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positions 2455 to 2431, and AF2, located from positions 2420
to 2403) and two glucocorticoid receptor binding sites (GR1
and GR2, from positions 2395 to 2349). AF1 and AF2 do not
function as glucocorticoid response elements themselves, but
when both are mutated the promoter is no longer responsive to
glucocorticoids. Thus, GR1 and GR2 are also inert by themselves (22).
At least two cis-acting elements mediate insulin’s action on
PEPCK gene transcription (17, 40). One element, designated
the distal IRS, has been located between positions 2416 and
2407 (38, 40). Since this distal IRS coincides with AF2, it is
ideally positioned to interfere with AF2 function, and this
could provide a mechanism for the dominant negative effect
insulin has on glucocorticoid-stimulated PEPCK gene transcription.
A glucocorticoid response element overlaps an IRS in both
the rat and the human IGFBP-1 gene promoters (18, 60, 63,
64). The human IGFBP-1 promoter contains a second glucocorticoid response element that is not present in the rat
promoter; however, both promoters contain only a single IRS
(18, 60, 63, 64). The IGFBP-1 IRS is perfectly conserved between rat and human species (18, 64), as is the PEPCK IRS
(43). As with PEPCK, the human IGFBP-1 IRS also acts as an
accessory factor binding site required for the glucocorticoid
response (the rat IGFBP-1 IRS apparently does not; compare
references 18, 60, and 63). The studies reported in this paper
demonstrate that the core IRSs in the PEPCK and IGFBP-1
promoters are identical and that both elements bind hepatic
nuclear factor 3 (HNF-3). The potential role of HNF-3 in
insulin action and/or as an accessory factor for the glucocorticoid response is investigated, and the significance of the observation that the PEPCK IRS also binds C/EBP but that the
IGFBP-1 IRS does not is discussed.

It is now well established that insulin can directly and specifically stimulate or inhibit the transcription of many genes in
a variety of tissues (39). Although several cis-acting insulin
response sequences, also called insulin response elements
(IRSs/IREs), have now been identified (2, 6, 18, 23, 32, 35, 40,
47, 48, 57, 58, 64, 65), a consensus IRS/IRE has not been
established. It is possible that, as with phorbol esters, multiple
cis-acting IRSs/IREs exist (51).
Two of the best-characterized insulin-regulated genes in
liver encode phosphoenolpyruvate carboxykinase (PEPCK)
and insulin-like growth factor-binding protein 1 (IGFBP-1)
(for a review, see references 29, 39, and 52). PEPCK catalyzes
the rate-limiting step in gluconeogenesis, whereas IGFBP-1 is
one of a family of six secreted proteins that bind insulin-like
growth factor peptides with high affinity (29, 39, 52). In hepatoma cells, the expression of both genes is stimulated by glucocorticoids, whereas insulin acts in a dominant fashion to
suppress both basal and glucocorticoid-stimulated transcription (20, 44, 49, 54, 70). Insulin primarily inhibits the initiation
of PEPCK gene transcription, but it also has a significant but
smaller effect on transcript elongation (55). Whether insulin
inhibits both initiation and elongation of IGFBP-1 gene transcription is unknown.
A complex glucocorticoid response unit mediates the stimulatory action of glucocorticoids on the PEPCK gene (22). This
glucocorticoid response unit consists of a tandem array (59 to
39) of two accessory factor binding sites (AF1, located from
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The rate of transcription of the hepatic phosphoenolpyruvate carboxykinase (PEPCK) and insulin-like
growth factor-binding protein 1 (IGFBP-1) genes is stimulated by glucocorticoids and inhibited by insulin. In
both cases, the effect of insulin is dominant, since it suppresses both basal and glucocorticoid-stimulated
PEPCK or IGFBP-1 gene transcription. Analyses of both promoters by transfection of PEPCK or IGFBP-1–
chloramphenicol acetyltransferase fusion genes into rat hepatoma cells has led to the identification of insulin
response sequences (IRSs) in both genes. The core IRS, T(G/A)TTTTG, is the same in both genes, but the
PEPCK promoter has a single copy of this element whereas the IGFBP-1 promoter has two copies arranged as
an inverted palindrome. The IGFBP-1 IRS and PEPCK IRS both bind the a and b forms of hepatic nuclear
factor 3 (HNF-3), although the latter does so with a sixfold-lower relative affinity. Both the PEPCK and the
IGFBP-1 IRSs also function as accessory factor binding sites required for the full induction of gene transcription by glucocorticoids. A combination of transient transfection and DNA binding studies suggests that HNF-3
is the accessory factor that supports glucocorticoid-induced gene transcription. In both genes, the HNF-3
binding site overlaps the IRS core motif(s). A model in which insulin is postulated to mediate its negative effect
on glucocorticoid-induced PEPCK and IGFBP-1 gene transcription indirectly by inhibiting HNF-3 action is
proposed.
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TABLE 1. Sequences of the sense strands of oligonucleotides useda

Oligonucleotide

PC433
M2
M4
PC425
PC42
PCTG2
CRE
mCRE
IGFBP-WT
AmBm
IGFBP-LM
IGFBP-CM
TTR

Sequence

2433 GTGACACCTCACAGCTGTGGTGTTTTGACAACCAGCAG 2396
2433 GTGACACCTCACAGCTGTGGTGGGGGTACAACCAGCAG 2396
2433 GTGACACCTCACAGCTGGTCCCTTTTGACAACCAGCAG 2396
2416 TGGTGTTTTGACAAC 2402
2416 TGGTGTTTTG 2407
2416 ACCTGTTTTG 2407
299 GGCCCCTTACGTCAGAGGCGAG 278
299 GGCCCGGGTCGACCCAGGCGAG 278
2124 CACTAGCAAAACAAACTTATTTTGAACAC 296
2124 CACTAGCCCCGGGAACTTAGGGGTAACAC 296
2124 CACTAGCAAAACACCGGTATTTTGAACAC 296
2124 CACTAGCAAAAGAAACTTCTTTTGAACAC 296
2111 GTTGACTAAGTCAATAATCAGAATCAG 285

Gene

PEPCK

IGFBP-1

TTR

Sequences are numbered relative to the start sites of transcription from their respective genes. Underlined bases are mutated. All oligonucleotides have
BamHI-compatible ends (GATC) except for the CRE oligonucleotides, which have HindIII (AGCT)-compatible ends and additional linker sequence (50).

MATERIALS AND METHODS
Materials. [a-32P]dATP (.3,000 Ci mmol21) and [3H]acetic acid, sodium salt
(.10 Ci mmol21), were obtained from Amersham and ICN, respectively. Insulin
was purchased from Collaborative Bioproducts. All other chemicals were of the
highest grade available.
Plasmid construction. DNA manipulations were accomplished by standard
techniques (53), and the orientations of all subcloned DNA fragments were
determined by restriction enzyme analysis and confirmed by DNA sequencing
using the Sequenase kit (U.S. Biochemical Corp., Cleveland, Ohio). Plasmid
TKC-VI (kindly provided by T. Sudhof, Southwestern Medical School, Dallas,
Tex.) contains the herpes simplex virus thymidine kinase (TK) promoter ligated
to the chloramphenicol acetyltransferase (CAT) gene (59). The TK promoter
sequence extends from positions 2480 to 151 and contains a BamHI linker
between positions 248 and 232 (59). Various complementary oligonucleotides
representing the PEPCK IRS (Table 1) were synthesized with BamHI-compatible ends by using an Applied Biosystems 380A DNA synthesizer and were
cloned in either orientation into BamHI-cleaved TKC-VI by standard techniques
(53). The complementary oligonucleotides representing the wild-type (IGFBPWT) and mutated (AmBm) IGFBP-1 IRSs are identical to those described by
Suwanickul et al. (64), except that they were synthesized with BamHI- instead of
XbaI-compatible ends (Table 1). These oligonucleotides and others representing
novel IGFBP-1 IRS mutations (IGFBP-LM and IGFBP-CM; Table 1) were also
cloned into BamHI-cleaved TKC-VI. A 1.3-kb fragment of human genomic
DNA which contains sequence spanning bp 21205 to 168 relative to the IGFBP-1 transcription start site was inserted into the promoterless pCAT (An)
vector to create p1205CAT as described previously (62). Plasmid pRShGRa,
which expresses human glucocorticoid receptor under the control of the Rous
sarcoma virus (RSV) long terminal repeat, was kindly provided by Ronald M.
Evans (The Salk Institute for Biological Studies, La Jolla, Calif.). All plasmid
constructs were purified by centrifugation twice through cesium chloride gradients (53).
Site-directed mutagenesis. The 1.3-kb IGFBP-1 promoter fragment present in
the M13-based cloning vector M13mp18 was mutated by the Kunkel method,
using synthetic oligonucleotides and the Muta-Gene kit (Bio-Rad) as described
previously (62). In all cases, the sequences of mutations and orientations of
constructs were confirmed by DNA sequence analysis using Sequenase (U.S.
Biochemicals) and the dideoxy chain termination method as described previously
(62).
Oligonucleotide 59-ACTAGCAAAACACCGGTATTTTGAACAC-39 has the
AACT motif, spanning bp 2111 to 2108 of the IGFBP-1 promoter, changed to
CCGG, a mutation equivalent to that in IGFBP-LM (Table 1). Oligonucleotide
59-GCACTAGCAAAAGAAACTTCTTTTGAACACTC-39 has the C and A
nucleotides located at bp 2113 and 2106 of the IGFBP-1 promoter changed to
G and C, respectively, a mutation equivalent to that in IGFBP-CM (Table 1).
The construction of pAmBm, in which the AAAACA sequence spanning bp
2117 to 2112 of IRE A is mutated to CCCGGG and the TTTTG sequence
spanning bp 2105 to 2101 of IRE B is mutated to GGGGT, has been described
previously (64).
Transient transfection and CAT assays. (i) H4IIE cells. In the initial experiments (see Fig. 1) cells were transfected while attached to plates, while in
subsequent experiments (see Fig. 3 and Tables 2 and 3) cells were transfected in
solution. Transfection in solution using a smaller volume of the calcium phosphate-DNA coprecipitate results in a higher level of basal CAT expression. For
the data shown in Fig. 1, H4IIE rat hepatoma cells were grown to confluence in
Dulbecco’s modified Eagle’s medium (DMEM) containing 2.5% (vol/vol) newborn calf serum and 2.5% (vol/vol) fetal calf serum, diluted the day before
transfection, and replated in 75-cm2 culture dishes (2 3 106 to 3 3 106 cells per

