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Peroxisome proliferator-activated receptors (PPARs) stimulate the expression of several genes involved in lipid 
metabolism by binding to specific cis-acting peroxisome proliferator-responsive elements (PPREs) via cooper- 
ativity with retinoid X receptors. We demonstrate here that hepatocyte nuclear factor-4 (HNF-4), another 
member of the nuclear hormone receptor superfamily, bound with differing affinities to the PPREs from the 
genes encoding rat acyl-CoA oxidase and hydratase-dehydrogenase, the first two enzymes of the peroxisomal 
0-oxidation pathway. In cotransfection assays, HNF-4 repressed rat PPAR-dependent activation of a reporter 
gene linked to the acyl-CoA oxidase PPRE, either in the absence or presence of the peroxisome proliferator, 
Wy-14,643. Rat PPAR-dependent activation of a reporter gene linked to the hydratase-dehydrogenase PPRE 
was less efficiently repressed by HNF-4 in the absence of Wy-14,643 than was activation from the acyl-CoA 
oxidase PPRE. However, in the presence of Wy-14,643, HNF-4 functioned cooperatively with PPAR to sig
nificantly enhance induction from the hydratase-dehydrogenase PPRE. These results suggest that the genes 
encoding the first two enzymes of the peroxisomal 0-oxidation pathway are subject to differential regulation 
by the interplay of multiple members of the steroid/nuclear hormone receptor superfamily, mitigated in part 
by the structures of the PPREs and by the presence of activators of PPARs.

PEROXISOME proliferators constitute a large group 
of xenobiotic chemicals that include the fibrate fam
ily of hypolipidemic drugs, herbicides, and phtha- 
late ester plasticizers. Exposure to peroxisome 
proliferators increases both the number and meta
bolic capacity of peroxisomes (Lock et al., 1989). 
The mechanism of action of peroxisome prolifera
tors is of considerable interest because these agents 
have been shown to induce hepatomegaly, chromo
somal aberrations, and ultimately hepatocarcinogen- 
esis in rodents (Reddy et al., 1980; Reddy, 1990; 
Rao and Reddy, 1991). Peroxisome proliferators do 
not mutate DNA directly and are therefore classified 
as nongenotoxic carcinogens.

The pleiotropic cellular responses to peroxisome 
proliferators are mediated in part by the transcrip

tional induction of a number of genes for which the 
products are involved in lipid metabolism. These 
include the rat acyl-CoA oxidase (AOx) and hy
dratase-dehydrogenase (HD) genes, which encode 
the first two enzymes of the peroxisomal fatty acid 
0-oxidation system (Reddy et al., 1986); the CYP4A6 
gene, which encodes a member of the cytochrome 
P450 fatty acid co-hydroxylase family (Mueroff et 
al., 1992); and the gene encoding the liver fatty acid 
binding protein (Issemann et al., 1992; Kaikaus et 
al., 1993; Besnard et al., 1993). Transactivation of 
these peroxisome proliferator-responsive genes is me
diated by peroxisome proliferator-activated receptors 
(PPARs) (Issemann and Green, 1990). PPARs are 
members of the steroid/thyroid hormone receptor 
superfamily that bind to specific cis-acting peroxi-
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some proliferator-responsive elements (PPREs), re
sulting in an overall stimulation of transcription of 
responsive genes (Osumi et al., 1991; Zhang et al., 
1992; Tugwood et al., 1992; Marcus et al., 1993). 
Human (Schmidt et al., 1992), rat (Gottlicher et al.,
1992), mouse (Issemann and Green, 1990; Chen et 
al., 1993; Zhu et al., 1993), and Xenopus (Dreyer 
et al., 1992) have been shown to harbor multiple 
PPAR-related genes, perhaps reflecting a require
ment for different PPARs in regulating specific tar
get genes or in mediating responsiveness to a variety 
of stimuli. PPARs can be activated by a wide spec
trum of structurally diverse peroxisome prolifera- 
tors, as well as by both synthetic and natural fatty 
acids (Dreyer et al., 1992; Keller et al., 1993). 
However, none of these agents binds directly to 
PPARs, and therefore the true ligands for these re
ceptors remain to be identified.

