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Although the negative regulation of gene expression
by insulin has been widely studied, the transcription
factors responsible for the insulin effect are still un-
known. The purpose of this work was to explore the
molecular mechanisms involved in the insulin repres-
sion of the 5-aminolevulinate synthase (ALAS) gene. De-
letion analysis of the 5�-regulatory region allowed us to
identify an insulin-responsive region located at �459 to
�354 bp. This fragment contains a highly homologous
insulin-responsive (IRE) sequence. By transient trans-
fection assays, we determined that hepatic nuclear fac-
tor 3 (HNF3) and nuclear factor 1 (NF1) are necessary
for an appropriate expression of the ALAS gene. Insulin
overrides the HNF3� or HNF3� plus NF1-mediated stim-
ulation of ALAS transcriptional activity. Electro-
phoretic mobility shift assay and Southwestern blotting
indicate that HNF3 binds to the ALAS promoter. Muta-
tional analysis of this region revealed that IRE disrup-
tion abrogates insulin action, whereas mutation of the
HNF3 element maintains hormone responsiveness. This
dissociation between HNF3 binding and insulin action
suggests that HNF3� is not the sole physiologic media-
tor of insulin-induced transcriptional repression. Fur-
thermore, Southwestern blotting assay shows that at
least two polypeptides other than HNF3� can bind to
ALAS promoter and that this binding is dependent on
the integrity of the IRE. We propose a model in which
insulin exerts its negative effect through the disturb-
ance of HNF3� binding or transactivation potential,
probably due to specific phosphorylation of this tran-
scription factor by Akt. In this regard, results obtained
from transfection experiments using kinase inhibitors
support this hypothesis. Due to this event, NF1 would
lose accessibility to the promoter. The posttranslational
modification of HNF3 would allow the binding of a pro-
tein complex that recognizes the core IRE. These results
provide a potential mechanism for the insulin-mediated
repression of IRE-containing promoters.

Insulin performs a central role in homeostasis regulating the
expression of over 100 genes (1, 2). Many of these genes are
regulated by insulin at the transcriptional level, but the mo-

lecular mechanisms by which this regulation is achieved are
poorly understood. Progress in this area has been restricted by
the fact that no unique consensus insulin-responsive sequence
or element (IRE)1 has been reported, in contrast with consen-
sus-responsive elements described for other hormones. How-
ever, an IRE with a T(G/A)TTT(T/G)(G/T) core sequence has
been associated with insulin-induced transcriptional repres-
sion of a number of metabolic genes, including those that
encode phosphoenolpyruvate carboxykinase (PEPCK) (3), insu-
lin-like growth factor-binding protein 1 (4), tyrosine amin-
otransferase (5), glucose-6-phosphatase (6), apolipoprotein CIII
(7), and aspartate aminotransferase (8). trans-Acting factors
that interact with the IRE of these genes have been identified,
but none have been shown directly to mediate the insulin
response. Several genes involved in carbohydrate metabolism
are negatively regulated by insulin through members of the
C/EBP (9) and HNF3 transcription factor families (10). In
addition, NF-1 was shown to mediate repression of the glucose
transporter type 4 promoter by insulin (11). However, in no
case does the binding of one of these proteins correlate with the
effect of insulin. Thus, the actual function of this consensus
motif and the proteins that are relevant for the negative insulin
effect are still under investigation.

The first step of the heme biosynthesis in mammalian cells is
catalyzed by the mitochondrial matrix and rate-limiting en-
zyme 5-aminolevulinate synthase (ALAS). There are two re-
lated ALAS isozymes that are encoded by two separate genes
located on different chromosomes (12). The erythroid cell-spe-
cific enzyme or ALAS-2 is developmentally regulated, and it
markedly increases during erythropoiesis to meet the demand
for heme during hemoglobin production (13). The second en-
zyme, ubiquitous or liver-type ALAS (ALAS-1), is probably
expressed in all tissues to provide heme for cytochromes and
other hemoproteins (14).

Expression of ALAS in the liver was found to be subject to
feedback regulation by heme, the end product of the pathway
(14). In addition, the liver ALAS gene is under multicomponent
control at the transcriptional level. Transcription of the ALAS
gene is stimulated by cAMP (15) and respiratory uncoupling
(16), whereas phorbol esters (17) and insulin (18) repress ALAS
gene transcription. This pattern of regulation is accomplished
by CREB, nuclear respiratory factor-1, and AP-1 transactiva-
tion through the cis-acting elements CRE, nuclear respiratory
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factor-1-binding site, and 12-O-tetradecanoylphorbol-13-ace-
tate-responsive element, respectively, found in the 5�-regula-
tory region of ALAS gene. Although evidence has been provided
that insulin provokes a rapid inhibition of ALAS transcription
and that 800 bp of the proximal 5�-flanking region of the ALAS
gene are sufficient to confer this negative regulation (18), the
elements and transcription factors involved in insulin-medi-
ated regulation of ALAS gene expression are still unknown. In
a recent report (19), we showed that activation of two signaling
pathways often considered to be functionally separated during
insulin action, the Ras/extracellular signal-regulated kinase/
p90RSK pathway and the phosphatidylinositol 3-kinase/protein
kinase B pathway, are jointly required for insulin-mediated
inhibition of ALAS gene expression in rat hepatocytes and
human hepatoma cells. This may suggest that these two path-
ways converge on a common transcription factor or complex
that is targeted by insulin.

Because of the complexity of insulin action at the gene level,
it is important to delineate the actual contribution of the reg-
ulatory sequences in several promoters to identify common
themes in signaling by this hormone. The purpose of this study
was to examine the molecular mechanism underlying insulin-
inhibited expression of ALAS and to establish the main regu-
latory elements and transcription factors that determine insu-
lin responsiveness in the ALAS gene. Our results show the
presence of a functional binding site for the transcription factor
HNF3 and a putative response sequence for NF1 in the proxi-
mal ALAS promoter. Both transcription factors appear to be
necessary to achieve complete basal ALAS expression, al-
though NF1 would need the presence of the HNF3 factor. In
addition to the transcription factor-binding sites, this region
includes an IRE-like sequence, localized at position �383 to
�389 bp, overlapping the HNF3 site in an inverted orientation.
Mutation of IRE is required to abrogate the insulin effect. From
the data reported in this paper, it is apparent that insulin could
interfere with HNF3 and NF1 binding or transactivation po-
tential necessary, but not sufficient, to mediate its negative
effect on ALAS gene transcription. Likewise, the participation
of an unknown IRE-dependent binding inhibitory factor on
ALAS promoter is hypothesized. These results provide a poten-
tial mechanism for the insulin-mediated repression of IRE-
containing genes.

EXPERIMENTAL PROCEDURES

Expression Vectors—The following expression vectors were used as
indicated in each experiment. The plasmid pACAT contains the �833 to
�42 sequence of hepatic rat ALAS gene cloned upstream of the chlor-
amphenicol acetyltransferase (CAT) reporter gene in vector pBLCAT6
(18). The deletion-mutant plasmids pA�459CAT, pA�354CAT,
pA�156CAT, pA�75CAT, and pA�38CAT were described previously
(15). The A-ZIP series of expression vectors (A-Fos, A-CREB, and A-C/
EBP), kindly supplied by Dr. Charles Vinson (NCI, National Institutes
of Health, Bethesda), are cytomegalovirus-driven vectors, in which the
normal basic region critical for DNA binding at the N terminus of the
leucine zipper was replaced by an acidic sequence, and have been
described before (20). The mammalian expression plasmids for HNF3�,
pRBT7mHNF3� (21), and HNF3�, pCMV-HNF3� (22) were the gener-
ous gifts from Dr. Kenneth Zaret (Fox Chase Cancer Center, Philadel-
phia) and Dr. Robert Costa (University of Illinois, Chicago), respec-
tively. The mammalian expression vector for NF1, pCMV-CTF/NF1,
has been described previously (23) and was kindly provided by Dr. Pilar
Santisteban (Universidad Autónoma de Madrid, España). Plasmid
pCEFL containing the �-galactosidase gene and puroBABE vector,
which conveys resistance to puromycin, were also used.

