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The gene coding for apolipoprotein AI (apoAl), a lipid binding protein involved in the transport of
cholesterol and other lipids in the plasma, is expressed in mammals predominantly in the liver and the intestine.
Liver-specific expression is controlled by synergistic interactions between transcription factors bound to three
separate sites, sites A (—214 to —192), B (—169 to —146), and C (—134 to —119), within a powerful
liver-specific enhancer located between nucleotides —222 and —110 upstream of the apoAl gene transcription
start site (+1). Previous studies in our laboratory have shown that ARP-1, a member of the nuclear receptor
superfamily whose ligand is unknown (orphan receptor), binds to site A and represses transcription of the
apoAl gene in liver cells. In a more recent series of experiments, we found that site A is a retinoic acid (RA)
response element that responds preferentially to the recently identified RA-responsive receptor RXRa over the
previously characterized RA receptors RARa and RARB. In this study we investigated the combined effects of
ARP-1 and RXRa« on apoAl gene expression in liver cells. Transient transfection assays showed that site A is
necessary and sufficient for RXRa-mediated transactivation of the apoAl gene basal promoter in human
hepatoma HepG2 cells in the presence of RA and that this transactivation is abolished by increasing amounts
of cotransfected ARP-1. Electrophoretic mobility shift assays and subsequent Scatchard analysis of the data
revealed that ARP-1 and RXRa bind to site A with similar affinities. These assays also revealed that ARP-1 and
RXRa bind to site A as heterodimers with an affinity approximately 10 times greater than that of either ARP-1
or RXRa alone. Further transfection assays in HepG2 cells, using as a reporter a construct containing the
apoAl gene basal promoter and its upstream regulatory elements (including site A) in their natural context,
revealed that RXRa has very little effect on the levels of expression regardless of the presence or absence of RA.
However, while ARP-1 alone or ARP-1 and RXRa« together dramatically repress expression in the absence of
RA, the repression by ARP-1 and RXRax together, but not ARP-1 alone, is almost completely alleviated in the
presence of RA. These results indicate that transcriptional repression by ARP-1 sensitizes apoAl gene
responsiveness to RXRa and RA and suggest that the magnitude of this responsiveness is regulated by the
intracellular ratio of ARP-1 to RXRo. These observations raise the possibility that transcriptional repression
is a general mechanism for switching gene transcription between alternative transcription activation pathways.

A large body of epidemiologic, genetic, pharmacologic,
and biochemical evidence suggests that high-density lipopro-
tein (HDL) levels in plasma play an important role in
regulation of cellular cholesterol homeostasis and athero-
sclerosis progression and regression. Although changes in
plasma HDL levels have been associated with a diverse
number of dietary, hormonal, and stress-related stimuli,
there is very little information relevant to the molecular basis
of these effects. Either or both processes involved in HDL
biogenesis or catabolism could be influcnced by these stimuli
(for a review, see reference 7).

Our laboratory has been focusing on factors influencing
the expression of the gene coding for apolipoprotein Al
(apoAl), the major protein constituent of plasma HDL. In
mammals, the apoAl gene is expressed predominantly in the
liver and the intestine. Liver-specific expression is con-
trolled by a powerful liver-specific enhancer located between
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nucleotides —222 and —110 upstream of the apoAl gene
transcription start site (+1) (27, 36). It has been previously
shown that in liver cells this enhancer is occupied by at least
three transcription factors that bind to three distinct sites,
sites A (=214 to —192), B (—169 to —146), and C (—134 to
—119), and that maximal transcriptional activity of this
enhancer depends on synergistic interactions between these
transcription factors (36). Recent cloning and characteriza-
tion of one of the proteins that bind to site A revealed that
this protein, which was named apoAl regulatory protein 1
(ARP-1), is a novel member of the steroid-thyroid hormone
receptor superfamily of ligand-dependent transcription fac-
tors and raised the possibility that apoAl gene regulation is
accomplished, at least in part, by mechanisms similar to
those regulating genes responsive to these hormones (11).
However, cotransfection experiments indicated that overex-
pression of ARP-1 represses the expression of the apoAl
gene in human hepatoma HepG2 cells (11). Although the
possibility that ARP-1 in the presence of an appropriate
ligand could activate apoAl gene expression has not been
excluded, other evidence such as characterization of DNA-
protein complexes formed with site A and liver nuclear
extracts by using antibodies that immunoreact with ARP-1
indicated that liver cells contain in addition to ARP-1 other
proteins that also bind to site A (35). A recent attempt to
clone cDNAs for such proteins by screening a human liver
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cDNA library with a DNA probe corresponding to the
ARP-1 DNA binding domain resulted in the cloning of
another member of the steroid-thyroid hormone receptor
superfamily (RXRa) that functions as a transcription activa-
tor in the presence of retinoic acid (RA) (24). It has been
previously shown that RXRa binds to site A and activates
nearby basal promoters in response to RA (24).

This report shows that the site A in the context of the basal
apoAl gene promoter functions as a RA responsive element
in the presence of RXRa and RA and that ARP-1 antago-
nizes this RXRa- and RA-dependent transcription activa-
tion. In addition, it is shown that ARP-1 and RXRa bind to
site A with similar affinities and that RXRa/ARP-1 het-
erodimers bind to site A with an affinity approximately 10
times greater than that of either ARP-1 or RXRa alone.
Furthermore, it is shown that repression of apoAl gene
expression in HepG2 cells by ARP-1 is overcome by over-
expression of RXRa in the presence of RA. These results
indicate that regulation of apoAl gene expression is con-
trolled by the balance of the intracellular levels of ARP-1 and
RXRa and suggest that physiological signals relevant to
vitamin A metabolism play an important role in regulation of
plasma apoAl and HDL levels and the atherosclerosis pro-
cess. In addition, these findings suggest that repression of
the apoAl gene by ARP-1 and other orphan receptors plays
a fundamental role in facilitating switching between alterna-
tive transcription activation pathways, at least one of which
is sensitive to RA signaling.

