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The liver is exposed to a wide variety of toxic agents, many of
which damage DNA and result in increased levels of the tumour
suppressor protein pS3. We have previously shown that p53
inhibits the transactivation function of HNF (hepatocyte nuclear
factor) 4«1, a nuclear receptor known to be critical for early
development and liver differentiation. In the present study we
demonstrate that p53 also down-regulates expression of the human
HNF4« gene via the proximal P1 promoter. Overexpression of
wild-type p53 down-regulated endogenous levels of both HNF4«
protein and mRNA in Hep3B cells. This decrease was also
observed when HepG2 cells were exposed to UV irradiation or
doxorubicin, both of which increased endogenous p53 protein
levels. Ectopically expressed p53, but not a mutant p53 defective
in DNA binding (R249S), down-regulated HNF4« P1 promoter
activity. Chromatin immunoprecipitation also showed that endo-

genous p53 bound the HNF4a P1 promoter in vivo after doxo-
rubicin treatment. The mechanism by which p53 down-regulates
the P1 promoter appears to be multifaceted. The down-regulation
was partially recovered by inhibition of HDAC activity and
appears to involve the positive regulator HNF6«. p53 bound
HNF6« in vivo and in vitro and prevented HNF6« from binding
DNA in vitro. p53 also repressed stimulation of the P1 promoter
by HNF6« in vivo. However, since the R249S p53 mutant also
bound HNF6«, binding HNF6« is apparently not sufficient for
the repression. Implications of the p53-mediated repression of
HNF4« expression in response to cellular stress are discussed.
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INTRODUCTION

The liver, as the major detoxification organ in the body, is exposed
to a wide variety of toxic agents, many of which damage DNA and
resultinincreased levels of the tumour suppressor protein p53. p53
is one of the most commonly mutated genes in human cancer and
has a key role in repressing cell growth and inducing apoptosis
in response to DNA damage, hypoxia and other stress signals
[1]. Much of the effect of p53 is due to its ability to activate or
repress transcription of target genes. Whereas the mechanism of
activation is fairly well characterized, the mechanism by which
p53 represses transcription remains somewhat elusive [2-5]. In
some cases, p53 binds a specific DNA response element and
prevents binding of a transcriptional activator [e.g. HNF (hepato-
cyte nuclear factor) 3, Spl (specificity protein-1) and E2F]. In
other cases, p53 recruits HDAC (histone deacetylase) or DNMT1
(DNA methyltransferase) to the target promoter, thereby inducing
a closed, transcriptionally inactive chromatin conformation [e.g.
Map4 (microtubule-associated protein 4) and survivin] [2,6].
p53 can also repress gene expression through mechanisms that
do not involve binding to cis-acting promoter elements (FOS,
JUN, RBI, IL6, BCL2 [3]). In the case of nuclear receptors,

p53 binds directly to the transcriptional activator and blocks
DNA binding [7-9]. We have also previously observed that p53
can repress the transactivation function of HNF4«1 by binding
the HNF4« activation domain and recruiting HDAC activity to
HNF4« target genes [10]. This represents a novel combination of
the above mechanisms and suggests a role for p53 as an important
regulator of HNF4« activity.

HNF4«, a member of the nuclear receptor superfamily of
ligand-dependent transcription factors (NR2A1), is found pri-
marily in the liver, kidney, intestine and, to a lesser extent, in the
pancreas and stomach in the adult [11]. Repression of HNF4«
activity by p53 is potentially important in the response to liver
injury, since HNF4« has been shown to be critical for the adult
liver phenotype and to act as a linchpin in a transcription factor
network that drives hepatocyte differentiation [12—-14]. HNF4«
stimulates the expression of transcriptional activators such as the
cut-homeodomain protein HNF6« and the pou-homeodomain
protein HNF1o, which in turn activate HNF4« gene expression in
a positive feedback loop [14]. Overall, HNF4« plays an essential
role in the regulation of over 60 genes critical to metabolism and
nutrient transport and has been linked to several human diseases
including diabetes, haemophilia and hepatitis [11,15]. HNF4« is
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Figure 1

Over expression of wild-type p53 in human liver cancer cell lines results in a decrease in HNF4«1/2 protein and mRNA levels

(A) 1B (immunoblot) analysis using the colour reaction of whole cell extracts from Hep3B cells (60 g of protein per lane) harvested 48 h after infection of recombinant adenovirus expressing
wild-type p53 (Ad-p53) using antibodies against HNF4« (a-445), p53 (DO-1) and B-actin as indicated. Recombinant adenovirus expressing LacZ was used as a control (Ad-LacZ). Similar results
were observed using the «N1.14 antibody [results not shown, see (C) below]. Mock, media only added. (B) RT-PCR analysis using HNF4a or GAPDH primers. The template was 0.5 g of total RNA
from Hep3B cells 36 h after infection with Ad-p53 or Ad-LacZ. (C) Upper panel: schematic diagram of HNF4c:1/2 and HNF4«:7/8 isoforms and the antibodies that recognize them. o-445 recognizes
all four isoforms. a-N1.14 recognizes only the isoforms from the P1 promoter (HNF4e:1 and HNF4a2). Lower panel: 1B (immunoblot) analysis using the colour reaction of whole cell extracts from
HepG2 cells (50 g of total protein per lane) harvested after exposure to doxorubicin (0.5 £g/ml) for the times indicated using antibodies against HNF4e (a-445 and -N1.14), p53 (DO-1) and
B-actin as indicated. C, control (not treated). (D) Northern blot analysis with HNF4a: or GAPDH cDNA probes and 8 g of total RNA from HepG2 cells treated with 0.5 g/ml doxorubicin (DOX) for

24.h or untreated (Cont).

also known to be critical during development where it is first
found in the primary endoderm at embryonic day 4.5 in mouse
and is essential for survival beyond embryonic day 10.5 [14].

