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Recent data indicate that sustained elevations in plasma insulin
suppress the mRNA for IRS-2, a component of the insulin signaling
pathway in liver, and that this deficiency contributes to hepatic
insulin resistance and inappropriate gluconeogenesis. Here, we use
nuclear run-on assays to show that insulin inhibits transcription of
the IRS-2 gene in the livers of intact rats. Insulin also inhibited
transcription of a reporter gene driven by the human IRS-2 pro-
moter that was transfected into freshly isolated rat hepatocytes.
The human promoter contains a heptanucleotide sequence,
TGTTTTG, that is identical to the insulin response element (IRE)
identified previously in the promoters of insulin-repressed genes.
Single base pair substitutions in this IRE decreased transcription of
the IRS-2-driven reporter in the absence of insulin and abolished
insulin-mediated repression. We conclude that insulin represses
transcription of the IRS-2 gene by blocking the action of a positive
factor that binds to the IRE. Sustained repression of IRS-2, as occurs
in chronic hyperinsulinemia, contributes to hepatic insulin resis-
tance and accelerates the development of the diabetic state.
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he ingestion of a glucose-containing meal induces the pan-

creas to secrete insulin, which suppresses the synthesis of
glucose by the liver and its release into the circulation, thereby
preventing hyperglycemia. In insulin-resistant states, insulin no
longer suppresses hepatic gluconeogenesis, and the consequent
glucose overproduction contributes to hyperglycemia and dia-
betes mellitus (1). Recent insights into the mechanism of hepatic
insulin resistance emerged from observations in two mouse
models, ob/ob and lipodystrophic mice, both of which manifest
hyperglycemia and hyperinsulinemia caused by deficiencies of
the adipocyte-derived hormone leptin. In both of these insulin-
resistant states, the liver exhibited a marked reduction in IRS-2,
an intracellular signaling protein that is phosphorylated by the
insulin receptor in response to insulin (2). Phosphorylated IRS-2
binds and activates phosphatidylinositol 3-kinase (PI3K),
thereby triggering a signaling cascade that is responsible for
many actions of insulin (3). The importance of IRS-2 in the liver
was established earlier by the observation that mice with a
genetic deficiency of IRS-2 manifest enhanced hepatic glucone-
ogenesis and a resistance to insulin-mediated suppression of
hepatic glucose output (4, 5).

In the ob/ob and lipodystrophic mice, the down-regulation of
hepatic IRS-2 protein was attributed to a down-regulation of
IRS-2 mRNA in response to chronic hyperinsulinemia (2). This
conclusion was supported by experiments with freshly isolated
rat hepatocytes. When these cells were isolated initially, they
contained relatively high levels of IRS-2 mRNA. However, when
the cells were incubated with high concentrations of insulin for
12 h, the amount of IRS-2 mRNA fell markedly. The resultant
deficiency of IRS-2 protein was correlated with a failure of
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insulin to activate PI3K to a normal extent, and this loss led to
a marked reduction in the phosphorylation and activation of Akt
(also called protein kinase B), a crucial downstream kinase
whose activity is stimulated indirectly by PI3K (3, 6). The
hypothesis that chronic hyperinsulinemia suppresses IRS-2
mRNA was supported by the observation that hepatic IRS-2
levels rose when plasma insulin levels fell upon treatment of the
ob/ob and lipodystrophic mice with leptin. The rise in IRS-2
mRNA and protein was associated with a restoration of the
normal ability of insulin to suppress acutely the enzymes of
gluconeogenesis (2, 7).

