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We have recently shown that the gene for the mito-
chondrial HMG-CoA synthase is a target for PPAR and
that this receptor mediates the induction of this gene
by fatty acids. With the aim of gaining further insight
into the function and regulation of this gene we exam-
ined the effect of other members of the nuclear hor-
mone receptor superfamily on its expression. We pre-
viously identified a regulatory element in the mito-
chondrial HMG-CoA synthase gene promoter that
confers transcriptional regulation by PPAR, RXR and
the orphan nuclear receptor COUP-TF. In this study
we demonstrate a trans-repressing regulatory func-
tion for HNF-4 at this same nuclear receptor response
element (NRRE). HNF-4 binds to the mitochondrial
HMG-CoA synthase NRRE, and, in cotransfection
assays in HepG2 cells, it represses PPAR-dependent
activation of a reporter gene linked to the mitochon-
drial HMG-CoA synthase gene promoter.These results
suggest that the mitochondrial HMG-CoA synthase
gene is subject to differential regulation by the inter-
play of multiple members of the nuclear hormone re-
ceptor superfamily. o© 1998 Academic Press

The nuclear hormone receptor superfamily is formed
by a growing number of receptors that are ligand-acti-
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vated transcription factors. This superfamily includes
receptors for different kinds of hormones, retinoids and
vitamin D;. In addition to receptors with a known li-
gand, many other proteins have been included in this
family on the basis of homology in characteristic do-
mains. No ligand has yet been identified for several of
them, which have thus been grouped as orphan mem-
bers of the superfamily (1).

We have recently shown that the gene for the mito-
chondrial HMG-CoA synthase, the enzyme that cata-
lyzes the condensation of acetyl-CoA with acetoace-
tyl-CoA to form HMG-CoA and CoA in mitochondria,
is a target for PPAR and that this receptor mediates
the induction of the gene by fatty acids (2). With the
aim of gaining further insight into the function and
regulation of this gene, which codes for an enzyme
which contributes to the regulation of hepatic produc-
tion of ketone bodies (3), we have examined the effect
of other members of the superfamily on its expres-
sion. The promiscuous binding of different nuclear
receptors to a particular DNA-response element is
not uncommon and the competition among receptors
for the binding to the same element, the different
posibilities for heterodimerization and the interac-
tion with different ligands, coactivators or corepres-
sors increases the possibilities for the regulation of
target gene transcription.

We previously identified a regulatory element in the
mitochondrial HMG-CoA synthase gene promoter that
confers transcriptional regulation by PPAR, RXR and
the orphan nuclear receptor COUP-TF (2, 4). In this
study we demonstrate that this gene is also a target
for HNF-4.

The HNF-4 orphan receptor is a liver-enriched mem-
ber of the zinc finger nuclear receptor superfamily of
transcription factors (5). Several observations suggest
that in combination with other liver-specific or ubiqui-
tous transcription factors HNF-4 plays an important
role in the liver-specific gene expression (6-9) and in the
regulation of several genes involved in carbohydrate
metabolism (10-12), lipid metabolism (13-17), urea bio-
synthesis (18), blood coagulation (19-21), development



(22, 23), and also some members of the cytochrome
P450 superfamily (24).

In this paper we show an HNF-4-mediated suppres-
sion of the PPAR-enhanced expression of the mitochon-
drial HMG-CoA synthase gene.

MATERIAL AND METHODS

Plasmid constructions. The reporter chloramphenicol acetyl-
transferase (CAT) construct pSMPCAT1 contains 1148 bp of the 5'-
flanking region and the first 28 bp of exon 1 of the rat HMG-CoA
synthase gene in pCAT-Basic vector (Promega) and has been de-
scribed previously (25). Receptor expression plasmids pSG5-
mPPARa and pJCXR8 have also been described (2); pSG5-rHNF-4
containing a cDNA for rat HNF-4 was constructed by cloning the
BamHI fragment of pLENA4s-rHNF-4, kindly provided by Dr.J.E.
Darnell (The Rockefeller University, New York) (5), into the expres-
sion vector pSG5. pFLCOUP-TFI, generously provided by Dr. Ming-
Jer Tsai (Baylor College of Medicine), contains the full-length COUP-
TFI cDNA in the pGEM7Zf(+) (Promega) vector (26). pSG5-CEA+,
kindly provided by Dr. Martin Zenke (Institut for Molecular Pathol-
ogy (IMP) Wien, Austria), contains the chicken TRa (27).

