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Wehave used apolipoprotein genes to investigate the signal
transduction mechanisms involved in the control of intesti-
nal specific gene expression. The human apoAI, apoCHII,
and apoAIV genes are tandemly organized within a 15-kb
DNAsegment and are expressed predominantly in the liver
and intestine. Transient transfection of various human
apoAI gene plasmid constructs into human hepatoma
(HepG2) and colon carcinoma (Caco-2) cells showed that
apoAI gene transcription is under the control of two sepa-
rate and distinct cell-specific promoters. The region between
nucleotides -192 and -41 is essential for expression in
HepG2 cells, whereas the region from -595 to -192 is essen-
tial for expression in Caco-2 cells. A third 0.6 kb DNAfrag-
ment in the apoClIl gene promoter region, - 5 kb down-
stream from the human apoAI gene, enhances transcription
mediated by either of these two tissue-specific apoAI pro-
moters. In Caco-2 cells, expression of the apoAI gene and
activation by the distal enhancer required the presence of
a nuclear hormone receptor response element (NHRRE)
located in the -214 to -192 apoAI promoter region. Overex-
pression of the orphan receptor hepatocyte nuclear factor
4 (HNF-4), which binds to the NHRRE,dramatically stimu-
lates apoAI gene expression in Caco-2 cells but not in HepG2
cells. Maximal stimulation of transcription by HNF-4 in
Caco-2 cells required the presence of both the intestinal
specific promoter, the NHRRE, and distal enhancer ele-
ments. Transactivation by HNF-4 thus appears to result
from functional synergy between the NHRREbinding
HNF-4 and distal DNAelements containing intestinal-spe-
cific DNA binding activities. The apoAI gene provides a
model system to define the mechanism(s) governing intesti-
nal cell specific gene regulation and the role of nuclear hor-
mone receptors in the establishment and regulation of en-
terocytic gene transcription. (J. Clin. Invest. 1995. 96:528-
538.) Key words: gene transcription * transcriptional regu-
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Introduction

Surprisingly little is known about DNAregions or factors con-
trolling intestinal expression of apolipoprotein or other genes.
While several studies have shown that cis-acting DNAelements
are responsible for directing intestinal cell-specific transcription
of certain genes as well as their developmental and spatial pat-
terns of expression (1-7), few have precisely defined these
elements and their cognate transcription proteins (8). For sev-
eral years, we have used apolipoprotein genes as a model to
understand the tissue-specific mechanisms controlling gene ex-
pression in hepatocytes and enterocytes (9-14). In this report
we describe distinct DNAregions required for the expression
of the apoAI gene in liver and intestine. Wefurther show that
the orphan nuclear hormone receptor, hepatocyte nuclear factor
4 (HNF-4), when overexpressed, induces high levels of apoAI
gene expression in intestinal but not liver cells.

ApoAl is a lipid binding protein involved in the transport
of cholesterol and other lipids in the plasma. ApoAl is the
major protein constituent of HDL, which are thought to play
an important role in atherosclerosis prevention (reviewed in
reference 15). In mammals, the gene encoding apoAI is ex-
pressed predominantly in liver and intestine, and it is regulated
by various developmental, hormonal, and dietary factors and
by various environmental and physiological stimuli (13, 15,
and references therein). Although there has been progress in
defining the cis- and trans-acting factors involved in establish-
ment and regulation of hepatocyte specific expression of the
apoAI gene (9-13, 16-18), little is known regarding factors
regulating its enterocyte specific expression (9, 19, 20).

The apoAI, apoCIII, and apoAIV genes are closely linked
and tandemly organized within a 15-kb DNAsegment in mam-
malian and avian genomes (21-24). The human apoAI and
apoCIII genes are separated by - 2.9 kb and- are transcribed
convergently from opposite DNAstrands. The apoAIV gene is
located - 7.5 kb upstream of the apoCIII gene and is tran-
scribed from the same DNA strand as the apoAI gene (21).
The DNA regions from -222 to -110 and -1,469 to -192
upstream of the apoAI gene transcriptional start site (+ 1) are
necessary and sufficient for expression of the apoAI gene in
human hepatoma (HepG2) and human colon carcinoma (Caco-
2) cells, respectively (9).

1. Abbreviations used in this paper: CAT, chloramphenicol acetyl trans-
ferase; EMSA, electrophoretic mobility shift assays; HNF-4, hepatocyte
nuclear factor 4; LCR, locus control region; NHRRE, nuclear hormone
receptor response element.
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The importance of the -222 to - 110 element in the liver-
specific expression of the apoAI gene has been confirmed in
transgenic mice (19). However, these studies did not clarify
the role of the -1,469 to -192 element in intestinal specific
expression. Transgenic mice containing the human -1,469 to
- 192 apoAI promoter region do not express apoAI in the intes-
tine (19, 20). However, when the transgene contains, in addi-
tion, a portion. of the distal apoCIII/apoAIV intergenic region,
from -1,411 to -194 upstream of the apoCIII gene, the mice
express apoAI in the intestine (24-26).

In this report, the expression of human apoAI gene was
studied in Caco-2 and HepG2 cells using constructs that either
contain or lack a 7-kb DNAsegment that spans the apoCIIII
ApoAIV intergenic region. This DNAsegment enhanced expres-
sion of the apoAI gene in both cell types. The -192 to -41
apoAI promoter domain was essential for this enhancement in
HepG2 but not in Caco-2 cells, and the -595 to -192 apoAI
promoter domain was essential for enhancement in Caco-2 but
not in HepG2 cells. Deletion mapping analysis revealed that
the activity of this distal enhancer colocalized with the apoCIII
promoter region (-770 to -194). Further, a nuclear hormone
receptor response element (NHRRE) (11-13) in the apoAI
promoter region (nucleotides -214 to -192) was essential for
expression of the apoAI gene in Caco-2 but not in HepG2 cells.
Binding of HNF-4 (27) to the NHRREin the context of both the
native apoAI gene promoter and the apoCIII/apoAIV intergenic
region further enhanced apoAI gene expression in Caco-2 but
not in HepG2 cells. Thus, overexpression of HNF-4 permits
functional synergy to occur among several DNAelements to
induce high levels of apoAI gene transcription.

These results indicate that transcription of the apoAI gene
is regulated by cis-elements both immediately upstream of this
gene and in the apoCIII gene promoter region and that HNF-
4, while present in both liver and intestinal cells, activates the
apoAI gene promoter and its distal enhancer exclusively in intes-
tinal cells. The apoAI gene thus provides a useful system in
order to define the mechanisms governing intestinal cell specific
gene regulation and the role of nuclear hormone receptors and
other proteins in establishment and regulation of enterocytic
gene transcription.