The natural PPREs characterized to date consist 
of direct repeats of the core half-site motif TGACCT, 
which is also found in the cognate response ele
ments of other nuclear hormone receptors of this 
class including the thyroid, retinoic acid, vitamin D, 
and 9-c/s-retinoic acid (RXR) receptors (Umesono et 
al., 1991). Target specificity is determined in part 
by the sequence of the half-sites, the number and 
relative spacing of their direct repeats, and the abil
ity of some receptors to bind to cognate response 
elements as homodimers and/or heterodimers (Lucas 
and Granner, 1992; Mader et al., 1993). However, 
it is not uncommon for different nuclear hormone 
receptors to bind to a particular DNA-response ele
ment and vice versa. The potential for promiscuous 
binding, combinatorial interactions, and crosstalk 
among receptors serves to modulate transcription of 
hormone-responsive genes in multiple ways, thereby 
contributing to both the complexity and the diver
sity in signaling pathways. Indeed, we and others 
have demonstrated that PPARs bind to PPREs as 
heterodimers with 9-c/s-retinoic acid receptors, im
plying that the peroxisome proliferator and retinoid 
signaling pathways converge (Kliewer et al., 1992; 
Gearing et al., 1993; Marcus et al., 1993). Re
cently, we have shown that COUP-TF, an orphan 
member of the nuclear hormone receptor superfam
ily, binds to the HD-PPRE and can antagonize rat 
(r) PPAR-mediated transactivation from this PPRE 
in vivo (Miyata et al., 1993). Therefore, PPAR 
function is dependent upon interactions with, and 
can be subject to modulation by, other members of 
the nuclear hormone receptor superfamily.

Hepatocyte nuclear factor-4 (HNF-4) is another 
orphan member of the nuclear hormone receptor 
family that binds to TGACCT-related elements (Sladek

et al., 1990). HNF-4 is a liver-enriched factor that 
plays an important role in the transcriptional regula
tion of several genes for which the products are in
volved in diverse metabolic pathways. These include 
the genes encoding apoAI, apoAII, apoB, and apoCIII 
(Ladias et al., 1992; Mietus-Snyder et al., 1992), 
a r antitrypsin and transthyretin (Costa et al., 1988;
1989), ornithine transcarbamylase (Nishiyori et al.,
1994), and some members of the cytochrome P450 
hydroxylase superfamily (Chen et al., 1994). HNF-4 
mRNA is most abundant in liver and kidney and low 
in brain, spleen, and lung, a pattern of expression 
closely matching peroxisome proliferator tissue spec
ificities and PPAR abundance (Issemann and Green, 
1990; Dreyer et al., 1992). Because peroxisomes are 
responsible for the metabolism of long-chain fatty 
acids, and the PPREs of both the AOx and HD 
genes share significant homology with the consen
sus HNF-4 target site, we explored the possibility 
that HNF-4 might play a role in the regulation of 
these genes. We demonstrate here that HNF-4 present 
in extracts of peroxisome proliferator-responsive rat 
hepatoma cells or synthesized in vitro bound strongly 
to the AOx-PPRE and with lower affinity to the HD 
PPRE. HNF-4 on its own had no effect on the tran
scription of reporter genes linked to the AOx- or 
HD-PPRE; however, it repressed both the peroxi
some proliferator-independent and peroxisome pro- 
liferator-dependent transactivation from the AOx- 
PPRE by rPPAR. Surprisingly, although rPPAR- 
dependent transactivation of a HD-PPRE-linked 
reporter gene was also repressed by HNF-4, its ac
tivity was potentiated in the presence of a peroxi
some proliferator Wy-14,643. Our results suggest 
that HNF-4 plays an important role in the regulation 
of genes encoding enzymes of the peroxisomal (3-ox
idation pathway by differentially modulating trans
activation by PPARs.