Plasmid Generation—The plasmid p4XCRECAT contains four CRE
sites from the somatostatin gene cloned into the HindIII-XbaI site of the
pBLCAT2 vector (provided by Dr. P. Sassone-Corsi, Institut de Génet-
ique et de Biologie Moléculaire et Cellulaire, Strasbourg, France). The
plasmid pALIRE, containing the hepatic rat ALAS promoter fragment
�459/�354 downstream of CRE sites, was created from pACAT vector
by digestion with PstI and AflII. The purified fragment as well as the

BamHI 4XCRECAT digested vector were blunt-ended with Klenow
fragment and ligated by using T4 DNA ligase (New England Biolabs).
The pALIREinv contains the same 106-bp fragment from the ALAS
promoter cloned in the inverted direction. Oligonucleotides of �459/
�354 fragment truncations, containing promoter region �459 to �420
(5�-GCATCTCTTCACCAGGACCATTCTATTCTTGGGCCATTCA), or
�419 to �380 of the ALAS gene (5�-TCAAGTAAAGAATCCCTGTCAT-
CGATGCAAACAAAACCAA) or mutated versions of the latter se-
quence, 5�-TCAAGTAAAGAATCCCTGTCATCGATGCAAACAATAG-
CAA, in which underlined bases have been mutated to disrupt a puta-
tive IRE sequence, and 5�-TCAAGTAAAGAATCCCTGTCATCGCGGC-
CCCCAAAACCAA-3�, in which underlined bases have been mutated to
disrupt the HNF3-like binding site, were cloned into the BamHI site of
p4XCRECAT to generate pALIRE I, pALIRE II, pALIREm II, and
pALIREmHs II, respectively. The fidelity of all generated plasmids was
checked by DNA sequencing.

Cell Culture—The human hepatoma cell line HepG2 was grown as
monolayers in minimum essential medium supplemented with 10%
fetal calf serum, 1% nonessential amino acids, 1% penicillin/streptomy-
cin, 1% glutamax (Invitrogen), and 100 mM Hepes. HeLa cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and the same additions. Both cell lines were main-
tained at 37 °C in a humidified 5% CO2 atmosphere.

Transient Transfections and CAT Assay—All plasmids used for
transfection assays were isolated from Escherichia coli strain DH5�
and purified using the Wizard Maxiprep kit (Promega), and the DNA
concentration was estimated spectrophotometrically. Transient trans-
fections were described previously in detail (15, 18). In brief, cells were
plated in 35-mm dishes at a density of 5 � 105 cells/well in 2.5 ml of
medium. After a 24-h attachment period, transfections were performed
according to the standard calcium phosphate precipitation method.
Each well was transfected with a mixture containing 4 �g of pACAT or
its derivatives and 6.5 �g of pCEFL�gal along with the plasmids indi-
cated in each experiment. The amount of DNA used for transfection was
kept constant in all the samples by varying the amount of nonspecific
DNA carrier. Control transfections with carrier alone and carrier plus
vector pBLCAT6 or p4XTRECAT were performed in parallel. After 16 h,
the medium was replaced with 2.5 ml of serum-free medium, and cells
were incubated for 24 h in the presence or in the absence of 10 nM

insulin and/or the additions indicated in each experiment. As indicated
in some of the experiments, 200 nM wortmannin and/or 10 �M PD98059
were added 30 min prior to insulin addition. Wortmannin was replen-
ished twice during the incubation.

Analysis of CAT and �-galactosidase activities were performed in cell
extracts as described previously (15, 18), according to Seed and Sheen
(24) phase extraction assay for CAT activity. �-Galactosidase activity
was expressed as A420 � �g of protein�1 h�1. CAT activity was ex-
pressed as the amount of radiolabeled chloramphenicol acetylated by 1
mg of protein in 1 min and normalized for equal transfection efficiency
with �-galactosidase activity. �-Galactosidase activity was not modified
by any of the treatments used.

Antisense and Double-stranded Oligodeoxynucleotides Studies—
HNF3 antisense oligodeoxynucleotide (5�-CGGCTCGTGCCCTTCCAT-
CTTCAC-3�), corresponding to codons 5–12 of human HNF3� mRNA
(25), and NF1 antisense oligodeoxynucleotide (5�-CAGTGCCTCGATG-
AACGGGTGGAA-3�), complementary to codons 4–11 of human NF1
mRNA (26), were designed to block synthesis of these proteins. The
HNF3 and NF1 sense oligodeoxynucleotides were used as controls.
Double-stranded oligodeoxynucleotide representing the consensus se-
quence for PEPCK HNF3 (5�-GCCCATTGTTTGTTTTAAGCC-3�) (27)
and double-stranded oligodeoxynucleotide representing the consensus
sequence for NF1 (5�-GGCACCTGTTTCAATTTGGCACGGAGCCAAC-
AG-3�) or mutated versions for HNF3 (5�-GCCCATTGGGCCATTTAA-
GCC-3�) and NF1 (5�-GGCACCTGTTTCAATTTGTTACGGATTCAAC-
AG-3�) in which underlined bases have been mutated, were used in
competition experiments. To study the effects of oligodeoxynucleotides
on CAT expression, transfected HepG2 cells were incubated for 24 h in
serum-free medium containing 2 �M of the indicated oligodeoxynucle-
otide. After 12 h media were removed and replaced by fresh media
containing oligodeoxynucleotides.

RNA Isolation and Northern Blot Analysis—Total cellular RNA was
isolated from transfected and cultured HepG2 and HeLa cells according
to Chomczinsky and Sacchi (28). Transfections were performed with
LipofectAMINE Plus reagent (Invitrogen) following the manufacturer’s
protocol. Both cell lines were cotranfected with 2 �g of pCMV-HNF3� or
2 �g of pCMV-CTF/NF1 along with 1 �g of puroBABE. Puromycin
(Sigma) (2.5 �g/ml) was added 24 h after transfection. Resistant clones
were harvested 72 h later. Twenty four hours before harvesting, the
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cells were placed in serum-free medium and incubated with or without
insulin for the last 8 h. Insulin concentration was 10 nM for HepG2 cells
and 1 �M for HeLa cells. The yield and purity of RNA samples were
assessed by absorbance at 260 nm and the ratio of absorbance at 260
and 280 nm, respectively. For Northern blot analysis, 20 �g of total
RNA was denatured, electrophoresed in 1% glyoxal/agarose gels, and
transferred to nylon membranes (Hybond N, Amersham Biosciences).
The membranes were sequentially hybridized with 32P-labeled probes
to ALAS, HNF3�, NF1-X, and �-tubulin. To detect ALAS mRNA, a
26-mer oligodeoxynucleotide was synthesized complementary to bases
�328 to �353 of human hepatic ALAS mRNA (29). To detect HNF3
mRNA, a 24-mer oligodeoxynucleotide was synthesized complementary
to bases �13 to �36 of human HNF3 mRNA (25). The oligodeoxynucle-
otides were 5�-end-labeled using [�-32P]ATP and T4 polynucleotide ki-
nase. The resulting probe had a specific activity of about 4–6 � 103

cpm/fmol. Hybridization was carried out overnight at 70 °C in the same
prehybridization solution by adding the 32P-labeled oligodeoxynucle-
otide (3.0 � 105 cpm/cm2) as described previously (30). To detect �-tu-
bulin mRNA or NF1 mRNA, �-tubulin or NF1-X cDNA was labeled by
random priming using [�-32P]dCTP and Klenow to a specific activity of
about 4–6 � 108 cpm/�g. Membranes were stripped, prehybridized,
hybridized, and washed in standard conditions described by Sambrook
and Russell (31). The membranes were then exposed to x-ray film or
scanned directly onto a Bio-Imaging Analyzer Fujifilm LAS-1000 and
quantified.