The question arises as to whether insulin suppresses hepatic
IRS-2 by the same mechanism by which it suppresses other genes
in this organ. Among the insulin-repressed genes in liver, the
most well studied is the gene encoding phosphoenolpyruvate
carboxykinase (PEPCK), an enzyme of gluconeogenesis (8).
Extensive studies by Granner and coworkers (9, 10) have iden-
tified a heptanucleotide (TGTTTTG) in the enhancer region of
this gene that serves as an insulin response element (IRE).
Similar, but not identical, sequences have been identified in
other insulin-repressed genes, including insulin-like growth fac-
tor-binding protein-1 (IGFBP-1), tyrosine aminotransferase,
glucose-6-phosphatase, apolipoprotein C III, and aspartate ami-
notransferase [see Hall ef al. (9) for references]. In the PEPCK
gene, the IRE appears to be a binding site for a positive
transcription factor that is activated by glucocorticoids. In the
presence of insulin, this positive factor no longer acts, and
transcription is reduced. Several candidates for this insulin-
sensitive factor have been proposed, including members of the
forkhead /winged-helix family, such as FKHR and FKHRL1 (9,
11-13). However, to date, none of these proteins has been shown
to bind to the heptanucleotide in vitro with the same specificity
as that required for insulin-sensitive activation in vivo (9).

In the current studies, we use nuclear run-on assays to confirm
that insulin inhibits transcription of the IRS-2 gene in rat liver.
We identify a heptanucleotide sequence (TGTTTTG) in the 5’
flanking region of the human IRS-2 gene that is a perfect match
with the IRE of the PEPCK gene, and we use reporter gene
assays to show that this sequence is required for insulin-mediated
repression of IRS-2 gene transcription in hepatocytes. These
results provide a potential mechanism for the insulin-mediated
repression of the IRS-2 gene and thereby help to explain the
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hepatic insulin resistance that accompanies the sustained hyper-
insulinemia of type 2 diabetes and lipodystrophy.

Materials and Methods

Reagents. We obtained DMEM (catalog no. 11885-084) from
GIBCO/BRL; dexamethasone from Biomol (Plymouth Meet-
ing, PA); and bovine insulin from Sigma. Lipoprotein-deficient
serum (density > 1.215 g/ml) was prepared by ultracentrifuga-
tion as described (14).

Nuclear Run-On Assay. This assay was carried out with rat liver
nuclei according to a modification of a previously described
procedure (15, 16). Briefly, liver tissue (=3 g) was homogenized
with a Dounce homogenizer in 30 ml of buffer A [10 mM Hepes,
pH 7.4/60 mM KCl/2 M sucrose/10% (vol/vol) glycerol/1
mM DTT/10 mM sodium EDTA/15 mM spermine /0.5 mM
spermidine]. The homogenate was layered over a 10-ml cushion
of buffer A in ultra-clear tubes and centrifuged at 24,000 rpm at
4°C for 40 min in a Sorvall AH629 rotor. The resulting pellet was
resuspended in 2 ml of buffer B (75 mM Hepes, pH 7.5/40%
glycerol /60 mM KCl/5 mM MgCl,/0.1 mM sodium EDTA /0.5
mM spermine/1 mM spermidine /0.5 mM DTT). Aliquots of
the isolated nuclei (0.2 ml; 50 A0 units/ml) were frozen in
liquid nitrogen and stored at —80°C until use.

For the run-on assay, each 0.2-ml aliquot of nuclei was washed
twice by centrifugation in buffer C (20 mM Tris-chloride, pH
8.0/20% glycerol /0.14 M KCl/10 mM MgCl,/1 mM MnCl, /14
mM 2-mercaptoethanol). Each reaction mixture contained the
following components in a final volume of 0.3 ml: 0.2 ml of
washed rat liver nuclei in buffer C, 10 uM creatine phosphate,
16 units/ml creatine kinase, 0.5 mM CTP, 0.5 mM GTP, 1 mM
ATP, 0.1 uM UTP, and 100 uCi of [a-**P]JUTP (800 Ci/mmol;
Amersham Pharmacia). After incubation for 20 min at 26°C,
labeled nascent RNA transcripts were extracted with phe-
nol/chloroform, and aliquots of the extracted RNA (=8 X 10°
cpm) were hybridized at 42°C for 72 h to nitrocellulose mem-
branes containing linearized cDNAs for rat fatty acid synthase
(7.2 kb), rat PEPCK (2.26 kb), mouse IRS-1 (3.7 kb), mouse
IRS-2 (4.0 kb), rat sterol regulatory element-binding protein-1
(SREBP-1) (3.4 kb), and rat cyclophilin (750 bp). The IRS-2 and
IRS-1 ¢cDNAs were kindly provided by Takashi Kadowaki
(Tokyo University, Tokyo) and Ryutaro Komuro (University of
Texas Southwestern Medical Center, Dallas), respectively. All
other cDNAs were cloned by PCR using cDNA libraries from rat
liver as the template and oligonucleotide primers that were
designed from published sequences. All cDNAs were subcloned
into pCRII vector (Invitrogen).

