
9080 Biochemistry 1993, 32, 9080-9093 

Factors Participating in the Liver-Specific Expression of the Human 
Apolipoprotein A-I1 Gene and Their Significance for Transcription? 

Philippe Cardot,$ Jean Chambaz,g Dimitris Kardassis,t Christos Cladaras,t and Vassilis I. Zannis'J 

Section of Molecular Genetics, Cardiovascular Institute, Departments of Medicine and Biochemistry, Housman Medical 
Research Center, Boston University Medical Center, 80 East Concord Street, Boston, Massachusetts 021 18, and 

URA CNRS 1283, 27 rue Chaligny, 75571 Paris, Cedex 12, France 

Received January 1 1 ,  1993; Revised Manuscript Received June 1 ,  1993 

ABSTRACT: We have shown previously that the hepatic and intestinal transcription of the human apolipoprotein 
A-I1 (apoA-11) gene in cell cultures is controlled by a complex set of regulatory elements A-N [Chambaz, 
et al. (1991) J .  Bioi. Chem. 266, 11676-1 1685; Cardot, et al. (1991) J .  Bioi. Chem. 266,24460-244701. 
In the present communication, we have assessed the functional importance of each of the regulatory elements. 
In addition, we have used DNA binding and competition assays and protein fractionation to identify the 
hepatic nuclear activities which are involved in the regulation of the human apoA-I1 gene. Such activities 
may be of general importance for the regulation of liver-specific genes. The DNA binding and competition 
analysis showed that the regulatory elements M, D, and F bind new activities which have not been identified 
in apolipoprotein or other liver-specific promoters. These activities have been designated AIIM 1 and 
AIIM2 for element M, AIID1 and AIID2 for element D, and AIIF2 for element F. The activity AIIM2 
is present in liver, but absent in CaCo-2 cells. A set of regulatory elements binds activities which resemble 
liver-enriched or ubiquitous factors previously shown to play important roles in the regulation of their target 
genes. Thus, element I binds to activities related to NF1, and elements L, C, D, G, AB, and F bind to 
C/EBPa as well as other heat-stable activities. The affinity of the bacterially expressed C/EBPa for the 
various apoA-I1 regulatory regions follows the order: AIIL - AIIC > AIID > AIIF > AIIG > AIIAB. 
Protein fractionation showed that element J binds at  least three hepatic nuclear activities and is also 
recognized by members of the nuclear receptor family, HNF4, EAR2, EAR3, and ARP1. Another liver- 
enriched factor, HNF1,  was shown previously to bind to element H. Despite the importance of HNF1, 
HNF4, NF1, and C/EBPa in the regulation of numerous other target genes, deletion of the HNF1, NF1, 
and HNF4 and several C/EBP binding sites did not drastically affect the hepatic transcription of the 
apoA-I1 gene. Rather, the hepatic and intestinal transcription is affected severely by deletion of elements 
A, B, K, L, and N. In addition, the intestinal transcription is affected by deletion of elements C, J, and 
M. The in uiuo physiological importance of these elements will require analysis of their function in transgenic 
animals. This analysis establishes the organization of several nuclear activities on the human apoA-I1 
promoter. Our findings suggest that the expression of a liver-specific gene such as apoA-I1 is controlled 
by a combination of factors and that the relative importance of individual factors is determined by the 
promoter context. Maximum expression of the apoA-I1 gene requires the synergism of factors bound to 
the proximal and distal regulatory elements. 

Human apolipoprotein A-I1 (apoA-11) is a major protein 
component of HDL (plasma concentration of 0.3-0.5 mg/ 
mL) and is synthesized by the liver and, to a much lesser 
extent, by the intestine (Schonfeld et al., 1982; Hussain & 
Zannis, 1990). apoA-I1 has known protein (Brewer et al., 
1972) and gene sequences (Knott et al., 1984; Lackner et al., 
1984; Tsao et al., 1985; Sharpe et al., 1984) and exists in 
plasma as a dimer of two 77 amino acid long subunits linked 
by an intra-disulfide bond at residue 6 (Brewer et al., 1972). 
Following synthesis, apoA-I1 is subject to intra- and extra- 
cellular modifications, which include a new type of modifi- 
cation, O-glycosylation, propeptide cleavage, and cyclization 
of the N-terminal glutamine (Hussain & Zannis, 1990). 
Following secretion, apoA-I1 is mostly incorporated into 
lipoprotein particles containing apoA-I and apoA-I1 (LpAI: 
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AII) (Cheung & Albers, 1984; Ohta et al., 1988; Fruchart 
& Bard, 199 1). The functional significance of these particles 
has not been clarified. It has been reported that inbred strains 
of mice with increased apoA-I1 levels are associated with 
increased HDL size, suggesting that the plasma concentration 
of apoA-I1 may affect HDL structure and function(s) (Lusis, 
1988; Doolittle et al., 1990). Overexpression of the human 
apoA-I1 gene in transgenic mice affected the size and the 
distribution of HDL particles, but did not affect the plasma 
HDL concentration (Schultz et al., 1991). Thus, the overall 
physiological significance of apoA-I1 remains unknown. 

Recent studies have shown that the transcription of human 
apoA-I1 gene is controlled by a complex array of distal and 
proximal regulatory elements, designated A-N (Shelley & 
Baralle, 1987; Lucero et al., 1989; Chambaz et al., 1991; 
Cardot et al., 1991). The distal elements N-I, between 
nucleotides -903 and -680, are essential for cell type specific 
expression of the apoA-I1 gene, and they display enhancer 
type activity in hepatic cells when placed in front of 
heterologous promoters (Shelley & Baralle, 1987; Lucero et 
al., 1989; Chambaz et al., 1991). Deletion of element N 
drastically reduces hepatic and intestinal transcription. How- 
ever, element N alone was not sufficient to enhance tran- 
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Table I 
primers for amplification of the 
region upstream of the deletion 

primers for amplification of the 
region downstream of the deletion 

1 b (apoA-I1 (+4 to +29) with XhoI and EamHI restriction 

2b (apoA-I1 (-32 to -8) (sense)) 

3b (apoA-I1(-41 to-13) (sense)) 

deletion mutant 
1. apoA-I1 (-91 1/+29) la  (nucleotide +34 to +9 upstream of Hind111 

A(-32 to -42) 
(deletion A domain) 2a (apoA-I1 (-65 to -42) (antisense)) 

2. apoA-I1(-911/+29) la  lb  
A(-42 to -65) 3a (apoA-I1(-88 to -66) (antisense)) 
(deletion B domain) 

3. apoA-I1(-911/+29) la  l b  
A(-32 to -65) 3a 2b 

4. apoA-I1(-911/+29) l a  l b  
A(-1 10 to -126) 4a (apoA-I1(-154 to -127) (antisense)) 
(deletion C domain) 

A(-255 to -276) 
(deletion D domain) 

A(-364 to -377) 
(deletion E domain) 

A(-404 to -384) 
(deletion F domain) 

A(-455 to -468) 
(deletion G domain) 

A(-706 to -675) 
(deletion I domain) 

A(-734 to -716) 
(deletion J domain) 

A(-853 to -829) 
(deletion M domain) 

site of the pUC19 polylinker (sense)) sites (CCATGGATCTGCTCGAG) (antisense)) 

4b (apoA-I1 (-154 to -83) A(-126 to -1 10) (sense)) 

5b (apoA-I1 (-254 to -226) (sense)) 

6b (apoA-I1 (-363 to -334) (sense)) 

7b (apoA-I1 (-383 to -356) (sense)) 

8b (apoA-II(455 to -428) (sense)) 

5. apoA-I1 (-911/+29) l a  l b  
5a (apoA-I1(-306 to -277) (antisense)) 

6a (apoA-I1(-378 to -407) (antisense)) 

7a (apoA-I1 (-405 to -428) (antisense)) 

8a (apoA-I1 (-469 to -493) (antisense)) 

6. apoA-I1(-911/+29) la  l b  

7. apoA-I1(-911/+29) la  l b  

8. A-I1 (-91 1/+29) IC l b  

9. apoA-I1(-911/+29) la  l b  
9a (apoA-I1(-761 to -707) (antisense)) 9b (apoA-I1 (-675 to -614) (sense)) 

10. apoA-II (-911/+29) l a  l b  
10a (apoA-I1 (-679 to -764) A(-734 to -716) (antisense)) 