Electrophoretic Mobility Shift Assays—HepG2 cells were plated in
9-cm culture plates at a density of 2.5 � 106 cells in 9 ml of medium.
After 24 h of incubation in serum-free medium, the cells were treated
with 10 nM insulin for 15, 30, or 60 min and then harvested. Nuclear
extracts were prepared as described by Andrews and Faller (32). The
double-stranded DNA probes and unlabeled competitors used were
ALIRE II (fragment �419/�380 from ALAS promoter), a mutant ver-
sion of ALIRE II called ALIREm II, in which bases at �385 and �383
have been mutated to disrupt a putative IRE sequence and HNF3
5�-GCACTAGCAAAACAAACTTATTTTGAACACG, containing the con-
sensus sites for wild type HNF3 (33) transcription factor. To generate
radioactive probes, the sense and antisense oligodeoxynucleotides were
annealed and labeled using [�-32P]ATP (222 Tbq/mmol) (PerkinElmer
Life Sciences) and T4 polynucleotide kinase (New England Biolabs) as
described before (15). Binding reactions were performed by mixing 10
�g of nuclear extract with 3 �g of poly(dI-dC)�poly(dI-dC) and 100,000
cpm of the labeled probe in binding buffer (50 mM Tris-HCl, pH 7.9, 12.5
mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, and 20% (v/v) glycerol) in
a 20-�l final volume. The reaction was incubated for 20 min at room
temperature. For competition assays, 50–200-fold excess of unlabeled
competitor oligonucleotides were mixed 20 min prior to the addition of
labeled probes. After the binding reactions, the samples were directly
loaded onto a 5% (w/v) nondenaturing polyacrylamide gel containing
0.25� TBE (1� TBE: 50 mM Tris borate, 1 mM EDTA, pH 8.3). The gel
was pre-electrophoresed at 100 V for 1 h in the cold room, and electro-
phoresis was performed at 180 V for 3 h in 0.25� TBE. The gel was then
dried and autoradiographed by exposing overnight to Kodak XAR-5
films with an intensifying screen at �70 °C. Oligodeoxynucleotides
were chemically synthesized by Bio-Synthesis Inc. (Lewisville, TX).

The supershift analyses were performed by incubating the nuclear
extract with 3 �l of specific antibody at 4 °C overnight, prior to band-

shift assays as described previously. Antibody against HNF3� was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Southwestern and Western Blotting Procedures—Southwestern blot-
ting was based on the procedure described by Dong et al. (34). Nuclear
extracts (75–100 �g) from HepG2 cells were loaded in duplicate onto an
SDS-10% polyacrylamide gel and transferred to a nitrocellulose mem-
brane. The membrane was cut in two. One-half was subjected to South-
western blotting and the other half to Western blotting. For Southwest-
ern blotting, membrane-bound proteins were allowed to renature in
hybridization buffer (10 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 0.1 mM

EDTA, 0.5 mM dithiothreitol, 50 mM NaCl, and 5% of non-fat dry milk)
for 3 h at room temperature. The membrane was then rinsed twice with
the hybridization buffer containing 0.25% non-fat dry milk. Subse-
quently, the nitrocellulose was hybridized with the end-labeled probe
(107 cpm) in 25 ml of hybridization buffer containing 0.25% non-fat dry
milk and 250 �g of poly(dI-dC)�poly(dI-dC) overnight at room temper-
ature. The filter was washed five times (10 min each) with hybridization
solution containing 0.25% non-fat dry milk, dried, and exposed over-
night to x-ray film or scanned directly onto a Bio-Imaging Analyzer
Fujifilm LAS-1000 and quantified.

For Western blot, membrane-bound proteins were probed with poly-
clonal anti-rabbit anti-HNF3� (Santa Cruz Biotechnology). The anti-
body was detected by using horseradish peroxidase-linked goat anti-
rabbit IgG (Sigma), visualized by the Pierce Super Signal Ultra
Chemiluminescence signaling system and a PhosphorImager FujiFilm
LAS-1000.

Data Analysis—Most of the experiments were carried out at least
three times. All transfection studies were performed at least in four
separate experiments, in which duplicate dishes were transfected. All
data were expressed as means � S.E. When statistical analysis was
performed, data were compared by the paired Student’s t test, and p
values below 0.05 were considered significant.

RESULTS

The �459/�354 Fragment Is Required for Insulin-mediated
Inhibition of ALAS Promoter—We reported previously that the
fragment between �833 and �42 bp of the 5�-flanking region of
the ALAS gene is enough for basal expression and is able to
confer insulin-mediated inhibition on ALAS promoter activity
(18). In order to identify specific sequences within this up-
stream region that are essential for insulin inhibition, the
pACAT construct, containing the entire region, was deleted
stepwise, and the resulting constructs were analyzed for CAT
activity in transiently transfected HepG2 cells. As shown in
Fig. 1, deletion of the sequence between �833 and �459 did not
significantly impair the insulin-inhibited promoter activity.
Further deletion of the promoter from �459 to �354 completely
abolished the regulatory effect of insulin. Subsequent deletions
were no longer responsive to the hormone. These results
strongly suggest that the region between �459 and �354 in the
ALAS promoter contains essential elements that confer insulin
responsiveness. It is important to note that there were no
significant differences in the basal expression of the ALAS/CAT

FIG. 1. Deletion analysis reveals a
region important for insulin-medi-
ated inhibition of ALAS promoter ac-
tivity. HepG2 cells transiently trans-
fected with 4 �g/plate of pACAT, or
equivalent amounts of deletion mutants
containing the 5�-flanking region of ALAS
gene illustrated on the left, were incu-
bated in serum-free medium alone (black
bars) or with the addition of 10 nM insulin
(gray bars). After 24 h, cells were har-
vested, and CAT activity was determined
as described. Results are expressed as rel-
ative CAT activity with respect to basal
value for each construction, which was set
to 100. Bars represent mean � S.E. of
four independent experiments performed
in duplicate. Student’s t test was used to
compare insulin-treated and nontreated
samples (*, p � 0.05).
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fusion gene among the deletion mutants tested, except for
pA�38CAT, in which CAT activity fell to values 50% lower than
those of the entire promoter.