There are two promoters in the HNF4« gene which yield a total
of nine potential splice variants [11]. The proximal P1 promoter
drives the expression of the major isoforms in the adult hepatocyte,
intestine and kidney (primarily HNF4« 1 and HNF4«2); HNF4x2
differs from HNF4«1 by a 10 amino acid insertion in the C-ter-
minal region (see Figure 1C). The distal P2 promoter drives the ex-
pression of isoforms present primarily in the embryonic liver and
adult stomach and pancreas (primarily HNF4«7/8); HNF4«7/8
are 13 amino acids shorter than HNF4x1/2 due to a different
N-terminus [16-19].

Previous studies have shown that the proximal P1 promoter
region of the human HNF4« gene contains binding sites for
HNFle, Spl, HNF6« and GATA-6, and is sufficient to drive high
levels of expression in cultured human hepatocellular carcinoma/
hepatoblastoma HepG2 cells [20]. The P1 promoter region has
also been shown to be involved in a dynamic process with the
upstream enhancer regions during the differentiation of human
Caco-2 (colon carcinoma cells) cells [21]. In the present study we
show that the P1 promoter of the human HNF4« gene is down-
regulated by elevated p53 protein levels induced by recombinant
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adenovirus infection, DOX (doxorubicin) treatment and UV ir-
radiation. We also present evidence indicating that the mechanism
by which p53 represses the HNF4o promoter is complex and
may include both HDAC recruitment and interaction of p53 with
HNF6c, an activator of HNF4« transcription.

EXPERIMENTAL

Plasmids

Human wild-type p53 in pcDNA3.1 (p53wt) has been previously
described [10]. The R249S mutant in human p53 was subcloned
from the appropriate BamHI fragment of CMV.p53mt249 (a gift
from Dr Bert Vogelstein, The John Hopkins University, Baltimore,
MD, U.S.A.) into pcDNA3.1 (p53mt249). The luciferase reporter
construct containing the human HNF4« P1 promoter from — 560
to 467 bp (pGL3.hHNF4) [20] and the expression vector con-
taining rat HNF6a (pECE.HNF6« and pGEX.HNF6«) [22,23]
were generous gifts from Dr Iannis Talianidis (Foundation for
Research and Technology Hellas, Crete, Greece) and Dr Frédéric
Lemaigre (Université Catholique de Louvain, Brussels, Belgium)
respectively. A potential p53 binding site (—329 to —304) was
deleted using Xhol digestion which removed 26 nucleotides
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spanning — 330 to — 305 from the pGL3.hHNF4« reporter (pGL3.
hHNF4«.Ap53). The pcDNA3.HNF6« construct was made by
inserting a PCR product from pECE.ratHNF6« using appropriate
primers. All constructs were verified by dideoxy sequencing (Uni-
versity of California Riverside Core Instrumentation Facility).

Cell culture, cell extracts and RNA preparation

Human hepatocellular carcinoma/hepatoblastoma HepG2 and
Hep3B cell lines were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10 % FBS (foetal bovine
serum), 0.1 mM non-essential amino acids, 1 mM sodium pyru-
vate (Hep3B only) and penicillin/streptomycin. All cells were
grown at 37°C in 5 % CO,. Cells were treated with doxorubicin
(Sigma) at a final concentration of 0.5 pg/ml for 24 h unless
otherwise indicated. After removing the media, HepG2 cells in
100 mm dishes were UV irradiated by exposure to a germicidal
UV lamp (254 nm) and the cells were harvested after 12 or 24 h as
indicated (Spectrolinker, XL-1000UV Crosslinker, Spectronics).
Whole cell extracts from six-well plates were prepared by gentle
scraping in 0.3 ml per well of Nonidet P40 lysis buffer [SO mM
Tris/HCI (pH.7.4), 150 mM NaCl, 5 mM EDTA, 0.5 % Nonidet
P40, 0.5 mM PMSF and 1 mM DTT (dithiothreitol)] followed by
centrifugation at 13000 g for 15 min at 4°C to pellet the debris.
RNA for Northern blotting and RT (reverse transcriptase)-PCR
analysis was harvested from the cells using TRIzol® reagent (Life
Technologies) as specified by the manufacturer.

Immunoblot analysis

Immunoblot analysis was performed as previously described
[10] with a 1:5000 dilution of antisera raised in rabbits against
peptides corresponding to the C-terminus of HNF4a (w-445)
or the N-terminus of HNF4«1/2 («-N1.14) [24,25], a 1:1000
dilution of an antibody against B-actin (Sigma), 0.5 ng/ml final
concentration of antibodies for p53 (DO-1 or FL-393), HNF6«
(H-100), HNF1a (C-19) and Spl (PEP 2) (Santa Cruz Biotech-
nology), a 1:5000 dilution of HNF6« N-terminus antibody (a gift
from Dr R. Costa, University of Illinois at Chicago) and a
1:5000 dilution of AP (alkaline phosphatase) or HRP (horseradish
peroxidase)-conjugated goat anti-rabbit secondary antibodies
(Jackson ImmunoResearch). Signals were detected using the
colour reaction or ECL® Western blotting detection reagent kit
(Amersham Bioscience).

