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Activation protein-1 (AP-1) transcription factors are
early response genes involved in a diverse set of tran-
scriptional regulatory processes. The phorbol ester 12-
O-tetradecanoylphorbol-13-acetate (TPA) is often used
to induce AP-1 activity. The purpose of this work was
to explore the molecular mechanisms involved in the
TPA regulation of ubiquitous 5-aminolevulinate syn-
thase (ALAS) gene expression, the first and rate-
controlling step of the heme biosynthesis. Previous
analysis of the 5'-flanking sequence of ALAS revealed
the existence of two cAMP-response elements (CRE)
required for basal and cAMP-stimulated expression.
The fragment —833 to +42 in the 5'-flanking region of
rat ALAS gene was subcloned into a chloramphenicol
acetyltransferase (CAT) reporter vector. The expres-
sion vector pALAS/CAT produced a significant CAT
activity in transiently transfected HepG2 human hep-
atoma cells, which was repressed by TPA. Sequence
and deletion analysis detected a TPA response element
(TRE), located between —261 and —255 (TRE-ALAS),
that was critical for TPA regulation. We demonstrated
that c-Fos, c-Jun, and JunD are involved in TPA inhib-
itory effect due to their ability to bind TRE-ALAS,
evidenced by supershift analysis and their capacity to
repress promoter activity in transfection assays. Re-
pression of ALAS promoter activity by TPA treatment
or Fos/Jun overexpression was largely relieved when
CRE protein-binding protein or p300 was ectopically
expressed. When the TRE site was placed in a different
context with respect to CRE sites, it appeared to act as
a transcriptional enhancer. We propose that the de-
crease in ALAS basal activity observed in the presence
of TPA may reflect a lower ability of this promoter to
assemble the productive pre-initiation complex due to
CRE protein-binding protein sequestration. We also
suggest that the transcriptional properties of this AP-1
site would depend on a spatial-disposition-dependent
manner with respect to the CRE sites and to the tran-
scription initiation site.
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Activation protein-1 (AP-1)! transcription factors are early
response genes involved in a diverse set of transcriptional
regulatory processes. AP-1 is a dimeric complex composed of
members of the Fos and Jun family proteins (1). This complex
binds the consensus DNA sequence TGA(G/C)TCA, termed 12-
O-tetradecanoylphorbol-13-acetate (TPA)-response element
(TRE) or AP-1, sites found in a variety of promoters of genes,
such as growth factors, chemokines, and cytokines (2). The Fos
family contains four proteins (c-Fos, Fos-B, Fra-1, and Fra-2),
whereas the Jun family is composed of three (c-Jun, JunB, and
JunD). Fos and Jun are members of the basic leucine zipper
group of proteins, and this basic motif mediates the formation
of homo- and heterodimers. c-Jun is the major component of the
AP-1 complex, and c-Fos is its best known partner (3, 4). AP-1
is activated by mitogens, oncoproteins, cytokines, and stress
agents such as ultraviolet light. The phorbol ester TPA is often
used to induce AP-1 activity. The activation of this protein may
be mediated both by transcriptionally independent and de-
pendent mechanisms, which involve post-translational modifi-
cations of its components or increases in the expression of their
corresponding genes, respectively (5, 6).

Transcription coactivators bridge transcription factors and
the components of the basal transcriptional apparatus (7). One
important class of coactivators includes the cAMP-response
element protein (CREB)-binding protein (CBP) and the highly
related p300 protein, which were originally identified for their
ability to interact strongly with CREB (8). Subsequently, CBP
and p300 were identified as essential cofactors for a number of
nuclear transcription factors, including AP-1 complex (9), sev-
eral components of the basal transcriptional machinery (TBP
and TFIIB) (10), other histone acetyltransferases (SRC-1,
ACTR and P/CAF) (11), developmental proteins (GATA-1,
MEF-2, Pit-1) (12), viral oncoproteins (E1A, large T antigen,
and Tax) (13), and nuclear receptors (14).

These coactivator proteins are important not only due to
their role in positive transcriptional regulation from DNA bind-
ing sites but also due to their role as mediators of cross-talk
between different signal transduction pathways (15). Although
negative binding elements have been described, repression is
mainly conducted by interference with other transcription fac-
tors, of which AP-1 is one of the most representative (16). CBP

1 The abbreviations used are: AP-1, activation protein-1; 4aPDA,
4a-phorbol 12,13-diacetate; ALAS, 5-aminolevulinate synthase; CAT,
chloramphenicol acetyltransferase; CREB, cAMP-responsive element
protein; CBP, CREB-binding protein; CRE, cyclic AMP-responsive ele-
ment; 8-CPT-cAMP, 8-(4-chlorophenylthio)-cAMP; HA, hemagglutinin;
NHR, nuclear hormone receptors; PKA and PKC, protein kinase A and
C, respectively; TPA, 12-O-tetradecanoylphorbol-13-acetate; TRE, TPA-
responsive element.
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has been reported to play a significant role in the negative
cross-talk between members of the nuclear receptor family,
including glucocorticoid receptor, retinoic acid receptor, thyroid
hormone receptor, and AP-1 activity, without inhibition of DNA
binding (17-19). Several independent approaches revealed that
CBP is necessary for the activation of both AP-1 and of nuclear
hormone receptors (NHR) as well. As has been suggested, com-
petition for limiting amounts of CBP may account for many of
the inhibitory effects of NHR on AP-1 activation (17, 20). Thus,
on genes containing NHR binding sites but lacking AP-1 bind-
ing sites, positive regulation by liganded NHR is inhibited by
activation of AP-1. Conversely, liganded NHR can inhibit AP-
1-mediated transcription.

In this paper, we present a distinct mechanism of negative
cross-talk between CREB and AP-1 that involves competition
by CBP on the transcriptional activity of 5-aminolevulinate
synthase (ALAS) gene promoter. ALAS is a mitochondrial ma-
trix enzyme that catalyzes the first and rate-limiting step of
heme biosynthesis (21). There are two related ALAS isozymes
that are encoded by two separate genes located on different
chromosomes. The erythroid cell-specific enzyme or ALAS-2 is
developmentally regulated, and it markedly increases during
erythropoiesis to meet the demand for heme during hemoglobin
production. The second enzyme, ubiquitous or liver type ALAS
(ALAS-1), is probably expressed in all tissues to provide heme
for cytochromes and other hemoproteins (21, 22).

Expression of ALAS in the liver was found to be subject to
feedback regulation by heme (21). In addition to this major mech-
anism of regulation, we have demonstrated that cAMP induces
and phorbol esters repress the expression of liver ALAS through
protein kinase A (PKA) and protein kinase C (PKC) activation,
respectively (23, 24). Studies carried out on the 5'-regulatory
region of ALAS gene showed the presence of two functional
CRE-like sites that are necessary not only for the cAMP-
mediated induction but also for basal expression. These sites are
bounded by CREB and recruit coactivator CBP (25).

The purpose of this study was to examine the molecular
mechanism underlying TPA-inhibited expression of ALAS
gene. Promoter deletion analysis were performed on the ALAS
gene, which, as we have already demonstrated, is repressed by
TPA (23). We found that an AP-1 binding site (TRE-ALAS) was
crucial for the inhibition of the ALAS promoter despite its
widely reported positive responsiveness to TPA in several pro-
moters (26, 27). The nuclear heterodimeric complexes that bind
to TRE-ALAS would be composed of c-Fos and c-Jun or c-Fos
and JunD. In addition, our data indicate that overexpression of
CBP relieved TPA repression, suggesting that sequestration of
CBP prevents the downstream formation of the CREB-CBP
complex necessary for basal transcription of ALAS gene. This
competition for limiting the intracellular amount of a common
coactivator could explain the bizarre inhibitory effect of TPA on
ALAS gene expression. Finally, we observed different re-
sponses to TPA depending on the relative position of TRE and
CRE sites on the ALAS promoter. Therefore, AP-1 complex on
TRE-ALAS would interfere in a disposition-dependent manner
with the transcription machinery through CBP sequestration
during the inhibition of ALAS gene expression.

EXPERIMENTAL PROCEDURES

Reagents—Eagle’s minimum essential medium, guanidine isothio-
cyanate, TPA, 4a-phorbol-12,13-diacetate (4aPDA), agarose, calphostin
C, chloramphenicol, butyryl coenzyme A, 8-CPT-cAMP, and o-nitrophe-
nyl-B-D-galactopyranoside were purchased from Sigma. [ring-3,5-
3H]Chloramphenicol (specific activity 1.1-2.2 GBg/mmol), [y-*>P]ATP
(specific activity 222 TBg/mmol), and [a-*?P]dCTP (specific activity 111
TBg/mmol) were purchased from PerkinElmer Life Sciences. Random
primers kit, restriction endonucleases, and DNA modifying enzymes
were from New England Biolabs, Inc. All other chemicals were of

TPA Inhibits ALAS Transcription through CBP Sequestration

analytical grade. Oligodeoxynucleotides were chemically synthesized by
Bio-Synthesis Inc. (Lewisville, TX).

