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Abstract

Angiotensinogen is shown to be produced by the liver and the
hepatoma cell line HepG2. As a first step for understanding the
molecular relationship between the transcriptional regulation
of the angiotensinogen gene and the pathogenesis of hyperten-
sion, we have analyzed the basal promoter of the angiotensino-
gen gene. Chloramphenicol acetyltransferase (CAT) assays
with 5'-deleted constructs showed that the proximal promoter
region from —96 to +22 of the transcriptional start site was
enough to express HepG2-specific CAT activity. Electropho-
retic mobility shift assay and DNase I footprinting demon-
strated that the liver- and HepG2-specific nuclear factor (an-
giotensinogen gene-activating factor [AGF2]) and ubiquitous
nuclear factor (AGF3) bound to the proximal promoter ele-
ment from —96 to —52 (angiotensinogen gene-activating ele-
ment [AGE2]) and to the core promoter element from —6 to
+22 (AGE3), respectively. The site-directed disruption of ei-
ther AGE2 or AGE3 decreased CAT expression, and the se-
quential titration of AGF3 binding by in vivo competition re-
markably suppressed HepG2-specific CAT activity. Finally,
the heterologous thymidine kinase promoter assay showed that
AGE2 and AGE3 synergistically conferred HepG2-specific
CAT expression. These results suggest that the synergistic in-
terplay between AGF2 and AGF3 is important for the angio-
tensinogen promoter activation. (J. Clin. Invest. 1994.
93:1370-1379.) Key words: angiotensinogen ¢ transcription
proximal promoter ¢ nuclear factor « hepatocyte

Introduction

Hypertension is a complex pathological state with a predis-
posed genetic background involving the autonomic nervous
system and the various hormonal vasoactive peptides. Al-
though a large number of important regulatory genes on the
circulation systems had been identified, little information was
available on their roles in the development of hypertension. By
contrast, recent studies have demonstrated that the renin-an-
giotensin system (RAS)! plays an important role in the regula-

Address correspondence to Akiyoshi Fukamizu, Ph.D., Institute of Ap-
plied Biochemistry, University of Tsukuba, Tsukuba City, Ibaraki 305,
Japan.

Received for publication 22 October 1993 and in revised form 10
December 1993.

1. Abbreviations used in this paper: AGE, angiotensinogen gene-acti-
vating element; AGF, angiotensinogen gene-activating factor; CAT,
chloramphenicol acetyltransferase; EMSA, electrophoretic mobility

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/94/04/1370/10 $2.00

Volume 93, April 1994, 1370-1379

1370

tion of blood pressure, fluid volume balance, and other biologi-
cal responses through generation of angiotensin II, which has a
variety of actions such as vasoconstrictor activity and stimula-
tion of the production and release of aldosterone (1). The par-
ticipation of RAS in several disease states including hyperten-
sion has now been proposed (2-15).

Angiotensinogen is the unique substrate of renin in RAS,
and the primary source of plasma angiotensinogen is the liver
(16, 17). We previously demonstrated that the 5'-flanking re-
gion of the human angiotensinogen gene was important for
tissue- and cell type-specific expression of the gene in vitro
(18) and in vivo (19). We also disclosed that the promoter
region of the mouse angiotensinogen gene was able to direct
transcription in HepG2 cells (20), and other investigators
showed that the 750-bp promoter element from the immediate
5'-flanking region was capable of directing most, but not all,
tissue-specific and hormonal regulation of the angiotensinogen
minigene in transgenic mice (21). Moreover, we have recently
indicated that the proximal promoter region is involved in the
adipogenic differentiation-induced expression of the angioten-
sinogen gene (22). All of these studies indicated that the 5'-
flanking sequences played a major role in the regulation of the
angiotensinogen gene expression.

The synthesis and release of angiotensinogen into the circu-
lation is regulated in response to a number of different stimuli
such as steroid hormones (23-27), cytokines (28), and angio-
tensin II (29, 30) in the liver. For example, recent studies on
the regulation of the gene in the liver during the acute phase
response led to the identification of a hormonally induced en-
hancer unit consisting of two glucocorticoid responsive ele-
ments and a cytokine responsive element in the far upstream
5'-flanking region (31, 32), although the exact role of angioten-
sinogen in inflammation is uncertain (33).

On the other hand, recent transgenic studies using the rat
and human angiotensinogen genes (34-37) and genetic linkage
analyses of the human angiotensinogen gene with high blood
pressure (38, 39) propose that the basal transcriptional mecha-
nism of the angiotensinogen gene is involved in the pathogene-
sis of hypertension. At present, little information is available
concerning the basal transcriptional machinery of the angio-
tensinogen gene, and the molecular relationship between the
regulation of transcription of the gene and the pathogenesis of
hypertension is unclear.

In this study, as a first step to approach this question and
identify regulatory factors that play a role in the control of
angiotensinogen gene transcription in the liver, we performed
transient transfection assays using the mouse angiotensinogen
promoter linked to chloramphenicol acetyltransferase (CAT)
gene in hepatic HepG2 and other extrahepatic cell lines. The

shift assay; RAS, renin-angiotensin system; TBP, TATA box-binding
protein; TK, thymidine kinase.
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hepatoma cell line HepG?2 cells have retained several proper-
ties of hepatocytes (40), express angiotensinogen mRNA (16),
and are considered to be a suitable model system to investigate
the molecular mechanism-of the angiotensinogen gene expres-
sion. We first demonstrated that the proximal promoter region
from —96 to +22 was able to confer HepG2-specific transcrip-
tional activity and identified two cis-acting elements that con-
tributed to this specificity, angiotensinogen gene-activating ele-
ment 2 (AGE2) (-96-—52) and AGE3 (—6-+22). Electro-
phoretic mobility shift assay (EMSA) identified two nuclear
factors, angiotensinogen gene-activating factor 2 (AGF2) and
AGF3. AGF2 bound to AGE2 in HepG2-specific manner,
whereas AGF3 interacted with AGE3 in all cell lines examined.
DNase I footprint analysis indicated that the palindromic se-
quences were involved in AGF2 binding and that the exon 1
region was critical for AGF3 binding. Furthermore, substitu-
tion mutation analysis and heterologous promoter assay dem-
onstrated that the cooperative interaction between these proxi-
mal and core promoter elements was essential for transcrip-
tional activation of the angiotensinogen gene.

Methods

Cell culture. Hepatoma. HepG2 cells, cervical carcinoma HeLa cells,
and glioblastoma T98G cells were maintained in MEM containing
10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 xg/ml
streptomycin. Embryonic fibroblast NIH3T3 cells were cultured in
DME supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/ml
penicillin, and 100 ug/ml streptomycin. These cell lines were kept in
5% CO,/95% air at 37°C and were passed twice in a week after trypsin-
EDTA detachment.