We next analyzed whether other sequences on the ALAS
promoter, adjacent to the �459/�354 fragment, although not
sufficient, would be required to exert full insulin responsive-
ness. Previous studies (15, 17) have demonstrated that ALAS
promoter contains functional binding sites for CREB (�149
and �45 bp) and AP-1 (�261 bp) transcription factors. Other
factors, like C/EBP, are predicted to bind to the proximal 459
bp in the ALAS gene 5�-flanking region, based on the similarity
of their recognition sites to this sequence (35). We concentrated
on examining the role of these factors, which are expressed in
HepG2, because they are regulated by phosphorylation and had
been reported to be involved in the regulation of several genes
by insulin (3, 8). To investigate the functional contribution of
CREB, AP-1, and C/EBP factors to the regulation of ALAS
transcription by insulin, dominant negative variants of these
proteins were transfected into HepG2 cells (20). These factors
contain, instead of the DNA binding domain, an acidic domain
complementary in charge distribution to the basic region of the
targeted factor. As a result, when the A-ZIP factor dimerizes
with a wild type factor to form a coiled coil through the leucine
zipper region, the respective acidic and basic regions continue
the formation of a very stable helical structure that engages the
basic region of the wild type factor and prevents it from binding
DNA. Overexpression of A-CREB or A-Fos or A-C/EBP had no
effect upon the hormonal regulation of ALAS/CAT (Table I).
However, expression of A-CREB slightly increased the basal
ALAS promoter activity. Overexpression of the empty vector in
which the A-ZIP factors are cloned had no effect upon the
extent or the pattern of regulation (data not shown). Thus,
none of these factors are essential for inhibition by insulin.
Recent studies (36) have shown that insulin can disrupt the
interaction of CBP/p300 with several transcription factors
known to be important in the regulation of gene expression.
Because CBP/p300 proteins are important for transactivation
by CREB and this transcription factor is involved in the basal
expression of ALAS (15), we considered the possibility that
insulin signaling may modify interactions between CBP/p300
and CREB. Overexpression of coactivators CBP or p300 did
not modify the inhibitory effect of insulin on ALAS promoter
activity (Table I).

Predicted Regulatory Sites in the �459/�354 Fragment—
Computer-aided analyses (35) of the �459/�354 region of the
ALAS promoter revealed several motifs resembling consensus
sequences for binding of many known nuclear factors. Of par-
ticular interest were two potential sites for HNF3, located at
�417 and �396 bp, and one putative site for NF1 in reverse

orientation, located at �425 bp. These nuclear proteins have
been reported to be involved in insulin repression of PEPCK
(37) and glucose transporter type 4 (38) promoters, respectively
(Fig. 2A). In addition, the sequence GGTTTTG, highly homol-
ogous to the IRE found in several promoters repressed by
insulin, overlaps the HNF3 potential binding sites in an in-
verted orientation. Based on this sequence information, several
constructs were made to identify the elements required for the
inhibition of ALAS promoter activity by insulin.

The �459/�354 Fragment of the ALAS Gene Promoter Is
Sufficient to Confer Hormonal Regulation to a Heterologous
Promoter—The aforementioned results prompted us to exam-
ine whether the region between �459 and �354 bp directly
mediates the effect of insulin on basal ALAS gene transcrip-
tion. To address this question, we first introduced this frag-
ment in front of a minimal heterologous promoter from thymi-
dine kinase gene and downstream from four CRE sites, driving
the CAT reporter gene, to ensure that it was indeed responsible
for the action of the peptidic hormone. This construct, pALIRE,
was transiently transfected into HepG2 cells. The basal pro-
moter activity of pALIRE was increased with respect to the
empty reporter vector. Insulin was capable of inhibiting CAT
expression by 56% in this chimeric promoter. However, the
parental p4XCRECAT vector or the plasmid harboring the
ALAS fragment in the inverted orientation (pALIREinv) were
insensible to the presence of insulin (Fig. 2B). To refine this
analysis, we dissected this region in two smaller fragments
encompassing the �459 to �420 bp (pALIRE I), containing the
potential NF1-binding site, and �419 to �380 bp (pALIRE II),
containing the putative HNF3-binding sites and the IRE,
which were cloned into the p4XCRECAT vector. As shown in
Fig. 2B, the ALIRE I promoter activity was not modified in
insulin-treated cells. On the other hand, CAT expression in
HepG2 cells transfected with the construct containing two pu-
tative HNF3-binding sites and the IRE was significantly di-
minished in the presence of insulin, whereas a mutant version
(pALIREm II), obtained by altering the IRE sequence from
GGTTTTG to GGTTATC, was no longer responsive to the
hormone.

In previous papers we demonstrated that the cAMP nonme-
tabolizable derivative 8-CPT-cAMP leads to transcriptional ac-
tivation of the ALAS gene in rat hepatocytes (18) and HepG2
cells (15). This cAMP-dependent induction of ALAS expression
is repressed by insulin, in a dominant fashion, in both cellular
systems. In order to obtain a clearer insight about the nature of
the sequences involved in the inhibitory effect exerted by the
hormone, we assayed the ALIRE constructs in transient trans-
fection assays in HepG2 cells in the presence of 8-CPT-cAMP.
As shown in Fig. 2B, the CAT activity of all reporter vectors
was increased when the cells were stimulated by cAMP. How-
ever, the cAMP effect was counteracted by the presence of
insulin, only by the ALIRE fragment (�459/�354) and the
smaller construct ALIRE II (�420/�380) which maintained 38
and 60% CAT activity, respectively. These results confirm that
the �459/�354 region of the ALAS promoter is sufficient to
confer insulin responsiveness and suggest that the potential
HNF3-binding sites and the IRE are the most crucial elements.
They also indicate that the region containing the putative
NF1-binding site may be important to achieve the full inhibi-
tory effect, considering the difference in CAT activity between
pALIRE and pALIRE II. More important, these data also indi-
cate that the same cis-element(s) required for effective insulin
repression of basal ALAS gene expression may be involved in
insulin inhibition of cAMP-induced transcription.

HNF3 Isoforms and NF1 Are Involved in ALAS Gene Expres-
sion—To assess further the role of HNF3 and NF1 in the

TABLE I
Effect of dominant negative variants of CREB, C/EBP, and

Fos and coactivators CBP/p300 on the transcriptional
activity of ALAS promoter

HepG2 cells were transiently transfected with 4 �g/plate of pACAT
and cotransfected or not with 3 �g/plate of each of the indicated expres-
sion vectors in the presence or in the absence of 10 nm insulin. Results
are expressed as relative CAT activity with respect to the basal value of
pACAT, which was set to 100. Values are mean � S.E. of three different
experiments performed in duplicate.

Treatment Basal Insulin

% relative CAT activity

None 100.0 � 3.3 35.6 � 3.4
A-CREB 139.2 � 7.2 37.0 � 3.3
A-C/EBP 126.5 � 5.5 36.5 � 4.1
A-Fos 112.0 � 4.6 32.4 � 2.1
CBP 157.3 � 6.1 36.9 � 3.9
p300 144.7 � 8.6 41.1 � 5.1
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repression of ALAS transcription by insulin, we examined
whether these transcription factors were able to interfere or
mimic this inhibitory effect in HepG2 cells. Therefore, HepG2
cells were cotransfected with pA�459CAT and vectors encoding
HNF3� or -� isoforms or the NF1 protein. Surprisingly, over-
expression of HNF3� or -� isoforms exhibited opposite behav-
iors on ALAS/CAT expression (Fig. 3A). Whereas the � isoform
significantly decreased the basal ALAS promoter activity with-
out modifying insulin action, overexpression of � isoform in-
creased the basal expression and markedly blunted the insulin
repression of ALAS/CAT activity. In contrast to what happened
with HNF3 isoforms, overexpression of NF1 did not alter CAT
expression in both basal and insulin-treated cells. When vec-
tors encoding for HNF3� and NF1 were jointly cotransfected in
HepG2 cells, a synergistic stimulation of basal promoter activ-
ity was achieved. Most important, the ability of HNF3� to block
the insulin inhibitory effect was increased from 45 to 62% in
the presence of overexpressed NF1 (Fig. 3A).

