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ABSTRACT: The pivotal role of apolipoprotein Al (Apo Al) in mediating reverse cholesterol transport has
lead us to the study of transcription factors that influence the expression of this gene. Previous studies
show that rat HNF-4 enhances the activity of a cis-acting site C in the rat Apo Al promoter. Since sites
C and A share 80% homology, we have examined whether HNF-4 binds to and modulates the transcriptional
activity of the A-motif. Results show that HNF-4 binds to site A. The transcriptional activity of site A

in a human hepatoma cell line, HuH-7, increase®5-fold in the presence of antisense HNF-4, but the
sense construct has no effect on the activity of the reporter template. The lack of an effect of HNF-4 on
site A activity may be due to high endogenous levels of the factor in HuH-7 cells. However, in BHK
cells HNF-4 clearly inhibits the transcriptional activity of site A. Together these findings suggest that in
contrast to the enhancing effects of HNF-4 on site C, the same factor inhibits site A activity. Since
hepatocytes normally contain the T3 receptor and this nuclear factor increases site A action, cotransfection
of T3 receptor along with antisense HNF-4 further augments the activity' 8 AT. In summary, rat

HNF-4 binds to site A from rat Apo Al DNA, and this factor suppresses site A activity. HNF-4 interferes
with the enhancer role of the T3 receptor and thus contributes negatively to the net expression of the Apo
Al gene.

Apolipoprotein Al (Apo Al) is the major protein com-  steroid hormone receptor superfamily interact with sites A
ponent of the serum high density lipoprotein particles (HDL) (—208 to —193, AACCCTTGATCCCAGC) and C+136
(Glomset, 1968). These particles mediate the efflux of to —119, GAGCTGATCCTTGAACTC) in the rat Apo Al
cholesterol from extrahepatic tissues in a process calledpromoter (Romney et al., 1992; Chan et al., 1993; Taylor et
“reverse cholesterol transport (RCT)” (Miller et al., 1985; al., 1996; Ladias & Karathanasis, 1991; Rottman et al., 1991;
Franceschini etal., 1991). Enhanced RCT lowers total body widom et al., 1991; Mangelsdorf et al., 1995; Mietus-Synder
cholesterol. Since hypercholesterolemia is a modifiable risk et al., 1992). Since both sites interact with members
factor associated with coronary arterial disease (CAD), there pelonging to the same superfamily, it is not surprising that
is widespread interest in effective ways to lower serum they share 80% sequence homology (Chan et al., 1993). One
chplesterol (Castelli et al., 1986; Kane gt al., 1990; Arntz- member of the superfamily, HNF-4, modulates the activity
enius et al., 1985). A better understanding of Apo Al gene ¢ o cis-acting elements (Chan et al., 1993; Sladek et al.,
regulation should help us develop new ways to increase 19g91: Fyemnkranz et al., 1994). HNF-4 is an orphan receptor
abundance of the protein. To this end, we have been i, i reqylates the expression of genes which play important
Studying the nuclear factors that regulate the expression Ofroles in the control of cellular metabolism. For example,
Apo AI_ gene expressmn. HNF-4 influences both glucose and lipid metabolism by

Previous studies from our laboratory and those of others enhancing the expression of PEPCK and Apo CllI or Al
have shown that several members of the nuclear thyroid/ respectively (Chan et al., 1993; Hall et al., 1995; Shih et al.,
1995). We have previously shown that rat HNF-4 binds to
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of rat HNF-4 on the activity of site A derived from rat Apo shift assays were performed according to procedures de-

Al DNA. scribed previously (Wong et al., 1989), and the radiolabeled
material was detected using autoradiography.
MATERIALS AND METHODS Transfection of Cultured Cells and Assay for CAT Aiti

Plasmid DNA Used in StudiesTo produce rat HNF-4 The culturing conditions for the human hepatoma cell line
protein, a construct containing the cDNA (Sladek et al., 1991; HuH-7 and.the transfectlon of these cells with DNA have
gift from J. E. Darnell, Jr., New York, NY) was inserted been desc”*??‘d previously (thn etal., 1993). The assay
into pT7-7 for expression i&. coli, BL21(DE3). In addition, for CAT aptmty anq normah;atlon'of these data against
the protein was also produced usiimguitro transcription/ ﬂ-galactc_)smas_e activity by including 2g of RSV$- .
translation of HNF-4 cDNA inserted into pBluescript-KS galactosidase in transfected cells were performed according