MATERIALS AND METHODS
Plasmids

The luciferase reporter plasmids pCPS/wc, 
pHD(X3)/wc, and pAOx(X2)/wc and the effector 
plasmids expressing the full-length cDNAs for rP
PAR and human RXRa have been described (Zhang 
et al., 1993; Marcus et al., 1993). The plasmid 
pCHllO (Pharmacia) containing the lacZ gene un
der the control of the SV40 early promoter was in
cluded in all transfections to normalize for the 
efficiency of transfection. The eukaryotic expression 
vector pSG5 containing a full-length cDNA encod
ing rat HNF-4 was provided by Dr. Frances Sladek 
(University of California, Riverside).
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All transfections were carried out with BSC40 
monolayer cells by the calcium phosphate method 
followed by a dimethyl sulfoxide shock (Marcus et 
al., 1993). Cells were maintained in medium with
out phenol red and containing 5% charcoal-stripped 
fetal bovine serum for 24 h prior to and during 
transfection. Transfections contained 5 |xg of either 
the pHD(X3)/wc or pAOx(X2)/wc reporter gene con
struct and, where indicated, 2 p,g of the rPPAR ex
pression vector, 2 |xg of RXRa expression vector, 
and varying amounts of the HNF-4 expression vec
tor. Effector plasmid dosage was kept constant by 
the addition of appropriate amounts of the corre
sponding empty vectors. All transfections contained
0.5 |xg of pCHllO. Total DNA was kept at 20 |xg/ 
plate by the addition of sonicated salmon sperm 
DNA. The peroxisome proliferator Wy-14,643 (a 
100 X  stock in dimethyl sulfoxide) was added to 
fresh medium to a final concentration of 0.1 mM. 
Cell extracts were prepared 48 h posttransfection, 
and luciferase activity was measured as before (Zhang 
et al., 1992).

In Vitro Transcription/Translation

Transcription of cDNAs encoding rPPAR, RXRa, 
and HNF-4 followed by translation in rabbit reticu
locyte lysate was performed as described (Miyata et 
al., 1993) using a commercially available kit 
(Promega). In vitro synthesis of proteins used in gel 
retardation analyses was carried out with unlabeled 
methionine.

Gel Retardation Analysis

Nuclear extracts from monolayer cultures of rat 
hepatoma H4IIEC3 cells were prepared and gel re
tardation analysis was performed as previously de
scribed (Zhang et al., 1993). The following probes 
were used: HD- PPRE: 5'-gatCCTCTCCTTTGACC- 
TATTGAACTATTACCTACATYTGA and its com
plem ent 5 ' -gatcTC  A A A T G T A G G T A  AT- 
AGTTC A AT AGGTC A A AGG AG AG; AOx-PPRE: 
5'-gatCCTTTCCCGAACGTGACCTTTGTCCTGGT- 
CCCCTTTTGCTa and its complement 5'- 
gatctAGCAAAAGGGGACCAGGACAAAGGTCA- 
CGTTCGGGAAAG; M4: 5 '-gatC C T C T C C - 
TTatttt&ATTGAACTATTACCTACATTTGA and its 
complement 5 ' -gatcTC A A ATGT AGGTA AT AG- 
TTCAATtaaaatAAGGAGAG (Zhang et al., 1993; 
Miyata et al., 1993). The italicised nucleotides de
note the TGACCT-like direct repeats. Nucleotides

AOx-PPRE: CCCGAACGTGACCTTTGTCCTGGTCCCCTTTT 
* * * * * * * * * *  *

HNF-4 g t g a c c t t t g c c

HD-PPRE: TCTCCTTTGACCTATTGAACTATTACCTACATT****** * *
HNF-4 ATGACCTTTGCA

FIG. 1. Comparison of the AOx-PPRE and the HD-PPRE to the 
consensus HNF-4 binding site. The consensus HNF-4 binding site 
(Sladek et al., 1990) is shown at the top and is compared to the 
AOx- and HD-PPREs. The arrows indicate the TGACCT-related 
repeat motifs.

shown in lower case at the ends of the oligonucle
otides were added to provide cohesive BamHI-Bglll 
ends at the 5' and 3' termini, respectively. M4 is a 
mutant version of the wild-type HD-PPRE in which 
the first repeat was mutated, as indicated by the nu
cleotides in lower case. The double-stranded probes 
were end-labeled with the Klenow fragment of DNA 
polymerase I and [a-32P]dATP and were purified 
from polyacrylamide gels prior to use in gel retar
dation assays. In binding reactions carried out with 
in vitro synthesized proteins, 2-3 pul of translation 
mixture was incubated with labeled probe in a final 
reaction volume of 15 julI. The total amount of re
ticulocyte lysate in each reaction was kept constant 
by the addition of unprogrammed lysate. Where in
dicated, 1 jxl of preimmune serum or 1 juul of anti
rat HNF-4 serum was added to the binding reactions, 
which were then preincubated for 5 min prior to the 
addition of probe. Binding reactions were analyzed 
by electrophoresis at 4°C on prerun 3.5% polyacry
lamide gels (30:1 acrylam ide:# ',# '-m ethylene- 
bisacrylamide weight ratio) with 22 mM Tris base/22 
mM boric acid/1 mM EDTA as running buffer.