The ability of the HNF3� to abolish insulin-dependent inhi-
bition of ALAS/CAT activity prompted us to examine whether
overexpression of HNF3� in HepG2 cells correspondingly sup-
presses insulin-dependent inhibition of the endogenous ALAS
gene. As shown in Fig. 3B, the decrease in the ALAS mRNA
level observed after insulin treatment was prevented in cells
that overexpressed HNF3�. A similar experiment showed that
insulin inhibition of ALAS mRNA expression was not affected
in HepG2 cells overexpressing the NF1 protein.

In another approach, we used HNF3� or NF1 antisense
oligodeoxynucleotides or double-stranded oligodeoxynucleoti-
des, representing the consensus sequences for HNF3 or NF1, in
order to diminish the functional endogenous levels of these
transcription factors either by blocking its synthesis or by
offering competitor DNA harboring binding sequences, respec-
tively. As shown in Fig. 3C incubation with HNF3 antisense or
HNF3-binding site containing oligodeoxynucleotides inhibited
the basal ALAS promoter activity mimicking the action of
insulin. Remarkably, there was no additional reductions in
ALAS/CAT expression when either HNF3� antisense or HNF3
double-stranded oligodeoxynucleotides were incubated in the
presence of insulin. A similar effect on ALAS/CAT expression
was observed when HepG2 cells transfected with pA�459CAT
were incubated with NF1 antisense or double-stranded oligode-
oxynucleotides containing the consensus site for NF1 protein
(Fig. 3D). The inhibitory effect produced by the double-
stranded oligodeoxynucleotide was not observed when muta-
tions that disrupted the core motif of HNF3- or NF1-binding
site were introduced (Fig. 3, C and D) or scrambled antisenses
were used (data not shown).

Taken together, these results suggest that HNF3� and NF1
are necessary for an appropriate expression of ALAS, although
the NF1 effect seems to be dependent on the presence of the
forkhead transcription factor. We can hypothesize that insulin
modifies the ability of HNF3�, and probably NF1, to modulate
transcription driving to a repressed ALAS expression.

FIG. 2. Identification of consensus sequences in the human ALAS promoter �459 to �354 fragment that confer insulin respon-
siveness. A, schematic diagram of ALAS promoter �459 to �354-bp fragment. The MatInspector data base search was employed, and only the
highest probability sites are indicated. Searches were conducted in both the forward and reverse direction. The boxed areas represent the potential
HNF3- and NF1-binding sites, and the gray boxed heptanucleotide represents the putative ALAS-IRE. B, HepG2 cells were transiently transfected
with 4 �g/plate of the chimeric expression vector illustrated on the left. Cell cultures were treated or not with 10 nM insulin and/or 100 �M

8-CPT-cAMP for 24 h. Results are expressed as relative CAT activity with respect to basal value for p4XCRECAT, which was set to 100. Values
represent mean � S.E. of three different experiments performed in duplicate. Student’s t test was used to compare insulin-treated and nontreated
samples (*, p � 0.05).
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The results of the ALAS promoter deletion analysis (Fig. 1)
showed that pA�354CAT mutant abolished the inhibitory ef-
fect of insulin, but it did not significantly affect the basal
expression of the ALAS/CAT fusion gene. This truncation re-
move the putative HNF3 sites located at �417 and �396 bp
and the NF1 site found at �425 bp. Nevertheless, the above
results indicate that HNF3 and NF1 seem to be necessary for
basal ALAS gene expression. We reasoned that if HNF3 and
NF1 play a role in ALAS basal expression, other binding sites
for these transcription factors should be met downstream. To
address this question, we examined the promoter activity of
pA�354CAT in the presence of overexpressed HNF3� and NF1
proteins. As summarized in Fig. 3E, the pattern of pA�354CAT
expression induced by HNF3 or HNF3 plus NF1 was similar to
that of pA�459CAT, indicating the presence of binding sites for
the mentioned transcription factors downstream �354 bp.
These data are not consistent with a simple model proposing
that insulin interferes with the ability of HNF3 and/or NF1 to
bind the ALAS promoter to explain the hormone repression of
ALAS expression. This evidence raises the intriguing possibil-
ity that the presence of the IRE sequence allows the interaction
of an unknown inhibitory factor driving to ALAS down-regula-
tion. In this regard, transfection experiments carried out with
an expression vector containing a mutated HNF3-binding site

version of the ALIRE II region (pALIREmHs II), which cannot
bind HNF3 (data not shown), support this hypothesis. In con-
trast to what happens with pALIREm II, in which IRE disrup-
tion caused a lost of the insulin repression, the peptidic hor-
mone was competent to repress the CAT expression of
pALIREmHs II in an indistinguishable fashion from that of the
wild type pALIRE II (Fig. 2B).

Insulin Does Not Repress ALAS Expression in HNF3-defi-
cient HeLa Cells—To assess further the role of HNF3 on the
basal ALAS promoter activity and the insulin-mediated repres-
sion, we extended the analysis to HeLa cells. These cells are
devoid of HNF3 transcription factors (39) and contain high
levels of NF1 proteins (40), thus providing a useful model
system for gene reporter expression experiments. Most impor-
tant, when pA�459CAT-transfected HeLa cells were incubated
in the presence of insulin, no effect on ALAS/CAT expression
was observed, even though a 100-fold higher hormone concen-
tration was used (Fig. 4A). However, when HeLa cells were
cotransfected with an expression vector encoding HNF3�, the
ALAS promoter activity was significantly increase, and the
ability of insulin to repress ALAS/CAT expression was restored
(Fig. 4A).

We next asked whether HNF3 transcription factors could
increase the endogenous ALAS gene in HeLa cells. For this