MATERIALS AND METHODS

Plasmid constructions and propagation. General methods
for cloning and restriction enzyme digestion were as previ-
ously described (26). Plasmids were propagated in Esche-
richia coli HB101 and were isolated by alkaline lysis and
purified on Qiagen tip 500 columns as described by the
manufacturer (Qiagen).

Chloramphenicol acetyltransferase (CAT) reporter con-
structs —41AL.CAT and —256AI.CAT were previously de-
scribed (27). Plasmids [A]—41AIL.CAT, [2XA]-41AI.CAT,
and [3XA]-41AI.CAT were constructed by ligation of an
oligonucleotide containing the apoAl enhancer site A [oligo
A (36)] with 5" GATC overhanging ends into a BamHI site at
the —41 position of —41AI.CAT (27). Plasmid [Amut]—
41AI.CAT was constructed by cloning the mutated version
of oligo A (oligo Amut [36]) into the —41AI.CAT construct
as described above. The constructs pMT2-ARP-1, pMT2-
RXRa, pMT2-RARa, and pMT2-RARB, which express
ARP-1, RXRa, RAR«a, and RARB, respectively, have been
previously described (11, 24). A vector which expresses an
amino terminus deletion derivative of ARP-1, pMT2-ARP-
AA1, was constructed by ligating the EcoRI insert from a
previously described pGEM-4 clone (AAl [11]) into the
EcoRI site of pMT2.

The control vector pMT2-UT containing an approximately
500-bp EcoRI fragment from the 3’ untranslated region of the
human growth hormone gene in the plasmid PLEN4S (29)
has been previously described (18).

Cell culture and transient transfection assays. Human hep-
atoma HepG2 cells grown in Dulbecco modified Eagle
medium (GIBCO) supplemented with 10% fetal calf serum
(Sigma) were seeded at 2 X 10° cells per 100-mm dish 24 h
prior to transfection by calcium phosphate coprecipitation as
previously described (27). A total of 28 pg of plasmid DNA,
consisting of 10 pg of CAT reporter, variable amounts of
receptor expression vector made up to 15 pg with control
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vector pMT2-UT and 3 pg of pRSV-B-gal (4) which was
included as an internal control for differences in transfection
efficiency, was used per transfection. After glycerol shock,
the medium was replaced with Dulbecco modified Eagle
medium supplemented with 10% fetal calf serum that had
been treated with dextran-coated charcoal as previously
described (13) to remove low-molecular-weight ligands.
Next, RA from a 1073 M stock in dimethyl sulfoxide was
added to a final concentration of 107® M. Control dishes
were treated with an equal volume of dimethyl sulfoxide.
Cells were harvested 48 h later and assayed for CAT and
B-galactosidase (B-Gal) activity as previously described (27).

EMSA and determination of dissociation constants. To
make whole-cell extracts for electrophoretic mobility shift
assays (EMSA), Cos-1 cells maintained in Dulbecco modi-
fied Eagle medium plus 10% heat-inactivated (55°C, 1 h) fetal
calf serum were seeded at 10° cells per 100-mm dish 24 h
prior to transfection and transfected with 10 pg of pMT2-
ARP-1, pMT2-RXRa, pMT2-RAR«a, pMT2-RARB, or pMT2-
ARPAAL1 by the DEAE-dextran procedure essentially as
previously described (9). After 48 h, cells were scraped from
the dishes, pelleted by centrifugation, and resuspended in a
buffer containing 20 mM HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid; pH 7.8), 100 mM KCl, 20%
glycerol, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, and 1 mM dithiothreitol (50 pl per dish). Cell extracts
were produced by three freeze-thaw cycles and were stored
at —70°C. EMSA was performed as described previously
(18, 36) by using as a probe the oligo A described previously
(36), which was radiolabeled by using T4 polynucleotide
kinase and [y-*2P]ATP.

To determine dissociation constants (K,;) of RXRa and
ARP-1 proteins produced in Cos-1 cells, EMSA was per-
formed with fixed amounts of proteins and increasing
amounts of oligo A probe. After electrophoresis, the gels
were fixed, dried, and exposed to X-ray film. Areas of the gel
corresponding to protein bound and free probe were excised
and counted by liquid scintillation, and the radioactivity
values were plotted by the method of Scatchard (28). A
control lane was included in each gel to measure background
and to correct for radioactivity quenching of the probe by the
gel (18).

