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The recently discovered apolipoprotein AV (apoAV)
gene has been reported to be a key player in mod-
ulating plasma triglyceride levels. Here we identify
the hepatocyte nuclear factor-4� (HNF-4�) as a
novel regulator of human apoAV gene. Inhibition of
HNF-4� expression by small interfering RNA re-
sulted in down-regulation of apoAV. Deletion, mu-
tagenesis, and binding assays revealed that
HNF-4� directly regulates human apoAV promoter
through DR1 [a direct repeat separated by one
nucleotide (nt)], and via a novel element for HNF-4�
consisting of an inverted repeat separated by 8 nt
(IR8). In addition, we show that the coactivator
peroxisome proliferator-activated receptor-�
coactivator-1� was capable of stimulating the

HNF-4�-dependent transactivation of apoAV pro-
moter. Furthermore, analyses in human hepatic cells
demonstrated that AMP-activated protein kinase
(AMPK) and the MAPK signaling pathway regulate
human apoAV expression and suggested that this
regulation may be mediated, at least in part, by
changes in HNF-4�. Intriguingly, EMSAs and mice
with a liver-specific disruption of the HNF-4� gene
revealed a species-distinct regulation of apoAV by
HNF-4�, which resembles that of a subset of HNF-4�
target genes. Taken together, our data provide new
insights into the binding properties and the modula-
tion of HNF-4� and underscore the role of HNF-4� in
regulating triglyceride metabolism. (Molecular Endo-
crinology 19: 3107–3125, 2005)

HYPERTRIGLYCERIDEMIA IS AN independent
risk factor for coronary heart disease, which

remains one of the leading causes of morbidity and
mortality in the Western world (1). Recently, the
gene of a new member of the apolipoprotein family,

named apolipoprotein AV (apoAV), was identified
approximately 30 kb downstream from the apoAI/
CIII/AIV gene cluster, and it was found to be an
important determinant of plasma triglyceride (TG)
levels (2–4). In mice, serum TG concentrations were
decreased to one third when a human apoAV trans-
gene was overexpressed (2) or adenoviral vectors
expressing mouse apoAV were injected (4). Con-
versely, plasma TG levels were 4-fold elevated in
knockout mice lacking apoAV compared with their
wild-type littermates (2). Studies in mice that either
overexpressed or completely lacked both apoli-
poproteins suggested that apoAV and apoCIII inde-
pendently influence plasma TG concentrations but
in an opposing manner (5). In humans, single-nucle-
otide polymorphisms (SNPs) across the locus of
apoAV gene were found to be significantly associ-
ated with elevated plasma TG and very low-density
lipoprotein (VLDL) particles mass levels in several
ethnic groups (2, 6, 7). apoAV is a very hydrophobic
protein that circulates in plasma at much lower con-
centrations than other apolipoproteins and appears
to reduce plasma TG by inhibiting VLDL-TG produc-
tion and stimulating lipoprotein lipase (LPL)-medi-
ated VLDL-TG hydrolysis (2, 3, 8).
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Because the amount of apoAV is an important de-
terminant of plasma lipid levels, understanding the
factors that control apoAV gene expression is of major
importance and may provide new opportunities for
therapeutic intervention in atherogenic dyslipidemia.
So far, it has been shown that the apoAV gene is
regulated by peroxisome proliferator-activated recep-
tor-� (PPAR�; NR1C1), farnesoid X-activated receptor
(FXR; NR1H4) and sterol regulatory element-binding
protein 1c, which are transcription factors implicated
in TG metabolism (9–11). In addition, apoAV was iden-
tified as a positive acute-phase protein in mouse (12).
However, although the apoAV gene expression is re-
stricted to the liver and is essential for lipid homeosta-
sis, its potential regulation by hepatocyte nuclear fac-
tor-4� (HNF-4�) has not been reported.

HNF-4� (NR2A1) is a highly conserved member of
the nuclear receptor superfamily that was initially iden-
tified as a transcriptional factor required for liver-spe-
cific gene expression (13), although it is also ex-
pressed in kidney, intestine, and pancreas (14).
HNF-4� has critical roles in hepatocyte differentiation
during liver development and in regulating the tran-
scription of genes involved in glucose and lipid me-
tabolism including the apoAI/CIII/AIV gene cluster,
apoAII, apoB, apoCII, microsomal triglyceride transfer
protein (MTP), liver-fatty acid binding protein, choles-
terol 7�-hydroxylase (CYP7A1), glucose-6-phospha-
tase (G6Pase), phosphoenolpyruvate carboxykinase
(PEPCK), carnitine palmitoyltransferase I� (CPT-I�),
pregnane X receptor (PXR; NR1l2), and PPAR� (15,
16). Furthermore, naturally occurring mutations in a
single allele of the HNF-4� gene cause an inherited
form of diabetes known as maturity onset diabetes of
the young 1 (MODY1). This syndrome is characterized
by impaired glucose-induced insulin secretion, under-
scoring the importance of HNF-4� in pancreas (17).
Homodimers of HNF-4� bind to specific DNA se-
quence elements consisting of a direct repeat of the
hexanucleotide core motif PuGGTCA separated by 0,
1, or 2 nt (DR0, DR1, or DR2) to activate transcription
in the absence of exogenously added ligands (18–22).
Some reports have provided convincing evidence that
coenzyme A (CoA) derivatives of certain fatty acids
could activate HNF-4� (21, 22). Nevertheless, struc-
tural models and cofactor recruitment studies have
shown that these derivatives are not traditional ligands
and suggested that HNF-4� is constitutively bound to
endogenous fatty acids that are essential for the struc-
ture of the protein (23, 24). Indeed, recent investiga-
tions indicate that coactivator rather than ligand bind-
ing locks the active conformation of HNF-4� (25).
Thus, the interplay with coactivators is a major con-
cern for the understanding of HNF-4�-dependent reg-
ulation of genes.

PPAR-� coactivator-1� (PGC-1�) is a versatile co-
activator for numerous nuclear receptors and is impli-
cated in diverse biological activities including glucose
and lipid metabolism. Recently, PGC-1� has been
shown to enhance the HNF-4�-mediated transactiva-

tion of PEPCK, G6Pase, L-CPT I, CYP7A1, and FXR
genes (26–30).

Regulation of HNF-4�-dependent transactivation
has also been achieved by modulation of HNF-4�
gene expression. We have learned from Leff and co-
workers (31) that the apoCIII gene can be regulated by
the MAPK signaling pathway and that this regulation is
mediated by modulation of HNF-4� expression. These
findings indicate that hormonal and metabolic signals
can control HNF-4� target genes by changes in the
amount of the receptor.

Because there are numerous potential phosphory-
lation sites in HNF-4�, another possibility for the reg-
ulation of its activity is posttranslational modification.
AMP-activated protein kinase (AMPK) is a central sen-
sor of a cellular signaling system that regulates multi-
ple metabolic enzymes in response to reduced intra-
cellular energy levels. It has been reported that AMPK
directly phosphorylates HNF-4� and represses its ac-
tivity by reducing its ability to form homodimers and
bind DNA, and by increasing its degradation rate (32,
33). Consequently, activation of AMPK catalytic activ-
ity by 5-amino-4-imidazolecarboxamide ribonucleo-
side (AICAR) down-regulates the expression of most,
although not all, HNF-4� target genes (32).

The current studies were undertaken to provide a
comprehensive analysis of the potential regulation of
human apoAV gene expression by HNF-4�. We pres-
ently demonstrate that human apoAV is a bona fide
HNF-4� target gene. We show that inhibition of
HNF-4� expression results in down-regulation of hu-
man apoAV and describe that HNF-4� directly acti-
vates the human apoAV gene promoter through a DR1
and a novel HNF-4� response element. Furthermore,
the coactivator PGC-1� is capable of stimulating this
HNF-4�-dependent transactivation of human apoAV
promoter. In addition, our data demonstrate that
AMPK and the MAPK cascade regulate human apoAV
expression and suggest that this regulation may be
mediated, at least in part, by changes in HNF-4� func-
tion. Furthermore, we presently report that the regu-
lation of apoAV by HNF-4� is somehow species spe-
cific, a phenomenon also present in a subset of
HNF-4� target genes. Finally, we discuss the implica-
tions that the identification of apoAV as an HNF-4�
target gene may have in the regulation of TG levels by
bile acids (BAs).

RESULTS

HNF-4� Enhances the Activity of the Human
ApoAV Gene Promoter

ApoAV is an important determinant of plasma TG lev-
els that appears to be expressed exclusively in the
liver (2, 3, 10, 11). Inasmuch as the nuclear receptor
HNF-4� is essential for maintenance of hepatic gene
expression and is a crucial regulator of genes involved
in lipid metabolism (16), including particularly the
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apoAI/CIII/AIV gene cluster (34, 35), we evaluated
whether this nuclear receptor modulates human
apoAV gene expression. To study the direct effect of
HNF-4� on transcription, transient transfection studies
were performed in Hep3B cells, which express mod-
erate levels of apoAV (10) and HNF-4� (36). Cotrans-
fection of a human HNF-4� expression plasmid re-
sulted in a significant increase of the activity of the
firefly luciferase reporter gene driven by the �617/�18
sequence of the human apoAV promoter (Fig. 1A).
The effect of HNF-4� overexpression was promoter
dependent because it was not observed with the
promoter-less pGL3-basic vector. To further confirm
the induction by HNF-4�, monkey kidney CV-1 cells, a
cellular model frequently used to avoid the back-
ground of endogenous HNF-4� (19, 37, 38), were also
employed. As shown in Fig. 1B, increasing amounts of
the expression plasmid for HNF-4� resulted in a dose-
dependent induction of firefly luciferase activity. Acti-
vation by exogenously supplied HNF-4� was already
appreciable at low doses (Fig. 1B).