dish). Attached cells were then transfected, after removal of medium, by incubation for 30 min at room temperature with 2 ml of a calcium phosphate-DNA
coprecipitate containing 30 mg of PEPCK-TK-CAT plasmid DNA and 20 mM
chloroquine. This solution was then diluted by addition of 8 ml of serumcontaining medium supplemented with 5% (vol/vol) concentrations of both the
0.25 M calcium chloride–40 mM chloroquine solution and HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)-buffered saline (pH 7.10), which were
used to prepare precipitates (40). The cells were then returned to a humidified
5% CO2–95% air atmosphere in a Queue cell culture incubator. For the data
shown in Fig. 3 and Table 2, H4IIE cells were grown to 40 to 70% confluence in
T150 flasks in alpha modified Eagle’s medium containing 2% (vol/vol) fetal calf
serum, 3% (vol/vol) newborn calf serum, and 5% (vol/vol) calf serum. Cells from
individual T150 flasks were harvested by trypsinization, pelleted by centrifugation, and resuspended in 2 ml of a calcium phosphate-DNA coprecipitate containing 60 mg of PEPCK-TK-CAT or IGFBP-TK-CAT plasmid DNA and 20 mM
chloroquine. After a 20-min incubation at room temperature, the cells were
replated into four 75-cm2 culture dishes (approximately 3 3 106 cells per dish)
containing 10 ml of DMEM supplemented with 2.5% (vol/vol) newborn calf
serum and 2.5% (vol/vol) fetal calf serum. The cells were then returned to a
humidified 5% CO2–95% air atmosphere in a Queue cell culture incubator.
Four to six hours after transfection (see Fig. 1 and 3 and Table 2), cells were
treated with 20% (vol/vol) dimethyl sulfoxide in serum-containing DMEM for 5
min, washed in serum-containing and then serum-free DMEM, and then incubated for 18 h in serum-free DMEM in the presence or absence of 10 nM insulin.
Cells were then harvested, and CAT activity was assayed as described below.
Since b-galactosidase is very poorly expressed, and because RSV-luciferase expression is stimulated by insulin (approximately fourfold) in H4IIE cells (43),
CAT activity was corrected for the protein concentration in the cell lysate, as
measured by the Pierce bicinchoninic acid assay, and each plasmid construct was
transfected multiple (4 to 14) times. The effects of IRS mutations on basal CAT
activity directed by the TKC-VI vector were analyzed by cotransfection with an
RSV-luciferase plasmid. There was no correlation between the presence of
mutant or wild-type IRS constructs and basal activity (43). However, as reported
by Sudhof et al. (59), the size of the TKC-VI insert does affect basal CAT activity.
Cells harvested by trypsin digestion were sonicated in 300 ml of 250 mM
Tris z HCl at pH 7.8. After sonication, the extracts were heated for 10 min at 658C
and cellular debris was removed by centrifugation. CAT assays were performed
on the supernatant as follows. A 100-ml aliquot of supernatant was incubated in
a final volume of 250 ml containing (at final concentrations) 200 mM Tris z HCl
(pH 7.8), 6 mM MgCl2, 75 mM KCl, 0.4 mM coenzyme A, 3 mM ATP, 1 mM
chloramphenicol, 0.03 U of acetyl coenzyme A synthetase, and 0.34 mM [3H]acetate (0.5 Ci/mmol). This mixture was incubated for 3 h at 378C, extracted with
benzene, and transferred into scintillation vials. After removal of the benzene by
evaporation, the [3H]acetate incorporated into chloramphenicol was quantified
by scintillation spectroscopy. The counts per minute in a lysate-free blank were
subtracted, and CAT activity was corrected for variations in protein concentration as described above.
(ii) HepG2 cells. The maintenance and transfection of HepG2 human hepatoma cells have been described previously (62, 64). Cells were transfected with 5
mg of CAT plasmid containing IGFBP-1 promoter fragments and with 1 mg of
the human glucocorticoid receptor expression vector pRShGRa. One microgram
of pRSVL plasmid, which contains the RSV long terminal repeat upstream to the
luciferase reporter gene, was cotransfected to control for transfection efficiency
(62, 64). Transfected cells were washed three times in phosphate-buffered saline
and then incubated for 18 h with serum-free medium (DMEM supplemented
with 5 mM L-glutamine, 50 U of penicillin per ml, and 50 mg of streptomycin per
ml) in the presence or absence of 100 nM dexamethasone (Sigma). CAT and
luciferase assays were performed as described previously (62, 64).
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Gel retardation assay. (i) Labeled probes. Complementary oligonucleotides
representing the PEPCK IRS (either bp 2433 to 2396 [PC433] or 2416 to 2402
[PC425]; Table 1) or the IGFBP-1 IRS (bp 2124 to 296 [IGFBP-WT]; Table 1)
were gel purified, annealed, and then labeled with [a-32P]dATP by using the
Klenow fragment of Escherichia coli DNA polymerase I to a specific activity of
approximately 2.5 mCi/pmol.
(ii) Nuclear extract preparation. H4IIE rat hepatoma cells were grown to
approximately 80% confluence in T150 flasks as described above. Nuclear extracts were prepared by the method of Shapiro et al. (56) except that (i) all
buffers were supplemented with 1 mM phenylmethylsulfonyl fluoride, (ii) cells
were broken by using 20 strokes of the Dounce homogenizer, and (iii) the
nuclear extract was dialyzed without ammonium sulfate concentration. The protein concentration of the nuclear extract was determined by the Bio-Rad assay
and was typically ;1 mg ml21. In some experiments, cells were treated with
insulin (10 nM) for 1 h prior to extract preparation, and sodium orthovanadate
(0.1 mM) was included in all buffers.
(iii) Standard binding assay. Labeled oligonucleotides (7 to 8 fmol; 25,000
cpm) were incubated with H4IIE rat hepatoma nuclear extract (4 mg) for 10 min
at room temperature in the presence of either 20 mM HEPES (pH 7.8), 20 mM
KCl, 1 mM spermidine, 10 mM dithiothreitol, 2 mg of poly(dI-dC) z poly(dI-dC),
10% (vol/vol) glycerol, and 0.1% (vol/vol) Nonidet P-40 in a final volume of 20
ml or 20 mM HEPES (pH 7.8), 20 mM KCl, 50 mM NaCl, 1 mM dithiothreitol,
1 mg of poly(dG-dC) z poly(dG-dC), and 10% (vol/vol) glycerol in a final volume
of 20 ml. After incubation, the reactants were loaded onto a 6% acrylamide gel
and electrophoresed at room temperature for 90 min at 150 V in a buffer
containing 25 mM Tris base, 190 mM glycine, and 1 mM EDTA (40). Following
electrophoresis, the gels were dried and exposed to Kodak XAR5 film, and
binding was analyzed by autoradiography. Where appropriate, the 32P associated
with retarded complexes was quantified by liquid scintillation spectrometry.
(iv) Competition experiments. For competition experiments (see Fig. 4, 6, and
9) or assessment of the relative affinity of binding (see Fig. 8 and 11), unlabeled
competitor DNA (5- to 100-fold molar excess) was mixed with the radiolabeled
oligomer prior to addition of nuclear extract. Binding was analyzed by polyacrylamide gel electrophoresis as described above. The various wild-type and mutated
PEPCK and IGFBP-1 IRS oligonucleotides are described in Table 1. Oligonucleotides representing the HNF-3 binding site (positions 2111 to 285) in the
transthyretin (TTR) gene (26) (Table 1) were synthesized with BamHI-compatible ends by using a Cyclone Plus DNA synthesizer (Millipore), whereas oligo-

nucleotides representing the PEPCK cyclic AMP (cAMP) response element
(CRE and mCRE; Table 1) were synthesized with HindIII-compatible ends and
have been previously described (50).
The possibility that mutations may not simply abolish binding sites but may
introduce new binding motifs is a common concern. The M2, AmBm, IGFBPLM, and IGFBP-CM mutant oligonucleotides (Table 1) have all been labeled,
and no additional binding species were apparent (43).
(v) Antibody experiments. Preimmune serum (1 ml) or specific antiserum (1
ml) raised against HNF-3a, -b, or -g was preincubated with H4IIE nuclear extract
(4 mg) for 15 min at room temperature before analysis of protein-DNA binding
by the standard binding assay using poly(dG-dC) z poly(dG-dC) as the nonspecific competitor (see above). The antibodies were a generous gift from J. Darnell
and V. Prezioso, Rockefeller University.
In vitro transcription and translation. cDNAs encoding various C/EBP isoforms were inserted into the pGEM-7 vector (Promega) (41). Coupled in vitro
transcription and translation of pGEM-C/EBPa, pGEM-C/EBPb (LAP), and
pGEM-C/EBPb (LIP) were performed by using the TNT T7 coupled reticulocyte
lysate system (Promega) according to the manufacturer’s instructions. The final
reaction volume was 25 ml, of which 1 ml was used in a gel retardation assay (see
Fig. 5).