IRS-2 Promoter—Reporter Constructs. The human IRS-2 promoter
(base pairs —1051 to —116, relative to the translation start site) (17)
was amplified from the genomic clone BACH-222ES8, which was
obtained from a human bacterial artificial chromosome library
(Incyte Genomics, St. Louis). PCR was carried out with the
following primers: 5’ primer, 5'-TACGGCATTGACGGTAC-
CCCGCCCATGCTTCCACTGCAAGGCC-3', and 3’ primer, 5'-
TGAGTCAATGCGTACGGTACCATCACGCGTCCCTCGG
GCCCAGGCGGT-3' (17). The resulting PCR product was cloned
into pCR2.1 by using the TOPO PCR TA Cloning Kit (Invitrogen)
and designated pCR2.1-IRS2. The entire IRS-2 promoter fragment
was excised from pCR2.1-IRS2 with HindIII and X#hol and ligated
into the pGL3-Basic Luciferase Vector (Promega). The resulting
plasmid was designated pIRS2-Luciferase(wt). A mutant pIRS2-
Luciferase plasmid containing three base pair substitutions in the
IRE sequence was constructed by using pIRS2-Luciferase(wt) as a
template and the QuickChange Site-Directed Mutagenesis Kit
(Stratagene). In this mutant, designated pIRS-Luciferase(mut-
3bp), the first, third, and fifth nucleotides spanning base pairs —574
to —568 in the IRS-2 promoter were changed from 5'-
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TGTTTTG-3' to 5'-AGATCTG-3'. Plasmids containing single base
pair substitutions in the IRE sequence of pIRS2-Luciferase were
also constructed from pIRS2-Luciferase(wt) by using the Quick-
Change Site-Directed Mutagenesis Kit. The integrity of all plasmids
was verified by DNA sequencing.

Primary Rat Hepatocytes. Male Sprague—Dawley rats (200-250 g;
obtained from Harlan Breeders, Indianapolis) were housed in
colony cages, maintained on a 12-h light /12-h dark cycle, and fed
Teklad 4% Mouse /Rat Diet no. 7001 (Harlan Teklad, Madison,
WI). Nonfasted rats were killed at the beginning of the dark
cycle, and primary hepatocytes were isolated by the collagenase
method as described (18, 19) with the following minor modifi-
cations. After perfusion and collagenase digestion, the liver was
removed, and the dissociated cells were dispersed by shaking.
The cells were filtered at 4°C through gauze into an equal volume
of ice-cold medium A [DMEM supplemented with 5% (vol/vol)
newborn calf lipoprotein-deficient serum, 100 units/ml sodium
penicillin, and 100 ug/ml streptomycin sulfate]. The hepato-
cytes were pelleted by centrifugation and washed twice at 4°C
with the same buffer. Aliquots of 1.2 X 10° cells were plated onto
60-mm mouse collagen IV-coated dishes (Fisher Scientific;
catalog no. 08-774-32). The cells were incubated at 37°C in 5%
CO; in medium A for 16 h before transfection.

