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Synopsis
The glucose-6-phosphatase catalytic subunit (G6Pase) catalyses the final step in the gluconeogenic
and glycogenolytic pathways, the hydrolysis of glucose-6-phosphate to glucose. We show here that,
in HepG2 hepatoma cells, epidermal growth factor (EGF) inhibits basal mouse G6Pase fusion gene
transcription. Several studies have shown that insulin represses basal mouse G6Pase fusion gene
transcription through FOXO1 but Stoffel and colleagues (Proc. Natl. Acad. Sci. 100:11624, 2003)
have recently suggested that insulin can also regulate gene transcription through FOXA2. A
combined glucocorticoid receptor (GR)-FOXA2 binding site is located between −185 and −174 in
the mouse G6Pase promoter overlapping two FOXO1 binding sites located between (−188 and −182)
and (−174 and −168). Selective mutation of the FOXO1 binding sites reduced the effect of insulin
whereas mutation of the GR/FOXA2 binding site had no effect on the insulin response. In contrast,
selective mutation of the FOXO1 and GR/FOXA2 binding sites both reduced the effect of EGF. The
effect of these mutations was additive since the combined mutation of both FOXO1 and GR/FOXA2
binding sites reduced the effect of EGF to a greater extent than the individual mutations. These results
suggest that, in HepG2 cells, GR and/or FOXA2 are required for the inhibition of basal G6Pase gene
transcription by EGF but not insulin. EGF also inhibits hepatic G6Pase gene expression in vivo but
in cultured hepatocytes EGF has the opposite effect stimulating expression, an observation that may
be explained by a switch in ErbB receptor sub-type expression following hepatocyte isolation.
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Introduction
In liver, glucose-6-phosphatase catalyses the final step in the gluconeogenic and glycogenolytic
pathways, the hydrolysis of glucose-6-phosphate (G6P)1 to glucose and inorganic phosphate
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[1]. Glucose-6-phosphatase is located in the endoplasmic reticulum (ER) membrane and is
thought to exist as a multi-component enzyme system in which a glucose-6-phosphatase
catalytic subunit (G6Pase) has its catalytic site directed towards the lumen of the ER with a
G6P transporter delivering substrate from the cytosol to the active site of the catalytic subunit
and transporters for inorganic phosphate and glucose returning the reaction products back to
the cytosol [1]. The glucose transporter remains to be identified but recent data suggest that a
single transporter transports both G6P and inorganic phosphate [2].

G6Pase gene transcription is regulated by multiple factors, including some that stimulate gene
expression (glucose, glucocorticoids, glucagon, fatty acids) and some that repress (insulin,
TNFα and phorbol esters). In human HepG2 hepatoma cells, the inhibitory effect of insulin on
basal mouse and human G6Pase gene transcription is mediated through a multi-component
insulin response unit that is composed of two regions, designated Regions A and B [3]. In the
mouse G6Pase promoter, Region A is located between −231 and −199, while Region B is
located between −198 and −158, relative to the transcription start site. Region A binds
hepatocyte nuclear factor-1 (HNF-1), which acts as an accessory factor to enhance the effect
of insulin that is mediated through Region B [3]. Region B contains three insulin response
sequences (IRSs), designated IRS 1, 2 & 3 [3] but only IRS 1 and 2 are required for the
suppression of basal G6Pase gene expression by insulin [4]. Detailed mutagenesis experiments
and chromatin immunoprecipitation (ChIP) assays have shown that FOXO1 is the transcription
factor binding IRS 1 and 2 and mediating the effect of insulin [4,5]. Insulin inhibits FOXO1-
mediated transcriptional activation through the PI 3-kinase dependent activation of PKB, which
leads to the phosphorylation and nuclear exclusion of this factor [6].

Overexpression of G6Pase is thought to contribute to the increased hepatic glucose production
(HGP) characteristic of both type 1 and type 2 diabetes [7]. Indeed, overexpression of G6Pase
in liver [8] is sufficient to stimulate HGP. Understanding how hormones/growth factors repress
G6Pase gene expression may therefore be helpful in the design of strategies to treat patients
with diabetes. With this goal in mind we have investigated the effect of epidermal growth factor
(EGF) on G6Pase gene expression since it inhibits the expression of another gluconeogenic
enzyme encoding gene, namely phosphoenolpyruvate carboxykinase (PEPCK) [9]. EGF
signaling is extremely complex in that four homologous transmembrane receptors have been
identified, designated ErbB1-4. These receptor tyrosine kinases have differing ligand
specificities and are able to form both homo- and heterodimers [10,11]. Adding to the
complexity, ErbB2 lacks a ligand-binding domain whereas ErbB3 lacks an active intracellular
tyrosine kinase domain [10,11]. Finally, EGF is but one of a family of ligands for these receptors
that also includes epiregulin, β-cellulin, amphiregulin, transforming growth factor-α, heparin
binding EGF-like growth factor, and neuregulins; each ligand can bind different combinations
of ErbB receptors [10,11]. Our results show that EGF, like insulin, inhibits G6Pase fusion gene
expression in HepG2 cells. However, EGF not only works through FOXO1 but also but through
an additional promoter element that binds both FOXA2 and the glucocorticoid receptor. EGF
also inhibits hepatic G6Pase gene expression in vivo but in cultured hepatocytes EGF has the
opposite effect stimulating G6Pase gene expression, an observation that may be explained by
a switch in ErbB receptor sub-type expression following hepatocyte isolation.