RESULTS
Insulin inhibits PEPCK gene transcription through a 7-bp
sequence. The expression vector TKC-VI, which contains the
herpes simplex virus TK promoter ligated to the CAT reporter
gene, has previously been used to identify an IRS in the
PEPCK promoter (38, 40). A 42-bp double-stranded oligomer
consisting of the wild-type PEPCK sequence from positions
2433 to 2396 ligated into the BamHI site of TKC-VI conferred an insulin-dependent, orientation-independent inhibition of CAT expression following transient transfection of rat
H4IIE hepatoma cells (Fig. 1) (40). Two separate 5-bp mutations within this region were constructed by altering the se-

Downloaded from http://mcb.asm.org/ on May 18, 2021 by guest

FIG. 1. Use of the herpes simplex virus TK promoter to delineate a PEPCK gene IRS. Various mutants of the PEPCK gene promoter sequence between positions
2433 and 2396 were synthesized with BamHI (GATC) ends (B) and cloned, in either orientation, into the TKC-VI vector (A). The mutated sequences are boxed. The
effect of insulin was analyzed by transient transfection of rat hepatoma H4IIE cells. Transfected cells were incubated in serum-free medium in the presence or absence
of insulin (10 nM) and harvested after 18 h; CAT activity was assayed as described in Materials and Methods. Results are presented as the ratio of CAT activities in
insulin-treated versus control cells (expressed as percent change) and are the means of 8 to 14 transfections for each construct. Maximum error (6 the standard error
of the mean [SEM]) was 7%. The vector without an insert showed a slight stimulation in response to insulin [1(19 6 6)%; n 5 12].
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quence between positions 2411 and 2407 and between positions 2416 and 2412, and they were designated M2 and M4,
respectively. Both mutations abolished the insulin effect (Fig.
1). A smaller oligomer consisting of only the 10-bp wild-type
PEPCK sequence from positions 2416 to 2407 (PC42) conferred insulin-dependent inhibition of CAT expression in the
H4IIE cell transient transfection assay (Fig. 1) (38). During the
construction of PC42-containing TKC-VI plasmids, a particular clone in which the initial 3 bp of PC42 had somehow been
mutated from TGG to ACC was identified. Analysis of this
mutation by transient transfection showed that it still conferred
an insulin-dependent inhibition of CAT expression (PCTG2 in
Fig. 1). In addition, ligation of a 10-bp double-stranded oligomer representing this mutated sequence into the BamHI site
of TKC-VI demonstrated that the insulin-dependent inhibition

of CAT expression mediated by this sequence was also orientation independent (Fig. 1).
A comparison of the previously described 10-bp PEPCK
core IRS, TGGTGTTTTG, with the recently described IGFBP-1 IRS suggested that the two elements are similar (18,
64). A comparison of the 7-bp sequence TGTTTTG with the
IGFBP-1 IRS reveals a more striking homology, since the
IGFBP-1 IRS contains two such elements arranged as an inverted palindrome (Fig. 2). Moreover, a base-pair-by-base-pair
mutational analysis of the PEPCK IRS reveals that the first
guanine in the 7-bp TGTTTTG sequence can be replaced by
adenine but not by cytosine (43). This suggests that T(G/A)TTTTG may be the functional core sequence of both the
PEPCK and the IGFBP-1 IRSs.
The PEPCK and IGFBP-1 IRSs are functionally similar.
The IGFBP-1 IRS was originally identified by transient transfection of IGFBP-1–CAT fusion genes in human HepG2 hepatoma cells (64). A 29-bp oligomer (Fig. 2) representing the
IGFBP-1 IRS was subsequently shown to mediate a negative
effect of insulin on gene expression when ligated 59 to a 107-bp
TK promoter located upstream of a CAT reporter gene (64).
To determine whether this IGFBP-1 sequence could function
as an IRS in the same heterologous context as the PEPCK IRS,
the 29-bp oligomer was ligated into the BamHI site of TKC-VI.
As a control, an oligomer (AmBm) in which the sequence of
both IRS core elements had been mutated (see reference 64
and Table 1) was also ligated into TKC-VI. Only the wild-type
oligomer conferred an insulin-dependent, orientation-independent inhibition of CAT expression following transient
transfection of H4IIE cells (Fig. 3A).
Elucidation of the mechanism through which insulin regulates PEPCK and IGFBP-1 gene expression is complicated by
the potential existence of multiple pathways of insulin action
(15, 73). For example, stimulation of gene 33 transcription in
H4IIE cells requires an insulin concentration 100 times greater

FIG. 3. Functional analysis of the IGFBP-1 IRS in the context of the TKC-VI vector. (A) Previously described oligonucleotides representing the wild-type (WT)
and mutated (MUT) IGFBP-1 IRS between positions 2124 and 296 (IGFBP-WT and AmBm; Table 1) were synthesized with BamHI-compatible ends and cloned
in either the correct or the inverted orientation, relative to that in the IGFBP-1 promoter, into the TKC-VI vector. The effect of insulin was analyzed by transient
transfection of rat hepatoma H4IIE cells. Transfected cells were incubated in serum-free medium in the presence or absence of insulin (10 nM) and harvested after
18 h; CAT activity was assayed as described in Materials and Methods. Results are presented as the ratio of CAT activities in insulin-treated versus control cells
(expressed as percent change) and are means (6 SEM) of 7 to 14 transfections for each construct. (B) H4IIE cells were transiently transfected with TKC-VI plasmids
containing a single copy of either the 10-bp PEPCK IRS (PC42; Table 1) or the 29-bp IGFBP-1 IRS (IGFBP-WT; Table 1). Transfected cells were harvested after an
18-h incubation in serum-free medium in the presence or absence of various concentrations of insulin, and CAT activity was assayed. The results are expressed as
percentages of the CAT activity in control cells and are the means (6 SEM) of three transfections at each insulin concentration. The actual basal CAT activities,
calculated as previously described (17), were approximately 1,500 and 220 pmol h21 mg21 for PC42 and IGFBP-WT, respectively.
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FIG. 2. Sequence similarities between the PEPCK and IGFBP-1 IRSs. The
sequence of the human IGFBP-1 IRS functionally defined by transient transfection studies with human HepG2 cells in the context of a heterologous TK-CAT
vector is shown (64). The inverted palindrome (arrows) is indicated. The two half
sites, designated A and B, are compared with the 7-bp PEPCK IRS core to
establish a putative consensus IRS.
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than that needed for inhibition of PEPCK gene transcription
assessed at the same time in the same cells (10). This observation could be explained by the presence of different pathways
of insulin signal transduction. A comparison of the insulin
concentration dependence for the inhibition of CAT expression directed by the TKC-VI vector containing either the
PEPCK or the IGFBP-1 IRS revealed no such difference (Fig.
3B), a result that is consistent with insulin inhibiting the transcription of both genes through the same pathway. The
PEPCK IRS was almost as potent as the IGFBP-1 IRS with
respect to the inhibition of CAT expression even though the
IGFBP-1 IRS contains two copies of the putative consensus
IRS (Fig. 3B).
The PEPCK IRS but not the IGFBP-1 IRS binds C/EBP.
Our laboratory and that of Richard Hanson have previously
shown that a CRE located between positions 293 and 286
relative to the transcription start site plays a critical role in
conferring the stimulatory effect of cAMP on PEPCK gene
transcription (30, 50). It was surprising to find that, although
the PEPCK IRS and CRE are functionally distinct, the two
interact with a common set of liver nuclear proteins (41).
These proteins interact with oligonucleotides representing the
wild-type IRS (PC433) and CRE but not with mutated oligonucleotides (M2 and mCRE; Table 1) that in functional assays
abolish insulin and cAMP responsiveness, respectively. We
have recently identified three proteins in crude rat liver nuclear
extracts that bind to both the PEPCK IRS and the CRE in gel
retardation assays (41). These are 42-kDa C/EBPa, 30-kDa
C/EBPa, and an unidentified 20-kDa factor termed p20-C/IBP
(p20-CRE/IRS-binding protein). All three proteins can homodimerize and heterodimerize with each other to form all six
possible combinations (41). These interactions are detected as
four major bands (Fig. 4; see also reference 40) and two minor
bands (not visible in Fig. 4) in the gel retardation assay. Several

biochemical properties of the purified 20-kDa protein, including its heterodimerization capacity, profound heat stability,
DNA-binding specificity, and lack of reactivity with antibodies
raised against a, b, and d C/EBP proteins, are consistent with
the notion that p20-C/IBP represents a novel member of the
C/EBP family of transcription factors (41). These three factors
bind both the originally identified 38-bp PEPCK IRS (PC433;
Table 1) and a 15-bp oligonucleotide that encompasses the
IRS core (PC425; Table 1) (40). Recombinant C/EBP footprints the IRS region from positions 2413 to 2402 (43).
An experiment was conducted to determine whether the
PEPCK and IGFBP-1 IRSs formed similar complexes with
proteins found in H4IIE cell nuclear extracts. Oligonucleotides
representing the wild-type PEPCK and IGFBP-1 IRSs were
compared with oligonucleotides containing mutated sequences
(that, in functional assays, abolish insulin responsiveness) for
their ability to compete for protein binding to the labeled
PEPCK IRS probe (Fig. 4). Only the unlabeled wild-type IRS
oligonucleotide competed effectively for binding of all the protein-DNA complexes; the wild-type IGFBP-1 and mutated oligonucleotides were relatively ineffective (Fig. 4). In addition,
when the IGFBP-1 IRS was used as the labeled probe, no
protein binding was detected (Fig. 4). Goswami et al. (18)
previously demonstrated protein binding to an IGFBP-1 IRS
labeled probe in the presence of poly(dI-dC) z poly(dI-dC), as
used in the experiment whose results are shown in Fig. 4, but
since the oligonucleotide used contained extensive non-IGFBP-1 flanking sequence, their result is not directly comparable to that shown in Fig. 4. To confirm that C/EBPa does not
bind the IGFBP-1 IRS, we synthesized full-length C/EBPa
(27) and the full-length and truncated forms of C/EBPb (called
LAP and LIP, respectively [13]), using an in vitro transcriptiontranslation system. The synthesis of full-length protein was
confirmed by incorporation of [35S]methionine and analysis by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
while the nature of the product was confirmed by interaction
with C/EBPa- and -b-specific antisera (data not shown). All
three proteins bound to the PEPCK IRS but did not interact
with the IGFBP-1 IRS (Fig. 5).
The PEPCK and IGFBP-1 IRSs both bind HNF-3. Assay
conditions used to demonstrate protein binding to the PEPCK
IRS did not favor binding of any protein to the IGFBP-1 IRS
(Fig. 4) (40). However, by changing the so-called nonspecific
competitor in the gel retardation assay from poly(dI-dC) z
poly(dI-dC) to poly(dG-dC) z poly(dG-dC) and by optimizing
binding by altering salt concentrations, etc. (see Materials and
Methods), we were able to detect an interaction between the
labeled IGFBP-1 IRS probe and proteins present in H4IIE
nuclear extract (Fig. 6). The pattern of protein binding detected is distinct from that seen in the presence of poly(dIdC) z poly(dI-dC) and when the PEPCK IRS is used as the
labeled probe (Fig. 4). A competition experiment, in which a
100-fold excess of unlabeled DNA was included with the labeled IGFBP-1 IRS probe in a gel retardation assay, was performed to test whether under these modified assay conditions
identical factors could be shown to bind both the IGFBP-1 and
the PEPCK IRSs. Again, oligonucleotides representing the
wild-type IGFBP-1 and PEPCK IRSs were compared with
oligonucleotides containing mutated sequences for their ability
to compete for protein binding. The unlabeled wild-type IGFBP-1 and PEPCK IRS oligonucleotides both competed effectively for the DNA-protein complex present in the band indicated by the arrow in Fig. 6; the mutated oligonucleotides were
ineffective. The ability of this protein to recognize both the
PEPCK IRS and the IGFBP-1 IRS is in contrast to that of
C/EBPa and p20-C/IBP, which recognize only the PEPCK IRS
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FIG. 4. Analysis of protein binding to the PEPCK and IGFBP-1 IRSs in the
presence of poly(dI-dC) z poly(dI-dC). A gel retardation assay using poly(dIdC) z poly(dI-dC) as the nonspecific competitor was performed as described in
Materials and Methods. Double-stranded labeled oligonucleotide probes representing either the PEPCK IRS (PC433) or the IGFBP-1 IRS (IGFBP-WT) were
analyzed. Four major bands are detected with the PEPCK IRS, but no protein
binding to the IGFBP-1 IRS is seen under these conditions. DNAs representing
the wild-type (lanes W) or mutated (lanes M) PEPCK and IGFBP-1 IRSs
(PC433, M2, IGFBP-WT, and AmBm; Table 1) were added in a 100-fold molar
excess in the competition assays. The autoradiograph shown is representative of
three experiments.

