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Abstract

Fenofibrate, a peroxisome proliferator-activated receptor oo (PPARa) activator, increases the expression of the cytosolic aspartate
aminotransferase (cAspAT) gene in human liver cells, which may partially explain the increase of this enzyme in the serum of individuals
undergoing fenofibrate treatment. Conversely, in rodents, fenofibrate represses the expression of the cAspAT gene. We compared the
mechanisms of fenofibrate action in human and rat hepatoma cells. Transfection assays of the wild-type and mutated rat promoters in Fao
and H4IIEC3 cells established a critical role for sequences similar to nuclear receptor responsive elements in the —404/—366 bp region.
Nuclear proteins bound to these sequences and the amounts of protein bound were decreased by fenofibrate treatment, probably
accounting for the decreased gene expression. Pharmacological studies confirmed the involvement of PPARa. However, this receptor did
not bind directly to these sequences. The human promoter was cloned and the regulatory region localized between —2663/—706 bp. Co-
transfection assays suggested that, in humans, the PPARa was also involved in the increase in expression of the cAspAT gene due to

fibrates, without the presence of a canonical PPAR responsive element.
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1. Introduction

Fibrates, a class of drugs used in the treatment of
atherogenic dyslipidemia act on plasma lipids by altering
the transcription of genes involved in fatty acid and
triglyceride metabolism [1]. Their effects are mediated
by the PPARa [2]. After ligand activation and heterodi-
merization to the RXR, the heterodimer binds to a PPRE,
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generally a direct repeat of a hexamer AGG(T/A)CA,
separated by one nucleotide.

One important property of fibrates is their species-
specificity. Whereas they efficiently decrease plasma tri-
glycerides in both man and rodents, their effects on the
levels of HDL and its major protein, apolipoprotein Al, are
opposite in the two species [3]. Their most striking species-
specific effect is the peroxisome proliferation observed in
rodents: long term administration of fibrates results in
peroxisome proliferation, liver hypertrophy and hyperpla-
sia, leading to non-genotoxic hepatocarcinogenesis [4].
PPs such as fibrates are generally believed to act through
the PPARo. Indeed, mice homozygous for a disrupted
PPARa gene show no hepatic enzyme induction, liver
growth or peroxisome proliferation in response to clofi-
brate treatment [5]. Recently, it has been shown that highly
selective PPARy or dual PPARY/PPARS agonists also
cause peroxisome proliferation in mice, independently
of PPARa [6]. Thus, a functional overlap exists between
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members of the PPAR subfamily. In contrast, the fibrate
hypolipidemic effect in humans and guinea pigs is accom-
panied neither by peroxisome proliferation nor by induction
of peroxisomal beta-oxidation [7]. These differences have
been accounted for by both quantitative and qualitative
mechanisms, such as the amount of PPARa and the structure
of the target promoters. However, the mechanisms under-
lying these differences remain controversial and generally
poorly understood. AspAT, a ubiquitous pyridoxal phos-
phate-dependent transaminase (EC 2.6.1.1), exists in verte-
brate cells as two isoenzymes, cytosolic and mitochondrial,
which play major roles in amino acid metabolism and in the
malate—aspartate shuttle [8]. In the liver, they also partici-
pate in ureogenesis and gluconeogenesis. The expression of
the rat cAspAT gene is regulated by glucocorticoids, insulin
and cAMP [9,10] and by a protein-rich diet or during
prolonged fasting [11]. In contrast, human cAspAT gene
regulation has not been well characterized to present
because the promoter had not been cloned and because of
the lack of an appropriate in vitro model for hormonal
effects. In clinical studies, the serum AspAT level is widely
used as a sensitive marker of possible tissue damage,
particularly heart and liver toxicity. In man, whereas the
hepatic activity is mostly due to the mitochondrial isoen-
zyme (80%), the serum activity is largely due to the cytosolic
one [12]. This basal activity is partly the result of a poorly
understood process of hepatocyte turnover and enzyme
release. In the case of liver disease, the serum AspAT value
increases up to 100-fold, indicative of hepatocyte cell lysis.
In the case of a moderate increase, an alternative possibility
is that the serum value could reflect expression of the liver
gene. This hypothesis has not been supported to date because
of the poor characterization of the liver gene regulation. In
some patients treated with fenofibrate, the AspAT value
increases 2- to 3-fold without any other clinical sign of
hepatotoxicity. We hypothesized that, in some cases at least,
the increase in serum cAspAT may be due to the induction of
the liver gene by fibrates. In a previous study, we have shown
that fibrates increase the expression of the human gene in
HepG2 cells, while decreasing it in rodents by a PPARa-
dependent mechanism [13]. It was the first demonstration
that such a drug could regulate the level of the cAspAT by a
non-toxic phenomenon at the gene level.

To determine how fenofibrate modifies expression of the
cAspAT gene in opposite directions, we analyzed the
mechanisms of the regulation by fibrates of the rat gene.
This also involved cloning of 2.6 kb of the human promoter
and comparison of the human and rat gene promoters.

2. Materials and methods

2.1. Cell culture

The closely related rat hepatoma cells Fao and H4IIEC3
[14] and the human HepG2 cells [15] were maintained as

described [16]. Fenofibric acid and fenofibrate were from
Fournier Laboratories. Fenofibric acid is the major circu-
lating form of fenofibrate. In rat hepatoma cells, fenofibrate
is more active than fenofibric acid whereas fenofibric acid
is more efficient in HepG2 cells.