RESULTS

HNF-4 Interacts With the AOx- and HD-PPREs

Both the AOx-PPRE and the HD-PPRE contain 
two direct repeats of the TGACCT-related half-site 
separated by a single nucleotide (denoted DR1) 
(Osumi et al., 1992; Dreyer et al., 1992; Zhang et 
al., 1993). The HD-PPRE contains an additional 
upstream direct repeat separated by a two nucleotide 
spacing (DR2) that is necessary for peroxisome pro
liferator responsiveness (Miyata et al., 1993). Fig
ure 1 compares the sequences of the AOx- and HD- 
PPREs with the HNF-4 consensus binding site (Sladek
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Probe: AOx-PPRE HD-PPRE
FIG. 2. Endogenous HNF-4-related proteins of rat hepatoma H4IIEC3 cells 
bind to the AOx- and HD-PPREs. Electrophoretic mobility shift assays were 
performed with 32P-labeled AOx-PPRE probe or HD-PPRE probe, as indi
cated at the bottom. Probes were incubated with rat hepatoma H4IIEC3 nu
clear extract alone (lanes a and d) or with nuclear extract supplemented with 
preimmune serum (+PI, lanes b and e) or anti-rat HNF-4 serum (+aH N F-4, 
lanes c and f). The arrowheads in lanes c and f  indicate the supershifted 
complexes observed with anti-HNF-4 serum. This supershifted complex is 
readily evident with the AOx-PPRE probe (lane c) but is barely visible with 
the HD-PPRE probe (lane f). The band indicated by the open arrowhead in 
lane 3 is a nonspecific complex generated by a factor present in the preim
mune serum that has a higher affinity for the HD-PPRE probe than for 
competitor DNA or for the AOx-PPRE probe.

et al., 1990). The HNF-4 consensus binding se
quence matches the AOx-PPRE in 11 of 12 posi
tions, almost overlapping the DR1 repeat. The best 
match of the HNF-4 consensus binding sequence 
within the HD-PPRE is 8 of 12 nucleotides encom
passing the entire first repeat and part of the second 
repeat of the HD-PPRE. This high degree of simi
larity led us to examine whether HNF-4 is among 
the rat liver nuclear proteins that bind to the AOx- 
and HD-PPREs.

As shown in Figure 2, incubation of labeled 
AOx-PPRE (lane a) and HD-PPRE (lane d) probes 
with nuclear extracts prepared from H4IIEC3 cells, 
a rat hepatoma cell line responsive to peroxisome

proliferators, resulted in the formation of a major 
protein/DNA complex in each case. We have previ
ously demonstrated that PPAR, RXR, and COUP-TF 
are among the repertoire of DNA binding proteins 
present in hepatoma cells that are capable of bind
ing to both the AOx- and HD-PPREs (Miyata et al., 
1993). We used antiserum to rat HNF-4 to deter
mine whether HNF-4-like proteins were also present 
in these protein/DNA complexes. As shown in Fig. 
2, inclusion of antiserum specific to HNF-4 (lane c) 
but not preimmune serum (lane b) led to the forma
tion of a supershifted complex (arrowhead) and a 
corresponding decrease in the signal intensity of the 
major protein/DNA complex formed with the AOx-
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FIG. 3. HNF-4 synthesized in vitro binds to the AOx- and HD-PPREs. Electro
phoretic mobility shift assays were carried out with the indicated labeled probes in 
the absence ( - )  or presence (+ )  of in vitro-synthesized rat HNF-4. The arrow
heads in lanes b and d indicate the HNF-4 protein/DNA complexes. The M4 probe 
used in lanes e and f  is a mutant HD-PPRE in which the first TGACCT-like repeat 
is disrupted.

PPRE probe, indicating that HNF-4, or HNF-4-re- 
lated proteins, present in this extract interact with 
the AOx-PPRE. A significant fraction of the AOx- 
PPRE/protein complex could be supershifted with 
the anti-HNF-4 serum, indicating that HNF-4 is a 
major component of the protein complexes formed 
on this element. In similar experiments carried out 
with the HD-PPRE, the generation of a supershifted 
complex with anti-HNF-4 serum was at the limit of 
detection (arrowhead, lane f). The above results 
suggest that HNF-4 or HNF-4-related proteins present

in extracts of rat liver hepatoma cells bind to the 
AOx-PPRE and, with much lower affinity, to the 
HD-PPRE. The differences in affinities correlate 
with the degree of relatedness of the respective 
PPREs to the HNF-4 consensus binding sequence.