Expression Vectors—The following expression vectors were used as
indicated in each experiment. Plasmid pALAS/CAT contains the 5'-
flanking region (—833 to +42 bp) of rat ubiquitous ALAS gene cloned
upstream the CAT reporter gene in vector pBLCATS6. Deletion mutant
plasmids p-459ALAS/CAT, p-354ALAS/CAT, p-156ALAS/CAT, and
p-75ALAS/CAT were described previously (25). Vectors pSG5 encoding
wild type forms of c¢-Fos, c-Jun, JunB or JunD, and a pRc/RSV vector
encoding the ¢cDNA for the wild type version of CBP were kindly
provided by Dr. P. Sassone-Corsi (Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Strasbourg, France). Vector pCEFLp300 en-
coding cDNA for the wild type version of p300 was a gift from Dr. J.
Silvio Gutkind (NIDCR, National Institutes of Health, Bethesda, MD).
The pCMV/A-Fos (designated pA-Fos) is a cytomegalovirus-driven ex-
pression vector in which the normal basic region critical for DNA
binding at the N terminus of the Fos leucine zipper was replaced for an
acidic sequence (a generous gift from Dr. Charles Vinson, NCI, National
Institutes of Health, Bethesda, MD) (28). The plasmid pTRE-tk-CAT
contains two TRE consensus sequence upstream of the HSV thymidine
kinase promoter (29). The heterologous pASCAT vector, in which a copy
of the —354 to —156-bp sequence of ALAS gene was placed upstream of
the thymidine kinase promoter, was generated by cloning the Af711/Stul
fragment of pACAT into the Sall site of pPBLCAT2. Similarly, pAECATd
or pAECAT!I vectors containing a copy of the —354 to —38-bp sequence
of ALAS gene in the right or inverted position, respectively, upstream of
the thymidine kinase promoter were generated by cloning the AfI1l/
BstEII fragment of pACAT into the Sall site of pPBLCAT2. The muta-
tions were generated by polymerase chain reaction-based site-directed
mutagenesis (Stratagene, La Jolla, CA). In p-354ALAS/CATm, pAE-
CATdm, and pAECATim vectors the TRE-ALAS site was mutated from
wild-type TGACGCA (coding strand) to TGACGTG (coding strand). The
fidelity of all mutated vectors was checked by DNA sequence. Plasmid
pCEFL containing the B-galactosidase gene was also used.

To perform transfection assays, plasmids were purified using the
Wizard Plus Maxipreps (Promega Co). DNA concentration was esti-
mated spectrophotometrically.

Cell Culture and Treatments—The human hepatoma cell line HepG2
was grown as monolayer cultures in minimum essential medium sup-
plemented with 10% (v/v) heat-inactivated fetal calf serum and 1%
penicillin-streptomycin, 100 uM nonessential amino acids, and 2 mm
glutamine. Cells were cultured in a humidified atmosphere with 5%
CO, at 37 °C. For RNA analysis, phenobarbital and TPA were added to
HepG2 cells at 75% confluence in 100-mm tissue culture plates for the
times and concentrations detailed in the figure legends. Phenobarbital
was dissolved in 0.1 ml of the corresponding medium. Phorbol esters
and calphostin C were dissolved in a small volume (less than 0.5% of the
total volume of culture media) of Me,SO.

RNA Extraction and Northern Blot Analysis—Total cellular RNA
was isolated from cultured HepG2 cells according to Chomczinsky and
Sacchi (30). The yield and purity of RNA samples were assessed by the
ratio of absorbance at 260 and 280 nm. For Northern blot analysis, 20
ng of total RNA were denatured, electrophoresed in 1% glyoxal-agarose
gels, and transferred to nylon membranes (Hybond N, Amersham Bio-
sciences). The membranes were sequentially hybridized with *?P-la-
beled probes to human liver ALAS and B-tubulin. To detect ALAS
mRNA, a 26-mer oligodeoxynucleotide was synthesized complementary
to bases +328 to +353 of human ubiquitous ALAS mRNA (31). The
oligodeoxynucleotide was purified and 5'-end-labeled using [y-**P]ATP
and T, polynucleotide kinase. The resulting probe had a specific activity
of about 5—6 X 10% cpm/fmol. Hybridization was carried out overnight
at 70 °C in the same prehybridization solution by adding the 3?P-labeled
oligodeoxynucleotide (3.0 X 10° cpm/cm?) as previously described (24).
To detect B-tubulin mRNA, chicken B-tubulin ¢cDNA (a generous gift of
Dr. J. Messina, Florida) was labeled by random priming using
[a-3?P]dCTP and Klenow to a specific activity of about 6 X 10® cpm/ug.
Membranes were stripped, prehybridized, hybridized, and washed in
standard conditions described by Sambrook et al. (32). Autoradiographs
were obtained by exposing these blots to Kodak XAR-5 film with an
intensifying screen for 3-5 days at —70 °C.

Transient Transfection Experiments—HepG2 transient transfections
were performed according to the standard calcium phosphate precipi-
tation method as previously described (25). In brief, 4 pug of pALAS/CAT
or its derivatives and 6 ug of pCEFLBgal were cotransfected into 5 X
10° cells plated on 35-mm Petri dishes. The B-galactosidase plasmid
was used as the internal standard to normalize transfection efficacy.
The use of other cotransfected plasmids is indicated in each experiment.
The amount of Fos/Jun, CBP, and p300 expression vectors that have
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been used in the different experiments was previously determined
through dose-response curves. Different quantities of the plasmids
mentioned were co-transfected into HepG2 cells together with
p-354ALAS/CAT, and CAT expression was measured. The minimum
amount of each plasmid that produced the maximum effect was used in
later experiments. Final DNA concentration was adjusted to 30 ug/
35-mm dish with nonspecific DNA carrier. Control transfections with
carrier alone and carrier plus vector pBLCAT6 or pBLCAT2 were done
in parallel. Sixteen hours later, the medium was replaced with 3 ml of
serum-free medium containing the reagents indicated in each experi-
ment and incubated for 24 h.

Then cells were collected, and CAT activity was measured in cell
extracts as described previously (25) according to the Seed and Sheen
phase-extraction method (33). The B-galactosidase activity was deter-
mined spectrophotometrically in the transfected cell extracts (32). CAT
activity was expressed as the amount of radiolabeled chloramphenicol
acetylated by 1 mg of protein in 1 min and normalized with B-galacto-
sidase activity. B-Galactosidase activity was not modified by any of the
treatments used. The protein concentration of the cell extracts was
determined by the Bradford assay (34).