RESULTS

RXRa transactivates the apoAl gene basal promoter in liver
cells. Recent studies in our laboratory have shown that in
CV-1 cells, RXRa strongly stimulates transcription from site
A cloned upstream of the herpes simplex virus thymidine
kinase gene promoter in response to RA (24). In the current
study the ability of RXRa to stimulate transcription from site
A cloned upstream of the apoAl gene basal promoter was
examined. The human hepatoma cell line HepG2 was chosen
for these experiments because, unlike CV-1 cells, HepG2
cells express the apoAl gene and contain factors which
activate transcription from site A in the context of the apoAl
gene enhancer (27, 36). Single or multiple copies of oligo A
(36) were inserted proximal to the apoAl basal promoter in a
previously described vector containing the —41 to +397
apoAl gene region fused to the bacterial CAT gene (—41AI.
CAT [27]). The resulting constructs were cotransfected into
HepG2 cells with vectors expressing RXRa (pMT2-RXRa
[24]) and B-Gal (pRSV-B-gal [4]) in the presence or absence
of RA. CAT enzymatic activity in extracts from these cells
was determined and normalized with respect to the corre-
sponding B-Gal activity. The results, expressed as bar
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FIG. 1. Transactivation of the basal apoAl gene promoter by
RXRa and RA. The indicated CAT reporter constructs, containing
apoAl gene sequences from —41 to +397 without (—41AI.CAT) or
with one or multiple copies of site A or mutated site A (Amut)
cloned in the —41 position, were transfected into HepG2 cells in the
presence or absence of 5 pug of the RXRa expression vector
pMT2-RXRa. Transfected cells were then treated with 1075 M RA
or dimethyl sulfoxide as described in Materials and Methods. Four
values, representing transfections done without RA or pMT2-RXRa
(—/-), with RA but without pMT2-RXRa (—/+), with pMT2-RXRa
but without RA (+/-), or with both RA and pMT2-RXRa (+/+), are
shown for each construct. The values shown are the ratios of CAT
enzymatic activity to B-Gal activity in cell extracts (normalized CAT
activity) and represent the averages of at least three experiments.

graphs in Fig. 1, show that in the presence of both RXRa and
RA the constructs containing one ([A]—-41AI.CAT), two
([2xA]—41AI.CAT), and three ([3xA]—-41AI.CAT) copies of
site A express 8, 20, and 45 times, respectively, more CAT
activity than the parental vector containing the apoAl basal
promoter alone. This enhancement in expression was depen-
dent on the simultaneous presence of both RXRa and RA,
because the presence of either alone did not significantly
enhance expression of any of the constructs tested (Fig. 1).

The ability of site A to confer RXRa and RA transcrip-
tional stimulation of the apoAl gene basal promoter together
with the observation that RXRa binds to site A with rela-
tively high affinity (see below) suggested that binding of
RXRa to site A is required for this transcriptional stimula-
tion. To further explore this possibility a previously de-
scribed mutated version of site A (oligo Amut [36]) that fails
to bind nuclear proteins from HepG2 cells (36) or RXRa
produced by transient transfection of pMT2-RXRa into
Cos-1 cells (data not shown) was cloned in the —41AI.CAT
vector, and the resulting construct was tested for its tran-
scriptional activity as described above. The results (Fig. 1)
show clearly that this version of site A is completely
incapable of stimulating the apoAl basal promoter in re-
sponse to RXRa and RA. It is therefore concluded that in
liver (HepG2) cells, RXRa binds to site A and activates the
apoAl basal promoter in response to treatment of the cells
with RA.

ARP-1 inhibits RXRa- and RA-mediated transactivation
from site A. Because ARP-1 binds to site A (11) with
relatively high affinity (see below) and represses transcrip-
tion of the apoAl gene in liver cells (11) and since ARP-1 and
RXRa are both expressed in hepatocytes (16, 18, 25), it was
of interest to determine the combined effects of ARP-1 and
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RXRa on the expression of site A containing apoAl gene
basal promoter constructs. For these experiments the con-
struct [3xA]-41AI.CAT was cotransfected with constant
amounts of the RXRa expression vector pMT2-RXRa and
the control vector pRSV-Bgal and increasing amounts of an
ARP-1 expression vector (pMT2-ARP-1[11, 18]) into HepG2
cells in the presence or absence of RA. Normalized CAT
activity in these cells was plotted against the amounts of
pMT2-ARP-1 expression vector used in the cotransfection
mixtures (Fig. 2). As shown in Fig. 2, in the absence of RA,
RXRa alone did not stimulate CAT expression, as expected,
and the presence of increasing amounts of ARP-1 together
with RXRa did not alter this pattern of expression (Fig. 2A,
filled circles). However, the substantial stimulation of
expression mediated by RXRa in the presence of RA was
progressively inhibited by increasing amounts of ARP-1
(Fig. 2A, open circles). ARP-1 alone in the presence or
absence of RA did not stimulate expression (data not
shown). It is of interest that the RXRa- and RA-mediated
transcriptional stimulation was inhibited by 50% with only
one-fifth the amount of ARP-1 expression vector compared
with the amount of the RXRa expression vector used for
cotransfection (i.e., at approximately 50% inhibition 1 pg of
pMT2-ARP-1/5 pg of pMT2-RXRa = 1/5 [Fig. 2A]). Several
observations suggest that the effectiveness of ARP-1 in
inhibiting RXRa- and RA-mediated transactivation is not
due to more efficient expression of ARP-1 from the pMT2-
ARP-1 vector compared with the expression of RXRa from
the pMT2-RXRa vector. First, both these expression vec-
tors were constructed by cloning the corresponding cDNAs
into the same parental vector, pMT2 (11, 18, 24). Second, as
shown below, 50% inhibition of the RXRa- and RA-depen-
dent transcription of the apoAl gene basal promoter under
the control of its natural upstream regulatory elements
requires an amount of ARP-1 expression vector approxi-
mately equivalent to the RXRa expression vector. Finally,
titration of the amount of pMT2-RXRa expression vector
required for maximal expression of the construct [3xA]
—41AI.CAT in HepG2 cells in the presence of RA showed
that amounts greater than 2.5 pg are saturating (Fig. 2B,
open circles) and that cotransfection of only 1 ug of the
pMT2-ARP-1 expression vector inhibits expression by 50%
regardless of the amount of pMT2-RXRa expression vector
in the cotransfection mixture (Fig. 2B, filled circles).
Cotransfection with even 10 pg of pMT2-RXRa expression
vector was not sufficient to overcome this inhibitory effect of
ARP-1 (data not shown). It is therefore concluded that the
RXRa- and RA-mediated transcription activation of the
apoAl basal promoter from site A is efficiently inhibited by
ARP-1 and that the absolute level of RXRa- and RA-
dependent transactivation is determined by the intracellular
ratio of ARP-1 to RXRa. These observations provide strong
support for the concept that the apoAl gene site A is a
conditional RA response element; it responds to RXRa and
RA when the intracellular concentration of ARP-1 is low but
loses responsiveness when the ARP-1 concentration is high.

