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Overexpression of ¢c-myc in diabetic mice restores altered expression of the
transcription factor genes that regulate liver metabolism
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Overexpression of the c-Myc transcription factor in liver induces
glucose uptake and utilization. Here we examined the effects of
c-myc overexpression on the expression of hepatocyte-specific
transcription factor genes which regulate the expression of genes
controlling hepatic metabolism. At 4 months after streptozotocin
(STZ) treatment, most diabetic control mice were highly hy-
perglycaemic and died, whereas in STZ-treated transgenic
mice hyperglycaemia was markedly lower, the serum levels of
p-hydroxybutyrate, triacylglycerols and non-esterified fatty acids
were normal, and they had greater viability in the absence of
insulin. Furthermore, long-term STZ-treated transgenic mice
showed similar glucose utilization and storage to healthy controls.
This was consistent with the expression of glycolytic genes
becoming normalized. In addition, restoration of gene expression
of the transcription factor, sterol receptor element binding protein
lc, was observed in the livers of these transgenic mice. Further, in
STZ-treated transgenic mice the expression of genes involved

in the control of gluconeogenesis (phosphoenolpyruvate carbo-
kykinase), ketogenesis (3-hydroxy-3-methylglutaryl-CoA
synthase) and energy metabolism (uncoupling protein 2) had
returned to normal. These findings were correlated with decreased
expression of genes encoding the transcription factors hepatocyte
nuclear factor 3y, peroxisome proliferator-activated receptor o«
and retinoid X receptor. These results indicate that c-myc
overexpression may counteract diabetic changes by controlling
hepatic glucose metabolism, both directly by altering the ex-
pression of metabolic genes and through the expression of key
transcription factor genes.

Key words: glucose metabolism, hepatocyte nuclear factor 3y
(HNF3y), peroxisome proliferator-activated receptor o
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INTRODUCTION

The liver has a central role in glucose homoeostasis. When
plasma glucose is high, the liver takes it up and replenishes
glycogen stores. During starvation, the liver releases glucose
into the blood via glycogenolysis and gluconeogenesis [1]. Glu-
cose transport and phosphorylation are the first steps in glucose
utilization in the liver [1]. In addition, glucose regulates hepatic
gene transcription [2,3]. Although it is clear that glucose
phosphorylation by glucokinase (GK) is responsible for the
glucose-dependent regulation of gene transcription in hepato-
cytes, the subsequent steps remain unclear [2-4]. Several tran-
scription factors have been proposed as intermediates in the
control of gene transcription by glucose. Sterol regulatory
element binding protein 1¢c (SREBPIc¢) has been suggested as a
candidate transcription factor for the actions of both glucose and
insulin on hepatic genes involved in glycolysis and lipogenesis
[5,6]. In addition, peroxisome proliferator-activated receptor o
(PPAR«) [7,8], retinoid X receptor (RXR) [9,10] and members of
the hepatocyte nuclear factor (HNF) family [11-13] have a
central function in regulating the hormonal and metabolic control
of expression of key genes in many physiological processes, such
as glucose, fatty acid and cholesterol metabolism in the liver.
c-Myc belongs to the basic helix-loop-helix family of tran-
scription factors which bind to the enhancer box 5-CACGTG-
3" [14-16]. This sequence is contained in the glucose/

carbohydrate regulatory elements located in the promoters of
several genes coding for enzymes involved in hepatic glycolysis
and lipogenesis [17,18]. Previous studies showed that over-
expression of c-myc leads to an induction of hepatic glycolysis by
increasing the expression and activity of genes coding for key
regulatory enzymes of glycolysis, such as GK, L-type pyruvate
kinase (L-PK) and 6-phosphofructo-2-kinase (PFK-2) [19,20].
Thus c-Myc may have a physiological role in the control of liver
carbohydrate metabolism in vivo [19-21].

Type 1 diabetes results from the autoimmune destruction of
the insulin-producing S-cells of the pancreas, and is characterized
by a lack of insulin, which leads to the development of severe
hyperglycaemia [22,23]. Diabetic hyperglycaemia can be reduced
by increased glucose transport and phosphorylation by key
target tissues, such as liver and skeletal muscle. We showed
previously that overexpression of c-Myc in the livers of transgenic
mice leads to counteraction of short-term (7 days) diabetic
alterations following streptozotocin (STZ) treatment [24]. This is
achieved through c-Myc inducing the expression of key genes
involved in hepatic glucose uptake and utilization, and blocking
the activation of gluconeogenesis and ketogenesis, in the absence
of cell proliferation and transformation [24]. The effects of c-Myc
are noted in both healthy and short-term STZ-treated transgenic
mice [19,24], suggesting that this transcription factor re-inforces
the effects of insulin in healthy mice, while it mimics the effects
of the hormone in diabetes, when insulinaemia is low. Thus, in
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3-methylglutaryl-CoA; HNF, hepatocyte nuclear factor; L-PK, L-type pyruvate kinase; NEFA, non-esterified fatty acids; PEPCK, phosphoenolpyruvate
carboxykinase; PFK-2, 6-phosphofructo-2-kinase; PPAR, peroxisome proliferator-activated receptor; RAR, retinoic acid receptor; RXR, retinoid X
receptor; SREBP, sterol regulatory element binding protein; STZ, streptozotocin; UCP, uncoupling protein.
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the livers of these transgenic mice, c-Myc might be considered a
common step in the transcriptional regulation of hepatic glucose
metabolism genes by glucose and insulin.

To determine the mechanism(s) by which c-Myc counteracts
diabetic alterations, here we have examined the effects of
overexpressing c-myc on the expression of hepatocyte-specific
transcription factor genes that in turn regulate the expression of
genes involved in the control of liver glucose metabolism. We
found a direct relationship between c-myc overexpression and
restoration of the expression of transcription factor genes that
control hepatic glucose metabolism.