Electrophoretic Mobility Shift and Supershift Assays—Nuclear ex-
tracts were prepared from TPA-stimulated and unstimulated HepG2
cells as described by Andrews and Faller (35). Double-strand DNA
probes and cold competitors used were TRE-ALAS (AP-1 site located at
—261 bp), 5'-AGGAGTCTGACGCACAGGGCT-3’, and mutant, 5'-AG-
GAGTCTGACGTGCAGGGCT-3', called TRE-ALASmut, in which the
underlined bases have been mutated to disrupt the specific binding of
AP-1-binding proteins. A positive control oligodeoxynucleotide contain-
ing a consensus AP-1 binding site, 5'-CGCTTGATGAGTCAGCCGGAA-
3’, and an oligodeoxynucleotide containing a consensus CRE site corre-
sponding to the —58 to —31 bp of rat somatostatin gene promoter
5'-AGAGATTGCCTGACGTCAGAGAGCTAG-3’, were also used. Oli-
godeoxynucleotides were 5'-end-labeled with T, polynucleotide kinase
and 222 TBg/mmol [y-**P]dATP at 37 °C for 60 min. Binding reactions
were performed mixing 10 ug of the nuclear extract with 2 ug of
poly(dI-dC) and 150,000 dpm of the labeled probe in TM buffer (50 mm
Tris-HCI, pH 7.9, 12.5 mm MgCl,, 1 mm EDTA, 1 mm dithiothreitol, 20%
(v/v) glycerol) to a final volume of 20 ul and incubated at room temper-
ature for 30 min. When noted, the nuclear extract was incubated for 20
min at room temperature in a binding mixture with the indicated molar
excess of unlabeled competitor DNA before the addition of labeled
probe. After the binding reaction, electrophoresis was carried out
through a 5% non-denaturating polyacrylamide gel containing 0.25X%
TBE (1X TBE: 50 mm Tris borate, pH 8.3, 1 mm EDTA). The gel was
then dried, and autoradiography was performed. The supershift anal-
ysis was performed by incubating the nuclear extract with 3 ul of
specific antibody at 4 °C for 4 h before the band shift assays already
described. Antibodies against c¢-Fos, c-Jun, and JunD were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Immunoprecipitation and Western Blot Analysis—HepG2 cells were
plated on 100-mm dishes (2 X 10°) and transfected with 2.5 ug of CBP
expression vector, where CBP was tagged with HA, or the backbone
vector using Escort transfection reagent according to the recommenda-
tions of the manufacturer (Sigma). Two days after transfection, total
cell lysates were prepared in radioimmune precipitation assay buffer
(1X phosphate-buffered saline, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 10 pg/ml phenylmethylsulfonyl fluoride, 60 wg/ml
aprotinin, and 1 mM sodium orthovanadate). The lysates were centri-
fuged at 10,000 X g for 10 min to remove cell debris. Cleared lysates
(100 pg) were immunoprecipitated with monoclonal anti-HA antibody
(Santa Cruz). The immune complexes were recovered on protein A/G-
agarose beads (Santa Cruz) for 1 h at 4 °C and then washed 4 times
with phosphate-buffered saline. The precipitated proteins were resus-
pended in sample buffer containing 2% SDS and 30 mM B-mercaptoeth-
anol, boiled for 3 min, fractionated by SDS-PAGE on a 10% gel, and
thereafter blotted to a nitrocellulose membrane. The membrane was
then immunoblotted with polyclonal anti-rabbit anti-phospho-CREB
(Cell Signaling Technology). The antibody was detected using horserad-
ish peroxidase-linked goat anti-rabbit IgG (Sigma) and visualized by
the Pierce Super Signal Ultra Chemiluminescence signaling systems
and a Bio-Imaging Analyzer Fujifilm LAS-1000. For direct immunoblot-
ting of cell proteins, total cell lysates of parallel samples were fraction-
ated by electrophoresis in SDS-PAGE on a 10% gel, and the proteins
were transferred to a nitrocellulose membrane. Protein CREB was
detected using the rabbit polyclonal antibody anti-CREB (Cell Signal-
ing). The immune complexes were visualized by chemiluminescence as
describe above.
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Fic. 1. Effect of TPA on ALAS mRNA and promoter activity. A,
HepG2 cells were incubated in serum-free medium with 1 um TPA in
the presence or absence of 0.6 mM phenobarbital (PB) for the times
indicated. B, HepG2 cells were incubated in serum-free medium with
different concentrations of TPA in the presence or absence of 0.6 mm
phenobarbital for 8 h. In A and B total RNA was extracted from the cells
and subjected to Northern blot analysis using a *?P-labeled probe spe-
cific for human ALAS mRNA and reprobed for p-tubulin mRNA as
described under “Experimental Procedures.” Each figure shows a rep-
resentative autoradiograph of three independent experiments with sim-
ilar results. C, HepG2 cells transiently transfected with 4 ug of p-ALAS/
CAT plasmid were incubated in serum-free medium with different
concentrations of TPA in the presence (o) or absence (O) of 0.6 mMm
phenobarbital. After 24 h, cells were harvested, and CAT activity was
determined as described under “Experimental Procedures.” Results are
expressed as relative CAT activity with respect to samples non-treated
with TPA, which were set to 100. Each point represents the mean *+
S.E. of four different experiments performed in duplicate. Student’s ¢
test was used to compare samples treated with TPA with non-treated
samples (¥, p < 0.05, indicates the minimum TPA concentration that
causes a significant reduction in CAT activity).

RESULTS

TPA Inhibits ALAS Gene Expression in HepG2 Cells—We
first studied the effect of TPA on the expression of ALAS gene
in HepG2 cells either in basal or induced conditions. These cells
were incubated with 1 um TPA for up to 24 h in the presence or
the absence of 0.6 mm phenobarbital, a well known inducer of
ALAS gene expression (36). Northern blot analysis showed that
in both cases there was a time-dependent decrease in mRNA
levels for ALAS, suggesting that TPA inhibited ALAS gene
expression in HepG2 cells (Fig. 1A). The TPA concentration-
response relationship for ALAS mRNA inhibition revealed a
dose-dependent effect. TPA was effective over a concentration
range of 108 to 10~° M, and maximum inhibition was reached
at 10~ % M and over (Fig. 1B). These results agree with previous
observations made in primary cultures of rat hepatocytes (23).
To determine whether sequences in the 5'-flanking region of
the ALAS gene could confer TPA responsiveness, we fused
about 870 bp of this region to the bacterial reporter gene for
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Fic. 2. Calphostin C blocks the TPA inhibitory effect on ALAS
promoter activity. HepG2 cells transiently transfected with 4 pg of
p-ALAS/CAT plasmid were incubated in serum-free medium with the
indicated additions. After 24 h, cells were harvested, and CAT activity
was determined as described under “Experimental Procedures.” Results
are expressed as relative CAT activity with respect to basal value
without any addition, which was set to 100. Bars represent the mean *+
S.E. of three independent experiments performed in duplicate. Stu-
dent’s ¢ test was used to compare samples containing TPA with the
respective basal value (¥, p < 0.05) or samples containing TPA plus
calphostin C with samples containing TPA alone (**, p < 0.05). PB, 0.6
mM phenobarbital; Cpn, calphostin C.

CAT. HepG2 cells were transiently transfected with this ALAS/
CAT vector and then incubated with different amounts of TPA
before harvesting and analysis of CAT activity (Fig. 1C). TPA
caused a dose-dependent inhibition in ALAS/CAT expression
with a maximum decrease of almost 5-fold in untreated cells
and 8-fold in cells exposed to 0.6 mm phenobarbital. The action
of 4aPDA, a TPA analog that is ineffective in tumor promotion
and PKC activation, was tested to exclude the possibility of a
general inhibitory effect due to incubation with phorbol esters.
The addition of 1 um 4aPDA failed to reduce ALAS/CAT ex-
pression (data not shown).

In many cell types, prolonged treatment with phorbol esters
resulted in almost complete depletion of cellular PKC. Because
PKC activation led to inhibition of ALAS gene expression,
HepG2 cells transiently transfected with ALAS/CAT were pre-
treated with 1 um TPA for 12 h to determine whether PKC
diminution by translocation to the cell membrane prevented
this inhibition. We observed that prolonged PKC stimulation
resulted in the blockage of ALAS inhibition by TPA both in
basal and phenobarbital-stimulated conditions (data not
shown). Furthermore, incubation of ALAS/CAT-transfected
HepG2 cells with 1 um calphostin C, a PKC inhibitor, resulted
in the blockage of the inhibitory effect of 1 um TPA on ALAS
promoter activity (Fig. 2). These results suggest that PKC is
involved in the inhibitory effect of ALAS gene expression.

ALAS Gene Expression Is Inhibited by TPA due to a Major
Responsive Site in the Proximal 5'-Noncoding Region—To iden-
tify cis-acting response elements in the 5’-flanking region of the
rat ALAS gene that are TPA-responsive, a series of progres-
sively longer deletion mutants of ALAS/CAT were constructed.
As in the case of ALAS/CAT, these deletion promoter mutants
were transiently transfected into HepG2 cells and assayed for
CAT activity in the absence and presence of 1 um TPA. As
shown in Fig. 3, progressive deletion of sequences from —833 to
—354 bp did not significantly impair TPA-mediated inhibition
of promoter activity. Further deletion of the promoter from
—354 to —156 bp almost completely blocked the TPA-inhibited
ALAS/CAT expression, suggesting that an essential TPA-re-
sponsive element is contained within this region. There were
only slight differences in the basal levels of promoter activity in
the deletion mutants tested (Fig. 3, inset).

