Biochem. J. (2004) 382, 471-479 (Printed in Great Britain)

4an

Tumour necrosis factor o decreases glucose-6-phosphatase gene
expression by activation of nuclear factor «B

Rolf GREMPLER™, Anne KIENITZ*, Torsten WERNER*, Marion MEYERY, Andreas BARTHEL, Fabienne AILETTS,

Calum SUTHERLAND||, Reinhard WALTHER* and Dieter SCHMOLL

*Department of Medical Biochemistry and Molecular Biology, University of Greifswald, D-17487 Greifswald, Germany, Aventis Pharma, DG Metabolic Diseases, Bldg H825, D-65926
Frankfurt/Main, Germany, Department of Endocrinology, University of Diisseldorf, D-40225 Diisseldorf, Germany, §Centre for Biomolecular Sciences, University of St. Andrews,

St. Andrews KY16 9TS, Scotland, U.K., and ||Department of Pharmacology and Neuroscience, University of Dundee, Dundee DD1 9SY, Scotland, UK.

The key insulin-regulated gluconeogenic enzyme G6Pase (glu-
cose-6-phosphatase) has an important function in the control
of hepatic glucose production. Here we examined the inhibition of
G6Pase gene transcription by TNF (tumour necrosis factor) in
HAIIE hepatoma cells. TNF decreased dexamethasone/dibtuyryl
cAMP-induced G6Pase mRNA levels. TNF«, but not insulin, led
to rapid activation of NF«xB (nuclear factor xB). The adenoviral
overexpression of a dominant negative mutant of I« Ba (inhibitor
of NFxB «) prevented the suppression of G6Pase expression by
TNFo, but did not affect that by insulin. The regulation of G6Pase
by TNF was not mediated by activation of the phosphoinositide
3-kinase/protein kinase B pathway, extracellular-signal-regulated
protein kinase or p38 mitogen-activated protein kinase. Reporter

gene assays demonstrated a concentration-dependent down-regu-
lation of G6Pase promoter activity by the transient overexpression
of NF«xB. Although two binding sites for NFxB were identified
within the G6Pase promoter, neither of these sites, nor the insulin
response unit or binding sites for Sp proteins, was necessary for the
regulation of G6Pase promoter activity by TNF«. In conclusion,
the data indicate that the activation of NF«B is sufficient to sup-
press G6Pase gene expression, and is required for the regulation
by TNF«, but not by insulin. We propose that NFxkB does not
act by binding directly to the G6Pase promoter.
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INTRODUCTION

G6Pase (glucose-6-phosphatase) catalyses the final step of the
metabolic pathways that are central to hepatic glucose production,
i.e. gluconeogenesis and glycogen breakdown [1]. Thus G6Pase
has an important role in blood glucose homoeostasis. G6Pase activ-
ity is regulated predominantly at the level of gene expression.
The molecular mechanisms mediating the regulation of G6Pase
gene expression have been studied intensively, as the inappro-
priate control of G6Pase activity is associated with metabolic
alterations such as diabetes and glycogen storage disease [2].
Glucagon (via cAMP) and glucocorticoids induce G6Pase gene
transcription during starvation, whereas insulin inhibits gene ex-
pression post-prandially. The co-activator protein PGC-1a (per-
oxisome proliferator-activated receptor y co-activator-1o) and the
transactivating transcription factor Foxol (also named FKHR)
play a central role in the regulation of G6Pase by these hormones
[3-9]. PGC-1« expression is up-regulated by glucagon, and in-
duces Go6Pase transcription via interaction with hepatocyte
nuclear factor-4, the glucocorticoid receptor and Foxol. Insulin
inhibits G6Pase expression at least in part by activation of
the PI3K (phosphoinositide 3-kinase)/PKB (protein kinase B)
pathway and the subsequent phosphorylation of Foxol. In ad-
dition, activation of the MEK [MAPK (mitogen-activated protein
kinase)/ERK (extracellular-signal-regulated kinase) kinase]/ERK
pathway and the pharmacological inhibition of GSK3 (glycogen

synthase kinase 3) are sufficient to suppress G6Pase gene
expression [10,11].