EXPERIMENTAL
Treatment of mice

The development and characterization of transgenic mice ex-
pressing the phosphoenolpyruvate carboxykinase (PEPCK)/
c-myc chimaeric gene were described previously [19]. Heterozy-
gous transgenic male mice (C57B16/SJL) aged 3—4 months [19]
were fed ad libitum on a standard diet (Panlab, Barcelona, Spain)
and maintained under a light/dark cycle of 12 h/12 h (lights on
at 08:00 h). When stated, mice were starved for 16 h. Animals
were killed and liver samples were taken between 09:00 and
10:00 h. Diabetes was induced by injection through the jugular
vein of a dose of 2 mg of STZ/10 g body weight on two con-
secutive days. STZ (Sigma Chemical Co., St. Louis, MO, U.S.A.)
was dissolved in a 10 mM sodium citrate solution containing
0.9 9% NaCl, pH 4.5, immediately before administration. Diabetes
was assessed by measuring glycaemic and glucosuric levels
(Glucometer® and Gluketur Test; Bayer, Leverkusen, Germany).
All experimental procedures involving mice were approved by the
Ethics and Experimental Animal Committee of the Universitat
Autonoma de Barcelona.

Northern blot analysis

Total RNA was obtained from liver by the guanidine isothio-
cyanate method [25]. Aliquots of 30 ug of total liver RNA were
electrophoresed on a 19, (w/v) agarose gel containing 2.2 M
formaldehyde and then transferred to nylon membranes by
capillary blotting. Northern blots were hybridized, as previously
described [19,24], to the following cDNA probes: c-Myc,
GK, PFK-2, L-PK, GLUT?2 (glucose transporter 2), PEPCK,
mitochondrial 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
synthase and f-actin [19,24]; SREBPIlc (provided by B.
Spiegelman, Dana-Farber Cancer Institute, Harvard Medical
School, Boston, MA, U.S.A.); the RXR heterodimeric partner
genes mouse retinoic acid receptor (RAR) and RXR [provided
by P. Chambon, Institut de Génétique et de Biologie Moléculaire
et Cellulaire, Illkirch (Strasbourg), France]; mouse PPAR«
(provided by P. Tontonoz, Howard Hughes Medical Institute,
UCLA School of Medicine, Los Angeles, CA, U.S.A.); human
uncoupling protein 2 (UCP2; provided by J. P. Giacobino,
Centre Médical Universitaire, Geneva, Switzerland); HNF3«,
and y (provided by K. Kaestner, University of Pennsylvania,
School of Medicine, Philadelphia, PA, U.S.A.); and CCAAT/
enhancer binding protein (C/EBP) « and p (provided by
S. McKnight, UT Southwestern Medical Center, Dallas, TX,
U.S.A.). These probes were labelled using [«-**P]dCTP, following
the method of random oligopriming as described by the manu-
facturer (Roche Molecular Biochemicals, Mannheim, Germany).
The specific radioactivity of the DNA probe thus labelled was
approx. 10° c.p.m./ug of DNA. Membranes were placed in
contact with Kodak XAR-5 films (Rochester, NY, U.S.A.).
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The amount of mRNA expressed in individual samples was
quantified by densitometry and then standardized to the amount
of f-actin. Means + S.D. for at least five samples were calculated
to validate the statistical significance of observed changes (using
the Student—Newmann—Keuls test). Differences were considered
statistically significant at P < 0.05.

Hormone, enzyme and metabolite assays

To determine enzyme activities and the concentrations of meta-
bolites, liver samples were clamped, frozen in situ and kept at
— 80 °C until analysis. Hepatic GK and L-PK enzyme activities
were analysed in liver samples as described previously [19,24].
The concentrations of glycogen, glucose 6-phosphate and lactate
were measured in perchloric acid extracts as described elsewhere
[19,24]. The glucose concentration in blood was determined by
using a Glucometer Elite® instrument (Bayer) according to the
manufacturer’s instructions. Serum non-esterified fatty acids
(NEFA) were measured by the acyl-CoA synthase/acyl-CoA
oxidase method (Wako Chemicals). f-Hydroxybutyrate levels in
serum were measured by the f-hydroxybutyrate dehydrogenase
technique (Roche Molecular Biochemicals). Serum triacyl-
glycerols were determined enzymically (GPO-PAP; Roche Mol-
ecular Biochemicals). Insulin levels in serum were determined by
RIA (CIS Biointernational), using rat insulin (Eli Lilly,
Indianapolis, IN, U.S.A.) as standard.

Serum parameters, enzyme activities and metabolite concen-
trations are expressed as means+S.E.M. Statistical differences
between data were analysed using the Student—-Newmann—Keuls
test. Differences were considered statistically significant at
P < 0.05.

RESULTS

Decrease in diabetic hyperglycaemia in transgenic mice
overexpressing ¢-Myc in the long term after the destruction of
pancreatic f-cells with STZ

To determine whether the overexpression of c-Myc in the liver
led to the long-term counteraction of diabetic alterations, control
and transgenic mice were treated with STZ. At 1 month after
STZ treatment, fed control mice had high levels of blood glucose
(> 600 mg/dl; the upper limit of detection) and remained highly
hyperglycaemic afterwards (Table 1). In contrast, fed STZ-
treated transgenic mice showed an approx. 2.5-fold increase in
glycaemia 1 month after STZ treatment, but only a 3-fold
increase in blood glucose levels 4 months after STZ treatment

Table 1

Blood glucose levels were measured in fed and in overnight-starved control and transgenic mice
before and after STZ treatment, as described in the Experimental section. Results are
means + S.E.M. For the STZ control mice, 7= 60 at day 0 and 7 = 6 at 4 months; for the
STZ transgenic mice, 7= 38 at day 0 and n= 20 at 4 months (*P < 0.05, **P < 0.01
compared with STZ-treated controls).