1 l a  (apoA-I1 (-802 to -881) A(-853 to -829) (antisense)) 

10b (apoA-I1 (-711 to -676) (sense)) 

11. apoA-I1 (-911/+29) la  l b  
1 l b  (apoA-I1 (-828 to -802) (sense)) 

scription (Shelley & Baralle, 1987; Chambaz et al., 1991). 
The middle region contains elements H-D, between nucleotides 
-573 and -255, and its deletion slightly reduced the tran- 
scription of the apoA-I1 gene in cells of hepatic and intestinal 
origin (Chambaz et al., 1991). The proximal region contains 
elements C-A between nucleotides -126 and -33, and its 
importance has not been assessed. Previous analysis showed 
that elements AB, K, and L bind to the heat-stable factor 
CIIIB 1, which has been purified from hepatic nuclear extracts 
and is a transcription activator of the human apoC-I11 gene 
(Cardot et al., 1991; Ogami et al., 1991). Elements AB and 
K also bind to another heat-labile activity, designated AIIAB1, 
the importance of which is not known, and element L binds 
to proteins that recognize the CCAAT motif (Cardot et al., 
1991). Element N predominantly binds an activity designated 
AIIN3, and element H binds an activity related to HNFl  
(Chambaz et al., 1991). The importance of CIIIBl and of 
CCAAT box activities for the transcription of the apoA-I1 
gene was assessed by in vitro mutagenesis. Point mutations 
in domains L, K, and AB, which prevented the binding of 
CIIIB 1, reduced transcription in hepatic and intestinal cells 
to 7% of control. Mutations that prevented the binding of 
CCAAT box binding proteins in domain L reduced hepatic 
and intestinal transcription to 30% of control (Cardot et al., 
1991). 

In the present communication, we have completed the 
characterization of the activities which bind to the regulatory 
regions C, D, E, F, G, I, J, and M of apoA-I1 and assessed 
their importance for hepatic and intestinal transcription. The 
arrangement and properties of the apoA-I1 promoter suggest 
that the liver-specific expression of the apoA-I1 gene is 
controlled by the synergisticinteractions of factors which bind 
to the proximal and the distal regulatory elements. The 
multiplicity of the regulatory elements and the nuclear factors 
which participate in the regulation of a single gene is very 
interesting. It is possible that the interaction of different sets 

of factors within the apoA-I1 promoter may lead to different 
levels of transcription of the apoA-I1 gene. 

EXPERIMENTAL PROCEDURES 

Materials. All materials were purchased from sources 
described previously (Ogami et al., 1990). 

Synthetic Oligonucleotides and DNA Amplifications. 
Oligonucleotides were synthesized by the solid-phase phosphite 
triester method using an automated oligonucleotide synthesizer 
(Applied Biosystems, Model 380-B). The oligonucleotides 
were purified by electrophoresis on 20% polyacrylamide/7 M 
urea gels and labeled with 32P as described (Ogami et al., 
1990). DNA fragments were generated by DNA amplification 
with the polymerase chain reaction (PCR). The primers used 
and the fragments generated are shown in Table I. PCR 
reactions were performed using a Perkin-Elmer automated 
thermocycler according to the manufacturer's specifications. 
The sequence of the fragments and their orientation in the 
final constructs were determined by DNA sequencing. 

Plasmid Construction. The -91 1/+29 CAT construct 
containing the deletion of elements A-M was generated with 
PCR amplification of the pUC-AI1 plasmid (Chambaz et al., 
1991). For the deletion of regions A, B, AB, D, E, F, G, and 
I, the sequences upstream and downstream of the intended 
deletion were amplified separately. For instance, for the 
deletion of element A, the region upstream of nucleotide -42 
was amplified using oligonucleotides l a  and 2a as 5' and 3' 
primers, and the region downstream of nucleotide -32 was 
amplified using oligonucleotides 2b and 1 b as 5' and 3/ primers, 
respectively (Table I). The two amplified fragments for each 
deletion were digested with Hind111 and XhoI, respectively, 
purified by electroelution from the agarose gel, and cloned 
into the corresponding sites of the pUCSH-CAT vector. 
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Table 11: Sequences of Oligonucleotides Used in DNA Binding and Competition Experiments 
ref 

AIC -178AGCTTGCTGTTTGCCCACTCTATTTGCCCAGCCCCAG-142 Papazafiri et al., 1991 
AID -218GCCCCCACTGAACCCTGACCCCTGCCCTGC-'88 Papazafiri et al., 1991 
CIIIB -92GGTCAGCAGGTGACCTGCCCAGCGd7 Ogami et al., 1990 
CIIIC -138CCGCTTGCTGCATCTGGACA-11g Ogami et al., 1990 
CIIID -16SGTCCTAGGGATTTCCCAATCTCCCGCCCL3' Ogami et al., 1990 
BA 1 -%CCGGGAGGCGCCCTGGAGCTTTTGd2 Kardassis et al., 1990a 
BA2 "1CAATCCTGGCGCTCTTGCAGCCTGGG-3b Kardassis et al., 1990a 
BA3 -78GCCCTTTGGACC"TGCAATCCTGGCGCT-48 Kardassis et al., 1990a 
BC 1 -116GCCAGTGTAGAAAAGCAAA-99 Kardassis et al., 1990a 
a1AT -130ATCCCAGCCAGTGGACTTAGCCCCTGTTTGCTCCTCC94 DeSimone et al. 1987 
HNFl/LFBl -7'JAGTATGGTTAATGATCTACAG-50 Maire et al., 1989 
NFY -92GGAACCAATGAAATGCGAGG-73 Maire et al., 1989 
NFl -I33ACAATTTTTTGGCAAGAATATTAT-l lo Maire et al., 1989 
AlbD -I15TGGTATGATTTTGTAATGGGGTAGGA4 Maire et al., 1989 
TK/CEBP -96GCGTCTTGTCATTGGCGAATTCG-74 Dorn et al., 1987 
AP 1 
AP2/3 -2S5GTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAG-224 Mitchell et al., 1987 
OTF -74TTCCCAATGATTTGCATGCTCTCACT49 Scheidereit et al. 1987 
AIIAB "7AGTCCTGTCACCTGACAGGGGGTGGGTAAACAGACA-32 Figure 1 
AIIC -128CTCCCCCATTTCTCCAACTTG-108 Figure 1 
AIID -*78TGCTTCCTGTTGCATTCAAGTCCAAG-253 Figure 1 
AIIE -379ATAATGGAATAAAGACAC3b2 Figure 1 
AIIF *GATAAGGTTGAGAGATGAGATCTAC382 Figure 1 
AIIG -471GATTTCAATTCCTTTCTC-454 Figure 1 
AIIH -57%TCTCATTACACATTAACTC553 Figure 1 
AI11 -7MATTCACCTC'MTTCCTGCCAGAGCCC-6*' Figure 1 
AIIJ -73VGCCTTCAACCT'ITACCCTGGTAG-716 Figure 1 
AIIK -760TAAGGTGATCAAATGACC743 Figure 1 
AIIM "ssACCTCTCCCCCTCCCCCACCCCCAACAGGA-826 Figure 1 

-ll'JAGCCGCAAGTGACTCAGCGCGGGGCGTGTGCA-77 Bos et al., 1988 

Deletions B, AB, D, E, G, and F were generated in a similar 
manner using the primers listed in Table I. For deletion of 
domain C (-126 to -1 lo), the region upstream of nucleotide 
-1 26 was amplified using oligonucleotides l a  and 4a as 5' and 
3' primers, respectively. The region downstream of nucleotide 
-1 54 was amplified using 5' and 3' amplification primers 1 b 
and 4b. The 4b primer extends from nucleotide -154 to -83 
and contains the -126 to-110 deletion. An aliquot containing 
4% of the two amplified regions was used for further 
amplification using the 5' and 3' amplification primers 1 a and 
1 b. The amplified DNA was digested with HindIII and XhoI, 
purified by electroelution from the agarose gel, and cloned 
into the HindIII and XhoI sites of the pUCSH-CAT. The 
deletions in domains M and J were constructed in a similar 
manner using the amplification primers shown in Table I. 
The oligonucleotides carrying the deletion of domains J and 
M were 1 Oa and 1 la, respectively. apoA-I1 promoter plasmids 
were cotransfected with a 8-galactosidase-containing plasmid 
in HepG2 cells by the calcium phosphateDNA coprecipitation 
method (Graham & van der Eb, 1973). CAT and 8-galac- 
tosidase assays were performed as described previously (Edlund 
et al., 1985; Gorman et al., 1982). 