Methods

Plasmid constructions and propagation. Various plasmids were con-
structed and purified as described (13, 28). The apoAflchloramphenicol
acetyltransferase (cat) gene fusion constructs -2500AI.CAT,
-1469AI.CAT, -366AI.CAT, -256AI.CAT, -192AI.CAT, -41AI.-
CAT, -2500[A-192/-42]AI.CAT, and -256[A-192/-42]-
AICAT have been described previously (9, 10). To construct
-1469[A-192/-42]AI.CAT, a 1.1-kb NcoI fragment (from the
-2500[A-192/-42]AI.CAT construct's NcoI site at -300 in the
apoAI gene to the NcoI site in the cat gene) was used to replace the
corresponding fragment in - 1469AI.CAT. To construct -595 [ A- 192/
-42]AI.CAT, a 0.54 kb MboI-KpnI fragment (from the
-2500[A-192/-42]AI.CAT construct's MboI site at -595 to the
KpnI site at +96 in the apoAI gene) was used to replace the -41AI.CAT
construct's 0.13 kb BamHI-KpnI fragment extending from -41 to the
KpnI site at nucleotide position +96 within the apoAI gene. To construct
-595AI.CAT, a 1.25-kb NcoI fragment (from the -366AI.CAT con-
struct's NcoI site at -300 of the apoAI gene to the NcoI site within the
cat gene) was used to replace the corresponding fragment in the con-
struct -595 [A-192/-42].AI.CAT. To construct-490AI.CAT, a 0.56-
kb Stul fragment (from the - 1469AL.CAT construct's Stul site at -490

of the apoAI gene to the Stul site at +73 within the apoAI gene) was
used to replace the -256 [A- 192/-42]AI.CAT construct's SmaI-StuI
fragment, extending from -256 to the Stul site at +73 within the apoAI
gene. To construct -490[A-192/-42]AI.CAT, a 0.41 kb Stul frag-
ment (from the -595 [A- 192/-42]AI.CAT construct's Stul sites at
-490 and +73 of the apoAI gene) was used to replace the
-256[A- 192/-42]AI.CAT construct's SmaI-Stul fragment described
above. To construct -1469 [A-238/-42] AI.CAT, the - 1469AL.CAT
construct's the -238 to -42 PstI fragment from the apoAI gene (9)
was excised, and the construct was religated. Finally, -59SAmAI.CAT
was made by PCR: the single stranded Amut primers (mutated bases
indicated in bold), 5'-CACTGAACCCGGGACCCCTGCCCT-3'and
5'-AGGGCAGGGGTCCCGGGTYICAGTG-3'were synthesized and
used with the primers flanking the -595AL.CAT plasmid as template
to generate two DNAfragments from -595 to - 192 and -214 to +397.
These fragments were then melted, and extended with Taq polymerase
(Boehringer Mannheim Corp., Indianapolis, IN) to give the -595 to
+397 DNAfragment with mutated site A. This fragment was used as
template with the flanking primers and subcloned into pUCl9.CAT.
The presence of the mutated bases was verified by sequencing.

Constructs containing the 7-kb apoCIfflapoAIV domain were made
as follows: a 7-kb BamHI fragment, which spans the domain between
the human apoCIII and apoAIV genes, including some their coding
regions (Fig. 1) was isolated from the genomic clone XapoAI-8 (21)
and cloned into constructs -2500AL.CAT and -41AL.CAT at the
BamHI site at the 3' end of the cat gene, thereby generating the con-
structs -2500AI.CAT[CIII/AIV] and -41AI.CAT[CIII/AIV], re-
spectively. To produce the remaining constructs containing the 7-kb
apoCIfflapoAIV domain (Fig. 2), a 2.9-kb HindIII fragment, from the
Hindu sites at -2500 and +397 of the apoAl gene in the construct
-2500AI.CAT[CIII/AIV], was excised and replaced by a different
HindIII fragment, each corresponding to a different new construct. These
HindIH fragments were isolated from the constructs -1469AI.CAT,
-595AI.CAT, -59SAmAI.CAT, -490AI.CAT, -366AI.CAT, -256-
AICAT, -192AI.CAT, -1469[A-192/-42]AI.CAT, -1469[A-238/
-42]AI.CAT, -595[A-192/-42]AI.CAT, and -490[A-192/-42]-
AICAT and were used to generate the constructs - 1469AI.CAT[CIII/
AIV], -595AI.CAT[CII/AIV], -595AmAI.CAT[CILIlAIV], -490-
AI.CAT[CHI/AIV], -366AI.CAT[CIII/AIV], -256AI.CAT[CIII/
AIV], -192AI.CAT[CII/AIV], -1469[A-192/-42]AI.CAT[CIII/
AIVI, -1469[A-238/-42]AI.CAT[CIII/AIV], -595[A-192/-42]-
AI.CAT[CIII/AIV], and -490[A-192/-42]AI.CAT[CIII/AIV], re-
spectively. The double-stranded oligonucleotides encompassing the
apoCIII C3P (-92 to -56) (29), NFKB (-168 to -144) (14), and I
(-770 to -722) (30), cis-elements were cloned into the -2500AI.CAT
construct's unique BamHI site, adjacent to the 3' end of the cat gene,
to generate the constructs -2500AI.CAT [CIII:C3P], -2500AI.CAT
[CIIH:NFKB], and -2500AI.CAT [CIII:I], respectively. Taq polymer-
ase was used to PCRamplify apoCIlII gene fragments from -1411 to
-194, -770 to -194, -168 to +783, and -92 to +783, and these
fragments were cloned into the -2500AI.CAT construct's unique
BamHI site to generate the constructs -2500AI.CAT [CIII:
-1411/-194], -2500AI.CAT [CIII:-770/-194], -2500AI.CAT
[CmI:-168/+783], and -2500A.CAT [CIII:-92/+783], respec-
tively. All constructs were verified by restriction mapping analysis and
DNAsequencing of cloning junction regions. The vectors pMT2-HNF-
4, pMT2-ARP-J, and pMT2-Ear3/COUP-TF, which express HNF-4,
ARP-1, and Ear3/COUP-TF, respectively, in addition to the control
vector pMT2-UT have been described previously (14).

Oligonucleotides. Oligonucleotides were synthesized on a DNAsyn-
thesizer (model 8600; Biosearch, San Rafael, CA), deblocked at 55°C,
and purified by PAGE(28). Complementary oligonucleotides, which
span portions of the apoAI gene promoter, all contain GATCoverhangs
at the 5' end, were annealed, and used for either cloning or for electro-
phoretic mobility shift assays (EMSA).