In addition to insulin, the pro-inflammatory cytokine TNF (tu-
mour necrosis factor) is also able to suppress G6Pase expression
in vitro and in vivo [12]. This could be of pathophysiological
importance during septic shock, where the TNF level increases
rapidly and G6Pase expression decreases in parallel [13]. The
suppression of G6Pase expression probably contributes to the di-
minished hepatic glucose production and the hypoglycaemia ob-
served in the later stages of sepsis [14]. Receptor binding of TNF
leads to the activation of transcription factors such as NFxB
(nuclear factor ¥ B) and AP-1 (activator protein-1), via the recruit-
ment of signal transducers and the stimulation of several complex
signalling cascades, such as the NFxkB pathway and the MAPK
pathway [15,16]. NF«B is formed by a heterodimer of proteins
that belong to the Rel family, the predominant members of which
are pS0 and p65/RelA. In the absence of a stimulus, IxBa
(inhibitor of NFxkB «) retards NFxB within the cytoplasm. An
agonist of the NFx B pathway, such as TNF, leads to the activation
of the I« B kinase complex and the subsequent phosphorylation of
IxBa on Ser-32 and Ser-36. Phosphorylated I« B releases NFx B
and is degraded rapidly by an ubiquitin-dependent pathway. Free
NF« B translocates into the nucleus, where it regulates the expres-
sion of genes important for cellular defence and inflammation,
either by direct binding to promoter elements or in a DNA-indep-
endent fashion by the sequestration of co-activator proteins, e.g.
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CBP (cAMP response element binding protein binding protein)
[16-18]. TNF also activates the stress-activated protein kinase
p38 MAPK (also known as SAPK2) [19,20]. The activation
of p38 MAPK leads to the phosphorylation of several transcription
factors, including ATF-2 (activating transcription factor-2), and is
essential for the regulation of genes encoding pro-inflammatory
cytokines (such as interleukin-6) and inflammation-related en-
zymes (such as inducible nitric oxide synthase) by TNF [19,20].

In the present study, we demonstrate that activation of the NFx B
pathway is central to the inhibition of G6Pase gene expression by
TNFea, but not by insulin.

EXPERIMENTAL
Plasmids

The Go6Pase reporter gene constructs G6Pase(— 1227/+57),
G6Pase(— 1100/457), Go6Pase(—499/+57), G6Pase(— 161/
+57) and G6Pase(— 150/4 57) were created by cloning the hu-
man G6Pase promoter fragments — 1227/457, — 1100/+ 57,
—499/457, —161/4+57 and — 150/+ 57 respectively into the
promoterless luciferase reporter gene vector pGL3-Basic (Pro-
mega) [21]. The plasmid G6Pase(— 1227/4 57/IRUmut) is not
regulated by forkhead proteins and PKB because of a mutated
IRU (insulin response unit) between positions — 196 and — 156
within the plasmid G6Pase(— 1227/+57), as described in [5].
The plasmid G6Pase(— 1227/4 57/SpA,Bmut) was generated by
mutating Sp-binding sites A (—19/—11) and B (—63/—55)
within the plasmid G6Pase(— 1227/457) [22]. In order to gene-
rate the plasmid G6Pase(—499/4 57/NF2mut), the NF«B-
binding site 2 between positions — 155 and — 145 was mutated
from 5'-GTAAATCACCCT-3 to 5'-GTAAATCATCTA-3" within
G6Pase(— 499/4 57). The plasmid G6Pase(— 151/+ 57/NF2mut)
was derived from G6Pase(— 151/+57) by mutation of the pro-
moter sequence between — 151 and — 145 to 5'-ATCATCTA-3,
in order to destroy NF«B-binding site 2 completely. The pla-
smid pGL-TK-2xNF«B was created by cloning a double-
stranded oligonucleotide with the sequence 5-CCGGGGA-
CTTTCCCGGATCCAGGGGACTTTCCCTC-3, which con-
tains two NF«xB consensus binding sites (underlined), into the
pGL-TK vector, which contains the luciferase gene under the con-
trol of the herpes simplex thymidine kinase minimal promoter
[21]. Dr N. Perkins (Department of Biochemistry, University
of Dundee, Dundee, Scotland, U.K.) provided the plasmid pRSV-
NF«B, which expresses the p65/RelA subunit, and the control
plasmid pRSV-pBgal, which expresses p-galactosidase [16].
The plasmids pRSV-NFxB-Y36F and pRSV-NF«kB-S276A were
cloned by changing the NFxkB sequence from 5'-CCGCTAC-
AAGTG-3 and 5'-GCCTTCCGACCG-3" within pRSV-NF«B to
5'-CCGCCTCAAGTG-3' and 5-GCCTGCCGACCG-3' respec-
tively. The conversion of Tyr-36 into Phe leads to an impairment
of DNA binding [23], whereas the mutation of Ser-276 to Ala
reduces the interaction of NF«xB with co-activator proteins, for
instance CBP [17,18].

Transient transfections

HA4IIE cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium)/10 % (v/v) FCS (fetal calf serum) in the pre-
sence of 5.5 mM glucose. The cells were transfected with
8.5 ug/dish of the reporter gene vector, 0.5 pg/dish of pRL-
TK control plasmid (Promega) and the expression vector for
either pRSV-NF« B or pRSV-fgal as indicated using the calcium
phosphate/DNA co-precipitation method followed by a glycerol
shock. The transfected cells were serum-starved for 1 h and then
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incubated in the presence or absence of dexamethasone (1 uM),
Bt,cAMP (N®,2'-O-dibutyryl cAMP; 500 uM), TNFa (10 ng/ml)
and insulin (10 nM), as indicated. After 20 h, cell extracts were
prepared and luciferase activities were determined as described
[10]. All experiments were performed at least three times in tri-
plicate with at least two different DNA preparations. Statistical
analysis was performed using Student’s ¢ test for unpaired data.