Transfections and measurement of CAT activity. Human hepa-
toma HepG2 cells were cultured in minimal essential media supple-
mented with nonessential amino acids and 10% fetal calf serum.
HepG2 cells were transfected by the calcium phosphate co-precipita-
tion procedure, essentially as already described (28). The cells re-
ceived 5ug of a reporter gene construct and, when indicated, 0-5 ug
of pSG5-mPPARea and 2.5 ug of pSG5-rHNF-4 expression plasmids.
Effector plasmid dosage was kept constant by the addition of appro-
priate amounts of the empty expression vector pSG5 (Stratagene).
Extracts of harvested cells were prepared as described (2). 5-galac-
tosidase activity was determined (29) in a 10-20 ul volume of extract
to normalize for transfection efficiency. All samples assayed for CAT
activity (28) were first incubated at 65°C for 10 min.

In vitro transcription/translation. In vitro transcription of
cDNAs encoding receptors and subsequent translation in rabbit retic-
ulocyte lysate were performed using a commercially available kit
according to the instructions of the manufacturer (Promega); we used
1 ul of TNT™ T7 RNA polymerase for mPPARa (pSG5-mPPARa),
hRXRa (pJCXR8), rHNF-4 (pSG5-rHNF-4), and cTRa (pSG5-CEA+),
1 ul of TNT™ SP6 RNA polymerase for hCOUP-TFI (pFLCOUP-TF
1). 1 ug of plamid was used for separate translations and 0.75 ug of
each plasmid was used for cotranslations.

DNA binding assays. Proteins synthesized in vitro (2.5 ul) were
preincubated on ice for 10 min in 10 mM Tris-HCI, pH 8.0, 40 mM
KCI, 0.05% (vol/vol) Nonidet P-40, 6% glycerol, 1 mM dithiothreitol
and 1 ug of poly(dl-dC). Then 0.8 ng of **P-labeled MSPPRE oligonu-
cleotide was added and the incubation was continued for 15 min at
room temperature. The final volume for all reactions was 20 pl. Bind-
ing reactions were electrophoresed at 4°C on a 4.5% polyacrylamide
gel in 0.5X TBE buffer (45 mM Tris/45 mM boric acid/1 mM EDTA,
pH 8.0). MSPPRE is the fragment corresponding to coordinates —116
to —69 of the mitochondrial HMG-CoA synthase gene and contains
the PPAR response element of this gene (—104 to —92) (5'-TGA-
CTTGTTCTGAGACCTTTGGCCCAGTTTTTCTGAGGCAGGCAG-
AGG) (2). Dissociation kinetics were studied by gel retardation “off”
curves. Complexes were performed for 15 min at room temperature
and a 1000-fold excess of cold competitor oligonucleotide was added
at 0 min. These experiments were performed with a *2P-labeled
MS113-82 oligonucleotide, corresponding to coordinates —113 to —82
of the mitochondrial HMG-CoA synthase gene (5’-agCTTGTTCTGA-
GACCTTTGGCCCAGTTTTTCTG).

a)

CTTGTTCTGAGACETTTGGCECAGTTTTTCTG

b)

CTTGTTCTGctgcagecacttgAGTTTTTCTG

FIG. 1. Interaction of different nuclear receptors with the mito-
chondrial HMG-COA synthase NRRE. (A) Several members of the
nuclear receptors superfamilly are able to bind to the mitochondrial
HMG-CoA synthase NRRE. Electrophoretic mobility shift assay was
performed on labeled MSPPRE oligonucleotide incubated with in
vitro translated PPAR-RXR, COUP-TF I, HNF-4 or TR as indicated.
(B) Identical experiment performed with a probe containing a NRRE
mutated by scrambling as indicated (lower case letters).

RESULTS

HNF-4 Binds to a Nuclear Receptor Responsive
Element (NRRE) in the Mitochondrial HMG-CoA
Synthase Gene

In order to determine whether HNF-4 is able to bind
to the NRRE of the mitochondrial HMG-CoA synthase
we performed gel mobility shift assays with a DNA
probe containing this element. In vitro transcribed and
translated HNF-4 binds to this element as occurs with
COUP-TF and the heterodimer PPAR-RXR, but not
with TR (Fig. 1a). An oligonucleotide containing a
scrambled sequence between —104 and —92 was un-
able to form a complex with any of those receptors
(Fig.1b).