Cell culture, transfections, and CAT assays. Plasmid DNAs were
prepared and transfected into cultured cells by the calcium phosphate
coprecipitation method (31 ). All cultured cells were maintained in DME
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(Gibco Laboratories, Grand Island, NY) and supplemented with 10%
FCS (Sigma Immunochemicals, St. Louis, MO)and penicillin and strep-
tomycin at 370C in 5% CO2. Human hepatoma (HepG2) cells were
seeded at 2 x 106 cells/ 100-mm dish, colon carcinoma (Caco-2) cells
at 2.5 x 106 cells/100 mmdish, and HeLa cells at 106 cells/100-mm
dish 24 h before transfection. To correct for variation in DNAuptake
by the cells, 5 pg of the plasmid pRSV-/3-gal (32) were cotransfected
with each test construct. Protein extracts from transfected cells were
made by three cycles of freeze-thaw (9), and the CATand f3-galactosi-
dase (f-gal) enzyme activities of the cell extracts were assayed as
described previously (9). In each experiment, the CATenzymatic activ-
ity was normalized relative to that of the /-gal activity (9). For the
series of transfection experiments comparing activities of plasmid con-
structs either including or excluding the 7-kb apoCIII/apoAIV domain,
equimolar amounts of test plasmids corresponding to 25 pig (2.65 fmol)
of -2500AI.CAT[CIII/AIV] were used. pUCJ9 vector DNAwas used
to maintain experimental DNA concentration at 25 gg when lower
molecular weight plasmids were transfected.

Nuclear extracts. Caco-2 and HepG2 cell nuclear extracts were
prepared from 20 confluent 150-mm dishes as described in reference
33, except that buffers A and C were supplemented with 1 mMDTT,
1 mMPMSF, and 1 mg/ml of both pepstatin A and leupeptin (Sigma
Immunochemicals). Additionally, buffer C contained NaCl at a final
concentration of 0.5 M, and buffer D was replaced by a similar buffer,
buffer G (20 mMHepes, pH 7.8, 0.1 MKCl, 0.2 mMEDTA, 1 mM
DTT, 1 mMPMSF, 20% glycerol). Aliquots of nuclear extracts were
snap frozen on dry ice and stored in liquid nitrogen. The protein concen-
tration of extracts was determined by the Lowry assay (34) and was
from 3 to 8 mg/ml.

Whole cell extracts. To make whole cell extracts, Cos- 1 cells, main-
tained in DMEplus 10% heat-inactivated (55°C, 1 h) FCS, were
transfected with pMT2-ARP-J, pMT2-EAR-31COUP-TF, or pMT2-
HNF-4 by the DEAE-dextran procedure as described (35). After 48 h,
the cells were harvested and resuspended in buffer G. Cell extracts were
produced by three freeze-thaw cycles and stored at -70°C.

DNase I protection assays. DNase I protection assays were per-
formed by using the DNAfragments spanning the -256 to -80 (10)
and -595 to -256 regions of the apoAI gene as probes. These fragments
were labeled with 32P at their 5' ends of either the coding (sense) or
noncoding (antisense) strands as follows. Labeling the -256 to -80
fragment was previously described (10). To label the PCRgenerated
-595 to -256 fragment, it was digested with MboI and cloned into the
BamHI site of the pUCJ9. The resulting construct was digested with
either HindIll or EcoRI site in the polylinker region, dephosphorylated
and labeled as above and then digested with EcoRI or HindIII to give
labeled sense and antisense strands, respectively. The resulting frag-
ments were isolated by PAGEand electroeluted from DEAEfilter strips
(NA45, Schleicher and Schuell, Inc., Keene, NH). DNase I experiments
were performed as described previously (10).

EMSA. Caco-2 cell nuclear extracts or ARP-1, EAR-3/COUP-TF,
or HNF-4 proteins produced from COS-1 cell extracts were incubated
with indicated 32P-labeled double-stranded oligo probes and run on na-
tive PAGEas previously described (10). For antibody EMSAexperi-
ments, a 1:10 dilution of antiserum to HNF-4 (27) or antiserum to
COUP-TF proteins (36) were added to the mixtures before incubation
with the probe for 15 min at 4°C.

Results

A 7-kb DNAfragment spanning the ApoCIII/ApoAIV intergenic
region enhances ApoAI gene transcription in liver and intestinal
cells. A 2.5-kb DNA segment, located immediately upstream
of the human apoAI gene transcriptional start site ( + 1), directs
apoAI gene expression in hepatoma HepG2 and colon carci-
noma Caco-2 cells but not in cervical carcinoma HeLa cells
(9). First, we wanted to determine whether sequences in the
apoCIII/apoAIV intergenic region could affect the transcrip-

tional activity of the 2.5-kb DNAsegment in either of these
cell types. A 7-kb DNAsegment spanning the intergenic region
of the apoCIII and apoAIV genes and portions of their coding
sequences (Fig. 1) was cloned adjacent to the 3' end of the
cat reporter gene in the -2500 AI.CAT construct that expresses
cat under the control of the 2.5-kb apoAI gene promoter seg-
ment. The resulting construct, -2500AI.CAT[CIII/AIV], the
parental construct, -2500 AI.CAT, and constructs lacking the
2.5-kb apoAI gene promoter, -41AL.CAT and -41AI.CAT-
[CIII/AIV], (refer to Fig. 1) were used for transient expression
assays by transfection into HepG2, Caco-2, and HeLa cells. The
results show that compared with -41AL.CAT, -2500AL.CAT
expressed high levels of CAT activity in HepG2 (24-fold) and
Caco-2 (20-fold) but not in HeLa cells (Fig. 1), whereas
-2500AI.CAT[CIII/AIV] expressed even greater levels of
CAT activity in HepG2 (195-fold) and Caco-2 (71-fold) but
not in HeLa cells (Fig. 1). In conclusion, the 7-kb apoCHIll
apoAIV intergenic region enhances expression of the apoAI
gene both in liver and intestinal cells, and the 2.5-kb apoAI
promoter segment plays a fundamental role in mediating this
transcriptional enhancement.