Characterization of AP-1 Binding Site within the ALAS Pro-
moter—In silico analysis of the 200-bp region (—354 to —156
bp) included in our 5’-deletion analysis in the TPA-mediated
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inhibition of ALAS promoter activity revealed a potential TRE/
AP-1 regulatory element (TRE-ALAS) corresponding to nucleo-
tides —261 to —255 bp (core similarity 1.000; matrix similarity
0.925) (37). Consistent with 5’ deletion analysis, mutation of
the TRE-ALAS site impaired the ability of TPA to decrease
promoter activity, revealing a role for this element in the reg-
ulation of ALAS gene expression (Fig. 3). However, basal pro-
moter activity was unaffected by the TRE-ALAS mutation (Fig.
3, inset). To determine whether AP-1 proteins can bind the
TRE-ALAS motif, we performed electrophoretic mobility shift
assays with oligonucleotides containing this sequence and nu-
clear extracts from HepG2 cells treated or not treated with 1
uM TPA. As shown in Fig. 4, a probe containing the TRE-ALAS
motif (TGACGCA) formed a shifted complex that increased
several times with the addition of TPA-treated extracts. This
complex was competed in a dose-dependent manner by the
same unlabeled oligonucleotide but not by unlabeled oligonu-
cleotide containing a mutated TRE-ALAS binding site
(TGACGTG). Moreover, the DNA-protein complex was com-
peted by unlabeled oligonucleotides containing the consensus
AP-1 sequence but not by the consensus CRE sequence. Like-
wise, a shifted complex formed by a probe containing the AP-1
consensus motif was competed in a dose-dependent manner
with unlabeled oligonucleotides containing the TRE-ALAS se-
quence (data not shown). Taken together, these data clearly
show that the TRE-ALAS element is an AP-1 binding site.

Heterodimers c-Fos/c-Jun and c-Fos/JunD Inhibit ALAS Pro-
moter Activity—The AP-1 protein, which is a complex consist-
ing of proteins from Jun and Fos families, binds to TREs and
modifies TPA-regulatable genes. To determine the effects of
these AP-1-related proteins on ALAS transcription, several
expression vectors of the Jun and Fos protein families were
transfected into HepG2 cells. Co-transfection of p-354ALAS/
CAT with c-Fos and c-Jun or c¢-Fos and JunD expression vectors
resulted in a reduced expression of the fusion gene similar to
the level achieved when p-354ALAS/CAT-transfected cells
were incubated with TPA (Fig. 5). None of the other Fos/Jun
combinations or Jun dimers modified CAT activity. No changes
in promoter activity were observed in similar co-transfection
experiments performed with p-156ALAS/CAT, a reporter vec-
tor that does not contain the TRE-ALAS site (data not shown),
thus discarding unspecific effects of Fos/Jun-overexpressed
proteins. We next performed supershift analysis to determine
the binding of these proteins to the TRE-ALAS site. As shown
in Fig. 4C, incubating HepG2 nuclear extracts with either
anti-c-Fos, anti-c-Jun, or anti-JunD antibodies caused a super-
shifted band.

Because TRE, present in the promoter regions of several
eukaryotic genes, is known to increase the transcription of
these genes in response to TPA, in contrast to what happens
with ALAS promoter, we challenged the ability of TPA and
Fos/Jun expression vectors under our experimental conditions
to induce CAT activity of a reporter vector containing two TRE
sites with a minimum thymidine kinase promoter (pTRE-tk-
CAT). Results in Table I clearly show that any Fos/Jun or
Jun/Jun heterodimer was able to induce CAT expression as
TPA did.

To confirm the functional contribution of AP-1 factors to the
regulation of ALAS transcription by TPA, a dominant negative
variant of c-Fos (A-Fos) was used in co-transfection experi-
ments. This factor contains, instead of the DNA binding do-
main, an acidic domain complementary in charge distribution
to the basic region of the targeted factor. As a result, when
A-Fos 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 factor and
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Fic. 3. Deletion analysis reveals a region important for TPA-mediated inhibition of ALAS promoter activity. HepG2 cells transiently
transfected with 4 pg/plate of p-ALAS/CAT or equivalent amounts of deletion mutants containing the 5'-flanking region of ALAS gene illustrated
on the left were incubated in serum-free medium alone (white bars) or with the addition of 1 um TPA (black bars). After 24 h, cells were harvested,
and CAT activity was determined as described. Results are expressed as relative 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 ¢ test was used to compare
TPA-treated and non-treated samples (*, p < 0.05). Inset, relative basal CAT activity of each promoter mutant with respect to the basal activity
of p-ALAS/CAT, which was set to 100. Bars represent the mean *= S.E. of four independent experiments performed in duplicate.
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Fic. 4. TRE-ALAS site forms a complex with c-Fos/c-Jun or c-Fos/JunD. A, 10 ug of protein prepared from extracts of HepG2 cells
previously treated or not treated with 1 um TPA for 6 h were incubated with a 3?P-labeled probe representing the TRE-ALAS site. B, 10 ug of
protein prepared from extracts of HepG2 cells previously treated with 1 um TPA for 6 h were incubated with *?P-labeled probes representing the
TRE-ALAS or the mutated TRE-ALAS (TRE-ALASmut) in the presence or absence of increased quantities of unlabeled competitor oligonucleotides
as indicated. The competitor oligonucleotides were either the unlabeled TRE-ALAS, mutated TRE-ALAS, AP-1, or CRE consensus sequences. C,
10 ug of nuclear extract prepared from the HepG2 cells treated with 1 um TPA for 6 h were subjected to supershift assays. Nuclear proteins were
preincubated with 8 ul of each antibody against c-Fos, c-Jun, or JunD proteins, and then *?P-labeled TRE-ALAS or AP-1 probe was added. Controls
were incubated with preimmune immunoglobulins (pi). In A, B, and C, protein-DNA complexes were resolved by electrophoresis on a 5%
non-denaturing polyacrylamide gel in 0.25X TBE buffer with 120 V at room temperature.

prevent it from binding to DNA (28). As seen in Fig. 6, the CREB-CBP complex necessary for basal transcription of ALAS
overexpression of A-Fos significantly diminished the inhibitory — gene could explain the bizarre inhibitory effect of TPA. To
effect caused by TPA or by the overexpression of c-Fos/c-Jun or  evaluate this hypothesis, HepG2 cells were co-transfected with
c-Fos/JunD on ALAS promoter activity. Similarly, overex- p-354ALAS/CAT and CBP expression vector and treated or not
pressed A-Fos blocked the induction effect obtained on pTRE- with TPA. Overexpression of CBP severely curtailed the TPA-
tk-CAT expression by TPA or by the mentioned heterodimers mediated inhibition of ALAS promoter activity (Fig. 7). Con-
Fos/Jun (Table II). sistent with this result, when the inhibition of ALAS transcrip-
All these results strongly indicate that the nuclear proteins tion was achieved by co-transfection of c-Fos and c-Jun or c-Fos
interacting with the TRE-ALAS region are most likely com- and JunD expression vectors, CBP overexpression partially
posed of c-Fos and c-Jun or c¢-Fos and JunD and that these AP-1  reversed this effect. Furthermore, the addition of TPA blocked
complexes are responsible for the TPA-mediated inhibition of the CBP-mediated reversion (Fig. 7). Similar experiments were
ALAS transcriptional activity. performed with an expression vector encoding co-activator
Overexpression of CBP Counteracts the TPA Inhibitory Effect  p300. Again, TPA-mediated inhibition of ALAS promoter activ-
on ALAS Promoter Activity—In previous work we demon- ity was avoided by the overexpression of the transcriptional
strated the presence of two CRE-like sites on the regulatory integrator (data not shown).
region of ALAS gene, located downstream TRE-ALAS site, CBP Interacts with Endogenous CREB in Vivo—To challenge
necessary not only to confer cAMP/PKA responsiveness but for  our hypothesis, we next asked whether CBP associates with
also ALAS basal expression (25). These findings allow us to CREB in HepG2 cells in basal conditions. To address this, an
hypothesize that the competition for a common co-activator like  expression vector for CBP, harboring a HA tag, was transfected
CBP that prevents the downstream formation of the into the HepG2 cells. Immunoprecipitation of tagged CBP fol-



2322

150+

504

Relative CAT activity (%)

o

o e o & &
Fic. 5. Heterodimers of Fos and Jun proteins inhibit ALAS
promoter activity. HepG2 cells were transiently transfected with 4
ng/plate of p-354ALAS/CAT and cotransfected or not with 3 ug/plate of
each of the indicated expression vectors for Fos and Jun proteins.
Non-cotransfected sample was incubated in serum-free medium con-
taining 1 uM TPA during 24 h. Results are expressed as relative CAT
activity with respect to p-354ALAS/CAT without any treatment, which
was set to 100. Bars represent the mean + S.E. of four independent
experiments performed in duplicate. Student’s ¢ test was used to com-
pare samples cotransfected with some Fos/Jun expression vector and
non-cotransfected and non-treated sample. *, p < 0.05.