2.2. Isolation and sequencing of the 5' region of the
human cAspAT gene

The 5’ region of the human cAspAT gene was isolated
using the GenomeWalker kit combined with an Advantage
GC genomic PCR kit (Clontech). Two human cAspAT
specific primers (Genset) were chosen near the translation
start site: GSP1: 5'-GTGGCCTGCGGACCCTCGGCA-
AAGAC-3' and GSP2: 5-TGCCATCTCGAGAGACT
AGGAATCAAGAG-3', corresponding, respectively, to
bases +41 to +16 and +6 to —23, 41 being the ATG
used for the translation [17]. For the PCR cloning experi-
ment, the PCR mix was prepared according to the Advan-
tage GC Genomic PCR protocol. PCR cycles used were
those described in the GenomeWalker protocol. As we
expected to amplify long DNA fragments, an extension
time of 5 min was used. A 2663 bp PCR product was
obtained and subcloned into the pGL3 vector containing
the firefly luciferase reporter gene (Promega) using Mlul
and Xhol restriction sites. Both strands of this plasmid
p(2663/—6)hAspFL were sequenced on an ABI 310
Genetic Analyzer, using the Big Dye Terminator sequen-
cing kit according to the manufacturer’s instructions
(Perkin-Elmer Applied Biosystems). To remove nonincor-
porated dye, a purification step on a multiscreen filtration
system filled with Sephadex G50 was performed. The
sequences were analyzed using the sequence Analysis
3.0 program (Perkin-Elmer Applied Biosystems).

2.3. Plasmids and oligonucleotides

The p(—682/—26)CAT, p(—553/—26)CAT, p(—286/
—26)CAT and p(—225/—26)CAT plasmids containing var-
ious fragments of the rat cAspAT gene promoter in front of
the CAT reporter gene and the pSV2neo plasmid have been
described previously [9,16,18]. The mutations 1, 2 and 3 in
probe II were created by double PCR experiments, as
previously described [9]. Various 5 deletions of the plas-
mid p(—2663/—6)hAspFL, p(—706/—6)hAspFL, p(—390/
—6)hAspFL, p(—301/—6)hAspFL, p(—257/—6)hAspFL,
p(—130/—6)hAspFL and p(—74/—6)hAspFL, were ob-
tained by subcloning either EcoRI or Kpnl/Xhol cut
PCR products into the corresponding sites of the pGL3
vector. The PPRE—pLa2FL plasmid, the RXRo and the
PSGS expression plasmids were kind gifts from Dr. Char-
bel Massaad (ESA-CNRS 7079). The human PPARa
expression vector was a generous gift from Dr. B. Staels
(INSERM-Unit-325). The 5’ to 3’ sequences of the top
strand of the oligonucleotides used in EMSAs are shown
in Fig. 3A.



C. Tomkiewicz et al./Biochemical Pharmacology 67 (2004) 213-225 215

2.4. Measurement of the cAspAT activity

The activities of the cytosolic and mitochondrial iso-
enzymes of AspAT and proteins were determined as
described previously [10].

2.5. Primer extension assay

A 30 nucleotide primer 5-CCTGCGGAACCTCGG-
CAAAGACTGACGGA-3/, corresponding to bases +8
to +38 of the human cAspAT gene 5’ region was end-
labeled with [y-3*P]ATP (3000 Ci/mmol, Amersham) and
T4 polynucleotide kinase. The probe was purified using a
Sephadex G50 spin column. HepG2 total RNA or yeast
tRNA were hybridized overnight at 50° with 5 x 10° cpm
of the labeled oligonucleotide in 0.01 M Tris—HCI, pH
8.3, 1 mM EDTA, 0.15 mM KCI buffer. After ethanol
precipitation and resuspension in 11 uL. H,O, the oligo-
nucleotide was extended for 90 min at 42° with 20 units of
Avian Myeloblastosis Virus reverse transcriptase (Finn-
zymes) in 25 pL. of 25 mM Tris—HCI, pH 8.3, 5 mM
MgCl,, 50 mM KCl, 2 mM DTT, 1 mM dNTP in the
presence of 0.15 pg actinomycin D. Ten micrograms of
RNAse A were added to the mixture to stop the reaction.
After a phenol-chloroform extraction and ethanol pre-
cipitation, the extension products were fractionated on a
6% polyacrylamide 7 M urea gel and analyzed by auto-
radiography. The size of the extended fragments was
determined by comparison with a cAspAT 5’ region
sequence ladder obtained with a T7 sequencing kit
(Amersham) run on the same gel.

2.6. RNA preparation and Northern blots

Unless indicated, total RNA preparation and Northern
blots were performed as described by Barouki et al. [10].
The probes 4B21 [19] and 18S rRNA were labeled
using the Megaprime DNA labeling system (Amersham)
and hybridization was performed using Rapid-hyb
buffer (Amersham) following the manufacturer’s instruc-
tions. The membrane was washed 30 min at 65° with 2x
SSC, 0.1% SDS and 30 min at 65° with 1x SSC, 0.1%
SDS.

2.7. Nuclear run-on assay

Fao cells were treated with ethanol (0.1%) or dexa-
methasone (0.1 pM), with or without fenofibrate
(200 uM), for 4 hr. Nuclei were then prepared and nascent
RNA was labeled and purified as described [9]. The
labeled RNA (80 x 10° cpm) was hybridized to the bio-
dyne A 0.2 pm (PALL) nylon filters containing 10 pg of
the following linearized plasmids: pGEM4Z, 4B21 rat
cAspAT probe, mouse actin and 18S rRNA. The filters
were hybridized for 72 hr at 42°, washed at42°in 1 x SSC,
0.1% SDS for 1 hr, then treated with RNAse A (10 pg/mL)

for 30 min at 37° in 1x SCC, 0.1% SDS and analyzed by
autoradiography.

2.8. Transfection experiments

HepG2 cells (0.4 x 10° cells per 6 cm dish) were
transfected as previously described [20]. Two micro-
grams of the luciferase plasmid were introduced into
the cells by the calcium phosphate co-precipitation tech-
nique followed by a 2 min glycerol shock, 4 hr later.
Sixteen hours later, various agents were added to the
culture medium. After a 24 hr incubation, the cells were
homogenized in 200 pL of the following buffer; 100 mM
potassium phosphate pH 7.8, 0.2% Triton X-100. The
Firefly luciferase activities were determined as previously
described [20].

The HA4IIEC3 cells were transiently transfected as
described by Beurton et al. [21] using Fugene™ 6 (Roche).
Briefly, 3 pL of fugene were mixed with 97 pL of serum-
free medium and 1 pg of plasmid was added. After stand-
ing 15 min at room temperature, the mixture was added to
the cells. Six hours later, the medium was replaced by 4 mL
of fresh medium containing serum. The cells were treated
16 hr later with various compounds and cultured for an
additional 24 hr. CAT activities were determined as
described by Beurton et al. [21].