(pBS-KSt+, Stratagene). Transient transfection studies to to procedure_s described previously .(Herbomel etal., 1984;
determine the activity of site A used a previously described Naka}l_)ayashl et al:, 1991). The differences between the
reporter construct, pA.CAT, which contained duplicate site activities of the various treatment groups were .analyzed by
A’s fused in tandem to the SV40 promoter (Romney et al., ANOVA to determine whether they were significant.
1992). The activity of pRA.CAT was determined in the
presence or absence of cotransfection with eukaryotic
expression vectors containing either the sense (PLEN4S) or HNF-4 Expressed in Bacterial Cells or by in Vitro
the antisense HNF-4 (pLEN4A) (Sladek et al., 1991; gifts Transcription/Translation Bind to Site ATo determine
from J. E. Darnell, Jr.). The reporter construct, pAPF- whether rat HNF-4 binds to the A-motif from rat Apo Al
HIV.CAT (Sladek et al., 1991; gift from J. E. Darnell, Jr.), DNA, the protein was expressed i coli or using anin
contains a HNF-4 binding site that activates the promoter. ,itro transcription/translation system. Incubation of bacteria
In cotransfection studies with thyroid hormone receptor, the carrying HNF-4 cDNA with f°S]methionine yielded a
human TRl cDNA was contained in the eukaryotic radiolabeled protein product that migrated as a single band
expression vector PECE (Graupner et al., 1989; gift from with an estimated mass of 56 kDa (Figure 1A). Radiolabeled
M. Pfahl, La Jolla, CA). protein of the same mass was not detected in lysate from
Bacterial Synthesis of HNF-4. E. cdiL21(DE3) cells bacteria carrying empty vector, pT7-7 (data not shown). In
were transformed with pT7-7 carrying the cDNA encoding separate studiesn vitro transcribed HNF-4 mRNA was
the rat HNF-4 protein (Sladek et al., 1991). Expressed translated in the presence éf$]methionine and yielded a
proteins were partially purified using hepatiagarose chro-  major radiolabeled product with a mass of 56 kDa. This
matography as previously described (Forman & Samuels,value matched the known molecular mass of rat HNF-4
1990) prior to use in electrophoretic mobility shift assays. (Sladek etal., 1991). For comparison, radiolabeled raiTR
To radiolabel HNF-4 withS]methionineE. coli containing (48 kDa; Thompson et al., 1987) and a 65 kDa control protein
the cDNA were grown in LB overnight and used to inoculate are shown (Figure 1A). These findings demonstrate that
a 5 mL aliquot of LB broth. This culture was grown until proteins expressed in bacteria or by transcription/translation
the ODyyo reached 4 before treating with IPTG (final had a molecular mass the same as that predicted from the
concentration 0.4 mM) for 30 min to induce HNF-4 rat HNF-4 cDNA.
expression. The cells were then exposed to rifampicin  Next, we used the EMSA to examine whether the partially
(Sigma, 200ug/mL) for 2 h to amplify the abundance of  purified HNF-4 could bind radiolabeled site A from rat apo
the induced protein. The cells were pelleted by centrifuga- Al DNA. Results (Figure 1B, lane 1) showed that heparin
tion (2000 rpm in a Beckmann J6A at°€), washed with  agarose-purified extract from bacteria carrying the empty
M9 media (Sambrooke et al., 1989), and then resuspendedector, pT7-7, did not bind to the DNA, but that containing
in 500 uL of M9 media. These cells were permitted to HNF-4 formed a single complex with radiolabeled site A
recover by shaking at 37C for 20 min, followed by the  (Figure 1B, lane 2). HNF-4 expressed using transcription/
addition of 10uCi of [**S]methionine (NEN, 400 Ci/mmol)  translation also bound site A (Figure 1B, lane 4) and formed
and further incubation for 10 min. The relative mass of gz single complex with a mobility similar to that arising from
radiolabeled HNF-4 in the cells was assessed by using-SDS  the use of HNF-4 expressed in bacteria. Competition studies
polyacrylamide gel electrophoresis (SBBAGE). revealed that formation of the retarded complex was inhibited
In Vitro Transcription and Translation of HNF-4The when excess (100-fold) unlabeled site A (Figure 1C, lane 2)
pBS-KSt vector carrying HNF-4 cDNA was transcribad but not nonspecific DNA homologous to rat Apo Al site B
vitro with T7 RNA polymerase (Gibco-BRL) according to  (Figure 1C, lane 4) was added to the reaction. In agreement
the manufacturer’s instructions. The RNA product was with previous findings (Chan et al., 1993), the addition of
translated with a rabbit reticulocyte lysate system (Promega)rat Apo Al site C oligomer also inhibited binding of HNF-4
in the presence ofjSJmethionine. Radiolabeled product- to site A (Figure 1C, lane 3). Together these studies show
(s) from the reaction was (were) analyzed by SIPRAGE that HNF-4 expressed using either method binds specifically
followed by autoradiography of the dried gel using Kodak to site A from the rat Apo Al promoter. These results are
XAR-5 film and in the presence of intensifying screens.  consistent with those of rat HNF-4 binding to site A from
Electrophoretic Mobility Shift Assay (EMSAJor these  the human Apo Al gene (Fuernkranz et al., 1994; Ginsburg
studies, a synthetic oligonucleotide (Gibco-BRL) spanning €t al., 1995).
site A (—232 to —187) from the rat Apo Al gene was HNF-4 Represses the Adgtiy of Site A in HuH-7 Cells.
radiolabeled by incubating witluf32PJATP (NEN) and the  Although HNF-4 binds to site A, the effect of this factor on
Klenow fragment of DNA polymerase | as described the activity of the motif is controversial. There is evidence
previously (Taylor et al., 1996). Electrophoretic mobility to support both an enhancer and no effect of HNF-4 on this