Plasmid Transfections and Assays of Luciferase and Alkaline Phospha-
tase. For all studies, duplicate dishes of hepatocytes were placed
in serum-free RPMI medium 1640 supplemented with 100
units/ml penicillin and 100 ug/ml streptomycin sulfate and
cotransfected with 3 ug per dish of the wild-type or mutant
pIRS2-Luciferase plasmid and 0.1 pg per dish of a control
pCMV-SEAP plasmid encoding human placental alkaline phos-
phatase (Tropix, Bedford, MA) by using Fugene 6 (Roche
Molecular Biochemicals).

After transfection, cells and medium were harvested for
measurement of luciferase (20) and alkaline phosphatase (21)
activities, respectively, as described in the indicated reference.
Luciferase activity of cell extracts was measured with the Lu-
ciferase Assay Kit (Promega) according to the manufacturer’s
protocol. Photon production was detected as relative light units
by using an Optima II luminometer (MGM Instruments, Ham-
den, CT). The amount of luciferase activity in transfected cell
extracts (relative light units) was normalized to the amount of
alkaline phosphatase activity measured in the medium from the
same dish of transfected cells (see below).

Alkaline phosphatase activity in the medium was measured by
using the Phospha-Light Chemiluminescent Reporter Gene
Assay System (Tropix). From each dish of cells, 0.5 ml of medium
was centrifuged at 15,000 X g for 15 min at 4°C. Duplicate
aliquots of the supernatant (33 ul) were each mixed with 0.1 ml
of 1X dilution buffer, incubated at 65°C for 30 min to inactivate
nonplacental alkaline phosphatase, and assayed for placental
alkaline phosphatase activity according to the manufacturer’s
instructions. Chemiluminescence was quantified with an Optima
II luminometer.

Results

Fig. 1 shows the results of a nuclear run-on assay designed to
measure the effects of insulin on the relative rates of transcrip-
tion of IRS-2 and other genes in rat liver. The animals were
rendered insulin-deficient by treatment with streptozotocin,
which destroys the insulin-secreting cells of the pancreas (19, 22).
After 36 h, one group was treated with insulin s.c., and the other
group received only vehicle. After an additional 6 h, during which
time food was withheld, the animals were Kkilled, and the liver
nuclei were isolated and incubated with [a-3*P]JUTP. The labeled
transcripts were hybridized to various cDNA probes that had
been immobilized on nitrocellulose and then visualized by
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Fig. 1. Insulin-mediated inhibition of IRS-2 gene transcription in rat liver.
Nuclear run-on assays of nascent 32P-labeled RNA transcripts were performed
with nuclei isolated from the livers of streptozotocin-treated rats that were
injected s.c. with or without insulin as indicated. Male Sprague-Dawley rats
were treated with streptozotocin for 36 h and then injected with insulin or
vehicle for 6 h, as described (19). For each experimental group, liver tissue from
three rats was pooled, homogenized, and subjected to nuclear run-on assay,
as described in Materials and Methods. After hybridization with the indicated
cDNA probe, the filters for all probes were exposed to Kodak X-Omat film with
Bio-Max (Kodak) intensifying screens at —80°C for 48 h, except for the PEPCK
probe, which was exposed for 8 h. Relative levels of the transcripts for each
gene were quantified with a Fuji Bio-lmaging analyzer. A blank value corre-
sponding to the vector band was subtracted from all values.

autoradiography. As expected, insulin treatment elevated tran-
scription of the fatty acid synthase gene by nearly 12-fold and
reduced transcription of the PEPCK gene by >90%. The tran-
scription of IRS-2 was also reduced by >85%. The transcription
of IRS-1, the other prominent IRS isoform in liver, was un-
changed by insulin treatment. The transcription rate for
SREBP-1, which represents the sum of the two isoforms
SREBP-1a and SREBP-1c, was elevated by 3-fold. As an internal
control, we measured the transcription of cyclophilin, which was
unaffected by insulin.