Stable transfections in Fao cells were done as described
[9]. HepG2 and H4IIEC3 cells were stably transfected as
described below. One day prior to the transfection, the
cells (1.5 x 10°cells/10 cm dish) were seeded into the
usual medium containing fetal calf serum. The reporter
plasmid (2 pg) and the pSV2neo plasmid (0.5 pg) were
introduced into the cells using Fugene™™ 6 as described
above. Two days later, the cells were split 1:4 and allowed
to grow for 24 hr prior to the addition of the neomycin
analog, G418 (Invitrogen, 250-500 active pg/mL, de-
pending on the batch). The medium was changed every
3 days. Two to four weeks later, the surviving cells were
harvested and pooled for luciferase assay. Cells were
continuously propagated in medium with G418. When
needed, the cells were treated for 24 hr with the drugs,
without G418.

2.9. Nuclear extracts and electrophoretic mobility
shift assays

Nuclear extracts from H4IIEC3 cells (treated or not by
250 uM fenofibrate for 2 hr) were prepared as described by
Morel and Barouki [22]. Mouse PPARa and RXRo pro-
teins were synthesized, in vitro, using the rabbit reticulo-
cyte lysate system (Promega).

For EMSAs, probes were end-labeled using the Klenow
polymerase and purified on spin columns. Nuclear extracts
were incubated at room temperature for 20 min in a final
volume of 20 uL. containing 10 mM HEPES, pH 7.9,
0.1 mM EDTA, 50 mM NaCl, 50 mM KClI, 5 mM MgCl,,
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4 mM spermidine, 2 mM DTT, 100 pg/mL albumin, 10%
glycerol with or without a 50-fold molar excess of unla-
beled probe or the antiserum (2 pL) before the addition of
1 ng of DNA probe and followed by another 20 min
incubation.

Invitro translated PPARa and RXRa were preincubated
in a total volume of 20 pL for 15 min on ice with 2.5 nug
poly(dI-dC) and 1 pg salmon sperm DNA in 10 mM Tris—
HCI, pH 8, 40 mM KCl, 10% glycerol, 0.05% NP-40 and
1 mM DTT before addition of the probe. Binding reac-
tions were analyzed by electrophoresis at 4° on a 6%
polyacrylamide gel in 0.25 x TBE buffer. The anti-HNF-4
antibody was a generous gift from Dr. B. Viollet
(INSERM-Unit-129).
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Fig. 1. Effect of fenofibrate on cAspAT gene expression in Fao cells. Fao
cells were treated with 200 uM fenofibrate or 0.1% ethanol (vehicle), with
or without 0.1 pM dexamethasone for 48 hr (for activity measurements),
24 hr (for mRNA levels) or 5hr (run-on experiments). (A) cAspAT
activity. The data represent the mean £ SEM of four independent
experiments. (B) mRNA level. Twenty milligrams of total RNA were
loaded in each lane. 18S rRNA was used as control. (C) The run-on assay
was performed as described in Section 2.

3. Results

3.1. Fenofibrate decrease of the cAspAT expression
in Fao cells

Treatment of rat Fao cells with fenofibrate resulted in a
22% decrease in basal cAspAT activity. However, the down-
regulation of this gene was more readily observed following
induction by dexamethasone. Fenofibrate provoked a 69%
decrease of cAspAT activity induced by the glucocorticoid
(Fig. 1A). This effect was maximal when the cells were
treated for 48 hr with 200 uM fenofibrate. Within the dose
range used, there was no sign of cytotoxicity as assessed by
microscopic observation of the cells and measurement of
released lactate dehydrogenase (data not shown).

Northern blot analysis indicated that the cAspAT mRNA
level was also decreased by the fibrate (Fig. 1B). As most
effects of fenofibrate on gene expression are transcrip-
tional, we performed nuclear run-on experiments. The
basal transcriptional activity was too low to be detected
by this assay. In contrast, dexamethasone resulted in a large
increase in cAspAT gene transcription, which was inhib-
ited by fenofibrate (Fig. 1C). These results demonstrate
that fenofibrate inhibition of cAspAT in Fao cells is due to
decreased transcription of the gene.

3.2. Localization of the fenofibrate responsive
element in the promoter of the rat cAspAT gene

In order to determine the fenofibrate responsive region in
the rat promoter, we tested constructions in which serially
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Fig. 2. Identification of the fenofibrate responsive region in the rat
cAspAT promoter. Various constructs of the cAspAT promoter upstream of
the CAT gene were permanently transfected in Fao cells. The cells were
treated with ethanol (0.1%), fenofibrate (200 pM) or dexamethasone
(0.1 M) with or without fenofibrate for 24 hr and the CAT activity
expressed as the mean + SEM of four to nine independent experiments
(100% corresponds to the value in the presence of ethanol).
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truncated fragments of the 5'-flanking sequence of the rat without dexamethasone. Using the two longest constructs,
cAspAT gene were linked to the CAT gene [16,18]. The 5’ p(—682/—26)CAT and p(—553/—26)CAT, glucocorticoids
ends of these constructs were at —682, —553, —286 and elicited a 4-fold increase in CAT activity and fenofibrate
—225 bp, relative to the position of the translation start site. treatment led to a 40 and 60% decrease, respectively, of the
Fao cells, stably transfected with these constructs, were basal and glucocorticoid-stimulated CAT activity (Fig. 2).