TaBLE 1
TPA or Fos and Jun heterodimers stimulate the expression of a
reporter vector containing TRE

HepG2 cells were transiently transfected with 4 pg/plate of TRE-tk-
CAT or tk-CAT and cotransfected or not with 3 ug/plate of each of the
indicated expression vectors for Fos and Jun proteins. Non-cotrans-
fected sample was incubated in serum-free medium containing 1 uM
TPA for 24 h. Results are expressed as relative CAT activity with
respect to the basal value of tk-CAT, which was set to 1. Values are the
mean * S.E. of three different experiments performed in duplicate.
Student’s ¢ test was applied to compare samples cotransfected with a
Fos and/or Jun expression vector or a TPA-treated sample with basal
value of each reporter vector. ND, not determined.

Treatment TRE-tk-CAT Tk-CAT
% Relative CAT activity
None 4.66 = 0.33 1.00 = 0.14
TPA 20.12 = 0.43% 1.46 = 0.23
c-Fos/pSG5 5.64 = 0.27 ND
c-Fos/c-Jun 20.34 *= 2.98¢ 1.34 +£0.13
c-Fos/Jun-B 22.37 £ 1.95% 1.35 = 0.23
c-Fos/Jun-D 19.30 = 0.18* 1.34 = 0.40
c-Jun/Jun-B 22.86 £ 0.10* 2.12 = 0.07¢
c-Jun/Jun-D 18.30 = 1.44¢ 1.77 = 0.50
Jun-B/Jun-D 12.57 = 0.70¢ 1.13 = 0.22
“p < 0.05.

lowed by Western blot analysis of the precipitants for the
presence of phospho-CREB indicated an interaction between
the proteins (Fig. 8A, upper panel). As expected the CREB-CBP
interaction was increased in HepG2 cells previously treated
with 100 um 8-CPT-cAMP. Likewise, incubating cells with 100
uM H-7, a protein kinase inhibitor, partially blocked the protein
association. No binding to CREB was observed when HA-
tagged empty vector was used as the control. None of the
treatments had any effect on endogenous levels of CREB in
HepG2 cells (Fig. 84, lower panel). These results strongly sug-
gest that the presence of a basal level of phosphorylated CREB
is able to recruit CBP in HepG2 cells despite the absence of
exogenous cAMP stimulus.

It was of interest to determine whether ALAS promoter
activity in HepG2 cells transfected with p-354ALAS/CAT cor-
relates with CREB-CBP interaction in the conditions tested in
the immunoprecipitation assay. As shown in Fig. 8B, cAMP-
treated cells displayed the highest CAT activity, whereas the
presence of the inhibitor H-7 diminished it below the basal
levels, suggesting that the extent of CREB and CBP association
is critical for ALAS promoter activity.
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Fic. 6. Effect of a dominant negative variant of c-Fos on the
TPA or Fos/Jun-mediated inhibition of ALAS promoter activity.
HepG2 cells were transiently transfected with 4 ug/plate of p-354ALAS/
CAT and cotransfected or not with 3 ug/plate of each of the indicated
expression vectors for Fos and Jun proteins. Non-cotransfected samples
were incubated in serum-free medium containing 1 um TPA during
24 h. Transfections may include 6 pg/plate of expression vector for
A-Fos or the empty vector as indicated. Results are expressed as rela-
tive CAT activity with respect to basal value of p-ALAS/CAT, which was
set to 100. Bars represent the mean = S.E. of three different experi-
ments performed in duplicate. Student’s ¢ test was used to compare in
each group samples cotransfected and non-cotransfected with A-Fos. *,
p < 0.05.

TABLE II
Effect of a dominant negative variant of c-Fos on the expression of a
reporter vector containing TRE

HepG2 cells were transiently transfected with 4 ug/plate of TRE-tk-
CAT and cotransfected or not with 3 pg/plate of each of the indicated
expression vectors for Fos and Jun proteins. A non-cotransfected sam-
ple was incubated in serum-free medium containing 1 um TPA for 24 h.
Transfections may include 6 ug/plate of expression vector for A-Fos as
indicated. Results are expressed as relative CAT activity with respect to
basal value of TRE-tk-CAT, which was set to 100. Values are the
mean * S.E. of three different experiments performed in duplicate.
Student’s ¢ test was used to compare samples cotransfected or not with
A-Fos.

Treatment None A-Fos
% Relative CAT activity
None 100 = 2 95 =7
TPA 365 = 43 124 = 13
c-Fos/c-Jun 338 +13 135 = 5¢
c-Fos/Jun-D 313 = 43 131 = 1*
“p < 0.05.

Relative Position of CRE-ALAS and TRE-ALAS in a Heter-
ologous Promoter Drives TPA Responsiveness—To strengthen
the previous analysis we constructed three expression vectors
cloning two different regions of ALAS promoter in the heterol-
ogous reporter vector pPBLCAT2. As shown in Fig. 9A, vector
PASCAT comprises the region between —354 and —156 bp
containing the critical TRE-ALAS for TPA-mediated inhibition,
vector pAECATd comprises the —354 to —38-bp region includ-
ing TRE-ALAS and the two CRE-ALAS sites, and vector pAE-
CATi contains the same sequence but in the inverse direction.
In agreement with our hypothesis, when the TRE-ALAS region
was attached to the thymidine kinase promoter bound to the
CAT gene (pASCAT), it expressed high levels of CAT activity
upon transfection in HepG2 cells treated with 1 um TPA. This
induction was slightly increased by CBP co-transfection (Fig.
9B). On the contrary, transfection of the fusion gene containing
TRE and CRE sites (pAECATd) in TPA-treated cells resulted in
a decreased CAT expression that was blocked by CBP overex-
pression, in agreement with the results obtained with the
ALAS promoter (Fig. 9B). Interestingly, TPA induced CAT
activity when vector pAECATI, with TRE and CRE sites in
inverted position, was transfected.

In a previous work we demonstrate that the effect of TPA in
reducing ALAS expression was dominant over the stimulatory
action of cAMP (23). To assess the possibility that the stimu-
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Fic. 7. CBP overexpression blocks the inhibitory effect of TPA
or Fos/Jun-mediated inhibition of ALAS transcriptional activ-
ity. HepG2 cells were transiently transfected with 4 ug/plate of
p-354ALAS/CAT and cotransfected or not cotransfected with 3 ug/plate
of each of the indicated expression vectors for Fos and Jun proteins.
Transfections may include 4 pg/plate of expression vector for CBP
coactivator as indicated. Some cell cultures were treated with 1 um TPA
for 24 h. Results are expressed as relative CAT activity with respect to
non-cotransfected sample, which was set to 100. Bars represent the
mean * S.E. of three different experiments performed in duplicate.
Student’s ¢ test was used to reveal significant differences in each group.
* p < 0.05, between samples cotransfected and non-cotransfected with
CBP; ** p < 0.05, between samples cotransfected with CBP plus
TPA-treated and samples cotransfected with CBP only.

latory and inhibitory effects of cAMP and TPA, respectively,
would be a consequence of the relative positions of the sites for
its specific binding factors, we tested the action of 100 um
8-CPT-cAMP and 1 um TPA in cotransfection experiments with
pAECATd or pAECAT!I. As shown in Fig. 10, TPA inhibited the
transcription activity of the ALAS promoter in the right orien-
tation, whereas the phorbol ester induced ALAS/CAT expres-
sion when the promoter was located in the inverted position.
Conversely, cAMP induced the expression of the fusion gene
when the promoter was in the right orientation but did not
display any significant stimulation when the regulatory region
was located in the inverted position. We then tested the effect
of mutation of the TRE-ALAS in these constructions. TPA
inhibitory or stimulatory effects were impaired when TRE-
ALAS was mutated in pAECATdm or pAECATim, respectively,
whereas the effect of cAMP was not modified. Coincident with
the above hypothesis, when cAMP and TPA were jointly added
to HepG2 cells, the dominant inhibitory effect of TPA was
observed when the promoter was located in the right position.
In this case, mutation of TRE-ALAS in the direct orientation
promoter alleviated the TPA dominant inhibition and allowed
cAMP to induce CAT activity, whereas mutation in the in-
verted orientation promoter did not modify reporter activity,
suggesting that increasing the distance between the CRE and
the transcription initiation sites impairs the ability of cAMP to
induce ALAS promoter activity. To support these findings, a
similar experiment was performed in HepG2 cells cotrans-
fected with the expression vector for CBP co-activator. As
shown in the same figure, overexpression of CBP either blocked
the inhibitory effects or enhanced the stimulatory action ob-
served in the absence of the coactivator.

These results strongly suggest that the relative position of
TRE with respect to CREs could drive the response to TPA and
also reinforce the idea that competition by co-activator CBP
could be involved in TPA-mediated inhibition of ALAS tran-
scriptional activity.