Blood glucose levels in STZ-treated mice

Glucose (mg/dl)

Mice Time (months) ... 0 1 4

Fed

Control 159+13 >600 > 600
Transgenic 1454+ 11 324 443 398461
Fasted

Control 9149 194 +23 229+32
Transgenic 82+8 103 +18* 116 +20*
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(Table 1). At this time, very low levels of circulating insulin were
found in all STZ-treated mice (< 0.2 ng/ml). This suggested
that, in the absence of insulin treatment, overexpression of
c-Myec partially counteracted and delayed severe hyperglycaemia
(Table 1). Furthermore, while starvation increased glycaemia by
approx. 2.5-fold in control diabetic mice, starved STZ-treated
transgenic mice showed similar blood glucose levels to starved
non-STZ-treated controls (Table 1).

The partial counteraction of diabetic hyperglycaemia observed
in the long term after STZ treatment of transgenic mice was
paralleled by improved survival and increased body weight.
STZ-treated control mice showed a marked loss (approx. 25 %)
of body weight (from 29.1+0.5g to 22.2+1.2 g) and pro-
gressively died (only around 10 9, remained alive 4 months after
treatment with STZ; n = 60 at day 0 to n = 6 at day 120). In
contrast, STZ-treated transgenic mice were viable for longer, and
approx. 529, remained alive 4 months after STZ treatment
(from n = 38 at day 0 to n = 20 at day 120); they also maintained
their body weight (from 28.0+0.6 g to 28.2+1.3 g; P < 0.05).
Furthermore, the livers of long-term STZ-treated transgenic
mice did not show morphological alterations by histological
analysis (results not shown). STZ-treated transgenic mice also
showed normal concentrations of serum p-hydroxybutyrate
(control, 0.72+0.1 mmol/1; STZ-control, 3.36+0.5 mmol/l;
STZ-transgenic, 0.96+0.2 mmol/l), triacylglycerols (control,
153+ 13 mg/dl; STZ-control, 374 +21 mg/dl; STZ-transgenic,
176 + 15 mg/dl), and NEFA (control, 0.76 +0.1 mmol/l; STZ-
control, 1.93 +0.3 mmol/l; STZ-transgenic, 0.89 +0.15 mmol/1).
Thus, without insulin, transgenic mice showed restoration of
serum parameters, probably as a consequence of the effects
of c-Myc on hepatic glucose and lipid metabolism.

Restoration of the expression/activity of key genes/proteins
involved in the control of hepatic glucose metabolism

To determine the expression of key genes involved in the
regulation of hepatic glucose metabolism, total RNA was
obtained from the livers of control and transgenic mice 4 months
after STZ treatment. Two mRNA transcripts were detected in
the livers of STZ-treated transgenic mice when Northern blots
were hybridized with a c-Myc probe (Figure 1) [19,24]. Very low
levels of expression of the genes encoding GK, PFK-2 and L-PK
were detected in the livers of STZ-treated control mice, whereas
STZ-treated transgenic mice expressed high levels of GK (approx.
11-fold greater; P < 0.01), PFK-2 (approx. 5-fold; P < 0.05)
and L-PK (approx. 4-fold; P < 0.05) mRNAs (Figure 1). Fur-
thermore, the GK, PFK-2 and L-PK mRNA levels observed in
the livers of STZ-treated transgenic mice were similar to those
observed in healthy control mice (Figure 1).

The increases noted in these mRNA levels were paralleled by
increases in enzyme activities. Thus, 4 months after STZ treat-
ment, transgenic mice showed normal GK and L-PK activities
[GK: STZ-control, 3 + 1 m-units/mg of protein; STZ-transgenic,
20+ 2 m-units/mg (P < 0.01); L-PK: STZ-control, 0.06+0.03
units/mg; STZ-transgenic, 0.21 +0.03 units/mg (P < 0.05)]. The
normalization of GK and L-PK enzyme activities in the livers of
STZ-treated transgenic mice was associated with normal concen-
trations of glucose 6-phosphate (STZ-control, 36 +6 nmol/g of
liver; STZ-transgenic, 207+ 13 nmol/g; P < 0.01), glycogen
(STZ-control, 4+ 1 mg/g of liver; STZ-transgenic, 41 +5 mg/g;
P < 0.01) and lactate (STZ-control, 0.02+0.01 zmol/g of liver;
STZ-transgenic, 0.154+0.04 gmol/g; P < 0.01). Thus the de-
crease in hyperglycaemia observed in STZ-treated transgenic
mice probably resulted, in part, from increased hepatic glucose
utilization and storage.

Restored expression of the transcription factor SREBP1¢ in the
livers of STZ-treated transgenic mice

The SREBPIc transcription factor regulates glycolytic and
lipogenic genes [5,6]. At 4 months after STZ treatment, low levels
of SREBP1c mRNA were detected in the livers of control mice.
In contrast, the increase in c-myc gene expression in the livers of
STZ-treated transgenic mice was paralleled by an 11-fold increase
in the levels of SREBPlc (P < 0.01) (Figure 1). This con-
centration of SREBP1c mRNA was similar to that in the livers
of healthy control mice (Figure 1). Thus overexpression of c-Myc
in the livers of STZ-treated transgenic mice up-regulated and
restored SREBPIc gene expression.