There are several putative half nuclear receptor recog-
nition sites in the DNA fragment used as a probe, marked
as A, B and C in the figure (Fig. 2a). In order to achieve
more precise mapping of the DNA sequence responsible
for the HNF-4 binding we performed gel shift experi-
ments with several probes containing different wild type
or mutated sequences as indicated. HNF-4 binds to the
DNA region comprised between —104 and —92 con-
taining the TGACCT-like repeats B and C (Fig. 2b). Ei-
ther a point mutation in repeat B or a scrambling of
repeat C impairs the binding of HNF-4. Neither the pres-
ence of repeat A nor the 3’ T region necessary for the
binding of the PPAR-RXR heterodimer to the p450 4A6
gene (30) and also to the mitochondrial HMG-CoA syn-



A B C T
a) 113 CTTGTTCTGAGACCTTTGGCCCAGTTTTTCTG 82
_____________ o P
———————————————— caattt---———---—-—-
b) Probe BCT mBCT BmCT ABC
pSGS + -+ - + -+ -
HNF-4 -+ -4+ -+ - +
HNF-4 — - '

Free Probe —

12 3 4 5 6 7 8

FIG. 2. Analysis of the interaction of HNF-4 with the mitochon-
drial HMG-CoA synthase NRRE. Electrophoretic mobility shift
assays were carried out in the absence or presence of in vitro-synthe-
sized HNF-4 with the indicated labeled probes containing the differ-
ent TGACCT-like repeats and the additional 3’ region (T) as indi-
cated in a, the mutations introduced in the probe are indicated by
lower case letters and the conserved positions are indicated by
dashes. The arrows in b, indicate the HNF-4-DNA complex (lanes 2,
and 8) and the free probe. pSG5 indicates the control carried out
with the product of a mock transcription and translation reaction
performed with the empty vector pSG5 (lanes 1, 3, 5 and 7).

thase gene (J. C. Rodriguez and D. Haro, unpublished)
is necessary for the binding of HNF-4 to the mitochon-
drial HMG-CoA synthase gene.

HNF-4 Represses the Mitochondrial HMG-CoA
Synthase Gene

As can be seen in Fig. 3, chloramphenicol acetyl-
transferase expression from pSMPCATL1, a construct
containing the CAT gene under the control of the pro-
moter and 5’-flanking sequences of the rat mitochon-
drial HMG-CoA synthase gene (coordinates —1148 to

+28), was repressed by cotransfection with HNF-4 in
human hepatoma HepG2 cells (the average values of
CAT activity, from at least three independent experi-
ments with two plates each, presented as % of normal-
ized CAT activity relative to pSMPCAT1 in the absence
of HNF-4 is 48+20.2). This effect is dependent on the
binding of HNF-4 to DNA as it is not seen when a
reporter construct containing a point mutation C to G
at —100, that prevents the binding of HNF-4, is used
instead of the wild type promoter. We used the pro-
moter of the Medium Chain Acyl-CoA dehydrogenase
as a positive control to check the capacity of HNF-4 to
activate gene transcription in our hands.

HNF-4 Represses the Induction of the Mitochondrial
HMG-CoA Synthase Gene by PPAR

As both HNF-4 and the heterodimer PPAR-RXR bind
to the same DNA region, to asses whether the observed
repression is due to competition of HNF-4 with PPAR
for the binding to DNA, we performed cotransfection
experiments with PPAR and HNF-4. Chloramphenicol
acetyltransferase expression from pSMPCAT1 was ac-
tivated by cotransfection with PPAR in human hepa-
toma HepG2 cells (2). This activation was repressed by
cotransfection with HNF-4 but, surprisingly, this effect
cannot be overcome by cotransfection with increasing
amounts of PPAR (Table I) even in the presence of
added RXR (data not shown).

pSMPCAT!  pSMPCATI  MCAD
C->G
-
o . L '

HNF4 - 4 -+ - o+

FIG. 3. HNF-4 dependent inactivation of the mitochondrial
HMG-coA synthase gene promoter in HepG2 cells. CAT reporter con-
structs containing the wild-type (pSMPCAT1) 5’-flanking region of
the mitochondrial HMG-CoA synthase gene or a mutated version
containing a point mutation C to G at -100, were cotransfected with
or without 2.5 pg of pSG5HNF-4 into HepG2 cells. An autoradio-
graph showing a representative experiment is shown. The activation
of the Medium Chain Acyl-CoA dehydrogenase gene promoter is
shown as a positive control.



TABLE 1
Antagonistic Effects of PPAR and HNF-4 on the Mitochondrial HMG-CoA Synthase Gene

HNF-4 (2.5 ug) — +
PPAR « ug 0.1 0.1
Fold Induction 20.6 = 8.1 1.65 = 0.21

+ + +
1.0 25 5
2.65 = 0.63 3.43 + 0.45 2.61 £ 0.22

Note. HepG2 cells were cotransfected with reporter construct pSMPCAT1 and indicated amounts of expression plasmids for mPPAR«
and HNF-4. PPAR induction of reporter activity (column 2) was inhibited by cotransfection of 2.5 ug of pSG5-HNF-4 (column 3). To relieve
this repression increasing amounts of pSG5-mPPAR« (1-5 pg) were cotransfected (columns 4-6). Average values of CAT activity (means =
S.D.), from two independent experiments with two plates each, are presented as “fold induction” relative to pPSMPCAT1 in the absence of

expression plasmids.