Northern blot analyses

Total RNA (8 ng) was fractionated on a 1.2 % agarose—formal-
dehyde gel, transferred to GeneScreen® membrane (PerkinElmer)
and hybridized with random primed **P-labelled cDNA probes for
HNF4« (rat HNF4« 1, amino acids 127-455) or human GAPDH
(approx. 1kb) in ULTRAhyb hybridization buffer (Ambion) at
42°C overnight. Blots were washed twice for 5 min at room
temperature (25°C) in 2x SSC buffer (0.3 M NaCl and 30 mM
sodium citrate) and once at 42°C in 0.1x SSC and 0.1 % SDS,
dried and subjected to autoradiography.

Transient transfection assays

One day before transfection, HepG2 cells were plated in six- or
twelve-well plates (0.5 x 10° and 2.4 x 10° cells respectively)
(Becton Dickinson). DNA mixtures containing pGL3.hHNF4«,
CMV.B-gal and expression vectors were added using Lipo-
fectamine™ 2000 (Invitrogen). After 2430 h, transfected cells
were harvested and luciferase and 8-gal (8-galactosidase) activ-
ities were determined as previously described [10]. The data are
presented as the mean+ S.D. of the luciferase activity [RLU

(relative light unit) normalized to 8-gal activity (normalized RLU)
from triplicate wells from one of at least three representative
experiments.

Ad (adenovirus) infection of Hep3B cells

Ad-CMV/LacZ (Ad-LacZ control) and Ad-CMV/p53wt (human)
(Ad-p53) [26] were kindly provided by Dr Jack A. Roth (Depart-
ment of Thoracic and Cardiovascular Surgery, University of Texas
M.D. Anderson Cancer Center, Houston, TX, U.S.A.). Hep3B
cells were plated in a six-well plate with 1.0 x 10°/well and
infected 24 h later with 5 or 20 MOI (multiplicity of infection;
determined in HEK-293 cells) of recombinant Ad (Ad-LacZ or
Ad-p53) in 0.4 ml medium for 2 h, after which time 1.5 ml of
medium were added and the incubation was continued for 36 h or
48 h until the time of harvest.

RT-PCR

RT-PCR was performed using the Access RT-PCR System
(Promega). The RT reaction was performed at 48 °C for 45 min,
followed by incubation at 94 °C for 2 min and then amplification
by 18 cycles of PCR (94 °C for 30 sec, 60°C for 1 min and 68 °C
for 2 min) followed by a 7 min extension at 68 °C in a DNA Ther-
mal Cycler 480 (PerkinElmer). Aliquots of each PCR reaction
mixture were run on 1.5 % agarose gels and visualized by ethi-
dium bromide staining. Primers for RT-PCR were 5'-CGACCAC-
TTTGTCAAGCTCA-3' (forward, 4+ 964 nt) and 5'-AGGGGAG-
ATTCAGTGTGGTG-3' (reverse, + 1166 nt) for GAPDH and
5-CGAGCAGATCCAGTTCATCA-3 (forward, -+ 1145nt)
and 5'-TCACACATCTGTCCGTTGCT-3' (reverse, + 1345 nt) for
HNF4«.

EMSA (electrophoretic mobility-shift analysis) and GST
(glutathione-S-transferase) pulldown assay

Shift reactions and gel analysis with crude nuclear extracts of
HepG2 cells were carried out essentially as previously described
[27]. Purified wild-type human p53 protein was prepared from
HeLa cells infected with a recombinant vaccinia virus containing
HA (haemagglutinin) epitope-tagged wild-type human p53 by
immunoaffinity purification with the 12CAS antibody (recog-
nizing the HA tag at the N-terminus) [28,29]. In vitro protein—
protein interaction assays were performed using GST, GST.p53wt
or GST.HNF6« fusion protein [23,30] as previously described
[31]. GST protein (5 ng) was incubated at 4°C with 4 ul of
in vitro-translated *S-labelled HNF6«, p53wt or p53.mt249
protein in rabbit reticulocyte lysate (TNT, Promega) for 4-8 h
with gentle agitation before extensive washing and elution with
SDS buffer and analysis by SDS/PAGE (10 % gels) followed by
autoradiography.

Co-IP (co-immunoprecipitation) assay

For Co-IP assays, 3.75 x 10° COS-7 cells were seeded in 150 mm
plates 24 h before transfection with 25 ug of pcDNA3.HNF6w.
Whole cell lysates were collected at 30 h after treatment using an
Nonidet P40 lysis buffer [5S0 mM Tris/HCI (pH 8), 120 mM NaCl,
0.5 % Nonidet P40, 1 mM DTT, 2 pg/ml aprotinin and 2 pg/ml
leupeptin]. Crude whole cell extract (1 ml) was incubated with
5 pg of anti-p53 antibody (DO-1) or control mouse IgG at 4°C
for 2 h. Then 40 p1 of pre-washed Protein A beads (Pierce) were
added to the mixture and incubated at 4 °C overnight with gentle
agitation. After extensive washing with a 0.1 % Nonidet P40 lysis
buffer, p53-interacting proteins were eluted with SDS buffer, and
analysed by immunoblot analysis using a HNF6« N-terminus
antibody.
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Figure 2 High levels of endogenous p53 protein induced by DNA damaging agents are associated with decreased HNF4«1/2 protein and mRNA levels

(A and B) IB (immunoblot) as in Figure 1(C) of HepG2 cells treated with doxorubicin (0.5 n.g/ml) for the times indicated. Protein levels were analysed using antibodies against HNF4or (o-445),
HNF6e (H-100), HNF1er, Sp1, p53 (DO-1) or B-actin. (C) IB analysis as in (A) of whole cell extracts from HepG2 cells harvested after exposure to UV (75 J/m? or 150J/m?) at the times indicated.