To determine if HNF-4 could bind directly to the 
AOx- and HD-PPREs, we transcribed and translated 
rat HNF-4 in vitro from its cDNA and used the in 
vitro-synthesized protein in mobility shift assays. As 
shown in Fig. 3, in vitro-synthesized HNF-4 bound 
strongly to the AOx-PPRE probe (lane b) and more
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weakly to the HD-PPRE probe (lane d). The bind
ing observed with both the AOx- and HD-PPREs 
was sequence specific, as determined by using mu
tant oligonucleotides as probes and competitors. 
For example, HNF-4 was unable to bind to a mutant 
HD-PPRE probe (M4) in which the first TGACCT 
repeat was mutated [Fig. 3, compare M4 (lane f) to 
HD (lane d)], indicating that the first direct repeat 
in the HD-PPRE, which encompasses the HNF-4 
consensus sequence, is required for binding to HNF-4. 
We have previously shown that luciferase reporter 
constructs containing the M4 mutant HD-PPRE could 
not be activated by peroxisome proliferators in vivo, 
yet PPAR/RXR heterodimers could still efficiently 
bind to this element in vitro (Miyata et al., 1993). 
HNF-4 and PPAR/RXR may therefore have overlap
ping recognition sequences on the HD-PPRE, simi
lar to what is observed with COUP-TF (Miyata et 
al., 1993). This finding would be consistent with the 
overlapping sequence identity between the first two 
repeats of the HD-PPRE and the HNF-4 consensus 
binding site (Fig. 1). It is not yet known whether 
all three receptors can occupy this site simulta
neously.

HNF-4 Represses rPPAR-Dependent Induction 
From the AOx-PPRE Both in the Presence and 
Absence o f a Potent Peroxisome Proliferator

To examine the consequences of ectopic expres
sion of HNF-4 on transcription from the AOx- and 
HD-PPREs, we carried out transient transfection as
says with luciferase reporter gene constructs contain
ing the minimal carbamoyl phosphate synthetase 
promoter linked to either two tandem copies of the 
minimal AOx-PPRE [pAOx(X2)/wc] or three tandem 
copies of the minimal HD-PPRE [pHD(X3)/wc] 
(Zhang et al., 1993). The effector plasmids that 
were used expressed full-length cDNAs encoding 
rPPAR, human RXRa, and rat HNF-4. BSC40 cells 
were used in the transient transfection assays, be
cause efficient induction by peroxisome proliferators 
in this cell line requires the cotransfection of both 
PPAR and RXR (Miyata et al., 1993).

Cotransfection of pAOx(X2)/wc with rPPAR and 
RXRa expression vectors resulted in a 5- to 10-fold 
induction in activity of the reporter gene, as we have 
previously demonstrated (Fig. 4) (Marcus et al., 
1993). This rPPAR-mediated induction is indepen
dent of exogenously added peroxisome proliferators 
and likely results from the presence of endogenous 
PPAR and/or RXR activators present in these cells. 
Addition of the potent peroxisome proliferator Wy- 
14,643 resulted in a 50-fold stimulation of activity 
over basal levels. This stimulation required the pres-

HNF-4 -  0.5 2 4

FIG. 4. HNF-4 antagonizes rPPAR-mediated induction of an 
AOx-PPRE reporter gene. pAOx(X2)/wc was transfected into 
BSC40 cells in the presence or absence of the peroxisome prolif
erator W y-14,643, along with a constant amount of rPPAR and 
RXRa expression plasmids and increasing amounts of rat HNF-4 
expression plasmid (in p.g), as indicated. Transfections were car
ried out in duplicate and repeated a minimum of three times. The 
values shown ( ±  SEM) are normalized to the value obtained from 
Wy-14,643-treated cells cotransfected with rPPAR and RXRa 
expression plasmids, which was taken as 100%.