ARP-1 and RXRa bind to site A with similar affinities. The
effectiveness of ARP-1 in inhibiting the RXRa- and RA-
mediated transactivation of the apoAl gene basal promoter
from site A could be due to a higher binding affinity of ARP-1
for site A compared with the affinity of RXRa for the same
site. To examine this possibility directly, the binding of
Cos-1 cell-produced ARP-1 or RXRa to oligo A as a function
of oligonucleotide concentration was determined by EMSA.
Figures 3A and B show typical patterns of DNA-protein
complexes (retardation complexes) formed with increasing
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FIG. 2. ARP-1 antagonizes RXRa and RA transactivation of the apoAl gene basal promoter. The plasmid [3XA]-41AI.CAT was
transiently transfected into HepG2 cells either with 5 ug of pMT2-RXRa and the indicated amounts of the ARP-1 expression vector
pPMT2-ARP-1 in the presence (open circles) or absence (filled circles) of 107 M RA (A) or with the indicated amounts of pMT2-RXRa in the
presence of 107° M RA and in the absence (open circles) or presence (filled circles) of 1 pg of pMT2-ARP-1 (B). Normalized CAT activity

is defined in the legend to Fig. 1.

amounts (lanes from left to right) of oligo A and constant
amounts of RXRa and ARP-1, respectively. The amounts of
oligo A in these complexes (Bound) were determined and
plotted against the corresponding amounts of nonbound
(Free) oligo A in each lane (Fig. 3C). Subsequent Scatchard
analysis (28) of these data (Fig. 3C, insert) revealed that
under these conditions the dissociation constants (K,) for
binding of ARP-1 and RXRa to site A are 5.2 and 8.8 nM,
respectively. It is therefore concluded that the effectiveness
of ARP-1 in inhibiting the RXRa- and RA-mediated transac-
tivation of the basal apoAl gene promoter from site A is
unlikely to be due to a greater affinity of ARP-1 for the same
site. Thus, these observations suggest that ARP-1 inhibits
RXRa- and RA-mediated transactivation by other mecha-
nisms in addition to competition with RXRa for binding to
site A.

RXRa/ARP-1, RXRo/RAR«, and RXRo/RARB hetero-
dimers bind to site A. To further explore the mechanisms by
which ARP-1 inhibits RXRa- and RA-mediated transactiva-
tion of the apoAl gene basal promoter from site A, the
binding of ARP-1 or RXRa alone and ARP-1 and RXRa
together on site A was investigated by EMSA. To facilitate
discrimination between different DNA-protein complexes,
the N-terminal domain of ARP-1 flanking its DNA binding
domain was deleted and the resulting truncated version of
ARP-1 (ARPAA1) was produced in Cos-1 cells. Control
experiments showed that this version of ARP-1 binds to site
A with a K; comparable to that for binding of the intact
ARP-1 to the same site (data not shown). Figure 4 shows
that, consistent with previous observations (11, 24), oligo A
forms slowly migrating retardation complexes with Cos-1
cell-produced RXRa (lane 1) and faster migrating retardation
complexes with ARPAAL (lane 2). We have shown previ-
ously that in vitro-translated RXRa does not bind to site A in
the absence of exogenously added Cos-1 whole-cell extracts
(24). Cos-1 cell-produced RXRa, on the other hand, binds

both to site A (24) and to a RA response element from the 5’
flanking region of the RARB gene (BRARE) (14). Since most
of Cos-1 cell-produced RXRa bound to BRARE is in the
form of heterodimers with intracellular RARa and RARYy
(14), we considered it possible that the retardation com-
plexes formed with oligo A and Cos-1 cell-produced RXRa
could also be due to such heterodimers. As shown in Fig. 4,
although Cos-1 cell-produced RARa and RARB, under these
experimental conditions, do not bind by themselves to oligo
A (lanes 3 and 5), they dramatically stimulate oligo A binding
activity when they are mixed with Cos-1 cell-produced
RXRa (lanes 4 and 6). However, the electrophoretic mobil-
ity of these retardation complexes is significantly greater
than those formed with RXRa alone (compare lane 1 with
lanes 4 and 6). Control experiments showed that although
addition of Cos-1 whole-cell extracts to Cos-1 cell-produced
RARa or RARB stimulates their binding to oligo A, the
migration of the resulting retardation complexes is greater
than those formed in the presence of RXRa (24; data not
shown). Therefore, it appears that although RXRo/RAR«a
and RXRo/RARB heterodimers both bind efficiently to site
A, they cannot account for the retardation complexes
formed with RXRa alone. This suggests that the retardation
complexes formed with RXRa alone (lane 1) are due either
to RXRa alone or to heterodimers of RXRa with some other
intracellular protein(s) other than RARa or RARy.