Viral infections

A cDNA encoding full-length I« B and another encoding I« Ber in
which Ser-32 and Ser-36 were mutated to Ala were subcloned
into the pACCMYV plasmid [24]. These plasmids were then co-
transfected with the pJM17 plasmid (which encodes the adeno-
virus genome) into HEK293 cells to construct recombinant
adenoviruses by homologous recombination as described pre-
viously [25]. The cells were incubated in DMEM/2 % (v/v) FCS
for 4-5 days until virus production began. The adenoviruses
were named Ad-IxBa wt and Ad-IkBa S32,36A respectively,
and were amplified in HEK293 cells. The construction of a
recombinant adenovirus containing the cDNA encoding the
Escherichia coli p-galactosidase gene (Ad-f-Gal) has been
described previously [26]. The amount of Ad-B-Gal virus required
was determined first by finding the volume of clarified HEK293
cell lysate that stained more than 80 % of a monolayer of
HAIIE cells after fixation and treatment with 5-bromo-4-chloro-3-
indolyl B-D-galactopyranoside [25]. The amounts of the Ad-IxBa
wt and Ad-I«kBa S32,36A viruses used were determined from
a concentration—response experiment, in which the maximum
amount of virus that was not toxic to the cells was established.
Overexpression of protein from both viruses was confirmed by
Western blotting. Expression levels of wild-type Ik Ba and I« Ba
S$32,36A were approximately equal, as determined by this method.
HA4IIE cells were infected in serum-free DMEM essentially as
described in [25]. After 36 h, cells were incubated as indicated
and lysed for further analyses. In order to infect cells that had
been transiently transfected with reporter gene constructs, the
adenoviruses were added 30 min after the calcium phosphate/
DNA co-precipitate. The cells were incubated in serum-free me-
dium for 24 h after the glycerol shock and subsequently for 6 h
in the presence or absence of TNF«, insulin, dexamethasone and
Bt,cAMP, as indicated.

RNA isolation and Northern blot

Serum-starved H4IIE cells were incubated in the presence or
absence of dexamethasone (1 M), Bt,cAMP (500 uM), TNF«
(10 ng/ml), insulin (10 nM), SB203580 (20 uM), PD98059
(50 uM) and LY?294002 (100 M), as indicated, for 3 h. RNA
isolation and Northern blot analysis were carried out essentially
as described in [10]. The blots were rehybridized using a random-
primed **P-labelled probe for actin.

Western blot analysis

HA4IIE cell lysates were prepared as described in [10]. Equal
amounts of protein were separated by SDS/PAGE and trans-
ferred on to nitrocellulose membranes. Even transfer was verified
by Ponceau staining. Membranes were blocked with Roti-Block
(Roth, Karlsruhe, Germany). The blots were incubated with
antibodies against I«Ba, ERKI1/2, Thr-202/Thr-204-phos-
phorylated ERK1/2, GSK3«/B, Ser-9/Ser-21-phosphorylated
GSK3w/B, PKB or Ser-473-phosphorylated PKB (all from Cell
Signaling, Beverly, MA, U.S.A.). After washing the blots with
TBST [15 mM Tris/HCI, pH 7.4, 150 mM NacCl, 0.05 % (v/v)
Tween 20], they were incubated with peroxidase-conjugated
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anti-(rabbit IgG) for 1 h and then washed again with TBST.
Detection was performed using LumiGLO (Cell Signaling). p38
MAPK activity was determined using the p38 MAP Kinase Assay
Kit (Cell Signaling) according to the manufacturer’s instructions.

EMSAs (electrophoretic mobility shift assays)

EMSAs were performed essentially as described in [5] using 8 ug
of nuclear extract protein from HA4IIE cells. As probes, *?P-
labelled double-stranded oligonucleotides with the following
sequences were used (NFkB-binding sites underlined): 5'-AGT-
TGAGGGGACTTTCCCAGGC-3" (NFcons), 5'-GGGCAACAT-
GGAAAAACCCCATCTCTA-3 (NF1), 5-TACGTAAATCAC-
CCTGAACATGTTTGC-3 (NF2) and 5-TACGTAAATCATC-
TAGAACATGTTTGC-3" (NF2mut).

NF«B ELISA

The activation of NF«B in infected cells was determined using
2 pg of nuclear extract protein with the TransAM NF«B p65
Chemi ELISA Kit (Active Motif, Rixensart, Belgium) according
to the manufacturer’s instructions. The specificity of the assay
was confirmed by competition experiments using double-stranded
oligonucleotides having the sequence of the NFx B consensus site
or an unrelated sequence.

RESULTS
Inhibition of G6Pase expression by TNFa

TNFa decreases G6Pase mRNA levels in vivo and in primary
hepatocytes [12]. In agreement with this, we observed a TNF«-
mediated reduction in dexamethasone/Bt,c AMP-induced G6Pase
mRNA levels of approx. 60 % in rat hepatoma H4IIE cells (Fig-
ure 1), although this was less than that observed following insulin
treatment.