Plasmid constructions. Genomic DNA cloning was performed
from C57BL/6 mouse liver as described previously (20). The angio-
tensinogen promoter-CAT hybrid genes were constructed as follows:
Ag501, Ag399, Agl138, Ag96, Ag70, Ag51, and Ag6 contain 523-bp
(—501-+22) HinPl, 421-bp (—399-+22) Pvull/HinPI, 160-bp
(—138-+22) Haelll/HinPI, 118-bp (-96~+22) Sau3Al/HinPI, 92-
bp (—70-+22) Rsal/HinPI, 73-bp (—51-+22) Sau3Al/HinPI, and
28-bp (—6-+22) Mval/HinPI fragments, respectively, and these DNA
fragments were subcloned into the Bglll/HindIIl sites of
pUCSVOCAT (41).

A competitive plasmid (pC-AGE3) contained six tandem copies of
the 28-bp (—6-+22) Mval/HinPI fragment inserted into the Smal site
of pUC19.

Site-directed mutagenesis. The Agl138 hybrid gene was used as a
template to construct mutations in AGE2 or AGE3 by oligonucleotide-
directed mutagenesis (42). The sequences of the oligonucleotide
used to create AGEA2 were 5'-CCCCAGCTGAGGTTTAGAGTA-
GCCCA-3’, while those for AGEA3 were 5-CAGGGGAT-
GTTGATGCGAGCCTAGGTTG-3". Once the site-directed muta-
tions (underlined) were obtained and confirmed by sequencing, the
altered 160-bp (—138-+22) fragments were subcloned into the BglII/
HindlII sites of pUCSVOCAT.

DNA transfections and CAT assay. 1 d before transfection, 7 X 103
cells were plated on 60-mm dishes. The cell medium was changed 3 h
before transfection. A calcium phosphate coprecipitate containing 4 ug
of DNA was added to the cultured cell lines. Cells were incubated for 12
h, washed, and incubated for 36 h in fresh medium. Cells were col-
lected, and cell extracts were prepared by freezing and thawing as de-
scribed (18). The extracts were heated at 60°C for 10 min, and the
precipitate was removed by centrifugation. The protein concentration
was determined using BSA as a standard (18). The reaction mixture
contained 140 mM Tris-HCl, pH 7.8, 02 uCi of [“C]-
chloramphenicol, 4 mM acetylcoenzyme A (Pharmacia LKB Biotech-
nology Inc., Piscataway, NJ), and 40 ug of cell extract in a final volume
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of 150 pl. The mixture was incubated at 37°C for 2 h and then ex-
tracted with cold ethyl acetate. The solution was dried, and the pellet
redissolved in 15 ul of ethyl acetate. The labeled chloramphenicol and
acetylated derivatives were separated by ascending TLC using chloro-
form/methanol (95:5, vol/vol). The chromatograms were subjected to
autoradiography at —70°C. CAT activity was quantitated by counting
scraped regions of the chromatograms in a liquid scintillation spectrom-
eter.

Preparation of nuclear extracts. Nuclear extracts from HepG2,
HeLa, T98G, and NIH3T3 cells were prepared using a modification of
the protocol of Dignam et al. (43, 44). The final protein concentration
was 5-7 mg/ml. Nuclear extracts from mouse liver were prepared es-
sentially according to the procedure of Gorski et al. (45). The final
protein concentration was 2-3 mg/ml.

EMSA. Double-stranded angiotensinogen promoter sequences
(—96--52, —51-+22, or —6-+22) were phosphorylated at both ends
using T4 polynucleotide kinase and [y-3*P]ATP. Nuclear extracts
were preincubated for 15 min on ice in a 20-ul reaction mixture con-
taining 12 mM Hepes, pH 7.9, 60 mM KCl, 0.1 mM EDTA, 0.5 mM
DTT, 0.5 mM PMSF, 12% glycerol, and 500 ng of double-stranded
poly(dI-dC) in the presence or absence of 50- or 100-fold excess of a
specific double-stranded competitor DNA. 0.1-0.5 ng (~ 15,000 cpm)
of a radiolabeled DNA probe was added, and the incubation continued
for 30 min at room temperature. The incubation mixture was loaded
on a 5% polyacrylamide gel in 1 X TBE (90 mM Tris-HCIl, pH 8.0, 89
mM boric acid, 2 mM EDTA), and electrophoresed at 140 V for 3 h
followed by autoradiography. Oligonucleotides containing the consen-
sus binding sequences for AP-1, NF-1, and Sp-1 were obtained from
Stratagene (Gelshift® Kit; La Jolla, CA). Oligonucleotides with con-
sensus binding motifs for C/EBP (46), HNF-1 (47), and CRE (48)
were synthesized on an oligonucleotide synthesizer (Cyclone® Plus;
MilliGen/Biosearch, Burlington, MA ), and purified on OPC columns
(Applied Biosystems, Inc., Foster City, CA) as described by the manu-
facturer.

DNase I footprint analysis. Fragments of the angiotensinogen pro-
moter spanning the regions from —501 to +22 and —399 to +22 rela-
tive to the transcriptional start site were end labeled with T4 polynu-
cleotide kinase and [v-3?P]ATP, followed by digestion with Pvull
(—399) and Haelll (—138), respectively, to generate probes suitable
for DNase I footprinting. After gel purification, the probe (~ 20,000
cpm) was incubated with nuclear extracts in a 50-ul reaction volume
containing 12 mM Hepes, pH 7.9, 60 mM KCl, 4 mM MgCl,, 0.1 mM
EDTA, 0.5 mM DTT, 0.5 mM PMSF, 10% glycerol, and 1 ug of dou-
ble-stranded poly(dI-dC). The mixture was incubated for 30 min on
ice, followed by 1 min at room temperature by the addition of 50 ul of a
solution containing 12 mM Hepes, pH 7.9, 5 mM CaCl,, 5 mM MgCl,,
and 5-250 ng of DNase I. The reaction was stopped by the addition of
100 ul of 12 mM Hepes, pH 7.9, 0.6 M sodium acetate, pH 7, 0.5%
SDS, 0.1 mM EDTA, and 20 gg of transfer RNA (tRNA). The DNA
was extracted with phenol-chloroform (1:1, vol/vol), and was precipi-
tated with 2.5 vol of ethanol before electrophoresis on a 6% polyacryl-
amide/8 M urea sequencing gel. To define the position of the protected
region, G + A sequence ladders were prepared (49).