Mapping of the Human ApoAV Promoter Regions
Conferring Responsiveness to HNF-4�

To localize the promoter region required for HNF-4�

activation, a series of progressively larger 5�-deletion
human apoAV promoter constructs from nt �2455 to
�18 in front of the firefly luciferase reporter gene were
transiently transfected into CV-1 cells together with a
human HNF-4� expression plasmid. As shown in Fig.
2A, the sequence upstream to position �437 could be
removed without preventing strong activation of the
reporter gene by HNF-4�. However, deletion of the
fragment spanning �437 to �242 reduced HNF-4�

responsiveness. Moreover, further deletion up to nt
�82 almost abolished the induction of apoAV pro-
moter activity by HNF-4�, indicating that at least two
regions mediate the response.

On the other hand, a T3C SNP at nt �600 relative
to the transcription start site (�1131 nt upstream
from the predicted translation start codon) of the
human apoAV gene, called SNP3 in Ref. 2, has been
associated with elevated plasma TG levels (2, 6, 7).
Analysis of the sequence surrounding this SNP3
revealed no apparent transcription factor binding
sites, but assuming a high degree of degeneration
one might consider the occurrence of two potential
hexamer binding sites separated by a single nt be-
tween nt �611 and �599, especially with a C at
�600 (GGGGCA A ATCTCA), thereby conforming to
the DR1 response element for HNF-4�. Luciferase
reporter assays performed in Hep3B (data not
shown) and CV-1 cells (Fig. 2A) revealed that change
in common allele T to C had no significant effect on
the induction by HNF-4�. Consistent with this ob-
servation, the deletion of a fragment containing this
SNP, nt �617 to �535, did not affect the response
to HNF-4� (Fig. 2A).

Identification of a DR1 Site and a Novel Element
for Transcriptional Activation by HNF-4� in the
Human ApoAV Promoter

Analysis of the sequence in the �437/�242 fragment
revealed two hexamer binding sites separated by a
single nt between nt �271 and �259 (Fig. 2B), which
correspond to a canonical DR1 response element for
HNF-4�. In contrast, analysis of the sequence in the

Fig. 1. HNF-4� Induces the Activity of the Human apoAV
Gene Promoter

A, Hep3B cells were transiently transfected with a plasmid
containing a luciferase reporter gene driven by the 5� flanking
region (�617/�18) of the human apoAV gene or the empty
pGL3-basic vector along with a plasmid expressing human
HNF-4� (200 ng) or the empty expression vector pSG5 as
control. B, The reporter plasmid containing the �617/�18
region of human apoAV cloned in front of the luciferase gene
was cotransfected with increasing amounts of an HNF-4�
expression plasmid into CV-1 cells. Plasmid dosage was kept
constant by addition of empty expression vector. Luciferase
activities were measured and expressed as described in Ma-
terials and Methods.
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Fig. 2. Identification of the Human ApoAV Promoter Elements Conferring Its Responsiveness to HNF-4�
A, Localization of the human ApoAV promoter regions conferring responsiveness to HNF-4� by progressive deletion analysis.

CV-1 cells were cotransfected with reporter plasmids containing the firefly luciferase gene driven by progressively 5� shortened
fragments of the apoAV promoter as indicated together with a plasmid expressing human HNF-4� or the empty vector pSG5 as
control. Luciferase activities were measured as described in Materials and Methods. Results are expressed as fold induction by
HNF-4� over control. The presence of T or C at �600 relative to the transcription start site, corresponding to SNP3 alleles, is
indicated. B and C, Human apoAV gene promoter sequences surrounding the DR1 (B) and the IR8 (C) elements. The gray boxes
denote the DR1 and IR8 sequences. The AGGTCA half-sites are indicated by horizontal arrows. The wild-type nucleotides that
were modified by site-directed mutagenesis are underlined. The corresponding mutated nucleotides are shown below the vertical
arrows and within the gray squares. D, Functional effects of mutations in the DR1 and IR8 elements on the response to HNF-4�.
CV-1 cells were transfected with a plasmid expressing human HNF-4� or the empty pSG5 vector as control together with reporter
constructs containing the wild-type or site-directed mutated 5� flanking regions (�617/�18) of the human apoAV gene. Luciferase
activities were measured as described in Materials and Methods. Results are expressed as percentage of induction by HNF-4�
obtained with wild type. The crosses depict the presence of site-directed mutations in the DR1 and/or IR8 elements.
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�242/�82 fragment did not reveal any of the previ-
ously described HNF-4� response elements DR0, DR1
or DR2 motifs (19, 20, 39). The only repeat of the
hexanucleotide core motif PuGGTCA with a low de-
gree of degeneration present within this region corre-
sponds to an inverted repeat separated by 8 nt (IR8)
between nt �103 and �84 (Fig. 2C), which has been
previously described to respond to FXR (10). To char-
acterize both DR1 and IR8 sites as HNF-4� response
elements, CV-1 cells were cotransfected with a human
HNF-4� expression vector and �617/�18 apoAV pro-
moter-luciferase reporter plasmids in which DR1
and/or IR8 elements were mutated (Fig. 2, B and C).
The data shown in Fig. 2D indicate that both sites
confer HNF-4� response to the apoAV promoter and
that they contribute similarly, albeit somewhat more
IR8 than DR1, to the HNF-4�-mediated induction. The
reporter construct bearing mutations in both DR1 and
IR8 sites retained a transactivation by HNF-4� of
about 25% compared with wild-type. Similar results
were obtained with DR1 and IR8 mutant constructs con-
taining the sequence spanning from �305 to �18 of
apoAV promoter (data not shown). The basis for this
remaining response is unclear because systematic
EMSAs performed with numerous fragments within this
region showed no binding to HNF-4� (see below), and it
might be the result of an indirect action of HNF-4�.

Binding Analysis of HNF-4� to the Human
apoAV Promoter

To investigate whether HNF-4� homodimers directly
bind to the human apoAV gene promoter, radiolabeled
double-stranded oligonucleotides corresponding to
fragments of the DNA sequence spanning from nt
�617 to �18 were used as probes in EMSA experi-
ments (Fig. 3A). As expected, the addition of in vitro-
translated human HNF-4� protein resulted in the ap-
pearance of retarded complexes when using a �275/
�247 fragment containing the apoAV DR1 site (Fig.
3A, lane 6) and a �109/�80 fragment containing the
apoAV IR8 element (lane 12), but not when �399/
�374, �169/�147, �144/�117, �52/�31 probes
(Fig. 3A, lanes 4, 8, 10, and 14, respectively), or �298/
�263, �258/�221, �220/�183, �183/�143, �142/
�104, �240/�202, �202/�166, �166/�131, �141/
�103 fragments were employed (data not shown). On
the other hand, in line with the results from cell trans-
fection assays, no protein-DNA complex band ap-
peared when using a �617/�593 fragment containing
the SNP3 with a T (Fig. 3A, lane 2) or a C (data not
shown) at �600.

HNF-4� Binds Specifically to the Human ApoAV
DR1 and IR8 Elements

We next investigated whether HNF-4� was able to
bind to apoAV DR1 and IR8 elements in hepatic nu-
clear extracts. For this purpose, we performed EMSAs
with nuclear extracts obtained from human liver-de-

rived HepG2 cells, which express apoAV (10) and
HNF-4� (39), in the presence or absence of a specific
HNF-4� antibody. As expected, the slower migrating
complexes obtained with apoAV IR8 (Fig. 3B, lane 1)
and DR1 (lane 3), or a control probe containing a
known HNF-4�-binding element present in the human
apoCIII gene promoter (lane 5), were supershifted
upon addition of the HNF-4� antibody (lanes 2, 4, and
6, respectively). In contrast, double-stranded oligonu-
cleotides that are equivalent to apoAV IR8 and DR1
probes (mt3 AvIR8 and mt3 AvDR1, respectively) but
harbor point mutations in the half-sites (Fig. 2, B and
C) could not form the same slower migrating com-
plexes (Fig. 3B, lanes 7 and 9). Furthermore, a shift
with faster mobility of mt3 AvDR1 probe (lane 9), which
had a similar migration to a faint band appeared with
the wild-type AvDR1 probe (lane 3), was not super-
shifted (lane 10). Additionally, because essentially
most of the slower DNA-protein complexes were su-
pershifted by the HNF-4� antibody, these results in-
dicated that endogenous HNF-4� in these complexes
was the major factor in nuclear extracts that could
interact with apoAV DR1 and IR8 elements.