Decreased gene expression of the regulatory enzymes of
gluconeogenesis and ketone body synthesis in the livers
of STZ-treated transgenic mice

The expression of the PEPCK and mitochondrial HMG-CoA
synthase genes is markedly induced by diabetes [26,27]. STZ-
treated transgenic mice showed markedly lower (approx. 6-fold;
P < 0.01) expression of these two enzymes than diabetic controls
(Figure 1). Moreover, the decrease in the expression of PEPCK
in the livers of STZ-treated transgenic mice was paralleled by a
decrease (approx. 6-fold; P < 0.01) in GLUT2 mRNA levels,
which increased in the livers of STZ-treated control mice (Fig-
ure 1). The expression of these genes in the livers of STZ-treated
transgenic mice was similar to that observed in healthy control
mice. These findings were related to the decrease in hyper-
glycaemia and ketone body levels detected in the serum of STZ-
treated transgenic mice.

Down-regulation of RXR and PPAR« gene expression in the livers
of STZ-treated transgenic mice

We further examined the effects of overexpression of c-Myc in
the livers of STZ-treated transgenic mice by studying the ex-
pression of nuclear receptor genes that control liver metabolism.
The RAR family belongs to the nuclear hormone receptor
superfamily and consists of two classes of retinoid receptors,
RAR and RXR [9,10]. These two nuclear receptor families each
comprise three subtypes, referred to as «, £ and y [9,10]. At
4 months after STZ treatment, the expression of RXRa was
approx. 7-fold lower (P < 0.01) in the livers of transgenic mice
than in the livers of diabetic control mice (Figure 2). Moreover,
the expression of RXR/ and RXRy was also less (approx. 2.5-
fold and 3-fold respectively; P < 0.05) in the livers of STZ-
treated transgenic mice (Figure 2). The level of expression of
these genes was similar to that observed in healthy control mice
(Figure 2). In addition, the level of mRNA of RAR« decreased
(by approx. 3-fold; P < 0.05) to control levels in the livers of
STZ-treated transgenic mice (Figure 2). However, the expression
of RAR/ and RARy was unchanged in the livers of STZ-treated
mice (Figure 2).

PPARSs also belong to the nuclear hormone receptor super-
family [7,8]. The PPAR« isoform is involved both in activating
gluconeogenesis and in the catabolism of fatty acids in the liver
through PPAR/RXR heterodimers [7,8]. PPAR« expression was
lower (approx. 5-fold; P < 0.01) in the livers of STZ-treated
transgenic mice than in STZ-treated control mice, returning to
normal levels (Figure 2). All these results suggested that, in the
long term after STZ treatment, overexpression of c-Myc in
the livers of transgenic mice decreased the expression of the
PPAR« and RXR genes. Restoration of the expression of
these two genes in the livers of STZ-treated transgenic mice
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Figure 1 Expression of c-myc and key genes that regulate glycolysis,
gluconeogenesis, glucose transport and ketone body metabolism
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Total RNA was obtained from the livers of untreated control mice (Con) and STZ-treated control
(STZ-Con) and transgenic (STZ-Tg) mice, and analysed by Northern blot analysis as indicated
in the Experimental section. A representative Northern blot hybridized with probes for ¢c-myc,
GK, PFK-2, L-PK, SREBP1c, GLUT2, PEPCK, mitochondrial HMG-CoA synthase (HMGCoAS)
and S-actin is shown.

probably contributed to the normalization of serum triacyl-
glycerol and cholesterol levels observed in these mice.

PPARs are also involved in the control of energy homoeostasis
[7,8]. PPAR«x regulates UCP2 gene expression in the liver [28].
The expression of UCP2 was approx. 6-fold lower (P < 0.01) in
the livers of STZ-treated transgenic mice than in diabetic control
mice (Figure 2). This paralleled the normalization of the ex-
pression of the PPAR« and RXR genes. Thus the decrease in the
expression of these two genes may contribute to the normalization
of carbohydrate, lipid and energy metabolism observed in STZ-
treated transgenic mice.

Effects of c-Myc overexpression on HNF genes in the livers of
STZ-treated transgenic mice

The HNFs activate and/or repress the transcription of a large
number of genes that are critical for diverse biological processes,
such as development, differentiation and metabolism [11-13].
The expression of different families of HNF genes, including

© 2002 Biochemical Society
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Figure 2 Expression of nuclear hormone receptor superfamily genes

Total RNA was obtained from the livers of untreated control mice (Con) and STZ-treated control
(STZ-Con) and transgenic (STZ-Tg) mice, and analysed as indicated in the Experimental section.
A representative Northern blot hybridized with probes for retinoid receptor genes, PPARc,
UCP2, HNF3y and f-actin is shown.

HNF3, HNF4 and C/EBP, was also analysed in the livers of
STZ-treated control and transgenic mice. STZ-treated transgenic
mice showed a decrease (approx. 7-fold; P < 0.01) in the
expression of HNF3y (Figure 2). The expression of this gene in
the livers of the STZ-treated transgenic mice was similar to that
observed in healthy control mice (Figure 2). In contrast,
differences observed in the expression of HNF3a, HNF3p,
C/EBPa, C/EBPS and HNF4 between STZ-treated control and
transgenic mice genes were statistically insignificant (results not
shown).

DISCUSSION

Previous studies have shown that c-Myc has a physiological
function in the control of carbohydrate metabolism [19-21]. The



c-myc overexpression restores diabetic alterations 935

present study describes the ability of c-myc overexpression to
counteract diabetic alterations in the long term after the de-
struction of pancreatic f-cells by STZ, and its effects on the ex-
pression of specific transcription factor genes involved in the
control of liver metabolism. At 4 months after STZ treatment,
the overexpression of c-Myc in the livers of transgenic mice was
able to partially counteract diabetic hyperglycaemia when mice
were fed, and to lead to normoglycaemia during starvation. This
was most probably achieved through the ability of c-Myc both to
induce hepatic glucose uptake and utilization and to block the
activation of gluconeogenesis. The improvements in the hepatic
metabolism of STZ-treated transgenic mice also resulted in
longer survival and the maintenance of body weight. Previous
studies have shown that STZ-treated transgenic mice over-
expressing GK in the liver had increased hepatic glucose
metabolism, decreased gluconeogenesis and lower diabetic hy-
perglycaemia [29,30]. Similarly, restoration of the expression and
activity of key genes involved in the control of hepatic glucose
metabolism, such as those encoding GK, L-PK and PFK-2, was
observed in the livers of short-term [24] and long-term STZ-
treated transgenic mice overexpressing c-Myc. In the promoter
region of the GK, L-PK and PFK-2 genes, E-boxes are bound
and activated by c-Myc [31-33]. Similarly, insulin administration
in mice with STZ-induced diabetes led to a restoration of the
expression of these genes [34,35].