1751

1752

O’BRIEN ET AL.

(see above). The prominent lower doublet shown in Fig. 6
probably represents nonspecific protein-DNA interactions,
since the intensity of these complexes was not reduced by a
100-fold excess of any of the oligonucleotides. A similar excess
of an unlabeled oligonucleotide representing the PEPCK CRE
also failed to compete for complex formation. Thus, unlike
C/EBPa and p20-C/IBP, the specific protein detected under
these modified gel retardation conditions does not bind to the
PEPCK CRE.
The PEPCK IRS and the IGFBP-1 IRS are similar to the
sequences noted for certain HNF-3 binding sites (originally
called HNF-5 [19]) (25, 36, 45). To investigate whether the
protein that binds to these elements is HNF-3, we performed
a competition experiment in which a 100-fold excess of an
unlabeled oligonucleotide representing the TTR HNF-3 binding site (positions 2111 to 285; Table 1) (26) was included
with the labeled IGFBP-1 IRS probe in a gel retardation assay
(Fig. 6). The transthyretin oligomer competed effectively for
specific protein binding (Fig. 6). Next, specific antisera raised
against HNF-3a, HNF-3b, and HNF-3g were tested for their
ability to disrupt DNA-protein complex formation in the gel
retardation assay (Fig. 7). By increasing the duration of gel
electrophoresis, the specific protein-DNA interaction detected
with the labeled IGFBP-1 probe (Fig. 6) can be separated into
what appears to be two overlapping protein-DNA interactions
(Fig. 7). The HNF-3a antiserum specifically prevents formation of the less prominent, more slowly migrating proteinDNA complex, and a weak supershifted band is also detected
(Fig. 7). By contrast, the HNF-3b antiserum prevents formation of the more prominent, faster-migrating protein-DNA
complex and, again, a weak supershifted band is also detected

FIG. 6. Analysis of protein binding to the IGFBP-1 IRS in the presence of
poly(dG-dC) z poly(dG-dC). A gel retardation assay using poly(dG-dC) z poly
(dG-dC) as the nonspecific competitor with the IGFBP-1 IRS (IGFBP-WT) as
the labeled probe was performed as described in Materials and Methods. Competitor DNAs representing the wild-type (lanes W) or mutated (lanes M)
PEPCK and IGFBP-1 IRSs (PC433, M2, IGFBP-WT, and AmBm; Table 1), the
PEPCK CRE (lane CRE), and the transthyretin HNF-3 binding site (lane TTR)
were added in a 100-fold molar excess. The specific protein-DNA interaction
detected by the IGFBP-1 IRS probe (arrow) is indicated. The autoradiograph
shown is representative of three experiments.

(Fig. 7). The close migration of HNF-3a and -b when bound to
the IGFBP-1 IRS labeled probe is similar to that seen when
other HNF-3 binding sites are used as probes in the gel retardation assay (36, 37). The HNF-3g antiserum had no effect on
DNA binding, nor did any of the HNF-3 preimmune antisera
(Fig. 7). As a control, the oligonucleotide representing the
TTR HNF-3 binding site (Table 1) was labeled and used as the
probe in a gel retardation assay. On the basis of cross-reaction
with the specific HNF-3 antiserum, the TTR oligonucleotide
binds HNF-3a and HNF-3b from H4IIE nuclear extract but in
addition binds HNF-3g from liver nuclear extract (43). The
unlabeled, wild-type IGFBP-1 and PEPCK IRS oligonucleotides competed effectively for the binding of all three HNF-3
isoforms, whereas the mutated oligonucleotides were ineffective (43).
To estimate the relative affinity of HNF-3a and -b binding to
the IGFBP-1 IRS and the PEPCK IRS, the labeled IGFBP-1

FIG. 7. Effect of HNF-3 antibodies on protein binding to the IGFBP-1 IRS.
H4IIE nuclear extract was preincubated for 15 min at room temperature in the
absence (lane None) or presence (lanes Pre-Imm) of preimmune serum or
antisera specific for HNF-3a, -b, or -g. A gel retardation assay was then performed with poly(dG-dC) z poly(dG-dC) as the nonspecific competitor and the
IGFBP-1 IRS (IGFBP-WT) as the labeled probe. The relative positions of
HNF-3a (upper arrow) and HNF-3b (lower arrow) in the polyacrylamide gel are
indicated. Each preimmune serum was isolated from the same animal from
which the specific antiserum was subsequently obtained. For clarity, the free
probe is not shown. The autoradiograph shown is representative of three experiments.
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FIG. 5. Analysis of C/EBPa and C/EBPb binding to the PEPCK and IGFBP-1 IRSs. Full-length C/EBPa and full-length and truncated C/EBPb (LAP
and LIP, respectively) were synthesized by using the Promega TNT T7 coupled
reticulocyte lysate system. A gel retardation assay using poly(dI-dC) z poly(dIdC) in conjunction with both the labeled PEPCK IRS (PC433) and IGFBP-1 IRS
(IGFBP-WT) probes was performed as described in Materials and Methods.
DNA binding activity in lysates programmed with expression vectors for
C/EBPa, LAP, or LIP was compared with that in an unprogrammed lysate (lanes
Unprog.). As a further control, the labeled probes were analyzed in the absence
of lysate (lanes None). Positions of novel DNA-binding species detected in
lysates programmed with the LAP and LIP expression vectors (arrows) are
indicated, as is that of C/EBPa, which comigrates with a nonspecific DNAprotein interaction detected in unprogrammed lysate.
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IRS oligonucleotide was preincubated with various concentrations of unlabeled wild-type IGFBP-1 or PEPCK IRS oligonucleotides prior to addition of H4IIE nuclear extract. Protein
binding to the labeled IGFBP-1 IRS probe was then quantified
by the gel retardation assay. On the basis of the molar excess
of unlabeled oligonucleotide required to reduce binding to the
labeled probe by 50%, the relative affinity of HNF-3a and -b
binding was estimated to be approximately sixfold higher for
the IGFBP-1 IRS than for the PEPCK IRS (Fig. 8). A short,
15-bp oligonucleotide representing the core PEPCK IRS
(PC425; Table 1) was as effective as the longer 38-bp oligonucleotide with additional flanking sequence (PC433; Table 1) in
competing for HNF-3 binding (Fig. 8).
In a complementary experiment, the PEPCK IRS (PC425;
Table 1) was labeled and the gel retardation assay included
poly(dG-dC) z poly(dG-dC) rather than poly(dI-dC) z poly(dIdC). Under these conditions, a 100-fold molar excess of the
unlabeled PEPCK CRE oligonucleotide competes partially for
protein binding (Fig. 9A). By contrast, in the presence of
poly(dI-dC) z poly(dI-dC), the unlabeled PEPCK CRE prevents detectable protein binding (43). On the basis of this
observation, we speculate that C/EBPa and p20-C/IBP bind
the labeled PEPCK IRS probe when either of the nonspecific
competitors is included in the assay but that additional proteins that are not detected in the presence of poly(dI-dC) z poly
(dI-dC) bind in the presence of poly(dG-dC) z poly(dG-dC). A
100-fold excess of the unlabeled IGFBP-1 IRS oligonucleotide
competes partially for protein binding to the labeled PEPCK
IRS in the presence of poly(dG-dC) z poly(dG-dC) (43) and
hardly at all in the presence of poly(dI-dC) z poly(dI-dC) (Fig.
4). However, in the presence of poly(dG-dC) z poly(dG-dC)
and a 100-fold excess of the PEPCK CRE oligonucleotide to
prevent C/EBP binding, specific competition for a single band
by a 100-fold excess of the unlabeled wild-type IGFBP-1 IRS
oligonucleotide can be detected, whereas the mutated sequence has no effect (Fig. 9B). The band that is specifically