Preparation of Nuclear Extracts and Fractionation of 
Activities Bound to the Regulatory Elements J and D of the 
apoA-ZI Promoters. All buffers contained 1 mM DTT, 0.1 
mM benzamidine, 2 pg/mL aprotinin, 1 pg/mL pepstatin, 
and 1 pg/mL leupeptin added just prior to use. Nuclear 
dialysis buffer (NDB) contained 25 mM Hepes (pH 7.6), 5 
mM MgCl2, 0.1 mM EDTA, and 10% glycerol. All purifi- 
cation steps were carried out at 4 OC. Nuclear extracts were 
prepared from the livers of 10 rats (approximately 120 g of 
liver) as described (Gorski et al., 1986). The extracts (10 
mL, 90 mg of protein) were dialyzed against two changes of 
NDB buffer containing 40 mM KC1 and used for purification. 

Q-Sepharose Chromatography. Five milliliters of dialyzed 
nuclear extracts were applied to a column (1.6 cm diameter, 
20 cm length) of Q-Sepharose (10 mL bead volume) 
equilibrated in NDB buffer containing 40 mM KCl at a flow 
rate of 30 mL/h. The column was eluted stepwise with NDB 

containing 0.2-1 M KCl. In this and subsequent fraction- 
ations, fractions of 3 mL were collected and analyzed for 
DNA binding activity by a DNA binding gel electrophoretic 
assay. 

Biorex-70 Chromatography. Another 5 mL of dialyzed 
nuclear extracts was applied to a column of Biorex-70 similar 
to that described above and equilibrated in NDB buffer 
containing 40 mM KC1. The column was eluted stepwise 
with NDB buffer containing 0.2-1 M KC1. 

DNA Binding Gel Electrophoresis and Competition Assays. 
For this analysis, 6-10 pg of nuclear extracts was preincubated 
for 15 min at 4 OC in a 20-pL reaction containing 25 mM 
Hepes (pH 7.6), 8% Ficoll, 40 mM KC1, 1 mM DTT, 3 pg 
of double-stranded poly(dI-dC), and 5 mM MgCl2 in the 
presence or absence of a 25-500-fold excess of competitor 
oligonucleotidesequences (Cardot et al., 199 1). The sequences 
of synthetic oligonucleotides used as competitors are presented 
in Table 11. Labeled, double-stranded apoA-I1 oligonucleotide 
(30000 cpm) was then added, and the incubation was 
continued for 30 min at 4 OC. Free DNA and DNA-protein 
complexes were resolved on a 4% polyacrylamide gel in 1 X  
TAE (1X TAE = 6.7 mM Tris, 3.3 mM sodium acetate, and 
1 mM EDTA, pH 7.9). The gel was dried and exposed to 
X-ray film. C/EBPa cDNA (Landschulz et al., 1988) was 
the generous gift of Dr. McKnight of Carnegie Institution of 
Washington and was expressed in Escherichia coli and purified 
as described (Papazafiri et al., 1991). Extracts from COS-1 
cells transiently transfected with HNF4, ARP1, EAR2, and 
EAR3 expression plasmids were prepared as described (Ladias 
et al., 1992). 

RESULTS 

Nomenclature of the Binding Activities. The activities 
which bind to the regulatory elements A-N of apoA-I1 are 
identified by (a) the name of the apoA-I1 gene (AII), (b) the 
regulatory element to which they bind (A, B, C, etc.), and (c) 
the mobility of the DNA protein complexes (1, 2, 3, etc.) 
going from the slowest to the fastest migrating complexes. 
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FIGURE 1: Effect of deletions of the aDoA-11 Dromoter elements A-N on the transcription of the reporter CAT gene in HepG2 and CaCo-2 
cells. 

Importance of the Regulatory Elements A-N for  Tran- 
scription in Cells of Hepatic and Intestinal Origin. The 
deletions of the regulatory elements A-N affected differently 
the transcription of the reporter CAT gene in hepatic HepG2 
and intestinal CaCo-2 cells (Figure 1). This analysis generally 
showed that deletion of elements of the middle regulatory 
region (elements J-C) did not dramatically affect hepatic 
transcription. The intestinal transcription was also not affected 
in these deletion mutants, with the exception of the deletion 
of elements J and C where the intestinal transcription was 
reduced to 32% and 39% of control, respectively. Deletion of 
the elements A, B, or both reduced hepatic and intestinal 
transcription to 10-16% of control, indicating that the factors 
which bind to this proximal region are essential for the 
transcription of the human apoA-I1 gene. With the exception 
of element M, deletion of the distal regulatory elements K-N 
reduced hepatic transcription to levels ranging from 7 to 25% 
of control and the intestinal transcription to levels ranging 
from 4 to 18% of control, indicating that this region is also 
essential for transcription. The deletion of element M reduced 
intestinal transcription to 32% of control and had no effect 
on hepatic transcription (Figure 1). The effects of deletions 
of elements A-N on transcription in HepG2 and CaCo-2 cells 
imply that hepatic and intestinal transcription may be 
controlled by different combinations of regulatory factors. 

Identification and Characterization of the Activities Which 
Bind to Regulatory Element M in Liver and CaCo-2 Cells. 
The activities which bind to the proximal and distal apoA-I1 
promoter elements were identified by DNA binding gel 

electrophoretic and competition assays using synthetic oli- 
gonucleotides as binding probes or competitors. This analysis 
showed that the regulatory element M (nucleotides -853 to 
-829) is recognized predominantly by two major hepatic 
activities, designated AIIM1 and AIIM2 (Figure 2A). It is 
interesting that the activity AIIM2 is present in rat liver nuclear 
extracts but is absent from CaCo-2 cell extracts (Figure 2B) 
and may represent a new liver-enriched factor. This factor 
has no effect on apoA-I1 transcription, but may be important 
for the transcription of other liver-specific genes. The 
observation that the deletion of element M reduced intestinal 
transcription to 32% of control implies that factor AIIM1 is 
important for intestinal transcription but has no effect on 
hepatic transcription. Competition analysis showed that both 
the AIIMl and the AIIM2 activities are not competed out by 
oligonucleotides containing the binding sites of the previously 
described transcription factors C/EBP, NF1, HNFl/LFBI, 
and NFY (Maire et al., 1989) or by regulatory elements of 
apoB (BA2, BA3, and BCl), apoA-I (AID), apoC-I11 (CIIID), 
albumin (AlbD), and a1-antitrypsin (a1AT) (Ogami et al., 
1990; Papazafiri et al., 1991; Maire et al., 1989; Kardassis 
et al., 1990a; DeSimone et al., 1987). At least two other fast 
migrating DNA protein complexes appear on the DNA binding 
gel which compete with oligonucleotides NFY, BA2, and AID 
(Figure 2A). The designations of the competitor oligonu- 
cleotides used are shown on the top of Figure 2, and their 
sequences are described in Table 11. The competitor oligo- 
nucleotides used in this and subsequent figures define four 
groups of transcription factors: a liver-enriched factor 
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AllM1- 

AllM2 + 

AllM2 - 

FIGURE 2: (A) DNA binding gel electrophoretic and competition assays with apoA-I1 promoter region M (-853 to -829) as probe. The 
double-stranded oligonucleotide corresponding to footprinting region M was labeled with the Klenow fragment of DNA polymerase I in the 
presence of [ c x - ~ ~ P I ~ G T P  and [ c x - ~ ~ P I ~ C T P  and used as a binding probe. In this panel and in subsequent figures (Figures 3-8), DNA binding 
and competition assays were performed with rat liver nuclear extracts as described in the Experimental Procedures. Competitor oligonucleotides 
were added in all except the first lane at 500-fold molar excess relative to the 32P-labeled oligonucleotides. The oligonucleotides used are 
indicated by abbreviations at the top of the figure and are described in Table 11. (B) DNA binding gel electrophoretic assay using apoA-I1 
promoter region M as probe and nuclear extracts from rat liver or CaCo-2 cells. NE represents analyses performed with rat liver nuclear 
extracts. 