ChIP (chromatin immunoprecipitation) assay

HepG?2 cells were treated with 1% formaldehyde for 10 min at
room temperature. Cross-linking was stopped by the addition of
0.125 M glycine (final concentration). Cells were harvested in
cold PBS and lysed in ChIP sonication buffer [1 % Triton X-100,
0.1 % deoxycholate, 50 mM Tris/HCI (pH 8.0), 150 mM NaCl,
5mM EDTA, 2 ug/ml aprotinin, 2 pug/ml leupeptin and 0.2 mM
PMSF]. The DNA fragments were sonicated to an average size
of 500-1000 bp using a Sonifier Model 450 (Branson). Immuno-
precipitations were performed with «-Sp1 (PEP2), «-HNF6« (H-
100) and «-p53 (FL-393) antibodies, and DNA—protein com-
plexes were eluted in 1% SDS elution buffer (1 % SDS, 0.1 M
NaHCO; and 0.01 mg/ml herring sperm DNA). The crosslinks
were reversed by heating at 65°C overnight, proteins were
digested by proteinase K (0.17 pg/ul), and the DNA was extracted
with phenol/chloroform, precipitated with ethanol and dissolved
in 100 1 TE buffer [10 mM Tris/HCI (pH 8.0) and 1 mM EDTA].
PCR amplification (35 cycles) was performed with 5 ul template
DNA and primers spanning the P1 promoter region of the human
HNF4¢ gene (—472nt 5- ATTTAGGTTTCTAAATCGTGGG-
CC-3"and — 25 nt 5-AACCGTCCTCTGGGAAGATCTGCT-3).
The products were analysed by agarose gel electrophoresis and
visualized by ethidium bromide staining.

Data Analysis

Statistical analyses were performed by the Student’s 7 test and all
differences reported as significant have P < 0.05.

RESULTS

Ectopically expressed p53 decreases HNF4« protein
and mRNA levels

We have previously shown that p53 inhibited the transactivation
function of HNF4« 1 protein [10]. To determine whether p53 also
affected HNF4« gene expression, we overexpressed wild-type
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human p53 in a human hepatocellular carcinoma/hepatoblastoma
cell line (Hep3B) using recombinant adenovirus. Hep3B cells
express endogenous HNF4« but not p53. When p53 was ecto-
pically expressed (Figure 1A, lanes 3 and 5, middle panel), the
level of endogenous HNF4« protein was significantly decreased
(Figure 1A, lanes 3 and 5, top panel). p53 overexpression also
decreased HNF4a mRNA (Figure 1B), suggesting that the effect
of p53 was on the level of transcription of the HNF4« gene.

Elevated levels of endogenous p53 protein are associated with
a decrease in endogenous HNF4«1/2 protein and mRNA levels

To determine whether elevated levels of endogenous p53 were
also associated with a decrease in HNF4« protein expression,
we treated HepG2 cells with doxorubicin, an anti-cancer agent
known to increase p53 protein levels [32]. HepG2 is a human
hepatocellular carcinoma/hepatoblastoma cell line known to
express both HNF4« and wild-type p53. Doxorubicin treatment
increased p53 protein levels in a time-dependent fashion starting
at 4 h (Figure 1C, panel labelled p53) and decreased the level of
the endogenous HNF4« protein starting at approx. 8 h. Since a
decrease in signal was observed using antibodies that recognized
both the C-terminus (Figure 1C, panel labelled «-445) and the
N-terminus of HNF4«1/2 (Figure 1C, panel labelled «-N1.14),
we concluded that the protein being identified in these blots was
HNF4«1/2, and not HNF4«7/8 (Figure 1C). Northern blot ana-
lysis confirmed that doxorubicin treatment decreased HNF4«
mRNA levels (Figure 1D), suggesting that, just as in Hep3B
cells, the effect of elevated p53 is on the level of HNF4«
gene transcription. Since similar results with the «-N1.14
antibody were obtained in the Hep3B Ad experiment (results not
shown), we concluded that elevated levels of exogenously or
endogenously expressed p53 protein affected the HNF4o Pl
promoter that drives expression of the primary adult liver forms of
HNF4«, HNF4a 1/2. It is difficult to distinguish between HNF4«x 1
and HNF4«2 because they differ by only 10 amino acids, hence
the HNF4« 1/2 designation. The multiple bands occasionally seen
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Figure 3 p53 represses the activity of the human HNF4o P1 promoter