Different regions within the 2.5-kb ApoAI promoter mediate
transcriptional enhancement by the 7-kb ApoCIII/ApoAIV ele-
ment in liver and intestinal cells. Wenext determined whether
separate apoAI promoter elements mediate transcriptional en-
hancement by the apoCIIIlapoAIV intergenic region in HepG2
and Caco-2 cells. A series of apoAI/cat fusion constructs con-
taining different regions of the 2.5-kb apoAI gene promoter,
either including or excluding the 7-kb apoCIII/apoAIV domain
inserted at the 3' end of the cat gene, were constructed and
used for transient transfection assays in HepG2 and Caco-2
cells. The results show that the -595 to -41 apoAI promoter
region was as effective as the -2,500 to -41 region in mediat-
ing apoAI gene transcriptional enhancement by the 7-kb
apoCIII/apoAIV element in both cell types (Figs. 1 and 2). In
HepG2 cells, the -490 to -41, -366 to -41, -256 to -41,
and -192 to -41 regions showed 88%, 48%, 82%, and 58%,
respectively, of the activity of the -2,500 to -41 region (Figs.
1 and 2), whereas in Caco-2 cells these regions showed 26%,
15%, 29%, and 18%, of the activity of the -2,500 to -41
region, respectively (Figs. 1 and 2). The -595 to -192 region
was the smallest region resulting in maximal transcriptional
enhancement in Caco-2; however, this region was incapable
of activating transcription in HepG2 cells (see -595 [A- 192/
-42]AI.CAT, Fig. 2). Therefore, separate and distinct cell-
specific transcriptional elements in the -595 to -41 apoAI
promoter region are required for maximal transcriptional en-
hancement of the apoAI gene by the apoCIII/apoAIV element
in Caco-2 and HepG2 cells. The -595 to -192 element is
required for this enhancement in Caco-2 cells, whereas the
-192 to -41 element is required for this enhancement in
HepG2 cells. Thus, the effectiveness of transcriptional enhance-
ment of the apoAI gene by the apoCIII/apoAIV domain was
directly dependent on the basal activity of the associated apoAI
promoter.

Different regions within the ApoCIII promoter enhance
transcription of the ApoAI gene in liver and intestinal cells. We
next determined whether the same or different regions within
the 7-kb apoCIII/apoAIV domain determined the transcriptional
enhancement of the apoAI gene in HepG2 and Caco-2 cells.
A series of apoAl/cat fusion constructs, containing different
portions of the 7-kb apoCIII/ApoAIV domain inserted 3' of the
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ApoAl ApoCIII ApoAIV Figure 1. Transcriptional en-
5'-- 33*4- 5' 5s- 3 hancement of the proximal apoAI

1 kb

H H B B promoter by a distal 7-kb apoCIIII
-]L- [I1~] ItiN Caco-2 H" G2 HeLa apoAIV domain. The organization+1 __________ ~~~~~~~~~~~~~ofthe 5 '-apoAI/apoCIIIlapoAlV -

.25CAT - +1 +397 3' gene cluster is indicated by a
-2500 AL.CAT F S CAT B P P scaled illustration with the direc-
-2500ALCAT tion of transcription noted by the
[CIIV-iAl arrows. Introns and exons are

shown by filled and open boxes,
_41_ALCAT____-A-T] respectively. The apoAI gene pro-

-41 N.CAT CAT B B moter region between -2,500 and
-41 AlCAT in. . i N +397 (relative to the transcrip-[CIIVIAIVJ _______ tional start site, + 1 ) was excised

0 50 100 0 50 2000 25 50 by digestion with HindIl (H) and
Relative CATActivity the apoCIIL/apoAIV intergenic re-

gion was excised by BamHI (B) digestion and ligated into the Hand B sites of the cat gene, respectively, to generate -2,500 AICAT [CIII/AIVI.
Throughout this work, the numbers to the left of the construct schematic in the figure indicates the 5' position in the apoAI gene promoter region;
the coordinates of deleted segments is indicated after the A. The following constructs were transfected into Caco-2, HepG2, and HeLa cells:
-2500AL.CAT, which contains apoAI sequences from -2,500 to +397 fused to cat; -2500AI.CAT[CIII/AIV], which additionally includes the
7-kb apoCIII/apoAIV element linked downstream of cat in -2500AI.CAT; -41AL.CAT contains the apoAI basal promoter sequences, -41 to
+397, fused to cat; and -41AL.CAT[CHII/AIV] includes the 7-kb apoCIIIIapoAIV element downstream of cat in -41 AI.CAT. Equimolar plasmid
amounts were used for the transfections. The ratio of CAT enzymatic activity to /3-gal activity of a given construct is expressed relative to the
CAT:,3-gal ratio of -41AL.CAT and is shown in the bar graphs. These data represent the average experimental values from at least three independent
experiments that differ by c 5%.

cat gene, were constructed and used for transient expression
assays in HepG2 and Caco-2 cells. The results in Fig. 3 show
that the construct containing the -1,411 to +783 apoCIII pro-
moter/gene region was as effective as the entire 7-kb apoCIIII
apoAIV element in enhancing transcription of the apoAI gene
in both of these cell types. Submapping of this element further
showed that the -770 to -194 apoCIII promoter region showed
95% the activity of the 7-kb apoCIII/apoAIV domain in Caco-
2 cells and 61% the activity in HepG2 cells. The -92 to +783
and -168 to +783 apoCIII promoter/gene regions were not
active in Caco-2 cells yet in HepG2 cells showed 54 and 57%
the activity of the 7-kb apoCIII/apoAIV domain, respectively.
Similarly, the previously characterized apoCIII promoter nu-
clear factor binding sites C3P (-92 to -56), NFKB (-168 to
-144), and I (-770 to -722) (14, 29, 30) were not active in
Caco-2 cells but showed 50, 34, and 100% the activity of the
7 kb apoCIII/apoAIV domain in HepG2 cells, respectively.

These observations indicate that different regions within the
apoCIII promoter enhance transcription of the apoAI gene in
liver and intestinal cells. Furthermore, these results suggest that
enhancement of apoAI transcription in Caco-2 cells may depend
on cooperative interactions of multiple sites within the apoCIII
promoter, whereas enhancement in HepG2 cells may be medi-
ated by multiple independently acting sites.

Caco-2 cell-specific nuclear factors bind to distinct sites
within the -595 to -192 ApoAI promoter region. The -595
to - 192 apoAI promoter region was assayed for nuclear factor
binding sites by DNaseI protection assays using HepG2 and
Caco-2 cell nuclear extracts. Two different DNA fragments
spanning the -595 to -256 and -256 to -80 regions of the
apoAl promoter were used as probes. The results show that
Caco-2 nuclear extracts protect sites D (-523 to -492), E
(-488 to -467), F (-450 to -411), and G (-408 to -393),
of which only sites F and G are protected by HepG2 nuclear
extracts (Fig. 4A). Three additional sites, A (-221 to -193),
B (-180 to -147), and C (-142 to -118), were protected by
both Caco-2 and HepG2 nuclear extracts (Fig. 4 B).