RESULTS
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Ficure 1: Rat HNF-4 expressed in bacteria or ioyuitro transcription/translation binds to radiolabeled site A from rat Apo Al DNA.

Panel A: P5S]Methionine-labeled protein products from bacteria transformed with pT7-7 carrying cDNAs encodingwh{(laRe 1, 48

kDa) or rat HNF-4 (lane 2). Labeled protein product framvitro transcription/translation reactions directed by mRNA encoding rat
HNF-4 (lane 3) or control mMRNA (Promega) that encodes a 65 kDa marker (lane 4). Panel B shows autoradiographs of EMSA reactions
containing protein lysate from bacteria carrying empty vector (lane 1) or vector with HNF-4 cDNA (lane 2). Reactions containing reticulocyte
lysate without (lane 3) and with (lane 4) HNF-4 mRNA. Panel C shows autoradiographs of EMSA studies with HNF-4 expressed in
bacteria bound to radiolabeled site A in the absence of competitor (lane 1) or in the presence of competitor DNA,; site A (lane 2), site C
(lane 3), and site B (lane 4) from the rat Apo Al gene. Increased intensity of the complex in lane 4 is likely due to uneven sample loading.

cis-acting site (Fuernkranz et al., 1994; Ginsburg et al., 1995). However, we have not demonstrated clearly that HNF-4
Therefore, we attempted to define the effect of HNF-4 on directly inhibits the activity of this element. In order to
the activity of site A. The HuH-7 cells were cotransfected address this question, we measured site A activity in a cell
with the reporter construct p&.CAT and a vector carrying  line, BHK derived from kidney. In contrast to liver, kidney
the HNF-4 cDNA in a sense or antisense orientation. Resultsexpresses low levels of both HNF-4 and Apo Al (Sladek et
(Figure 2A,B) showed that expression of sense HNF-4 had al., 1991; Elshourbagy et al., 1985). Low levels of HNF-4
no significant effect on the activity of p&8.CAT compared in BHK cells are consistent with our observation that the
to control, i.e., pPA.CAT cotransfected with empty vector.  activity of pARP-HIV.CAT in HuH-7 cells is much higher
In contrast, cotransfection of antisense HNF-4 yielded a than that in BHK cells (data not shown). The reporter
2—2.5-fold increase in the activity of the PSCAT. template, pSA.CAT, was active in the BHK cells. Cotrans-
To determine whether antisense HNF-4 augmented CAT fection of p5A.CAT and sense HNF-4 at a ratio of 4:1 or
activity in a dose-dependent fashion, we cotransfected the2:1 lead to decreases in CAT activity of 56% and 28%,
HuH-7 cells with a fixed amount of p&.CAT and progres-  respectively (Figure 3A,B). This observation clearly shows
sively increasing quantities of antisense HNF-4. The ratio that rat HNF-4 inhibits the activity of site A.
of reporter template to antisense HNF-4 was 4:1, 2:1, or 1:1.  Opposing Effects of HNF-4 and Thyroid Hormone Recep-