(A) Schematic diagram of the reporter construct of the wild-type human HNF4a P1 promoter driving luciferase (Luc) (pGL3.nHNF4e). A potential p53 binding site at — 329 to — 304 was deleted
in pGL3.hHNF4a. Ap53. The sequence of this site loosely fits the p53 consensus sequence, given in IUBMB nomenclature (R=G or AL W=A or TY=T or C). (B) Left-hand panel: transient
transfection into HepG2 cells of pGL3.hHNF4or (2 1eg), CMV.8-gal (2 1g), pcDNA3.p53wt (3 1.g) or pcDNA3.p53mt249 (3 weg) in the absence or presence of doxorubicin (DOX; 0.5 g/ml) as
indicated. Cells were harvested at 24 h after transfection. Results are means + S.D. of one representative experiment performed in triplicate. Right-hand panel: IB analysis was performed using
the colour reaction of whole cell extracts from HepG2 cells (70 g of total protein per lane) transfected with pcDNA3 empty vector, pcDNA3.p53wt or pcDNA3.p53mt249 (3 1.g each) as indicated
using a p53 antibody (DO-1) to show equivalent expression of the wild-type and mutant p53 proteins. (C) Hep3B cells were cotransfected with pGL3.hHNF4e (2 40), pGL3.hHNF4a. Ap53 (2 119),
CMV.8-gal (2 1+g) or pcDNA3.p53wt (3 1.g) as indicated. Percentages relative to pGL3.hHNF4o or pGL3.nHNF4o. Ap53 alone are shown. Results are means + S.D. of one representative experiment
performed in triplicate. *P < 0.05. Similar results were obtained in HepG2 cells (results not shown).

in the blots can also be due to differentially phosphorylated forms the levels of liver-enriched transcription factors HNF6a and
of HNF4« [33]. HNFloe and the ubiquitous transcription factor Spl were

To determine whether the effect on HNF4w1/2 protein and monitored after doxorubicin treatment. Again, p53 protein levels
mRNA levels might be due to a decrease in transcription factors increased and HNF4«1/2 decreased in a similar manner to that

known to activate the proximal P1 promoter of the HNF4« gene, seen in Figure 1(C); however, HNFla and actin levels remained

© 2006 Biochemical Society
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constant and Sp1 slightly increased (Figure 2A), indicating that
the effect of doxorubicin on HNF4« 1/2 was not due to a global
decrease in transcription. HNF6« protein levels also decreased
but only after 25 h (Figure 2A, panel labelled HNF6«), which
could be due to the fact that HNF4« regulates the HNF6« gene
[34]. Taken together, these results indicated that the decrease
in HNF4«1/2 protein levels was not due to lower levels of the
transcription factors that up-regulate the P1 promoter.

The effect of doxorubicin was reversible as at 48 h p53 protein
levels decreased and HNF4«1/2 protein levels increased, and
both returned to near normal levels by 72 h (Figure 2B). UV,
another DNA damaging agent known to increase p53 levels,
also decreased the HNF4«1/2 protein levels (Figure 2C), further
confirming that high levels of endogenous, stress-induced p53
protein correlate with a decrease in HNF4« 1/2 protein and mRNA
levels.

Wild-type but not mutant p53 down-regulates the
HNF4o P1 promoter

To determine whether p53 acts directly on the HNF4o Pl
promoter, we performed transient transfection analysis with a
luciferase reporter construct containing a fragment of the human
HNF4« P1 promoter (pGL3.hHNF4«) (Figure 3A). The P1 pro-
moter has been shown previously to be responsible for much of
the expression of the HNF4« gene in HepG2 cells [20]. Upon co-
transfection into HepG?2 cells, a wild-type p53 expression vector
repressed the HNF4a P1 promoter activity (Figure 3B, lane 3
compared with lane 1) but a construct containing a DNA-binding
domain mutant of p53 often found in liver cancer cells (R249S,
p53mt249) did not (Figure 3B, lane 5). Immunoblot analysis indi-
cated that both the wild-type and mutant p53 proteins were
expressed at comparable levels (Figure 3B, right-hand panel).
Doxorubicin treatment also decreased P1 promoter activity
(Figure 3B, lane 2) and enhanced the repression of p53 (Figure 3B,
lane 4), possibly due to increased expression of the endogenous
p53. In contrast, doxorubicin treatment did not substantially
repress HNF4o P1 promoter activity in the presence of mutant
p53 (Figure 3B, lane 6). p53 mutants such as R249S are known
to display dominant-negative behaviour because incorporation
of a single mutant protein into the p53 tetramer is sufficient to
inhibit DNA binding [35]. Thus the prevention of doxorubicin-
mediated down-regulation of the HNF4a P1 promoter by the
mutant p53 might be due to a dominant-negative effect of the trans-
fected mutant p53 on the endogenous wild-type p53 protein, and
suggests that the binding of p53 to the HNF4« P1 promoter may
be involved.

We identified a potential p53 binding element (— 329 to —304)
in the human HNF4« P1 promoter that nominally matches the p53
consensus site (Figure 3A). To determine whether p53 represses
HNF4«a gene expression specifically via this potential binding
element, we deleted nucleotides — 330 to — 305 from the promoter
(pGL3.hHNF4«.Ap53). The reporter assay revealed that wild-
type p53 protein still repressed the promoter activity (Figure 3C,
lane 4) even though the basal activity of pGL3.hHNF4«.Ap53
was much lower than the wild-type promoter (Figure 3C, compare
lane 3 with lane 1). This result suggests that either pS3 suppresses
HNF4« gene expression via a different response element in the P1
promoter, or that it represses transcription via a mechanism that
does not require DNA binding. It should be noted that the R249S
mutation not only inhibits the ability of p53 to bind DNA but
also alters the local three-dimensional structure of the DNA bind-
ing domain [36]. Therefore, it is also possible that the lack of
repression by R249S is due not only to the lack of DNA binding
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Figure4 HDAC inhibitor TSA partially recovers the repression of the HNF4«
P1 promoter by p53

HepG2 cells were co-transfected with pGL3.hHNF4a: (0.5 1g), pcDNA3.p53wt (0.5 eg) or
pcDNA3 empty vector (0.5 neg), and CMV.8-gal (0.2 ng) as indicated. Cells were treated with
100 ng/ml TSA 8 h before harvesting (20 h after addition of DNA). Percentages relative to the
reporter alone are given. Results are means + S.D. of one representative experiment performed
intriplicate. *P < 0.05.

but also to some other, as yet unidentified, function of the DNA-
binding domain.