SREBPIc has been described as a mediator of insulin action in
the liver, since it induces glycolytic and lipogenic genes, such as
GK [5,6]. The expression of the SREBPIc gene is regulated by
glucose and insulin [36]. An E-box motif, 5-CACGTG-3’, has
also been located in the SREBP1c promoter region [37]. Increased
expression of SREBP1c was noted in the livers of STZ-treated
transgenic mice. Similarly, SREBPlc mRNA levels fall in rats
treated with STZ, and insulin administration reverses this effect
[38]. Thus overexpression of c-Myc in the livers of STZ-treated
transgenic mice was probably able, similar to insulin, to up-
regulate SREBP1c gene expression, which in turn could lead to
the expression and activity of the enzymes involved in the control
of hepatic glucose utilization.

During the development of diabetes, the activity of the
gluconeogenic pathway in the liver increases markedly [26].
PEPCK catalyses a limiting step in gluconeogenesis, and is
regulated at the transcriptional level [26]: fasting and diabetes
increase PEPCK gene expression, while insulin inhibits it [26].
Similarly, decreased expression of PEPCK was noted in the livers
of STZ-treated transgenic mice overexpressing c-Myc. An E-box
motif, CACCTG, which can be bound by members of the c-Myc
family, has been described in the PEPCK promoter [39]. Fur-
thermore, members of the HNF transcription factor family that
regulate PEPCK gene transcription were described [40,41].
Normal expression of PEPCK requires mainly the HNF3y
isoform [40,42]. HNF3y activates gluconeogenic enzymes to
prevent hypoglycaemia during fasting [43]. Its expression
increases during diabetes and is down-regulated by insulin [43].
The decrease in the expression of HNF3y detected in the livers of
STZ-treated transgenic mice overexpressing c-myc might be
related to the observed down-regulation of the expression of
PEPCK. However, neither a regulatory element responsive to
insulin nor an E-box motif that binds the c-myc family of
transcription factors has yet been described in the HNF3y
promoter. Thus, in the absence of insulin, the increase in c-Myc
appeared to mimic the effects of the hormone on the expression
of PEPCK, acting either directly or via inhibition of HNF3y
gene expression. Expression of other HNF genes (HNF3c,
HNF3p, HNF4, C/EBPa« and C/EBPp) was unchanged,
suggesting that these transcription factors are probably not

involved in the long-term control of PEPCK gene expression
after STZ treatment.

RXRa has been described as the main heterodimeric partner
of PPARa in hepatocytes [44]. PPAR« is involved in the
activation of hepatic gluconeogenesis, whereas RXRa has re-
cently been described as the main heterodimeric integrator of
cholesterol and fatty acid metabolism in the liver [7,8,44]. PPAR«
gene expression is up-regulated by fatty acids, glucocorticoids
and diabetes, while it is down-regulated by insulin [45]. RXRa
gene expression is also regulated positively by fatty acids and
negatively by insulin [46]. Similarly, the expression of the PPAR«
and RXRa genes was decreased in the livers of STZ-treated
transgenic mice, suggesting that c-Myc might regulate their
expression in an insulin-like manner. Recently, inducible hypoxia
factor 1 has been described to repress PPARa gene expression
through an E-box motif located in the promoter of this gene [47].
Thus c-Myc might also repress the expression of PPAR« by
binding to this E-box. However, neither a regulatory element
responsive to insulin nor an E-box motif has yet been described
in the promoter of the RXRa gene.

PPARs bind to specific PPAR response elements in the
promoter regions of target genes, through co-operative inter-
actions with RXRs, to regulate the transcription of genes involved
in whole-body metabolism [7,8]. PPAR response elements have
also been identified in the promoters of the HMG-CoA synthase
and GLUT?2 genes [48,49]. A decrease in the expression of these
two genes was noted in the livers of STZ-treated transgenic mice,
which may be related to the decrease in the expression of the
PPARo and RXRa genes. Moreover, the decrease in the ex-
pression of GLUT?2 in the livers of STZ-treated transgenic mice
was paralleled by a decrease in PEPCK mRNA. Thus the
decreased expression of the GLUT2, PEPCK and HMG-CoA
synthase genes may have contributed to a decrease in hepatic
glucose and ketone body production, and to the reduction of
hyperglycaemia and serum ketone body levels, in the STZ-
treated transgenic mice. Furthermore, glucose and ketone body
production from gluconeogenic precursors in primary culture
was lower in hepatocytes from STZ-treated transgenic mice
overexpressing c-myc than in those from STZ-treated controls,
and similar to that in hepatocytes from healthy control mice [24].
This indicates that dysregulation of gluconeogenic flux and
ketone body production is reversed by c-myc overexpression.

A decrease in HMG-CoA synthase and GLUT2 gene ex-
pression has also been observed in diabetic rats after adminis-
tration of insulin or treatment with the insulin-mimic vanadate
[50,51]. These rats showed normal ketone body levels in serum
[50]. Although no E-boxes have been described in the HMG-
CoA synthase and GLUT2 genes, we cannot rule out a possible
direct effect of c-Myc in restoring the expression of these genes.
However, while c-Myc transactivation occurs through binding to
E-boxes, transrepression of c-Myc appears to occur by
mechanisms that do not require the presence of an E-box [52,53].