The HNF-4 Containing Complex is Much Less Stable
than the Complex Formed by the PPAR-RXR
Heterodimer

In order to compare the affinity of HNF-4 binding
with that of the PPAR-RXR heterodimer we performed
rate-off experiments. Surprisingly, in contrast with the
results shown above, the binding of HNF-4 to DNA in
vitro was weaker than the binding of the PPAR-RXR
heterodimer. The HNF-4-DNA complex was totally
competed after 5 minutes of incubation with an excess
of cold probe (Fig. 4), whereas the PPAR-RXR-DNA
complex remained after 60 min of incubation with the
competitor.

DISCUSSION

HNF-4 is a member of the nuclear receptor super-
familly that transcriptionally activates a wide variety
of genes. In this report we show that in transiently
transfected HepG2 cells HNF-4 represses the mito-
chondrial HMG-CoA synthase gene promoter.

It has recently been shown that the hypolipidemic
effect of the peroxisome proliferators is accounted for
by enhanced catabolism of plasma triacylglyceride-rich
lipoproteins due to a decrease in plasma apolipoprotein
C-111 produced as a consequence of the displacement of
HNF-4 from the apolipoprotein C-111 promoter medi-
ated by PPAR (31). The same effect has been described
for the transferrin gene where PPAR also suppresses
HNF-4-enhanced expression (32).

Interestingly, a site mapped in the promoter of L-
pyruvate kinase responsible for transcriptional repres-
sion by polyunsaturated fatty acids (11) corresponds to
the HNF-4 site of the L-pyruvate kinase gene. These
observations, along with the demonstration that fatty
acids promote the binding of PPAR-RXR heterodimers
(33-34), suggest that PPAR«a not only promotes fatty
acid catabolism but it also mediates fatty acid-depen-
dent suppression of lipogenic and glycolytic enzymes.

In this paper we show the opposite effect, an HNF-
4 suppression of the PPAR-enhanced expression of the
mitochondrial HMG-CoA synthase gene. This suppres-
sion is probably due to competition for the binding to

a)
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FIG. 4. PPAR/RXR heterodimers form more stable complex with
DNA than HNF-4. Electrophoretic mobility shift assays were carried
out with in vitro-synthesized PPAR/RXR (a) or HNF-4 (b) and a probe
containing the proposed NRRE of the mitochondrial HMG-CoA
synthase gene (MS 113-82). To determine the dissociation kinetics
of the complexes formed, a 1000-fold excess of unlabeled probe was
added at time point 0 (lane 1). After 5, 15, 35, and 60 min (lanes 2-
5) the reaction was loaded onto a running polyacrylamide gel. The
last lane (6) show gel-shift experiments performed after 60 min of
incubation under identical conditions, but in the absence of competi-
tor DNA.




DNA, as firstly HNF-4 binds to a sequence of the mito-
chondrial synthase gene that is overlapped by the
PPAR-binding sequence, and secondly, in cotransfec-
tion experiments in HepG2 cells HNF-4 represses a
reporter gene linked to the mitochondrial HMG-CoA
synthase gene promoter.These results constitute evi-
dence of a mechanism of suppression of fatty acid sig-
naling which consists in the replacement of an active
PPAR-RXR complex by an abortive HNF-4 homodimer.
Interestingly, in this model we may consider the partic-
ipation of another factor since: a) transfection experi-
ments show that once HNF-4 is overexpressed, increas-
ing amounts of PPAR cannot overcome the inactivation
(Table 1), perhaps due to a recruitment of a co-repres-
sor; and b) observations in vitro demonstrate that this
effect is not simply due to a higher affinity of HNF-4
homodimers for the element (Fig. 4).

Therefore, the mitochondrial HMG-CoA synthase
gene is regulated by an antagonism between PPAR and
HNF-4, in which PPAR is an activator and HNF-4 is a
repressor. A similar mechanism has been reported for
the genes encoding acyl-CoA oxidase and hydratase-
dehydrogenase, the first two enzymes in the peroxi-
somal g-oxidation pathway (35). Our data provide fur-
ther evidence that HNF-4 contributes to the regulation
of genes involved in the metabolism of fatty acids.
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