In order to characterize the pathways involved in the suppres-
sion of G6Pase expression by TNF«, we studied signalling
events that have been shown either to suppress G6Pase gene
expression or to be stimulated by TNFa. This was performed by
determination of the activation of these pathways, as well as by the
use of pharmacological inhibitors. The regulation of G6Pase
gene expression by TNFa was not affected by LY294002, an
inhibitor of PI3K. In parallel incubations, this compound impaired
the regulation by insulin, which confirms previous reports that
PI3K is important for the regulation of G6Pase by insulin [5,24].
Furthermore, in contrast with insulin, TNF« failed to induce the
phosphorylation of PKB and GSK3 (Figure 2A), which are down-
stream events of PI3K signalling. Therefore the data demonstrate
that TNFo does not regulate G6Pase gene expression via activa-
tion of the PI3K pathway. Activation of the MEK/ERK pathway
is sufficient to suppress G6Pase gene expression, since PD98059,
an inhibitor of MEK, blocks the inhibition of G6Pase gene
expression by a phorbol ester [10]. PD98059 alone decreased
G6Pase mRNA levels slightly. This effect was synergistic with
the inhibition by TNF« (Figure 1). Furthermore, TNFw activated
ERK1/2 very weakly compared with the stimulation observed
with the phorbol ester PMA (Figure 2A). This suggests that activ-
ation of the MEK/ERK pathway plays, at most, a minor role in
the inhibition of G6Pase by TNF«. SB203580, an inhibitor of p38
MAPK, also decreased G6Pase mRNA levels by itself and acted
synergistically with TNFo (Figure 1). In contrast with insulin or
oxidative stress, TNFa did not stimulate p38 MAPK activity,
which was measured by the phosphorylation of ATF-2 (Fig-
ure 2C). Therefore TNFa does not suppress G6Pase gene expres-
sion by stimulation of p38 MAPK.
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Figure1 TNFo suppresses the Bt,cAMP/dexamethasone-induced increase

in G6Pase mRNA levels in H4IIE cells

Serum-starved H4IIE cells were preincubated in the presence or absence of the PI3K inhibitor
LY294002 (100 M), the MEK inhibitor PD98059 (50 M) and/or the p38 MAPK inhi-
bitor SB203580 (20 M) for 1 h. Then, in the presence or absence of TNFa (10 ng/ml),
insulin (10 nM) and Bt,cCAMP (cAMP; 500 1M)/dexamethasone (Dex; 1 M) were added,
as indicated. After an additional incubation of 3 h, cells were lysed and RNA was isolated.
RNA (15 @) was electrophoresed, transferred on to nylon membranes and hybridized using
a random-primed *P-labelled probe for G6Pase. Actin was used as a normalization control.
(A) Northern blots, (B) densitometric analysis of three Northern blots (means + S.EM.; n = 3).
The G6Pase mRNA level is shown relative to that under basal conditions, which was set
as 1. Significance of differences: *P < 0.05 compared with expression in the presence of
dexamethasone and Bt,cCAMP alone; **P < 0.05 compared with basal expression; ***P < 0.05
compared with expression in the presence of insulin, dexamethasone and Bt,CAMP.

TNF«, but not insulin, activates NF«B in H4IIE cells

In contrast with insulin, TNFo and the phorbol ester PMA
stimulated the degradation of IxBa (Figure 2A). SB203580,
LY294002 and PD98059 did not affect significantly the levels of
IxBa or the degradation of Ik Ba induced by TNF« (Figure 2B).
Next, we measured the activation of NF«B in H4IIE cells by a gel
shift assay using a double-stranded oligonucleotide comprising
the consensus sequence of a NFk B-binding site as a probe. TNF«
treatment of cells resulted in the formation of a nuclear complex,
which was recognized by an antibody against the p65/RelA
subunit of NFxB (Figure 3A). This NF«xB-containing complex
appeared within 10 min of TNF« administration and was still ap-
parent, although at slightly reduced levels, after 24 h. Insulin was
not able to significantly promote formation of this NFx B complex
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Figure 2 Regulation of signalling pathways by TNF

Serum-starved HA4IIE cells were incubated for 20 min with TNFee (10 ng/ml), insulin (10 nM),
the phorbol ester PMA (1 M), H,0, (2 mM), the PI3K inhibitor LY294002 (100 nM), the
MEK inhibitor PD98059 (50 1«M) and/or the p38 MAPK inhibitor SB203580 (20 M), as
indicated. (A, B) Cell lysates were electrophoresed by SDS/PAGE and transferred on to nylon
membranes. Western blots were performed using the respective specific antibodies. Levels of
unphosphorylated PKB, GSK and ERK are shown as controls for equal loading. (C) p38 MAPK
was immunoprecipitated from cell lysates and assayed with ATF-2 as substrate. Phosphorylation
of ATF-2 was determined by Western blotting.

(Figure 3B). The administration of dexamethasone and Bt,cAMP
did not affect complex formation (results not shown). Overall, the
data indicate that TNF« activates the NFxB pathway to a much
greater extent than does insulin in H4IIE cells.