Inspection of the 5’ flanking region of the mouse IRS-2 gene
revealed the heptanucleotide TGTTTTG at position —1571 to
—1565 relative to the translation start site (23) (Fig. 2). The same
sequence is present in the human IRS-2 at position —574 to —568

Rat PEPCK CACAGCTGTGGTGTTTTGACAACCAGACG 73910711
Mouse IRS-2 GGGCAAGGGTTTGTTTTGTTTACGCATCC -158210-1554
Human IRS-2 GAGTCACATGTTGTTTTGCTCTTCTTAGT -585t0-557
A AC
Fig.2. Putative IRE sequence in promoter region of mouse and human IRS-2

genes as compared with rat PEPCK gene. Nucleotide numbering at the right
refers to the translation start site, where +1is the A of the ATG. Arrows below
the human IRS-2 sequence denote the three base pair changes contained in
the pIRS2-Luciferase(mut-3bp) reporter gene. Mouse IRS-2 sequence is from
Sun et al. (23). Human IRS-2 sequence is from Vagen et al. (17). Rat PEPCK
sequence is from Beale et al. (32).
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Fig. 3. Insulin-mediated inhibition of IRS-2 promoter activity in transfected
rat hepatocytes incubated in the absence (A) and presence (B) of dexameth-
asone. The wild-type construct, pIRS2-Luciferase(wt), contains a ~1-kb frag-
ment corresponding to base pairs —1051 to —116 of the human IRS-2 pro-
moter linked to a luciferase reporter gene. The mutant pIRS2-Luciferase
construct, pIRS2-Luciferase(mut-3bp), contains the same human IRS-2 pro-
moter fragment except that the IRE sequence (base pairs —574 to —568) was
mutated from 5'-TGTTTTG-3' to 5'-AGATCTG-3'. Primary rat hepatocytes were
isolated and plated as described in Materials and Methods. Hepatocytes were
cotransfected with 0.1 ug per dish of the reference reporter plasmid pCMV-
SEAP and 3 pg per dish of either pIRS2-Luciferase(wt) (A) or plIRS2-
Luciferase(mut-3bp) (®) as indicated. After transfection, the cells were
switched from medium A to serum-free RPMI medium 1640 and incubated for
8 h at 37°C, after which the medium was supplemented with the indicated
concentration of insulin in the absence (A) or presence (B) of 5 uM dexameth-
asone. After an additional incubation for 16 h, the cells and medium were
harvested for measurement of luciferase and alkaline phosphatase activities,
respectively. Alkaline phosphatase activity was used as the internal reference
to normalize for transfection efficiency. The value for wild-type plIRS2-
luciferase activity in the absence of insulin was arbitrarily set as 1. Each value
represents the average of duplicate incubations. This experiment was re-
peated three times with similar results.

(17). This heptanucleotide sequence is identical to the IRE that
was identified previously in the rat PEPCK enhancer by Hall ef
al. (9). To determine the function of this sequence in the human
IRS-2 gene, we prepared an expression plasmid in which the 5’
flanking region of the human IRS-2 gene (base pairs —1051 to
—116) drove transcription of a luciferase reporter gene. We also
prepared a mutant version containing transversions in three
nucleotides within this sequence (5'-TGTTTTG-3’' mutated to
5'-AGATCTG-3"). This mutant plasmid was predicted to be
inactive for insulin-regulated transcription based on the prior
studies of Hall et al. (9).