AlUl+ 
AllJ2 

FIGURE 3: (A) DNA binding gel electrophoretic and competition assays with apoA-I1 promoter region J (-734 to -716) as probe. Labeling 
of the oligonucleotide probe and DNA binding and competition assays were performed with rat liver nuclear extracts as described in the 
Experimental Procedures. The competitor oligonucleotides were used at 500-fold molar excess relative to the 32P-labeled probe. They are 
indicated by abbreviations at the top of the figure and are described in Table 11. (B) DNA binding gel electrophoretic assay using apoA-I1 
promoter region J (-734 to -716) as probe and rat liver nuclear extracts (NE) or factors HNF4, ARPl, EAR2, and EAR3 produced by 
expression of the corresponding cDNAs in COS-1 cells. (C) DNA binding gel electrophoretic assays of fractions eluted from the cation 
(Biorex-70) and anion (Q-Sepharose) exchange columns using the apoA-I1 promoter region J (-734 to -7 16) as probe. The KCl concentration 
at which the activities AIIJl and AIIJ2 elute is indicated at the top. 

(HNF1 /LFBl), nuclear receptors (AID, BAI, CIIIB, and 
a 1-antitrypsin), CCAAT box binding proteins (AlbD, NFY, 
NFl ,  BA3, CIIID, and TKC/EBP), and miscellaneous factors 
(AP1, AP2/3, OTF, and CIIIB1) (Ogami et al., 1990; 
Papazafiri et al., 1991; Ladias et al., 1992; Maire et al., 1989; 
Kardassis et al., 1991a; DeSimone et al., 1987; Dorn et al., 
1987; Bos et al., 1988; Mitchell et al., 1987; Scheidereit et al., 
1987). 

Identification and Characterization of the Hepatic Ac- 
tivities Which Bind to Regulatory Elements J (-734 to -71 6) 
and I (-706 to -680). DNA binding and competition assays 
showed that element J predominantly forms two DNA-protein 
complexes designated AIIJl and AIIJ2 (Figure 3A). Com- 
petition analysis showed that both complexes are competed 
out by oligonucleotides AID and CIIIB (Table 11) (Ogami et 
al., 1990; Papazafiri et al., 1991). The AIIJ 1 is competed out 
completely and the AIIJ2 is competed out partially by 
oligonucleotide BA1 (Table 11) (Kardassis et al., 1990a). Both 
AIIJl and AIIJ2 complexes are competed out partially by the 
oligonucleotide a1  AT, which corresponds to the regulatory 

region-130 to-94 of al-antitrypsin (DeSimone et al., 1987). 
The competition experiments by the a l A T  and BA1 oligo- 
nucleotides indicate that the regulatory element J is recognized 
by at least three distinct activities. Some of these activities 
also bind to the regulatory elements AID, BA1, and CIIIB 
of the human apoA-I, apoB, and apoC-I11 genes, respectively. 
Elements AID, BA1, CIIIB, and a l A T  contain a direct, 
nonperfect repeat of the TGACCT motif, which is the site 
that is recognized by nuclear receptors (Martinez et al., 199 1). 
Members of theorphan receptor family HNF4, EAR2, EAR3, 
andARP1 (Sladeket al., 1990; Ladias & Karathanasis, 1991; 
Ritchie et al., 1990; Miyajima et al., 1988) bind to the nuclear 
receptor sites of the human apolipoprotein genes and regulate 
their transcription. HNF4 is a positive regulator and ARPl, 
EAR2, and EAR3 are negative regulators of these human 
apolipoprotein genes (Ladias et al., 1992). All of these 
elements are also recognized by factor NF-BA1, which was 
purified recently from rat liver nuclear extracts and was shown 
to be a positive regulator of the human apoB gene (Kardassis 
et al., 1990b). 
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Figure 3B shows the electrophoretic mobilities of the DNA- 
protein complexes of the AIIJ element with ARP1, EAR2, 
EAR3, and HNF4, expressed in COS-1 cells, along with the 
complexes formed with rat hepatic nuclear extracts. The 
electrophoretic mobility of AIIJ2 is similar to that of HNF4, 
but different from those of ARP1, EAR2, and EAR3. In 
addition, the fact that the AIIJ2 complex is not competed out 
by a large excess of oligonucleotide BA1 and a 1  AT implied 
that other binding activities with electrophoretic mobilities 
similar to that of HNF4 present in hepatic extract recognize 
the AIIJ element. The relationship of the activities responsible 
for the AIIJ2 and AIIJ1 complexes with members of the 
nuclear receptors requires further clarification by utilization 
of specific antibodies which recognize members of the hormone 
or orphan receptor families. Competition analysis also showed 
that the AIIJl and AIIJ2 bands are not competed out by 
oligonucleotides containing the binding sites of the previously 
described transcription factors C/EBP, NF1, HNF1, and 
NFY or by regulatoryelementsofapoB (BCl), apoA-I (AIC), 
apoA-I1 (AIIAB, AIIK, and AIIL), apoC-I11 (CIIID), and 
albumin (AlbD). The designations of the competitor oligo- 
nucleotides used are shown on the top of Figure 3, and their 
sequences are described in Table 11. Overall, the DNA binding 
and competition analyses indicated that regulatory element 
J may be the binding site of factors similar or related to 
previously described hormone receptor family members. 

Fractionation of the activities which bind to regulatory 
element J by cation (Biorex-70) exchange chromatography 
showed that both activities elute at 0.3-0.4 M KCl. Frac- 
tionation by anion exchange (Q-Sepharose) chromatography 
showed that a significant portion of the AIIJ2 activity elutes 
at 40 mM KC1 (flow through, FT), whereas significant 
amounts of AIIJ2 and all of the AIIJl activity elute at 0.2- 
0.3 M KC1 (Figure 3C). 

DNA binding and competition analysis showed that reg- 
ulatory region I forms three DNA-protein complexes, which 
are competed out by oligonucleotide NF1 (Table 11) previously 
shown to bind transcription factor NF1 (Figure 4A) (Maire 
et al., 1989). Partial competition of binding is also observed 
with oligonucleotides AIC, BA3, and TKC/EBP, all containing 
a noncanonical CCAAT binding motif (Table 11) (Dorn et 
al., 1987). TheapoA-11-706 to-680sequenceintheantisense 
orientation has extensive homology with the -133 to -1 10 
regulatory element of the albumin promoter, which contains 
the motif TGGCAA that is recognized by NF1 (Maire et al., 
1989). The electrophoretic mobility profiles of the hepatic 
nuclear activities which bind to the NF1 (-133 to -110) 
oligonucleotide and the AI1 I (-706 to -680) oligonucleotide 
are similar (Figure 4B). A truncated NF1 form which contains 
the binding site of NF1 and was produced by the expression 
of a truncated rat NF1 cDNAusing a vacciniavirus expression 
system (Gounari et al., 1990) binds to NF1 and AI1 I 
oligonucleotides (Figure 4C). The affinity of rat NF1 for its 
cognate sequence on the mouse albumin and human apoA-I1 
promoters was determined by cross-competition experiments. 
Figure 4D shows the ability of the unlabeled NF1 and AI1 
I oligonucleotides to compete for the binding of the truncated 
NF1 factor to the albumin promoter. The direct binding 
(Figure 4C) and competition experiments (Figure 4D) 
indicated that the NF1 affinity for the regulatory element of 
the human apoA-I1 gene is lower than that for its cognate 
sequence on the albumin promoter. 

Low-Affinity Binding of Nuclear Activities to Footprint 
Regions G (-468 to -425), F (-404 to -384), and E (-377 
to -364). The activities which bind to regions E, G, and F 
have been designated AIIE1, AIIG1, AIIF1, AIIF2, and 
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AIIF3, respectively (Figure 5A-C). Competition experiments 
showed that the slower migrating AIIFl activity, which 
appears as a broad band, is competed out by oligonucleotides 
containing the binding sites of the previously described 
transcription factors C/EBP, NF1, and NFY (Maire et al., 
1989) and by regulatory elements of apoB (BA2, BA3), apoA-I 
(AIC), apoC-I11 (CIIID), and albumin (AlbD), whichcontain 
binding sites for CCAAT box binding proteins (Ogami et al., 
1990; Maire et al., 1989; Kardassis et al., 1990a). However, 
the AIIFl activity is not competed out by oligonucleotides 
a1  AT and CIIIB, which contain binding sites for nuclear 
receptors (Ladias et al., 1992; Martinez et al., 1991), or by 
an oligonucleotide which contains the binding site of the liver- 
enrichedfactor HNFl/LFBl (Maireet al., 1989). The faster 
migrating activity AIIF3 is competed out by oligonucleotide 
NF1, whereas activity AIIF2 is not competed out by any of 
the competitor oligonucleotides used. The binding of AIIEl 
activity to footprint region E is very weak. The competition 
pattern of AIIGl activity is identical to that observed with 
AIIFl activity (data not shown). A faster migrating DNA- 
protein complex is observed in panels B and C which is not 
competed out with excess cold oligonucleotide and probably 
is the result of nonspecific binding. The designation of the 
competitor oligonucleotides used is shown on the top of Figure 
5 ,  and their sequences are described in Table 11. 