To unequivocally characterize the apoAV DR1 and
IR8 as HNF-4�-binding sites, the specificity of these
interactions was demonstrated by competition analy-
sis. The formation of the retarded complex of apoAV
DR1 was inhibited by the addition of increasing con-
centrations of either the unlabeled wild-type probe or
a cold probe containing the HNF-4�-binding element
of the human apoCIII gene promoter (data not shown).
In contrast, cold double-stranded oligonucleotides
that are equivalent to the apoAV DR1 probe but harbor
point mutations (see Table 1) in the upstream half-site
(mt1 AvDR1), in the downstream half-site (mt2 AvDR1)
or in both half-sites (mt3 AvDR1 and mt4 AvDR1) could
not displace the labeled wild-type element (data not
shown). The HNF-4�-IR8 binding was also specific, as
demonstrated by competition of an excess of either
unlabeled wild-type apoAV IR8 oligonucleotide or a
cold probe containing the HNF-4�-binding element of
the human apoCIII gene promoter (Fig. 4B, wt AvIR8
and CONT, respectively). Furthermore, mutation of ei-
ther half-site (Fig. 4A, mt1 AvIR8, mt2 AvIR8, mt3
AvIR8) abolished the ability of the probe to compete
(Fig. 4B). Because an HNF-4� binding site with this
type of organization has not been reported before, we
extended the analysis of this element by introducing a
point mutation in the downstream half-site to eliminate
the only degeneration present in this hexanucleotide
(Fig. 4A, pft AvIR8). As shown in Fig. 4C, the binding of
HNF-4� to a radiolabeled probe corresponding to this
perfect IR8 of the core motif AGGTCA (lane 6) is even
more apparent than with the wild-type apoAV IR8 (lane
5). In addition, mutation of nt in the half-site spacing to
leave the two hexanucleotide core-binding sites sep-
arated by 8 T (Fig. 4A, pft tttIR8), resulted in a modest
reduction, not exclusion, of the binding (Fig. 4C, lane
7). As a control, no binding is observed with a labeled
probe bearing point mutations that increase degener-
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ation of the two hexanucleotides (lane 8). Taken to-
gether, these results demonstrate that HNF-4� ho-
modimers are able to directly and specifically interact
in vitro with the apoAV IR8 and not with cryptic binding
motifs embedded within this site. Next, we examined
whether HNF-4� binds human apoAV IR8 in vivo by
chromatin immunoprecipitation (ChIP) assay. For

technical reasons, this may not be possible on the
endogenous apoAV promoter due to the closeness of
the DR1 and IR8 sites. Thus, we carried out a DNA
immunoprecipitation assay on plasmid p-242/
�18hAvLUC, which is an apoAV promoter-luciferase
reporter construct that contains IR8 but not DR1.
HepG2 cells were transfected, and formaldehyde was

Fig. 3. Binding Analysis of HNF-4� and HepG2 Nuclear Extracts to the Human apoAV Gene Promoter
A, EMSAs were performed using in vitro-transcribed/translated HNF-4� (2.5 �l) or unprogrammed reticulocyte lysate (�), when

indicated, and labeled double-stranded oligonucleotides corresponding to the indicated fragments of the human apoAV gene
promoter as described in Materials and Methods. CONTROL, PPAR�/HNF-4� site of mitHMGS gene (60). B, Endogenous HNF-4�
binds specifically to the apoAV DR1 and IR8 elements. EMSAs were performed using HepG2 nuclear extracts and labeled
double-stranded oligonucleotides corresponding to nt �109 to �80 (wt AvIR8) and �275 to �247 (wt AvDR1) of the human
apoAV gene promoter, and an antibody against HNF-4�, when indicated, as described in Materials and Methods. mt3 AvIR8 and
mt3 AvDR1 are modified versions of wt AvIR8 and wt AvDR1, respectively, whose mutations are shown in Fig. 2, B and C.
Supershifted immune complexes are indicated by an arrow. CONTROL, HNF-4�-binding element of apoCIII gene (39).
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Table 1. Oligonucleotides Used in this Study

Name Sequence (5� 3 3�) Use in this Study

JCR 169 hapoAV dirmut1 DR1 F GCAGGTCAGTGGGAAGGTTAAAcaaCATGGGGTTTGGGAG Site-directed mutagenesis
JCR 170 hapoAV dirmut1 DR1 R CTCCCAAACCCCATGttgTTTAACCTTCCCACTGACCTGC Site-directed mutagenesis
JCR 188 hapoAV dirmut2 DR1 F GCAGGTCAGTGGGAAcaaTAAAcaaCATGGGGTTTGGGAG Site-directed mutagenesis
JCR 189 hapoAV dirmut2 DR1 R CTCCCAAACCCCATGttgTTTAttgTTCCCACTGACCTGC Site-directed mutagenesis
JCR 167 hapoAV dirmut3 IR8 F GCTGGGAGGCAGCTGAGaaCAACTTCTTTcGttCTTCCACGTGG Site-directed mutagenesis
JCR 168 hapoAV dirmut3 IR8 R CCACGTGGAAGaaCgAAAGAAGTTGttCTCAGCTGCCTCCCAGC Site-directed mutagenesis
JCR 117 hapoAVC �617/�593 F GATCCTCATGGGGCAAATCTCACTTTCGA EMSA
JCR 118 hapoAVC �617/�593 R GATCTCGAAAGTGAGATTTGCCCCATGAG EMSA
JCR 119 hapoAVT �617/�593 F GATCCTCATGGGGCAAATCTTACTTTCGA EMSA
JCR 120 hapoAVT �617/�593 R GATCTCGAAAGTAAGATTTGCCCCATGAG EMSA
JCR 123 hapoAV �399/�374 F GATCCTGGTAGGTGAACACTGTCCATCTTGA EMSA
JCR 124 hapoAV �399/�374 R GATCTCAAGATGGACAGTGTTCACCTACCAG EMSA
JCR 155 hapoAV �169/�147 F GATCCAGGGCACTCATTAACCCTCTGA EMSA
JCR 156 hapoAV �169/�147 R GATCTCAGAGGGTTAATGAGTGCCCTG EMSA
JCR 153 hapoAV �144/�117 F GATCCTGCCAGGGAAAGGGCAGGAGGTGAGTGCA EMSA
JCR 154 hapoAV �144/�117 R GATCTGCACTCACCTCCTGCCCTTTCCCTGGCAG EMSA
JCR 151 hapoAV �52/�31 F GATCCAGAGGCTCAGGGCCCTGGAGA EMSA
JCR 152 hapoAV �52/�31 R GATCTCTCCAGGGCCCTGAGCCTCTG EMSA
JCR 157 mitHMGS �113/�82 F GATCCTTGTTCTGAGACCTTTGGCCCAGTTTTTCTGA EMSA
JCR 158 mitHMGS �113/�82 R GATCTCAGAAAAACTGGGCCAAAGGTCTCAGAACAAG EMSA
JCR 127 hapoAV �275/�247AvDR1 F GATCCGGGAAGGTTAAAGGTCATGGGGTTTGGGA EMSA
JCR 128 hapoAV �275/�247AvDR1 R GATCTCCCAAACCCCATGACCTTTAACCTTCCCG EMSA
JCR 165 hapoAV mt1 AvDR1 F GATCCGGGAAGGTTAAAcaaCATGGGGTTTGGGA EMSA
JCR 166 hapoAV mt1 AvDR1 R GATCTCCCAAACCCCATGttgTTTAACCTTCCCG EMSA
XP 27 hapoAV mt2 AvDR1 F GATCCGGGAAcaaTAAAGGTCATGGGGTTTGGGA EMSA
XP 28 hapoAV mt2 AvDR1 R GATCTCCCAAACCCCATGACCTTTAttgTTCCCG EMSA
XP 25 hapoAV mt3 AvDR1 F GATCCGGGAAcaaTAAAcaaCATGGGGTTTGGGA EMSA
XP 26 hapoAV mt3 AvDR1 R GATCTCCCAAACCCCATGttgTTTAttgTTCCCG EMSA
XP 31 hapoAV mt4 AvDR1 F GATCCGGGAAGcTTAAAGaTCATGGGGTTTGGGA EMSA
XP 32 hapoAV mt4 AvDR1 R GATCTCCCAAACCCCATGAtCTTTAAgCTTCCCG EMSA
XP 69 mapoAV AvDR1 F GATCCGGGAAGGTTAAAGGTCATGGGGTTTGGGA EMSA
XP 70 mapoAV AvDR1 R GATCTCCCAAACCCCATGACCTTTAACCTTCCCG EMSA
JCR 61 hapoCIII �90/�68C3PRE2 F GATCCTCAGCAGGTGACCTTTGCCCAGCA EMSA
JCR 62 hapoCIII �90/�68C3PRE2 R GATCTGCTGGGCAAAGGTCACCTGCTGAG EMSA
JCR 139 hapoAV �109/�80AvIR8 F GATCCAGCTGAGGTCAACTTCTTTTGAACTTCCA EMSA
JCR 140 hapoAV �109/�80AvIR8 R GATCTGGAAGTTCAAAAGAAGTTGACCTCAGCTG EMSA
JCR 159 hapoAV mt1 IR8 F GATCCAGCTGAGaaCAACTTCTTTTGAACTTCCA EMSA
JCR 160 hapoAV mt1 IR8 R GATCTGGAAGTTCAAAAGAAGTTGttCTCAGCTG EMSA
JCR 161 hapoAV mt2 IR8 F GATCCAGCTGAGGTCAACTTCTTTcGttCTTCCA EMSA
JCR 162 hapoAV mt2 IR8 R GATCTGGAAGaaCgAAAGAAGTTGACCTCAGCTG EMSA
JCR 163 hapoAV mt3 IR8 F GATCCAGCTGAGaaCAACTTCTTTcGttCTTCCA EMSA
JCR 164 hapoAV mt3 IR8 R GATCTGGAAGaaCgAAAGAAGTTGttCTCAGCTG EMSA
JCR 190 pft AvIR8 F GATCCAGCTGAGGTCAACTTCTTTTGAcCTTCCA EMSA
JCR 191 pft AvIR8 R GATCTGGAAGgTCAAAAGAAGTTGACCTCAGCTG EMSA
JCR 194 pft tttIR8 F GATCCAGCTGAGGTCAttTTtTTTTGAcCTTCCA EMSA
JCR 195 pft tttIR8 R GATCTGGAAGgTCAAAAaAAaaTGACCTCAGCTG EMSA
LU 1 hHNF-4� S GAGTCCTATAAGCTCCTGCCG Real-time RT-PCR
LU 2 hHNF-4� AS CCAGCGGCTTGCTAGATAAC Real-time RT-PCR
LU 3 hcyclophylin S CATCTGCACTGCCAAGACTGA Real-time RT-PCR
LU 4 hcyclophylin AS CCACAATATTCATGCCTTCTTTCA Real-time RT-PCR
LU 5 hapoCIII S CTTCTCAGCTTCATGCAGGGTTA Real-time RT-PCR
LU 6 hapoCIII AS ACGCTGCTCAGTGCATCCTT Real-time RT-PCR
LU 7 hLDLr S GTTGCTGGCAGAGGAAATGAGAAG Real-time RT-PCR
LU 8 hLDLr AS CAAAGGAAGACGAGGAGCACGAT Real-time RT-PCR
LU 9 hapoAI S CTCGGCATTTCTGGCAGCAA Real-time RT-PCR
LU 10 hapoAI AS AGTGGCCAGGTCCTTCACTCGA Real-time RT-PCR
XP 3 hapoAV S AGCTGGTGGGCTGGAATTT Real-time RT-PCR
XP 4 hapoAV AS GGCCACCTGCTCCATCAG Real-time RT-PCR
XP 100 hapoAV �197/�178 F CACTTCTCTACTGGGGCAGC ChIP
XP 101 pGL3-bv R CCATGGTGGCTTTACCAACAGTACCG ChIP
siQI 1 siControl 1022076 S UUCUCCGAACGUGUCACGUdTdT RNA interference
siQI 2 siControl 1022076 AS ACGUGACACGUUCGGAGAAdTdT RNA interference
siLU 1 sihHNF-4� S CCACAUGUACUCCUGCAGAdTdT RNA interference
siLU 2 sihHNF-4� AS UCUGCAGGAGUACAUGUGGdTdT RNA interference