To measure insulin-regulated transcription, we isolated hepato-
cytes from fed rats. After a 16-h preliminary incubation, the
wild-type and mutant plasmids were introduced into the cells by
transfection. We also introduced a control plasmid encoding human
placental alkaline phosphatase driven by the cytomegalovirus
(CMV) promoter. The cells were incubated in serum-free medium
containing various concentrations of insulin for 16 h before harvest
for measurement of luciferase and alkaline phosphatase activities.
The data were corrected for transfection efficiency by dividing the
luciferase activity by the alkaline phosphatase activity. As shown in
Fig. 34, in the absence of insulin, the wild-type IRS-2 promoter
produced higher luciferase activity than the mutant promoter. In
the presence of insulin, the activity of the wild-type promoter was
reduced so that it became equal to the mutant promoter, which was
not affected by insulin. When the cells were incubated with the
glucocorticoid dexamethasone, in the absence of insulin, the activ-
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Fig.4. Time course of insulin-mediated inhibition of IRS-2 promoter activity
in transfected rat hepatocytes. Primary rat hepatocytes were isolated and
plated as described in Materials and Methods. Hepatocytes were cotrans-
fected with pCMV-SEAP plasmids and either pIRS2-Luciferase(wt) (A) or pIRS2-
Luciferase(mut-3bp) (®) as described in the legend to Fig. 3. Six hours after
transfection (zero time for the experiment), the serum-free RPMI medium
1640 in all dishes was supplemented with 5 uM dexamethasone, and the
dishes were incubated an additional 24 h before harvest. Insulin (100 nM) was
added to duplicate dishes at the indicated time before harvest. Luciferase and
alkaline phosphatase activities were measured as described in the legend to
Fig. 3. The value for wild-type plIRS2-Luciferase activity in the absence of
insulin was arbitrarily set as 1. Each value represents the average of duplicate
incubations. This experiment was repeated three times with similar results.

ity of the wild-type promoter was increased slightly (Fig. 3, compare
A with B). This difference was abolished by insulin. Neither
dexamethasone nor insulin had an effect on the mutant promoter.
These data are similar to those of Granner and coworkers (9, 10)
on the PEPCK promoter. They indicate that the IRE in the IRS-2
promoter is a binding site for a positive transcription factor whose
activity is abolished by insulin.

Fig. 4 shows the time course of suppression of IRS-2
promoter activity by insulin as measured with the luciferase
reporter assay in isolated rat hepatocytes. Insulin exerted a
near-complete inhibitory effect when added to the cells 8 h
before harvest. The insulin effect at 16 h was completely
blocked by the inclusion of the PI3K inhibitor wortmannin (1
uM) in the incubation medium (J.Z., J.L.G., and M.S.B.,
unpublished observations).

To further dissect the roles of individual nucleotides of the
heptanucleotide consensus sequence, we prepared a series of
IRS-2-luciferase plasmids with single transversion mutations
in or around the core element. The plasmids were introduced
into fresh hepatocytes by transfection, and luciferase was
measured after incubation for 16 h with dexamethasone in the
absence or presence of 100 nM insulin (Fig. 54). Fig. 5B shows
the calculated value for percent inhibition by insulin for each
plasmid. As expected, the activity of the wild-type IRS-2
promoter was reduced by 75% in the presence of insulin.
Mutation of base pairs 1-4 of the heptanucleotide sequence
markedly reduced the insulin-sensitive component of tran-
scription. As a result, the promoter activity was relatively low,
and it was nearly the same in the absence and presence of
insulin. Mutation of base pairs 5 and 7 increased transcription
slightly, but insulin sensitivity was retained. Mutation of base
pair 6 reduced transcription equally in the absence and pres-
ence of insulin, and thus the relative suppression by insulin was
retained. Mutation of either of the two base pairs that flank
the heptanucleotide had no effect.
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Fig. 5. Single point mutation analysis of the IRE sequence in human IRS-2
promoter (A and B) and in rat PEPCK promoter (C). (A and B) Primary rat
hepatocytes were isolated and plated as described in Materials and Methods.
Cells were cotransfected with 0.1 ug per dish pCMV-SEAP and 3 pg per dish of
either plIRS2-Luciferase(wt) or the indicated mutant version in which the
indicated single base pair substitution was made in the IRE sequence. After
incubation for 8 h at 37°C, the serum-free RPMI medium 1640 was supple-
mented with 5 uM dexamethasone in the absence (open bar) or presence
(closed bar) of 100 nM insulin. After an additional 16-h incubation, the cells
and medium were harvested for measurement of luciferase and alkaline
phosphatase activities, respectively. (A) IRS-2-mediated luciferase activity in
the absence and presence of insulin for each mutant construct is plotted above
the corresponding mutated base pair. The bases in the heptanucleotide IRE
are numbered 1-7. The value for the wild-type construct was arbitrarily set at
1. (B) The percent inhibition of IRS-2-mediated luciferase activity in mutant
constructs by insulin is plotted below the corresponding mutated base pair.
Results in A and B are plotted as the mean + SEM of four independent
experiments, each of which was done in duplicate. (C) The percent inhibition
of PEPCK-mediated chloramphenicol acetyltransferase (CAT) activity in mu-
tant constructs by insulin is plotted below the corresponding mutated base
pair. These data are replotted from Hall et al. (9).