1Abbreviations Footnote: G6P, glucose-6-phosphate; ER, endoplasmic reticulum; G6Pase, glucose-6-phosphatase catalytic subunit;
HNF-1, hepatocyte nuclear factor-1; IRS, insulin response sequence; ChIP, chromatin immunoprecipitation; HGP, hepatic glucose
production; EGF, epidermal growth factor; PEPCK, phosphoenolpyruvate carboxykinase; SDM, site-directed mutation; GRE,
glucocorticoid response element; IGFBP-1, insulin-like growth factor binding protein-1; GR, glucocorticoid receptor
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Experimental
Materials

The murine EGF used for the tissue culture studies was purchased from EMD Biosciences (San
Diego, CA). This product has been discontinued so the murine EGF used for later animal studies
was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The selective ErbB1
and ErbB2 inhibitors AG825 and AG1478 were purchased from EMD Biosciences (San Diego,
CA). Specific antisera to ErbB1 (sc-03), ErbB2 (sc-284), ErbB3 (sc-285) and ErbB4 (sc-283)
and goat anti-rabbit IgG horseradish peroxidase (HRP; sc-2004) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA).

Plasmid Construction
The generation of mouse G6Pase-luciferase fusion genes, containing promoter sequence
located between −484, −231, −198, −158, −129, −85 or −35 and +66, relative to the
transcription start site, in the pGL3 MOD vector have been previously described [12,13].
Additional mouse G6Pase-luciferase fusion genes, containing promoter sequence located
between −2237 or −1188 and +66 in the pGL3 MOD vector, were generated by PCR using a
BAC clone (Accession number AL590969; clone RP23-281C18) containing the entire mouse
G6Pase gene, as the template. The latter was purchased from BACPAC Resources (Children’s
Hospital Oakland Research Institute, Oakland, CA).

G6Pase-luciferase fusion genes containing site-directed block mutations (SDMs) in a
hepatocyte nuclear factor-1 (HNF-1) motif (−231 HNF-1 SDM) or two glucocorticoid response
elements (GREs), designated GRE A and GRE B (−231 GRE A SDM and −231 GRE B SDM)
as well as site-directed point mutations in G6Pase IRS 1 and IRS 2 (−231 IRS 1 + 2 SDM)
have also been previously described [13]. A G6Pase-luciferase fusion gene, designated −484
TATA SDM, containing a site-directed block mutation in a TATA motif in the context of the
−484 to +66 promoter region, was generated by a previously described 3 step PCR procedure
[3] using the following complementary primers 5′-
GACTGAATCCAGGGCAgcgcAAACAGGGGCAAGGC-3′ and 5′-
GCCTTGCCCCTGTTTgcgcTGCCCTGGATTCAGTC-3′ (mutated nucleotides in lower case
letters). All promoter fragments generated by PCR were completely sequenced to verify the
absence of polymerase errors. A plasmid encoding human ErbB1 (pEGFP-N1-ErbB1) and the
empty pEGFP-N1 vector were generously provided by Dr. Graham Carpenter [14]. A pCDM8
expression vector encoding the human insulin receptor was generously provided by Dr.
Jonathan Whittaker [15].

Cell Culture, Transient Transfection and Luciferase Assays
Rat H4IIE and Human HepG2 hepatoma cells were grown and transiently transfected in
suspension using the calcium phosphate-DNA co-precipitation method as previously described
[16]. Primary cultures of rat hepatocytes were isolated exactly as previously described [17].
After plating, hepatocytes were transiently transfected with the plasmids indicated in the Figure
Legends using lipofectamine 2000 with a lipofectamine (μl):DNA (μg) ratio of 1.875:1
according to the manufacturer’s instructions.

Luciferase assays were performed using the Promega Dual-Luciferase Reporter Assay System
according to the manufacturer’s instructions. In these experiments we saw no effect of EGF or
insulin on Renilla luciferase activity in HepG2 cells. Therefore, for comparisons of EGF- and
insulin-regulated gene expression firefly luciferase activity directed by the various fusion gene
constructs was expressed relative to SV40-Renilla luciferase activity in the same sample.
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Gel Retardation Assay
Gel retardation assays were used to analyze DNA binding by a bacterially expressed GST-
FOXO1a fusion protein as previously described [4]. H4IIE nuclear extracts were prepared and
FOXA2 binding analyzed in gel retardation assays under conditions previously described
[18], except that poly(dG-dC)·poly(dG-dC) was used as the non-specific competitor. For
competition experiments, unlabeled competitor DNA was mixed with the labeled oligomer at
the indicated molar excess prior to the addition of protein. Where appropriate, the 32P
associated with retarded complexes was quantitated through the use of a Packard Instant
Imager.

For supershift experiments specific antisera specific for (1 μl) raised against FOXA1, FOXA2
or FOXA3 were pre-incubated with H4IIE nuclear extract (3 μg) for 15 minutes at room
temperature prior to the addition of the labeled probe and binding cocktail and incubation for
an additional 10 min at room temperature before analysis of protein binding as described above.
The antibodies were a generous gift from Dr. James Darnell.

Western blotting
Whole cell lysate prepared from HepG2 cells was separated on 4–15% gradient gels (Bio-Rad
Laboratories, Hercules, CA) and transferred to nitrocellulose. The blots were then blocked in
5% powdered milk/Tris-buffered saline with Tween 20 (TBST) (50 mM Tris, pH 7.4, 154 mM
NaCl, 0.05% Tween-20) for one hour and incubated in primary antibody (rabbit anti-ErbB1,
ErbB2, ErbB3, ErbB4, 1:1000 dilution) overnight at 4°C. Blots were then washed 3X with
TBST, incubated with goat anti-rabbit IgG HRP (1:5000) for one hour, washed 3X with TBST,
and incubated with pico chemiluminescent substrate (Pierce, Rockford, IL).