treated with fenofibrate or its vehicle (ethanol), with or Wy-14,643, bezafibrate and clofibrate also decreased the
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Fig. 3. Electrophoretic mobility shift analysis and mutations in the fenofibrate-responsive sequence of the cAspAT gene promoter. (A) The sequence of the
(—412 to —358) fragment of the cAspAT gene promoter containing several NRREs and the sequences of the probes used in the EMSA experiments are
shown. The mutations in the mutated probes are underlined. (B) EMSA: labeled Probe I, II and III were incubated with 5 pg of H4IIEC3 nuclear extract. In
the indicated lane, a 100-fold molar excess of unlabeled oligonucleotide (comp) was added to the binding reaction. (C) Effects of mutations on the binding to
nuclear extract. EMSA was performed using the same conditions as in Fig. 3B and D. Effects of mutations on the regulation of the gene activity by
fenofibrate. Mutations 1, 2 and 3 were introduced in the construct p(—553/—26)CAT. Regulation by fenofibrate was studied after transfection into H4IIEC3
cells. The CAT activities are expressed as the mean + SEM of five independent experiments (100% corresponds to the CAT value in the presence of ethanol).
*P < 0.02, relative to ethanol (Student’s r-test for paired data).
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glucocorticoid-stimulated CAT activity of the p(—553/
—26)CAT construct by at least 67% (data not shown),
suggesting the involvement of PPAR« in these effects. No
inhibition of the basal CAT activity by fenofibrate was
detected with the shortest constructs p(—286/—26)CAT
and p(—225/—26)CAT. The latter fragments were unre-
sponsive to dexamethasone, in agreement with the absence
of a functional GRE in these constructs. These findings
suggest that fenofibrate acts primarily through the
sequence between —553 and —286 bp.

The presence of putative PPREs in this sequence was next
examined. The region —412/—358 bp contains several
NRREs, including two perfect consensus sequences
AGG(T/A)CA and four consensus-like motifs (Fig. 3A).
However, none of these sequences are organized as a DR1,
which typically corresponds to a functional PPRE [2]. Three
probes encompassing this sequence (Fig. 3A) and H4IIEC3
cells extracts were used in EMSA experiments. With the
distal probe I (—412 to —383) and the proximal probe III
(—388 to —358), no specific binding was observed. With
probe II (—404 to —366), one broad band (in fact, two very
close bands, see below) could be detected which was
competed by a 50x excess of cold probe (Fig. 3B).

To further characterize the sequences responsible for the
band observed with probe II, mutations were introduced in
the NRREs of this response region (Fig. 3A). With the
three mutant probes, the slow migrating band disappears
completely. The fast migrating band disappears completely
with mutant 3 and partially with mutants 1 and 2 (Fig. 3C).

To further investigate whether these NRREs represent
the functional responsive elements mediating the effects of
fenofibrate on the rat cAspAT gene, the same mutations
were introduced into the p(—553/—26)CAT plasmid and
the activities of the mutants were compared to the activity
of the wild-type construct transfected in H4IIEC3 cells.
The three mutations led to a complete loss of the fibrate
inhibitory effect in H4IIEC3 cells (Fig. 3D). Altogether,
these experiments demonstrate that the functional respon-
sive element mediating the inhibitory effect of fenofibrate
on the cAspAT gene promoter is composed of NRREs
organized as a DR2 with an inverted NRRE overlapping
the 3’ half-site of the DR2.

We have previously reported that fenofibrate decreases
cAspAT mRNA Ievels in mouse liver [13]. Using PPARa-
null mice [5], we have shown that the absence of PPARx
increases basal levels of cAspAT mRNA and that the
inhibition by fenofibrate is prevented. In order to determine
whether the complexes obtained with the H4IIEC3 cells
correspond to the binding of the PPARa/RXRo dimer,
experiments were performed with PPARa and RXRa
transcribed and translated in vitro in rabbit reticulocytes.
With probe 11, no specific band was observed with in vitro
PPARa and RXRa translated products (data not shown).
Therefore, although the fenofibrate effect in rodents is
PPARa-dependent, it does not seem to involve direct
binding of this transcription factor. Since the HNF-4

transcription factor also binds DR1 and DR2 elements
and is involved in some negative effects of fibrates
[23,24], we tested an anti-HNF-4 antibody, which was
unable to modify the complexes between H4IIEC3 nuclear
extracts and probe II (data not shown). We verified that this
antibody effectively displaced the binding of the same
nuclear extracts to a consensus HNF-4 probe (data not
shown). Therefore, another transcription factor is involved
in the fenofibrate inhibition of the cAspAT gene.

We compared the binding to probe II of H4IIEC3
nuclear extracts from cells treated or not with fenofibrate.
We consistently observed a 30% decrease in the intensity
of the two complexes formed with the nuclear extracts
from fenofibrate-treated cells (this effect was observed
with three different preparations) (Fig. 4A and B). This
decrease appears specific since no modification in the
binding of the same nuclear extracts to nuclear factor 1
and HNF-3 probes was observed (data not shown).

3.3. Human cAspAT gene promoter analysis:
comparison with the rat gene promoter

In order to clone the promoter of the human cAspAT
gene, we used the GenomeWalker kit. The first PCR
reaction used an outer adaptor primer AP1 provided in
the kit and an outer gene specific primer (GSP1) present in
the first exon of the cAspAT gene. A second nested PCR
was performed on the first PCR product, using the nested
adaptor primer (AP2) from the kit and a nested primer from
the human cAspAT cDNA (GSP2) (Fig. 5A). The two
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Fig. 4. Analysis of protein binding to probe II of the cAspAT gene
promoter by EMSA. (A) Fenofibrate effects on the interaction of H4IIEC3
nuclear extracts with the rat cAspAT probe II. EMSA was performed by
incubating labeled probe II with nuclear extracts obtained from cells
incubated for 2 hr with ethanol or 250 pM fenofibrate. (B) Percentage of
change in the intensity of the shifted band with respect to control values
following treatment with fenofibrate. Each column represents the
mean £ SEM of the results obtained with three independent preparations.
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-2663 ATTIGCTCTT CGCCAACATT GTTTAGGTAA CCTAGGGCTG TTTTTCTCCC AGGGAATGAC GTAGGGAGTG ACCATGATAT TGCTGGCCAA CGCTGTGAAG