Results (Figure 2C) showed a rise in CAT activity to 155%, tor on Site A Actiity. To try and understand the contribution
193%, and 227%, respectively, and these increases variedf HNF-4 to site A activity, we wondered whether the
with the quantity of antisense HNF-4 in a dose-dependent removal of this inhibitory factor would enhance the actions
manner. This observation suggests that the presence ofPf TRal in HuH-7 cells (Romney et al., 1992; Taylor et al.,
antisense HNF-4 mRNA enhances the activity GPpEAT. 1996). Therefore, we cotransfected a fixed amount of the
In order to determine whether sense and antisense HNF-4reéporter pSA.CAT and TRul with increasing amounts of
expression plasmids were indeed active in HuH_7, we antlsense HNF'4 into HUH-7 cells treated W|th T3. Results
cotransfected these cells with the expression vectors and &f studies (Figure 4) where the p6CAT:antisense HNF-4
reporter template, pARP-HIV.CAT. The activity of this ratio was 2:1 and 1:1 revealed a dose-dgpendent increase in
template is stimulated by the actions of HNF-4 (Sladek et CAT activity of 139% and 186%, respectively, compared to
al., 1991). Cells that overexpressed sense HNF-4 ka2 qon'FroI cells transfected Wlth_ reporter a_mdd'Ronly. These
fold higher CAT activity compared to control (Figure 2D,E). findings show that expression of antisense HNF-4 mRNA
In contrast, CAT activity in cells cotransfected with antisense adds to the ability of TR1 to enhance the activity of site
HNF-4 decreased to one-fourth of that in the control cells, A-
i.e., HUH-7 transfected with pARP-HIV.CAT alone. These
data show that sense and antisense HNF-4 stimulated an(PISCUSSION
repressed, respectively, the activity of pARP-HIV.CAT. In this report, we have examined the effect of rat HNF-4
HNF-4 Represses the Adity of Site A in BHK Cells.The on a cis-acting element contained in rat Apo Al DNA
preceding studies imply that depletion of endogenous HNF-4 because of conflicting reports claiming HNF-4 activates or
using antisense mMRNA increases the activity of site A. has no effect on site A activity (Fuernkranz et al., 1994;
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Ficure 3: Sense HNF-4 decreasesAEAT activity in BHK cells.
3 Panel A shows an autoradiograph of CAT assay results from BHK
cells cotransfected with pA.CAT and an empty vector or
progressively higher amounts of pLEN4S, a template that expresses
sense HNF-4. Amount of pLEN4S represented in lane: 1.g,0
2is 1.25ug, and 3 is 2.5g. Panel B shows a graph of the mean
(n = 4 for each data point) and SD of CAT activity corrected for
transfection efficiency relative {6-gal levels. The asterisk indicates
a significant differencep( < 0.05) from the control.
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L o Ll IS [ PLEN4A represented in column: 1 and 2 i@, 3 is 2.5ug, and
ontrol B Antisense 4 and 5 are 5.(,g. Column 5 is CAT activity in cells containing