Animal Care
The animal facilities at Vanderbilt University meet the standards published by the American
Association for the Accreditation of Laboratory Animal Care, and all protocols were approved
by the Vanderbilt University Medical Center Animal Care and Use Committees. Mice were
fasted overnight and then given intraperitoneal injections of saline or 1.375 mg/kg of a murine
EGF fusion protein (mBA-53; Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Animals were
sacrificed and liver removed 3 hrs post injection and immediately frozen in liquid nitrogen.

G6Pase mRNA Expression Analysis
RNA isolation and analysis of G6Pase gene expression by RNA blotting was performed exactly
as previously described [19].

Statistical Analyses
The transfection data were analyzed for differences from the control values, as specified in the
Figure Legends. Statistical comparisons were calculated using an unpaired Student’s t-test.
The level of significance was p < 0.05 (two-sided test).

Results
EGF represses basal G6Pase fusion gene transcription in HepG2 cells

To begin to study the regulation of G6Pase gene transcription by EGF, a G6Pase-luciferase
fusion gene construct, containing G6Pase promoter sequence from −2237 to +66 was
transiently transfected into HepG2 cells (Fig. 1A). There was no effect of EGF on fusion gene
expression in native HepG2 cells (Fig. 1A). However, when the G6Pase-luciferase fusion gene
was co-transfected with an expression vector encoding the ErbB1 receptor, EGF inhibited
G6Pase expression (Fig. 1A). This action of EGF in HepG2 cells was concentration dependent
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with a maximal effect seen at 10 ng/ml (Fig. 1B). We have previously reported a similar
observation with respect to insulin signaling in that co-transfection with an insulin receptor
expression vector was required to observe an effect of insulin on the expression of a transiently
transfected collagenase fusion gene in HeLa cells [20].

To begin to delineate the cis-acting elements that mediate the action of EGF, the ability of EGF
to repress the basal expression of a series of 5′-truncated G6Pase-luciferase fusion genes was
assessed. Figure 2 shows that deletion of the G6Pase promoter sequence between −2237 and
−484 had no effect on the ability of EGF to repress basal G6Pase-luciferase gene expression,
whereas deletion of the G6Pase promoter sequence between (−484 and −232) and (−231 and
−199) partially reduced this response. Deletion of additional sequence between −198 and −159
completely abolished the remaining effect of EGF on basal G6Pase-luciferase fusion gene
expression (Fig. 2). These results demonstrate that the inhibitory effect of EGF requires three
promoter regions located between (−484 and −232), (−231 and −199) and (−198 and −158).
The latter two regions, previously designated Region A and Region B, are also required for
the inhibitory effect of insulin whereas the (−484 to −232) region is not [3].

The action of EGF on basal G6Pase fusion gene transcription in HepG2 cells requires HNF-1
We have previously shown using transient transfection and gel retardation assays that HNF-1
binding to Region A acts as an accessory factor to enhance insulin signaling through Region
B, rather than acting as a direct target of insulin signaling [3]. To assess whether the HNF-1
binding site in Region A plays a similar role in EGF action, this element was mutated by site-
directed mutagenesis within the context of the −231 to +66 G6Pase promoter fragment.
Mutation of the HNF-1 binding site reduced the EGF-mediated repression of basal G6Pase-
luciferase fusion gene expression compared to the effect seen with the wild-type fusion gene
(Fig. 3). Importantly, the inhibitory effect of EGF on basal luciferase expression directed by
the −231 HNF-1 SDM construct was equivalent to that seen when Region A was completely
deleted, as is the case with the −198 5′ deletion end-point construct (Fig. 3). This result suggests
that HNF-1 is the factor that mediates the action of both insulin and EGF through Region A.

The action of EGF on basal G6Pase fusion gene transcription in HepG2 cells also requires
FOXO1 and either the glucocorticoid receptor or FOXA2

Transient transfection, gel retardation and ChIP experiments have shown that insulin mediates
its inhibitory effect on basal G6Pase fusion gene expression by disrupting the binding of
FOXO1 to IRS 1 and 2 within Region B [3–5]. Similarly, Jackson et al. [21] have shown that
EGF can stimulate the phosphorylation and nuclear exclusion of FOXO1. However, Region
B also contains two glucocorticoid response elements (GREs) binding sites, designated GRE
A and GRE B (Fig. 4A; Ref. [13]), and previous reports have suggested that both insulin [22]
and EGF [23] can directly signal through the glucocorticoid receptor (GR). In addition, Region
B contains a FOXA2 binding site (Fig. 4A; Ref. [13,24]) and recent reports have suggested
that insulin can stimulate the phosphorylation and nuclear exclusion of FOXA2 [25,26]. We
therefore compared the roles of FOXO1, GR and FOXA2 in mediating the action of insulin
and EGF through Region B.

To address this question we generated mutations within Region B with the goal of selectively
impairing FOXO1, GR and FOXA2 binding. The design of such mutants is complicated by
the fact that the binding sites for these factors in Region B overlap (Fig. 4A). IRS 1 and IRS
2 were mutated by introducing single point mutations at a site known to inhibit FOXO1 binding
(Fig. 5A; Ref. [4]). These mutations leave the FOXA2 binding site and both half sites of GRE
B fully intact; the point mutation in IRS 2 is at a variable base in the GR consensus binding
sequence that lies in between the two half sites of GRE B (Fig. 4A). Because GRE A completely
overlap IRS 1 it is not possible to selectively mutate IRS 1 without affecting GRE A. However,
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the mutation introduced into IRS 1 only alters a single base pair in GRE A (Fig. 4A). In addition,
it is possible to perform the reciprocal experiment by targeting the 5′ half site of GRE A; this
allows for selective impairment of glucocorticoid signaling through GRE A without affecting
IRS 1. Thus we reasoned that if insulin or EGF signal through FOXO1 bound to IRS 1 and not
GR bound to GRE A then mutation of IRS 1 should affect the insulin/EGF response whereas
selective mutation of GRE A should not. At that point the effect of mutating IRS 1 could be
ascribed to an effect on FOXO1 and not GR binding despite the fact that the IRS 1 point
mutation might reduce the affinity of GR binding. We previously identified a mutation that
impairs glucocorticoid signaling through GRE A without affecting IRS 1 (Fig. 4A; Ref. [13]).
Similarly, we previously identified a mutation that impairs glucocorticoid signaling through
GRE B without affecting either IRS 1 or IRS 2 (Fig. 4A; Ref. [13]).