ATCATACTTT TAAATTAAAT TCTGGGAAGG TTAGGCTATA CAATGCCCCC CTCAGCAGTT GCCCTCTGCC CCTGCTTTTG GAAGCACTGA AAGTTCGTTG

-2463 TCATTTGACC TTCAGTGTTG AACTTGTAAT GCTTAAAATG TTATTAGTGA AACACTGTGG GCAGTTACCT TTAAAACCAG AGGCAATGTT TTGGAAAAGA

AATAGATAAC ACAAAAAGTT GACGGATGTT ATACAAAGTT CTTTGGCTTG TGCTTATTAC TTTGAATGAA AATTCATTTT AAGATTTATA GTATTATCCA

-2263 GTGGAGAGGG GCTGTGATAT TGTTTTCTTC TGAAACACCA AGAGAATTGA CTCTTCTACC ATTTGTTGAA GGCTTAGTAA GTGCAAGAAA CCTAGGGAGA

CTCACAGGTC CCTAGCCAAA AGAAGCTACA TGGCCAACGA GCATATAAAA TACTCAACAT CACTAATCAC TAGAGAAACC CAAATCAAAA CTACAATGAG

-2063 ATATCATCTC ACACCAGTCA GAATGGCTAT TAATAAAAGT CAAGAAATAA CAGATGCTGG TTTCTGGTGA GGTTGIGGAG AAAAGGGAAT GCTTATACAA

TGCTGGTGGG AATGTAAATT AGTTCAGTAA CCGCGGAAAG CAGTGTGGCG ATTTCTCAAA GAACTTAAAA CAGAATTACC ATTCGACCCA ACAATCCCAG

- 1863 TATTGLLICT ATACCCAAAA GAATATAAAT CATTCTACCA TAATGATATA TGTACATGTA TGTTCACIGC AGCACTATTC ACAATCGTAA AGACATGGCA

TCAACCTAAA TGCCCATCAC CAGTAGACTG AAGAAAATAC GGTACATATA CACCATGGAC TACTATGCAG CCATAAAAAA GAAAGAGATC ATGTCCTTTG

- 1663 TAGCAACATG GATGGAGCTG GAGGCCTTTA TCCTAAGTGA ACTAATGCGG AAGAGAAAAC CAAATACTGC ATGTTCTGAC TTGTAAGTGG GAGCTAAACA

TTAAGAACAC ATGGACACAA AGAAGAGAAC AACAGACACT GGGACCTACT TG 5 AGGGAGAGGA TCAGAAAAAA TACCTGICAA

- 1463 GTACTATGCT TACTATCTGG GTGACAAAAT AATTTGCACA ACAAACCCAC ATGACAAGCA ATTTATCTAT AAAACAAACC TGTGCATGTA TCCCGAACCT
AAAATAAGAG TAAAAAAAAA AAAAAAAAGC AGTTTACCAT CTATGAAGGG TGTGGCAGAT ATGCAATGTT AATAATAGCT GACATTTAGA GAGTCCTTCT

- 1263 TACATGCAAC TAATCACTTC GTAAATGTAT TAACTCACAA ACTCCCCACA CCAACTCTGA GGAAAATACT ATTATTTCCA CAGAGCAGGA ACTTCCACAG
AGAGGTTAAA ATAACTTGAC TAAACCTGCC CAAATTCGTA AGCGGCAGCC AGAATCTAAA CCTAGATAGT CCGGTCCCGG AGATAGGTTT TTAACCACAA

- 1063 AGGCATTTTC TAAAATIGTG AAAGTACAGA AGCACAGGAA AGAGACATTT TGGCCAGATA AGGGTTAAGG GAAGGCTTCA TGGATGAAGT GGCATTCGCT
CTGGOTCTTG AAGGTCAGCA GATGGAGAGG GCTCCTGGGG AGGAAGGACT CTAACGGGGA AGGAACAGCC TGACGAAGAG GAACTTTGGG TACCAGCCAG

- 863 CIGACCACAG CAAGATCTGE TCCGCTGCGC GCGGUAGLAA GCTGGGAAGG GACCTCGCGU CCAGATCCCG AGGTCCTTGA GGACCAGCGLC CTCTCTGCAA
GGAATCGGGG AGGAAAATCT CAAACTATTA ATAGAAGAGC GGCAAAAAGG AATTCGIGCG CACCCCTCTC TGTTGGAAGG ACCCTCCCTG CCAGAGACCA

-B63 AGGUIGECAG GACAGGTATA CTICCCTCAG GGGGAAACAG CCGACAAAGG TGGTCAAGGT CGCCCGUGCA GUUTCCGGAG CIGCACGICC TGGACGAACA
CTCCCGTCCC GAGCACAGAC GCTGGGTATT TGGCTGCCAG CCCGGGCCCG CCAGGCCGGG CCTGGCACCG CCAACACCTG CTCGGCGGGA ACAGGAAGAC

-463 CTGTGTTCGG GAACTCCCTC CGGCCACCTC CCCGTATCCT CCTGGCCCTC GAAGGTCGAA AGGTGGCCTC TCAGGGACAC CCGCCGCTCG CTCGGCTCCT
CCCCTCAGCC GGGAGACCCA AGGAATAACA GCCTCTGCGA TAGGAGCACG CTCTRCCAAY CAACCGTAGT CTTCGCCCAC GCCTCAGCCG GAGGAAATTG

» ATCATTCTCG GCAGCCGATA AATTG C TTG T TAATAGCGTT CCTTCTCCCC TGTGCCTTCG TCGTCAGAAG CTGGC

BTTAQT('GFG TTGCCAAGCT TTGGACGCGG CTCGACH GEAGGCCGEG GGC(‘(‘G?.CC(‘ CGOCGGCTAG GTGAAGGTGA GTGTCTCCTC CAGTCGCAAC

+1
-63 GGCCAGACCT GACCTGCCAG CTCCGGGOGT GGOGTGAAAT CTCTTGATTC CTAGTCTCTC GATATGGCAC CTCCGTCAGT CTTTGCCGAG GTTCCGCAGG

CCCAGCCTGT CCTGGTCTTC AAGCTCACTG CCGACTTCAG GGAGGATCCG GA

Fig. 5. The 5’ region of the human cAspAT gene. (A) Scheme of the cloning strategy. The specific primers used for PCR using GenomeWalker libraries are
shown. GSP2 and AP2 contain, respectively Xhol and Mlul restriction sites for subcloning the PCR product. (B) The sequence of the proximal 2663 bp of the
promoter and of the 89 first bases after the ATG (bold letters) is shown. The transcription start site is indicated by a vertical arrow. The Spl site is underlined
by an arrow and the CCAAT boxes are boxed. 41 corresponds to the ATG used for the translation.