Animals with STZ-induced diabetes are vulnerable to cold
stress due to an impairment of thermogenesis [54]. UCP2 is
involved in the control of thermogenesis and is expressed in
numerous tissues, such as white and brown adipose tissue,
skeletal muscle and liver [55-57]. In a previous study, hepatic
expression of UCP2 was unchanged in diabetic rats 2 days after
STZ treatment [58]. However, 4 months after STZ treatment,
hepatic UCP2 gene expression was higher in diabetic control
mice than in STZ-treated transgenic mice, probably as a defence
against hypothermogenesis caused by long-term diabetes. It has
been shown that PPAR« activation in mice is sufficient to induce
hepatic UCP2 gene expression [28]. The decrease in the expression
of UCP2 noted in the livers of STZ-treated transgenic mice

© 2002 Biochemical Society
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overexpressing c-myc paralleled the decrease in the expression of
PPARx and RXRa genes.

In summary, our results indicate that overexpression of c-Myc
was able to counteract diabetic alterations by restoring the
expression and activity of key enzymes involved in the control of
hepatic carbohydrate, lipid and energy metabolism. This was
also related to normalization of the expression of transcription
factor genes involved in the control of these metabolic path-
ways. Thus the present study suggests that c-myc may exert
effects directly at the level of expression of enzymes involved in
the control of metabolic pathways, as well as at the level of the
transcription factors that regulate their expression.

This research was supported by grants from the Fondo de Investigacion Sanitaria
(98/1063), the Comision Interministerial de Ciencia y Tecnologfa (SAF96-0270) and
the Direccié General de Recerca (1999SGR00101), all in Spain, and from the
European Community (QLG1-CT-1999-00674). We are grateful to J. E. Feliu and
M. Watford for helpful discussions, and to C. H. Ros and A. Vilalta for technical
assistance. We also thank all the investigators listed in the Materials and methods
section for providing cDNA clones. E.R., A.M. and A.H. were the recipients of
postgraduate fellowships from the Direccid General d’Universitats, Generalitat de
Catalunya, and T.F. was supported by the Fondo de Investigacién Sanitaria.

REFERENCES

1 Pilkis, S. J. and Granner, D. K. (1992) Molecular physiology of the regulation of
hepatic gluconeogenesis and glycolysis. Annu. Rev. Physiol. 54, 885—-909

2 Vaulont, S., Vasseur-Cognet, M. and Kahn, A. (2000) Glucose regulation of gene
transcription. J. Biol. Chem. 275, 31555—31558

3 Scott, D. K., O’Doherty, R. M., Stafford, J. M., Newgard, C. B. and Granner, D. K.
(1998) The repression of hormone-activated PEPCK gene expression by glucose is
insulin-independent but requires glucose metabolism. J. Biol. Chem. 273,
24145-24151

4 Girard, J., Ferré, P. and Foufelle, F. (1997) Mechanisms by which carbohydrates
regulate expression of genes for glycolytic and lipogenic enzymes. Annu. Rev. Nutr.
17, 325-352

5 Foretz, M., Guichard, C., Ferré, P. and Foufelle, F. (1999) Sterol regulatory element
binding protein-1c is a major mediator of insulin action on the hepatic expression of
glucokinase and lipogenesis-related genes. Proc. Natl. Acad. Sci. U.S.A. 96,
1273712742

6 Foretz, M., Pacot, C., Dugail, I, Lemarchand, P., Guichard, C., Le Liepvre, X,
Berthelier-Lubrano, C., Spiegelman, B., Kim, J. B., Ferré, P. and Foufelle, F. (1999)
ADD1/SREBP-1¢ is required in the activation of hepatic lipogenic gene expression by
glucose. Mol. Cell. Biol. 19, 3760-3768

7 Desvergne, B. and Wahli, W. (1999) Peroxisome proliferator-activated receptors:
nuclear control of metabolism. Endocr. Rev. 20, 649688

8 Kersten, S., Desvergne, B. and Wahli, W. (2000) Roles of PPARs in health and
disease. Nature (London) 405, 421—-424

9 Mangelsdorf, D. J. and Evans, R. M. (1995) The RXR heterodimers and orphan
receptors. Cell 83, 841-850

10 Glass, C. K. (1996) Some new twists in the regulation of gene expression by thyroid
hormone and retinoic acid receptors. J. Endocrinol. 150, 349-357

11 Xanthopoulos, K. G., Prezioso, V. R., Chen, W. S., Sladek, F. M., Cortese, R. and
Darnell, Jr, J. E. (1991) The different tissue transcription patterns of genes for
HNF-1, C/EBP, HNF-3, and HNF-4, protein factors that govern liver-specific
transcription. Proc. Natl. Acad. Sci. U.S.A. 88, 3807-3811

12 Kaestner, K. H. (2000) The hepatocyte nuclear factor 3 (HNF3 or FOXA) family in
metabolism. Trends Endocrinol. Metab. 11, 281-285

13 Cereghini, S. (1996) Liver-enriched transcription factors and hepatocyte differentiation.
FASEB J. 10, 267-282

14 Lischer, B. and Eisenman, R. N. (1990) New light on Myc and Myb, Part I: Myc.
Genes Dev. 4, 20252035

15 Marcu, K. B., Bossone, S. A. and Patel, A. J. (1992) myc function and regulation.
Annu. Rev. Biochem. 61, 809-860

16  Kato, G. J. and Dang, C. V. (1992) Function of the c-Myc oncoprotein. FASEB J. 6,
3065-3072

17  Girard, J., Perdereau, D., Foufelle, F., Prip-Buus, C. and Ferré, P. (1994) Regulation
of lipogenic enzyme gene expression by nutrients and hormones. FASEB J. 8, 36—42

18  Vaulont, S. and Kahn, A. (1994) Transcriptional control of metabolic regulation genes
by carbohydrates. FASEB J. 8, 28—35

19 Valera, A, Pujol, A, Gregori, X., Riu, E., Visa, J. and Bosch, F. (1995) Evidence from
transgenic mice that myc regulates hepatic glycolysis. FASEB J. 9, 1067—1078

© 2002 Biochemical Society

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

42

Osthus, R. C., Shim, H., Kim, S., Li, Q.,, Reddy, R., Mukherjee, M., Xu, Y.,

Wonsey, D., Lee, L. A. and Dang, C. V. (2000) Deregulation of glucose

transporter 1 and glycolytic gene expression by c-Myc. J. Biol. Chem.