The mutations described above were generated in the context of the −231 to +66 G6Pase
promoter fragment and the effect of insulin (Fig. 4B) and EGF (Fig. 4C) on fusion gene
expression directed by these constructs was analyzed by transient transfection of HepG2 cells.
Mutation of IRS 1 and 2 impaired the ability of insulin to suppress basal G6Pase-luciferase
expression whereas the GRE A and GRE B mutations had no effect (Fig. 4B). The combined
mutation of IRS 1, 2 and GRE B was no more deleterious to the insulin response than mutation
of IRS 1 and 2 alone (Fig. 4B). In contrast, mutation of IRS 1 and 2 as well as GRE B, but not
GRE A, impaired the ability of EGF to suppress basal G6Pase-luciferase expression (Fig. 4C).
In addition, the combined mutation of IRS 1, 2 and GRE B was more deleterious to the EGF
response than either the IRS 1 and 2 or GRE B mutation alone (Fig. 4C). Mutation of a third
GR binding site, designated GRE C, which is located 3′ of Region B [13], had no effect on the
EGF response (data not shown). These results suggest that insulin repression of basal G6Pase
gene transcription required IRS 1 and 2 but not GRE B. In contrast, the data suggest that EGF
repression of basal G6Pase gene transcription requires IRS 1 and 2 as well as GRE B.

The GRE B mutation used in this analysis leaves both GR binding to GRE A and FOXO1
binding to IRS 1 and IRS 2 intact but is predicted to simultaneously disrupt GR binding to
GRE B as well as FOXA2 binding (Fig. 4A). A key question that we cannot address is whether
the effect of EGF through GRE B is mediated by GR or FOXA2. This is because GR and
FOXA2 binding cannot be selectively disabled. Only a single base pair of the 12 base pair
FOXA2 binding site does not overlap either IRS1, IRS2, GRE A or GRE B (Fig. 4A). We have
previously found that mutation of this base pair in addition to the most 5′ base pair of IRS 2,
which leaves GRE B intact, had little effect on FOXA2-stimulated G6Pase fusion gene
expression [13].

The conclusion that EGF can signal through GR or FOXA2 bound to GRE B is dependent on
the GRE B mutation not affecting FOXO1 binding. This appeared likely because otherwise
this mutation would have also affected the insulin response. However, gel retardation assays
were performed to confirm this point using oligonucleotides that incorporated the same
mutations as used in the fusion gene analysis (Fig. 5A). When a labeled oligonucleotide,
representing the G6Pase wild-type (WT) sequence between −197 and −159 (Fig. 5A), was
incubated with a crude extract, prepared from bacterial cells expressing a GST-FOXO1 fusion
protein, a single IPTG-induced protein-DNA complex was detected (Fig. 5B arrow).
Competition experiments were performed in which a variable molar excess of various
unlabeled oligonucleotides representing wild type or mutated G6Pase sequences were included
with the labeled probe. The −197/−159 G6Pase WT and GRE B MUT oligonucleotides (Fig.
5A) competed equally well for complex formation, confirming that the GRE B mutation does
not affect FOXO1 binding. In contrast, the −197/−159 IRS 1 + 2 MUT oligonucleotide (Fig.
5A) failed to compete for complex formation, confirming that these mutations abolish FOXO1
binding.

Onuma et al. Page 6

Biochem J. Author manuscript; available in PMC 2010 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Similarly the conclusion that EGF can signal through FOXA2 or GR bound to GRE B is also
dependent on the IRS 1 and 2 mutations not affecting FOXA2 or GR binding. Functional data
suggest that GR binding is not affected. Thus, the mutation introduced into IRS 2, which lies
within GRE B (Fig. 4A), does not affect glucocorticoid-stimulated G6Pase fusion gene
expression [13] whereas the mutation introduced into IRS 1 lies seven base pairs 5′ of GRE B
and is highly unlikely to affect GR binding to GRE B.

Gel retardation assays were performed to confirm that the IRS 1 and 2 mutations also do not
affect FOXA2 binding. It was necessary to conduct this experiment indirectly since FOXA2
bound very weakly to a labeled oligonucleotide representing the wild-type G6Pase Region B
promoter sequence (data not shown). This is consistent with the results of DNase I footprinting
assays that show only low affinity FOXA2 binding to Region B [13]. We therefore used a high
affinity FOXA2 binding site previously identified in the insulin-like growth factor binding
protein-1 (IGFBP-1) promoter [16,27]. When a labeled oligonucleotide representing the
IGFBP-1 promoter sequence from −124 to −96 (Fig. 5A) was incubated with nuclear extract
prepared from H4IIE cells a single major protein-DNA complex was detected (Fig. 5C). To
demonstrate that this complex represents FOXA2 binding gel retardation assays were
performed in which H4IIE cell nuclear extract was pre-incubated with antisera specific for
different members of the FOXA class of transcription factors. As can be seen in Figure 5A,
addition of antibodies recognizing FOXA2 resulted in the selective disruption of the major
complex, whereas antibodies to FOXA1 and FOXA3 had no effect. Concomitant with the
disruption of this complex a clear supershift was apparent upon addition of the FOXA2 antisera
(Fig. 5C). This result indicates that the specific complex formed with the IGFBP-1 probe
contains FOXA2.