nested primers AP2 and GSP2 contain restriction enzyme The nucleotide sequence of the human cAspAT gene
sites for the subsequent cloning of the PCR product. The promoter region up to the first 89 bp after the ATG is
longest PCR product of 2663 bp was subcloned into the presented in Fig. 5B (GenBank accession number
Mlul and Xhol sites of the pGL3 vector. AF401279). The 200 bp proximal fragment upstream of



220 C. Tomkiewicz et al./Biochemical Pharmacology 67 (2004) 213-225

sequence ladder

100bp DNA ladder
human liver RNA

yeast tRNA
HepG2 RNA

Fig. 6. Transcription initiation site of the human cAspAT gene. A primer
extension experiment was performed on HepG2 cells and human liver total
RNA, using an oligonucleotide complementary to the sequence +38 to +38.
Yeast tRNA was used as negative control. The primer extended product
size was determined by comparison to both a sequence ladder and a 100 bp
ladder.

the ATG does not contain a TATA box; it is 63% GC-rich
and contains a putative Spl site and five CCAAT boxes,
four of them in the reverse orientation. In the region
between —101 and —49 bp, several NRREs have also been
identified (Fig. 5B).

To characterize the transcription initiation sites, we
performed primer extension analysis using HepG2 RNA.
The primer extension analysis assigns a predominant
transcription start site to a G at position —58 bp from
the ATG translation start site (Fig. 6).

The sequences of the human and rat cAspAT genes were
aligned. Two regions show identity. There is a 67%
sequence identity between the 537 bp distal region of
the human gene (—2663/—2126) and the —1798/—1289
region of the rat gene. The other region displays a 61%
identity between the —1139/—13 sequence of the human
promoter and the —1134/—7 sequence of the rat gene
(Fig. 7A). The proximal 500bp of both promoters
sequences show a 66% identity (Fig. 7B). Five out of
the six CCAAT boxes, previously identified in the rat
cAspAT gene, are conserved in the human gene, as well
as the nuclear factor 1 binding site. The functional GRE of
the rat gene [25] is fairly well conserved in the human
promoter. However, only one of the four Sp1 sites present
in the promoter of the rat gene is conserved in the human
promoter. We also looked for putative NNREs in both
sequences. Several consensus AGG(T/A)CA sites were
found in the two promoters. Their locations and identities
were compared (Table 1). Finally, unlike the rat promoter,
which shows at least five major transcription start sites
[16], the human cAspAT gene displays one major tran-
scription site.

Table 1
Comparison of NNREs in the promoters of the rat and human cAspAT
genes

Human Location Rat Location Homology
NNRE NNRE
TGACCT  —2458/-2453 GGACCT  —1594/—1589 5/6
TGTCCT —1672/—1667 No
AGGTCA  —952/-947 AGGTCA  —940/-935 6/6
AGGACA  —655/—-650 NC
TGACCT  —54/-49 NC
TGTCCT  —2348/—-2343 No
TGACCT  —2009/-2004 No
TGACGA  —893/—888 TGACCT —881/-876 4/6
AGGTCG  —607/—602 AGGTCA —601/-596 5/6
AGGTCA  —394/-389 NC
TGTCCT  —382/-377 NC

The consensus NNREs found in DR1 repeats known to bind PPARs are
AGG(T/A)CA or, in the opposite orientation, TG(A/T)CCT. Five and
seven perfect matches (in bold), respectively, were found in the promoters
of the human and rat cAspAT genes. The corresponding sequences in the
other species are indicated as well as the degree of homology between the
rat and human NNREs. “NC” means that the homology was less than 4/6
and “no” means that were was no alignment between the two promoters in
this region.

3.4. Localization of the fenofibrate responsive region
in the promoter of the human cAspAT gene

In previous experiments, we have shown that fenofibric
acid increases cAspAT activity and mRNA levels in HepG2
cells and that this effect is transcriptional [13]. To identify
the DNA sequences involved in this regulation, we pre-
pared deletion fragments of the 5’ upstream region of the
promoter which were fused to the firefly luciferase reporter
gene in the pGL3 vector. The plasmids were transiently
transfected into the human hepatoma cell line HepG2. The
basal activity of the various promoter fragments remained
similar, except for the shortest construct (—74 to —6), the
basal activity of which decreased by 50% (data not shown).
Since HepG?2 cells are known to contain little PPARa, we
co-transfected the cells with the human PPARo expression
plasmid or its empty vector pSGS5 and analyzed the effect
of fenofibric acid on the transcription of the various con-
structs. As a positive control, we used a pGL3 plasmid
containing a consensus PPRE site upstream of the pLa2
promoter in front of the firefly luciferase gene (PPRE-
pLa2FL). The HepG2 cells were treated, or not, with
fenofibric acid for 24 hr and the luciferase activity was
measured. For the PPRE—pLa2FL plasmid, the treatment
with fenofibric acid resulted in 2- and 4-fold increases,
respectively in luciferase activity with the pSGS5 and the
PPARa plasmids (the 2-fold increase with pSGS5 is prob-
ably due to the presence of the endogenous PPARw)
(Fig. 8A). When the various deletion constructs of
the human cAspAT promoter were co-transfected with
the empty vector pSGS5, only a moderate increase of the
reporter gene expression (1.55-fold at most) was observed
after the fenofibric acid treatment. Co-transfection of the
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-2663  -2126 -1139 -13
human
-2408 -1798 -1289-1134 -7
(A) rat
human  GGGTATTTCCCTCCCACCCCOGECCO0C -~ ~~CAGG-—== === === CCOEEOCTE -499
rat  GOGCACTTGGCTGTCAGECCGACCTCECTAACGCAGGAACGTCCGCAGGAACGEAGCCTG 487
human  GEACCGCCAAC-ACCTGCTCGGCHEEAACAGGAACACHIGTETICOOGAACTCCCT- -~ - -444
rat CC(‘CGGA(‘AGC(‘AC(‘TG(‘TCAG(‘-GAAAGAC(-(‘TACTATTFCC(‘ACGG 427
~
— —P —
human  CCGGCCACCTCCCCGTATCCTCCTCOCCCTCCAAGGTCGAAAGG-TGCCCTCTCAGGCAC .385
rat  COGGCCACCGOCCCAGGTC-TCCAGGACCCAGAAGGTCAGGAGGCTGTCCTCT- AGGGAC -369
——
human  ACCCGCCGCTCGCTCGECTCCTCCCCTCAGCCGGGAGACEL - AMGGANTAACAGCCTCTG 327
rat  TCCCGCCACCCGCA--~TCATCC~TCATG—on ACCCTAAGGAATAAAAGCCTCAG 321
human  CCATAGGAGCACGCTCTJCCANTCAACCCTAGTCTTCGCCCACGCCTCAGCCCOAGGAAA 267
rat CACACGCTATCATCC TAGTCTTTGCCCACGECTCCTCCGETGTCCA 262
human  TTGYATTGATTGCATCATTCTCGGCAGCCGATAA- ATTGTTT[CTTGCTA:\TAG -208
rat  CTGOATTGAITGCATCATACAAGCCT-COGATAAGATCCTCCTCTTG IATTGACTAATAG -203
human  CGTTCCTTCTCCC--CTGTGCCTTCGTCOTCAGAAGCTGCCATTGTTAATCGCETTGE -150
rat AG--CCTTCTCCCGCCCAACCCTTCTTTGTCGGAACGTTCTTTAACCGCGTTGC -145
——.
human CM\GCTTTGCACGCGGCTCGA(‘GCCFGCGGCCCCCCCCCCGCCGGCTAGGTGA 90
rat  CAAGCTCCGGGCGCGGCTCGGT AAGCCGCGGGCT- ~GOCCCEOCCEEC-GETGA -88
—
— - -
human  AGGTCAGTCTCTCCTCCAGTCGCAACGECCAG-ACCTCACCTCCCAGCTCCCEECETEEE 31
rat  AGGTGAGAGTCTCCTCCAGTCACAGGTCCCCGCACCGCACGGAGCAGCTCCCAGCTCGTG 28
— -
human CGT-CAAATCTCTT--CATTCC -13
(B) rat (TrmrrT(rrrTmrATTrc 7