The retardation complexes of oligo A with Cos-1 cell-
produced ARPAAL, on the other hand, are due to ARPAA1
homodimers (11). The efficiency of formation of these ho-
modimers, however, appears to be influenced by factors
present in Cos-1 whole-cell extracts. Specifically, as shown
in Fig. 4, Cos-1 whole-cell extracts, although they lack any
intrinsic oligo A binding activity (lane 7), stimulate signifi-
cantly the binding activity of Cos-1 cell-produced ARPAA1
(compare lanes 2 and 8). Similar results have also been
obtained by using Cos-1 cell-produced intact ARP-1 instead
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FIG. 3. ARP-1 and RXRa bind to site A with similar affinities. Autoradiograms from EMSA showing retardation complexes formed with
increasing amounts (left to right) of radiolabeled oligo A probe and fixed amounts of whole-cell extracts from Cos-1 cells transiently
transfected with pMT2-RXRa (RXRa, 1-pl extract [A]) or pMT2-ARP-1 (ARP-1, 0.4-ul extract [B]). The DNA amounts in these retardation
complexes were quantitated as described in Materials and Methods and used to construct saturation curves showing binding of RXRa (filled
circles) and ARP-1 (open circles) as a function of DNA concentration (C). These data were subsequently used to construct Scatchard plots

(inset in panel C).

of ARPAAL (data not shown). The nature of this stimulatory
activity is unknown, and it is the subject of current investi-
gations. When the same amounts of Cos-1 cell extracts used
in lanes 1 and 2 were first mixed and then used for EMSA, an
additional retardation complex with intermediate electro-
phoretic mobility was also formed (lane 9). Control experi-
ments in which similar amounts of untransfected or mock-
transfected Cos-1 cell extracts were mixed with either
ARPAAL1 (lane 8) or RXRa (data not shown) indicated that
formation of retardation complexes with the intermediate
electrophoretic mobility requires the presence of both
ARPAA1l and RXRa. Furthermore, mixing of Cos-1 cell
extracts containing the intact ARP-1 with Cos-1 cell extracts
containing an RXRa truncation mutant analogous to
ARPAALI also resulted in formation of retardation complexes
with intermediate electrophoretic mobility (data not shown).
It therefore appears that ARP-1 and RXRa form heteromeric
complexes on site A and that this heteromerization does not
require the presence of the N-terminal regions flanking their
DNA binding domains. These results indicate that in addi-

tion to ARP-1 and RXRa, site A also binds various het-
erodimeric versions of RXRa with other members of the
steroid-thyroid hormone receptor superfamily such as RXRa/
RARa, RXRa/RARB, and RXRa/ARP-1 heterodimers. This
raises the possibility that RXRa/ARP-1 heterodimers partic-
ipate in the ARP-1-mediated inhibition of the RXRa- and
RA-dependent transactivation of the apoAl gene basal pro-
moter from site A. In addition, these findings strongly
suggest that diverse signaling pathways influencing apoAl
gene expression converge onto site A.

RXRo/ARP-1 heterodimers bind to site A with an affinity
greater than either ARP-1 or RXR« alone. An additional
consistent and reproducible finding in the experiments
whose results are shown in Fig. 4 was an apparent increase
in the total amount of DNA binding activity in ARPAA1 and
RXRa mixtures compared to the amount of binding activity
in either ARPAA1 or RXRa alone. For example, although
the same amount of Cos-1 cell-produced ARPAA1 was used
in lanes 2 and 9, the amount of binding activity correspond-
ing to ARPAA1 in ARPAAI- and RXRo/ARPAA1-containing
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FIG. 4. RXRa/ARP-1, RXRo/RARa, and RXRa/RARB het-
erodimers bind to site A. Autoradiogram from EMSA analysis with
1 ng of 3?P-labeled oligo A and whole-cell extracts from untrans-
fected control Cos-1 cells (Cos-1) and Cos-1 cells transiently trans-
fected with the expression vectors pMT2-RXRa (RXRa), pMT2-
ARPAA1 (ARPAA1), pMT2-RARa (RARa), and pMT2-RARB
(RARB). The volume of extracts used were as follows: 1 ul of Cos-1,
RXRa, RARq, and RARB and 0.25 pl of ARPAAL.