Mutated nucleotides are denoted in bold and lowercase type.
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Fig. 4. HNF-4� Binds Specifically to the IR8 Element of apoAV Gene Promoter
A, Human apoAV gene promoter sequence surrounding the IR8 element and mutated versions used in experiments B and C.

The hexameric consensus sites are in boldface type, and their orientations are indicated by arrows. Mutations in half-sites are
shown in lowercase type and within gray squares. B, Competition experiments for binding of in vitro-transcribed/translated
HNF-4� to the labeled probe corresponding to nt �109 to �80 (AvIR8) of the human apoAV gene promoter were performed by
adding 50-, 250-, and 500-fold molar excess of the indicated unlabeled double-stranded oligonucleotides. CONT, HNF-4�-
binding element of apoCIII gene (39). C, EMSAs were performed as described in Materials and Methods using in vitro-transcribed/
translated HNF-4� (2.5 �l) or unprogrammed reticulocyte lysate (�), when indicated, and labeled double-stranded oligonucle-
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added to cross-link the DNA-protein complexes in
vivo. After immunoprecipitation, and reversal of cross-
linking, the DNA was purified and used as a template
for PCR amplification with primers that encompass the
region from nt �197 of apoAV promoter to a sequence
in the pGL3-basic vector. As shown in Fig. 4D, this
region was precipitated by antibodies directed against
HNF-4�. In contrast, no signal was obtained when the
immunoprecipitation was carried out with anti-PPAR�
antibodies in the same conditions, which is consistent
with reports showing that the DR1 element at �271 is
required for PPAR�-mediated transactivation of hu-
man apoAV promoter (9, 10). Moreover, when ChIP
was performed on an equivalent construct harboring
mutations within the IR8 site, the signal was dramati-
cally diminished (Fig. 4D, p-242mutIR8/HNF-4�-Ab).

Inhibition of HNF-4� Expression Results in Down-
Regulation of Human ApoAV

To further provide evidence for the involvement of
HNF-4� in the regulation of human apoAV expression,
we used RNA interference technology to knock down
endogenous HNF-4�. Transfection of HepG2 with in-
creasing concentrations of small interfering RNA
(siRNA) targeting HNF-4� expression resulted in a
dose-dependent decrease of apoAV mRNA levels (Fig.
5A). This effect appeared to be specific because the
expression of apoCIII, a well-known HNF-4� target
gene, was also diminished, whereas cyclophilin, used
as internal control, was unaffected by siRNA transfec-
tion (Fig. 5A and data not shown). Moreover, immu-
noblotting experiments revealed that this HNF-4�
siRNA-mediated down-regulation of apoAV occurred
also at the protein level (Fig. 5, B and C) and confirmed
that this effect is specific because the nonsilencing
control siRNA did not significantly affect endogenous
HNF-4� and apoAV protein expression (Fig. 5B). In
addition, actin protein levels, which were measured as
a control, were not modified after siRNA transfection,
thereby demonstrating the specificity of this effect
(Fig. 5B). Taken together, these results establish the
essential role of HNF-4� in the regulation of human
apoAV expression.

HNF-4� Is Involved in the Stimulation of ApoAV
Gene Promoter by the Nuclear Receptor
Coactivator PGC-1�

It has been demonstrated that PGC-1� stimulates the
promoter activity of multiple hepatic genes involved in
gluconeogenesis (26, 27), fatty acid oxidation (28), BA

otides corresponding to the sequences in A. D, ChIP analysis of HNF-4� interaction with apoAV IR8 element in vivo. Cross-linked
DNA isolated from HepG2 cells transfected with luciferase reporter plasmid p-242/�18hAvLUC (p-242wtIR8), an equivalent
construct harboring mutations within the IR8 site (p-242mutIR8), or pGL3-basic vector as a negative control, was immunopre-
cipitated with the indicated antibodies, and subjected to PCR as described in Materials and Methods. PCR products were
electrophoresed on 1% agarose gel. The relative location of the PCR primers is depicted as arrows in diagram below. LUC,
Luciferase. Experiments were performed at least two independent times, and representative data are shown.

Fig. 5. Inhibition of HNF-4� Expression Results in Down-
Regulation of apoAV in HepG2 Cells

A, HepG2 cells were transfected with increasing concen-
trations of siRNA targeting HNF-4� (siHNF-4�) or 20 nM con-
trol siRNA (siControl). Forty-eight hours after transfection,
total RNA was extracted for analysis by real time RT-PCR as
described in Materials and Methods. Specific mRNA levels
normalized to cyclophilin are expressed relative to control set
as 100 for each gene (mean � SD). *, P � 0.05; **, P � 0.001
vs. control. B, Western analyses of HNF-4�, apoAV, and actin
expression in whole cell lysates from HepG2 48 h after siRNA
transfections. Experiments were performed twice with iden-
tical results. C, Quantification of apoAV protein levels relative
to the actin control by densitometric scanning and Image-
Quant.
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synthesis (29), and TG metabolism (30) through coac-
tivation of HNF-4�. To determine whether PGC-1�
modulates apoAV promoter activity and to evaluate
the potential involvement of HNF-4�, transient trans-
fection assays were performed with the firefly lucif-
erase reporter gene expression vector driven by se-
quences of the human apoAV promoter. In Hep3B,
cotransfection of a human PGC-1� expression plas-
mid significantly enhanced the �617/�18 apoAV pro-
moter activity (Fig. 6A). Cotransfection of HNF-4� and
PGC-1� together resulted in a further activation, al-
though only slightly greater than with HNF-4� alone
(Fig. 6A). The effect of PGC-1� overexpression was

promoter dependent because it was not observed with
the promoter-less pGL3-basic vector. To identify the
regulatory elements mediating the effect of PGC-1�, a
reporter construct bearing mutations in the DR1 and
IR8 elements (Fig. 2, B and C) was tested. Although
some remaining response was observed, the muta-
tions markedly diminished the response to PGC-1�
and HNF-4� (Fig. 6A). In addition, a truncated con-
struct representing the �82/�18 apoAV promoter was
completely unresponsive to HNF-4� and PGC-1�.
These results indicate that PGC-1� moderately stim-
ulates human apoAV promoter activity, preferentially
via DR1 and IR8 elements. PGC-1� can also coacti-

Fig. 6. PGC-1� Stimulates the HNF-4�-Dependent Transactivation of apoAV Gene Promoter
A, Hep3B cells were transfected with plasmids expressing human HNF-4� and/or PGC-1� (100 ng), or the empty vector pSG5

as control, together with reporter constructs containing the wild-type or site-directed mutated 5�-flanking region (�617/�18) or
a deletion up to nt �82 of the human apoAV gene. The empty pGL3-basic vector was used as a negative control. The plasmid
dosage was kept constant by the addition of empty expression vector. The luciferase activities were measured as described in
Materials and Methods. Results are expressed as fold induction over control. LUC, luciferase. B, CV-1 cells were transfected as
in A. The luciferase activities were measured and expressed as described in Materials and Methods. pGL3, the empty pGL3-basic
vector used as a negative control. ApoAV, A luciferase reporter construct driven by the 5�-flanking region (�617/�18) of the
human apoAV gene.