Results

Angiotensinogen proximal promoter directs transcription in
HepG2-specific manner. We previously demonstrated that
HepG2 cells derived from differentiated hepatoma expressed
angiotensinogen mRNA, and no detectable levels of angioten-
sinogen mRNA were found in extrahepatic HeLa, T98G, and
NIH3TS3 cells by Northern blot analysis (18, 50). To define
DNA sequences responsible for specific transcription in the
angiotensinogen promoter in HepG2 cells, a 523-bp HinPI
fragment of the gene containing the 501-bp 5'-flanking region,
the transcriptional start site, and the 22-bp exon 1 at posi-
tions —501-+22 was inserted to the Bglll/HindIII sites of
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pUCSVOCAT in the sense orientation with respect to the CAT
gene (Ag501), and a series of 5'-deletion mutants extending
from —501 to —6 were constructed and tested for their ability to
promote transcription (Fig. 1). These chimeric constructs were
transiently introduced into HepG2, HelLa, T98G, and
NIH3T3 cells. The promoterless plasmid pUCSVOCAT (SVO0)
was used as a background reference, and pUCSV3CAT (SV3)
was used as a positive control including the SV40 enhancer-
promoter region (41). All results were corrected for variations
in transfection efficiency by reference to pUCSV3CAT.

In HepG2 cells, Ag501 was able to direct CAT activity to a
significant level, and deletion of the promoter to position —96
(Ag96) resulted in a slight increase (1.8+0.4-fold) in CAT ex-
pression relative to the undeleted construct, Ag501. Deletion to
position —70 (Ag70) and —51 (Ag51), however, reduced the
promoter-CAT hybrid gene expression to 28+4.2 and
8.5+1.8% of Ag96, respectively. Further deletion up to position
—6 (Ag6) decreased CAT activity almost to the background
level demonstrated in the negative control, pUCSVOCAT.
These results indicate that the proximal promoter region from
—96 to +22 (Ag96) is sufficient to confer efficient CAT expres-
sion in HepG2 cells, and suggest that the proximal element
from —96 to —52 (AGE2) is important for high level CAT
activity in these cells and that the basal promoter sequences
from —51 to +22 can still mediate minimal promoter activity
in HepG2 cells, although the level of CAT activity is low.

None of the deletion mutants, on the other hand, were ex-
pressed upon transfection into HeLa, T98G, and NIH3T3
cells. This complete inactivity in these nonhepatoma cell lines
was not because of a lower transfection efficiency, since expres-
sion directed by the positive control pUCSV3CAT was almost
at the same level in these cells as in HepG2 cells.

AGE2, the proximal element (—96-—52), binding to
HepG2-specific factor is important for efficient transcriptional
activity of angiotensinogen promoter. The 5'-deletion analysis
suggested that the sequences between —96 and —52 (AGE2)
were important for the high level CAT expression in HepG2
cells. To identify nuclear factors binding to this region, we per-
formed EMSA using the end-labeled angiotensinogen pro-

moter fragment from —96 to —52 (AGEZ2) as the probe. Nu-
clear extracts were prepared from HepG2, HelLa, T98G, and
NIH3TS3 cells, and from mouse liver. Incubation of AGE2 with
either HepG2 or liver nuclear extract produced a single re-
tarded complex (Fig. 2 A, arrowhead), which represented a
sequence-specific interaction between AGE2 and nuclear fac-
tors in the extracts since these were competed out with 100-fold
molar excess of the unlabeled AGE2. DNA fragment from —96
to +22, including both AGE2 (—96-—52) and AGE3 (-6~
+22), also competed for this binding with the liver nuclear
extract, although sequences from —51 to +22, which contained
AGES3 but not AGE?2, failed to compete (Fig. 2 4).

In addition, a high molecular weight band in the liver ex-
tract lanes was observed at the top of the gel. This formation
could be partially competed with 100-fold molar excess of the
unlabeled AGE2. However, this binding could not be com-
peted out completely by 500-fold molar excess of the unlabeled
AGE?2 (data not shown), and a promoter DNA fragment from
—96 to +22, which contained the AGE2 and its downstream
sequences through the exon 1 region, did not compete for this
high molecular weight band (Fig. 2 4). Thus, we considered
that this band formation was due to nonspecific binding. On
the other hand, nuclear extracts from Hela, T98G, and
NIH3T3 cells were not able to form DNA-protein complex
with this element (Fig. 2 A). These results indicate that the
AGE2-binding activity is HepG2 specific and is not detectable
in other extrahepatic cell lines. Furthermore, double-stranded
oligonucleotides containing the consensus binding sequences
for C/EBP, HNF-1, and Sp-1 failed to compete with this
AGE2-binding activity (Fig. 2 4), and oligonucleotides with
binding motif for neither NF-1, AP-1, nor CRE competed with
the binding (data not shown).

DNase I footprint analysis was performed to confirm the
recognition site of this AGE2-binding factor (AGF2). A la-
beled DNA fragment from —399 to +22 was incubated with
liver nuclear extracts followed by DNase I digestion. Fig. 2 B
demonstrated that a sequence from —79 to —53 in AGE2 is
protected from digestion by DNase I ( hatched box).

From the results of deletion analysis and EMSA, AGE2

Hi Pv Ha Sa Rs Sa 1 Hi ’ -
L L — — ‘:;' - Relative GAT Activity ,  Figure 1. Schematic representation of the
_ Pt HepG2  Hela To8G NIH3T3  Inouse angiotensinogen promoter, con-
struction of the angiotensinogen pro-
-501 + {CAT] Ag501 24154 11104 <1 <1 moter-CAT hybrid genes, and basal ex-
. pression of these hybrid genes in transfected
999 — ATl A3z 1003 <1 < HepG2, HeLa, T98G, and NIH3TS3 cells.
138 + {CAT] Ag138  30:38 16106 <1 <1 Restriction endonuclease cleavage sites are
indicated as follows: Hi, HinPI; Ha, Haelll;
96 ————+——{CAT] Ag96 43146 <1 <1 <1 Sa, Sau3Al; and Rs, Rsal. The TATA box
is located at nucleotide positions —30 to
70 ————+——{CAT] Ag70 ns22 10:02 <1 <! —25, and the transcriptional start site is in-
51—+ [CAT] Ag51 37412 <1 <1 <1 dicated by +1. AGE2 (—96 to —52) and
AGE3 (—6 to +22) are shown by the solid
-6 +—{CAT] Agé 1.7:06 <1 <1 <1 boxes. Transfection was performed using
4 ug of plasmid DNA as a CaPO, copre-
—C&D) Svo 13:05 11203 <1 <1 cipitate. Cells were harvested 48 h after
(VA sHhancar] sv3 100 100 100 100 transfection, and aliquots of cell extract

containing equal amounts of total protein
(40 ug) were used in CAT assay. pUCSV3-