Identification and Characterization of the Hepatic Ac- 
tivities Which Bind to Regulatory Elements D and C of the 
Human apoA-II Gene. DNA binding and competition assays 
showed that regulatory region D of apoA-I1 forms a broad 
band that is the result of at least three superimposed DNA- 
protein complexes designated AIID1, AIID2, and AIID3 
(Figure 6 ) .  AIID3 represents a broad band which may result 
from the binding to this region of one or more heat-stable 
activities. AIID 1 and AIID2 represent heat-labile activities 
(data not shown). These activities become apparent when 
the heat-stable AIID3 activities are competed out. The 
activities which bind to regulatory element D were also 
fractionated by anion Q-Sepharose and cation (Biorex-70) 
exchange chromatography. Two additional activities elute 
at 0.3 and 1.0 M KCl from the Biorex-70 column and at 0.4 
KCl from the Q-Sepharose column. These activities may exist 
in low abundance in the crude extracts and are concentrated 
in the indicated fractions during purification. Alternatively, 
they may represent degradation products of the AIID1, AIID2, 
and AIID3 activities. The AIID1 and AIID3 activities elute 
at different salt concentrations from the cation exchange 
column (Figure6B) but cannot be separated by anion exchange 
chromatography. 

DNA binding and competition experiments showed that 
the heat-stable activities are competed by oligonucleotides 
containing the binding sites of the previously described 
transcription factors C/EBP, NF1, HNF1, NFY, AP1, AP2/ 
3, a lAT,  and OTF (Maire et al., 1989; DeSimone et al., 
1987; Bos et al., 1988; Mitchell et al., 1987; Scheidereit et al., 
1987) and by regulatory elements of apoB (BA3), apoq-I 
(AIC), apoA-I1 (AIIAB, AIIC, AIIF, AIIG, and AIIL), and 
apoC-I11 (CIIID and CIIIC), albumin (AlbD). These 
apolipoprotein regulatory elements bind heat-stable factors 
possibly related to C/EBP family members. The heat-stable 
activities are not competed out by oligonucleotides BA1 and 
AID, which contain binding sites to nuclear receptors (Sladek 
et al., 1990; Ladias & Karathanasis, 1991; Ritchie et al., 
1990; Miyajima et al., 1988; Kardassis et al., 1990a,b, 1992). 
The designations of the competitor oligonucleotides used are 
shown on the top of Figure 6, and their sequences are described 
in Table 11. The AIID1 activity is competed out by oligonu- 
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FIGURE 4: (A) DNA binding gel electrophoretic and competition assays with apoA-I1 promoter region I (-706 to -680) as probe. Labeling 
of the oligonucleotide probe and DNA binding and competition assays were performed with rat liver nuclear extracts as described in the 
Experimental Procedures. Competitor oligonucleotides were added in all except the first lane at 500-fold molar excess with respect to the 
32P-labeled oligonucleotides. They are indicated by abbreviations at the top of the figure and are described in Table 11. (B) DNA binding 
gel electrophoretic and competition assays using the mouse albumin -133 to -1 10 promoter region (NF1 oligo) or apoA-I1 promoter region 
I (-706 to -680) as probes. (C) DNA binding gel electrophoretic and competition assays using the mouse albumin -133 to -1 10 promoter 
region (NFl oligo) or apoA-11 promoter region I (-706 to -680) as probes. DNA binding assays were performed with a truncated NFl  form, 
which contained the binding site of NFl  and was produced by expression of a truncated rat NF1 cDNA using a vaccinia virus expression system. 
(D) Competition of binding of NF1 activity to a probe containing the NFl  binding site on the mouse albumin promoter by oligonucleotides 
containing apoA-I1 promoter element I or the NFl  binding site on the albumin promoter. The complete sequences of the competitor oligonucleotides 
used are shown in Table 11. 

cleotides AIC and CIIIC as well as by the oligonucleotide 
TKC/EBP (Dorn et al., 1987). Finally, activity AIID2 is not 
competed out by any of the oligonucleotides of Table 11. 

DNA binding and competition experiments showed that 
regulatory region C of apoA-I1 forms two DNA-protein 
complexes designated AIIC 1 and AIIC2. The complexes are 
retained after heat treatment of the extracts at 85 OC for 5 

min (Figure 7). Complex AIICl appears as a broad band. 
Its competition pattern is very similar to that observed for 
activity AIID3 (compare Figures 6 and 7). Specifically, this 
activity is competed by oligonucleotides AlbD, AIC, BA3, 
CIIIC, TKC/EBP, etc., which bind heat-stable factors, but 
it is not competed by oligonucleotides BAl and A1 D, HNFl,  
and AI1 I, which bind nuclear receptors HNFl and NFl ,  
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FIGURE 5: DNA binding gel electrophoretic and competition assays with apoA-I1 promoter regions E (-377 to -364) (A), F (-404 to -384) 
(B), and G (-468 to -455) (C). Labeling of the oligonucleotide probe and DNA binding and competition assays were performed with rat 
liver extracts as detailed in the Experimental Procedures. Reactions were performed in the presence of 15 pg of rat liver nuclear extracts in 
panels A and C and 10 pg in panel B. NE 85 "C indicates that nuclear extracts were heated at 85 "C for 5 min. The competitor oligonucleotides 
were used at 500-fold molar excess relative to the j*P-labeled probe. They are indicated by abbreviations at the top of the figure and are 
described in Table 11. 
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FIGURE 6: (A) DNA binding gel electrophoretic and competition assays with apoA-I1 promoter region D (-276 to -255). Labeling of 
oligonucleotide probe and DNA binding and competition assays were performed with rat liver nuclear extracts as detailed in the Experimental 
Procedures. NE 85 "C indicates that nuclear extracts were heated at 85 "C for 5 min. The competitor oligonucleotides were used at 500-fold 
molar excess relative to the 32P-labeled probe. They are indicated by abbreviations at the top of the figure and are described in Table 11. (B) 
DNA binding gel electrophoretic assays of fractions eluted from the cation (Biorex-70) and anion (Q-Sepharose) exchange columns using 
apoA-I1 promoter region D as a probe. The KCl concentration at which the activities AIID1, AIID2, and AIID3 elute is indicated at the 
top. 

respectively. It is interesting that the HNFl oligonucleotide 
which competes for the binding of AIID3 to regulatory element 
D does not compete for the binding of AIICl to regulatory 
region C. This suggests that AIICl and AIID3 activities 
may not be identical. In addition, AIICl activity is competed 
out by oligonucleotide NF1 but not by oligonucleotide AI1 I 
which, as shown in Figure 4A,B, binds to NF1. The heat- 
stable activity AIIC2 is competed out by the AlbD oligonu- 
cleotide, which contains the binding sites of C/EBPa and 
DBP (Maire et al., 1989). The designations of the competitor 
oligonucleotides used are shown on the top of Figure 7, and 
their sequences are described in Table 11. 

The activities which bind to regulatory elements N, K, L, 
and AB have been described previously (Chambaz et al., 199 1; 
Cardot et al., 1991). The competition experiments of Figures 
5-7 combined with previous findings suggest that regulatory 
elements C and L of apoA-11, C and D of apoC-111, C of 
apoA-I, and BA3 of apoB bind similar heat-stable activities 
(Chambaz et al., 1991; Cardot et al., 1991; Ogami et al., 
1990, 1991; Papazafiri et al., 1991; Kardassis et al., 1990a, 

1992). A common feature of these elements is that they 
contain sequences that are homologous to the T(orG)NNGC- 
(orT)AAT(orG) motif, which are the binding sites of C/EBP 
and other CCAAT box binding proteins (Table 111) (Ryden 
& Beemon, 1989). The nature of these activities and their 
relationship to previously described factors require further 
clarification by utilization of specific antibodies recognizing 
the C/EBP family members. Their importance for the 
regulation of the different apolipoprotein genes requires in 
vivo expression studies using transgenic mice. 