3116 Mol Endocrinol, December 2005, 19(12):3107–3125 Prieur et al. • ApoAV Regulation by HNF-4�

 on November 24, 2005 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


vate PPAR� (40) and FXR (30). Because apoAV DR1
and IR8 have been previously described as PPAR�
and FXR response elements, respectively (10), it is
also possible that PGC-1� is acting on the human
apoAV promoter through these transcription factors.
To prove that PGC-1�-dependent stimuli on apoAV
promoter activity can be achieved by coactivation of
HNF-4�, we performed cotransfection studies in the
CV-1 line, a cellular model frequently used by others
in PGC-1� studies (30, 40) to avoid the background
of endogenous HNF-4�, PPAR� and FXR. As shown
in Fig. 6B, cotransfection of PGC-1� alone resulted
in a weak activation of apoAV promoter, an effect
also observed in other promoters (Fig. 2 in Ref. 30
and Fig. 1 in Ref. 40). However, cotransfection of
PGC-1� and HNF-4� together caused a dramatic
activation of this promoter that was markedly higher
than with either factor alone. These results reveal a
clear synergistic effect between PGC-1� and
HNF-4� on the activity of the human apoAV
promoter.

The MAPK Pathway Regulates the Expression of
Human ApoAV

Leff and colleagues (31) have demonstrated that
apoCIII expression can be regulated by signals act-
ing through the MAPK signaling pathway and that
this regulation is mediated, at least in part, by
changes in the amount of HNF-4�. To determine
whether this could be also true for apoAV, HepG2
cells were incubated for 24 h in medium containing
PD98059 (41), an inhibitor of the upstream activator
of Erk1/2, which are members of the MAPK family,
or vehicle. As determined by quantitative real-time
RT-PCR, treatment with PD98059 caused a signifi-
cant increase of apoAV mRNA levels (Fig. 7A). These
effects were specific because the expression of
apoCIII was also increased by PD98059, in accor-
dance with previous studies (31), whereas cyclophi-
lin, used as internal control, remained unaffected by
the treatments (Fig. 7A and data not shown). Fur-
thermore, in contrast to apoAV and apoCIII, low-
density lipoprotein receptor (LDLr) mRNA levels
were slightly reduced by PD98059 after 24 h of
treatment under standard serum conditions, in
agreement with published results (42). ApoAI mRNA
levels were affected similarly to apoAV and apoCIII
(Fig. 7A).

Next, Western blot analysis performed on whole cell
lysates from treated HepG2 revealed that the quantity
of apoAV and HNF-4� proteins was notably increased
by PD98059, whereas the levels of actin were indis-
tinguishable between treatments (Fig. 7B). Taken to-
gether, these observations demonstrate that the
MAPK/Erk kinase signaling pathway controls human
apoAV expression and suggest that this regulation
may be mediated, at least in part, by changes in the
amount of HNF-4�.

Activation of AMPK Down-Regulates Expression
of Human ApoAV

Activation of AMPK diminishes HNF-4� protein levels
and inhibits its ability to form homodimers and bind to
DNA, and consequently down-regulates the expres-
sion of several HNF-4� target genes (32, 33). To in-
vestigate whether activation of AMPK catalytic activity
down-regulates human apoAV expression, HepG2
cells were incubated for 24 h in the presence of in-
creasing concentrations of AICAR, which is converted
in cells to an analog of AMP that activates the kinase
(43). As shown in Fig. 7C, AICAR significantly de-
creased apoAV mRNA levels. As a positive control,
apoCIII mRNA levels were measured, and consistent
with the literature (32), a clear down-regulation was
observed. ApoAI mRNA levels were also decreased.
However, no changes were detected in cyclophilin
levels, which was used as internal control, and in con-
trast to apolipoproteins, LDLr mRNA levels were ro-
bustly induced by AICAR treatment (Fig. 7C).

Immunoblotting assays with whole cell lysates re-
vealed that increasing concentrations of AICAR de-
crease HNF-4� protein levels in HepG2 (Fig. 7D), like-
wise as described in murine hepatocytes (32). The
results, depicted in Fig. 7D, show that apoAV protein
levels declined with increasing concentration of
AICAR, whereas actin levels were not modified and
while the phosphorylation of acetyl-CoA carboxylase
increased. Given the key role of HNF-4� in apoAV
expression, these data clearly indicate that the activa-
tion of AMPK catalytic activity down-regulates human
apoAV expression and suggest that this negative reg-
ulation occurs, at least in part, via HNF-4�.

AMPK and the MAPK Cascade Modulate the
Binding of HepG2 Nuclear Extracts to the DR1
and IR8 Elements of Human ApoAV Promoter

We next examined whether the MAPK/Erk kinase
pathway and the activation of AMPK could modify the
binding of HepG2 nuclear extracts to the HNF-4� re-
sponse elements of human apoAV. For this purpose,
we carried out EMSAs using nuclear extracts prepared
from HepG2 treated with AICAR, PD98059, or vehicle
and labeled oligonucleotides corresponding to the
apoAV DR1 and IR8 elements described in this report
(Fig. 7E, AvDR1 and AvIR8, respectively). As expected,
we found that AICAR treatment caused a dramatic
reduction in DNA binding of the nuclear extracts to the
IR8 (Fig. 7E, compare lane 1 with lane 4) and DR1 (Fig.
7E, compare lane 2 with lane 5), whereas PD98059
robustly increased binding to both HNF-4� sites of
apoAV (Fig. 7E, compare lanes 7 and 8 with lanes 10
and 11, respectively). These results further support the
hypothesis that HNF-4� is mediating the effects of
AMPK and the MAPK/Erk kinase pathway on human
apoAV expression.
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Species-Distinct Regulation of ApoAV by HNF-4�

Next, we sought to extend the analysis to mouse, an
animal model commonly used for apoAV studies (2–5,
8, 11, 12). Sequence comparisons revealed that the
human apoAV DR1 element that we describe here as
an HNF-4� site is apparently not conserved in the

mouse apoAV gene promoter. Indeed, the alignment
of the sequences, depicted in Fig. 8A, reveals 3-nt
differences that render higher degeneration of the two
hexameric PuGGTCA core-binding sites in murine se-
quences compared with the human DR1. In addition, it
has been reported that the occurrence of A as the
spacer nucleotide between the hexamers is crucial for

Fig. 7. Regulation of Human apoAV Expression by the MAPK Pathway and AMPK
A, HepG2 cells were treated for 24 h with vehicle (Control) or the Erk1/2 kinase inhibitor PD98059 (20 �M). Total RNA was

extracted for analysis by real time RT-PCR as described in Materials and Methods. Specific mRNA levels normalized to cyclophilin
content are expressed relative to untreated cells set as 1 for each gene (mean � SD). Significant differences compared with the
untreated control are as follows: *, P � 0.05; **, P � 0.001. B, Western analyses of HNF-4�, apoAV, and actin expression in whole
cell lysates from HepG2 treated for 24 h as in A. C, HepG2 cells were treated as in A with increasing concentrations of AMPK
activator AICAR. D, Western analyses performed as in B with increasing concentrations of AICAR. The contents of phosphorylated
acetyl-CoA carboxylase were also monitored as positive control. E, AMPK and the MAPK pathway modulate the binding of HepG2
nuclear extracts to the DR1 and IR8 elements of human apoAV promoter. HepG2 cells were treated for 24 h with vehicle, AICAR
(2.5 mM), or PD98059 (20 �M). Nuclear extracts were prepared and EMSAs were performed using labeled double-stranded
oligonucleotides corresponding to nt �109 to �80 (AvIR8) and �275 to �247 (AvDR1) of the human apoAV gene promoter as
described in Materials and Methods. CONTROL, HNF-4�-binding element of apoCIII gene (39). Experiments were performed
twice with identical results.
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the binding of HNF-4� (20, 38). To determine whether
these nucleotide differences could impair the binding
of HNF-4�, EMSA experiments were performed. As
shown in Fig. 8B, HNF-4� binds to a human, but not to
a mouse, probe containing the DR1 sequence. These
results prompted us to explore the possibility of a
species-distinct regulation of the apoAV gene by
HNF-4�.

To obtain direct evidence for different regulation of
murine apoAV by HNF-4�, we measured the levels of
apoAV in H4LivKO mice, which are conditionally HNF-
4�-null mice lacking hepatic HNF-4� expression (16).
Strikingly, immunoblotting assays showed that the ab-
sence of HNF-4� in the liver of standard chow-fed
adult mice had no effect on liver or serum protein
concentrations of apoAV, further confirming the
species-distinct regulation of apoAV by HNF-4� (Fig.
8C). As a control, we verified that serum of H4LivKO
mice was virtually devoid of apoAII, a canonical
HNF-4� target gene (16).