ence of both rPPAR and RXRa. Expression of 
HNF-4 during the transient transfection resulted in 
inhibition of both the rPPAR-dependent/Wy-14,643- 
independent induction and the rPPAR-dependent/Wy- 
14,643-dependent induction. Inhibition was dose 
dependent under both circumstances. Inclusion of 4 
pug of the HNF-4 expression plasmid reduced rP- 
PAR-dependent activation to the basal levels ob
served with pAOx(X2)/wc alone. S im ilarly , 
peroxisome proliferator-dependent induction was al
most completely inhibited in the presence of 4 pig 
of HNF-4 expression plasmid. HNF-4 dependent in
hibition was specific for the rPPAR-mediated re
sponse, because the basal level expression of 
pAOx(X2)/wc was not significantly affected by 
cotransfection with increasing amounts of HNF-4 
expression plasmid (data not presented). These find
ings demonstrate that HNF-4 antagonizes induction 
from the AOx-PPRE by rPPAR, both in the absence 
and in the presence of an exogenously added perox
isome proliferator.

HNF-4 Potentiates Activity o f rPPAR on the 
HD-PPRE in the Presence o f a Peroxisome 
Proliferator

Transfection experiments like those carried out 
with the AOx-PPRE reporter gene construct were 
carried out with the HD-PPRE reporter gene con-



HNF-4 EFFECTS ON PPAR FUNCTION 59

HNF-4 -  -  0.5 2 4

FIG. 5. HNF-4 differentially modulates the function of rPPAR 
on the HD-PPRE. Cotransfection of pHD(X3)/wc with various 
expression plasmids into BSC40 cells in the presence or absence 
of W y-14,643 and luciferase activity measurements were per
formed as described in Fig. 4. The results demonstrate that 
HNF-4 antagonizes rPPAR function in the absence of Wy-14,643 
but potentiates rPPAR activity in the presence of W y-14,643.

struct. Cotransfection of pHD(X3)/wc with both rP
PAR and RXRa expression plasmids gave a fivefold 
peroxisome proliferator-independent induction and a 
20-fold peroxisome proliferator-dependent induction 
of reporter gene activity over basal levels (Fig. 5). 
As seen with the AOx-PPRE reporter gene con
struct, inclusion of HNF-4 during transient transfec
tion resulted in inhibition of the peroxisome 
proliferator-independent activation mediated by rP- 
PAR/RXRa from the HD-PPRE. However, HNF-4 
mediated inhibition was less efficient with the HD- 
PPRE than with the AOx-PPRE, causing only a 
50% inhibition of activation with 4 |xg of HNF-4 
expression plasmid compared to a control transfec
tion in the absence of HNF-4. Surprisingly, when 
Wy-14,643 was included in the transfections, HNF-4 
significantly stimulated the induction response of the 
HD-PPRE. Cotransfection with 4 fig of HNF-4 ex
pression plasmid resulted in a two- to threefold po
tentiation of the rPPAR-mediated response to the 
presence of this peroxisome proliferator. Both re
pression and stimulation by HNF-4 required the 
presence of rPPAR and RXRa, because HNF-4 
alone had no significant effects on the basal level 
expression of the HD-PPRE reporter gene construct 
(data not shown). Therefore, in contrast to the re
sults seen with the AOx-PPRE, HNF-4 cooperates 
with rPPAR to stimulate transcription of the HD- 
PPRE reporter gene construct, but only in the pres
ence of a peroxisome proliferator. Because HNF-4 
both repressed the rPPAR-mediated response in the

absence of drug and increased the response in the 
presence of drug, the peroxisome proliferator-depen
dent induction ratio was effectively increased from 
fivefold to approximately 35-fold.

HNF-4 Does Not Cooperate With RXRa or rPPAR 
for DNA Binding

rPPAR heterodimerizes with RXRa and binds 
cooperatively to both the AOx- and HD-PPREs in 
vitro (Fig. 6, compare lanes b and c with lanes e) 
(Marcus et al., 1993). In contrast, HNF-4 has been 
shown to bind to cognate response elements exclu
sively as a homodimer, and there is no evidence that 
HNF-4 heterodimerizes with other members of the 
nuclear hormone receptor family (Sladek et al., 1990). 
Nevertheless, we explored the possibility that the 
effects of HNF-4 on rPPAR-dependent induction of 
transcription in vivo was mitigated by cooperative 
interactions with PPAR and/or RXRa by mobility 
shift analyses with in vitro-translated receptor pro
teins. As shown in Fig. 6, the binding of HNF-4 to 
the AOx-PPRE or the HD-PPRE was not affected 
by the presence of RXRa or rPPAR and vice versa 
(compare lanes d to lanes f and g, respectively). 
Therefore, the ability of HNF-4 to modulate PPAR 
function apparently is not the result of cooperative 
DNA binding by HNF-4 with either RXRa or rP
PAR.