FicurRe 2: Sense and antisense HNF-4 inhibits and enhances,TROL1 and p3A.CAT treated with T3,

respectively, site A activity. Panel A shows an autoradiograph of . L . . .
CAT assay results from HuH-7 cells cotransfected withApBAT This observation is consistent with previous results of others

and empty vector (lane 1), pLEN4S (a template that expresses sens&howing that rat HNF-4 binds to site A from human Apo
HNF-4) (lane 2), or pLEN4A (a template that expresses antisense Al DNA to yield a single complex (Fuernkranz et al., 1994).
HNF-4) (lane 3). Panel B shows a graph of the mear-(4 for Since HNF-4 is known to form homodimers in solution or

each data point) and SD of CAT activity corrected for transfection : : .
efficiency relative tq5-gal levels. The asterisk indicates a signficant when bound to DNA (Jiang etal., 1995), the Slngle protein
difference p < 0.05) from the control. Panel C shows a graph of DNA complex likely represents HNF-4 homodimer bound

the mean 1f = 4 for each data point) and SD of CAT activity to site A.
corrected for transfection efficiency relativefiaal levels in HuH-7 The initial observation (Figure 2A, lane 2) in HuH-7 cells
cells cotransfected with p&.CAT and an empty vector or  {ansfected with p5’A.CAT and sense HNF-4 showed no

rogressively higher amounts of pLEN4A, a vector that expresses _; ... - . .
gnti‘c?sense HKIF-%. Amount of pL£N4A represented in Coml?nn: 1 S|gn|f|_c§mt effect on the act|V|ty of site A. However, in cells
is 0 ug, 2 is 1.25ug, 3 is 2.5ug, and 4 is 5.Q«g. Panel D shows containing pPA.CAT and antisense HNF-4, there was a

an autoradiograph of CAT assay results from HuH-7 cells cotrans- 2—2.5-fold increase in activity of pB.CAT. Several
fected with pARP-HIV.CAT and an empty vector (lane 1), pLEN4S  explanations for these findings are plausible. First, the

(a template that expresses sense HNF-4) (lane 2), or pLEN4A (agpseryation that sense HNF-4 does not affect site A activity

template that expresses antisense HNF-4) (lane 3). Panel E shows - .
a graph of the meam(= 4 for each data point) and SD of CAT ~ May be due to high endogenous levels of the factor in HUH-7

activity corrected for transfection efficiency relativeayal levels. cells. This idea is consistent with previous results from our
studies which suggest HuH-7 cells have high levels of the

Ginsburg et al., 1995). The data presented here indicate thafactor (Chan et al., 1993). Therefore, the added expression
rat HNF-4 binds to and inhibits the activity of site A from of sense HNF-4 in the HuH-7 cells is unlikely to further
the rat Apo Al gene. EMSA studies showed that HNF-4 alter the activity of site A. This scenario may account for
bound to site A (Figure 1) and formed a single complex. the lack of an effect of sense HNF-4 on the activity of rat
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site A in HuH-7 cells and possibly explain the inability of that removal of endogenous HNF-4 by expressing antisense
HNF-4 to alter human site A activity in Hep G2 cells HNF-4 mRNA increases the activity of site A. An extrapo-
observed by Ginsburg and others (Ginsburg et al., 1995). lation of this observation to the vivo situation implies that
Second, the unexpected enhancement A EAT activity HNF-4 exerts a negative effect on site A derived from rat
in HuH-7 cells containing antisense HNF-4 suggests that Apo Al DNA. The finding that HNF-4 represses site A
increased CAT activity arises from lower endogenous levels activity is novel because we are unaware of any other
of HNF-4. This finding is consistent with the idea that rat examples of a cis-acting element whose activity is down-
HNF-4 represses the activity of rat site A. regulated by HNF-4.