CAT (SV3) and pUCSVOCAT (SV0) were used as positive and negative controls, respectively. The CAT activity of each construct was calculated
by comparing the percentage conversion of [ '“C]chloramphenicol with its acetylated forms relative to the activity achieved with pUCSV3CAT
in each cell line. These relative CAT activities are averages+SEM of six independent experiments.
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Figure 2. Identification of a cell
type-specific nuclear factor (AGF2)
that binds to AGE2 (—96 to —52).
(A) Electrophoretic mobility shift
and competition analyses of com-
plexes formed by nuclear factors
with AGE2 (—96 to —52). AGE2
was gel purified and end labeled with
T4 polynucleotide kinase using [y-
3P ATP. Nuclear extracts from
HepG?2 (lane 2, 5 ug; lanes 3 and 4,
10 ug), mouse liver (lane 5, 5 ug;
lanes 6-12, 10 ug), HeLa (lane 13,
10 ug), T98G (lane 14, 10 ug), and
NIH3T3 (lane 15, 10 ug) were in-
cubated with 0.4 ng of the probe. In
electrophoretic shift competition as-
say, 100-fold molar excess of unla-
beled DNA fragments (lane 7,
AGEZ2; lane 8, —51 to +22; lane 9,
—96 to +22) or oligonucleotides
(lane 10, C/EBP; lane 11, HNF-1;
lane 12, Sp-1) were added to the
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reaction mixture. Arrow points to specific retarded complexes. (B) Lane 1, guanosine (G) and adenosine (A4) sequencing-reaction molecular
weight markers. DNase I footprint analysis of AGE2 with increasing amounts of liver nuclear extracts. A 421-bp Pvull-HinPI fragment con-
taining angiotensinogen promoter sequences from positions —399 to +22 was labeled on the noncoding strand at the HinPI site. The DNA probe
(2 X 10* cpm) was incubated with increasing amounts (lane 3, 10 ug; lane 4, 20 ug; lane 5, 40 pg) of mouse liver nuclear extracts and then was
subjected to DNase I digestion. Lane 2 contains no nuclear extract. The protected region is denoted by the hatched box to the right with its nu-

cleotide sequences. The 12-bp palindrome is indicated by arrows.

seems to exert a critical influence on the promoter activity of
the angiotensinogen gene. Thus, to evaluate the functional role
of AGE2 in the promoter activity, 8-bp sequence substitution
mutations were placed in AGE2 to interrupt a perfect 12-bp
palindrome at positions —76 to —65 (AGEA2, Fig. 3 4). The
resulting AGEA2 was used for electrophoretic shift competi-
tion assay and transient transfection assay to assess the func-
tional significance of AGF?2 in the context of angiotensinogen
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promoter. As shown in Fig. 3 4, nonlabeled AGE2 competed
effectively for the complex formation, whereas AGEA2 con-
taining the 8-bp mutations in the palindrome did not compete
at all. The angiotensinogen promoter-CAT chimeric gene with
this mutated AGEA2 (Ag138-A2) was then transiently trans-
fected into HepG2 cells and assayed for induction of CAT activ-
ity (Fig. 3 B). The mutation of the palindromic sequences in
AGE?2 resulted in a substantial reduction in the level of CAT

Figure 3. Effect of AGE2 mutation on
nuclear factor (AGF2) binding and on
the transcriptional activity. (4) Electro-
phoretic shift competition assay using
AGE2 and mutated AGE2 (AGEA2) as
cold competitors. Site-directed muta-
tions of the palindromic sequences in
AGE2 that interfered with nuclear fac-
tors binding were indicated by bold and
italic letters. Binding reaction was per-
formed with 10 ug of nuclear extracts
from mouse liver (lanes 2-4). Lane /
contains no nuclear extract. Lane 2 in-
cludes no competitor. Lanes 3 and 4
show the effect of native AGE2 and
mutated AGE2 (AGEA2) as cold com-
petitors ( 100-fold molar excess) on the
DNA-nuclear factor interaction. Pro-
tein-DNA complexes are indicated by
the arrowhead. (B) CAT assay with the
construct that contain AGEA2. The an-
giotensinogen promoter-CAT chimeric
construct with mutated AGE2 (Agl38-
A2) was transiently transfected into
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HepG?2 cells as well as the parental Agl138. Relative CAT activities were determined as described in the legend of Figure 1 and were demonstrated
by striped bars. The values represent the average+SEM of four independent experiments.
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expression (43+4.6%) relative to the wild-type construct,
Agl38. These results indicate that AGE2, especially the palin-
dromic sequence from —76 to —65, is important for high level
expression in HepG2 cells and that the activator property of
AGE?2 is dependent on nuclear factor (AGF2)-binding to the
element in the angiotensinogen promoter context.

AGE3, the core element (—6 to +22), binding to ubiquitous
Jactor is necessary for the transcriptional activity of angioten-
sinogen promoter. To identify nuclear factors binding to the
minimal promoter sequences (—51 to +22), we carried out
EMSA with this region as the probe and used fragments AGE2
(=96 to —52), A (=51 to +4), and AGE3 (—6 to +22), span-
ning different regions of the proximal promoter, for competi-
tion experiments (Fig. 4). A specific shifted complex was ob-
served with nuclear extracts from liver, HepG2, and extrahe-
patic cell lines examined (Fig. 4 4). In the extracts from mouse
liver, AGE3 competed for the formation of the complex, al-
though fragment A containing the TATA box consensus se-
quence (TATAAA) and AGE2 was unable to compete with
this binding. Similar results were obtained by using the 28-bp
double-stranded DNA probe spanning —6 to +22 bp (AGE3)
of the angiotensinogen promoter. A single specific band, which
was competed by the unlabeled AGE3, was observed with nu-
clear extracts from mouse liver, HepG2, and other extrahepatic
cell lines (Fig. 5 4). These results demonstrated that a ubiqui-
tously expressed nuclear factor (AGF3) binds to the core pro-
moter region from —6 to +22 (AGE3).

DNase I footprint analysis using nuclear extracts from
mouse liver showed a region of DNase I protection from —1 to
+14 in AGE3 (Fig. 5 B, hatched box). The basal promoter
elements around the TATA box (position —33 to —19) and its
downstream region (position —16 to —3) were also protected
from the digestion with DNase I (Fig. 5 B, open boxes). To
investigate the possible relationship between AGF3 and gen-
eral transcription factors, several core promoter fragments ( thy-
midine kinase [ TK] promoter, —109 to +19; SV40 promoter,

N.E.

N.E.

Competitor — — — + — — 4+ — — — —

A e -

7 8 9 10 11

Competitor

—43 to +64; and mouse renin promoter, —47 to +16 [51, 52])
containing the TATA elements and the transcriptional start
sites were used for electrophoretic shift competition assay ( Fig.
6). All of the promoter fragments tested failed to compete effec-
tively for binding to AGE3. Furthermore, oligonucleotide with
consensus binding motif for either C/EBP, HNF-1, Sp-1, NF-
1, AP-1, or CRE could not compete with this binding (data not
shown).