An HDAC inhibitor, TSA (trichostatin A), partially recovers
p53-mediated repression of the HNF4« P1 promoter

Modifications of histones, especially acetylation, often play a
critical role in regulating gene expression. Therefore to determine
whether p53 represses HNF4a P1 promoter activity by recruit-
ment of HDAC activity, we examined the effect of the HDAC
inhibitor TSA in the luciferase reporter assay (Figure 4). Although
TSA did not have a significant effect on the basal promoter activity
(Figure 4, lane 2), it did cause a significant, although not complete,
recovery of promoter activity in the p53-treated cells (Figure 4,
lane 4). This suggests that the recruitment of HDAC activity
plays a partial role in p53-mediated repression of the HNF4«
P1 promoter.

Potential involvement of HNF6« in the p53-mediated repression of
the HNF4« P1 promoter

To determine whether p53 inhibits HNF4« gene expression by
affecting the binding of other transcriptional activators to the
HNF4« promoter, EMSA was performed using probes corres-
ponding to binding sites for HNFla, Sp1 and HNF6« (FP1, FP2
and FP4 respectively [20], Figure 5SA). HNFla and Spl binding
were not significantly affected by a 15 h doxorubicin treatment
of HepG?2 cells (Figure 5B, panel labelled FP1 and FP2, compare
lane 3 with lane 2). However, HNF6ae DNA binding was somewhat
decreased (Figure 5B, panel labelled FP4, compare lane 3 with
lane 2). Furthermore, when EMSA was performed with extracts
from untreated cells in the presence of purified pS3 protein, the
binding of HNF6« was nearly completely abolished, but that of
HNFla or Spl was not affected (Figure 5B, all panels, lane 5).
This suggests that p53 specifically inhibits the ability of HNF6«
to bind DNA in vitro.

p53 alone did not bind any of the probes (Figure 5B, all panels,
lane 6), suggesting that p53 may inhibit HNFéw DNA binding
by interacting with the HNF6« protein. To investigate a potential
protein—protein interaction between p53 and HNF6«, we per-
formed a Co-IP analysis with COS-7 cells transfected with an
HNF6« expression vector. Immunoprecipitation of endogenous
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Figure 5 p53 interacts with HNF6« in vivo and in vitro and inhibits its binding to the HNF4« P1 promoter in vitro

(A) Schematic diagram of HNF4e P1 promoter adapted from [20]. (B) DNA binding activities analysed by EMSA performed with HepG2 nuclear extracts (700 ng each) from control cells (C) or cells
treated with doxorubicin (D; 0.5 zg/ml) for 15 h in the presence or absence (+ or —) of purified wild-type p53 protein and %2P-labelled probes of HNF1c, Sp1 and HNF6e response elements of the
HNF4o P1 promoter as indicated (FP1, FP2 and FP4). Shift complexes (hatched arrows) were verified by supershift (open arrows) using antibodies against HNF1e or HNF6e for the FP1 and FP4
probes respectively. A non-specific complex (arrowhead) serves as a control for loading and provides evidence of the specificity of the inhibition of HNF6 binding by p53 (right-hand panel, lane 5).
Shown are autoradiograms of the shift gels. (C) Co-IP assay using untransfected (Mock) and HNF6«-transfected COS-7 cells. The immunoprecipitation was performed using the mouse monoclonal
antibody that recognizes p53 (DO-1; lanes 3 and 6) and mouse |gG as a control (lanes 2 and 5). The immunoblot was performed using anti-HNF6 N-terminus antibody and ECL® detection. Faint
bands in the Mock Co-IP (lanes 2 and 3) were most likely caused by cross-reaction with the heavy chain of the antibodies for immunoprecipitation. (D) GST pull-down assay was performed with
in vitro-synthesized % S-labelled HNF6e, °S-labelled p53.wt or p53.mt249 and immobilized GST, GST.p53.wt or GST.HNF6« proteins as indicated. The autoradiogram of the SDS-gel transferred to

Immobilon is shown. Coomassie stain shows the amount of GST proteins loaded in each lane.

p53 resulted in a substantial co-precipitation of HNF6« protein
(Figure 5C, lane 6). A direct interaction between HNF6« and
wild-type p53 was further verified in a pulldown assay using
in vitro synthesized *S-labelled HNF6« and bacterially expressed

GST.p53.wt (Figure 5D, left-hand panel). To determine whether
the interaction with HNF6a was critical for the repression by
p53, we repeated the pulldown assay with **S-labelled p53
proteins (wild-type and R249S) and GST.HNF6« and found that,

© 2006 Biochemical Society
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Figure 6 Co-transfection of p53 and HNF6« suggests that p53 inhibits
HNF6« transcriptional activation of the HNF4« P1 promoter

HepG2 cells were transfected with pGL3.hHNF4o promoter (2 g), CMV.8-gal (2 ug),
pcDNA3.p53wt (1 120) and pcDNA3.HNF6e (1 10) as indicated. Cells were harvested at 30 h
after transfection. Results are means + S.D. of one representative experiment performed in
triplicate. The bracket with asterisk indicates the amount of basal repression by p53 (difference
between lane 1 and lane 2). Results indicate that p53 repressed the transcriptional activity of the
exogenously expressed HNF6e (see text for details).

surprisingly, both the wild-type and the mutant p53 bound HNF6«
in vitro. Since the mutant p53 did not repress the P1 promoter
(Figure 3B), these results suggest that the interaction between p53
and HNF6« may not be sufficient for the repression. However, it
is still possible that the interaction is necessary.