FIG. 9. Analysis of protein binding to the PEPCK IRS in the presence of
poly(dG-dC) z poly(dG-dC). A gel retardation assay using poly(dG-dC) z poly
(dG-dC) as the nonspecific competitor and PEPCK IRS (PC425) as the labeled
probe was performed as described in Materials and Methods. Competitor DNA
representing the PEPCK CRE (lane CRE) was added in a 100-fold molar excess.
(A) In the presence of poly(dI-dC) z poly(dI-dC) the PEPCK CRE oligonucleotide completely blocks protein binding to the PEPCK IRS labeled probe (43),
but in the presence of poly(dG-dC) z poly(dG-dC) partial competition is detected. (B) Competitor DNAs representing the wild-type (lanes W) or mutated
(lanes M) PEPCK IRS (PC433 and M2) and IGFBP-1 IRS (IGFBP-WT and
AmBm) were added in a 100-fold molar excess. Inclusion of a 100-fold excess of
the PEPCK CRE oligonucleotide in each lane reveals a protein-DNA interaction
that is specific to the wild-type but not mutated PEPCK and IGFBP-1 IRSs. (C)
H4IIE nuclear extract was preincubated for 15 min at room temperature in the
absence or presence of antisera specific for HNF-3a, -b or -g. A gel retardation
assay was then performed. A 100-fold molar excess of the PEPCK CRE oligomer
was included in the assay to prevent C/EBP binding, as explained in the text. The
relative positions of HNF-3a (upper arrow) and HNF-3b (lower arrow) in the
polyacrylamide gel are indicated. For clarity, the free probe is not shown. The
autoradiographs shown are representative of two experiments.

competed for actually represents two overlapping proteinDNA interactions (see below). A 100-fold excess of the wildtype PEPCK IRS oligonucleotide also competes specifically for
formation of this complex, and the mutated sequence is ineffective (Fig. 9B). Qualitatively similar results are obtained with
PC425 and PC433 as the labeled PEPCK IRS oligonucleotide
(43).
Having directly demonstrated, through the use of a specific
antiserum, that HNF-3a and -b bind the labeled IGFBP-1 IRS,
we next determined whether these proteins bound to the
PEPCK IRS. The HNF-3a, -b, and -g antisera were tested for
their ability to inhibit the formation of the specific band detected in Fig. 9B. This specific protein-DNA interaction detected with the labeled PEPCK IRS probe (Fig. 9B) can be
separated into what appears to be two overlapping proteinDNA interactions (Fig. 9C, arrows). The HNF-3a antiserum
specifically prevents formation of the less prominent, more
slowly migrating protein-DNA complex (Fig. 9C). By contrast,
the HNF-3b antiserum prevents formation of the more prominent, faster-migrating protein-DNA complex, and, in addition,
a weak supershifted band is also detected (Fig. 9C). The
HNF-3g antiserum had no effect on DNA binding. The low
affinity of HNF-3 binding to the PEPCK IRS in conjunction
with the comigrating C/EBPa and p20-C/IBP protein-DNA
interactions explains why, even when using poly(dG-dC) z poly
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FIG. 8. Estimation of the relative affinity of HNF-3a and -b binding to the
PEPCK and IGFBP-1 IRSs. Various concentrations of double-stranded oligonucleotides representative of the wild-type IGFBP-1 IRS (IGFBP-WT) and
PEPCK IRS (either PC425 or PC433; Table 1) were incubated with a labeled
IGFBP-1 IRS probe prior to addition of nuclear extract and analysis of protein
binding by the gel retardation assay using poly(dG-dC) z poly(dG-dC) as the
nonspecific competitor as described in Materials and Methods. Protein binding
was quantified by liquid scintillation counting of the 32P associated with retarded
complexes. The data illustrated are the means 6 standard deviations of three
experiments. Where error bars are not visible, they are smaller than the plot
symbol.
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(dG-dC), we were unable in earlier experiments (43) to detect
HNF-3 binding to the PEPCK IRS, despite its obvious homology with certain HNF-3 binding sites (25, 36, 45) (originally
called HNF-5 [19]).
Role of HNF-3 binding to the IGFBP-1 IRS. With the demonstration that HNF-3 binds to both the PEPCK and the IGFBP-1 IRSs, the question of the precise location of the HNF-3
recognition sequence arises, especially as this relates to the
putative IRS core motifs. On the basis of the recently elucidated HNF-3 consensus binding sequence (45), the IGFBP-1
IRS appears to contain two potential HNF-3 binding sites. One
is located on each strand, and both partially overlap the two
IRS core motifs (Fig. 10A). Footprinting studies using recombinant HNF-3b show that this protein protects a region from
positions 2121 to 299 that includes both potential HNF-3
binding sites (61). The PEPCK IRS core motif overlaps a
single potential HNF-3 binding site (Fig. 10A). On the basis of
a comparison with the consensus HNF-3 binding sequence, the
IGFBP-1 IRS would be predicted to be a stronger HNF-3
binding site than is the PEPCK IRS. This is consistent with the
relative affinity data presented above (Fig. 8).
Two mutated oligonucleotides, designated IGFBP-LM and
IGFBP-CM, were constructed to determine whether HNF-3
binding directly correlates with repression of transcription by
insulin. In the IGFBP-LM oligonucleotide, the 4 bp between
the two IRS core motifs were mutated to reduce the affinity of
HNF-3 binding (Fig. 10B). In the IGFBP-CM oligonucleotide,
the critical base pair identified as essential for a functional
PEPCK IRS (43) was mutated in each IRS motif (Fig. 10B).
The two oligonucleotides show similarly reduced affinities for
HNF-3 (Fig. 11). However, when analyzed by transient trans-

fection in the context of the TKC-VI vector, only the IGFBP-LM oligonucleotide was able to confer a repression of
CAT expression in response to insulin (Table 2). Thus, HNF-3
binding does not directly correlate with the action of insulin in
this system.
Since an HNF-3 binding site is required for the full response
of the tyrosine aminotransferase gene to glucocorticoids (36,
37), the same mutations represented by the IGFBP-LM and
IGFBP-CM oligonucleotides were introduced into the context
of a IGFBP-1–CAT fusion gene by site-directed mutagenesis.
Both mutations reduced the magnitude of glucocorticoid-induced CAT expression but did not have as drastic an effect as
did the AmBm mutation (Table 1) that abolishes HNF-3 binding (Table 3). Thus, HNF-3 binding is correlated with the
ability of glucocorticoids to induce transcription of the IGFBP-1 gene.
DISCUSSION
The multihormonal regulation of the genes for PEPCK and
IGFBP-1 is similar in that cAMP, thyroid hormone, and glucocorticoids stimulate the hepatic expression of both genes
whereas insulin has a dominant inhibitory effect (5, 29, 30, 39,
52). An IRS that mediates the dominant negative effect of
insulin on glucocorticoid-stimulated gene transcription has
been identified in the promoter of both genes (18, 40, 64). In
this paper, we propose that the motif T(G/A)TTTTG, common
to the PEPCK and the IGFBP-1 IRSs, is a consensus sequence.
Whether such a sequence is important in other hepatic genes
that show a similar regulation of expression (stimulation by
glucocorticoids and inhibition by insulin), such as the genes for
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FIG. 10. Relative locations of the HNF-3 binding site and IRS core motif in the PEPCK and IGFBP-1 IRSs. (A) The sequences of the IGFBP-1 and PEPCK IRSs
are compared with the HNF-3 consensus binding sequence (45). Two potential HNF-3 binding sites are present, one on each strand, in the IGFBP-1 IRS, compared
with a single site in the PEPCK IRS. The parts of the IRS core motif that overlap the HNF-3 recognition sequence are included in boxes. In the PC425 oligonucleotide
(Table 1), part of the HNF-3 binding site in the PEPCK IRS may be fortuitously conserved by the BamHI (GATC) linker. However, since PC425, in which the GATC
ends are single stranded, competes for HNF-3 binding as well as PC433, in which these bases are double stranded (Fig. 8), this may not be significant. (B) Two mutants
(IGFBP-LM and IGFBP-CM) were found to distinguish HNF-3 binding and insulin action (see text, Fig. 11, and Tables 2 and 3). The IRS core motifs are boxed.
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TABLE 3. Analysis of IGFBP1- IRS mutations in the
context of the IGFBP-1 promotera
p1205CAT
mutation

HNF-3
binding

Fold induction of CAT
activity by
dexamethasoneb

None (IGFBP-WT)
IGFBP-LM
IGFBP-CM
AmBm

11
1
1
2

5.5 6 2.2
2.9 6 0.6
2.8 6 0.5
1.5 6 0.5

FIG. 11. Estimation of the relative affinity of HNF-3a and -b binding to the
wild-type and mutated IGFBP-1 IRSs. Various concentrations of the doublestranded IGFBP-WT, IGFBP-LM, and IGFBP-CM oligonucleotides were incubated with the labeled IGFBP-1 IRS (IGFBP-WT) probe prior to addition of
nuclear extract and analysis of protein binding by the gel retardation assay using
poly(dG-dC) z poly(dG-dC) as the nonspecific competitor as described in Materials and Methods. Protein binding was quantified by liquid scintillation counting
of the 32P associated with retarded complexes. The data illustrated are the means
6 standard deviations of three experiments. Where error bars are not visible,
they are smaller than the plot symbol.

aspartate aminotransferase (1), tyrosine aminotransferase (8,
36, 37), and argininosuccinate lyase (21), remains to be determined. Of broader interest is whether this sequence will be
found to mediate the effect of insulin on the expression of
genes in other tissues (39). An IRS in the a-amylase promoter
which contains a sequence similar to that of the PEPCK and
IGFBP-1 IRSs has been identified (23). However, the a-amylase IRS does not contain the core T(G/A)TTTTG sequence,
so it is unclear whether insulin mediates its effect via the same
trans-acting factor as is used in the PEPCK and IGFBP-1
genes.
Although the PEPCK and IGFBP-1 IRSs have a common
sequence motif, there are differences in the pattern of protein

TABLE 2. Functional analysis of IGFBP-1 oligonucleotides in the
context of the TKC-VI vectora
TKC-VI insert