Affinity of CIEBP for  Different Cognate Sites on the 
Human apoA-11 Gene Promoter. DNA binding of C/EBPa 
produced by expression of C/EBP cDNA in bacteria (Land- 
schulz et al., 1988; Papazafiri et al., 1991; Kardassis et al., 
1992) showed that C/EBPa binds with different affinities to 
the regulatory regions AIIAB, AIIC, AIID, AIIF, AIIG, and 
AIIL (Figure 8A, Tables I1 and 111). The affinity of C/EBPa 
for its cognate sequence on the human apoA-I1 promoter was 
determined by cross-competition experiments. Figure 8B 
shows the ability of unlabeled oligonucleotides to compete for 
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FIGURE 7: DNA binding gel electrophoreticand competition assays with apoA-I1 promoter region C (-126 to-1 10). Labeling of theoligonucleotide 
probe and DNA binding and competition assays were performed with rat liver nuclear extracts as detailed in the Experimental Procedures. 
Competitor oligonucleotides were added in all except the first two lanes at 500-fold molar excess with respect to the 32P-labeled oligonucleotides. 
They are indicated by abbreviations at the top of the figure and are described in Table 11. 
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FIGURE 8: (A) DNA binding gel electrophoresis of C/EBPa! produced by the expression of C/EBPa! cDNA in bacteria to the regulatory region 
D of the mouse albumin promoter and regions AB, C, D, E, G ,  and L of the human apoA-I1 promoter. The abbreviations of the oligonucleotide 
probes used are indicated at the top of the figure and are described in Table 11. (B) Competition of binding of C/EBPa! to the AlbD regulatory 
region (Table 11) by unlabeled oligonucleotides corresponding to the AlbD region and regions AB, C, D, E, G ,  and L of apoA-11. The complete 
sequences of the competitor oligonucleotides used are shown in Table 11. 

the binding of C/EBPa, to AlbD oligonucleotide. On the 
basis of the concentration of cold competitor required to 
displace 50% of the labeled probe, the affinity of C/EBPa for 
its cognate sequence on the mouse albumin and apoA-I1 
promoters follows the order AlbD > AIIL > AIIC > AIID 
> AIIF> AIIG > AIIAB. The importanceof C/EBPproteins 
for the regulation of transcription of the apoA-I1 gene needs 
to be determined. 

Organization of the Different Activities along the Regu- 
latory Elements A-N of the apoA-II Promoter and Their 
Importance for  Transcription. The organization of the 
different activities which participate in the regulation of 
transcription of the human apoA-I1 gene, their importance 

for transcription, and their putative paths of transcription 
activation are shown in Figure 9A,B. Such activities may be 
of general importance for our understanding of the combination 
of factors which control liver-specific gene expression. The 
effect of mutations in different elements (deletion or nucleotide 
substitutions), which affected the binding of specific factors, 
on hepatic and intestinal transcription is indicated at the bottom 
of Figure 9A. This assignment is based on the information 
presented in Figures 2-8, as well as in references (Chambaz 
et al., 1991; Cardot et al., 1991). Table I11 compares the 
consensus binding site of C/EBP with that found on the 
albumin promoter and several regulatory elements of the apoA- 
11, apoA-I, apoB, and apoC-I11 promoters. Finally, Figure 
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Table I11 
~~ 

ref 
C/EBP T T N N G C A A T  Ryden et al., 1987 
consensus sequence G T G 

AlbD 
coding strand 

5'- -LO7 -99 -3' Maire et al., 1988 
T T T T G T A A T  

- AIIC 5 ' -  -1 13 . -121 -3' Table I1 
noncoding strand T G G A G A A A T  

AIIL 5 ' -  -778 -786 -3' Table I1 
noncoding strand T T A G C C A A T  

AIID 5'- -262 -270 -3' Table I1 
noncoding strand G B A T G C A A C  

AIIF 
coding strand 

AIIG 
coding strand 

5'- -399 -391 -3' Table I1 
T T G A G A P A T  

5 ' -  -471 -462 -3' Table I1 
P A T T T C A A T  

AIIAB 5 ' -  -39 -47 -3' Table I1 
noncoding strand T T A C C C A C C  

-156 -3' Papazafiri et al., 1991 AIC 5'- - 148 
noncoding strand C T G G G C A A A  

AIC 5'- -161 -169 -3' Papazafiri et al., 1991 
noncoding strand T G G G G C A A A  

BA2 5' -  -40 -48 -3' Kardassis et al., 1990 
noncoding strand G G C T G C A A G  

BA3 
coding strand 

5'- -66 -58 -3' Kardassis et al., 1990 
T T T T G C A A T  

CIIIC 5' -  -127 -135 -3' Ogami et al., 1990 
noncoding strand T G C A G C A A G  

CIIID 
coding strand 

5 ' -  -155 -147 -3' 
T T T C C C A A C  

Ogami et al., 1990 

9B shows putative paths of transcriptional activation of the 
apoA-I1 gene. Figure 9A,B and Table I11 are designed to 
facilitate our discussion. The precise role of the different 
activities on the regulation of transcription of the apoA-I1 
gene is the subject of ongoing studies. 

DISCUSSION 

Background. The transcription of eukaryotic genes is 
controlled by the binding of specific nuclear proteins (tran- 
scription factors) to specific regulatory gene sequences (usually 
referred to as promoter elements, enhancers, or silencers). 
These interactions control tissue-specific gene expression and 
gene expression during differentiation and development and 
that in response to intra- and extracellular stimuli such as 
hormones and metabolites. 

Human apoA-I1 is a protein which is synthesized almost 
exclusively in the liver (Hussain & Zannis, 1990). Under- 
standing the regulation of synthesis of this protein may be 
important because of its potential role in the reverse transport 
of cholesterol. Furthermore, the strict tissue-specific expres- 
sion of this gene makes it a good model to study mechanisms 
which control liver-specific gene expression. 

Recent studies have shown that the transcription of the 
apoA-I1 gene is controlled by a core of regulatory elements, 

which can act as a liver-specific enhancer (Lucero et al., 1989; 
Chambazet al., 1991; Cardot et al., 1991). Thiscoreconsists 
of regulatory elements N-I and is localized between nucleotides 
-903 and -680 of the apoA-I1 promoter (Chambaz et al., 
1991; Cardot et al., 1991). Previous studies also showed that 
deletions or nucleotide substitutions within regulatory elements 
K and L, or both, reduced hepatic and intestinal transcription 
to low levels (Cardot et al., 1991). This indicated that factor 
CIIIBl and other factors which bind within these regulatory 
elements are required for hepatic and intestinal transcription 
of the human apoA-I1 gene. A similar reduction in tran- 
scription was observed by deletion of the regulatory element 
N (Chambaz et al., 1991). The objectives of this study were 
to assess the importance of each of the 14 regulatory elements 
of the human apoA-I1 gene for intestinal and hepatic 
transcription in vitro and to identify the different hepatic 
activities which bind to them. 