Having demonstrated that the major protein-DNA complex represents FOXA2 binding,
competition experiments, in which a varying molar excess of unlabeled DNA was included
with the labeled probe, were used to compare the affinity of FOXA2 binding to the wild-type
G6Pase GRE B sequence and to the same sequence containing the GRE B or IRS 1 + 2
mutations. Figures 5D and 5E show that a wild-type (WT) oligonucleotide, representing the
G6Pase GRE B promoter sequence from −188/−171 (Fig. 5A), competed for formation of the
FOXA2-DNA complex. The −188/−171 IRS 1 + 2 MUT oligonucleotide (Fig. 5A) competed
equally well for complex formation, confirming that the IRS 1 + 2 mutation does not affect
FOXA2 binding (Fig. 5D & E). In contrast, the −188/−171 GRE B MUT oligonucleotide (Fig.
5A) failed to compete for complex formation, confirming that this mutation abolishes FOXA2
binding (Fig. 5D & E). The results of these gel retardation assays are therefore consistent with
the functional data showing that insulin suppresses G6Pase fusion gene expression through
FOXO1 whereas EGF represses basal G6Pase gene transcription through both FOXO1 and
either GR and/or FOXA2.

EGF stimulates basal G6Pase fusion gene transcription in cultured hepatocytes
Given the potential for complex EGF signaling through multiple ErbB receptor sub-types
[10,11] we also investigated the regulation of G6Pase fusion gene transcription by EGF in
another liver cell model system, namely primary cultures of rat hepatocytes. Since ErbB sub-
type expression changes following hepatocyte isolation a G6Pase-luciferase fusion gene
construct was transiently expressed in cultured hepatocytes either 2 hrs following isolation,
when both ErbB1 and ErbB3 expression are high, or 24 hrs following isolation when only
ErbB3 expression is high [17]. There was little effect of EGF on fusion gene expression in
native cultured hepatocytes at either time point (Fig. 6). However, when the G6Pase-luciferase
fusion gene was co-transfected with an expression vector encoding the ErbB1 receptor, EGF
stimulated expression (Fig. 6), the opposite of the effect seen in HepG2 cells (Fig. 1). The
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magnitude of this stimulation was greater in the cells that were transfected 24 hrs following
isolation (Fig. 6).

To begin to delineate the cis-acting elements that mediate this action of EGF, the ability of
EGF to stimulate the basal expression of a series of 5′-truncated G6Pase-luciferase fusion genes
was analyzed by transient transfection of cultured hepatocytes 24 hrs following isolation.
Figure 7 shows that deletion of the G6Pase promoter sequence between −231 and −35 resulted
in a decrease in the ability of EGF to stimulate basal G6Pase-luciferase gene expression that
did not map to a single promoter region. The shortest fusion gene tested, containing the −35
to +66 G6Pase promoter region, also includes a TATA box motif, an element that has been
reported to mediate the EGF-stimulated gene expression [28,29]. To determine whether the
G6Pase TATA box also mediates EGF-stimulated G6Pase gene transcription in cultured
hepatocytes we generated a site-direction mutation of this element in the context of the −484
to +66 promoter fragment. This mutation did not abolish the effect of EGF (Fig. 7). The
combination of these results suggest that, in cultured hepatocytes, either EGF signals through
a specific element in the −35 to +66 G6Pase promoter region or that it targets non-DNA binding
factors in the pre-initiation complex.

ErbB sub-type expression differs in HepG2 cells and cultured hepatocytes
While there are multiple possible explanations for the opposing effects of EGF on G6Pase-
luciferase fusion gene expression in HepG2 cells and cultured hepatocytes, one obvious
possibility is that the expression of ErbB sub-types differs. Thus, multiple studies have
established that EGF can activate different signaling pathways through different ErbB sub-
types [10,11]. We therefore used Western blotting to determine which ErbB sub-types were
expressed in the HepG2 cells used for these studies. Figure 8 shows that ErbB2 and ErbB3 are
the predominant ErbB isoforms in our HepG2 cells; ErbB1 and ErbB4 expression was not
detected. This contrasts with cultured hepatocytes where ErbB1 and ErbB3 are the predominant
isoforms between 0 – 48 hrs after isolation with ErbB2 and ErbB4 expression undetectable
[17,30]. Since the stimulation of G6Pase fusion gene expression in cultured hepatocytes is
enhanced by co-expression of ErbB1 (Fig. 6) this suggests that signaling though either ErbB1-
ErB1 homodimers or ErbB1-ErbB3 heterodimers mediates this effect; ErbB3 homodimers are
unable to signal [10,11]. Similarly, since strong repression of G6Pase fusion gene expression
is only seen in HepG2 cells following co-expression of ErbB1 (Fig. 1) this suggests that
signaling though either ErbB1-ErB1 homodimers, ErbB1-ErbB3 heterodimers or ErbB1-
ErbB2 heterodimers leads to inhibition of expression (Fig. 1). The latter appeared the most
likely explanation for the selective repression of G6Pase expression in HepG2 cells since
ErbB1-ErB1 homodimers and ErbB1-ErbB3 heterodimers are also present in cultured
hepatocytes in which expression is stimulated.