HNF-3
binding

Effect of insulin on basal
CAT expression
(% change)b

IGFBP-WT
IGFBP-LM
IGFBP-CM
AmBm

11
1
1
2

273 6 2
265 6 6
12 6 8
16 6 12

a
Oligonucleotides representing the wild-type and mutated IGFBP-1 IRSs
between positions 2124 and 296 (Table 1) were synthesized with BamHIcompatible ends and cloned into the TKC-VI vector in either the correct or
inverted orientation relative to that in the IGFBP-1 promoter. The effect of
insulin was analyzed by transient transfection of rat hepatoma H4IIE cells.
Transfected cells were incubated in serum-free medium in the presence or
absence of insulin (10 nM) and harvested after 18 h; CAT activity was assayed as
described in Materials and Methods.
b
Results are presented as the ratio of CAT activities in insulin-treated versus
control cells (expressed as percent change) and are the means (6 SEM) of 4 to
10 transfections for each construct. The data obtained with the inserts in the
correct orientation are shown. With the inserts in the inverted orientation, the
effects of insulin on basal CAT expression, expressed as percent change, were
2(66 6 4)% (IGFBP-WT), 2(60 6 7)% (IGFBP-LM), 1(6 6 7)% (IGFBPCM), and 2(6 6 4)% (AmBm).

binding to the two elements (Fig. 4 to 6). Presumably, this
reflects differences in the flanking sequence surrounding the
core IRS. The PEPCK IRS binds C/EBPa and an unknown
C/EBP-related protein that we have designated p20-C/IBP; the
IGFBP-1 IRS does not bind these proteins (Fig. 4) (41). The
PEPCK and IGFBP-1 IRSs both bind HNF-3a and -b, although the latter does so with a sixfold-higher affinity (Fig. 8).
The PEPCK IRS also serves as an accessory factor binding site
(AF2) necessary for full induction of PEPCK gene expression
by glucocorticoids, and the human IGFBP-1 IRS plays a similar role (see the introduction). C/EBP and HNF-3 binding
sites are both required for the stimulation of tyrosine aminotransferase gene transcription by glucocorticoids (19, 36, 37),
and the data presented in Table 3 support a role for HNF-3 as
the accessory factor required for full glucocorticoid induction
of IGFBP-1 gene transcription. Unterman et al. have recently
confirmed some of these observations (68). They have demonstrated HNF-3 binding to the rat IGFBP-1 IRS and shown that
this element serves as an accessory factor binding site required
for glucocorticoid-stimulated IGFBP-1 gene transcription. Interestingly, earlier studies had shown that only the human and
not the rat IGFBP-1 IRS was an accessory element (compare
references 18, 60, and 63). The explanation for this variability
is unclear.
Since the HNF-3 binding site in the IGFBP-1 IRS overlaps
the two IRS core motifs, we propose a model in which insulin
is postulated to exert its negative effect on glucocorticoidstimulated IGFBP-1 gene transcription through the inhibition
of HNF-3 binding or transactivation potential (Fig. 12). At
present, no candidate factor that recognizes the core IRS has
been detected. However, given the well-documented involvement of protein phosphorylation in insulin action (15, 73), it is
possible that such a factor may bind only in its phosphorylated
form, a modification that may not survive the lengthy nuclear
extract isolation procedure. A comparison of H4IIE nuclear
extracts isolated from control or insulin-treated cells reveals
little change in the protein-DNA binding interactions in the
presence of either poly(dI-dC) z poly(dI-dC) or poly(dGdC) z poly(dG-dC) (Fig. 13). Nevertheless, we have recently
shown that the phosphatase inhibitor okadaic acid mimics the
effect of insulin on PEPCK gene transcription through the IRS
(42).
Since the 5-bp mutation (M2; Table 1) that abolishes the
accessory factor activity of the PEPCK IRS (31) inhibits both
C/EBP and HNF-3 binding (Fig. 4, 6, and 9), further studies
are required to determine whether either or both of these
factors are the accessory factor in vivo. The binding of the
same putative insulin response factor described above to the
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a
Mutations equivalent to those represented by the AmBm, IGFBP-LM and
IGFBP-CM oligonucleotides (Table 1) were introduced into an IGFBP-1–CAT
fusion gene (p1205CAT) (62) by site-directed mutagenesis as described in Materials and Methods. The effect of dexamethasone (100 nM) on CAT expression
was analyzed by transient transfection of human HepG2 hepatoma cells as
described in Materials and Methods.
b
Means 6 standard deviations of four transfections for each construct.
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core PEPCK IRS could interfere with both C/EBP and HNF-3
binding or transactivation potential (Fig. 12).
Nakajima et al. (33) recently demonstrated that NF-IL6, the
human homolog of C/EBPb, is phosphorylated and activated
by ras-dependent mitogen-activated protein (MAP) kinases.
The phosphorylation occurs at threonine 235, which corresponds to threonine 189 in rat C/EBPb (33). Interestingly, this
threonine is conserved at position 226 in C/EBPa, along with a
surrounding amino acid sequence that matches the consensus
site for MAP kinase substrates (-Pro-Xaa-Ser/Thr-Pro-) (4). It
is therefore possible that C/EBPa is also phosphorylated by
MAP kinases in vivo. Because insulin is known to activate the
MAP kinase cascade in a ras-dependent manner (for a review,
see reference 73), it is intriguing to speculate that such a
phosphorylation event could be a critical step in the inhibition
of PEPCK gene transcription by insulin (in addition to the
induced binding of a factor to the core IRS motif). Similarly,
although there are currently no published reports documenting
the phosphorylation of HNF-3 by specific protein kinases, experiments with two-dimensional gels suggest that multiple
phosphorylated HNF-3b forms exist in liver nuclear extract
(46).
Although the multihormonal regulation of PEPCK gene expression is similar to that of the IGFBP-1 gene in many respects (29, 30, 39, 52), an exception concerns the effect of
phorbol esters. Phorbol esters, like insulin, inhibit both basal
and glucocorticoid-stimulated PEPCK gene transcription (11).
By contrast, in cultured cell lines phorbol esters stimulate
IGFBP-1 gene expression (28, 60, 69), but it is not clear
whether this effect is dominant over the negative action of
insulin (compare references 60 and 69). Although there is
considerable controversy as to the role of protein kinase C in
insulin action (see references 7 and 16 for a review), it is clear
that a prolonged (16-h) treatment of H4IIE cells with phorbol
esters abolishes the inhibitory effect of a subsequent phorbol
ester treatment on PEPCK gene expression, whereas the effect
of insulin is unaltered (12). Even though such a pretreatment
with phorbol esters is now known to down-regulate only some
protein kinase C family members (7, 16), our previous conclusion that insulin and phorbol esters act through different pathways with regard to PEPCK gene expression is still valid. Surprisingly, we have found that the PEPCK IRS also mediates
the negative effect of phorbol esters on PEPCK gene transcrip-

FIG. 13. Comparison of nuclear extracts prepared from control and insulintreated H4IIE cells. H4IIE cells were incubated for 1 h in serum-free media in
the presence or absence of 10 nM insulin. Nuclear extracts were then prepared
as described in Materials and Methods. A gel retardation assay was performed to
analyze DNA binding by proteins in nuclear extracts obtained from control
(lanes C) or insulin-treated (lanes I) cells. Protein binding to the labeled PEPCK
IRS and IGFBP-1 IRS was analyzed in the presence of poly(dI-dC) z poly(dI-dC)
or poly(dG-dC) z poly(dG-dC) as the nonspecific competitor, respectively.

tion, so, even though insulin and phorbol esters initially activate different pathways, their actions converge at this point
(38). Thus, the PEPCK IRS is actually a combined IRS-phorbol ester response sequence. We speculate that C/EBPa
and/or p20-C/IBP might also mediate the negative effect of
phorbol esters on the PEPCK gene. Interestingly, in vivo stimulation of the protein kinase C pathway by phorbol esters
increases the phosphorylation of serine 105 within the C/EBPb
activation domain (67). This phosphorylation is not directly
catalyzed by protein kinase C itself but appears to be mediated
by an unidentified kinase. The best candidate substrate for
such a phosphorylation may be the p20-C/IBP protein, since
the relevant serine is not conserved in C/EBPa. It should be
noted that the effect of phorbol esters on IGFBP-1 gene expression is somewhat unusual; Lee et al. (28) speculated that
protein kinase C activity tonically inhibits IGFBP-1 gene expression and that the mechanism of phorbol ester stimulation
is through protein kinase C down-regulation.
IRSs/IREs that have sequences apparently distinct from that
of the PEPCK and IGFBP-1 IRSs have recently been identified in a number of other genes (2, 6, 23, 32, 35, 47, 48, 57, 58,
65). In most cases, relatively little is known about the proteins
that bind them. Exceptions are the IRSs/IREs identified in the
promoters of the genes encoding glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and L-type pyruvate kinase (6, 35,
65). Nasrin et al. (34) used an expression screening approach
to clone a protein that binds to the 39 domain of the GAPDH
IRE. The sequence specificity of this factor overlaps that of an
adipocyte nuclear protein, IRP-A, that binds the core IRE
defined in the GAPDH promoter (3). In contrast with the
GAPDH IRE, the pattern of binding to the labeled PEPCK
IRS does not change when nuclear extracts are prepared from
H4IIE cells treated with or without insulin (35) (Fig. 13).
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FIG. 12. Proposed mechanism of insulin action through the PEPCK and
IGFBP-1 IRSs. On the basis of the data presented in this paper, we postulate that
insulin may inhibit glucocorticoid-induced IGFBP-1 and PEPCK gene transcription by inhibiting the binding and/or transactivation potential of HNF-3 (IGFBP-1) or HNF-3 and/or C/EBP (PEPCK). An insulin response factor (IRF) is
postulated to bind the IRS core motif(s) in each gene in response to insulin
treatment, perhaps through a phosphorylation-dephosphorylation-dependent
mechanism (see text). The identification of the putative IRS core motif is described in the text. The locations of the HNF-3 binding sites are based on gel
retardation studies and on comparisons with the HNF-3 consensus sequence
(45), whereas the C/EBP binding site was identified by a DNase I footprint
analysis (43).

VOL. 15, 1995

HNF-3 AND HORMONE-REGULATED GENE EXPRESSION

5.

6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.

18.

19.

20.