DISCUSSION

Overexpression of apoAV results in a dramatic reduc-
tion of plasma TG, whereas the lack of apoAV tran-
scripts causes a marked hypertriglyceridemia (2–5, 8).
Therefore, the potential regulation of apoAV expres-

sion by hormonal and metabolic signals may play a
significant role in controlling plasma TG levels. The
present study reveals that a liver-enriched nuclear re-
ceptor involved in the regulation of lipid-related genes,
namely HNF-4�, controls the human apoAV gene. We
show that depletion of the endogenous HNF-4� by
siRNA-mediated RNA interference causes down-reg-
ulation of apoAV mRNA levels. Our results demon-
strate unequivocally that HNF-4� directly regulates the
apoAV gene promoter via two elements, a DR1 and an
IR8, a hitherto unknown element for HNF-4�. We show
for the first time that HNF-4� binds to an IR8 both in
vitro and in vivo, and by using deletion and site-di-
rected mutagenesis we demonstrate that this IR8 is
required for full transactivation by HNF-4�. Thus, we
conclude that this novel IR8 element is a bona fide
HNF-4� response element.

Numerous studies have reported that a T3C poly-
morphism in the 5�-region of the human apoAV gene,
called SNP3, is associated with elevated plasma TG
levels (2, 6, 7). Assuming a high degree of degenera-
tion, one could consider the occurrence of a DR1
element spanning nt �611 to �599, particularly if a C
is present (GGGGCA A ATCTCA). We had previously
reported that the basal activity or the PPAR� or FXR-
mediated induction of the apoAV promoter was not
affected by this change of T to C (10). Similarly, our gel
shift analyses (Fig. 3A and data not shown) indicate

Fig. 8. Species-Distinct Regulation of ApoAV by HNF-4�
A, Alignment of human and mouse apoAV sequences surrounding the DR1 element. The gray boxes denote the differences

between sequences. The hexameric sites are in boldface type and their orientations are indicated by arrows. B, EMSAs were
performed using in vitro-transcribed/translated HNF-4� (2.5 �l) or unprogrammed reticulocyte lysate (�), when indicated, and
labeled probes containing the human apoAV DR1 sequence or the mouse counterpart as described in Materials and Methods.
C, Hepatic and serum apoAV protein levels are not affected by liver-specific disruption of HNF-4� in mice. Liver homogenates
and sera of conditionally HNF-4�-null mice (H4 LivKO) and controls (H4 FLOX) were assayed by Western blot for the presence
of the indicated proteins as described in Materials and Methods. Results from representative experiments are shown.
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that HNF-4� is not binding to this fragment. Moreover,
luciferase reporter assays revealed that deletion of the
sequence surrounding this SNP or the change of
the common allele T to C has no significant effect on
the induction by HNF-4� of the apoAV promoter ac-
tivity (Fig. 2A), further arguing against the functional
character of this polymorphism.

Two reports on MODY1 showed that, in addition to
abnormal pancreatic �-cell function, mutations in a
single allele of the HNF-4� gene, which result in trun-
cation of the protein, were associated with mild reduc-
tions in serum levels of TG, apoAII, and apoCIII (44,
45). Despite the key role of HNF-4� in hepatic expres-
sion, no liver defect was identified in individuals with
these HNF-4� mutations. Notably, the serum levels of
some HNF-4�-regulated genes, including transferrin,
�-1 antitrypsin, and apoAI were not decreased in sub-
jects with HNF-4� mutations (44, 45). The reasons for
these findings remain unknown, but compensatory
mechanisms related to the diabetic condition have
been suggested (45). Our RNA interference data show
that apoAV expression is less sensitive than apoCIII to
a reduction of HNF-4� levels (Fig. 5A), thereby sug-
gesting that a dramatic reduction of apoAV levels in
MODY1 patients is unlikely.

In the present study, we also explored which effects
may produce the modulation of HNF-4� activity on the
expression of human apoAV. A previous report has
shown that inhibition of the Erk1/2 signaling in HepG2
augmented HNF-4� levels, which in turn resulted in an
increase of apoCIII expression (31). Here we show that
this also may be valid for apoAV (Fig. 7). Furthermore,
it has been reported that AMPK represses the activity
and increases the degradation of HNF-4� by direct
phosphorylation, which consequently results in down-
regulation of the expression of many HNF-4� target
genes (32, 33). As expected, the activation of AMPK
catalytic activity by AICAR led to the down-regulation
of apoAV and apoCIII (Fig. 7). Interestingly, in contrast
to rodent hepatocytes (32), we observed that AICAR
decreases apoAI expression in human HepG2. More-
over, these effects on HNF-4� function were con-
firmed in gel shift analysis showing that the binding of
HepG2 nuclear extracts to the DR1 and IR8 elements
of human apoAV (mainly due to HNF-4�, as shown in
Fig. 3B) was diminished by activation of AMPK and
increased by inhibition of the Erk1/2 signaling (Fig. 7E).
Notwithstanding the above, we do not exclude the
possibility that besides HNF-4� there might be other
yet undiscovered factors contributing to the effects of
MAPK and AMPK. At present, the physiological role
of the MAPK/Erk kinase cascade in the regulation of
apoAV expression remains unknown. We have ob-
served that IL-1� negatively regulates apoAV expres-
sion in human hepatocytes and HepG2 (data not
shown). Because IL-1� activates Erk1/2 signaling (46)
and reduces HNF-4� protein levels in HepG2 (Ref. 47
and data not shown), it is tempting to speculate that
the response of human apoAV to this inflammatory
cytokine may be mediated, at least in part, by changes

in the HNF-4�-dependent regulation. However, further
work is required to confirm or rebut this hypothesis.
AMPK acts as a fuel sensor that is activated by states
of low energy charge (i.e. reduced ATP/AMP ratios).
When activated, AMPK inhibits ATP-consuming ana-
bolic pathways and stimulates ATP-producing cata-
bolic signals. In the liver, AMPK activation results in
reduced lipid and glucose synthesis by repressing
gene expression of fatty acid synthase, PEPCK, and
G6Pase (48). Because all the effects of AMPK activa-
tion that have been described caused reduction of
gene expression, it has been proposed that one of the
primary functions of AMPK might be to reduce the
general rate of transcription, a process that utilizes
large amounts of energy (48). The inhibition of HNF-4�
activity would indeed reduce the transcription of a
relatively large set of genes, which is consistent with
this general role of the kinase in reducing the rate of
energy-utilizing processes. However, the apoAV
down-regulation by AMPK appears counterproductive
because it would result in a reduction in the VLDL-TG
hydrolysis. Further studies are needed to elucidate the
precise physiological significance of the repression of
human apoAV by activated AMPK.

Strikingly, we observed that liver and plasma con-
centrations of apoAV in adult mice were unaffected by
liver-specific disruption of the HNF-4� gene (Fig. 8C),
whereas expression of other HNF-4� target genes
including CYP7A1, MTP, apoAII, apoB, and apoCIII
genes was found markedly decreased (Ref. 16 and
Fig. 8C). We also show that nucleotide differences
between human and mouse in the most upstream
HNF-4� element of apoAV promoter abolish binding
by HNF-4� (Fig. 8B), which could be a sign of a spe-
cies-distinct regulation of the apoAV gene by HNF-4�.
However, the sequence of the IR8 in the human apoAV
promoter is perfectly conserved in murine counterpart
(data not shown), which is difficult at present to rec-
oncile with the former results in HNF-4�-null livers.
One possibility might be that in these modified mice
another activator substitutes for HNF-4� in apoAV IR8
site. In addition, given that the expression of some
mouse genes containing a functional HNF-4� site in
their proximal promoters is down-regulated by disrup-
tion of HNF-4� in fetal hepatocytes but not in the adult
liver (15, 16, 49, 50), it is tempting to speculate that the
apoAV IR8 element might be used by HNF-4� in the
fetal liver but not the mouse adult liver. In fact, an
HNF-4� binding site was characterized in the mouse
PXR gene and found to be required for activation of
the PXR promoter in fetal hepatocytes (49). However,
the role of this element in the adult liver is uncertain
because the expression of PXR is decreased by dele-
tion of the HNF-4� gene in fetal hepatocytes but not in
the fully differentiated liver (15, 16, 49). By analogy to
apoAV, the case of apoAI is particularly intriguing be-
cause the expression of the human gene is clearly
regulated by HNF-4� and the promoter contains two
HNF-4� functional elements (34–37). In contrast, 3-nt
differences abolish activation by HNF-4� through the
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most upstream element of the rat and mouse apoAI
gene promoters (51). Still, the activity of rodent apoAI
is increased by HNF-4� via a proximal element (50, 51)
at nt �132/�120. This finding is in direct contradiction
with the demonstration that mRNA levels for apoAI
were unaffected by disruption of the HNF-4� in the
adult mice liver (16), but it is consistent with the abol-
ishment of apoAI expression in fetal HNF-4�-null livers
(15). Thus, it will be of considerable interest for future
liver development studies to determine whether there
is also an HNF-4�-dependent regulation of mouse
apoAV expression specific to the fetal stage, and to
clarify the physiological significance of the IR8 element
in apoAV gene.