To determine whether p53 inhibits the ability of HNF6«x to
activate transcription of the HNF4o promoter in vivo, the P1
promoter construct was co-transfected into HepG2 cells with
HNF6« and wild-type p53 expression vectors. As previously
reported [20], exogenously expressed HNF6« stimulated the P1
promoter above the basal level of expression seen in HepG2 cells
(Figure 6, lane 3). Transfection with p53 alone repressed the
P1 promoter activity below the basal level, as seen previously
(Figure 6, lane 2). Importantly, co-transfection of both HNF6«
and p53 also resulted in P1 activity below the basal level (Figure 6,
lane 4), indicating that p53 blocked the HNF6«-mediated
stimulation of the HNF4«a P1 promoter. This observation is
qualitatively different than the result expected if p53 did not act
on the P1 promoter via HNF6w. If p53 repressed the HNF4«
P1 promoter by a mechanism not involving HNF6«, the level
of luciferase activity in lane 4 would be that of lane 3 minus
the basal repression (indicated on Figure 6 as a bracket with
asterisk, the difference between lanes 1 and 2, resulting in approx.
22000 RLU). However, the luciferase activity is much lower
(approx. 14000 RLU), suggesting that p53 represses the trans-
criptional activity of the exogenously expressed HNF6a and
supports the notion that p53-mediated repression of the P1
promoter acts in part via inhibition of HNF6« activity.

p53 is recruited to the HNF4« P1 promoter under conditions of
cellular stress

To further investigate whether p53 represses HNF4« 1/2 expres-
sion via binding the P1 promoter, the ChIP assay using anti-p53
and anti-HNF6« antibodies was performed on HepG?2 cells treated
with doxorubicin for 0 to 24 h (Figure 7). Immunoblot analysis
verified that under the conditions used for the ChIP analysis, p53,
HNF6« and HNF4« protein levels exhibited the same trends as
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Figure 7 p53 and HNF6« bind the human HNF4« P1 promoter in vivo after
doxorubicin treatment

(A) IB (immunoblot) analysis using ECL® verifying an increase in p53 and a decrease in HNF4cr,
but no substantial change in HNF6e: protein levels in HepG2 cells after doxorubicin treatment
(1 g/ml) over 24 h. Protein levels were analysed using antibodies against HNF4o («-445),
HNF6e (N-terminus), p53 (FL-393) and B-actin. The solid line separates two gels loaded
with identical samples. (B) Upper panel: schematic diagram of the human HNF4e: P1 proximal
promoter showing the relative position of the PCR primers used in the ChiP assay. Lower panel:
ChlIP assay of HepG2 cells treated with doxorubicin (1 .g/ml) for 0—24 h using anti-p53 (FL-393,
a), anti-HNF6a (H-100, b), control mouse IgG (c) and 10 % input (d). The amount of p53 bound
to the P1 promoter increased after doxorubicin treatment but there was no substantial change in
the amount of HNF6a bound to the promoter. Shown are the ethidium bromide-stained agarose
gels. The bands were quantified using the NIH (National Institute of Health) Image J program and
the fold-change relative to 0 h (control, non-treated) was calculated and normalized to the input
signal. Results are from one representative experiment of at least three that were performed.
(C) ChIP assay as in (B) using an anti-Sp1 (PEP2) antibody.

in previous experiments (Figure 7A). As the p53 protein levels
increased, there was a concomitant increase in the amount of p53
bound to the HNF4« P1 promoter, reaching a peak of a 17.2-
fold increase at 20 h (Figure 7B, panel a). Surprisingly, HNF6«
was observed on the promoter at all times, with only a marginal
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Figure 8 Model showing the multiple mechanisms by which p53 may
mediate repression of the HNF4« P1 promoter (see text for details)

decrease at 24 h when the total HNF6« protein levels were lower
(Figure 7B, panel b). Additionally, ChIP analysis indicated that
Sp1 also remained on the P1 promoter after doxorubicin treatment
(Figure 7C). More than three independent time-course ChIP
assays were performed with similar results. These data may be
interpreted in two different ways. One is that p5S3 does not inhibit
HNF6« from binding DNA in vivo, i.e. both p53 and HNF6«
can occupy the same promoter at the same time. The alternative
explanation is that since the ChIP assay examines the whole
population of P1 promoters, some promoters have p53 but not
HNF6« bound, whereas others have HNF6« but not p53 bound.
The current experiments cannot distinguish between these two
possibilities.