To evaluate the functional significance of AGE3 in
HepG2-specific angiotensinogen promoter activity, we first as-
sayed the effect of a mutation that disrupted nuclear factors
binding to AGE3. As shown in Fig. 7 4, the DNA-~protein
complex formed by the AGE3-binding activity could be com-
peted out by nonlabeled AGE3. However, the DNA fragment
that contains substitution mutations in AGE3 of the exon 1
region (Fig. 7 A, AGEA3) was not able to compete for this
binding. In transiently transfected HepG?2 cells (Fig. 7 B), the
angiotensinogen promoter-CAT hybrid gene with this mu-
tated AGE3 (Agl38-A3) gave the greatly reduced promoter
activity (14+3.2% of the level with the native Agl38 con-
struct). We next performed in vivo competition experiments
to confirm the functional role of AGE3 as a positive regulator.
Six tandem copies of AGE3 were inserted into the pUC19 plas-
mid. This plasmid, named pC-AGE3, was cotransfected with
Ag501 into HepG2 cells, and the CAT activities were analyzed
(Fig. 8). The amount of transfected DNA was normalized by
pUCI19 to 10 ug. The results obtained in this experiment
showed that the CAT activity decreases with increasing
amounts of pC-AGE3. Therefore, these functional assays sug-
gest that the core element overlapping the exon 1 region from
+3 to +14 in AGES3 is important as the recognition sequences
for AGF3, and that AGE3 could, at least in part, support
HepG2-specific promoter activity of the angiotensinogen gene.

Combination of AGE2 and AGE3 confers synergistic activa-
tion on a heterologous promoter. To further address how AGE2
and AGE3 alone or together function in conferring HepG2

Figure 4. Analysis of nuclear factor
binding to the basal promoter se-
quences from —51 to +22 of the an-

Liver giotensinogen gene. (4) EMSA us-
ing 3P-labeled angiotensinogen pro-
& x‘bq’ > v moter sequences from —51 to +22

revealed ubiquitous DNA-binding

388 == activity to this basal promoter re-
- %X X x % % gion. Nuclear extracts from mouse

liver (lane 2, 5 ug; lanes 3, 4, and

8, 10 ug), HepG2 (lane 5, 5 ug;
lanes 6 and 7, 10 pg), HeLa (lane 9,
10 ug), T98G (lane 10, 10 ug), and
NIH3TS3 cells (lane 11, 10 ug) were
incubated with 0.3 ng of the probe.
In competition assay, 100-fold mo-
lar excess of the unlabeled DNA
fragment (—51 to +22) was added
to the reaction mixture. Lane I con-
tains no nuclear extract. Arrow
points to specific shifted complexes.
(B) Electrophoretic shift competi-

tion assay with DNA fragments spanning different basal promoter regions. Binding reactions were performed with mouse liver nuclear extracts
asin A. As competitors, 50- or 100-fold molar excess of unlabeled DNA fragments (lane 2, —51 to +22; lane 3, —6 to +22 [ fragment B]; lanes
4and 5, —51 to +4 [ fragment A]; lane 6, —96 to —52 [AGE21]), as indicated for each lane, was added to the reaction mixture. Lane / contains

no competitor. Arrow points to specific retarded complexes.
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Figure 5. Identification of a ubiquitous nuclear factor (AGF3) that interacts with AGE3 (—6 to +22). (4) Electrophoretic mobility shift and
competition analyses of complexes formed by factors in liver and cultured cell nuclear extracts with AGE3. Nuclear extracts from mouse liver
(lanes 1-5, 10 ug), HepG2 (lanes 6 and 7, 10 ug), HeLa (lanes 8 and 9, 10 ug), T98G (lanes 10 and 11, 10 ug), and NIH3T3 cells (lanes 12
and 13, 10 ug) were incubated with 0.2 ng of 3?P-labeled AGE3. In competition assay, 100-fold molar excess of unlabeled AGE3 or double-
stranded oligonucleotides (C/EBP, HNF-1, and Sp-1) was added to the reaction mixture. Arrow points to specific DNA-nuclear factor com-
plexes. (B) DNase I footprint analysis of AGE3 with increasing amounts of liver nuclear extracts. A 160-bp Haelll-HinPI fragment containing
angiotensinogen promoter sequences from positions —138 to +22 was 32P-labeled on the noncoding strand at the HinPI site. The DNA probe
was incubated with mouse liver nuclear extracts (lane 3, 5 pg; lane 4, 10 ug; lane 5, 20 ug; lane 6, 40 ug) and then subjected to DNase I digestion.
The hatched box to the right represents the protected region (—1 to +14) within AGE3. Nucleotide sequence of this protected region is shown,
and other footprint sequences are denoted by the open boxes. The TATA box is indicated on the left. Maxam-Gilbert sequencing reactions (lane
1, G + A) of the same probe were used as markers for nucleotide positions.

specificity on the angiotensinogen gene, the AGE2 and/or
AGES3 were linked upstream of the Herpes simplex virus TK
promoter-CAT hybrid gene. The results of transient expres-
sion experiments in cultured cells are shown in Fig. 9. AGE2
alone functioned solely in HepG2 cells, in which CAT activity
was moderately stimulated and always significantly higher
than in other cells. AGE3 alone was not able to activate the TK
promoter in all cell lines tested, even though this element was
multimerized up to four copies. A construct combining AGE2
with AGE3 ([AGE2 + AGE3] X 2/TK-CAT) failed to func-
tion in HeLa, T98G, and NIH3T3 cells. In contrast, transcrip-
tion was activated synergistically to a high level (13+2.4-fold)
in HepG2 cells. These results suggest that a combined action of
AGE2 and AGE3 promotes transcriptional activity of the an-
giotensinogen gene in a cell type-specific manner.

Discussion

In the classical endocrine RAS, the primary source of plasma
angiotensinogen is the liver, and the regulation of hepatic an-
giotensinogen synthesis has been investigated (16, 17). How-

Molecular Mechanism of Aneiotensinocen Gene Trancerintion

ever, the basal transcriptional mechanism of the angiotensino-
gen gene in hepatocytes is not completely understood. In this
study, we show that the cell type-specific activation of this gene
transcription results from the cooperative interaction of a prox-
imal promoter element (AGE2) with a novel cis-acting ele-
ment named AGE3 that resides directly around the transcrip-
tional start site in the core promoter region. This conclusion is
based on the following evidence. First, a transient transfection
study indicates that the proximal promoter region from —96 to
+22 of the angiotensinogen gene is sufficient to confer the cell
type specificity on CAT reporter gene expression. Second,
EMSA revealed that HepG2-specific AGF2 and ubiquitous
AGF3 bind to AGE2 and AGE3, respectively. Third, experi-
ments designed to test the involvement of these two elements
in the promoter activity demonstrate that a synergistic interac-
tion of AGE2 and AGE3 contributes to HepG2-specific expres-
sion of the angiotensinogen promoter.