FIG. 3. Effect of HNF3�, HNF3�, and NF1 transcription factors on insulin-mediated inhibition of ALAS promoter activity and
ALAS mRNA levels. A, HepG2 cells were transiently transfected with 4 �g/plate of pA�459CAT and cotransfected or not with 6 �g/plate of each
of the expression vectors for HNF3� or HNF3� and NF1-X proteins as indicated. Samples were incubated in serum-free medium in the presence
or absence of 10 nM insulin for 24 h. Results are expressed as relative CAT activity with respect to the basal value of pA�459CAT, which was set
to 100. B, HepG2 cells were transfected with expression vectors encoding for HNF3� or NF1-X and puroBABE which conveys resistant to
puromycin. Twenty four hours after transfection, cells were treated for an additional 60 h with puromycin. Resistant cells were placed in
serum-free medium and incubated in the presence or absence of 10 nM insulin for the last 8 h. Total RNA (20 �g) was separated on denaturing
agarose gels, blotted onto nylon membrane, and hybridized to 32P-labeled probes specific for ALAS, HNF3�, or NF1-X as described under
“Experimental Procedures.” �-Tubulin served as a loading control. C and D, HepG2 cells were transiently transfected with 4 �g/plate of
pA�459CAT and incubated for 24 h in serum-free medium containing or not 2 �M double-stranded oligodeoxynucleotide (DSONwt) or a mutant
version (DSONm) or antisense oligodeoxynucleotides (ASON) to HNF3� or NF1, as indicated, in the presence or absence of 10 nM insulin. Results
are expressed as relative CAT activity with respect to the basal value of pA�459CAT, which was set to 100. E, HepG2 cells were transiently
transfected with 4 �g/plate of pA�459CAT or pA�354CAT and cotransfected or not with 6 �g/plate of each of the expression vectors for HNF3�
and/or NF1-X proteins as indicated and incubated in serum-free medium for 24 h. Results are expressed as relative CAT activity with respect to
basal value of pA�459CAT or pA�354CAT, which was set to 100. Bars represent the mean � S.E. of three different experiments performed in
duplicate. Student’s t test was used to compare samples cotransfected and non-cotransfected (*, p � 0.05) (A); samples treated or nontreated with
double-stranded oligodeoxynucleotide (DSONwt), mutant version (DSONm), or antisense oligodeoxynucleotides (ASON), respectively (*, p � 0.05)
(C and D); samples cotransfected and non-cotransfected with HNF3� (*, p � 0.05); and samples cotransfected with NF1-X or not (*, p � 0.05) (E).
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purpose, insulin-treated or untreated HeLa cells overexpress-
ing HNF3� were used to perform Northern blot analysis to
determine the ALAS and HNF3� mRNA levels. As shown in
Fig. 4B, the overexpression of HNF3� increased ALAS mRNA
and insulin impaired this induction. These results reinforce the
hypothesis that HNF3 is essential for the basal expression of
ALAS and provide a clue to elucidate the action of insulin-
repressing ALAS promoter activity. As shown in Fig. 4C, the
ALAS promoter transcriptional activity was induced when
HNF3� was overexpressed in HeLa cells, even when
pA�354CAT as a fusion reporter gene was used. Overexpressed
HNF3-mediated induction of both pA�459CAT and
pA�354CAT in HeLa cells was impaired by insulin. These
results confirm that other HNF3-binding sites are localized
downstream �354 bp and support the concept that insulin
modifies the binding or transactivation capacity of HNF3 on
the ALAS promoter in an IRE-independent manner.

In a previous paper (19) we demonstrated that both phos-
phatidylinositol 3-kinase and Ras/mitogen-activated protein
kinase signaling pathways are required for the regulation of
ALAS gene expression by insulin. Therefore, we performed
HNF3 cotransfection experiments in HeLa cells in the presence
of wortmannin, a phosphatidylinositol 3-kinase inhibitor,
and/or the mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase inhibitor PD98059. The rationale was
that whether overexpression of HNF3 in HeLa cells correlates
with the ability of insulin to repress ALAS promoter activity,

this effect would be abolished by incubation with the men-
tioned inhibitors. As shown in Fig. 4D, the presence of wort-
mannin and/or PD98059 severely curtailed the effect of insulin
on ALAS/CAT expression in HeLa cells overexpressing HNF3�.
Although neither wortmannin nor PD98059 was able to modify
HNF3�-induced expression of the ALAS/CAT fusion gene, the
presence of both inhibitors increased ALAS promoter activity.
This effect was observed previously in HepG2 cells (19).

HNF3 Binds ALAS Promoter at �419/�380 Region—We at-
tempted to determine whether HNF3 transcription factors
could bind to ALIRE II region of the ALAS promoter. This
fragment includes putative HNF3 sites and a highly homolo-
gous IRE. We performed gel mobility shift assays with radio-
labeled, double-stranded oligodeoxynucleotides containing this
sequence and nuclear extracts isolated from HepG2 cells. A
protein-DNA complex was visualized with ALIRE II probe, as
revealed by the presence of a retarded band (Fig. 5). This
complex was competed in a dose-dependent manner by unla-
beled ALIRE II or by an unlabeled oligonucleotide containing
the HNF3 consensus sequence. However, addition of a 200-fold
molar excess of oligodeoxynucleotide ALIRE I, a region located
immediately upstream of ALIRE II on the ALAS promoter,
failed to prevent complex formation (data not shown). Further-
more, when the electrophoretic mobility shift assay was per-
formed using a radiolabeled HNF3 probe, the two protein-DNA
complexes formed were displaced with an excess of unlabeled
ALIRE II (Fig. 5). However, we failed to detect a nucleoprotein

FIG. 4. Insulin impairs HNF3� activation of ALAS promoter activity in HeLa cells. A, HeLa cells were transiently transfected with 4
�g/plate of pA�459CAT and cotransfected or not with 6 �g/plate of the expression vector for HNF3� protein as indicated. Samples were incubated
in serum-free medium in the presence or absence of 1 �M insulin for 24 h. Results are expressed as relative CAT activity with respect to basal value
of pA�459CAT, which was set to 100. Bars represent the mean � S.E. of three different experiments performed in duplicate. B, HeLa cells were
transfected with the expression vector encoding for HNF3� and puroBABE, which conveys resistance to puromycin. Twenty four hours after
transfection, cells were treated for an additional 60 h with puromycin. Resistant cells were placed in serum-free medium and incubated in the
presence or absence of 1 �M insulin for the last 8 h. Total RNA (20 �g) was separated on denaturing agarose gels, blotted onto nylon membrane,
and hybridized to 32P-labeled probes specific for ALAS or HNF3� as described under “Experimental Procedures.” �-Tubulin served as a loading
control. C, HeLa cells were transiently transfected with 4 �g/plate of pA�459CAT or pA�354CAT and cotransfected or not with 6 �g/plate of
expression plasmids for HNF3�. Samples were incubated in serum-free medium in the presence or absence of 1 �M insulin for 24 h. Results are
expressed as relative CAT activity with respect to the basal value of pA�459CAT or pA�354CAT, which was set to 100. D, HeLa cells were
transiently transfected with 4 �g/plate of pA�459CAT and cotransfected with 6 �g/plate of the expression vector for HNF3� protein. Samples were
incubated in serum-free medium containing or not 1 �M insulin and/or 200 nM wortmannin (wort) and/or 10 �M PD98059 (PD) for 24 h. Inhibitors
were added 30 min prior to the addition of the hormone, and wortmannin was replenished twice during incubation. Results are expressed as
relative CAT activity with respect to the untreated sample cotransfected with pA�459CAT plus HNF3�, which was set to 100. Bars represent the
mean � S.E. of three different experiments performed in triplicate. Student’s t test was used to compare insulin-treated and nontreated samples
(*, p � 0.05) (A); samples cotransfected and non-cotransfected (*, p � 0.05) (C); samples containing insulin or insulin plus inhibitor(s) to samples
without any addition (*, p � 0.05) and samples containing the inhibitor(s) to samples without any addition (*, p � 0.05) (D).
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complex involving the ALIRE II region whose formation was
disrupted by insulin treatment (data not shown). Finally, we
examined whether mutation of the IRE, which affects the abil-
ity of ALIRE II to mediate the insulin response, correlates with
a decreased binding ability. As shown in Fig. 5, the radiola-
beled ALIREm II oligodeoxynucleotide, in which the IRE se-
quence was disrupted, formed a similar protein-DNA complex
as efficiently as ALIRE II did and competed equally well with
each other. These results indicate a dissociation between func-
tion and in vitro binding activity because the IRE mutation
abolishes the ability of ALIRE II to mediate an insulin response
(see Fig. 2B).