DISCUSSION

The results in the present study demonstrate that in two human
liver cancer cell lines ectopically expressed p53 and elevated
levels of endogenous p53 result in substantially lower levels of
HNF4«1/2 protein and mRNA (Figures 1 and 2). Transient trans-
fection assays show that expression of exogenous p53 is by itself
sufficient to decrease transcriptional activity of the HNF4« Pl
promoter (Figures 3 and 4). The results also indicate several po-
tential mechanisms by which p53 may down-regulate the HNF4«
P1 promoter (Figures 5-7).

p53 represses the HNF4« P1 promoter through multiple
mechanisms

The mechanisms by which p53 represses transcription are known
to be varied and complex [3]. The situation with the HNF4«
promoter is apparently no different and is summarized in Figure 8.
In the present study we show that p53 mutated in the DNA-binding
domain, although still able to interact with HNF6« (Figure 5D),
does not repress the P1 promoter (Figure 3B). This suggests
that the DNA binding activity, or at least an intact DNA-binding
domain, of p53 is important for the repression. This is consistent
with the results from the ChIP assay indicating that p53 is recruited
to the P1 promoter in vivo (Figure 7). However, when a site that
loosely fits the p53 consensus binding element was deleted from
the P1 promoter, repression by p53 was not eliminated in Hep3B
cells (Figure 3C) or HepG2 cells (results not shown). This indi-
cates that there may be other more divergent p53 binding sites in
the promoter that mediate repression. Others have noted that the
p53 response elements involved in transcriptional repression do
not fit the consensus as well as those involved in activation [3,37].

Another possibility is that p53 acts on the P1 promoter via
binding to other transcription factors, such as HNF6«. The ChIP
assay showed that HNF6o remains on the promoter during
doxorubicin treatment (Figure 7B) and the GST pulldown and

Co-IP assays indicated that p53 interacts directly with HNF6«
(Figures 5C and 5D). Furthermore, the transient transfection assay
demonstrated that p53 represses the transactivation activity of
HNF6« (Figure 6). These results, in combination with the partial
reversal of repression by the HDAC inhibitor TSA (Figure 4),
suggest that p53 could be recruited to the HNF4« promoter via
interaction with HNF6¢, and then subsequently recruit HDAC
activity. The only results that appear to be at odds with this mecha-
nism are the ability of p53 to repress HNF6ae DNA binding
in vitro (Figure 5B) and the ability of the mutant p53 to interact
with HNF6a (Figure 5D). However, there are possible explana-
tions for both of these results as well. The former could be
explained by differences in DNA binding in vitro compared with
in vivo, the in vitro binding was on naked DNA whereas in vivo
there is chromatin and other transcription factors to consider. The
latter result could be explained if there were a requirement for both
DNA binding and interaction with HNF6« for the repression.
There are also other potential factors that might be involved.
One possibility is that Sp1, a transcription factor previously shown
to interact with p53 [38], could be recruiting p53 to the P1
promoter. This is consistent with our ChIP results indicating that,
like HNF6«, Spl remains on the promoter during doxorubicin
treatment (Figure 7C). Another possibility is that repression is
mediated via interaction with TBP (TATA binding protein) as
others have observed on other promoters [39—41]. In summary, we
propose that the mechanism by which p53 represses the HNF4«
P1 promoter is a complex one that may involve multiple factors,
including direct DNA binding to as yet unidentified sites and/or
recruitment by other transcription factors, such as HNF6«.

Function of p53-mediated HNF4« repression

Although the mechanism by which p53 represses the HNF4o gene
is multi-faceted and complex, the effect of stress on HNF4«
gene expression is clear and specific. Our results indicate that the
decreased expression of HNF4« in response to doxorubicin treat-
ment is not a general effect of stress or DNA damage; the treated
cells continue to express normal levels of actin and other tran-
scription factors such as Spl and HNFl«. The down-regulation
of HNF4« was also observed in unstressed cells expressing exo-
genous p53 (Figures 1 and 2). The specificity of this response
and the fact that there are apparently multiple mechanisms by
which p53 inhibits HNF4« activity, i.e. direct inhibition of protein
function [10] and inhibition of gene expression (the present study),
suggest that repression of HNF4« is an important function of p53
in the liver.

A number of other studies have demonstrated that cellular stress
conditions can regulate the expression of HNF4«. For example,
hypoxia [42] and arsenic trioxide [43] have both been shown to
down-regulate HNF4« gene expression, and both are also known
to up-regulate p53 protein levels [44,45]. Hypoxia in particular is
associated with increasing transcriptional repression, as opposed
to activation, by p53 [46]. Therefore it appears that the cell uses
p53 to down-regulate HNF4« gene expression and protein func-
tion in response to stress. Additional studies are underway to
determine the purpose of such a down-regulation.

Effect of chronic stress on the liver

The results in the present study shed additional light on the
observation that long-term clinical use of anti-cancer treatments
that chronically induce p53, such as doxorubicin, often lead
to liver damage and liver toxicity [47-50]. Doxorubicin causes
hepatocellular stress by generating semiquinon free radicals and
superoxide anion radicals [49]. In response to this stress, pS3
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protein levels are increased, resulting in the classical blockage of
the cell cycle and cell death via apoptosis. It is also known that pS3
itself causes liver injury [51-54]. Since HNF4« function is known
to be critical for the differentiated liver phenotype [55-57], the
down-regulation of HNF4« by activated p53 that we demonstrate
in the present study could, in the chronic situation, lead to de-
creased liver differentiation and hence decreased liver function.
This could explain some of the liver toxicity of doxorubicin, and
other DNA damaging agents that increase p53 protein levels.
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