In EMSA, HepG2 and liver nuclear extracts produced a
specific retarded complex with AGE2 due to the binding of
AGF2, whereas the nuclear extracts from HeLa, T98G, and
NIH3TS3 celis lacked detectable binding activity. Inspection of
the DNA sequence of this element reveals a G-C rich 5"-left
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" moter regions. Binding
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using 0.2 ng of *2P-la-
beled AGE3 as the
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nuclear extracts (10 ug)
per reaction. Several
core promoter frag-
ments containing con-
sensus TATA sequences
were prepared and these
were added at a 100-fold
molar excess relative to
the probe. DNA frag-
ments used as competi-
tors were: none (lane /); AGE3 (lane 2); HSV-TK promoter (—109
to +16, lane 3); SV40 promoter (—43 to +64, lane 4); and mouse
renin promoter (—47 to +16, lane 5). Arrow denotes specific DNA-
nuclear factor complexes.

arm region and a perfect 12-bp palindrome (CTCTGTACA-
GAG:; —76 to —65) in the center region. The G-C box se-
quences, one of the most common regulatory DNA elements of
eukaryotic genes, are often recognized by Sp-1 transcription
factor (53). Sp-1 binds to the G-C rich sequences within a few
hundred base pairs upstream of the transcriptional start sites
and activates transcription of genes encoding housekeeping
proteins such as H-ras (54), c-myb (55), insulin receptor (56),
and dihydrofolate reductase (44 ). However, our DNase I foot-

A B
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Relative CAT Activity

138 [AGE2 -{AGE3 | CAT |
-138 [AGE2 HAGEA3[ CAT |

print analysis revealed a protected region from —79 to —53,
overlapping the palindromic sequences but not the G-C rich
region, and electrophoretic shift competition assay using the
consensus binding motif for Sp-1 suggested that AGF2 was
distinct from Sp-1 family nuclear proteins. Although there is
no apparent homology (> 80%) with the binding motifs of
other known transcription factors in AGE2, further experi-
ments are needed to determine whether AGF2 may be a novel
transcription factor.

A substitution mutation in this palindrome that disrupted
protein binding to AGE2 significantly reduced the transcrip-
tional activation of CAT gene in HepG2 cells, and AGE2 by
itself was able to moderately activate the heterologous TK pro-
moter in HepG2-specific manner when linked up to four cop-
ies. The palindromic sequences of AGE2 are well conserved
between the mouse and rat angiotensinogen genes (20), and a
previous study showed that this palindromic sequence of the
rat angiotensinogen gene was important for the formation of a
specific complex with HepG2 nuclear extracts (57). Therefore,
this palindromic region and AGF?2 appears to be directly in-
volved in dictating the hepatocyte-specific expression of the
angiotensinogen promoter, and in extrahepatic cells AGF2
may be either absent or modified so that it is no longer able to
bind to AGE2.

DNase I footprint analysis with liver nuclear extracts dis-
closed the protected sequences from —1 to +14 overlapping the
first exon of the angiotensinogen gene, and substitution muta-
tions within the exon 1 sequences from +3 to +14 abolished
the binding ability of AGF3, suggesting that the exon 1 region
is involved in AGF3 binding. EMSA concerning the distribu-
tion of AGE3-binding activity show that AGF3 is ubiquitously
expressed at relatively uniform levels in various cell types exam-
ined. Although AGF3 by itself was unable to activate the native
angiotensinogen and the heterologous TK promoters, the se-

Figure 7. Effect of AGE3 mutation
on nuclear factor (AGF3) binding
and on transcriptional activity. (4)
Electrophoretic shift competition
assay using AGE3 and mutated
AGE3 (AGEA3) as cold competi-
tors. Site-directed mutations of the
exon 1 region in AGE3 that inter-
fered with protein binding were in-
dicated by bold and italic letters.
Binding reaction was performed
with 10 ug of nuclear extracts from
mouse liver (lanes 2-4). Lane /
contains no nuclear extract. Lane 2
includes no competitor. Lanes 3 and
4 show the effect of the native AGE3
and the mutated AGE3 (AGEA3)

as cold competitors ( 100-fold molar
excess) on the DNA-nuclear factor
interaction. The retarded complexes
are indicated by the arrowhead. (B)
CAT assay with the construct that
contains AGEA3. The angiotensino-
gen promoter-CAT chimeric con-
struct with mutated AGE3 (Ag138-

-51 —AGES [CAT |

A3) was transiently transfected into HepG2 cells as well as the parental Agl138. Relative CAT activities were determined as described in the
legend of Figure 1 and were demonstrated by striped bars. The values represent the average+SEM of four independent experiments.
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Figure 8. In vivo competition analysis of AGE3 (-6 to +22). A
competitive plasmid (pC-AGE3) containing six tandem copies of the
sequences from —6 to +22 was used in this experiment. The angio-
tensinogen promoter-CAT chimeric construct, Ag501 (2 ug), was
transiently cotransfected with 8 ug of either competitor (pC-AGE3)
or plasmid pUC19 or both into HepG?2 cells. CAT assay was per-
formed, and relative CAT activities were determined as described in
the legend of Figure 1. The values are averages+SEM of four inde-
pendent experiments.

quential titration of AGF3 binding by means of the in vivo
competition in HepG2 cells led to the significant reduction in
the activity of the longest angiotensinogen promoter (Ag501),
containing both AGE2 and AGE3 regions, to 6.3+2.4% of the
original activity. Moreover, AGE2 alone was shown to be inef-
ficient in fully activating the heterologous TK promoter in
HepG?2 cells, thereby demonstrating that a combination of
AGE2 and AGE3 synergistically promoted CAT gene tran-
scription under the control of TK promoter in HepG2-specific
manner. These observations suggest that AGF3 binding to
AGES3 is required for AGF2 to exert its cell type-specific acti-
vation property to a full extent in the native angiotensinogen
and TK promoter contexts, despite the widespread expression
of AGF3 activity. Angiotensinogen mRNA is expressed in a
variety of tissue besides liver, such as brain, heart, adrenal
gland, kidney, and vascular tissue (16, 17). Therefore, AGF2
may be important for high level expression in liver, and AGF3
may be involved in basal level expression in these extrahepatic
tissues.

Of general transcription factors identified to date, TATA
box-binding protein ( TBP) is now shown to play a central role
in the formation of preinitiation complex, TFIID, of RNA poly-
merase—directed transcription (58). Given that AGF3 is im-
portant for determination of the magnitude of cell type-spe-
cific transcriptional activity by AGF2, an interesting question
can be raised concerning the possible implication of TBP in
AGF3 binding to AGE3, because this element is closely located
to the TATA box (—30 to —25). In previous analyses regarding
TATA-binding activity, variation has been observed in the ex-
tent to which the footprints cover the transcription initiation
region (59, 60), and a downstream initiation element is re-
ported to be important for efficient TATA box binding and in
vitro function of TFIID (61), in part because of its functional
heterogeneity (62) and its multicomponent complexity (63),
but the TATA site itself is invariably recognized in such foot-
prints. In this sense, the footprint-protected region (—33 to
—19) containing TATA sequences of the angiotensinogen gene
might be a recognition element for TBP. Nevertheless, TFIID
is not usually detectable in crude nuclear extracts (64) and
promoter fragments of several genes containing TATA se-
quences fail to prevent AGF3 binding, suggesting that TBP
does not directly support AGF3 binding to AGE3. The func-

