppress the basal promoter in irrelevant tissue
while enhancing promoter activity in appropriate tissues. Cur-
rently, we are in the process of performing additional func-
tional deletion and biochemical analysis of these regions to
further elucidate the specific sequences and transcription fac-
tors involved in this complex regulation of the human GLUT4
gene.
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Fic. 5. Regulation of CAT mRNA expression in skeletal muscle
from STZ-diabetic transgenic mice. Total cellular RNA was isolated
from skeletal muscle from control (C), untreated diabetic (D), or insulin-
treated diabetic (I) female mice. RNA was analyzed for CAT mRNA
(panel A) and endogenous mouse GLUT4 mRNA (panel B) using RNase
protection assay as described under “Experimental Procedures.” The
names and schematic representation of constructs used to generate
transgenic mice are shown in panel A. The stippled box represents the
human GLUT4 5'-flank, and major transcription start site of the hu-
man GLUT4 gene is indicated by the arrow. Nucleotide sequence for
each construct is indicated relative to the transcription start site as +1.

Mouse GLUT4
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