complexes in lane 9 is significantly greater than the amount
of binding activity corresponding to ARPAAL1 in lane 2.
Although the increased binding activity in the ARPAAIL-
containing complexes is most likely due to the stimulatory
activity for ARP-1 binding discussed above, which may be
present in the Cos-1 cell extracts containing RXRa, the
increased ARPAAL binding activity in RXRa/ARPAAL het-
erodimers suggests that these heterodimers bind to site A
more efficiently than either ARPAA1 or RXRa alone. The
mechanism for the increased efficiency of binding of RXRa/
ARPAAL heterodimers to site A was investigated by deter-
mining the K, for their binding to oligo A. Specifically, Cos-1
cell-produced ARPAA1 and RXRa were mixed, and the
binding of RXRa/ARPAAL heterodimers to oligo A in these
mixtures as a function of oligonucleotide concentration was
determined by EMSA. Figure SA shows typical patterns of
retardation complexes formed with increasing amounts
(lanes from left to right) of oligo A and a constant amount of
an ARPAA1- and RXRa-containing mixture. Complexes due
to RXRa, ARPAA1 homodimers, and RXRa/ARPAAL het-
erodimers are indicated in Fig. SA. The amounts of oligo A
in RXRa/ARPAA1 heterodimeric complexes (Bound) were
determined and plotted against the corresponding amounts
of nonbound (Free) oligo A in each lane (Fig. 5B). Subse-
quent Scatchard analysis (28) of these data (see insert in Fig.
5B), reveals that the K, for binding of these heterodimers to
oligo A is 0.6 nM. These data, taken together with those in
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the previous section, indicate that RXRa/ARP-1 het-
erodimers bind to site A with an affinity (K, = 0.6 nM)
approximately 10 times greater than the affinity of binding of
either ARP-1 (K, = 5.2 nM) or RXRa (K, = 8.8 nM) alone
for the same site.

Regulation of the apoAl gene by RA. The observations that
site A in the context of the apoAl basal promoter is a
powerful RA response element and that ARP-1, RXRa, and
RXRa/ARP-1 heterodimers can bind to site A, taken to-
gether with the previous observation that maximal expres-
sion of the apoAl gene in liver cells is greatly dependent on
synergistic interactions between transcription factors bound
to site A and transcription factors bound to other nearby
sites (i.e., sites B and C [see Introduction and reference 36}),
provided a compelling reason to examine whether ARP-1,
RXRa, or RXRa/ARP-1 heterodimers can cooperate with
proteins bound to these nearby sites for stimulation of the
apoAl gene promoter in liver cells. In previous transient
transfection experiments, it was observed that the expres-
sion of a construct containing the apoAl gene basal promoter
and its upstream regulatory elements, including site A, in
their natural context (construct —256AI.CAT [27]) in HepG2
cells is dramatically repressed by cotransfection with in-
creasing amounts of the ARP-1 expression vector pMT2-
ARP-1 (11). Similar experiments using the RXRa expression
vector pMT2-RXRa instead of pMT2-ARP-1 did not result in
significant activation or inhibition of expression of the
—256AI.CAT construct irrespective of the presence or ab-
sence of RA (Fig. 6A). In an attempt to determine whether
RXRo/ARP-1 heterodimers bound to site A can participate
in synergistic interactions with the transcription factors
bound to the other sites in the apoAl gene upstream regula-
tory region, the —256AI.CAT construct was cotransfected
with a constant amount of the RXRa expression vector
pMT2-RXRa (5 pg), a constant amount of the control vector
pRSV-B-gal (3 pg) and variable amounts of the ARP-1
expression vector pMT2-ARP-1 into HepG2 cells in the
presence or absence of RA. The CAT activities in these cells
were determined, normalized by using the corresponding
B-Gal activities and plotted against the amounts of cotrans-
fected pMT2-ARP-1 vector. The results in Fig. 6A show that
in the absence of RA, increasing amounts of pMT2-ARP-1
progressively repress the CAT activity expressed by the
—256AI1.CAT construct (Fig. 6A, filled circles). This pattern
of repression is very similar to that observed when the
ARP-1 expression vector alone was used in similar cotrans-
fection experiments (11). In the presence of RA, however,
this repression was largely alleviated (Fig. 6A, open circles).
Alleviation of repression was dependent on the presence of
RXRa, because it was not observed in control cotransfec-
tions with pMT2-ARP-1 alone in the presence of RA (data
not shown). Although this alleviation of repression is even-
tually overcome by cotransfection with very large amounts
of pMT2-ARP-1 (Fig. 6A and data not shown), it is important
to note that, as mentioned previously, this RXRa-mediated
transcription activation of the apoAl gene is inhibited by
only 50% with an amount of ARP-1 expression vector
approximately equal to the amount of the RXRa expression
vector used in these cotransfections (i.e., at approximately
50% inhibition 5 ug of pMT2-ARP-1/5 pg of pMT2-RXRa =
1 [Fig. 6A]). This observation is in clear contradiction with
the observation that the RXRa- and RA-mediated transacti-
vation of the apoAl gene basal promoter from site A is
abolished when equivalent amounts of ARP-1 and RXRa
expression vectors are used in similar cotransfection exper-
iments (Fig. 2A) and raises the possibility that the activity of
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FIG. 5. RXRo/ARP-1 heterodimers bind to site A with high affinity. Autoradiogram showing retardation complexes formed with increasing
amounts (left to right) of 3?P-labeled oligo A and fixed amounts of a mixture of whole-cell extracts from Cos-1 cells transiently transfected with
the pMT2-RXRa and the pMT2-ARPAALI expression vectors. The mixture contained 1-ul extracts from the pMT2-RXRa-transfected cells and
0.25-ul extracts from the pMT2-ARPAAl-transfected cells. Complexes due to RXRa, RXRa/ARPAA1 heterodimers, and ARPAA1
homodimers are indicated by arrows (A). The DNA amounts in the retardation complexes containing RXRo/ARPAA1 heterodimers were
determined and used to construct a binding saturation curve (B) and Scatchard plot (insert in panel B) as described in the legend to Fig. 3.

RXRo/ARP-1 heterodimers is influenced by the promoter
context in which site A is located (see Discussion).