To assess further that HNF3 binds specifically to ALIRE II
in the 5�-flanking region of the ALAS gene, two independent
experimental approaches were used. Fig. 6A shows the results
of a supershift assay, in which the incubation of HepG2 nuclear
extracts with an antibody directed against HNF3� led to the
appearance of a supershifted band. In the second approach,
Southwestern blotting assay was performed. Samples of
HepG2 nuclear extracts with binding activity were separated
by SDS-PAGE and either visualized by Coomassie staining (not
shown) or transferred to a nitrocellulose membrane and probed
with radiolabeled ALIRE II, ALIREm II, or HNF3 consensus
sequence oligonucleotides. A radioactive band, which comi-
grates with the 48-kDa species, was detected with all the used
probes (Fig 6B). The identity of this protein was confirmed by
Western blot with an antibody anti-HNF3� (data not shown).
Most interesting, two faster migrating bands were observed
when the membrane was treated with ALIRE II-radiolabeled
probe but not when membrane was treated with HNF3 (Fig.
6B) or ALIREm II probe. These results confirm the identity of
HNF3� as the transcription factor interacting with the ALIRE
II region of the ALAS promoter and suggest that other smaller
proteins could bind to this fragment in an IRE-dependent
manner.

DISCUSSION

Although the negative regulation of gene expression by in-
sulin has been widely studied, the transcription factors respon-
sible for the insulin effect are still unknown. The purpose of
this work was to explore the molecular mechanisms involved in
the insulin repression of the ALAS gene. Deletion analysis of
the 5�-regulatory region of the ALAS gene allowed us to iden-
tify an insulin-responsive region located at �459 to �354 bp.

Insertion of this fragment into a heterologous promoter con-
ferred insulin responsiveness confirming that this region is
sufficient to drive transcriptional repression by insulin. We
show that the same fragment of the ALAS promoter was able to
inhibit cAMP-induced transcriptional activity when it was li-
gated to multiple CREB-binding sites. Yeagley et al. (41) have
postulated that insulin inhibits basal transcription by a differ-
ent mechanism than that utilized for inhibition of cAMP-de-
pendent protein kinase-induced PEPCK transcription. They

hypothesized that insulin disrupts interactions between CREB,
CBP, and RNA polymerase II complex to repress cAMP-induc-
ible PEPCK expression. With respect to ALAS regulation, how-
ever, our results suggest that the same mechanism is involved
in insulin repression of both basal and cAMP-induced tran-
scription. In this regard, the fact that the sole mutation of IRE
was sufficient to abrogate the insulin effect in both conditions
is highly significant. In silico analysis of the ALIRE fragment
revealed the presence of highly homologous binding sites for
HNF3 and NF1. As these factors are expressed in liver and
regulated by protein kinases, they constitute promising targets
for insulin action.

The data presented in this paper provide several facts indi-
cating that HNF3� is involved in the basal expression of the
ALAS gene. The observation that CAT activity was induced
when a reporter gene containing the ALIRE region with two
potential HNF3-binding sites was cotransfected with an ex-
pression vector encoding for HNF3� supports this hypothesis.
Similar results were obtained in HeLa cells that are devoid of
endogenous HNF3 isoforms. Conversely, when functional en-
dogenous levels of HNF3� were diminished by incubation of
HepG2 cells with antisense HNF3� or with double-stranded
DNA representing the consensus element for this transcription
factor, the activity of the ALAS promoter was strongly inhib-
ited. Finally, Northern blot assays show that overexpression of
HNF3� increases the levels of ALAS mRNA in both HepG2 and

FIG. 6. A functional HNF3�-binding site in the ALAS �419 to
�380 fragment. A, 10 �g of nuclear extract isolated from HepG2 cells
were subjected to supershift assays. Nuclear proteins were preincu-
bated with 3 �l of antibody against HNF3� protein, and then 32P-
labeled ALIRE II probe was added. Control were incubated with pre-
immune immunoglobulins (pi). The supershift is indicated by an
asterisk. B, Southwestern analysis of the protein complex bound to the
�419 to �380 fragment of the ALAS promoter. Nuclear extracts (100
�g) from HepG2 cells were electrophoresed on 10% SDS-PAGE and
transferred to nitrocellulose membrane. Proteins on the membrane
were renatured, and membrane was probed with 32P-labeled ALIRE II
or its mutated version ALIREm II or HNF3 (300,000 cpm) oligode-
oxynucleotides. A 48-kDa DNA-binding protein was detected with the
three probes that are indicated by asterisks. Arrows indicate two faster
migrating bands detected only with ALIRE II probe.

FIG. 5. Putative HNF3 site forms a
complex with proteins expressed in
HepG2 nuclear extracts. Ten �g of pro-
tein prepared from extracts of HepG2
cells were incubated with 32P-labeled
probes representing the putative HNF3
site at �382 (ALIRE II), or its mutated
version (ALIREm II) or HNF3 consensus
sequence (HNF3) in the presence or
absence of increased quantities of unla-
beled competitor oligodeoxynucleotides as
indicated.
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HeLa cells. A similar approach demonstrates that transcrip-
tion factor NF1 is also required for basal expression of ALAS.
However, the effect of NF1 seems to be restricted to the pres-
ence of HNF3�. The HNF3 or FoxA (forkhead) family of pro-
teins constitutes a class of transcriptional regulators originally
identified as activators that coordinately regulate the expres-
sion of a number of genes in the liver by binding to their
promoters and enhancers (21, 42, 44). These proteins have been
implicated recently (45) as critical players during embryogen-
esis at the stage where body axis formation and commitment to
different development fates are decided. The HNF3 family is
also involved in the hormonal control of hepatic gene expres-
sion. For instance, HNF3 serves as accessory factors for glu-
cocorticoid-mediated transcription of the hepatic PEPCK (46),
tyrosine aminotransferase (47), and insulin-like growth factor-
binding protein-1 (48).

What is the role HNF3� plays in transcriptional control of
the ALAS gene? The HNF3s are unlikely to precipitate a cas-
cade of further regulatory events. However, the HNF3� bind-
ing could enhance transcription from the ALAS gene promoter
by recruiting components of the basal transcription complex. In
addition, HNF3 may function as an architectural component by
stabilizing nucleosomal structures or another protein particle
that favors a particular rotational or translational setting of
the surrounding chromatin. This might serve to bring other
important players as NF1 and basal factors into the correct
orientation to allow physical interactions. Cockell et al. (49)
have demonstrated that binding of HNF3� or -� was required
for the induction of pancreatic �-amylase by pancreas tran-
scription factor 1. In this regard, recent work from Zaret and
co-workers (50) demonstrates that HNF3 binds their sites in
compacted chromatin and opens the local nucleosomal domain
in the absence of ATP-dependent chromatin-remodeling en-
zymes. The ability of HNF3 to open chromatin is mediated by a
high affinity DNA-binding site and by the C-terminal domain
of the protein, which binds histones H3 and H4 (50). Moreover,
in the same paper (50), the authors show that although NF1
binds to its site in free DNA, it does not do so on the nucleosome
array. When HNF3 binds and opens up the local nucleosomal
domain, NF1 gains access to its binding site. A similar mech-
anism would be operating on the ALAS promoter and could
explain the HNF3-dependent effect of NF1 upon ALAS
transcription.