Hepatic Activities Involved in the Regulation of the Human 
apoA-ZZ Gene. Identification of activities that recognize the 
apoA-I1 promoter has been facilitated by our recent char- 
acterization of activities that bind to the regulatory elements 
of other apolipoprotein promoters (Ogami et al., 1990, 1991; 
Papazafiri et al., 1991; Kardassis et al., 1990a, 1992), as well 
as general progress in the purification and characterization 



9090 Biochemistry, Vol. 32, No. 35, 1993 Cardot et al. 

AN A M  AL AK AJ 
Hep 6 2  7 100 63 25 33 2020 70 

18 32 6 3 0  29 10 4 32 coco-2 
Middle Elements 

-255 

AI 
57 
80 

-' I T f T t A A 

A H  AG AI= A E  A D  
Hep 6 2  80 84 108 122 122 
coco-2 64 93 114 120 1 24 

Proximal Elements 
-126 C - 1 1 0 d 5  AB -33 

t t  
AA0 

t X d Transcription by 
mutant promoters 

A C  
Hep 6 2  72 60 12 
coco-2 39 36 12 

0 I II 111 IV 

K L N  Elements K L N  K L N  K L N  

Elements A0 TATA/+ 1 A0 TATA/+I A0 TATA/+I A0 TATA/+l 

reduced Transcription optimum reduced reduced 
4 4 4 4 

100% 30% a- 18% 12% 

FIGURE 9: (A, top) Organization of the nuclear activities on the human apoA-I1 promoter elements. The boundaries of promoter elements 
A-N are indicated at the top of the figure. In this panel, the effect of deletions or nucleotide substitutions which affect the binding of the 
different factors on the promoter activity in HepG2 and CaCo-2 cells is indicated at the bottom of the figure. (B, bottom) Schematic 
presentation of putative regulatory paths which lead to different levels of transcriptional activation of the human apoA-I1 gene. Panel I shows 
optimal hypothetical interactions of CIIIBl bound to elements L, K, and AB with the basal transcription factors which lead to optimal (100%) 
transcription. Panel I1 shows how hypothetical interactions of C/EBP (or other CCAAT binding proteins) bound to element L and CIIIBl 
bound to elements K and AB with the basal transcription factors lead to reduced 30% transcription. Panels I11 and IV show how the elimination 
of factors AIIN3 and AB (by deletion of their cognate elements) disrupts the interaction of the remaining factors with each other and the 
basal transcription factors and thus further reduces the transcription to low levels (8-1 8%). 

of several transcriptional activities (Hardon et al., 1988; Rangan & Das, 1990; Cladaras et al., 1991; Ogami et al., 
Paonessa et al., 1988; Frain et al., 1989; Johnson & McKnight, 199 1; Ramji et al., 199 1). On the basis of this information, 
1989; Akira et al., 1990; Descombes et al., 1990; Gounari et a variety of oligonucleotides corresponding to the binding sites 
al., 1990; Hooft van Huijsduijnen et al., 1990; Kardassis et of known factors or to the regulatory sequences of apolipo- 
al., 1990b, 1992; Mueller et al., 1990; Poli et al., 1990; proteinsor other liver-specificgenes wereusedin DNA binding 
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and competition assays. This analysis allowed the identifi- 
cation of (a) new activities, (b) activities such as CIIIBl, 
NF-BA1, and others which regulate other apolipoprotein 
genes, and (c) activities related to previously described factors 
C/EBP, HNF4, HNF1, and NF1. 

Role of New Activities in the Regulation of Transcription 
of the Human apoA-11 Gene. New activities bind to regulatory 
elements M (designated AIIMl and AIIM2), D (designated 
AIIDl and AIID2), and F (designated AIIF2; Figure 9A). 
Some of these activities can be separated in different fractions 
by anion and cation exchange chromatography (Figures 3C 
and 6B). Deletion of element M reduced intestinal tran- 
scription to 32% of control without affecting hepatic tran- 
scription. This finding suggests that activity AIIMl is 
important for optimum intestinal transcription of the apoA- 
I1 gene, whereas both AIIMl and AIIM2 may not substantially 
affect the hepatic transcription of this gene. The factors which 
bind to element D have been designated AID1, AID2, and 
AIID3. The first two are new heat-labile factors and the 
latter is a heat-stable factor which may be related to the family 
of C/EBP proteins (Akira et al., 1990; Descombes et al., 1990; 
Poli et al., 1990; Cao et al., 1991; Williams et al., 1991). 

Element D of the human apoA-I1 promoter contains a TGT- 
TGC motif which is similar to the cognate sites of EBP-40 
and EBP-45. EBP-40 and EBP-45 interact with the human 
transferrin gene enhancer (Petropoulos et al., 1991). These 
proteins recognize the 5’-TGTTTGC-3’ motif present in 
element F of the mouse albumin promoter where C/EBP binds 
(Friedman et al., 1989). However, an antiserum directed 
against C/EBPadid not inhibit the formation of DNA-protein 
complexes of EBP-40 and EBP-45 with its cognate site of the 
human transferrin gene enhancer, indicating that these 
activities differ from that of C/EBP (Petropoulos et al., 1991). 

A heat-stable activity designated AIIFl also binds to 
regulatory element F. Deletion of element D or element F 
increased intestinal and hepatic transcription only slightly, 
suggesting that the factors which bind to these elements may 
not substantially affect hepatic and intestinal transcription in 
vivo. Deletion of element C reduced intestinal transcription 
to 39% of control, whereas it had a small effect on hepatic 
transcription. Element C is the binding site of two heat- 
stable activities. One (designated AIIC2) may be related to 
activities which bind to regulatory region D of the albumin 
promoter. The other, designated AIIC1, may be related to 
similar heat-stable activities which bind to regulatory element 
D of apoA-11. Some of these new activities described for the 
apoA-I1 promoter may contribute to optimum transcription 
but are not essential for hepatic transcription of the human 
apoA-I1 gene. 

Role of Heat-Stable Activities and the C/EBP Family 
Member in the Regulation of Transcription of the Human 
apoA-II Gene. The heat-stable activities which bind to 
regulatory elements C, D, and F of apoA-I1 form broad bands 
following DNA binding gel electrophoretic assays (Figures 
5-7). This may result from the binding of different homo- 
or heterodimeric forms. Such dimers may be formed among 
known or still unidentified C/EBP family members. Direct 
binding assays showed that purified C/EBPa produced by 
the expression of C/EBPa cDNA in bacteria binds with 
relatively high affinity to regulatory elements L, C, and D of 
apoA-I1 and with low affinity to regulatory elements F, G, 
and AB. DNA binding assays with crude hepatic nuclear 
extracts and competition experiments also suggest that besides 
C/EBPa other heat-stable activities bind with high affinity 
to regulatory elements L, C, and D and with low affinity to 
elements F, G, and AB. 
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C/EBPa can form homo- or heterodimers through its leucine 
zipper domain with other members of the C/EBP family, 
which include CIEBPP, -7, and -6 (Akira et al., 1990; 
Descombes et al., 1990; Poli et al., 1990; Cao et al., 1991; 
Williams et al., 1991). It has also been shown that C/EBPP 
is involved in the regulation of hepatic genes during the acute 
phase response (Poli et al., 1990). Elements L and C contain 
the sequences TTAGCCAAT and TGGAGAAAT, respec- 
tively, which differ by one nucleotide (boldface type) from 
the consensus binding site of C/EBP [TT(orG)NNGC(orT)- 
AAT(orG)] (Ryden & Beemon, 1989). Elements D, F, G, 
and AB differ by two or more nucleotides from the consensus 
binding siteof C/EBP (Table 111). The relative higher binding 
affinity of C/EBPa for element D, as compared to element 
F, could be explained by the fact that the two mismatches in 
element F occur within the half-consensus site, GCAAT. 

Cross-competition experiments showed that the heat-stable 
activities which bind to regulatory regions C and L of apoA-I1 
may be similar to or identical with the activities which bind 
to regulatory regions C and D of apoC-111, C of apoA-I, and 
BA3 of apoB (see Table 111). Two heat-stable nuclear 
activities, designated NF-BA2 and NF-BA3, have been 
fractionated from crude nuclear extracts and protected the 
same apoB regions as C/EBP (Kardassis et al., 1992). These 
activities bind to regulatory elements L of apoA-I1 and C and 
D of apoC-I11 (Cardot et al., 1991; Cladaras et al., 1991). 
However, it is possible that other heat-stable activities may, 
in addition, bind to regulatory regions D, F, G, and AB of the 
apoA-I1 promoter. The relationship of the heat-stable activi- 
ties with the members of the C/EBP family will require further 
characterization by the utilization of specific antibodies which 
recognize the C/EBP family members. 

The role of these proteins and different members of the 
C/EBP family in apoA-I1 gene transcription will require 
further in vivo and in vitro studies. Thus, cotransfection 
experiments of C/EBP expression plasmids with the wild- 
type and mutated promoters in elements C, D, and L will 
clarify the role of different C/EBP members for transcription 
in HepG2 and CaCo-2 cell cultures. Similarly, expression of 
wild-type and mutated constructs in elements C and L in 
transgenic mice will clarify the role of these elements in 
intestinal and hepatic transcription in vivo. Previous analysis 
showed that mutations which affected the binding of these 
proteins to the distal regulatory region (element L) of apoA- 
I1 promoter reduced both hepatic and intestinal transcription 
to 30% of the control (Cardot et al., 1991). Furthermore, the 
current study suggests that the binding of these proteins to 
the proximal region (regulatory element C) may also be 
important for optimum intestinal transcription of the human 
apoA-I1 gene. It will be interesting to assess whether mutations 
in these elements affect similarly the hepatic and intestinal 
transcriptions in vivo. 