To explore this hypothesis we made use of two inhibitors, AG825 and AG1478, that selectively
block ErbB2 [31] and ErbB1 [32] signaling, respectively. HepG2 cells were transiently co-
transfected with a G6Pase-luciferase fusion gene construct and an expression vector encoding
the ErbB1 receptor and the ability of EGF to inhibit G6Pase fusion gene expression in the
presence or absence of these inhibitors was then assessed (Fig. 9). Surprisingly, the results
show that only inhibition of ErbB1 by AG1478 inhibited the effect of EGF with inhibition of
ErbB2 by AG825 having no effect (Fig. 9). This suggests that the selective inhibition of G6Pase
fusion gene expression in HepG2 cells and not cultured hepatocytes is either (i) dependent on
signaling through ErbB1-ErbB2 heterodimers with ErbB2 playing a silent role involving
modulation of ErbB1 signaling or (ii) determined by factors other than just the ErbB receptor
sub-type, since ErbB1 homodimers and ErbB1-Erb3 heterodimers are presumably present in
both cell types.

Onuma et al. Page 8

Biochem J. Author manuscript; available in PMC 2010 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EGF inhibits G6Pase fusion gene transcription in mouse liver
While the molecular basis for the opposing effects of EGF on G6Pase-luciferase fusion gene
expression in HepG2 cells and cultured hepatocytes is unclear, a key question is which system
best reflects the regulation of endogenous G6Pase gene expression by EGF. To address this
issue male C57BL/6J mice were fasted overnight and given intraperitoneal injections of either
saline or 1.375 mg/kg of murine EGF. Animals were sacrificed and liver removed 3 hrs post
injection. Under these conditions plasma glucose levels were unaltered by EGF (68.5 +/− 0.7
mg/dl saline vs. 71.0 +/− 2.8 mg/dl EGF). Figure 10 shows that, like insulin [33], EGF inhibits
endogenous hepatic G6Pase gene expression suggesting that while cultured hepatocytes may
be a useful model for the analysis of signaling pathways that lead to the stimulation of G6Pase
gene expression, HepG2 cells provide a better reflection of the pathways operative in liver.

Discussion
The results presented here show that, while insulin and epidermal growth factor both suppress
basal G6Pase fusion gene transcription in HepG2 cells, the mechanisms involved are distinct.
Insulin represses G6Pase gene transcription through FOXO1 bound to IRS 1 and 2 (Fig. 4B)
and while FOXO1 is also required for the EGF response (Fig. 4C) two other regions are also
involved. One is located between −484 and −232; deletion of this region impairs the EGF
response (Fig. 2) but not the insulin response [3]. The other is an element located in Region B
that binds both FOXA2 and GR; mutation of this element impairs the EGF response (Fig. 4C)
but not the insulin response (Fig. 4B).

The observation that FOXA2 is not required for the insulin response is consistent with earlier
experiments on the IGFBP-1 promoter in which two IRS motifs that bind FOXO1 [34,35]
overlap an intervening FOXA2 binding site. The overlap between these elements is greater in
the IGFBP-1 than G6Pase promoter such that mutation of the IGFBP-1 FOXO1 binding sites
also reduces FOXA2 binding though, as with G6Pase, mutation of the FOXA2 binding site
core does not affect FOXO1 binding [16,34,35]. Moreover, as with G6Pase, the effect of insulin
on IGFBP-1 gene expression correlates with FOXO1 and not FOXA2 binding [16,34,35]. Thus,
mutation of the FOXO1 binding sites impairs both FOXO1 and FOXA2 binding and abolishes
the insulin response whereas mutation of the FOXA2 binding site core only affects FOXA2
binding and does not affect the insulin response [16,34,35]. However, these observations
appear inconsistent with recent data from Wolfrum et al. [25,26] suggesting that insulin can
regulate hepatic gene transcription by stimulating the nuclear exclusion of FOXA2. The
reasons for this discrepancy are unclear. There is abundant evidence that FOXO1 regulates
G6Pase gene expression. For example, ChIP assays demonstrate that insulin stimulates the
dissociation of FOXO1 from the G6Pase promoter [4,36] and global [37] or liver-specific
[38] disruption of the FOXO1 gene impairs the induction of G6Pase gene expression by fasting.
However, these data would not preclude the possibility that insulin might regulate G6Pase
through both FOXO1 and FOXA2. Indeed, both FOXO1 [13] and FOXA2 [39] can act as
positive accessory factors for glucocorticoid-stimulated gene transcription. Moreover, ChIP
experiments show that insulin stimulates the dissociation of both FOXO1 and FOXA2 from
the PEPCK promoter in rat hepatoma H4IIE cells [36]. Interestingly though, the effect of
insulin on FOXO1 binding to the PEPCK promoter precedes that on FOXA2 binding [36].
Other groups have reported somewhat different results in ChIP assays. Zhang et al. [40] also
observe FOXA2 binding to the PEPCK promoter in mouse liver, though they report that this
binding is not regulated by fasting and re-feeding. In contrast, Wolfrum et al. report no FOXA2
binding to the PEPCK promoter in mouse liver [25], though they do find that overexpression
of FOXA2 stimulates PEPCK fusion gene expression in HepG2 cells [26]. The latter
observation is easier to reconcile with the reduced PEPCK expression detected in mice with a
liver-specific deletion of the FOXA2 gene [40]. Finally, it’s unclear whether the insulin-
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stimulated inhibition of FOXA2 binding leads to nuclear exclusion since Zhang et al. [40]
report that FOXA2 resides solely in the nucleus. Clearly, further studies will be required to
resolve the relative roles of FOXO1 and FOXA2 in insulin-regulated gene transcription.