For purposes of comparison, Fig. 5C shows previously pub-
lished data of Hall et al. (9), who used a reporter assay to
measure the transcriptional activity of the PEPCK promoter in
a transfected rat liver cell line. The PEPCK and IRS-2 promoters
both showed a requirement for base pairs 2—4 of the heptanucle-
otide to achieve a complete response to insulin. Compared with
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the PEPCK promoter, the IRS-2 promoter showed a stronger
requirement for T! and a lesser requirement for T*. Whether
these differences reflect true differences in the factor recogni-
tion motif, or whether they represent subtle differences in the
assay methodology, remains to be determined.

Discussion

The current data provide a potential mechanism for the recently
recognized ability of insulin to down-regulate the IRS-2 mRNA
in rodent hepatocytes. The nuclear run-on assays with rat liver
indicate that insulin mediates this effect by decreasing the
transcription of the IRS-2 gene. The promoter reporter assays,
performed in transiently transfected primary rat hepatocytes,
indicate that transcriptional inhibition is mediated by the same
heptanucleotide sequence that mediates insulin’s inhibition of
the PEPCK and IGFBP-1 genes. The transfection data are
consistent with a model in which a positive factor binds to this
heptanucleotide in the absence of insulin, thereby activating
transcription. In the presence of insulin, this factor does not act,
and transcription falls to the level that is seen with enhancers that
lack this heptanucleotide.

Based on studies with other IRE-containing promoters, it is
likely that the positive factor that binds to the IRS-2 IRE belongs
to the forkhead/winged-helix family of transcription factors.
Studies with the PEPCK and IGFBP-1 promoters first cast
suspicion on HNF-3, a member of this family whose action is
stimulated by glucocorticoids (24, 25). However, there is an
imperfect correlation between the ability of mutant IREs to bind
to HNF3 in vitro and the ability of these mutants to respond to
the insulin-inhibitable transcription factor in intact cells (26).

Recently, intense interest has been expressed in another
subgroup of the forkhead/winged-helix family that includes
the human proteins FKHR and FKHRLI1. This interest was
stimulated by genetic studies in the roundworm Caenorhabditis
elegans. These studies defined an insulin response pathway that
proceeds through the C. elegans homologues of the insulin
receptor, the catalytic subunit of PI3K, and Akt (27, 28).
Loss-of-function mutations in any of these genes produce a
state in which the worms behave as though they are deprived
of energy-supplying nutrients. They store increased amounts of
fat, and they enter spontaneously into the dauer larval stage,
a state of developmental arrest and reduced metabolic activity.
If the worms express alleles that retain some function, they
emerge from the dauer larval stage, whereupon they show
increased longevity. This complex phenotype is abolished by
loss-of-function mutations in a gene, daf-16, which encodes a
transcription factor of the forkhead /winged-helix family (29,
30). These studies indicate that, in C. elegans, the insulin
pathway inactivates DAF-16, and they immediately suggested
that insulin might also inactivate a forkhead transcription
factor in vertebrates.

Subsequent studies of mammalian forkhead proteins revealed
that they bind specifically to the PEPCK and IGFBP-1 IREs and
they are phosphorylated by Akt in vitro [see Hall et al. (9) for
references]. When overexpressed in mammalian cells by trans-
fection, FKHR and FKHRL1 stimulate transcription of promot-
ers that contain IREs, and this stimulation is abolished by insulin
(9, 12). Moreover, C. elegans DAF-16 activates the IGFBP-1
promoter when expressed in human HepG?2 cells, and this action
is opposed by insulin (31).