Activation of NF«B is necessary for the suppression
of G6Pase by TNFa

In order to investigate whether TNFo decreases G6Pase expres-
sion via activation of NFxB, H4IIE cells were infected with an
adenovirus overexpressing wild-type I«Ba, IkBa S32,36A or
B-galactosidase. The levels of overexpressed Ik Ba protein in the
cells infected with virus expressing either wild-type IkBa or
IxBa S32,36A were similar in the absence of TNFa (Figure 4A).
TNFa stimulated the degradation of endogenous IkBa in cells
overexpressing fB-galactosidase, and also of both endogenous
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Figure 3 Activation of NF«B by TNF« and insulin

Ty

Double-stranded labelled oligonucleotides with the sequence of a consensus NF«B-binding
site (NFcons) were incubated with 8 g of nuclear extract protein from H4IIE cells treated with
TNFa (A, B) or insulin (B) for the indicated times. Supershift experiments were carried out by
preincubation of the nuclear extracts with 100 ng of anti-p65/RelA antibody. The arrow indicates
the NF«B-containing complex.

and overexpressed wild-type IkBa in cells infected with the
adenovirus expressing wild-type IkBo (Figure 4A). However,
the cytokine did not induce the complete degradation of IxBo
in cells overexpressing the IxBor S32,36A mutant. This indicates
that the administration of TNF« does not stimulate the degradation
of the IxBa S32,36A mutant, which may therefore still be able
to sequester NF«B in the presence of TNFw. This was demon-
strated by the failure of TNFw to activate NF«B in cells infected
with adenovirus expressing the Ik Ba S32,36 A mutant. However,
TNF« led to the activation of NFxB in non-infected cells, as
well as in cells overexpressing either wild-type I« B or S-galact-
osidase (Figure 4B). The data show that Ik Ba S32,36A acts as a
dominant negative inhibitor of the NFx B pathway. The overexp-
ression of neither wild-type IkBa nor f-galactosidase affected
the regulation of G6Pase by TNF« and insulin, compared with
non-infected cells (Figures 4C and 4D). However, TNF« failed
to suppress G6Pase mRNA levels in cells overexpressing the
dominant negative IkBa S32,36A. The regulation of G6Pase
by insulin was unchanged by IxBa S32,36A. These data show
that TNFa, but not insulin, decreases G6Pase expression by the
activation of NFkB.

TNFa and NF«B inhibit G6Pase gene transcription

In order to address the mechanism of G6Pase suppression by
NF«B, we carried out transient transfection studies using G6Pase
promoter—luciferase reporter gene constructs. TNFo decreased
dexamethasone/Bt,cAMP-induced G6Pase promoter activity
in a concentration-dependent manner (Figure 5A). Similar to
endogenous G6Pase mRNA levels, the regulation of G6Pase pro-
moter activity by TNFa was not affected by LY294002 or
SB203580, and was inhibited only slightly by PD98059 (results
not shown). TNFa and insulin decreased G6Pase promoter
activity in H4IIE cells that had been infected with adenovirus
expressing (-galactosidase or wild-type IxBa prior to transient
transfection with the reporter gene construct. However, adenoviral
overexpression of the dominant negative Ik Baw S32,36A mutant
blocked the inhibition of G6Pase promoter activity by TNFa,
but not that by insulin (Figure 5B). TNF« had no effect on the
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Figure 4 Effects of adenoviral-mediated overexpression of wild-type l«Bo,
lkBo $32,36A and B-galactosidase on the regulation of the NF«B pathway
and G6Pase gene expression

HAIIE cells were infected with virus expressing wild-type lkBer (Ad-leBa wt), IxBar $32,36A
(Ad-lxBar S32,36A) or B-galactosidase (Ad-B-Gal) and incubated with TNFe, insulin, Bt,cAMP
(cAMP) and dexamethasone (Dex), as indicated, prior to the isolation of cell lysates, nuclear
extracts and RNA. (A) Western blot of cell lysates using anti-l«Ba antibodies. (B) ELISA of
activated NF«B in nuclear extracts isolated from H4IIE cells treated with or without TNFe. Data
are expressed relative to the absorbance with Ad-I«Bae wt in the absence of TNFa, which was
set as 1; *P < 0.05 compared with relative activation in the absence of TNFa. (G) Northern
blot. RNA (15 ) isolated from cells infected and incubated as indicated was electrophoresed,
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Figure 5 Inhibition of G6Pase promoter activity by TNF«