DISCUSSION

The aim of this work was to determine the molecular mech-
anism involved in the TPA-mediated inhibition of the rat ubig-
uitous ALAS gene in human hepatoma HepG2 cells. Previous
analysis of the 5’-flanking sequence of ALAS gene revealed the
existence of binding sites for nuclear respiratory factor I (39)
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Fic. 8. CBP interacts with CREB under basal conditions in
HepG2 cells. A, HA-tagged CBP protein was expressed in HepG2 cells
before treatment with 100 um H-7 or 100 um 8-CPT-cAMP (cAMP).
Equal amounts of proteins from cell lysates were immunoprecipitated
(IP) using a monoclonal anti-HA antibody. The immune complexes were
subjected to 10% SDS-PAGE, transferred to nitrocellulose membranes,
and analyzed by Western blot with an anti-phospho (Ser-133)-CREB
antibody (upper panel). Parallel samples of HepG2 cells used in immu-
noprecipitation assay were electrophoresed, transferred to membranes,
and probed with an anti-CREB antibody that recognizes total CREB
(lower panel). Immunoprecipitation and direct immunoblotting experi-
ments were performed twice and showed similar results. B, HepG2 cells
were transiently transfected with 4 ug/plate of p-354ALAS/CAT and
treated with 100 um H-7 or 100 um 8-CPT-cAMP (cAMP). After 24 h,
cells were harvested, and CAT activity was determined as described.
Results are expressed as relative CAT activity with respect to non
treated sample, which was set to 100. Bars represent the mean = S.E.
of three different experiments performed in duplicate. Student’s ¢ test
was used to compare treated with non treated samples. *, p < 0.05.

and for transcription factor CREB (25). We describe for the first
time a DNA sequence (TRE-ALAS) that binds AP-1 proteins
and is necessary for the inhibitory effect of phorbol esters on
ALAS gene expression. Based on Northern blot analysis and
transient transfection experiments with a promoter-reporter
fusion gene containing a 870-bp fragment of the 5’ region of the
ALAS gene, we conclude that the effect of TPA occurs at the
transcriptional level. We have previously demonstrated that
phorbol esters do not modify the ALAS mRNA turnover (23).

The well documented interaction of phorbol esters with PKC
(40) suggests that protein phosphorylation is involved in the
mechanism by which TPA suppresses ALAS mRNA transcrip-
tion. The blockage of TPA inhibitory effect caused by a specific
inhibitor of PKC such as calphostin C (41), the desensitization
developed after pretreatment of HepG2 cells with TPA, and the
fact that 4aPDA was ineffective in reducing ALAS promoter
activity support the hypothesis that PKC activation mediates
TPA inhibitory effect on ALAS gene expression.

Deletion analysis of the 5'-regulatory region of the ALAS
gene allowed us to identify a major TPA-responsive region
located at —354 to —156 bp. Transfection assays with plasmids
containing sequences shorter than —156 bp of the ALAS pro-
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Fic. 9. TRE-ALAS site linked to heterologous promoter con-
fers TPA responsiveness. A, maps of the p-354ALAS/CAT and chi-
merical ALAS promoters indicating the elements that are present. B,
HepG2 cells were transiently transfected with 6 ug/plate of p-354ALAS/
CAT or the depicted chimerical expression vectors and cotransfected or
not with 4 pg/plate of expression vector for CBP coactivator as indi-
cated. Some cell cultures were treated with 1 um TPA for 24 h. For each
ALAS/CAT expression vector, results are expressed as relative CAT
activity with respect to non-cotransfected and non-TPA-treated sample,
which was set to 100. Bars represent the mean = S.E. of three different
experiments performed in duplicate. Student’s ¢ test was used to reveal
significant differences. *, p < 0.05, between samples treated with TPA,
samples cotransfected with CBP, or samples cotransfected with CBP
plus TPA-treated, non-treated, and non-cotransfected samples; **, p <
0.05, between samples cotransfected with CBP plus TPA-treated and
samples treated with TPA; *** p < 0.05, between samples cotrans-
fected with CBP plus TPA-treated and samples cotransfected with
CBP). Inset, relative basal CAT activity of each chimerical ALAS/CAT
expression vector respect to empty vector (pBLCAT2), which was set to
100. *, p < 0.05.

moter in HepG2 cells abrogate the response to the influence of
TPA. This sequence contains a TRE motif at —261 bp that
differs from the consensus sequence in only 1 nucleotide (42).
The mutation of this TRE-ALAS site abolished the response to
TPA in the p-354ALAS/CAT vector.

Additional evidence for functional TRE in the ALAS gene is
as follows. First, CAT activity was reduced when a reporter
gene containing the TRE region was cotransfected with a com-
bination of vectors that expressed c-Fos and c-Jun or c-Fos and
JunD, proteins that belong to the AP-1 family. Second, cotrans-
fection with the dominant negative A-Fos abolished the re-
sponse of the ALAS promoter to the inhibitory effect of either
TPA or c-Fos/c-Jun or c-Fos/JunD. The suggested effect is the
titration of c-Jun and JunD factors (28). Finally, TRE-ALAS
conferred sensitivity to the thymidine kinase promoter on the
action of TPA when this heterologous plasmid was transfected
to HepG2 cells.
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Fic. 10. Relative position of CRE and TRE sites in a heterolo-
gous promoter drives TPA and cAMP responsiveness. HepG2
cells were transiently transfected with 6 ug/plate of pAECATd (d) or
PAECAT! (i) or their mutated version (pAECATdm (dm) or pAECATim
(im)) and cotransfected or not with 4 ug/plate of CBP expression vector
as indicated. Some cell cultures were treated with 1 um TPA and/or 100
uM 8-CPT-cAMP (cAMP) for 24 h. For each ALAS/CAT expression
vector, results are expressed as relative CAT activity with respect to the
wild type version of non-cotransfected and non-treated sample, which
was set to 100. Bars represent the mean = S.E. of three different
experiments performed in duplicate. Student’s ¢ test was used to reveal
significant differences. *, p < 0.05, between samples 5, 9, and 13 and
sample 1; * p < 0.05, between sample 7 and sample 3; *, p < 0.05,
between sample 13 and sample 9; *, p < 0.05, between sample 15 and
sample 7; *, p < 0.05, between sample 21 and sample 13; *, p < 0.05,
between sample 22 and sample 15. In all cases, relative CAT activity of
mutants was compared with their respective wild type version.

The results of gel-shift experiments merit some comments.
Incubation of HepG2 nuclear extracts with an oligonucleotide
containing the TRE-ALAS sequence of ALAS determined a
complex that was highly increased with extracts from TPA-
treated HepG2 cells. This complex was competed with the
unlabeled probe in a simultaneous incubation but not with a
mutated version. Likewise, competition with an unlabeled con-
sensus AP-1 probe indirectly confirmed the TRE-ALAS iden-
tity. It has been reported that all Jun-Jun and Jun-Fos com-
plexes have the same binding specificity but exhibit different
binding affinities (4). Thus, Jun and Fos proteins have the
ability to interact among themselves and activate different
targets that contain AP-1-response elements in their promot-
ers. In addition to transfection experiments, supershift assays
confirm that nuclear proteins that bind to the TRE-ALAS are
most likely composed of ¢c-Fos and c-Jun or c-Fos and JunD. It
has been reported that c-Fos, c-Jun, and JunD are expressed in
HepG2 cells (43). Therefore, our finding is compatible with the
expression pattern of the AP-1 protein family in this cell line.
The binding of c-Jun and c-Fos to the TRE-ALAS site after
treatment of HepG2 cells with TPA is not surprising given that
these nuclear proteins can be induced rapidly and transiently
and display enhanced AP-1 binding activity upon treatment of
cultured cells with an array of compounds, including TPA (44).
Conversely, JunD appears to be constitutively expressed as
relatively high levels in cultured cells, including hepatomas,
with only modest increases in mRNA levels after treatment
with TPA or growth factors (45). Formation of heterodimeric
and homodimeric complexes between Fos and Jun family mem-
bers and their association with DNA depends on their zipper
domains. Thus, the Fos zipper avidly binds to the Jun zipper
but does not bind to itself. Members of the Jun family can
weakly homodimerize or form stronger heterodimeric com-
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plexes with Fos family members (46). This could be the reason
for the presence of Fos in the two forms of AP-1 that bind
TRE-ALAS site. Because TRE-ALAS does not exactly match
with the consensus TRE site, the stronger AP-1 factors could
establish the most stable complexes on the DNA and would be
the most effective inhibitors.