Binding of nuclear proteins to these protected sites was
assessed by labeling oligonucleotides corresponding to the se-
quences protected by sites D, E, F, and G and using them as
probes for EMSAs. The results in Fig. 4 C show that nuclear
factors from Caco-2 cells specifically bind to all of these oligos
(lanes 1, 5, 9, 13), whereas proteins in HepG2 cell nuclear
extracts did not bind to oligos D and E (lanes 4 and 8) but did
bind to oligo F and weakly to oligo G (lanes 12 and 16). Thus,
sequences in the apoAI promoter region protected in DNaseI
assays bind nuclear factors in a specific fashion and sites D and
E appear to bind Caco-2 cell specific nuclear proteins. Taken
together with the functional data presented in Fig. 2, these re-
sults suggest that occupation of the apoAI promoter sites D and
E by enterocyte specific nuclear factors may play an important
role in intestine specific expression of the apoAI gene.

DNA-protein binding site A is required for expression of
the apoAI gene in intestinal cells. Wehave previously shown
that sequences between -214 and -192 in the apoAl gene
promoter region [site A (10)] are essential for maximal expres-
sion of the apoAI gene in HepG2 cells (9, 10); furthermore,
this site is a NHRRE(11-13). The binding of factors to site
A from Caco-2 nuclear extracts was assessed by EMSA. Similar
to our findings in HepG2 cells (10), the results in Fig. 5 A
showed that Caco-2 nuclear factor(s) bind to oligo A and retard
its electrophoretic mobility (lane 1). This binding is specific
because inclusion of 100-fold molar excess of unlabeled oligo
A in the binding reaction competed the retardation complex
formation (lane 2), whereas inclusion of 100-fold of unrelated
oligo B did not influence retardation complex formation (lane
3). Importantly, 100-molar excess of oligo Amut in the binding
reaction also did not influence retardation complex formation
either (lane 4) nor did it bind Caco-2 nuclear extracts when it
was used as a probe (data not shown).

Wethen determined the importance of site A in the function
of the intestinal specific element in the apoAI promoter (-595
to -192) and in mediating the transcriptional enhancement of
the apoAI gene by the 7-Kb apoCIII/apoAIV domain. Using
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- Figure 2. In Caco-2 and HepG2 cells,
different subregions of the apoAI
proximal promoter mediate the tran-
scriptional enhancement by the 7-kb
apoCIIJ/apoAIV domain. A series of
apoAI gene promoter/cat gene fusion
constructs were generated by restric-
tion digestion of 2500AL.CAT. The 5'
nucleotide coordinate in the promoter
region is indicated to the left of the
construct diagram. Constructs con-
taining subsegments of the 2.5-kb
apoAf proximal promoter are fused to
the cat gene are shown and are paired
with a similar series of constructs that
contain in addition the 7-kb apoCIIIl
apoAIV domain ligated downstream
of cat. The bottom three pairs of con-
structs each contain a 150-bp deletion
from -192 to -42 (denoted A - 192/
-42). These constructs were trans-
fected into both Caco-2 and HepG2
cells. The CAT activities were deter-
mined and graphed as described in
Fig. 1. These data represent the aver-
age experimental values from at least

300 three independent experiments that
differ by < 5%.

site-directed mutagenesis and oligo Amut (see Methods for
sequence), we constructed the plasmid -595AmAI.CAT con-
taining a mutation of site A in situ. The transcriptional activity
of this mutant was compared with the wild-type -595AmAI.
CAT[CIII/AIV] and the transcriptional activity of -595AL.
CAT [CHI/AIV] was compared with -595AmAI.CAT[CIII/
AIV] using transient transfection assays in Caco-2 and HepG2
cells (Fig. 5 B). In Caco-2 cells, -595AmAI.CAT expressed

very low levels of CAT activity compared with -595AL.CAT,
whereas in HepG2 cells the mutation in site A reduced CAT
activity by only 30%. When the apoCIII/apoAIV element is
present, constructs with the site A mutant again expressed very
low levels of CAT activity compared with the wild-type in
Caco-2 cells, and the levels of expression from -595AmAI.
CAT[CIII/AIVI were similar to the promoterless -41A1.CAT-
[CIII/AIV] in Fig. 1. In HepG2 cells, CAT activity of

C3P NFKB I

I~~~~\\--
X- CAT'|I

I~~~~~~-

-EI !JK2IIDIEZ

II I
CaCo-2 HepG2

0 25 50 75 0 50 100 150 200

Relative CATActivity

Figure 3. Potentiation of apoAI
gene transcription by subfrag-
ments of apoCIII/apoAIV in-
tergenic region. Constructs con-
taining subregions of the 7-kb
apoCIII/apoAIV intergenic region
inserted downstream of the cat
gene in the construct -2500
AI.CAT were transfected into
HepG2 and Caco-2 cells. In all
cases the -2,500 to +397 region
of the apoAI gene promoter is
fused upstream of cat, whereas
various subregions of the apoCIII
gene promoter region are down-
stream of cat. The coordinates of
the subfragments of the apoCIIII
apoAIV intergenic region are indi-
cated relative to the transcriptional
start site of the apoCIII gene
[CIII: + 1]. Three previously de-
scribed DNA-protein binding re-
gions in the apoCIII promoter
were tested as candidates for tran-

scriptional activation: C3P (-92 to -56), NFKB (-168 to -144), and I (-770 to -722). The CAT activities were determined and graphed as

described in Fig. 1. These data represent the average experimental values from at least three independent experiments that differ by 5 5%.
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Figure 4. The apoAI proximal promoter contains multiple binding sites
for intestinal cell nuclear proteins. Autoradiograms showing the DNaseI
protection patterns of the (A) -595 to -256 and the (B) -256 to -80
regions of the apoAI promoter in the absence (-NE) and presence of
Caco-2 (Caco-2 NE) or HepG2(HepG2 NE) cell nuclear extracts (NE).
Protected regions are indicated as boxes along side the autoradiograms.
Coordinates of the protected regions relative to the apoAI gene transcrip-
tion start site are given in the text. (C) Using the protected sequences,
oligonucleotides for sites D-G were labeled and used as probes in
EMSAwith Caco-2 and HepG2 (HG2) NE as indicated. S, specific
competition with 100-fold molar excess of an unlabeled oligo identical
to the probe; NS, nonspecific competition with 100-fold molar excess
of an unlabeled oligo unrelated to the probe.

-595AmAI.CAT[ClH/AIV] was reduced by 30% com-
pared with the wild-type (-595AI.CAT[CIH/AIV]). These
results suggest that binding of intestinal nuclear factors to site
A is absolutely required for expression of apoAI in Caco-2 cells,
whereas in HepG2 cells this site is not necessary albeit for
maximal expression, and intestinal factors binding to site A,
perhaps nuclear hormone receptors, play a role in mediating

the functional interaction between the apoAI promoter and the
apoCIIIIapoAIV element in intestinal cells.