The direct involvement of RA in transactivation of the
apoAl gene under these conditions becomes evident by
replotting the data in Fig. 6A so that the activity of the
—256AI1.CAT construct in the presence and absence of RA is
expressed as RA-dependent fold-activation (Fig. 6B). As
shown in Fig. 6B, increasing amounts of ARP-1 expression
vector promote an increased sensitization of the —256A
I.CAT construct to respond to RA when RXRa is present in
excess. It is therefore concluded that ARP-1 repression
sensitizes transactivation of the apoAl gene by RXRa in the
presence of RA and that the extent of this sensitization is
controlled by the intracellular ratio of ARP-1 and RXRa. In
addition, these results taken together with the results in the
previous section raise the possibility that RXRa or RXRa/
ARP-1 heterodimers or both, when bound to site A in the
presence of RA, can participate in stimulation of apoAl gene
transcription in HepG?2 cells by cooperating with transcrip-
tion factors bound to other regulatory elements in the apoAl
gene 5' flanking region (see also Discussion).

DISCUSSION

Although several previous studies have shown that varia-
tions in apoAl gene expression in response to developmental
(17, 22), differentiation (2, 32), and hormonal (1, 34) factors
and various pharmacologic (33) and toxic (21) substances
can be accounted for, at least in part, by alterations in the
apoAl gene transcription rates, neither the precise nature of
signals modulating transcription nor the relevant signaling
mechanisms are clearly understood. The current study
shows that at least one of the mechanisms by which apoAl
gene transcription is modulated involves ARP-1 repression-
mediated transcriptional sensitization of the apoAl gene to
RXRa and RA.

The apoAl gene site A is a conditional RA response element.
The results show that RXRa and ARP-1 bind to the apoAl
gene site A with similar affinities and that while RXRa in the
presence of RA transactivates the apoAl gene basal pro-
moter from site A, ARP-1 antagonizes this transactivation.
Although the most straightforward interpretation of these
results is that RXRa and ARP-1 compete for binding to site
A and that while binding of RXRa in the presence of RA
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FIG. 6. RXRa and RA alleviate ARP-1-mediated repression of
the apoAl gene. The CAT reporter construct —256AI.CAT was
cotransfected into HepG2 cells with 5 pg of pMT2-RXRa and
increasing amounts of the ARP-1 expression vector pMT2-ARP-1 as
indicated. Normalized CAT activity, defined in the legend to Fig. 1,
is shown in the presence (open circles) or absence (filled circles) of
107% M RA (A). Data from panel A were plotted to indicate the fold
activation by RA (ratio of CAT activity in the presence versus
absence of RA) as a function of the amounts of pMT2-ARP-1 used
for cotransfection (B).

Fold Activation

transactivates the basal promoter, binding of ARP-1 does

not; it is important to emphasize that RXRo/ARP-1 het-

erodimers also bind to site A with an affinity (K; = 0.6 nM)
approximately 10 times greater than the affinity of either
ARP-1 (K, = 5.2 nM) or RXRa (K, = 8.8 nM) alone.
Furthermore, under cotransfection conditions favoring a
greater intracellular concentration of RXRo/ARP-1 het-
erodimers over the concentration of ARP-1, the expression
of the site A containing basal apoAl promoter in response to
RXRa and RA is significantly reduced compared with its
expression in the absence of ARP-1. It therefore appears that
neither ARP-1 nor RXRa/ARP-1 heterodimers can transac-
tivate the apoAl gene basal promoter from site A in response
to RA. Taken together, these observations strongly suggest
that site A is a conditional RA response element; it responds
to RXRa and RA only when the intracellular ARP-1 concen-
tration is low but loses responsiveness when the ARP-1
concentration is high. The recent finding that the ligand for
RXRa is not RA but an intracellularly generated stereoiso-
meric metabolite of RA, 9-cis-RA (6, 15), suggests that
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RXRo/ARP-1 heterodimerization modifies the RXRa con-
formation to a form that either does not bind 9-cis-RA or
does not conform to a structure appropriate for transactiva-
tion of the basal transcription machinery in response to
binding of 9-cis-RA. The inability of RXRo/ARP-1 het-
erodimers to respond to 9-cis-RA and the observation that
the ligand responsiveness of RXRa can be redirected by
formation of heterodimers with the thyroid hormone recep-
tor, vitamin D; receptor, and RA receptor a (RARa) which
respond to thyroid hormone, vitamin D;, and RA, respec-
tively (10, 14, 37, 38), raise the possibility of the existence of
an as yet unidentified ligand for RXRo/ARP-1 heterodimers.

Diverse signaling pathways converge onto site A. The im-
portance of site A in apoAl gene regulation was initially
revealed by deletion and point mutation experiments indi-
cating that its occupation by nuclear proteins is essential for
maximal expression of the apoAl gene in liver (HepG2) and
intestinal (Caco2) cells (27, 36). Although the identities of
proteins that bind to site A in these cells are still unclear, the
data in the current study and other published and unpub-
lished observations indicate that many different transcrip-
tional regulators of the steroid-thyroid receptor superfamily
bind to site A with relatively high affinities. The functional
consequences of binding of these proteins on the expression
of the apoAl gene basal promoter from site A vary, from
constitutive activation by the hepatocyte nuclear factor 4
(HNF4 [35]) and inducible activation by RXRa and RXRa/
RARa heterodimers in the presence of RA (35; this study)
to repression of either constitutive or inducible activation
by ARP-1, ear3-COUP-TF, and ARP-1/ear3-COUP-TF, and
RXRa/ARP-1 or RXRa/TR heterodimers (35; this study).
Clearly, these observations together with the heterodimer-
ization-dependent fluctuation of the intracellular levels of
these factors (10, 14, 37, 38; this study) provide a strong
basis for the concept that site A is at least one of the points
of integration of many diverse signaling pathways influenc-
ing apoAl gene expression. It is therefore very likely that the
intracellular balance of these transcription factors ultimately
determines the level of apoAl gene responsiveness to spe-
cific signals.