Role of CIIIBl and HNFl and NFl in the Regulation of 
Transcription of the Human apoA-ZI Gene. The apoA-I1 
promoter contains binding sites for previously described factors 
CIIIBl and NF1 (Cardot et al., 1991). Previous studies 
showed that CIIIBl binds to regulatory elements AB, K, and 
L of apoA-I1 and element B of apoC-I11 (Cardot et al., 1991; 
Ogami et al., 1991). Mutations which affected the binding 
of CIIIBl to all of the apoA-I1 elements reduced hepatic and 
intestinal transcription to control levels, indicating that CIIIB 1 
is important for the regulation of the apoA-I1 gene (Cardot 
et al., 199 1). However, mutations which prevented the binding 
of C/EBP family members and other CCAAT box proteins 
without affecting the binding of CIIIBl reduced hepatic and 
intestinal transcription to 30% of the control. This indicates 
that either C/EBP family members or CIIIBl bound to 



9092 Biochemistry, Vol. 32, No. 35, 1993 

element L may act synergistically with other factors bound 
to the proximal regulatory elements to promote tissue-specific 
transcription of the human apoA-I1 gene. 

This hypothesis is further supported by the observation that 
deletion of element L, which precludes the binding of both 
CIIIBl and C/EBP type activities to this region, reduced 
hepatic and intestinal transcriptions to 25% and 8% of control, 
respectively (Cardot et al., 199 1). Previous studies also showed 
that deletion of the middle regulatory region (614-230) 
reduced hepatic transcription to 60% of the control, whereas 
it increased intestinal transcription 1 .4-fold. Deletion of the 
individual elements within this region likewise causes small 
decreases (when elements H and G are deleted) or increases 
(when elements E, F, and D are deleted) in hepatic and 
intestinal transcription. It is very interesting that element H 
is a binding site for the liver-enriched factor HNFl/LFBl 
and element I is a binding site for NF1 (Jones et al., 1987). 
HNFl  is a mammalian homeodomain transcription factor, 
which plays a very important role in the regulation of several 
liver-specific genes (Frain et al., 1989), whereas NF1 is a 
ubiquitous factor that has been implicated in gene transcription 
as well as in DNA replication (Paonessa et al., 1988; Jones 
et al., 1987). DeletionanalysisoftheapoA-IIpromoter showed 
that both HNFl and NF1 contribute to the optimum 
transcription but are not essential for hepatic expression of 
the apoA-I1 gene. 

Role of Nuclear Receptors in the Regulation of Tran- 
scription ofthe Human apoA-ZZ Gene. Regulatory element 
J forms two DNA-protein complexes, designated AIIJl and 
AIIJ2. DNA binding and competition assays and protein 
fractionation showed that complex AIIJ2 consists of two 
activities, one of which is similar to the previously described 
factor NF-BA1 (Kardassis et al., 1990b). This factor binds 
to regulatory regions -88 to -62 of apoB, -87 to -72 of apoC- 
111, and -220 to -190 of apoA-I (Kardassis et al., 1990b) and 
acts as a positive regulator of these genes. Mutations in the 
apoB and apoC-I11 promoters, which reduced the binding of 
this factor to its cognate sequence, reduced apoB and apoC- 
I11 transcription to background levels (Ogami et al., 1991; 
Kardassis et al., 1990a, 1992). Regulatory element J is also 
a binding site for transcription factors HNF4, EAR2, EAR3, 
and ARPl (Figure 3). These proteins belong to the orphan 
receptor subfamily, for which the activation ligand is not 
known, and can form homo- or heterodimers in vitro (Sladek 
et al., 1990; Ladias & Karathanasis, 1991; Ritchie et al., 
1990; Miyajima et al., 1988). The first three proteins have 
90% sequence homology in their DNA binding domains and 
approximately 50-60% homology with the DNA binding 
domain of HNF4 (Ladias et al., 1992). It has been shown 
that HNF4 is a positive regulator and that EAR2, EAR3, and 
ARPl are negative regulators of the human apoC-111, apoB, 
and apoA-I genes (Ladias et al., 1992; Ladias & Karathanasis, 
1991; Mietus-Snyder et al., 1992). Deletion of regulatory 
element J reduced hepatic and intestinal transcriptions by 
64% and 32% of control, respectively, and abolished the 
activation of apoA-I1 by HNF4 (Cardot et al., 1991; Ladias 
et al., 1992). 

Recently it was also shown that regulatory element J of 
apoA-I1 binds to heterodimers of thyroid hormone receptor 
8 with Drosophila chorion transcription factor ultraspiracle 
(Khoury et al., 1992). It is interesting that neither ultraspi- 
racle, which is a homologue of the mammalian transcription 
factor retinoic X receptor, nor thyroid hormone receptor 8 
can bind to element J as homodimers. Thus, it is possible that 
different homo- or heterodimeric combinations of nuclear 
receptors may modulate the transcription of the apoA-I1 gene 
by binding to element J without being essential for the hepatic 
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or the intestinal transcription of this gene. 
Overall, systematic analysis of the apoA-I1 promoter did 

establish that, while elements A, B, K, and L are the most 
crucial for hepatic transcription, three additional elements 
(J, M, and C) play an important role in intestinal transcription. 
This indicates that the mode of intestinal and hepatic regulation 
must encompass similar as well as unique interactions among 
factors bound to different sites. Systematic analysis of the 
intestinal activities which bind to the 14 regulatory elements 
will be required to address this question. In addition to the 
observed differences between proximal hepatic and intestinal 
regulatory elements and factors, other differences may exist 
in the Supstream regulatory region which can be only assessed 
by expression of the apoA-I1 gene in transgenic mice. 
Similarly, the transgenic mice approach will also be required 
to assess the role of elements H, I, and J, which are the binding 
sites of HNF1, NF1, and nuclear receptors for the hepatic 
and intestinal transcription of the human apoA-I1 gene in 
vivo. 

Are There Multiple Paths of Transcriptional Activation 
for  a Single Gene? The analysis of the apoA-I1 promoter 
shows the participation of several transcription factors in the 
regulation of a single gene (Figure 9A). Some of these factors 
may occupy identical or overlapping binding sites, indicating 
a redundancy of factors which can regulate this and possibly 
other genes. Our findings also suggest the cooperation of 
factors which bind to the proximal and distal regulatory 
elements. The contribution of a specific transcription factor, 
such as NF-BA1 or members of the orphan receptor subfamily, 
HNFl/LFBl,  C/EBPa, etc., on the rate of transcription of 
a target gene depends on their relative positions on a specific 
promoter. For instance, previous studies have shown that 
HNFl/LFBl,  HNF4, and members of the nuclear receptors 
play an important role in the regulation of other liver-specific 
genes, but are not essential for the hepatic and intestinal 
transcription of the human apoA-I1 (Ladias et al., 1992; 
Martinez et al., 1991; Frain et al., 1989). It is expected that 
the position of a factor on a specific promoter will determine 
its interactions with other factors as well as with the general 
transcription factors. 

An important question is whether different combinations 
of proximal with distal regulatory factors can result in different 
levels of transcription of the apoA-I1 gene. A few such 
possibilities are suggested by our mutagenesis analysis and 
are shown in Figure 9B. In one hypothetical path (panel I), 
the interaction of CIIIBl bound to elements I, K, and AB 
with the basal transcription factors leads to optimum apoA-I1 
gene transcription. In another path (panel II), interaction of 
C/EBP or other CCAAT binding proteins bound to element 
L with CIIIBl bound to elements K and AB and the basal 
transcription factors leads to 30% transcription. Finally, in 
two other cases (panels I11 and IV), deletion of elements N 
and AB, respectively, which are the binding sites of factors 
AIIN3 and CIIIBl, disrupts the synergism of the factors and/ 
or their interaction with the basal transcription factors and 
diminishes hepatic and intestinal transcription. Several other 
combinations of factors may lead to different levels of intestinal 
and hepatic transcription. Elucidation of such mechanisms 
of gene activation will require isolation of the factors involved 
and precise probing on how the interaction(s) of a set of tissue- 
specific and ubiquitous factors can possibly enhance or suppress 
the transcription of a target gene. 
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