Proteins that bind to site A in Caco-2 cells are antigenically
similar to Ear3/COUP-TF, Arp-1, and HNF-4. As shown
above, the -595 to -192 apoAI promoter region stimulates
Caco-2 cell-specific expression of the apoAI gene in response
to the distal apoCIII/apoAIV enhancer domain. This enhance-
ment is strongly dependent on the apoAI promoter region con-
taining the nuclear factor binding sites D, E, F, G, and A, and
it is completely eliminated by mutation of site A.

Because site A has been shown to bind several members of
the nuclear hormone receptor superfamily such as Ear3/COUP-
TF, Arp-1, HNF-4, and RXRa, as well as various RXRa/RAR
heterodimeric forms (11-13, and this work), we assayed
whether these proteins contribute to the formation of retardation
complexes between site A and Caco-2 nuclear extracts. Electro-
phoretic mobility shift assays using Cos-1 cell produced Ear3/
COUP-TF, Arp- 1, or HNF-4 showed that each of these proteins
bind avidly and specifically to site A (Fig. 6, lanes 1, 4, 7,
respectively) and with similar affinity (data not shown). Addi-
tion of an Ear3/COUP-TF specific antibody, which cross-reacts
with Arp-1 (14, 36), to the EMSAincubation mixtures su-
pershifts the retardation complexes formed with either Ear3/
COUP-TF (lane 2) or Arp-I (lane 5) but not the complex
formed with HNF-4 (lane 8). An HNF-4-specific antibody
(14, 27) supershifts the complex formed with HNF-4 (lane 9)
but not those formed with either Ear3/COUP-TF (lane 3) or
Arp-l (lane 6). Similar experiments using Caco-2 cell nuclear
extracts revealed that most of the retardation complex is super-
shifted by a combination of both Ear3/COUP-TF and HNF-4
antibodies (lane 13). Antibodies against RXRa, RXRJ, RARa,
and RARBwere ineffective in supershifting the Caco-2-spe-
cific retardation complexes (data not shown). Therefore, most
of the proteins in Caco-2 nuclear extracts that bind to site A
are Ear3/COUP-TF, Arp-1, and HNF-4 or perhaps other anti-
genically related family members.

Overexpression of HNF-4 stimulates transcription of the
ApoAI gene in Caco-2 cells but not in HepG2 cells. Wenext
determined whether Arp-l or HNF-4 binding to site A influ-
ences expression of the apoAI gene in Caco-2 and HepG2 cells.
Two previously described constructs were used for these experi-
ments: [A]-41AI.CAT and [Am]-41AI.CAT, containing one
copy of oligo A or one copy of oligo Amut, respectively, proxi-
mal to the apoAI gene basal promoter -41AI.CAT (13). Each
of these constructs was used for transient expression assays in
Caco-2 and HepG2 cells by cotransfection of either pMT2-
Arp or pMT2-HNF-4, two vectors expressing Arp-l or HNF-4,
respectively (20). In both cell types the results showed that
-41AI.CAT expressed very low levels of CATactivity regard-
less of whether Arp-1 or HNF-4 was also coexpressed in the
same cells (Fig. 7). The construct [A]-41AI.CAT expressed
higher levels of CAT activity, and Arp-l coexpression elimi-
nated this activity, whereas HNF-4 coexpression dramatically
stimulated it. The results with the construct [Am] -41AI.CAT
were analogous to those obtained with the construct -41AI.
CAT. These results suggest that both HNF-4 and Arp-1 bind
to site A and interact with the basal transcription factors to
stimulate and repress transcription, respectively, in both Caco-2
and HepG2 cells. Further, in Caco-2 cells, Arp-1 overexpression
repressed the activity of the -595AI.CAT, whereas HNF-4
overexpression induced transcription from the -595AI.CAT but
not the - 192AL.CAT constructs. The construct -595AmAI.
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Figure 5. Site A in the apoAI proximal promoter is essential for expression in Caco-2 cells. (A) Autoradiograms from EMSAshowing DNA-
protein complexes formed after incubation of Caco-2 NE with radiolabeled oligo A in the absence of competitor (-) (lane 1) and in the presence

of 100-fold molar excess of competitor oligo A (lane 2), oligo B (lane 3), or oligo Amut (lane 4). (B) Constructs containing the apoAI promoter
regions between -595 and +397 fusted to the cat gene without (top) and with (bottom) the apoCIII/apoAIV intergenic region ligated downstream
of cat were transfected into Caco-2 and HepG2 cells. A, the wild-type of site A; Am, mutant of site A. The relative CAT activity values in extracts
from these cells were determined and used for the bar graphs shown, as described in the legend to Fig. 1. These data represent the average

experimental values from at least three independent experiments that differ by - 5%.

CAT showed lower levels of expression that was not signifi-
cantly affected by the presence of Arp- 1 or HNF-4. Importantly,
in a similar series of experiments in HepG2 cells, coexpression
of HNF-4 with these same constructs failed to induce expression
above basal levels (Fig. 7). Similar results were obtained with
constructs containing additional 5' flanking sequences (e.g.,
-2500AL.CAT), indicating that the response to Arp-1 and
HNF-4 are dictated by the minimal promoter regions (data not
shown). Thus, in Caco-2 cells, overexpression of HNF-4 aug-
ments the basal expression of the apoAI gene, an induction that
requires site A and elements upstream of site A; in HepG2 cells,
however, over expression of HNF-4 in the context of the intact
promoter region does not further stimulate expression over basal
levels.

Finally, we determined whether HNF-4 could potentiate en-

hancement of apoAl gene transcription by the apoCIII/apoAIV
element. In Caco-2 cells we observed that coexpression of
HNF-4 markedly induced the activity of -595AI.CAT[CIII/
AIV] (Fig. 8). However, when site A is mutated, basal activity
is reduced and is similar to -41AI.CAT[CIII/AIV]. Coexpres-
sion of HNF-4 resulted in an approximately fourfold induction
of this low activity. The apoAI basal promoter, -41AI.CAT,
was not induced by coexpression with HNF-4; however,
-41AI.CAT[CIII/AIV] was induced approximately fivefold
above its low basal activity. Maximal transactivation by HNF-
4 was only observed in the presence of both the -595 to -41
region upstream of the apoAI gene and the apoCIIIfapoAIV
element (-595 AI.CAT[CIII/AIV]). In HepG2cells coexpres-

sion of HNF-4 with these constructs did not result in induction
of apoAI transcriptional activity (Fig. 8).