221

Fig. 7. Comparison of the proximal regions of the promoters of the human and rat cAspAT genes. (A) Schema of the homologies between the human and rat
promoters (black box, 67%; striped box, 61%). (B) The nucleotide sequences of the 500 proximal bp of the 5’-flanking regions of the human and rat cAspAT
gene were aligned. The CCAAT sequences are boxed, as well as the GRE half-sites (in gray). Putative NRREs (arrows) and the NF1 site (line) are indicated.

p(—2663/—6)hAspFL with the human PPARa expression
plasmid led to a 2-fold increase in the luciferase activity
after the fenofibric acid treatment (Fig. 8A and B). In
contrast, when the other constructs were co-transfected
with the human PPAR plasmid, none of them displayed an
increased luciferase activity following the fenofibric acid
treatment (Fig. 8B). Therefore, the fragment —2663/—706
of the promoter seems responsible for the fenofibric acid
effect. Three perfect NNRE consensus AGG(T/A)CA are
found at —952, —1672 and —2458.

3.5. Cell-type modulation of the fibrate effect

To assess whether the opposite effects of fenofibrate on
the cAspAT gene in humans and rats are only due to the
promoter sequences, we transfected either the rat or human
cAspAT promoter into either H4IIEC3 or HepG2 cells. The
rat p(—553/—26)CAT construct was transfected into the
HA4ITEC3 and HepG2 cells. Treatment of H4IIEC3 cells
with fenofibrate reduced the CAT activity by 46%, whereas
fenofibric acid treatment of HepG2 cells led to a 2-fold
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Fig. 8. Identification of the fenofibric acid responsive region in the human
cAspAT gene promoter. (A) HepG2 cells were transiently co-transfected
with PPRE-pLa2FL or p(—2663/—6)hAspFL plasmids (2 pg) in the
presence of either the human PPARa expression plasmid or its empty
vector pSG5 (250 ng) and treated with DMSO (0.1%) or fenofibric acid
(200 mM) for 24 hr. The luciferase activity is the mean + SEM of 2-13
independent experiments (100% corresponds to the luciferase activity in
the presence of DMSO). (B) Constructs of the cAspAT promoter upstream
of the luciferase gene were transiently co-transfected with either the human
PPARu expression plasmid or its empty vector pSGS5 into HepG2 cells and
treated as in (A). The luciferase activity in the presence of the PPAR« is
the mean + SEM of 5-14 different experiments.

increase in the CAT activity. When we transfected the
human p(—2663/—6)pAspFL into HepG2 and H4IIEC3
cells, fenofibrate treatment of H4IIEC3 cells reduced the
luciferase activity by 35% whereas fenofibric acid treat-
ment of HepG2 cells led to a 2-fold increase in the
luciferase activity (Fig. 9). Therefore, the nuclear receptors
and/or co-effectors present in the cell contents may affect
the regulation of the promoter by fibrates.

4. Discussion

In man, the serum levels of transaminases, such as
AspAT, are widely used as markers of liver, heart and
muscle disease. An increase in the serum level of AspAT is
interpreted as reflecting its release from lysed cells. How-
ever, regulation of the expression of the cAspAT gene may

alter cellular, and consequently, serum levels of this
enzyme. This may account for some of the discrepancies
between serum levels and the actual extent of cell damage.
Few studies have addressed the regulation of cAspAT gene
expression in man, particularly in liver cells. In the present
study, we describe, for the first time, the cloning and the
sequencing of the human cAspAT gene promoter, an
essential step for understanding of its regulation and the
opposing effects of fibrates in rats and men.

In the rat, the transcription of the cAspAT gene is
regulated by various hormones and drugs [9,26]. It is
not clear whether similar regulatory mechanisms are con-
served in humans. In a previous study, we demonstrated
that fibrates, used to treat hyperlipidemia in man, modify in
opposite directions the levels of cAspAT mRNA in mice
and humans, and that, in mice, the effect appears to be
PPARa-dependent [13]. It is well known that, depending
upon the species, fibrates may have opposite effects on the
transcriptional regulation of several genes [27]. The most
important species-dependent effects of fibrates are perox-
isomal proliferation and, ultimately, the non-genotoxic
hepatocarcinogenesis observed in rodents but not in
humans.