To be certain that the findings in the preceding studies |n addition to the results of the current studies showing
correlated with HNF-4 expression, we cotransfected HUH-7 that HNF-4 binds to and decreases the activity of site A, we
cells with sense or antisense HNF-4 and pARP-HIV.CAT, and others have noted several proteins belonging to the same
a reporter template whose activity was increased by HNF-4 syperfamily of hormone receptors which also modulate the
(Figure 2D,E). As expected, overexpression of sense HNF-4 activity of this motif, including TR, 9<cis-retinoic acid
enhanced but antisense HNF-4 inhibited the activity of receptor (RXR:), and Apo Al repressor protein (ARP-1)
PARP-HIV.CAT (Sladek et al., 1991). Since HNF-4 in- (Romney et al., 1992; Chan et al., 1993; Taylor et al., 1996;
creases pARP-HIV.CAT activity, it seems to argue against | adias & Karathanasis, 1991; Rottman et al., 1991). The
the idea that levels of HNF-4 are so high in HuH-7 cells repressive activities of HNF-4 on site A are not unique,
such that added expression leads to no significant effects onpecause ARP-1 also decreases the activity of this site (Ladias
site A activity. If HNF-4 acts alone, then this hypothesis is & Karathanasis, 1991). Given the host of nuclear proteins
incorrect. However, it is possible that the inhibitory effects that have the potential to interact with the A motif, perhaps
of HNF-4 require an auxilary factor(s) the abundance of this element serves as a focal point to coordinate the actions
which may limit its actions on site A. The possibility that  of multiple transcription factors. Other cis-acting elements
the actions of HNF-4 may require an auxilary factor(s) is that have features similar to those of site A, i.e., interact
supported by the studies of the colonic cancer cell line, with HNF-4 and other members of the same superfamily,
CaCO02. Inthese cells, HNF-4 increases the activity of site have been reported. For examp|e, the C-motif in rat liver
A (Ginsburg et al., 1995). Given the differential function Apo Al and the C3P element of Apo ClII promoters interact
of HNF-4 in hepatoma vs colonic cells, perhaps the presencewith HNF-4 and ARP-1 to activate and repress, respectively,
of auxiliary factor(s) in these cells enables HNF-4 to have the actions of these sites (Chan et al., 1993; Mietus-Synder
divergent activities. etal., 1992). In addition, the erythropoietin gen@®moter

Although we have provided a reasonable explanation for and 3 enhancer contain multiple sites with hexanucleotide
why sense HNF-4 has no effect on site A activity in motifs that bind HNF-4 or EAR3/COUP-TF to enhance or
hepatoma cells, the ability of HNF-4 to enhance site A repress, respectively, the activity of this promoter (Galson
activity in yeast remains a puzzle (Fuernkranz et al., 1994). et al,, 1995). Another element, RAREMCAD, from the
Perhaps yeast cells lack the necessary features, such as tl’medium chain acy|-COA dehydrogenage gene promoter is
ligand for HNF-4 required by this protein to exert a negative similarly up-regulated by HNF-4 and retinoic acid receptors
effect. A similar finding has been observed for another (Carter et al., 1993). The existence of cis-acting elements
member of the nuclear receptor superfamily,SIRwhich  with features similar to those of site A raises the possibility
normally represses promoter activity in the absence of T3 that these so-called “switches” are sites where different
(Ohashi et al., 1991). When TR is expressed in yeast, it members of the same superfamily of nuclear receptors act
has exactly the opposite effect on T3-responsive elementsin opposite fashions to modulate the activity of the gene
when compared to that in liver cells (Murray et al., 1988). (Mietus-Synder et al., 1992; Ktistaki et al., 1994; Ginsburg
Thus, a mechanism similar to that which reverses the actionset al., 1995).
of TRB1 in yeast, may operate on HNF-4 and thus reverse |, conciusion, the novel findings in this report include (a)

its role in these cells. L _ o HNF-4 binds to site A of the rat apo Al promoter and (b)
The likelihood that HNF-4 is an inhibitor of site A activity  j\F_4 appears to function as a repressor of site A activity.
was further investigated by the insertion of ASCAT into When this information is viewed in light of our previous
BHK cells. This cell line comes from kidney, a tissue that results showing that HNF-4 also binds to site C of the rat
normally expresses small amounts of Apo AL, and the levels 55, A| promoter, it is apparent that this factor interacts with
of HNF-4 are lower than that in liver (Sladek et al., 1991, gitferent cis-acting sites on the same promoter. How-

Elshourbagy et al., 1985). The results of these studiesger HNF-4 inhibits site A activity but it enhances the
(Figure 3A,B) showed that the activity of site A was activity of site C.

repressed in the presence of high levels of HNF-4. This
finding provides added support for the inhibitory role of ACkKNOWLEDGMENT
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