Taken together, the results in Fig. 8 indicate that trans-
activation of the apoAI gene by HNF-4 in intestinal cells de-
pends both on functional synergy between HNF-4 bound to

apoAI gene site A with factors bound to sequences further up-

stream in the apoAI gene promoter and within the apoCIIIl
apoAIV element.

Discussion

The results in this study suggest that liver and intestinal specific
expression of the apoAI gene is determined by separate and
distinct tissue-specific apoAI promoter regions, the activity of
which is further induced by an enhancer located within the
apoCIII gene promoter, 5 kb downstream of the apoAI gene.

The functional organization of this distal enhancer is different
between liver and intestinal cells; enhancer activity in hepatic
cells is mediated by multiple independently acting cis-acting
elements, whereas enhancer activity in enterocytic cells appears

to depend on functional cooperation between these cis-acting
elements. Importantly, nuclear hormone receptors interact with
an element essential for apoAI gene transcription in enterocytes.
Moreover, HNF-4 transactivates the apoAI gene in enterocytes
but not hepatocytes, suggesting an important role for this class
of transcription factors in the regulation of enterocytic gene

expression.
Previous studies indicated that expression of the apoAI gene

in liver is controlled by a powerful hepatocyte-specific enhancer
located between nucleotides -222 to -110 upstream of the
apoAI gene transcriptional start site (9, 10). The function of
this enhancer depends on synergistic interactions between tran-
scription factors bound to three sites, sites A (-214 to -192),
B (-169 to -146), and C (-134 to -110) (10). Deletion
mapping analysis of the apoAl promoter in the current study
revealed that the promoter element from -192 to -41 is neces-

sary and sufficient for stimulation of the apoAI gene by the
downstream enhancer in hepatic HepG2 cells. This is consistent
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Figure 6. Caco-2 cell nuclear extracts contain factors antigenically re-
lated to Arp-l, COUP-TF, and HNF-4 that bind to site A. Autoradio-
grams from EMSAshowing complexes formed by incubation of whole
cell extracts (Ext.) from Cos-l cells transiently transfected with either
pM72-Ear3/COUP-TF (lanes 1-3), pMl2-ARP-J (lanes 4-6), or
pM72-HNF-4, (lanes 7-9) (see Methods) with radiolabeled oligo A
either in the absence of (-) or the presence of polyclonal antibodies
(Ab. ) to either Ear3/COUP-TF (aC) or to HNF-4 (aH). Caco-2 nuclear
extract-specific complexes formed by incubation with radiolabeled oligo
A either in the absence of (-) or the presence of polyclonal antibodies
(Ab.) to either Ear3/COUP-TF (aC) or to HNF-4 (aH) (lanes 10-
13).

with the requirement of the -222 to -110 liver-specific en-
hancer for maximal expression of the apoAI gene in these cells
(10). However, the similarity of the transcriptional activities
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of constructs containing the downstream enhancer and either
the -256 to -41 or the -192 to -41 apoAI promoter elements
is surprising because the -192 to -41 element lacks site A.
Thus, the functional deficiency of the -192 to -41 apoAI pro-
moter, because of its lack of site A, can be compensated for by
the downstream enhancer. Similar observations have been made
with the TTR and AFP genes, and it was suggested that redun-
dancy of transcription factor binding sites in the promoter and
enhancer facilitates enhancer-mediated rescue of trans-acting
factor deficiencies in the promoter (37, 38). In this study, when
using HepG2 cells, apoAI promoter deficiencies, where sites B
and C (-192 to -41) are deleted, cannot be rescued by the
distal downstream enhancer. Thus, it appears that occupation
of sites B and C by transcription factors in hepatocytes commits
expression of the apoAI gene in these cells and that subsequent
occupation of site A or activation by the downstream enhancer
can further maximize apoAI expression in liver. It is noteworthy
that occupation of sites B and C by transcription factors in
intestinal carcinoma (Caco-2) cells is neither necessary nor
sufficient for activation of the apoAI gene by the downstream
enhancer in these cells. Whether this is due to differences of
factors that bind to sites B and C between these HepG2 and
Caco-2 cells or differences in the functional organization of the
downstream enhancer between these two cell types (see below)
is currently under investigation.

The -595 to -192 apoAI promoter element is necessary
and sufficient for maximal stimulation of the apoAI gene by the
downstream enhancer in Caco-2 but not HepG2 cells. Deletion
of apoAI promoter sequences from -595 to -490 or mutagene-
sis of site A abolishes apoAI promoter responsiveness to the
downstream enhancer in Caco-2 cells (Figs. 2 and 3). Further-
more, single or multiple copies of oligonucleotides correspond-
ing to protein binding sites within the -595 to -192 region do
not activate the apoAI basal promoter nor the SV40 early pro-
moter in Caco-2 cells (our unpublished data). Therefore, it
appears that synergy among the transcription factors that bind
to the -595 to -192 region in enterocytes commits expression
of the apoAI gene in these cells and that subsequent activation
by the downstream enhancer maximizes apoAI expression in
the intestine.

Figure 7. Effects of overexpression of HNF-
4 and ARP-1 on apoAI gene expression in
intestinal (Caco-2) and hepatic (HepG2)
cells. Constructs -41AI.CAT, [A] -41AI.-
CAT, and [Am] -41AI.CAT [which contain
one copy of oligo A, or one copy of mutated
oligo A (oligo Amut) at position -41, re-
spectively], in addition to -595AI.CAT,
-595AmAI.CAT (containing a mutated site
A), and -192AI.CAT were transfected into
Caco-2 cells (left) or HepG2 cells (right)
alone or together with either 5 jg of the
ARP-1 expression vector pMT2-ARP-l or 5
tg of the HNF-4 expression vector pMT2-
HNF-4, as indicated. The relative CATactiv-
ities were determined and used for the bar
graphs shown, as described in the legend to
Fig. 1.

Regulation of Intestinal apoAI Gene Transcription 535



Figure 8. Effects of overexpression of HNF-
4 on apoAI gene expression in the presence

of the apoCIIIlapoAIV intergenic region in
Caco-2 and HepG2 cells. The constructs -41
AICAT, -41AI.CAT[CIH/AIV], -595AL.
CAT, -595AmAI.CAT[CIII/AIV], and
-595AI.CAT[CHI/AIV] were transfected
into Caco-2 cells (left) or HepG2 cells
(right) alone or together with 5 tig of the
HNF-4 expression vector pMT2-HNF-4, as

indicated. The relative CAT activities were

determined and used to construct the bar
graphs shown, as described in the legend to
Fig. 1. These data represent the average ex-

perimental values from at least three inde-
pendent experiments that differ by < 5%.