ACKNOWLEDGMENTS
We thank J. Darnell and V. Prezioso for the generous gift of HNF-3
antibodies, S. L. McKnight for the C/EBP cDNAs, Cathy Caldwell for
her assistance with tissue culture, Deborah Caplenor for preparing the
manuscript, and Hiroshi Sasaki, Brigid L. M. Hogan, Terry Unterman,
and Robert Costa for discussions of work not yet published.
The work discussed in this paper was supported by HHS grants
DK35107 and DK07347 (P.L.), an American Diabetes Association
mentor-based fellowship (T.Y. and D.K.G.), a National Science Foundation Minority Postdoctoral Research Fellowship (E.L.N.), NIDDKD grant DK20593 to the Vanderbilt Diabetes Research and Training Center (D.K.G.), and National Institute of Diabetes and Digestive
and Kidney Diseases grant DK38773 (D.R.P.).
REFERENCES
1. Aggerbeck, M., M. Garlatti, S. Feilleux-Duche, C. Veyssier, M. Daheshia, J.
Hanoune, and R. Barouki. 1993. Regulation of the cytosolic aspartate aminotransferase housekeeping gene promoter by glucocorticoids, cAMP, and
insulin. Biochemistry 32:9065–9072.
2. Alemany, J., T. Borras, and F. de Pablo. 1990. Transcriptional stimulation
of the d1-crystallin gene by insulin-like growth factor I and insulin requires DNA cis elements in chicken. Proc. Natl. Acad. Sci. USA 87:3353–
3357.
3. Alexander-Bridges, M., L. Ercolani, X. F. Kong, and N. Nasrin. 1992. Identification of a core motif that is recognized by three members of the HMG
class of transcriptional regulators: IRE-ABP, SRY, and TCF-1a. J. Cell.
Biochem. 48:129–135.
4. Alverez, E., I. C. Northwood, F. A. Gonzalez, D. A. Latour, A. Seth, C. Abate,

21.

22.

23.

24.

25.

26.

27.

28.

29.

T. Curran, and R. J. Davis. 1991. Pro-Leu-Ser/Thr-Pro is a consensus primary sequence for substrate protein phosphorylation. J. Biol. Chem. 266:
15277–15285.
Angervo, M., P. Leinonen, R. Koistinen, M. Julkunen, and M. Seppala. 1993.
Triiodothyronine and cycloheximide enhance insulin-like growth factorbinding protein-1 gene expression in human hepatoma cells. J. Mol. Endocrinol. 10:7–13.
Bergot, M.-O., M.-J. M. Diaz-Guerra, N. Puzenat, M. Raymondjean, and A.
Kahn. 1992. cis-regulation of the L-type pyruvate kinase gene promoter by
glucose, insulin and cyclic AMP. Nucleic Acids Res. 20:1871–1878.
Blackshear, P. J., D. M. Haupt, and D. J. Stumpo. 1991. Insulin activation of
protein kinase C: a reassessment. J. Biol. Chem. 266:10946–10952.
Carmichael, D., and J. Koontz. 1992. Insulin-responsive tyrosine aminotransferase transcription requires multiple promoter regions. Biochem. Biophys. Res. Commun. 187:778–782.
Chomczynski, P., P. Qasba, and Y. J. Topper. 1984. Essential role of insulin
in transcription of the rat 25,000 molecular weight casein gene. Science
226:1326–1328.
Chu, D. T. W., C. M. Davis, N. B. Chrapkiewicz, and D. K. Granner. 1988.
Reciprocal regulation of gene transcription by insulin. J. Biol. Chem. 263:
13007–13011.
Chu, D. T. W., and D. K. Granner. 1986. The effect of phorbol esters and
diacylglycerol on expression of the phosphoenolpyruvate carboxykinase
(GTP) gene in rat hepatoma H4IIE cells. J. Biol. Chem. 261:16848–16853.
Chu, D. T. W., D. J. Stumpo, P. J. Blackshear, and D. K. Granner. 1987. The
inhibition of phosphoenolpyruvate carboxykinase (guanosine triphosphate)
gene expression by insulin is not mediated by protein kinase C. Mol. Endocrinol. 1:53–59.
Descombes, P., and U. Schibler. 1991. A liver-enriched transcriptional activator protein, LAP, and a transcriptional inhibitory protein, LIP, are translated from the same mRNA. Cell 67:569–579.
Diaz Guerra, M.-J. M., M.-O. Bergot, A. Martinez, M.-H. Cuif, A. Kahn, and
M. Raymondjean. 1993. Functional characterization of the L-type pyruvate
kinase gene glucose response complex. Mol. Cell. Biol. 13:7725–7733.
Exton, J. H. 1991. Some thoughts on the mechanism of action of insulin.
Diabetes 40:521–526.
Farese, R. V., and D. R. Cooper. 1989. Potential role of phospholipidsignaling systems in insulin action and states of clinical insulin resistance.
Diabetes Metab. Rev. 5:455–474.
Forest, C. D., R. M. O’Brien, P. C. Lucas, M. A. Magnuson, and D. K.
Granner. 1990. Regulation of phosphoenolpyruvate carboxykinase by insulin. Use of the stable transfection approach to locate an insulin responsive
sequence. Mol. Endocrinol. 4:1302–1310.
Goswami, R., R. Lacson, E. Yang, R. Sam, and T. Unterman. 1994. Functional
analysis of glucocorticoid and insulin response sequences in the rat insulin-like
growth factor-binding protein-1 promoter. Endocrinology 134:736–743.
Grange, T., J. Roux, G. Rigaud, and R. Pictet. 1991. Cell-type specific activity
of two glucocorticoid responsive units of rat tyrosine aminotransferase gene
is associated with multiple binding sites for C/EBP and a novel liver-specific
nuclear factor. Nucleic Acids Res. 19:131–139.
Granner, D., T. Andreone, K. Sasaki, and E. Beale. 1983. Inhibition of
transcription of the phosphoenolpyruvate carboxykinase gene by insulin.
Nature (London) 305:549–551.
Husson, A., S. Renouf, A. Fairand, C. Buquet, M. Benamar, and R. Vaillant.
1990. Expression of argininosuccinate lyase mRNA in foetal hepatocytes.
Regulation by glucocorticoids and insulin. Eur. J. Biochem. 192:677–681.
Imai, E., P.-E. Stromstedt, P. G. Quinn, J. Carlstedt-Duke, J.-Å. Gustafsson,
and D. K. Granner. 1990. Characterization of a complex glucocorticoid
response unit in the phosphoenolpyruvate carboxykinase gene. Mol. Cell.
Biol. 10:4712–4719.
Johnson, T. M., M. P. Rosenberg, and M. H. Meisler. 1993. An insulinresponsive element in the pancreatic enhancer of the amylase gene. J. Biol.
Chem. 268:464–468.
Kim, S.-J., and C. R. Kahn. 1994. Insulin stimulates phosphorylation of
c-Jun, c-Fos, and Fos-related proteins in cultured adipocytes. J. Biol. Chem.
269:11887–11892.
Lai, E., K. L. Clark, S. K. Burley, and J. E. Darnell, Jr. 1993. Hepatocyte
nuclear factor 3/fork head or ‘‘winged helix’’ proteins: a family of transcription factors of diverse biologic function. Proc. Natl. Acad. Sci. USA 90:
10421–10423.
Lai, E., V. R. Prezioso, E. Smith, O. Litvin, R. H. Costa, and J. E. Darnell,
Jr. 1990. HNF-3A, a hepatocyte-enriched transcription factor of novel structure, is regulated transcriptionally. Genes Dev. 4:1427–1436.
Lamb, P., and S. L. McKnight. 1991. Diversity and specificity in transcriptional regulation: the benefits of heterotypic dimerization. Trends Biochem.
Sci. 16:417–422.
Lee, P. D. K., L. S. Abdel-Maguid, and M. B. Snuggs. 1992. Role of protein
kinase-C in regulation of insulin-like growth factor-binding protein-1 production by HepG2 cells. J. Clin. Endocrinol. Metab. 75:459–464.
Lee, P. D. K., C. A. Conover, and D. R. Powell. 1993. Regulation and function
of insulin-like growth factor-binding protein-1. Proc. Soc. Exp. Biol. Med.
204:4–29.

Downloaded from http://mcb.asm.org/ on May 18, 2021 by guest

Moreover, since the GAPDH IRE differs markedly from the
PEPCK IRS, the nuclear factors that bind the PEPCK IRS and
the GAPDH IRE are probably not identical. The regulation of
transcription of the L-type pyruvate kinase gene by insulin
differs from that of PEPCK in that the stimulatory action of
insulin on the former is dependent on the presence of glucose
(6, 65). A combined IRE-glucose response element in the
pyruvate kinase promoter binds the transcription factor
MLTF/USF (14, 71); however, whether insulin alters the binding or transactivation capability of MLTF/USF is unknown (14,
71). The studies of Wakao and colleagues on the regulation of
b-casein gene expression are also of considerable interest with
regard to insulin-regulated gene expression (see reference 72
and references therein). It had been previously shown that a
combination of insulin, prolactin, and glucocorticoids is required for the stimulation of casein gene transcription in mammary gland explants; omission of insulin reduces casein gene
transcription to undetectable levels (9). Wakao et al. purified
and cloned a protein called mammary gland factor (MGF) that
is essential for b-casein gene expression and showed that prolactin stimulates MGF binding to DNA, probably by inducing
the phosphorylation of MGF on tyrosine residues (72). Although insulin also stimulates the tyrosyl phosphorylation of
nuclear proteins (24), the connection between MGF and the
mechanism of insulin action on b-casein gene expression is as
yet unknown.
From the data reported in this paper, it is apparent that
insulin could interfere with HNF-3a and -b binding or transactivation potential to mediate its negative effect on glucocorticoid-induced PEPCK and IGFBP-1 gene transcription. The
putative insulin response factor that binds the IRS core motif
in both genes remains to be identified. However, it is becoming
increasingly apparent that the high degree of specificity of gene
activation through the use of a relatively small number of
transcription factors is achieved through the assembly of stereospecific nucleoprotein complexes (see reference 66 for a
review). Thus, we hope that ongoing studies analyzing the
binding of proteins to the IRS in the context of larger promoter
fragments may ultimately lead to the identification of the insulin response factor.

1757

1758

O’BRIEN ET AL.