The inhibitory effect of TRE-ALAS on the transcriptional
activity of the ALAS promoter is rather interesting since the
presence of the same sequence in a heterologous promoter
enhanced TPA transcription. Promoter regions of eukaryotic
genes are generally composed of multiple binding sites for
transcriptional activators and repressors that act in combina-
tion to regulate the expression of a linked gene (47). Previous
analysis of the 5'-flanking sequence of ALAS revealed the
existence of two CRE sites. This elements are required for basal
and cAMP-stimulated expression of the ALAS gene in hepa-
toma human cells (25). Our results show that TPA inhibitory
effect can be blocked by CBP overexpression. Thus, our hypoth-
esis to explain TPA inhibitory effect is based on the competition
between AP-1 and CREB factors for limiting amounts of CBP.
There are several evidences on the interaction of CBP with
CREB and Fos/Jun proteins (8, 48) as well as on the competi-
tion mechanisms that regulate the action of different transcrip-
tion factors, which involve CBP and other coactivators.
Fronsdal et al. (49) provide evidence that the transcriptional
interference between androgen receptors and AP-1 may be
mediated through competition for limiting amounts of CBP.
Similarly, DiSepio et al. (19) suggest that the mutual transre-
pression of the retinoic acid-receptor and AP-1 might be due to
the competition for limiting coactivators, including CBP. In
this regard, our demonstration that CBP interacts with CREB
under basal conditions in HepG2 cells and that the extent of
this association is correlated with the ALAS promoter activity
provides a strong support for our hypothesis.

Even though the competition between different transcription
factors for CBP is well known, there is no conclusive evidence
that coactivator levels are limiting, as has been proposed (17,
50). Karin and Chang (51) suggest that, because the amounts of
nuclear CBP/p300 seem to exceed those of AP-1 or glucocorti-
coid receptor and CBP/p300 is also a common target for many
other sequence-specific transactivators, which do not transre-
press AP-1 activity, it is unlikely that simple competition for a
limiting amount of CBP/p300 can explain the transrepression
of AP-1 activity by glucocorticoid receptor. Despite this, our
results present a cross-talk between different signal pathways
that regulate gene expression, like cAMP and TPA, and that
occur at the level of a coactivator.

Finally, our work highlights the importance of the natural
promoter context when studying AP-1-mediated gene expres-
sion. It seems likely that a completely orientation-dependent
silencer or enhancer acts by presenting its specific binding
factor in a particular position or direction relative to other
regulatory sequences or factors (52). We suggest that the con-
tribution of the AP-1 binding factors to the promoter activity
might be determined mainly by the promoter context (e.g. sur-
rounding binding sites for other transcription factors) rather
than by the element itself. Results depicted in Figs. 9 and 10, in
which the TRE-ALAS site was placed in different contexts with
respect to CRE sites, thus acting as a transcriptional enhancer,
support this view.

In addition to the feedback regulation by heme (21) and in
addition to the transcription inhibitory effect described in this
paper, ALAS is also repressed by insulin (53). Recently, the
postreceptor-signaling mechanisms for insulin regulation of
ALAS gene expression has begun to be uncovered. We suggest
that both pathways, phosphatidylinositol 3-kinase/PKB and
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Fic. 11. Model of positive and negative cross talk modulated
by the transcriptional coactivator CBP in ALAS promoter. ALAS
basal expression requires the interaction between CREB and the pro-
moter CRE sites, thus facilitating the incorporation of coactivator CBP.
The formation of this complex would have a stabilizing effect on the
transcription mechanism in basal conditions (25). TPA stimulates the
synthesis of proteins from the AP-1 family, which would occupy TRE
sites located upstream CRE sites. The subsequent activation of Fos/Jun
factors due to post-transductional changes would lead to CBP shift from
the CRE-CREB complex to further TRE-AP-1 complex, thus destabiliz-
ing the transcription mechanism and causing the inhibition of ALAS
gene expression.

Ras/mitogen-activated protein kinase/p90%SK are jointly re-
quired for insulin-mediated inhibition of ALAS gene expression
in rat hepatocytes and human hepatoma cells (54). Also, the
activation of PKC is indispensable for the transduction of the
insulin effect to the ALAS promoter, although the connection
with the mentioned pathways remains unclear (53). In a num-
ber of instances investigators have described that phorbol es-
ters mimic the action of insulin (55). On the other hand, there
is evidence that insulin increases diacylglycerol concentrations
and PKC activity (56). Because PKC is a primary target of
phorbol esters, one could speculate that this protein kinase acts
as a common factor linking insulin and TPA signaling. How-
ever, there are several reports demonstrating that genes that
are acutely inhibited by insulin present different responses to
this hormone after inhibition or down-regulation of PKC (57—
59). In the particular case of ALAS, beyond the involvement of
PKC in both insulin and TPA signaling, the phorbol ester
inhibits transcription through cis-acting elements, the TRE
site, and trans-acting factors, AP-1 proteins, that differ from
those involved in insulin regulation of ALAS promoter activity,
which would include hepatocyte nuclear factor-3 and NF-1 sites
(this paper and Ref. 54).

There are many signals that activate PKC in hepatocytes.
Various prostaglandins, metabolites of arachidonic acid, and
other lipid mediators produced by phospholipases C and D are
thought to play important roles in hepatocyte proliferation
through PKC activation (60). The proliferative action of trans-
forming growth factor-a is mediated by phospholipase C and
PKC, among other effectors (61). Moreover, mechanisms in-
volving diacylglycerol and PKC seem to play a role in the
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mitogenic effects of various agents that bind to G protein-
coupled receptors and activate cells in early G;, such as nore-
pinephrine, angiotensin II, and vasopressin (62).

The inhibition of ALAS expression can have important phys-
iologic outcomes. Its imbalanced repression results in a deficit
of vital hemeproteins, such as hemoglobin, enzymes taking
part in cellular respiration, reduction of sulfite and nitrite,
neutralization of reactive oxygen species, and the oxidative
metabolism of lipophilic xenobiotics, as a consequence of an
impaired synthesis of heme (21, 63). The inhibitory effect of
TPA-mediated PKC activation on the ALAS transcription could
explain the apoptotic cellular response driven by phorbol ester
treatment (64, 65). One of the reasons could be the increase of
free radicals produced by TPA and the decrease in the amount
of peroxisomal hemeproteins involved in neutralizing reactive
oxygen species. A similar mechanism could be utilized by pros-
taglandin A, to induce apoptosis in human hepatocarcinoma
Hep3B and HepG2 cells (66).

In summary, our results demonstrate the presence of a func-
tional TRE site on the ALAS promoter that, upon TPA stimu-
lation, interacts with c-Fos/c-Jun or c-Fos/JunD heterodimers.
We propose that the decrease in ALAS basal activity observed
in the presence of TPA may reflect a reduction in the capability
of this promoter to assemble the productive pre-initiation com-
plex involving the interaction of CREB-CBP with the CRE sites
through sequestration of the coactivator (Fig. 11). We also
demonstrate that the transcriptional properties of this AP-1
site would depend on a spatial-disposition-dependent manner
with respect to CRE sites and/or the transcription initiation
site.

Acknowledgment—We thank Laura Gutiérrez for help with manu-
script preparation and language advice.

REFERENCES

. Wisdom, R. (1999) Exp. Cell Res. 253, 180—-185
. Angel, P., Imagawa, M., Chiu, R., Stein, B., Imbra, R. J., Rahmsdorf, H. J.,
Jonat, C., Herrlich, P., and Karin, M. (1987) Cell 49, 729-739
. Nishina, H., Sato, H., Suzuki, T., Sato, M., and Iba, H. (1990) Proc. Natl. Acad.
Sci. U. S. A. 87, 3619-3623
. Angel, P., and Karin, M. (1991) Biochim. Biophys. Acta 1072, 129-157
. Karin, M. (1995) J. Biol. Chem. 270, 16483-16486
. Karin, M., and Hunter, T. (1995) Curr. Biol. 5, 747-757
. Horwitz, K. B., Jackson, T. A., Bain, D. L., Richer, J. K., Takimoto, G. S., and
Tung, 1. (1996) Mol. Endocrinol. 10, 1167-1177
. Arias, J., Alberts, A. S., Brindle, P., Claret, F. X., Smeal, T., Karin, M.,
Feramisco, J., and Montminy, M. (1994) Nature 370, 226229
9. Albanese, C., D’Amico, M., Reutens, A. T., Fu, M., Watanabe, G., Lee, R. J.,
Kitsis, R. N., Henglein, B., Avantaggiati, M., Somasundaram, K.,
Thimmapaya, B., and Pestell, R. G. (1999) J. Biol. Chem. 274, 34186-34195
Giordano, A., and Avantaggiati, M. L. (1999) oJ. Cell. Physiol. 181, 218-230
Lee, S., Kim, H., Na, S., Kim, T. Choi, H., Im, S., and Lee, J. W. (1998) J. Biol.
Chem. 273, 16651-16654
Liu, S. L., Rand, A., Kelm, R. J., Jr., and Getz, M. J. (2000) Oncogene 19,
3352-3362
Goodman, R. H., and Smolik, S. (2000) Genes Dev. 14, 1553-1577
Lee, S. K, Jung, S. Y., Kim, Y. S., Na, S. Y, Lee, Y. C., and Lee, J. W. (2001)
Mol. Endocrinol. 15, 241-254
Cheng, X., Reginato, M. J., Andrews, N. C., and Lazar, M. A. (1997) Mol. Cell.
Biol. 17, 1407-1416
Saatcioglu, F., Claret, F. X., and Karin, M. (1994) Semin. Cancer Biol. 5,
347-359
Kamei, Y., Xu, L., Heinzel, T., Torchia, J., Kurokawa, R., Gloss, B., Lin, S. C.,
Heyman, R. A., Rose, D., Glass, C. K., and Rosenfeld, M. G. (1996) Cell 85,
403-414
Ko, L., Cardona, G. R., and Chin, W. W. (2000) Proc. Natl. Acad. Sci. U. S. A.
97, 6212-6217
DiSepio, D., Sutter, M., Johnson, A. T., Chandraratna, R. A., and Nagpal, S.
(1999) Mol. Cell Biol. Res. Commun. 1, 7-13