It is well established that, in the liver, PGC-1� plays
a key role in the nutritional regulation of gluconeogen-
esis, fatty acid oxidation, ketogenesis, and BA synthe-
sis (26–30). Spiegelman and co-workers (26) have re-
ported that PGC-1� coactivates HNF-4� by direct
interaction in a ligand-independent manner. These au-
thors have shown that HNF-4� is absolutely required
for PGC-1�-mediated induction of G6Pase and
PEPCK, whereas PGC-1� can still activate, albeit at
much lesser extent, the expression of the CPT-I� in
the absence of HNF-4� (27). In fact, PGC-1� can
stimulate CPT-I� through both HNF-4� and thyroid
hormone receptor-� (28, 52). In reporter assays, trans-
fection of either PGC-1� or HNF-4� activated G6Pase
promoter very poorly, whereas cotransfection of both
PGC-1� and HNF-4� caused a dramatic activation
(27). In similar assays, a synergism between PGC-1�
and HNF-4 was clear in the promoters of CPT-I� (28),
CYP7A1 (29) and FXR genes (30), respectively, but to
a much lesser extent than in G6Pase promoter. Our
studies show that there is also a clear synergism be-
tween PGC-1� and HNF-4� in the activation of apoAV
promoter, even stronger than those reported for other
genes (i.e. FXR), but less dramatic than in G6Pase
promoter. Whether other transcription factor besides
HNF-4� could participate in recruiting PGC-1� to the
apoAV promoter is under investigation. Additionally,
because the hepatic expression of HNF-4� itself is
induced after fasting and PGC-1� abundance is in-
creased in fasting and diabetes (26, 30), it will be of
great interest to examine the levels of human apoAV
expression in these states.

The identification of apoAV as an HNF-4� target
gene has serious implications in the regulation of TG
levels by BAs. Several investigators have recently re-
ported that in the liver BAs can regulate the transcrip-
tion of genes involved in lipoprotein and TG metabo-
lism via a pathway involving FXR and the small
heterodimer partner (SHP) (53–56). BAs down-regu-
late HNF-4� target genes by reducing the expression
of HNF-4� itself (53). In addition, BAs reduce MTP and
apoB mRNA levels because of increased expression
of the FXR target gene SHP, which in turn suppresses
HNF-4� activity (53). Notably, BAs suppress hepatic
expression of apoCIII, an inhibitor of LPL-mediated
lipolysis, via an active repression by FXR and displace-

ment of HNF-4� from the DNA site (54). On the other
hand, BAs induce the expression of the HNF-4� target
apoCII, an obligate cofactor for LPL, through two IR1
FXR response elements (55). Thus, one may speculate
that BAs would repress HNF-4� target genes if no
positive BA response elements were present. We have
previously reported that the apoAV IR8 element is a
positive FXR response element (10). However, we ob-
served that apoAV mRNA levels were not modified by
FXR agonists in HepG2, thus suggesting that the reg-
ulation of apoAV expression by BAs was not straight-
forward (10). It is possible that the role of IR8 as a
positive FXR element is to counteract a negative BA-
triggered signal through HNF-4�, thereby avoiding the
down-regulation of apoAV, an activator of LPL-medi-
ated hydrolysis of VLDL-TG.

Finally, while performing this study, a genome-scale
location analysis using ChIP assays and DNA microar-
rays containing 700-bp promoter regions of 13,000
human genes identified the apoAV gene promoter
bound by HNF-4� in human hepatocytes (57), further
confirming our results.

In conclusion, here we demonstrate that human
apoAV is de facto an HNF-4� target gene. Our data
provide new insights into the binding properties of
HNF-4�, recognize HNF-4� as a highly regulated fac-
tor that is involved in multiple hormonal and nutritional
signaling pathways, and underscore the physiological
role of HNF-4� in TG metabolism.

MATERIALS AND METHODS

Plasmids

Constructs p-2455/�18hAvLUC, p-617/�18hAvLUC, p-535/
�18hAvLUC, p-437/�18hAvLUC, p-242/�18hAvLUC and
p-82/�18hAvLUC containing the corresponding sequences
of the 5� flanking region of human apoAV gene cloned in front
of the promoter-less firefly (Photinus pyralis) luciferase gene
have been previously described (10). Site-directed mutagen-
esis of the construct p-617/�18hAvLUC was performed us-
ing the QuikChange Site Directed Mutagenesis kit (Strat-
agene, La Jolla, CA) according to the recommendations of
the manufacturer. For mutation of the DR1 element, the oli-
gonucleotides JCR169 and JCR170 were used to generate a
preliminary construct, and then a second site-directed mu-
tagenesis was accomplished with the primers JCR188 and
JCR189 (see Table 1). The IR8 site was mutated using the
oligonucleotides JCR167 and JCR168. Plasmids expressing
human cDNAs for HNF-4� and PGC-1�, respectively, were
provided by J. M. Maglich (GlaxoSmithKline, Research Tri-
angle Park, NC). The backbone of those plasmids was the
mammalian expression vector pSG5 with a modified
polylinker. Plasmid DNA was prepared using the QIAGEN
(Valencia, CA) endotoxin-free maxipreparation method, and
quantitated spectrophotometrically. The integrities of all plas-
mids were verified by DNA sequencing.

Cell Transfection and Reporter Assays

Human hepatoblastoma Hep3B and monkey kidney CV-1 cell
lines were cultured in Eagle’s basal medium supplemented
with nonessential amino acids, 2 mM L-glutamine, 100 U/ml
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penicillin, 100 �g/ml streptomycin sulfate, and 10% (vol/vol)
fetal calf serum (medium A). On d 0, cells were seeded on
24-well plates at a density of 3 � 105 or 5 � 104 cells/well for
Hep3B or CV-1, respectively. On d 1, cells were transfected
with FuGENE 6 reagent (Roche Applied Science, Indianapo-
lis, IN) according to the manufacturer’s instructions. Typi-
cally, each well of a 24-well plate received 100 ng of firefly
luciferase reporter plasmid and, when indicated, 0–200 ng of
plasmids expressing human HNF-4� or PGC-1�. Effector
plasmid dosage was kept constant by the addition of appro-
priate amounts of the empty expression vector pSG5. A total
of 100 ng/well of a sea pansy (Renilla reniformis) luciferase
plasmid pRL-TK (Promega, Madison, WI) was included in all
transfections as an internal control for transfection efficiency.
On d 3, cell lysates were prepared by shaking the cells in 200
�l of 1� Promega Lysis Buffer for 15 min at room tempera-
ture. Firefly and Renilla luciferase activities were measured
using a Dual-Luciferase Reporter Assay System (Promega)
and a Lumistar luminometer (BMG Lab Technologies, Offen-
burg, Germany). Firefly luciferase activity values were divided
by Renilla luciferase activity values to obtain normalized lu-
ciferase activities. To facilitate comparisons within a given
experiment, activity data were presented either as relative
luciferase activities or as fold induction over the normalized
activity of the reporter plasmid in the absence of nuclear
receptor cotransfection. All transfection experiments were
performed at least three times, and with each experimental
point done in triplicate. The data are expressed as the
means � SD. Statistic significance analyses were done with
Student’s t test.

RNA Interference

Twenty-one-nucleotide RNA oligonucleotides targeting the
human HNF-4� mRNA (5�-AACCACAUGUACUCCUGCAGA-
3�) were chemically synthesized and supplied in the 2�-depro-
tected, annealed, and desalted form by Dharmacon (Lafay-
ette, CO). Nonsilencing control siRNA was provided by
QIAGEN (see Table 1). The sequence of the specific siRNA
duplex was designed according to the manufacturer’s rec-
ommendations and subjected to a basic local assignment
and search tool search against the human genome sequence
to ensure that non-HNF-4� genes were not targeted. On d 0,
human hepatoblastoma HepG2 cells were seeded on 24-well
plates at a density of 3 � 105 cells/well in medium A. On d 1,
cells were transfected with siRNAs by using TansIT-TKO
reagent (Mirus, Madison, WI) following the manufacturer’s
instructions. Twenty-four hours after transfection, cells were
refed with fresh medium A. On d 3, the cells were washed
twice with PBS and harvested for isolation of RNA or Western
analysis.

Treatment of HepG2

On d 0, human hepatoblastoma HepG2 cells were plated on
24-well plates at 3.5 � 105 in medium A. On d 1, the cells
were refed with the corresponding fresh media and vehicle
(Me2SO), 20 �M PD98059 (Sigma, St. Louis, MO) or AICAR
(Toronto Research Chemicals, Toronto, Ontario, Canada;
A611700) as indicated. On d 2, the cells were washed twice
with PBS and harvested for isolation of RNA or Western
analysis.

Real-Time PCR Quantification of mRNAs

Total RNA was prepared from primary HepG2 cells, and
real-time RT-PCRs were performed as previously described
with minor modifications (10). The reactions contained, in a
final volume of 20 �l, 4 �l of diluted (1:10) cDNA, a 300 nM

concentration of the forward and reverse primers, and 2�
SYBR Green PCR Master Mix (Applied Biosystems, Foster

City, CA). Real-time PCRs were carried out in 384-well plates
by using the ABI PRISM 7900 sequence detection system
(Applied Biosystems). Levels of HNF-4�, apoCIII, apoAV,
apoAI, and LDLr were normalized to cyclophilin to compen-
sate for variations in input RNA amounts (cyclophilin levels
were unaffected by the treatments). All points were per-
formed in triplicate during two independent experiments, and
the RT-PCRs were carried out in duplicate for each sample.
The relative amounts of mRNAs were calculated using the
comparative threshold method.