The observation that EGF suppresses endogenous G6Pase gene expression in liver (Fig. 10)
is consistent with the observation that insulin has the same effect [33] and that both factors act
in part through FOXO1 (Fig. 4). But a key question that remains unresolved is the biological
function of hepatic EGF receptors. Previous studies have shown that ErbB1 receptors are
abundant in liver [41,42] and that EGF has multiple effects on cultured hepatocytes including
stimulation of glycolysis [43], suppression of PEPCK gene expression [9] and complex,
substrate-dependent effects on gluconeogenesis [44]. Under certain conditions the
concentrations of plasma EGF would be high enough to manifest such effects [45,46]. But
there is also experimental support for a role of hepatic ErbB receptors in liver regeneration and
ligand clearance [41,42]. Finally, since the liver also produces several ErbB receptor ligands
it is possible that ErbB receptors also play an undefined autocrine role in liver function [47].
Future experiments in which ErbB gene expression is selectively disrupted in liver may provide
insight into these questions.
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Figure 1. EGF represses basal G6Pase fusion gene expression in HepG2 cells
HepG2 cells were transiently co-transfected with a G6Pase-firefly luciferase fusion gene (15
μg) containing promoter sequence from −2237 to +66 and expression vectors encoding
Renilla luciferase (0.15 μg) and either (Panel A) the empty pEGFP-N1 vector (1 μg) or (Panel
A & B) the same vector encoding ErbB1 (1 μg). Following transfection cells were incubated
for 18–20 hours in serum-free medium in the presence or absence of 10 ng/ml (Panel A) or
the indicated amount of EGF (Panel B). Cells were then harvested and luciferase assayed. In
Panel A results are presented as the ratio of firefly:Renilla luciferase activity. In Panel B the
ratio of firefly:Renilla luciferase activity in EGF-treated versus control cells is expressed as a
percentage of the control value. Results represent the mean ± S.E.M. of 3 (A) or 8 (B)
experiments with each sample assayed in duplicate. *, p < 0.05 versus control.
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Figure 2. Three G6Pase promoter regions are required for the maximal inhibitory effect of EGF
on basal G6Pase fusion gene expression in HepG2 cells
HepG2 cells were transiently co-transfected with G6Pase-firefly luciferase fusion genes (15
μg) containing G6Pase promoter sequence from +66 to the indicated 5′ end-points and
expression vectors encoding Renilla luciferase (0.15 μg) and ErbB1 (1 μg). Following
transfection cells were incubated for 18–20 hr in the presence or absence of 50 ng/ml EGF.
Cells were then harvested and luciferase assayed. Basal data are presented as the ratio of
firefly:Renilla luciferase activity, expressed as a percentage of that obtained with the −2237
fusion gene. EGF response data are presented as described in Figure 1B. Results represent the
mean ± S.E.M. of 3–7 experiments using three independent preparations of all fusion gene
plasmids with each sample assayed in duplicate.
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Figure 3. The action of EGF on basal G6Pase fusion gene expression in HepG2 cells requires HNF-1
HepG2 cells were transiently co-transfected with various G6Pase-firefly luciferase fusion
genes (15 μg) and expression vectors encoding Renilla luciferase (0.15 μg) and ErbB1 (1 μg).
The G6Pase-luciferase fusion genes contained either distinct lengths of wild-type (WT)
promoter sequence, as indicated by the 5′ deletion end-point, or a site-directed mutation of the
HNF-1 binding site in Region A, designated −231 HNF-1 SDM. Following transfection cells
were incubated for 18–20 hr in the presence or absence of 50 ng/ml EGF. Cells were then
harvested and luciferase assayed. Results are presented as described in Figure 1B and represent
the mean ± S.E.M. of 3–4 experiments using three independent preparations of all fusion gene
plasmids with each sample assayed in duplicate. *, p < 0.05 versus −231 WT. Basal fusion
gene expression decreased 46 ± 12% when the promoter was truncated from −231 to −198 and
by 53 ± 4% when the HNF-1 motif was mutated (n=4; p<0.05).
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Figure 4. Mutation of an overlapping GRE and FOXA2 binding site impairs EGF- but not insulin-
regulated G6Pase fusion gene expression in HepG2 cells
Panel A: Region B in the G6Pase promoter contains two overlapping IRSs and GREs and a
FOXOA2 binding site. Nucleotide positions are numbered relative to the transcription start site
of the mouse G6Pase gene. The various elements are shaded and/or boxed and mutations
introduced into the G6Pase-luciferase fusion genes described in Panels B & C are shown in
lowercase letters.
Panels B & C: HepG2 cells were transiently co-transfected with various G6Pase-firefly
luciferase fusion genes (15 μg) and expression vectors encoding Renilla luciferase (0.15 μg)
and either (Panel B) the insulin receptor (1 μg) or (Panel C) ErbB1 (1 μg). The G6Pase-
luciferase fusion genes contained either the wild-type (WT) promoter sequence from −231 to
+66 or site-directed mutations of the elements indicated in Panel A made in the context of the
same promoter fragment. Following transfection cells were incubated for 18–20 hr in the
presence or absence of 100 nM insulin or 50 ng/ml EGF. Cells were then harvested and
luciferase assayed. Results are presented as described in Figure 1B and represent the mean ±
S.E.M. of 4–17 experiments using at least three independent preparations of all fusion gene
plasmids with each sample assayed in duplicate. *, p < 0.05 versus −231 WT; **, p<0.05 vs
IRS 1 + 2 SDM and GRE B SDM. Basal fusion gene expression decreased 28.1 ± 1.9% (n=26),
26.0 ± 4.8% (n=7) and 32.9 ± 3.1% (n=17) when IRS 1 and 2, GRE A or GRE B were
individually mutated and 15.9 ± 4.9% (n=19) when both IRS 1 and IRS 2 and GRE B were
mutated in combination (p<0.05).
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Figure 5. Mutations introduced into the overlapping FOXO1 and FOXA2 binding sites with G6Pase