Figure 9. Synergistic action of AGE2 and

Fold Activation
AGES3 on the heterologous TK promoter
HepG2 T98G | Hela  NIH3T3 (4 girect cell type-specific activation. The
AGE?2 (solid box) or AGE3 (hatched box)
TK-CAT 1 1 1 1 fragments together with or without the
other fragment were linked upstream to TK
[AGEZ] AGE2/TK-CAT 35:08 1.3:03 1.2+04 1.1:03 Ppromoterin 5'-3' orientation, and transient
transfection experiments were performed
HAGESY[ TK-CAT] AGE3/TK-CAT 1.3:0.4 1.1:03 1.240.2 1.0:0.2 ?ogzicutltb?: ;‘hte‘:ﬁ a‘fg;;g :ﬁ::vgl:l l:nlt'h?Ch
left. CAT activities were calculated relative
[AcE2DQAGE2DEAGEZ D EAGEZ] [AGE2]x4/TK-CAT 4.8+1.6 1.3:05 1.3:0.2 1.1+0.3 to the level achieved with TK-CAT in-
cluded in each experiment, and fold activa-
P i tion for each construct is calculated by the
YAGESYHRCES Y HRCEIYHACETH TR-CAT] [AGE3x4/TK-CAT 13:03 12104 15105 12102 .o activity divided by the CAT activity of
TK-CAT. Values are averages+SEM of at
[AGE2+AGE3]x2/TK-CAT 13324  1.1+0.3 1.9+04 1.110.3 least three independent experiments.
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tional importance of an additional protected region (—16 to
—3) of the angiotensinogen gene demonstrated by DNase I
footprinting remains unclear.

Recent investigations concerning the transcriptional regula-
tion of the promoter elements demonstrated that the basal pro-
moter regions of several genes are able to confer cell type speci-
ficity (65-70) and indicated that novel transcription factors
bind to the elements located directly around the cap sites of
several genes, such as terminal deoxynucleotidyltransferase
(71), proopiomelanocortin (72), and cytochrome ¢ oxidase
subunit IV (73) genes. These factors were suggested to be espe-
cially important for promoting transcription by the basal pro-
moter elements. Further study will be needed to identify the
nature of these kinds of factors, including AGF3, interacting
with the exon 1 regions.

In conclusion, the experiments reported here indicate that
the proximal promoter region is important for cell type-spe-
cific activation of the angiotensinogen gene transcription and
suggest that the proximal element AGE2 and the core element
AGES3 act in concert to ensure this activation property. It is
likely that the regulation of angiotensinogen synthesis in hepa-
tocytes may be influenced by the actions of several cytokines
and steroid hormones under physiological conditions. Experi-
ments now in progress will define more precisely the modes of
action of both AGF2 and AGF3 and will provide a molecular
basis for the relationship between the binding activities of these
nuclear factors and steroid hormone receptors or nuclear fac-
tors such as those activated by inflammatory responses.

Acknowledgments

This study was supported in part by grants from the Ministry of Educa-
tion, Science, and Culture of Japan (05454275, M. Ishii), the Kihara
- Memorial Foundation (M. Ishii, S. Umemura), the Life Science Foun-
dation (M. Ishii, S. Umemura), the Japan Vascular Disease Research
Foundation (A. Fukamizu), the Naito Foundation (A. Fukamizu),
the Iwaki Foundation (A. Fukamizu), and a Special Research Project
on Circulation Biosystems at the University of Tsukuba ( A. Fukamizu,
K. Murakami).

References

1. Tewksbury, D. A. 1990. Pathophysiology, diagnosis and management. In
Hypertension. Vol. 1. J. H. Laragh and B. M. Brenner, editors. Raven Press, New
York. 1197-1216.

2. Mullins, J. J., J. Peters, and D. Ganten. 1990. Fulminant hypertension in
transgenic rats harbouring the mouse Ren-2 gene. Nature (Lond.). 344:541-544.

3. Sigmund, C. D., K. Okuyama, J. Ingelfinger, C. A. Jones, J. J. Mullins, C.
Kane, U. Kim, C. Wu, L. Kenny, Y. Rustum, et al. 1990. Isolation and character-
ization of renin-expressing cell lines from transgenic mice containing a renin-pro-
moter viral oncogene fusion construct. J. Biol. Chem. 265:19916-19922.

4. Jacob, H. J., K. Lindpainter, S. E. Lincoln, K. Kusumi, R. K. Bunker, Y .-P.
Mao, D. Ganten, V. J. Dzau, and E. S. Lander. 1991. Genetic mapping of a gene
causing hypertension in the stroke-prone spontaneously hypertensive rat. Cell.
67:213-224.

S. Hilbert, P., K. Lindpaintner, J. S. Beckmann, T. Serikawa, F. Soubrier, C.
Dubay, P. Cartwright, B. De Gouyon, C. Julier, S. Takahashi, et al. 1991. Chro-
mosomal mapping of two genetic loci associated with blood-pressure regulation
in hereditary hypertensive rats. Nature (Lond.). 353:521-529.

6. Cambien, F., O. Poirier, L. Lecerf, A. Evans, J.-P. Cambou, D. Arveiler, G.
Luc, J.-M. Bard, L. Bara, S. Ricard, et al. 1992. Deletion polymorphism in the
gene for angiotensin-converting enzyme is a potent risk factor for myocardial
infarction. Nature (Lond.). 359:641-644.

7. Lifton, R. P., R. G. Dluhy, M. Powers, G. M. Rich, S. Cook, S. Ulick, and
J.-M. Lalouel. 1992. A chimaeric 118-hydroxylase/aldosterone synthase gene

1378

causes glucocorticoid-remediable aldosteronism and human hypertension. Na-
ture (Lond.). 355:262-265.

8. Pascoe, L., K. M. Curnow, L. Slutsker, J. M. C. Connell, P. W. Speiser, M. I.
New, and P. C. White. 1992. Glucocorticoid-suppressible hyperaldosteronism
results from hybrid genes created by unequal crossovers between CYP11B1 and
CYPI11B2. Proc. Natl. Acad. Sci. USA. 89:8327-8331.

9. Jackson, C. L., and S. M. Schwartz. 1992. Pharmacology of smooth muscle
cell replication. Hypertension (Dallas). 20:713-736.

10. Schunkert, H., J. R. Ingelfinger, A. T. Hirsch, S.-S. Tang, S. E. Litwin,
C. E. Talsness, and V. J. Dzau. 1992. Evidence for tissue-specific activation of
renal angiotensinogen mRNA expression in chronic stable experimental heart
failure. J. Clin. Invest. 90:1523-1529.