Nuclear Extracts

On d 0, HepG2 cells were seeded on 100-mm diameter
dishes at a density of 1.5 � 107 cells/dish in medium A. On d
1, the cells were treated with vehicle (Me2SO), 20 �M

PD98059, or 2.5 mM AICAR in fresh medium A. On d 2, the
cells were washed twice with PBS and harvested in 1.5 ml of
ice-cold PBS. The extraction of DNA-binding proteins was
performed essentially as described (58). Briefly, cells were
pelleted at 4 C and resuspended in 400 �l of hypotonic buffer
[10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5
mM dithiothreitol, 10 �l/ml Protease Inhibitor Cocktail from
Sigma]. The cells were allowed to swell on ice for 10 min, and
then vortexed for 10 sec and centrifuged at 4 C for 1 min. The
pellet was resuspended in 100 �l of extraction buffer [20 mM

HEPES-KOH (pH 7.9), 25% glycerol, 420 mM NaCl, 0.2 mM

EDTA, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 10
�l/ml Protease Inhibitor Cocktail from Sigma] and incubated
on ice for 20 min. Cellular debris was removed by centrifu-
gation for 2 min at 4 C and 2.5 �l of the supernatant fraction
(containing 4 �g/�l nuclear proteins) were used for EMSAs.

In Vitro Transcription/Translation and EMSAs

Human HNF-4� protein was synthesized in vitro from the
expression plasmid in rabbit reticulocyte lysate by using TNT
Quick Coupled transcription/translation system (Promega)
according to the instructions of the manufacturer. To obtain
an unprogrammed lysate as a negative control for EMSA, a
reaction was performed with the empty vector pSG5. Double-
stranded oligonucleotides were radiolabeled by fill in with the
Klenow fragment of DNA polymerase I and used as probes.
For competition experiments, increasing fold molar excesses
of unlabeled probes were included during a 15-min preincu-
bation on ice. Protein-DNA binding assays were performed
as described (10). Supershift reactions were carried out by
including 2 �l of HNF-4� antibody (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA; SC-6556X). AvDR1 is a double-
stranded oligonucleotide corresponding to nt �275 to �247
of human apoAV promoter. The probe AvIR8 contains the
sequence spanning nt �109 to �80 of the human apoAV
promoter. The mutations present in the modified versions of
AvDR1 (mt1 AvDR1, mt2 AvDR1, mt3 AvDR1 and mt4 AvDR1)
and AvIR8 (mt1 AvIR8, mt2 AvIR8, mt3 AvIR8, pft AvIR8 and
pft tttIR8) are shown in Table 1 and Fig. 4A. The control probe
used in EMSA with HNF-4� and several fragments of apoAV
promoter contains the PPAR�/HNF-4� site of the mitochon-
drial 3-hydroxy-3-methylglutaryl-CoA synthase (mitHMGS)
gene promoter (59, 60). The probe used as a control for
assays with nuclear extracts and competition experiments
corresponds to the nt �90 to �68 of human apoCIII gene
promoter containing a known HNF-4�-binding element (39).
Samples were electrophoresed at 4 C on a 4.5% polyacryl-
amide gel in 0.5� TBE buffer [45 mM Tris, 45 mM boric acid,
1 mM EDTA (pH 8.0)]. Gels were dried and analyzed using a
PhosphorImager STORM 860 and ImageQuant software
(Amersham Biosciences, Buckinghamshire, UK).
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ChIP Assay

DNA immunoprecipitation assay was performed according to
the ChIP protocols of Upstate Biotechnology (Lake Placid,
NY) with minor modifications. Briefly, on d 0 HepG2 cells
were seeded on 10-cm culture dishes at a density of 8.5 �
106 cells/dish in medium A. On d 1, cells were transfected
with 7 �g of wild-type luciferase reporter plasmid p-242/
�18hAvLUC (described in Ref. 10), an equivalent construct
harboring mutations within IR8 site (see site-directed mu-
tagenesis described in Plasmids), or pGL3-basic vector. Six-
teen hours after transfection, the cells were washed twice
with PBS and protein-DNA complexes were fixed by 1%
formaldehyde for 10 min at 37 C in PBS. Cells were washed
twice with PBS with protease inhibitors (Protease Inhibitor
Cocktail from Sigma) and then collected in ice-cold PBS with
protease inhibitors. Cell pellets were obtained by centrifuga-
tion at 1000 � g in PBS for 4 min, resuspended in 1 ml of
hypotonic buffer [50 mM Tris-HCl (pH 8.0), 85 mM KCl, 0.5%
Nonidet P-40, 10 �l/ml Protease Inhibitor Cocktail from
Sigma], and incubated on ice for 10 min. Nuclei were isolated
by centrifugation at 2000 � g for 10 min, then resuspended
in 1 ml of sodium dodecyl sulfate (SDS)-containing sonication
buffer [0.01% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH 8.1)]
with protease inhibitors and incubated on ice for 10 min.
Lysates were sonicated for four cycles of 10 sec each. Debris
was removed from the samples by centrifugation at 14,000 �
g for 10 min. Supernatants were collected and diluted 5-fold
in ChIP dilution buffer [0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCl (pH 8.1), 167 mM NaCl] with
protease inhibitors, divided into aliquots of 1 ml and pre-
cleared with salmon sperm DNA preabsorbed protein A-Aga-
rose slurry (Upstate Biotechnology) at 4 C for 1 h with rota-
tion. An aliquot was removed as a control (input) and stored
at 4 C until decross-linking. Immunoprecipitations were per-
formed overnight with rotation at 4 C with either 4 �g of
anti-HNF-4� (Santa Cruz; SC-6556) or 4 �g of anti-PPAR�
(Abcam, Cambridge, UK; ab-2779) antibodies for each ali-
quot. Immunoprecipitated complexes were collected with the
addition of protein A-Agarose slurry followed by sequential
washes for 5 min each time in low-salt wash buffer [0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1),
150 mM NaCl], high-salt wash buffer (same as the low-salt
buffer but with 500 mM NaCl), LiCl buffer [0.25 M LiCl, 1%
Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl
(pH 8.1)], and Tris-EDTA buffer. Precipitates were eluted with
elution buffer (1% SDS, 0.1 M NaHCO3) for 30 min with
rotation. The cross-linking of protein-DNA complexes in pre-
cipitates and inputs was reversed by incubation with 5 M NaCl
at 65 C for 4 h. DNA-associated proteins were digested with
proteinase K (QIAGEN) for 1 h at 45 C. The DNA was ex-
tracted with a QIAquick PCR purification kit (QIAGEN) and
one tenth of purified sample was subjected to PCR amplifi-
cation with a forward primer corresponding to a sequence
upstream of IR8 in human apoAV promoter and a reverse
primer corresponding to a sequence in the pGL3-basic vec-
tor (Table 1). PCR products (one fifth for input) were resolved
by 1% agarose-ethidium bromide gel electrophoresis and
visualized by UV.

Western Blot Analysis

Whole cell lysates were prepared by shaking the cells from in
100 �l/well lysis buffer (PBS, 1% Triton, 50 mM NaF, 5 mM

sodium pyrophosphate, 10 �l/ml Protease Inhibitor Cocktail
from Sigma) for 30 min at 4 C. The lysates were centrifuged
at 103 � g at 4 C for 5 min. Equal amounts of protein (40 �g)
from supernatant were run on 10% polyacrylamide 3[N-mor-
pholino]propanesulfonic acid NuPAGE Nobex gels (Invitro-
gen Life Technologies, Carlsbad, CA) and transferred onto
nitrocellulose membranes in NuPAGE transfer buffer (Invitro-
gen Life Technologies). Membranes were preincubated for

1 h at room temperature in blocking buffer, 5% nonfat dry
milk in TBST [10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1%
(vol/vol) Tween 20]. Subsequently, the blots were incubated
overnight at 4 C with rabbit antihuman apoAV (8), rabbit
antiactin (Sigma; A5060), or goat anti-HNF-4� (Santa Cruz;
SC-6556) antibodies in blocking buffer. For phosphorylated
acetyl-CoA carboxylase, lysates were run on 7.5% polyacryl-
amide gels, and blot was incubated with rabbit antiphospho-
acetyl-CoA carboxylase (Ser79) antibody (Upstate Biotech-
nology). After washing five times in TBST for 5 min, blots were
incubated with donkey horseradish-peroxidase-conjugated
antirabbit IgG antibody (Amersham Biosciences) or mouse
horseradish-peroxidase-conjugated antigoat IgG antibody
(Pierce Biotechnology, Rockford, IL) for 1 h at room temper-
ature. Finally, blots were washed as above and immunore-
active bands were detected by ECL (Amersham Bio-
sciences). ApoAV contents were quantitated and normalized
to actin using a densitometer and ImageQuant software (Am-
ersham Biosciences). Specimens of conditionally HNF-4�-
null mice (16) and controls (n � 5/group) were generously
provided by Dr. Y. Inoue (National Institutes of Health, Be-
thesda, MD). Livers were homogenized in PBS containing a
protease inhibitor cocktail (Roche), and equal amounts of
proteins were pooled. Two hundred micrograms of protein
from liver homogenates and 2–5 �l of pooled sera were
separated on denaturing polyacrylamide gels. After transfer
to polyvinylidene difluoride membrane (Millipore, Billerica,
MA), proteins were visualized as described above by using
anti-HNF-4� (SC-6556), antirat apoAV (3) and antimouse
apoAII (Biodesign, Saco, ME) antibodies.
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