Region B selectively impair FOXO1 and FOXA2 binding
Panel A: Sense strand sequences of oligonucleotides used in gel retardation studies. Nucleotide
positions are numbered relative to the transcription start site of the mouse G6Pase and human
IGFBP-1 genes. The various elements are shaded and/or boxed and mutations are shown in
lowercase letters. The same mutations were introduced into the G6Pase-luciferase fusion genes
described in Fig. 4. Panel B: The labeled WT −197 oligonucleotide was incubated in the
absence (−) or presence of a 100- or 250-fold molar excess of the indicated unlabeled
competitor DNAs. Bacterial extract from either control (−) or IPTG-treated (+) cells
transformed with a plasmid encoding a GST-FOXO1 fusion protein was then added and protein
binding analyzed using the gel retardation assay. The specific IPTG-induced FOXO1-DNA
complex and a non-specific complex are indicated by arrows. Panel C: The labeled IGFBP-1
oligonucleotide was incubated in the absence (−) or presence of a 100-fold molar excess of the
unlabeled oligonucleotide prior to the addition of H4IIE cell nuclear extract (3 μg).
Alternatively H4IIE cell nuclear extract was incubated in the absence (−) or presence of the
indicated FOXA (FA) antisera prior to the addition of the labeled IGFBP-1 probe and binding
cocktail. Protein binding was then analyzed. The arrows point to two complexes that are
selectively generated with the FOXA2 antisera. Panel D: Competition experiments were
performed as described in Panel C except that a variable molar excess of the indicated unlabeled
competitor DNAs was used. Panel E: data from experiments as shown in Panel D were
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quantitated using a Packard Instant Imager. Results represent the mean ± S.E.M. of 4–6
experiments.
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Figure 6. EGF stimulates basal G6Pase fusion gene expression in rat cultured hepatocytes cells
Rat cultured hepatocytes were transiently co-transfected either 2 hr (Panel A) or 24 hr (Panel
B) after plating with a G6Pase-firefly luciferase fusion gene (2.2 μg) containing promoter
sequence from −231 to +66 and expression vectors encoding Renilla luciferase (0.1 μg) and
either the empty pEGFP-N1 vector (0.2 μg) or the same vector encoding ErbB1 (0.2 μg).
Following transfection cells were incubated for 18–20 hours in serum-free medium in the
presence or absence of 50 ng/ml EGF. Cells were then harvested and luciferase assayed. Results
are presented as the ratio of firefly:Renilla luciferase activity, expressed as percent control.
Results represent the mean ± S.E.M. of 3 experiments using independent preparations of the
fusion gene plasmid with each sample assayed in duplicate. *, p < 0.05 versus control.
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Figure 7. The stimulatory effect of EGF on basal G6Pase fusion gene expression in rat cultured
hepatocytes cells does not map to a specific promoter element
Rat cultured hepatocytes were transiently co-transfected 24 hr after plating with various
G6Pase-firefly luciferase fusion genes (2.2 μg) and expression vectors encoding Renilla
luciferase (0.1 μg) and ErbB1 (0.2 μg). The G6Pase-luciferase fusion genes contained either
distinct lengths of wild-type (WT) promoter sequence, as indicated by the 5′ deletion end-point,
or a site-directed mutation of the TATA box, designated −484 TATA SDM. Following
transfection cells were incubated for 18–20 hr in the presence or absence of 50 ng/ml EGF.
Cells were then harvested and luciferase assayed. Basal data are presented as the ratio of
firefly:Renilla luciferase activity, expressed as a percentage of that obtained with the −231
fusion gene. EGF response data are presented as described in Figure 1B. Results represent the
mean ± S.E.M. of 3–5 experiments using three independent preparations of all fusion gene
plasmids with each sample assayed in duplicate.
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Figure 8. HepG2 cells predominantly express ErbB2 and ErbB3
Total cell extracts were prepared from rat heart (H), mouse liver (L), rat brain (B), or HepG2
cells (G). 30 μg (L, H), 60 μg (B), or 50 μg (G) of extract was separated by SDS-PAGE,
transferred to nitrocellulose, and immunoblotted with either rabbit ErbB1, ErbB2, ErbB3 or
ErbB4 specific antibodies. Antibody binding was detected using chemiluminescence.
Representative results are shown.
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Figure 9. The repression of basal G6Pase fusion gene expression by EGF in HepG2 cells is selectively
blocked by an ErbB2 receptor inhibitor
HepG2 cells were transiently co-transfected with a G6Pase-firefly luciferase fusion gene (15
μg) containing promoter sequence from −484 to +66 and expression vectors encoding
Renilla luciferase (0.15 μg) and ErbB1 (1 μg). Following transfection cells were incubated for
18–20 hours in serum-free medium in the presence or absence of the AG825 (4 μM) and/or
AG1478 (4 μM) inhibitors and the presence or absence of 50 ng/ml EGF. The concentration
of DMSO, which was used to dissolve the inhibitors, was the same in all samples. Cells were
then harvested and luciferase assayed. Results are presented as described in Figure 1B and
represent the mean ± S.E.M. of 4 experiments using three independent preparations of the
fusion gene plasmid with each sample assayed in duplicate. *, p < 0.05 versus minus inhibitor.
Basal fusion gene expression did not change upon addition of AG825 but increased 83.4 ±
18.3% following the addition of AG1478 alone and 89.4 ± 17.1% in combination with AG825
(p<0.05).
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Figure 10. EGF represses endogenous G6Pase gene expression in mouse liver
Male mice were fasted overnight and then given intraperitoneal injections of saline or 1.375
mg/kg murine EGF. Animals were sacrificed and liver removed 3 hrs post injection and
immediately frozen in liquid nitrogen. G6Pase and β-actin gene expression were then
quantitated as described in Experimental.
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