Repression as a mechanism for switching between alterna-
tive transcription-activating pathways. The discussion up to
this point was restricted to findings in experiments using as
a reporter the apoAl gene basal promoter (TATA box) under
the control of site A. It is, however, becoming increasingly
apparent that the promoter context around a site for binding
of one or more transcription factors determines both trans-
acting factor binding selectivity and its transcriptional acti-
vating or repressing capacity (for a review, see reference 12).
This may be of particular relevance to the observations that,
while RXRa and RA are powerful transactivators of site A in
the context of the apoAl basal promoter, they have very
little impact on the activity of site A within the natural
context of sequences in the 5’ flanking region of the apoAl
gene. One explanation for these observations is that in
HepG?2 cells site A is occupied by an endogenous activa-
tor(s) which interacts cooperatively with transacting factors
bound to other nearby sites leading to formation of stable
template-committed protein complexes that are refractory to
RXRa and RA. This mechanism is analogous to that pro-
posed to explain the inability of the transactivator SRF to
stimulate transcription from preformed preinitiation com-
plexes on the cfos and adenovirus major late promoters
(39). However, when it is considered in the context of the
role of site A as a target for binding of several different
transcription factors that influence apoAl gene expression in
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response to diverse signals, this mechanism poses the para-
dox of how commitment for sustained responsiveness to a
given signal (i.e., refractiveness to other signals) and pro-
miscuity for responsiveness to other signals can both be
accomplished through a single site. Resolution of this para-
dox may be provided by the data showing that although site
A, within the natural context of the apoAl 5’ flanking
sequences, is refractory to transactivation by RXRa and
RA, prior repression of the apoAl gene by ARP-1 results in
full transactivation by RXRa and RA. This observation
strongly suggests that replacement of a putative endogenous
activator(s) bound to site A by ARP-1 is a prerequisite step
in RXRa binding and transactivation in response to RA. It is
therefore conceivable that ARP-1 repression uncouples the
endogenous activator(s) bound to site A from its interactions
with other factors bound to nearby sites, thus converting
endogenous transcriptional complexes into a form accessible
to RXRa. ARP-1 could therefore play a fundamental role in
switching the endogenous transcription activation pathway
which is independent of RXRa and RA into a different
pathway which depends on RXRa and RA.

The current data do not allow discrimination between the
possibilities that replacement of the putative endogenous
activator(s) by RXRa or RXRa/ARP-1 heterodimers is re-
sponsible for the RA-dependent transactivation of the ARP-
1-repressed apoAl gene. In fact, since these heterodimers
bind to site A with an affinity 10 times greater than that of
RXRa, it would seem most likely that the endogenous
activator(s) is replaced by RXRa/ARP-1 heterodimers rather
than RXRa. This implies that RXRo/ARP-1 heterodimers
bound to site A in the context of the natural apoAl gene 5’
regulatory sequences could function as RA-responsive trans-
activators. This is in contrast to the observation that these
heterodimers in the presence of RA are incapable of trans-
activating the apoAl gene basal promoter from site A and
raises the possibility that protein-protein interactions be-
tween different transcription factors in the apoAl gene
natural promoter context induce responsiveness of these
heterodimers to RA. It should, however, be noted that it is
also possible that neither RXRa nor RXRa/ARP-1 het-
erodimers are involved in RA transactivation of the ARP-1-
repressed apoAl gene but that RXRa heterodimerizes with
RARB which is induced by RA in HepG2 cells (3) and that
these heterodimers mediate this RA-dependent effect on
apoAl gene transcription.

Retinoids and atherosclerosis. As mentioned in the Intro-
duction, apoAl is the major protein constituent of plasma
HDL. Numerous epidemiologic, genetic, and biochemical
studies have provided strong support for the concept that
high plasma HDL concentrations protect against premature
atherosclerosis (for a review, see references 7 and 19). Thus,
the observation that there is a direct correlation between
apoAl and plasma HDL levels and hepatic apoAI mRNA
concentrations (30, 31) and the results in the current study
showing that RA transactivates apoAl gene expression raise
the possibility that RA and other vitamin A metabolites play
an important role in atherosclerosis prevention. In this
context it is interesting that recent studies show that inges-
tion of B-carotene, which serves either directly or indirectly
through conversion to retinal as a precursor of RA (20),
increases plasma HDL levels (23). Similarly, in preliminary
studies we have observed that rabbits ingesting RA show
significant increases in plasma HDL cholesterol and apoAl
plasma levels (8). These observations, together with recent
epidemiologic data suggesting that B-carotene therapy may
reduce the risk for myocardial infarction and cardiac death
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(5), raise the possibility that apoAl gene upregulation
through the RA-signaling pathway described in this report
provides a physiological mechanism for atherosclerosis pre-
vention.

ADDENDUM

While this work was under review, a different group of
investigators reported that COUP-TF, a transcription factor
very similar to ARP-1 (see reference 11), also represses
RXRa- and RA-mediated transactivation of an RXRa re-
sponse element from the CRBPII gene and that COUP-TF
and RXRa form stable heterodimers in vitro (9a).
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