The functional organization of the downstream enhancer
was evaluated by deletion mapping analysis. All of the activity
of this enhancer in both Caco-2 and HepG2 cells was localized
to a DNAsegment spanning the -1411 to +783 apoCIII pro-

moter/gene region. However, further deletion mapping analysis
revealed differences in the functional architecture of cis-acting
elements within this enhancer between Caco-2 and HepG2 cells.
Thus, although only the intact -770 to -194 apoCIII promoter
region retained full enhancer activity in Caco-2 cells, various
subsegments of the -1,411 to +783 region retain substantial
enhancer activity in HepG2 cells. In particular, an oligonucleo-
tide spanning a previously defined protein binding site in the
apoCIII promoter [site I, -770 to -722 (30)] retained full
enhancer activity in HepG2 but not Caco-2 cells. Additionally,
site I has been shown to be essential for expression of the
apoCIII gene in both Caco-2 and HepG2 cells ( 14), thus raising
the possibility that site I and its cognate binding factor(s) may

play a role in coordinating expression of both the apoAI and
apoCIII genes.

The data from these transient transfection assays are in
agreement with recent reports that intestinal expression of the
human apoAI gene in transgenic mice is dependent on a 1.4-
kb DNAregion located upstream of the apoCIII gene (26). We
have further mapped this region to a 576-bp element residing
between nucleotides -770 and -194 in the apoCIII promoter
region. Transgenic mice lacking the apoCIII promoter region,
however, do not express apoAI in their intestine, even in the
presence of intestinal specific apoAI promoter sequences de-
fined in this study. This discordant behavior between the
transgenic mice and cell culture experiments has been described
for locus control regions (LCRs). LCRs have been shown to
behave as classical enhancers and have been implicated in an

additional role of opening chromatin to allow access of tran-
scription factors to the DNA and transcriptional machinery
(39). This 576-bp region has properties similar to those of
generalized enhancers; indeed, replacing this region with the
SV40 promoter/enhancer in various apoAI promoter constructs
results in qualitatively similar stimulation of transcription from
the apoAl promoter in Caco-2 and HepG2 cells (our unpub-
lished observations). The globin gene cluster LCR has been

well described and is responsible for specifying site-of-integra-
tion independent, copy-number dependent, high level of expres-

sion of the gene in transgenic mice (40). These sequences,

when studied in transient gene expression assays, have been
shown to possess properties of enhancers capable of increasing
the expression of the cis-linked gene by 300-fold (41). There-
fore, our data taken together with that from transgenic animals
(19, 26) suggest the possibility that a LCR for the apoAI-
apoCIII-apoAIV gene cluster may be located upstream of the
apoCIII gene.

Studies in transgenic mice have also suggested that a region
upstream of the apoCIII gene is required for intestinal expres-

sion of this gene as well as the neighboring apoAIV gene. Thus,
this region may contain an element responsible for controlling
expression of the apoAI, apoCIII, and apoAIV genes. Evolution-
ary linkage of the apoAI, apoCIII, apoAIV genes for 300 million
years suggests a selection advantage in maintenance of the tight
linkage of the cluster. A similar observation has been made for
the alpha-fetoprotein and albumin genes that are temporally
coactivated, evolutionarily linked, and whose expression is de-
pendent on a shared transcriptional element in their common

intergenic region (42). Although the apoAI-apoCIII-apoAIV
gene cluster does not undergo discrete developmental switches
as do the globin genes or AFP and albumin, it is possible that
different developmental patterns of these genes during em-

bryogenesis and antenatally may be under the control of
an LCR.

Site A in the apoAI promoter has been previously shown to
bind various members of the steroid/thyroid hormone receptor
superfamily such as RXRa, RARa, RAR/3, Arp-l, Ear3/
COUP-TF, and HNF-4 (11-13). Polyclonal antibodies and
EMSAanalysis demonstrated that Caco-2 nuclear extracts con-

tain HNF-4 and COUP-TF-like factors that bind to site A.
Additionally, overexpression of Arp-1 represses expression of
the apoAI gene in Caco-2 cells, as has been previously shown
in HepG2cells ( 13). Arp-1 may act by displacing factors bound
to site A because deletion of site A reduces the activity of the
apoAI promoter and also eliminates its responsiveness to HNF-
4. Furthermore, overexpression of HNF-4 stimulates expression
of the apoAI gene in Caco-2 but not HepG2 cells. The apparent
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lack of activation of the apoAI gene by HNF-4 overexpression
in HepG2 cells is not due to lack of activity of the transfected
HNF-4 in these cells because overexpression of HNF-4 in
HepG2 cells activates the apoCIlI promoter (13) or the apoAI
basal promoter linked to site A (Fig. 7). Therefore, in HepG2
cells, either site A within the apoAI promoter context is inacces-.
sible to HNF-4 binding or transactivation by HNF-4 is depen-
dent on additional uncharacterized factors required to transduce
the HNF-4 signal to the basal promoter.

Maximal activation of the apoAI gene by HNF-4 in Caco-
2 cells requires site A and the presence of sequences within the
-595 to -366 intestinal cell specific apoAI promoter. This
is very similar to the situation with the apoCIII gene where
transactivation by HNF-4 is dependent on the presence of se-
quences further upstream from the HNF-4 binding site (site
C3P, -67 to -87; see references 14 and 29). Importantly, in
the presence of HNF-4, the activity of a construct containing
both the apoAI intestinal-specific promoter and the downstream
enhancer is at least sixfold greater than the sum of the activities
of constructs containing either this promoter or this enhancer
separately. Although HNF-4 may independently stimulate the
apoAI basal promoter in the context of the apoCIII/apoAIV
element (see Fig. 8, -41AI.CAT[CIH/AIV], our observations
suggest that HNF-4 may promote functional communication
between the apoAI enterocytic-specific promoter and the down-
stream enhancer. Since site A can be occupied by several mem-
bers of the nuclear hormone receptor superfamily other than
HNF-4 (see above), it is conceivable that these trans-regulators
could also influence this promoter-enhancer functional commu-
nication and thereby modulate apoAI gene expression in the
intestine.

In conclusion, expression of the apoAI gene in liver and
intestine is controlled by separate and distinct tissue-specific
apoAI promoter regions, the activity of which is further induced
by a distal enhancer located within the nearby apoCIII promoter.
HNF-4 appears to play an important role in the enterocytic but
not hepatic expression of the apoAI gene. Elucidation of the
mechanism by which HNF-4 and other nuclear hormone recep-
tors regulate the apoAI gene and the characterization of intesti-
nal cell-specific nuclear proteins that bind the apoAI gene pro-
moter should provide insight into the molecular programs gov-
erning the developmental and physiological control of intestinal
specific gene expression.
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