275, 21797-21800

Dang, C. V. (1999) c-Myc target genes involved in cell growth, apoptosis, and
metabolism. Mol. Cell. Biol. 19, 111

Tisch, R. and McDevit, H. (1996) Insulin-dependent diabetes mellitus. Cell 85,
291-297

Expert Committee on the Diagnosis and Classification of Diabetes Mellitus (1997)
Report of the Expert Committee on the Diagnosis and Classification of Diabetes
Mellitus. Diabetes Care 20, 1183-1197

Riu, E., Bosch, F. and Valera, A. (1996) Prevention of diabetic alterations in
transgenic mice overexpressing Myc in the liver. Proc. Natl. Acad. Sci. U.S.A. 93,
2198-2202

Chirgwin, J. M., Przybyla, A. W., Mcdonald, R. J. and Rutter, W. J. (1979) Isolation of
biologically active ribonucleic acid from sources enriched in ribonuclease.
Biochemistry 18, 5294-5299

Hanson, R. W. and Reshef, L. (1997) Regulation of phosphoenolpyruvate
carboxykinase (GTP) gene expression. Annu. Rev. Biochem. 66, 581—611

Hegardt, F. G. (1999) Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase: a
control enzyme in ketogenesis. Biochem. J. 338, 569582

Kelly, L. J., Vicario, P. P., Thompson, G. M., Candelore, M. R., Doebber, T. W.,
Ventre, J., Wu, M. S., Meurer, R., Forrest, M. J., Conner, M. W. et al. (1998)
Peroxisome proliferator-activated receptors gamma and alpha mediate in vivo
regulation of uncoupling protein (UCP-1, UCP-2, UCP-3) gene expression.
Endocrinology 139, 4920-4927

Ferré, T., Pujol, A, Riu, E., Bosch, F. and Valera, A. (1996) Correction of diabetic
alterations by glucokinase. Proc. Natl. Acad. Sci. U.S.A. 93, 7225—7230

Ferré, T., Riu, E., Bosch, F. and Valera, A. (1996) Evidence from transgenic mice that
glucokinase is rate limiting for glucose utilization in the liver. FASEB J. 10,
1213-1218

lynedjian, P. B. (1998) Identification of upstream stimulatory factor as transcriptional
activator of the liver promoter of the glucokinase gene. Biochem. J. 333, 705—712
Vaulont, S., Puzenat, N., Levrat, F., Cognet, M., Kahn, A. and Raymondjean, M.
(1989) Proteins binding to the liver-specific pyruvate kinase gene promoter. A unique
combination of known factors. J. Mol. Biol. 209, 205-219

Fukasawa, M., Takayama, E., Shinomiya, N., Okumura, A., Rokutanda, M.,
Yamamoto, N. and Sakakibara, R. (2000) Identification of the promoter region of
human placental 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase gene.
Biochem. Biophys. Res. Commun. 267, 703—708

lynedjian, P. B., Gjinovci, A. and Renold, A. E. (1988) Stimulation by insulin of
glucokinase gene transcription in liver of diabetic rats. J. Biol. Chem. 263, 740—744
Mason, T. M., Gupta, N., Goh, T., El-Bahrani, B., Zannis, J., van de Werve, G. and
Giacca, A. (2000) Chronic intraperitoneal insulin delivery, as compared with
subcutaneous delivery, improves hepatic glucose metabolism in streptozotocin diabetic
rats. Metab. Clin. Exp. 11, 1411-1416

Hasty, A. H., Shimano, H., Yahagi, N., Amemiya-Kudo, M., Perrey, S., Yoshikawa, T.,
Osuga, J., Okazaki, H., Tamura, Y., lizuka, Y. et al. (2000) Sterol regulatory element-
binding protein-1 is regulated by glucose at the transcriptional level. J. Biol. Chem.
275, 31069-31077

Amemiya-Kudo, M., Shimano, H., Yoshikawa, T., Yahagi, N., Hasty, A. H.,

Okazaki, H., Tamura, Y., Shionoiri, F., lizuka, Y., Ohashi, K. et al. (2000) Promoter
analysis of the mouse sterol regulatory element-binding protein-1c gene.

J. Biol. Chem. 275, 31078-31085

Shimomura, 1., Bashmakov, Y., Ikemoto, S., Horton, J. D., Brown, M. S. and
Goldstein, J. L. (1999) Insulin selectively increases SREBP-1¢c mRNA in the livers of
rats with streptozotocin-induced diabetes. Proc. Natl. Acad. Sci. U.S.A. 96,
13656—13661

Scott, D. K., Mitchell, J. A. and Granner, D. K. (1996) The orphan receptor COUP-TF
binds to a third glucocorticoid accessory factor element within the
phosphoenolpyruvate carboxykinase gene promoter. J. Biol. Chem. 271,
31909-31914

Unterman, T. G., Fareeduddin, A., Harris, M. A., Goswami, R. G., Porcella, A., Costa,
R. H. and Lacson, R. G. (1994) Hepatocyte nuclear factor-3 (HNF-3) binds to the
insulin response sequence in the IGF binding protein-1 (IGFBP-1) promoter and
enhances promoter function. Biochem. Biophys. Res. Commun. 203, 1835—1841
Rausa, F. M., Tan, Y., Zhou, H., Yoo, K. W., Stolz, D. B., Watkins, S. C., Franks,