w DN =

S0 ot

@

10.
11.

12.

13.
14.

15.

16.

17.

18.

19.

TPA Inhibits ALAS Transcription

20

21.

22.

23.
24.

25.
26.
27.
28.
29.
30.

31
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

48.

49.

50.
51.
52.
53.

54.

55.
56.

57.

58.
59.

60.

61.
62.

63.
64.
65.
66.

through CBP Sequestration

. Mc Kenna, N. J., Lanz, R. B., and O’'Malley, B. W. (1999) Endocr. Rev. 20,
321-344

Kappas, A., Sassa, S., Galbraith, R. A., and Nordmann, Y. (1995) in The
Metabolic and Molecular Basis of Inherited Diseases (Scriver, C. R.,
Beaudet, A. L., Sly, W. S., and Valle, D., eds) pp. 2103-2159, 7th Ed.,
McGraw-Hill Inc., New York

May, B. K., Dogra, S. C., Sadlon, T. J., Bhasker, C. R., Cox, T. C., and
Bottomley, S. S. (1995) Prog. Nucleic Acid Res. Mol. Biol. 51, 1-51

Varone, C. L., and Céanepa, E. T. (1997) Arch. Biochem. Biophys. 341, 259266

Varone, C. L., Giono, L. E., Ochoa, A., Zakin, M. M., and Céanepa, E. T. (1999)
Arch. Biochem. Biophys. 372, 261-270

Giono, L. E., Varone, C. L., and Cédnepa, E. T. (2001) Biochem. J. 353, 307-316

Sakamoto, S., and Taniguchi, T. (2001) <J. Biol. Chem. 276, 37237-37241

Simon, C., Simon, M., Vucelic, G., Hicks, M. J., Plinkert, P. K., Koitschev, A.,
and Zenner, H. P. (2001) Exp. Cell Res. 271, 344-355

Olive, M., Krylov, D., Echlin, D. R., Gardner, K., Taparowsky, E., and Vinson,
C. (1997) J. Biol. Chem. 272, 18586-18594

Icard-Liepkalns, C., Biguet, N. F., Vyas, S., Robert, J. J., Sassone-Corsi, P.,
and Mallet, J. (1992) J. Neurosci. Res. 32, 290-298

Chomeczinsky, P., and Sacchi, N. (1987) Anal. Biochem. 71, 341-350

Bishop, D. F. (1990) Nucleic Acids Res. 18, 7187-7188

Sambrook, J., and Russell, D. W. (2001) Molecular Cloning: A Laboratory
Manual, 3rd Ed., pp. 7.42-7.45 and 17.48-17.51, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY

Seed, B., and Sheen, J. Y. (1988) Gene 67, 271-277

Bradford, M. (1976) Anal. Biochem. 72, 248-254

Andrews, N. C., and Faller, D. V. (1991) Nucleic Acids Res. 19, 2499-2503

Schuurmans, M. M., Hoffmann, F., Lindberg, R. L., and Meyer, U. A. (2001)
Hepatology 33, 1217-1222

Quandt, K., French, K., Karas, H., Wingender, H., and Werner, T. (1995)
Nucleic Acids Res. 23, 4878—-4884

Hidaka, H., Inagaki, M., Kawamoto, S., and Sasaki, Y. (1984) Biochemistry 23,
5036-5041

Braidotti, G., Borthwick, I. A., and May, B. K. (1993) J. Biol. Chem. 268,
1109-1117

Parekh, D., Ziegler, W., and Parker, P. (2000) EMBO J. 19, 496-503

Bruns, R. F., Miller, F. D., Merriman, R. L., Howbert, J. J., Heath, W. F.,
Kobayashi, E., Takahashi, Y., Tamaoki, T., and Nakano, H. (1991) Biochem.
Biophys. Res. Commun. 176, 288-293

Rauscher, F., Sambucetti, L., Curran, T., Distel, R. Y., and Spiegelman, B.
(1988) Cell 52, 471-480

Quattrochi, L. C., Shih, H., and Pickwell, G. V. (1998) Arch. Biochem. Biophys.
350, 41-48

Chiu, R., Boyle, W. J., Meek, J., Smeal, T., Hunter, T., and Karin, M. (1988)
Cell 54, 541-552

Tournier-Thurneyssen, I., Feldmann, G., and Bernuau, D. (1993) Tumour Biol.
14, 201-212

Ziff, E. B. (1990) Trends Genet. 6, 6972

. Roesler, W. J., and Park, E. A. (1998) Mol. Cell. Biochem. 178, 1-8

Kwok, R. P., Lundblad, J. R., Chrivia, J. C., Richards, J. P., Bachinger, H. P.,
Brennan, R. G., Roberts, S. G., Green, M. R., and Goodman, R. H. (1994)
Nature 370, 223-226

Fronsdal, K., Engedal, N., Slagsvold, T., and Saatcioglu, F. (1998) <J. Biol.
Chem. 273, 31853-31859

Vo, N., and Goodman, R. H. (2001) J. Biol. Chem. 276, 13505-13508

Karin, M., and Chang, L. (2001) J. Endocrinol. 169, 447—-451

Ogbourne, S., and Antalis, T. M. (1998) Biochem. J. 331, 1-14

Scassa, M. E., Varone, C. L., Montero, L., and Canepa, E. T. (1998) Exp. Cell
Res. 244, 460-469

Scassa, M. E., Guberman, A. S., Varone, C. L., and Cénepa, E. T. (2001) Exp.
Cell Res. 271, 201-213

O’Brien, R. M., and Granner, D. K. (1996) Physiol. Rev. 76, 1109-1161

Donchenko, V., Zannutti, A., and Baldini, P. M. (1994) Biochim. Biophys. Acta
1222, 492-500

Messina, J. L., Standaert, M. L., Ishizuka, T., Weinstock, R. S., and Farese,
R. V. (1992) J. Biol. Chem. 267, 9223-9228

Messina, J., and Weinstock. R. (1994) Endocrinology 135, 2327-2334

Gabbay, R. A., Sutherland, C., Gnudi, L., Kahn, B. B., O’Brien, R. M., Granner,
D. K., and Flier, J. S. (1996) J. Biol. Chem. 271, 1890-1897

Watanabe, A., Nakashima, S., Adachi, T., Saji, S., and Nozawa, Y. (2000) Surg.
Today (Tokyo) 30, 622—630

Kimura, M., and Ogihara, M. (1999) JJ. Pharmacol. Exp. Ther. 291, 171-180

Dajani, O. F., Sandnes, D., Melien, O., Rezvani, F., Nilssen, L. S., Thoresen,
G. H., and Christoffersen, T. (1999) J. Cell. Physiol. 180, 203-214

Thunell, S. (2000) Scand. J. Clin. Lab. Invest. 60, 509—540

Holmes, T. J., and Rainsford, K. D. (2001) Life Sci. 69, 2975-2992

Kang, K. S., Yun, J. W., and Lee, Y. S. (2002) Cancer Lett. 178, 53—62

Ahn, S. G., Kim, H. S., Cho, N. Y., Jeong, S. W., Kim, B. E., Rhim, H., Shim,
J. Y., Kim, J. W, Lee, J. H., and Kim, I. K. (2002) Exp. Mol. Med. 34,
243-249