The identity of FKHRL1 as the insulin-inhibited transcrip-
tion factor was called into question recently by studies showing
that PEPCK IREs with a specific point mutation could not
support insulin-inhibitable transcription, even though
FKHRL1 bound to this mutant sequence in vitro with the same
affinity that it showed for the wild-type IRE (9). The mutation
in question consisted of a thymidine-to-adenine transversion
at base pair 4 of the heptanucleotide sequence (see Fig. 5).

3760 | www.pnas.org/cgi/doi/10.1073/pnas.071054598

This mutation is designated “m7” in the paper by Hall et al. (9).
We observed that this mutation also caused a reduction in the
insulin sensitivity of transcription when it was placed into the
IRS-2 promoter. However, the reduction was not as complete
as it was for the PEPCK promoter. It is possible that FKHRL1
is the IRE-specific factor and that it binds less well to the T*
to A mutant sequence in the nucleus than it does in the in vitro
gel retardation assay. Further studies are necessary to clarify
this point.

The finding of a functional IRE in the IRS-2 promoter
creates a paradox that must be explained. For purposes of the
following discussion, we assume that insulin inactivates IRE-
dependent transcription by phosphorylating a forkhead pro-
tein and that the same protein controls two target genes, IRS-2
and PEPCK. After a period of insulin deprivation, such as after
an overnight fast, the forkhead protein is active in liver, and its
target genes are fully transcribed. As a result, IRS-2 and
PEPCK mRNAs are both abundant. When carbohydrates are
ingested, insulin signals through IRS-2, causing forkhead to
become phosphorylated and PEPCK transcription to fall.
Forkhead phosphorylation also causes IRS-2 transcription to
decline and IRS-2 levels fall. Because of the IRS-2 deficiency,
the liver becomes insulin-resistant, but this is of no conse-
quence in the normal state because the animal is now post-
absorptive and blood sugar and insulin levels have fallen. The
fall in insulin allows forkhead to become dephosphorylated.
IRS-2 and PEPCK mRNAs rise, and the liver is primed to
respond appropriately to the next meal.

The paradox arises in the chronic insulin-resistant state, such
as in ob/ob and lipodystrophic mice. When these mice are
studied in the fed state, IRS-2 mRNA is low and PEPCK mRNA
is high, despite high levels of blood sugar and insulin (2, 7). The
high PEPCK indicates that forkhead is dephosphorylated, pre-
sumably because of the insulin resistance caused by the defi-
ciency of IRS-2. Why doesn’t the dephosphorylated forkhead
also activate the IRS-2 gene and reverse the IRS-2 deficiency?
It is possible that, in the chronic insulin-resistant state, some
other transcription factor becomes altered, and this alteration
interferes with IRS-2 transcription even when forkhead is active.
Alternatively, it is possible that forkhead actually remains phos-
phorylated (inactive) in this situation and some other factor is
responsible for maintaining high PEPCK levels. It is also possible
that different forkhead proteins bind to IRS-2 and PEPCK IREs
and that they can be phosphorylated differentially in response to
insulin.

A suggestion that different proteins might regulate the IREs
of the IRS-2 and PEPCK genes comes from experiments with a
cultured line of rat hepatoma cells. These cells are designated
CRL-1600 (H4IIE-C3) in the American Type Culture Collection
catalogue and H4IIE cells by Hall ef al. (9). The addition of 100
nM insulin to the CRL-1600 cells caused a 75-90% decline in
PEPCK-driven luciferase activity but no change in IRS-2-driven
luciferase activity (J.Z., J.L.G., and M.S.B., unpublished obser-
vations). A further understanding of this difference will require
detailed studies of the IRS-2 promoter with a delineation of all
of the factors that contribute to expression as well as insulin-
mediated repression.
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