H4IIE cells were co-transfected with 8.5 wg/dish of (A, B) the promoter plasmid
G6Pase(— 1227/+57) or (C) pGL-TK-2 x NF«B (M) and pGL-TK (CJ) and 0.5 wg/dish pRL
control plasmid. In (B) and (C) H4IIE cells were infected with virus expressing wild-type
lcBor (Ad-licBor wt), lcBar S32,36A (Ad-IcBar S32,36A) or B-galactosidase (Ad-B-gal) 36 h
prior to transient transfection with the reporter gene constructs. The transfected cells were
incubated with or without the indicated concentration of TNFe or insulin (10 nM) in the presence
(A, B) or absence (C) of Bt,cAMP (500 ..M) and dexamethasone (1 M) for 20 h (A) or 6 h
(B, G). Data are presented as means + S.E.M. (n = 3) relative to either induced (A, B) or basal
(C) luciferase activity, which was setas 100; *P < 0.05 compared with expression in the absence
of TNFe or insulin.

activity of the thymidine kinase minimal promoter (pGL-
TK), but it induced luciferase expression strongly in cells trans-
fected with pGL-TK-2 x NF« B, which contains two binding sites
for NF« B (Figure 5C). In contrast, insulin did not affect luciferase
expression significantly in pGL-TK-2 x NFxB-transfected cells.
This suggests that NFx B is not activated to an appreciable extent
by insulin in H4IIE cells. The induction of pGL-TK-2 x NF«xB

transferred on to nylon membranes and hybridized using a random-primed ®P-labelled probe
for G6Pase. Actin was used as a normalization control. (D) Densitometric analysis of three
Northern blots (means + S.E.M.; n=3); *P < 0.05 compared with expression in the absence
of insulin or TNFe. The level of expression of Ad-B-Gal-infected cells in the presence of
dexamethasone and Bt,cCAMP was set as 100.
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Figure 6 Concentration-dependent inhibition of G6Pase promoter activity
by the overexpression of NF«xB

HA4IIE cells were co-transfected with 8.5 wg/dish of the reporter gene plasmid
G6Pase(— 1227/4-57) and 0.5 g/dish of the pRL control plasmid together with the indicated
amount of DNA per dish of either pRSV-NF«B (H) or pRSV-Bgal (CJ) in the presence of
Bt,cAMP (500 M) and dexamethasone (100 nM). Data are presented as means + S.E.M.
(n=3) relative to the luciferase activity in the presence of pRSV-Bgal, which was set as 100;
*P < 0.05 compared with expression in the presence of pRSV-8gal.

by TNF« was blocked in cells infected with Ad-I«kBa S32,36A
(Figure 5C). Overall, the data show that, similar to the regulation
of endogenous G6Pase mRNA levels, TNF« regulates the G6Pase
promoter—luciferase reporter gene construct and pGL-TK-2 x
NF« B via the activation of NF«xB.

Meanwhile, co-transfection of NFkB decreased G6Pase pro-
moter activity in a concentration-dependent manner (Figure 6).
This indicates that NFxB activation is sufficient to suppress
Go6Pase gene transcription.

Characterization of potential TNF-responsive elements
within the G6Pase promoter

Next we examined the 5’ sequence from positions — 1227 to +57
of the G6Pase gene in order to identify potential NFxB-binding
site(s) that could mediate the regulation of gene expression by
TNFa. Two sequences with similarity to the inverted consensus
sequence of a NFxB-binding site were located between positions
—1193 and —1184 (NF1) and —155 and —146 (NF2) (Fig-
ure 7A). The ability of NF«B to bind to these motifs was studied
in an EMSA using double-stranded oligonucleotides having the
relevant sequences (Figures 7B and 7C). Nuclear extracts that
had been isolated from TNF«-treated H4IIE cells resulted in the
formation of a complex using the NF1 probe that was absent
when nuclear extracts of untreated cells were used. The complex
was not observed after preincubation of the nuclear extracts with
antibodies against p65/RelA or p50, or in the presence of an excess
of unlabelled oligonucleotide with the consensus sequence of a
NF«B-binding site as competitor. The data indicate that NFxB
can bind as a heterodimer to the NF1 site. Similarly, an extra band
was observed using a probe with the sequence of NF2 and nuclear
extracts isolated from TNFa-treated H4IIE cells. Again, this band
could be supershifted by an antibody against p65/RelA (Fig-
ure 7C). This band was also observed using a probe with the
sequence of the consensus NF« B-binding site, but not with a probe
with the sequence of a mutated NF2 site. In conclusion, NF«xB
can bind to both sequence motifs, NF1 and NF2.

We addressed the functional significance of these sites within
the G6Pase gene for the regulation by TNFo using G6Pase pro-
moter constructs in which these regions were deleted or mutated.
As shown in Figure 8, the promoter activities of the constructs
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Figure 7 Identification of NF«B-binding sites within the G6Pase promoter

(R) Comparison of the inverted consensus sequence of a NF«B-binding site with the G6Pase
promoter sequences — 1193/— 1184 (NF1) and — 155/— 146 (NF2). (B, C). EMSAs using
double-stranded oligonucleotides with the sequence of (B) NF1 and (C) NF2, NF2mut or
NFcons as probes. Nuclear extracts were isolated from H4IIE cells treated with or without
TNFa, as indicated. Supershift experiments were carried out by preincubation of the nuclear
extracts with 100 ng of anti-p65/RelA or anti-p50 antibodies. In competition experiments, a
100-fold molar excess of the unlabelled double-stranded probe was used. Arrows indicate
NF«B-containing complexes.