51. Rahmsdorf, J. H., and P. Herrlich. 1990. Regulation of gene expression by
tumor promoters. Pharmacol. Ther. 48:157–188.
52. Rechler, M. M. 1993. Insulin-like growth factor binding proteins. Vitam.
Horm. 47:1–114.
53. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.
54. Sasaki, K., T. P. Cripe, S. R. Koch, T. L. Andreone, D. D. Petersen, E. G.
Beale, and D. K. Granner. 1984. Multihormonal regulation of phosphoenolpyruvate carboxykinase gene transcription. J. Biol. Chem. 259:15242–15251.
55. Sasaki, K., and D. K. Granner. 1988. Regulation of phosphoenolpyruvate
carboxykinase gene transcription by insulin and cAMP: reciprocal actions on
initiation and elongation. Proc. Natl. Acad. Sci. USA 85:2954–2958.
56. Shapiro, D. J., P. A. Sharp, W. W. Wahli, and M. J. Keller. 1988. A highefficiency HeLa cell nuclear transcription extract. DNA 7:47–55.
57. Stanley, F. M. 1992. An element in the prolactin promoter mediates the
stimulatory effect of insulin on transcription of the prolactin gene. J. Biol.
Chem. 267:16719–16726.
58. Stumpo, D. J., T. N. Stewart, M. Z. Gilman, and P. J. Blackshear. 1988.
Identification of c-fos sequences involved in induction by insulin and phorbol
esters. J. Biol. Chem. 263:1611–1614.
59. Sudhof, T. C., D. W. Russell, M. S. Brown, and J. L. Goldstein. 1987. 42 bp
element from LDL receptor gene confers end-product repression by sterols
when inserted into viral TK promoter. Cell 48:1061–1069.
60. Suh, D.-S., G. T. Ooi, and M. M. Rechler. 1994. Identification of cis-elements
mediating the stimulation of rat insulin-like growth factor binding protein-1
promoter activity by dexamethasone, cyclic AMP and phorbol esters, and
inhibition by insulin. Mol. Endocrinol. 8:794–805.
61. Suwanichkul, A., S. V. Allander, and D. R. Powell. Unpublished observations.
62. Suwanichkul, A., M. L. Cubbage, and D. R. Powell. 1990. The promoter of
the human gene for insulin-like growth factor binding protein-1. J. Biol.
Chem. 265:21185–21193.
63. Suwanichkul, A., S. L. Morris, S. V. Allander, and D. R. Powell. 1994.
Glucocorticoids and insulin regulate expression of the human gene for insulin-like growth factor binding protein-1 through proximal promoter elements. J. Biol. Chem. 269:30835–30841.
64. Suwanichkul, A., S. L. Morris, and D. R. Powell. 1993. Identification of an
insulin-responsive element in the promoter of the human gene for insulinlike growth factor binding protein-1. J. Biol. Chem. 268:17063–17068.
65. Thompson, K. S., and H. C. Towle. 1991. Localization of the carbohydrate
response element of the rat L-type pyruvate kinase gene. J. Biol. Chem.
266:8679–8682.
66. Tjian, R., and T. Maniatis. 1994. Transcriptional activation: a complex puzzle with few easy pieces. Cell 77:5–8.
67. Trautwein, C., C. Caelles, P. van der Geer, T. Hunter, M. Karin, and M.
Chojkier. 1993. Transactivation by NF-IL6/LAP is enhanced by phosphorylation of its activation domain. Nature (London) 364:544–547.
68. Unterman, T. G., A. Fareeduddin, M. A. Harris, R. G. Goswami, A. Porcella,
R. H. Costa, and R. G. Lacson. 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.
69. Unterman, T. G., R. G. Lacson, J. J. Jentel, and D. T. Oehler. 1992. Divergent effects of phorbol esters and insulin on insulin-like growth factor binding protein-1 (IGFBP-1) production and mRNA in rat H4IIE hepatoma
cells. Biochem. Biophys. Res. Commun. 182:262–268.
70. Unterman, T. G., D. T. Oehler, L. J. Murphy, and R. G. Lacson. 1991.
Multihormonal regulation of insulin-like growth factor-binding protein-1 in
rat H4IIE hepatoma cells: the dominant role of insulin. Endocrinology
128:2693–2701.
71. Vaulont, S., N. Puzenat, F. Levrat, M. Cognet, A. Kahn, and M. Raymondjean. 1989. Proteins binding to the liver-specific pyruvate kinase gene promoter. J. Mol. Biol. 209:205–219.
72. Wakao, H., F. Gouilleux, and B. Groner. 1994. Mammary gland factor
(MGF) is a novel member of the cytokine regulated transcription factor gene
family and confers the prolactin response. EMBO J. 13:2182–2191.
73. White, M. F., and C.-R. Kahn. 1994. The insulin signaling system. J. Biol.
Chem. 269:1–4.

Downloaded from http://mcb.asm.org/ on May 18, 2021 by guest

30. Liu, J., and R. W. Hanson. 1991. Regulation of phosphoenolpyruvate carboxykinase (GTP) gene transcription. Mol. Cell. Biochem. 104:89–100.
31. Mitchell, J., E. Noisin, R. Hall, R. O’Brien, E. Imai, and D. K. Granner.
1994. Integration of multiple signals through a complex hormone response
unit in the phosphoenolpyruvate carboxykinase gene promoter. Mol. Endocrinol. 8:585–594.
32. Moustaid, N., R. S. Beyer, and H. S. Sul. 1994. Identification of an insulin
response element in the fatty acid synthase promoter. J. Biol. Chem. 269:
5629–5634.
33. Nakajima, T., S. Kinoshita, T. Sasagawa, K. Sasaki, M. Naruto, T. Kishimoto, and S. Akira. 1993. Phosphorylation at threonine-235 by a ras-dependent mitogen-activated protein kinase cascade is essential for transcription
factor NF-IL6. Proc. Natl. Acad. Sci. USA 90:2207–2211.
34. Nasrin, N., C. Buggs, X. F. Kong, J. Carnazza, M. Goebl, and M. AlexanderBridges. 1991. DNA-binding properties of the product of the testis-determining gene and a related protein. Nature (London) 354:317–320.
35. Nasrin, N., L. Ercolani, M. Denaro, X. F. Kong, I. Kang, and M. Alexander.
1990. An insulin response element in the glyceraldehyde-3-phosphate dehydrogenase gene binds a nuclear protein induced by insulin in cultured cells
and by nutritional manipulations in vivo. Proc. Natl. Acad. Sci. USA 87:
5273–5277.
36. Nitsch, D., M. Boshart, and G. Schutz. 1993. Activation of the tyrosine
aminotransferase gene is dependent on synergy between liver-specific and
hormone-responsive elements. Proc. Natl. Acad. Sci. USA 90:5479–5483.
37. Nitsch, D., and G. Schutz. 1993. The distal enhancer implicated in the
developmental regulation of the tyrosine aminotransferase gene is bound by
liver-specific and ubiquitous factors. Mol. Cell. Biol. 13:4494–4504.
38. O’Brien, R. M., M. T. Bonovich, C. D. Forest, and D. K. Granner. 1991.
Signal transduction convergence: phorbol esters and insulin inhibit phosphoenolpyruvate carboxykinase gene transcription through the same 10base-pair sequence. Proc. Natl. Acad. Sci. USA 88:6580–6584.
39. O’Brien, R. M., and D. K. Granner. 1991. Regulation of gene expression by
insulin. Biochem. J. 278:609–619.
40. O’Brien, R. M., P. C. Lucas, C. D. Forest, M. A. Magnuson, and D. K.
Granner. 1990. Identification of a sequence in the PEPCK gene that mediates a negative effect of insulin on transcription. Science 249:533–537.
41. O’Brien, R. M., P. C. Lucas, T. Yamasaki, E. L. Noisin, and D. K. Granner.
1994. Potential convergence of insulin and cAMP signal transduction systems at the phosphoenolpyruvate carboxykinase (PEPCK) gene promoter
through C/EBP. J. Biol. Chem. 269:30419–30428.
42. O’Brien, R. M., E. L. Noisin, and D. K. Granner. 1994. Comparison of the
effects of insulin and okadaic acid on phosphoenolpyruvate carboxykinase
gene expression. Biochem. J. 303:737–742.
43. O’Brien, R. M., T. Yamasaki, E. Imai, B. Robey, and D. K. Granner. Unpublished observations.
44. Orlowski, C. C., G. T. Ooi, D. R. Brown, Y. W.-H. Yang, L. Y.-H. Tseng, and
M. D. Rechler. 1991. Insulin rapidly inhibits insulin-like growth factor-binding protein-1 gene expression in H4IIE rat hepatoma cells. Mol. Endocrinol.
5:1180–1187.
45. Overdier, D. G., A. Porcella, and R. H. Costa. 1994. The DNA-binding
specificity of the hepatocyte nuclear factor 3/forkhead domain is influenced
by amino acid residues adjacent to the recognition helix. Mol. Cell. Biol.
14:2755–2766.
46. Pani, L., D. G. Overdier, A. Porcella, X. Qian, E. Lai, and R. H. Costa. 1992.
Hepatocyte nuclear factor 3b contains two transcriptional activation domains, one of which is novel and conserved with the Drosophila fork head
protein. Mol. Cell. Biol. 12:3723–3732.
47. Park, K., and K.-H. Kim. 1991. Regulation of acetyl-CoA carboxylase gene
expression. J. Biol. Chem. 266:12249–12256.
48. Philippe, J. 1991. Insulin regulation of the glucagon gene is mediated by an
insulin-responsive DNA element. Proc. Natl. Acad. Sci. USA 88:7224–7227.
49. Powell, D. R., A. Suwanichkul, M. L. Cubbage, L. A. DePaolis, M. B. Snuggs,
and P. D. K. Lee. 1991. Insulin inhibits transcription of the human gene for
insulin-like growth factor-binding protein-1. J. Biol. Chem. 266:18868–
18876.
50. Quinn, P. G., and D. K. Granner. 1990. Cyclic AMP-dependent protein
kinase regulates transcription of the phosphoenolpyruvate carboxykinase
gene but not binding of nuclear factors to the cyclic AMP regulatory element. Mol. Cell. Biol. 10:3357–3364.

MOL. CELL. BIOL.