By having demonstrated that HNF3� and NF1 are required
for an efficient expression of the basal ALAS gene, we are faced
with defining their involvement on the insulin inhibitory effect.
Our data show that insulin overrides the HNF3� or HNF3�

plus NF1-mediated stimulation of ALAS transcriptional activ-
ity. The antisense HNF3� treatment inhibits the ALAS/CAT
expression resembling insulin action. This result and the fact
that no additional inhibition was observed when HepG2 cells
were incubated with both antisense HNF3� and insulin sug-
gest that common elements would be targeted in both cases. At
this point of the discussion the results of gel-shift experiments
merit some comments. Incubation of HepG2 nuclear extracts
with an oligonucleotide containing the ALIRE II sequence of
ALAS promoter formed a complex that was specifically com-
peted with an unlabeled consensus HNF3 probe and vice versa.
This result coupled with the supershift and Southwestern as-
say strongly demonstrate that HNF3� binds to ALIRE II. Re-
sults obtained in experiments with antisense oligonucleotides
prompted us to expect that insulin treatment would be able to
disrupt the DNA-protein complex. However, no obvious differ-
ence in bandshift assay was seen between nuclear extracts
prepared from insulin-treated or -untreated HepG2 cells. Nev-
ertheless, this is not uncommon and has been reported for

other genes (46, 51). The simplest explanation would be that
insulin does not modify the HNF3 binding but diminished its
transactivation capacity. In a recent report, Wolfrum et al. (52)
have demonstrated that activation of phosphatidylinositol 3-ki-
nase/Akt pathway by insulin induces FoxA-2 (HNF3�) phos-
phorylation, nuclear exclusion, and inhibition of FoxA-2-de-
pendent transcriptional activity in HepG2 cells. FoxA-2
physically interacts with Akt and is phosphorylated at a single
conserved site (Thr-156) that is absent in FoxA-1 (HNF3�) and
FoxA-3 (HNF3�) proteins (52, 53). It is worth mentioning the
possibility that insulin alters the binding of HNF3�, and this
modification has not been able to be detected by us in gel-shift
assays. In this regard, Shim et al. (54) reported that HNF3
binds to its sites on nucleosomes with an affinity that is altered
from its relative affinity for the sites on free DNA and with an
�5-fold lower affinity for nucleosomal versus free DNA. An-
other possibility is that HNF3� could be removed from the
DNA complex after Akt-dependent phosphorylation, but the
binding site becomes occupied by another protein that forms a
complex of similar electrophoretic mobility. Appropriate candi-
dates for such protein is the HNF3� that could bind the core
motif but would not be capable of transactivating the ALAS
transcription. The rationale of this possibility is that because �

isoform is not phosphorylated by Akt, then it could interact
with the HNF3-binding site still in the presence of insulin (52,
53). The possibility that another protein that recognizes the
ALIRE II region could bind, depending on the Akt-mediated
phosphorylation of HNF3�, seems to be an attractive hypoth-
esis by the light of the experiments carried out with smaller
regions of the promoter. These experiments demonstrate that
other HNF3-binding sites exist, downstream from the ALIRE
II region, that allow the induction of ALAS expression after
HNF3� overexpression. Nevertheless, this region is not able to
confer insulin responsiveness. These results indicate that un-
binding of HNF3 and/or its posttranslational modification is
not enough to achieve the insulin-mediated inhibitory effect,
and they suggest that other proteins, which are regulated by
insulin or whose access to the ALAS promoter is facilitated by
the hormone signaling, are necessary to repress the ALAS gene
transcription. Most important, the action of this putative factor
is dependent on the IRE motif integrity. Several results sup-
port this statement. First, Southwestern blotting assay shows
that at least two polypeptides other than HNF3� can bind to
ALIRE II and that this binding is dependent on the integrity of
the IRE. Second, the results obtained in transient transfection
experiments with the heterologous promoter containing the
ALIRE II fragment demonstrate that mutation of the HNF3
element, which impedes the binding of HNF3� factor, did not
prevent the insulin inhibition of reporter gene expression. Con-
versely, similar experiments show that mutation of the IRE
motif, which does not appear to change the binding of HNF3�,
is sufficient to abolish the inhibitory effect of insulin. This
dissociation between HNF3 binding and insulin action through
the ALAS-IRE provides evidence that HNF3� is not the sole
physiologic mediator of insulin-induced transcriptional repres-
sion. Hall et al. (10) have demonstrated that an IRE sequence
mediates FKHRL1-induced transcription of the insulin-like
growth factor-binding protein-1 gene but does not always cor-
relate with FKHRL1 binding. Moreover, the authors propose
that the insulin response mediated by IRE must involve an-
other protein.

Porphyrias are disorders resulting from complications due to
overproduction of heme precursors. AIP is an autosomal hered-
itary metabolic aberration resulting from a partial defect in the
activity of the third-step enzyme (porphobilinogen deaminase)
during the course of heme synthesis (12). Any factor leading to
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an increased enzyme requirement, using heme as a prosthetic
group, or to increased degradation of heme will reduce the
heme pool (55) and consequently stimulate ALAS synthesis.
This in turn leads to an accumulation of porphyrin precursors
prior to porphobilinogen deaminase. The pathogenesis of AIP is
not known, but it is suggested that the lack of heme, or an
accumulation of porphyrin precursors affecting the nervous
system, is chiefly responsible for the clinical expression of AIP
(12, 56). In many patients, the onset of acute AIP attacks can be
aborted by adequate nutritional intake (12). Carbohydrate in-
take blocks ALAS, which has been demonstrated in numerous
clinical and experimental studies (57, 58). However, the mech-
anisms by which carbohydrates modulate the heme synthesis
are not elucidated to date. The present paper provides a ratio-
nal basis for remission of AIP acute attacks as a consequence of
carbohydrate treatment. The high levels of carbohydrate in-
take cause the increased production of insulin by beta cells
from the pancreas. Insulin would repress the expression of
ALAS driving to a minor formation of porphyrins precursors
that in turn would abrogate the AIP symptoms.

The physiological significance of the role HNF3� plays in
transcriptional control of the ALAS gene has not been estab-
lished, but certain clues suggest that this could be important.
The HNF3 proteins play critical roles in embryonic develop-
ment (42). The HNF3� null mutant phenotype lacks node,
notochord, and foregut. Embryos do not develop beyond E8.5
(59, 60). This family of transcription factors is also involved in
other stages of development like the passage of female rats to
puberty (61), in which the induction of the CYP2C12 gene is
indispensable (62). The transcriptional activity of the promoter
of this gene, belonging to the cytochrome P450 superfamily, is
strongly induced by HNF3� (62). Likewise, expression of other
cytochromes is stimulated by FoxA transcription factors (43,
63). We are tempted to speculate that the expression of cyto-
chromes, holoproteins using heme as prosthetic group, and the
expression of ALAS, the step limiting enzyme of heme biosyn-
thesis, might share at least some common regulatory elements.

The data reported in this paper demonstrate that transcrip-
tion factors HNF3� and NF1 are involved in the basal ALAS
gene transcription. Furthermore, the paper provides a poten-
tial mechanism for the reported ability of insulin to down-
regulate the ALAS mRNA in murine hepatocytes (18) and
hepatoma human cells (19). Because the HNF3-binding site in
the ALAS promoter overlaps the IRE core motif, we propose a
model in which insulin is postulated to exert its negative effect
through the disturbance of HNF3� binding or transactivation
potential, probably due to specific phosphorylation of this tran-
scription factor by Akt. Because of this event, NF1 would lose
accessibility to the promoter. The posttranslational modifica-
tion of HNF3 would allow the binding of a protein complex that
recognizes the core IRE. It is possible that such a factor may
bind only after changing its phosphorylated status. In this
regard, results obtained from transfection experiments using
kinase inhibitors support this hypothesis. We detected two
polypeptides between 20 and 24 kDa that were able to interact
specifically with the ALAS-IRE. Studies designed to determine
the identity of these proteins that could be part of a putative
insulin response factor are in progress.
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