DISCUSSION

The results presented herein demonstrate that 
HNF-4 differentially modulates the functioning of 
the peroxisome proliferator-activated receptor on spe
cific PPREs, suggesting that this nuclear hormone 
receptor plays a role in the regulation of expression 
of genes encoding peroxisomal (3-oxidation enzymes. 
HNF-4 has been shown to act as a cell-restricted, 
positive regulator of genes for which the products 
are involved in several metabolic pathways (Sladek 
et al., 1990; Ladias et al., 1992; Chen et al., 1994). 
Our findings are the first demonstration that HNF-4 
can both activate and repress specific target genes 
involved in lipid metabolism through a common re
sponse element.

HNF-4 was a major component of the protein/ 
DNA complex formed between the AOx-PPRE and 
rat liver hepatoma nuclear extracts, and HNF-4 syn
thesized in vitro interacted strongly with the AOx- 
PPRE. In transient transfection assays, HNF-4 was 
capable of competitively inhibiting rPPAR-depen- 
dent transactivation of a reporter gene linked to the 
AOx-PPRE, both in the presence or the absence of
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FIG. 6. HNF-4 does not cooperate with rPPAR or RXRa for DNA binding. In vitro-translated 
human RXRa, rPPAR, and rat HNF-4 were incubated singly or in pairwise combinations, as 
indicated, with labeled AOx-PPRE probe (upper panel) or HD-PPRE probe (lower panel) and 
analyzed by electrophoretic mobility shift assay. Lanes a contained probes incubated with un
programmed reticulocyte lysate. Arrow: nonspecific complex formed between the HD-PPRE 
probe and reticulocyte lysate.

the peroxisome proliferator, Wy-14,643. The mech
anism by which HNF-4 antagonizes rPPAR func
tioning is not known at present, but one scenario is 
that HNF-4 can compete directly with rPPAR/RXR 
heterodimers for binding to the AOx-PPRE. This 
explanation would be consistent with the near-per
fect match between the consensus HNF-4 binding 
site and part of the AOx-PPRE and with the fact that 
the region of homology between the two sequences 
almost completely overlaps the two TGACCT DR1 
repeats that are essential for rPPAR/RXRa binding 
to the AOx-PPRE. HNF-4 was unable to bind coop

eratively with either rPPAR or RXRa, implying that 
competition for heterodimerization partners is prob
ably not involved in the observed inhibition of acti
vation from the AOx-PPRE. However, it remains 
possible that under physiological conditions, non- 
DNA binding heteromers could form between HNF-4 
and rPPAR or RXRa, thereby leading to inhibition 
of the rPPAR-mediated response via indirect mech
anisms.

Inhibition of activation from the AOx-PPRE by 
HNF-4 could result from the absence of an appro
priate ligand for HNF-4 in the BSC40 cells used in
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the transfection assays. It has been shown that, de
pending on the nature of the response element, the 
thyroid receptor can function as a repressor in the 
unliganded state but as an activator when associated 
with its cognate hormone (Graupner et al., 1989; 
Sap et al., 1989; Damm et al., 1989). The repres
sion observed with the thyroid receptor in the ab
sence of its ligand is thought to be mediated via an 
active intrinsic silencing domain that may directly 
inhibit the formation of the functional preinitiation 
complex (Baniahmad et al., 1992; Fondell et al.,
1993). There is no evidence to date that HNF-4 
possesses an active transcriptional silencing function 
or even that a ligand exists for this receptor.

The results obtained with the HD-PPRE are even 
more intriguing than those obtained with the AOx- 
PPRE. HNF-4 had a repressive effect (50%) on the 
rPPAR-dependent activation of the HD-PPRE in the 
absence of exogenously added peroxisome prolifera- 
tor. However, in the presence of Wy-14,643, HNF-4 
cooperated with rPPAR/RXRa to provoke a signifi
cant stimulation of transcription. Therefore, under 
conditions of peroxisome proliferator administration, 
HNF-4 had diametric effects on the rPPAR-medi- 
ated, peroxisome proliferator responsiveness of the 
AOx-PPRE vis-a-vis the HD-PPRE. It is unclear 
whether the effects of HNF-4 on activation from the 
HD-PPRE are mitigated directly through binding to 
the HD-PPRE or indirectly, for example, through 
interaction with, or modulation of, auxiliary coregu
lators involved in peroxisome proliferator signaling 
or transcriptional control.