G6Pase(— 1100/4+57) and G6Pase(—499/+ 57), which both lack
NF1, were controlled by TNF« in a manner similar to that of
construct G6Pase(— 1227/4-57). In the construct G6Pase(— 499/
+57/NF2mut), NF1 was deleted and NF2 was mutated. Nev-
ertheless, regulation of this construct by TNFa was unchanged.
Furthermore, the administration of TNFo was able to decrease the
promoter activity of plasmid G6Pase(— 151/4+57). In construct
G6Pase(— 151/457/NF2mut), NF2, which was partially deleted
in G6Pase(— 151/4-57), was completely mutated. However, this
construct was still regulated by TNFa. The apparently reduced in-
hibition of the promoter activity of the constructs G6Pase(— 151/
+57) and G6Pase(— 151/457/NF2mut) by TNFa was due to the
lower expression in the absence of TNFa compared with that
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Figure 8 Effects of different mutations of the G6Pase promoter on
regulation by TNF«

H4IIE cells were co-transfected with 8.5 wg/dish of the indicated reporter gene plasmids
and 0.5 wg/dish of pRL control plasmid in the presence or absence of TNFer (10 ng/ml) and
the presence of Bt,cAMP (500 M) and dexamethasone (1 «M). Data are presented as
means + S.EIM. (n=3) of promoter activity in the presence of TNFa compared with the
luciferase activity of the respective construct in the absence of TNFe, which was set as 100. All
constructs show a significant inhibition by TNFa.

of the longer constructs. The further deletion of the promoter
sequence decreased the G6Pase promoter activity to such a low
level that it was not possible to determine a potential influence of
TNFa on promoter activity. However, no region with sequence
similarity to a NFxB-binding site could be detected within the
G6Pase promoter sequence between positions — 145 and + 57.

Because the cis-active IRU within the G6Pase promoter me-
diates in part the suppression of G6Pase expression by insulin
[5], we examined its role in the regulation by TNF«. Mutation
of the IRU [construct G6Pase(— 1227/+ 57/IRUmut)] did not af-
fect the control of promoter activity by TNFa (Figure 8), whereas
it significantly reduced the suppression by insulin [5]. The data
provide further evidence that the PI3K/PKB/Foxo pathway is not
involved in the regulation of G6Pase by TNFw, because the IRU
mediates control of the gene by this pathway [5]. Binding sites
for Sp proteins can mediate the action of TNF« [27], and the
G6Pase promoter contains two binding sites for Sp1 and Sp3 [22].
However, mutation of these binding sites [construct G6Pase-
(—1227/4-57/SpA,Bmut)] did not abolish the inhibition of pro-
moter activity by TNF«. Again, the slightly lower effect of TNF«
was due to the lower basal activity after mutation of the Sp-binding
elements [22]. Furthermore, the administration of TNF« prior to
the isolation of nuclear extracts did not change the ability of Spl
and Sp3 to bind to double-stranded oligos having the sequence of
the Sp-binding sites of the G6Pase promoter (results not shown).
Thus the Sp-binding sites are not necessary for the inhibition of
Go6Pase expression by TNFa.

Inhibition by NF«B depends on its transactivation
and DNA-binding ability

NF«B decreases the expression of PEPCK (phosphoenolpyruvate
carboxykinase) in a DNA-independent fashion by the seques-
tration of a co-activator protein such as CBP [17]. In order to
address whether a similar mechanism might contribute to the
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Figure 9 Role of DNA binding and protein—protein interactions on regu-
lation of G6Pase promoter activity by NF«B

(R) Western Blot analysis of HEK293 cells transiently transfected with 10 g of empty
vector (lane 1), wild-type pRSV-NF«B (lane 2), pRSV-NF«B-S276A (lane 3) or pRSV-NF«B-
Y36F (lane 4). Western blotting was performed using an antibody against the p65/RelA subunit
of NF«B. (B, C) H4IIE cells were co-transfected with 8.5 r«g/dish of the reporter gene plasmids
G6Pase(— 1227/4-57) (B) or pGL-TK-2 x NF«B (C) together with 0.5 r«g/dish of pRL control
plasmid and 2 pg/dish of pRSV-NF«B, pRSV-NF«B-Y36F, pRSV-NF«B-S276A or pRSV-Bgal
in the presence or absence of TNFe as indicated. Data are presented as means + S.E.M. (n=3)
of promoter activity compared with the respective Iuciferase activity in cells transfected with
pRSV-Bgal without TNFer, which was set as 100; *P < 0.05 compared with expression in the
presence of pRSV-Bgal and in the absence of TNFer; **P < 0.05 compared with expression in
the presence of pRSV-Bgal and pRSV-NF«B.