In the rat promoter, a 267 bp responsive region (—553 to
—286) mediates the repression by fibrates. In this
sequence, no canonical PPRE can be found. However,
several NRRE-like motifs are present within this region
and only the —404/—366 sequence which includes three
such motifs bound H4IIEC3 nuclear proteins. Several
observations suggest that this sequence is critical for the
effect of fibrates. Firstly, the mutation of any one of the
three NRRE motifs rendered the cAspAT gene promoter
unresponsive to fenofibrate. Secondly, these mutants were
no longer able to bind nuclear proteins. Finally, the binding
of nuclear proteins prepared from fenofibrate-treated
HAIIEC3 cells was consistently diminished as compared
to the binding of extracts prepared from control cells.
Previously, using PPARo. "~ mice, we reported that the
negative effect of fenofibrate on the cAspAT gene promoter
was PPARa-dependent [13]. To confirm the PPARa-
dependent effect, we showed that various fibrates (fenofi-
brate, clofibrate and bezafibrate) and one specific PPARa
agonist (Wy-14,643) inhibit the rat promoter. However, no
direct binding of the PPARo/RXRa heterodimer to the
—404/—366 sequence was observed. Several genes are
regulated by PPARo without direct binding to a PPRE.
Transcription factors, such as HNF-4 [23,28] and Rev-erba
[29] have been implicated in some cases. Since neither an
anti-HNF-4 nor an anti-RXRa antibody was able to super-
shift or decrease the complex bound to probe II, the
inhibition of the rat cAspAT promoter by fibrate probably
does not involve HNF-4. The role of Rev-erba is linked to
its increased expression [29]. Since we observed a decrease
in the intensity of the retarded complexes when H4IIEC3
cells are treated with fenofibrate, Rev-erba is unlikely to be
the factor involved in the inhibition of the rat cAspAT gene.
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Fig. 9. The fenofibrate effect on the cAspAT gene is dependent upon the cell-type. The rat p(—553/—26)CAT and human p(—2663/—6)hAspFL plasmids
were transiently transfected into H4IIEC3 and HepG2 cells. H4IIEC3 cells were treated for 24 hr with fenofibrate (200 pM) or ethanol (0.1%) whereas
HepG2 cells were treated with fenofibric acid (250 pM) or DMSO (0.1%). The CAT and luciferase activities were expressed as the mean = SEM of 3-12

independent experiments.

The inhibition of numerous liver genes after exposure to
PPs suggests that their down-regulation could result from
PPARu« interaction with transcription factors or co-activa-
tors. Titration of c-jun and of GRIP/TIF2 by PPAR was
correlated with the down-regulation of the glutathione
transferase P and fibrinogen genes, respectively [30,31].
PPARu also interferes negatively with AP-1 and NFKB to
inhibit the interleukine-6 gene expression [32]. In the case
of the L-pyruvate kinase, although Wy-14,643 down-reg-
ulates the gene expression in a PPARa-dependent mechan-
ism involving an HNF-4 binding site, the PPARo/RXRa
does not bind to this site and, thus, an unknown factor is
involved in this regulation [33]. Similarly, activation of the
prolactin gene by PPARa is not dependent on DNA binding
but rather on an interaction with other proteins [34].
Furthermore, PPs decrease the amount of endogenous
LXR ligands by a mechanism not entirely PPARo-depen-
dent which results in an alteration of the expression of
LXR-controlled genes [35]. Our results concerning the
repression of the rat cAspAT gene are in favor of an
indirect PPARa-dependent effect, which may interfere
with a liver transcription factor.

The activity of the human cAspAT gene promoter, in co-
transfection assays with the PPARa expression plasmid, is
increased 2-fold in response to fibrates, a result in agree-
ment with the levels of cAspAT activity and mRNA in
HepG2 cells [13]. The responsive region is localized at
—2663/—706, which contains three putative NNREs. This
region differs completely from the proximal region respon-
sible for the inhibitory effect of fibrates in the promoter of

the rat gene. More studies are needed to unravel the
mechanism responsible for this fibrate effect on the human
gene. The increase in human cAspAT gene expression by
fibrates obtained in liver-derived cells may explain the
observation that a moderate increase of serum transami-
nases is observed in some patients treated with such drugs,
even in the absence of cell toxicity [36].

An important aspect of the effects of fibrates on cAspAT
gene expression is the species specificity. The cellular
environment and the promoter sequences appear to be
key factors in these opposing actions. Therefore, quanti-
tative and/or qualitative aspects may explain the species
differences. In the case of the apolipoprotein A-I gene,
fibrates have opposite effects, respectively decreased and
increased apoA-I mRNA levels in the rat and man, due to
differences in the cis-acting regions [29]. Another major
difference is that liver PPARa is less abundant in poorly
responsive species, such as man and the guinea pig, as
compared to the mouse and the rat [37,38]. Thus, the low
level of PPARa in man could account, in part, for the lack
of peroxisome proliferation. It is also possible that the
sensitivity of genes to PPAR is different and that the genes
encoding the proteins involved in peroxisome proliferation
may not respond when the receptor level is too low.
However, several recent papers have demonstrated that
increasing the amount of the human PPARo in HepG2 cells
does not always result in concomitant increased sensitivity
to the induction by PPs [39,40]. Moreover, Rodriguez et al.
[41] have described that, in HepG2 cells treated with
fibrates, the nuclear extract binding to the ACO-PPRE
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is weak, in accordance with a lack of induction of the ACO
mRNA. In this cell line, there is a high level of PPARP
which may heterodimerize with the RXRa and modify the
activity of the PPARo.

In conclusion, the species specificity of the regulation by
fibrates of cAspAT gene expression depends on several
factors. Firstly, the drugs target different regions of the
promoters, a proximal one in the rat gene promoter and a
more distal one in the human promoter. Although the
PPAR« seems necessary for the regulation by fibrates of
both promoters, it may act without binding directly to a
PPRE in both cases. Secondly, the cell content of nuclear
receptors and co-effectors, which are putative modulators
of the PPAR« activity, may also vary from one species to
another and explain the regulation in opposing directions
by the same class of compounds.
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