HNF-4 synthesized in vitro or present endoge
nously in rat hepatoma cells had only a weak affin
ity for the HD-PPRE, although its binding to the 
HD-PPRE was specific for the sequence of this ele
ment. The structure of the HD-PPRE is more com
plex than that of the AOx-PPRE. The HD-PPRE 
consists of three TGACCT-related half-sites sepa
rated by two nucleotides and one nucleotide, respec
tively. The integrity of all three repeats, as well as 
the spacing between them, is necessary for efficient 
peroxisome proliferator responsiveness in vivo; how
ever, only the DR1 repeats are necessary for rPPAR/ 
RXRa binding in vitro (Miyata et al., 1993). The 
region within the HD-PPRE that most closely matches 
the HNF-4 consensus sequence contains the first di
rect repeat. We have shown that this repeat is nec
essary for HNF-4 binding (Fig. 3). It is conceivable 
that binding of HNF-4 to the first repeat might in
terfere with binding of rPPAR/RXR to the HD- 
PPRE, leading to the inhibitory effects on activation 
observed in transient transfections. Activation of rP
PAR by exogenously added peroxisome proliferators 
may serve to alter the binding affinity or conforma

tion of the rPPAR/RXRa heterodimer specifically 
on the HD-PPRE, thereby allowing cooperative in
teractions with HNF-4 and consequently potentiation 
of induction. We have previously shown that the 
first repeat in the HD-PPRE is also required for 
binding to COUP-TF1, an orphan receptor that an
tagonizes peroxisome proliferator responsiveness in 
vivo (Miyata et al., 1993). Therefore, the additional 
repeat element present in the HD-PPRE compared 
to the AOx-PPRE may allow more complex strate
gies of regulation for the HD gene.

It is becoming increasingly apparent that PPARs 
play a central role in regulating lipid metabolic 
pathways. More recently, PPARs have been impli
cated in cellular differentiation and proliferation 
(Chawla and Lazar, 1994). Our findings suggest that 
HNF-4 can modulate PPAR function both positively 
and negatively, consequently resulting in differential 
regulation of at least two distinct peroxisome prolif- 
erator-responsive genes. These differential effects 
are conditional upon the structure of a particular 
target PPRE and the presence or absence of PPAR 
activators. This finding is interesting in light of the 
recent observation that HNF-4 activates transcription 
of the medium-chain acyl-CoA dehydrogenase gene 
(Carter et al., 1993). Medium-chain acyl-CoA de
hydrogenase is the initial and rate-limiting enzyme 
of the mitochondrial fatty acid (3-oxidation pathway, 
which metabolizes short- and medium-chain length 
fatty acids in response to energy demands of the 
cell. In contrast, the peroxisomal (3-oxidation path
way preferentially uses long-chain fatty acids as 
substrates, and acyl-CoA oxidase is the initial and 
rate-limiting step of this pathway. Our finding that 
HNF-4 represses PPAR-mediated induction of the 
AOx gene suggests that HNF-4 may play a key role 
in coordinating and integrating the mitochondrial 
and peroxisomal p-oxidation pathways through the 
bidirectional regulation of the respective rate-limit
ing enzymes. Similarly, the HNF-4-mediated, per
oxisome proliferator-dependent upregulation of the 
activity of the HD gene, for which the product cata
lyzes the second step in the peroxisomal P-oxida
tion pathway, may represent an adaptive cellular 
response that primes the peroxisomal P-oxidation 
pathway to respond rapidly to cellular oxidative de
mands under physiological conditions where repres
sion of the AOx gene is alleviated. HNF-4/PPAR 
cooperativity on the HD-PPRE may be relevant to 
the observation that HD accumulates to higher lev
els in the liver compared to the other two enzymes 
of the peroxisomal P-oxidation pathway following 
administration of peroxisome proliferators (Reddy et 
al., 1986). Our findings add an additional layer of 
complexity to peroxisome proliferator-signaling path



62 WINROW ET AL.

ways and may begin to provide insight into how 
combinatorial interactions among distinct nuclear re
ceptors and convergence of multiple signaling path
ways integrate complex metabolic regulatory networks.
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