R. R., Unterman, T. G. and Costa, R. H. (2000) Elevated levels of hepatocyte nuclear
factor 3/ in mouse hepatocytes influence expression of genes involved in bile acid
and glucose homeostasis. Mol. Cell. Biol. 20, 8264—8282

Kaestner, K. H., Hiemisch, H. and Schutz, G. (1998) Targeted disruption of the gene
encoding hepatocyte nuclear factor 3y results in reduced transcription of
hepatocyte-specific genes. Mol. Cell. Biol. 18, 4245—4251



c-myc overexpression restores diabetic alterations 937

43

44

45

46

47

48

49

50

Imae, M., Inoue, Y., Fu, Z, Kato, H. and Noguchi, T. (2000) Gene expression of the
three members of hepatocyte nuclear factor-3 is differentially regulated by nutritional
and hormonal factors. J. Endocrinol. 167, R1—R5

Wan, Y. J.,, An, D,, Cai, Y., Repa, J. J., Hung-Po Chen, T., Flores, M., Postic, C.,
Magnuson, M. A., Chen, J., Chien, K. R. et al. (2000) Hepatocyte-specific mutation
establishes retinoid X receptor alpha as a heterodimeric integrator of multiple
physiological processes in the liver. Mol. Cell. Biol. 20, 4436—4444

Asayama, K., Sandhir, R., Sheikh, F. G., Hayashibe, H., Nakane, T. and Singh, I.
(1999) Increased peroxisomal fatty acid 4-oxidation and enhanced expression of
peroxisome proliferator-activated receptor-alpha in diabetic rat liver. Mol. Cell.
Biochem. 194, 227234

Steineger, H. H., Arntsen, B. M., Spydevold, 0. and Sorensen, H. N. (1998) Gene
transcription of the retinoid X receptor o (RXRex) is regulated by fatty acids

and hormones in rat hepatic cells. J. Lipid Res. 39, 744—754

Narravula, S. and Colgan, S. P. (2001) Hypoxia-inducible factor 1-mediated inhibition
of peroxisome proliferator activated receptor o« expression during hypoxia.

J. Immunol. 166, 7543—7548

Ortiz, J. A., Mallolas, J., Nicot, C., Bofarull, J., Rodriguez, J. C., Hegardt, F. G.,
Haro, D. and Marrero, P. F. (1999) Isolation of pig mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase gene promoter: characterization of a peroxisome
proliferator-responsive element. Biochem. J. 337, 329-335

Kim, H. I, Kim, J. W, Kim, S. H,, Cha, J. Y., Kim, K. S. and Ahn, Y. H. (2000)
Identification and functional characterization of the peroxisomal proliferator response
element in rat GLUT2 promoter. Diabetes 49, 1517—1524

Valera, A., Rodriguez-Gil, J. E. and Bosch, F. (1993) Vanadate treatment restores the
expression of genes for key enzymes in the glucose and ketone bodies metabolism in
the liver of diabetic rats. J. Clin. Invest. 92, 4—11

Received 16 April 2002/12 August 2002; accepted 16 September 2002
Published as BJ Immediate Publication 16 September 2002, DOI 10.1042/BJ20020605

51

52

53

54

55

56

57

58

Casals, N., Roca, N., Guerrero, M., Gil-Gomez, G., Ayté, J., Ciudad, C. J. and
Hegardt, F. G. (1992) Regulation of the expression of the mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase gene. lts role in the control of ketogenesis.

Biochem. J. 283, 261264

Seoane, J., Pouponnot, C., Staller, P., Schader, M., Eilers, M. and Massague, J.
(2001) TGF/ influences Myc, Miz-1 and Smad to control the CDK inhibitor
p15INK4b. Nat. Cell Biol. 3, 400—408

Staller, P., Peukert, K., Kiermaier, A., Seoane, J., Lukas, J., Karsunky, H., Moroy, T.,
Bartek, J., Massague, J., Hanel, F. and Eilers, M. (2001) Repression of p15INK4b
expression by Myc through association with Miz-1. Nat. Cell Biol. 3, 392—399
Rothwell, N. J. and Stock, M. J. (1981) A role for insulin in the diet-induced
thermogenesis of cafeteria-fed rats. Metab. Clin. Exp. 30, 673—678

Boss, 0., Muzzin, P. and Giacobino, J. P. (1998) The uncoupling proteins: a review.
Eur. J. Endocrinol. 139, 1-9

Fleury, C., Neverova, M., Collins, S., Raimbault, S., Champigny, 0., Levi-Meyrueis, C.,
Bouillaud, F., Seldin, M. F., Surwit, R. S., Ricquier, D. and Warden, C. H. (1997)
Uncoupling protein-2: a novel gene linked to obesity and hyperinsulinemia. Nat.
Genet. 15, 269-272

Gimeno, R. E., Dembski, M., Weng, X., Deng, N., Shyjan, A. W., Gimeno, C. J.,

Iris, F., Ellis, S. J., Woolf, E. A. and Tartaglia, L. A. (1997) Cloning and
characterization of an uncoupling protein homolog, a potential molecular mediator

of human thermogenesis. Diabetes 46, 900—906

Kageyama, H., Suga, A., Kashiba, M., Oka, J., Osaka, T., Kashiwa, T., Hirano, T.,
Nemoto, K., Namba, Y., Ricquier, D. et al. (1998) Increased uncoupling protein-2 and
-3 gene expressions in skeletal muscle of STZ-induced diabetic rats. FEBS Lett. 440,
450-453

© 2002 Biochemical Society