suppression of G6Pase expression, we created the p65/RelA
mutants NFxkB-S276A and NFxB-Y36F. The mutation of Ser-
276 to Ala decreases the interaction of p65/RelA with co-activator
proteins and impairs the regulation of PEPCK by NF« B [17]. The
conversion of Tyr-36 to Phe decreases the DNA-binding ability of
p65/RelA [23]. In transfected HEK293 cells, mutated and wild-
type NF«kB were overexpressed to similar levels (Figure 9A).
The co-expression of NF«B-Y36F or NF«kB-S276A suppres-
sed the expression of the G6Pase promoter significantly less than
did wild-type NF« B (Figure 9B). In the presence of co-expressed
wild-type NF«B, TNFo did not inhibit G6Pase promoter activity
further. However, the cytokine decreased G6Pase promoter
activity significantly when NFxB-Y36F or NFxB-S276A was co-
expressed. This indicates that these mutants are not acting in
a dominant negative manner. Both mutants of NF«xB induced

© 2004 Biochemical Society
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the NF«x B-dependent control plasmid pGL-TK-2 x NF«B signi-
ficantly less than did wild-type NF«B (Figure 9C). TNFa was
able to increase the promoter activity significantly in the presence
of wild-type NF«B, NFxB-Y36F or NFkB-S276A. The results
suggest that the ability of NFxB to suppress G6Pase expression
depends on its ability to bind to DNA and to interact with co-
activator proteins.

DISCUSSION

In the present paper we show that the activation of NF« B is central
and sufficient for the suppression of G6Pase gene expression by
TNFa. We found no contribution of p38 MAPK to the regulation
of G6Pase expression by TNF«. Thus regulation of the expres-
sion of the G6Pase gene by TNF« is different from that of
several pro-inflammatory cytokines, such as interleukin-6 [19,20].
SB203580 and PD98059, inhibitors of p38 MAPK and MEK
respectively, decreased G6Pase expression by themselves. The
reason for this is not known; however, the mechanism of this
effect is different from that mediating the regulation by TNF«, as
these compounds did not affect signalling via the NFx B pathway.
Furthermore, TNFa inhibited G6Pase expression synergistically
with these compounds.

In addition, the data show that the PI3K pathway and the IRU
within the G6Pase promoter, which participate in the regulation of
the G6Pase gene by insulin [6], are not involved in the suppression
mediated by TNF«. In addition, we did not find evidence for the
participation of NF«xB in the regulation of G6Pase by insulin.
Therefore TNFw and insulin regulate G6Pase gene expression via
different signalling pathways and different cis-acting sequences.
The conclusion that insulin does not regulate G6Pase expression
via NFkB is based on the observations that insulin failed to
increase the levels of free NF«k B or to activate a NFxB-dependent
promoter construct. In addition, overexpression of a dominant
negative IxBa construct did not affect the ability of insulin to
suppress G6Pase expression. In a previous study, insulin was
shown to activate NFx B in H4IIE cells, and it has been postulated
that this transcription factor mediates in part regulation of the
PEPCK gene [17]. The reason for this discrepancy regard-
ing the activation of NF« B by insulin between [17] and the present
study is not known, but may be due to differences in strain.

NF«B is proposed to inhibit expression of the gluconeogenic
enzyme PEPCK by sequestration of a co-activator protein such as
CBP [17]. In the present study, we found that the ability of NFxB
to interact with other proteins was also critical for its suppressive
effect on G6Pase expression, as the mutant NFxB-S276A had a
reduced effect on G6Pase promoter activity, similar to that de-
scribed for PEPCK expression. However, we provide evidence
that the inhibition of G6Pase expression by NF« B also depends on
DNA binding, because mutation of an amino acid that is important
for DNA binding impaired the suppression of G6Pase. Although
we failed to characterize a cis-active element within the G6Pase
promoter that mediates the regulation by TNFw, we were able
to identify binding sites for NFxB within the G6Pase promoter.
However, these sequences were not relevant for the regulation by
TNF«. Furthermore, mutation of neither the forkhead-binding
motifs, which mediate suppression of G6Pase expression, nor
the Sp-binding sites, which have been linked to suppression of
genes by NF«B [27], affected the regulation by TNFa«. It is
therefore possible that the ability of TNFo to suppress G6Pase
gene expression via NFxB might also be mediated indirectly
by regulation of a different gene that, for instance, encodes a
transcription factor or a co-activator protein involved in G6Pase
expression.

© 2004 Biochemical Society

The acute actions of TNFa and the NF«xB pathway described
here seem to be different from their chronic, pro-diabetic effects
in obesity, which lead to increased G6Pase expression [28-31]. A
possible explanation for this could be that prolonged activation of
the IxB kinase complex by adipocyte-derived TNFw or by fatty
acids impairs insulin signalling [28-32]. Furthermore, there is
evidence that in obesity the elevation of non-esterified fatty acid
levels induces G6Pase expression directly [33]. Therefore either
insulin resistance or fatty acid-induced G6Pase expression could
overcome the acute suppression of G6Pase by TNFa and NF«B
activation in vivo. In conclusion, the regulation of G6Pase by
NF« B described here provides further evidence that a network of
signalling events controls G6Pase expression.
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