11. Ricardo, C.-R., T. H. Hostetter, and M. E. Rosenberg. 1992. Renin and
angiotensinogen gene expression in experimental diabetes mellitus. Kidney Int.
41:796-804.

12. Nishimura, M., A. Milsted, C. H. Block, K. B. Brosnihan, and C. M.
Ferrario. 1992. Tissue renin-angiotensin systems in renal hypertension. Hyper-
tension (Dallas). 20:158-167.

13.Zee,R. Y. L, Y.-K. Lou, L. R. Griffiths, and B. J. Morris. 1992. Associa-
tion of a polymorphism of the angiotensin I-converting enzyme gene with essen-
tial hypertension. Biochem. Biophys. Res. Commun. 184:9-15.

14. Graham, C. M. W, S. B. Harrap, C. J. W. Foy, D. W. Holton, H. E.
Edwards, H. R. Davidson, J. M. Connor, A. F. Lever, and R. Fraser. 1992.
Abnormalities of glucocorticoid metabolism and the renin-angiotensin system: a
four corners approach to the identification of genetic determinants of blood pres-
sure. J. Hypertens. 10:473-482.

15. Rakugi, H., H. J. Jacob, J. E. Krieger, J. R. Ingelfinger, and R. E. Pratt.
1993. Vascular injury induces angiotensinogen gene expression in the media and
neointima. Circulation. 87:283-290.

16. Lynch, K. R., and M. J. Peach. 1991. Molecular biology of angiotensino-
gen. Hypertension (Dallas). 17:263-269.

17. Eggena, P, and J. D. Barrett. 1992. Regulation and functional conse-
quences of angiotensinogen gene expression. J. Hypertens. 10:1307-1311.

18. Fukamizu, A., S. Takahashi, M. S. Seo, M. Tada, K. Tanimoto, S. Uehara,
and K. Murakami. 1990. Structure and expression of the human angiotensinogen
gene: identification of a unique and highly active promoter. J. Biol. Chem.
265:7576-7582.

19. Takahashi, S., A. Fukamizu, T. Hasegawa, M. Yokoyama, T. Nomura, M.
Katsuki, and K. Murakami. 1991. Expression of the human angiotensinogen
gene in transgenic mice and cultured cells. Biochem. Biophys. Res. Commun.
180:1103-1109.

20. Tamura, K., K. Tanimoto, S. Takahashi, M. Sagara, A. Fukamizu, and K.
Murakami. 1992. Structure and expression of the mouse angiotensinogen gene.
Jpn. Heart J. 33:113-124.

21. Clouston, W. M., I. G. Lyons, and R. I. Richards. 1989. Tissue-specific
and hormonal regulation of angiotensinogen minigenes in transgenic mice.
EMBO (Eur. Mol. Biol. Organ.) J. 8:3337-3343.

22. Tamura, K., K. Tanimoto, M. Ishii, K. Murakami, and A. Fukamizu.
1993. Proximal and core DNA elements are required for efficient angiotensino-
gen promoter activation during adipogenic differentiation. J. Biol. Chem.
268:15024-15032.

23. Kalinyak, J. E., and A. J. Perlman. 1987. Tissue-specific regulation of
angiotensinogen mRNA accumulation by dexamethasone. J. Biol. Chem.
262:460-464.

24. Ben-Ari, E. T., K. R. Lynch, and J. C. Garrison. 1989. Glucocorticoids
induce the accumulation of novel angiotensinogen gene transcripts. J. Biol.
Chem. 264:13074-13079.

25. Klett, C., D. Ganten, W. Hellmann, M. Kaling, G. U. Ryffel, T. Weimar-
Ehl, and E. Hackenthal. 1992. Regulation of hepatic angiotensinogen synthesis
and secretion by steroid hormones. Endocrinology. 130:3660-3668.

26. Chen, Y.-F., A. J. Naftilan, and S. Oparil. 1992. Androgen-dependent
angiotensinogen and renin messenger RNA expression in hypertensive rats. Hy-
pertension (Dallas). 19:456-463.

27. Hong-Brown, L. Q., and C. F. Deschepper. 1992. Effects of thyroid hor-
mones on angiotensinogen gene expression in rat liver, brain, and cultured cells.
Endocrinology. 130:1231-1237.

28. Ron, D., A. R. Brasier, and J. F. Habener. 1990. Transcriptional regula-
tion of hepatic angiotensinogen gene expression by the acute-phase response.
Mol. Cell. Endocrinol. 74:C97-C104.

29. Klett, C., W. Hellmann, F. Suzuki, S. Nakanishi, H. Ohkubo, D. Ganten,
and E. Hackenthal. 1988. Induction of angiotensinogen mRNA in hepatocytes by
angiotensin II and glucocorticoids. Clin. Exp. Hypertens. A10:1009-1022.

30. Klett, C., W. Hellmann, F. Muller, F. Suzuki, S. Nakanishi, H. Ohkubo,
D. Ganten, and E. Hackenthal. 1988. Angiotensin II controls angiotensinogen
secretion at a pretranslational level. J. Hypertens. 6(Suppl. 4):5442-S445.

31. Ron, D., A. R. Brasier, K. W. Wright, and J. F. Habener. 1990. The
permissive role of glucocorticoids on IL-1 stimulation of angiotensinogen gene
transcription is mediated by an interaction between inducible enhancers. Mol.
Cell. Biol. 10:4389-4395.

K. Tamura, S. Umemura, M. Ishii, K. Tanimoto, K. Murakami, and A. Fukamizu



32. Brasier, A. R., D. Ron, J. E. Tate, and J. F. Habener. 1990. A family of
constitutive C/EBP-like DNA binding proteins attenuate the IL-1a induced,
NF«B mediated transactivation of the angiotensinogen gene acute-phase re-
sponse element. EMBO (Eur. Mol. Biol. Organ.) J. 9:3933-3944.

33. Menard, J., A.-I. K. El Amrani, F. Savoie, and J. Bouhnik. 1991. Angio-
tensinogen: an attractive and underrated participant in hypertension and inflam-
mation. Hypertension (Dallas). 18:705-707.

34. Ohkubo, H., H. Kawakami, Y. Kakehi, H. Arai, Y. Yokota, M. Iwai, Y.
Tanabe, M. Masu, J. Hata, H. Iwao, et al. 1990. Generation of transgenic mice
with elevated blood pressure by introduction of the rat renin and angiotensinogen
genes. Proc. Natl. Acad. Sci. USA. 87:5153-5157.

35. Kimura, S,, J. J. Mullins, B. Bunnemann, R. Metzger, U. Hilgenfeldt, F.
Zimmermann, H. Jacob, K. Fuxe, D. Ganten, and M. Kaling. 1992. High blood
pressure in transgenic mice carrying the rat angiotensinogen gene. EMBO (Eur.
Mol. Biol. Organ.) J. 11:821-827.

36. Ganten, D., J. Wagner, K. Zeh, M. Bader, J. B. Michel, M. Paul, F.
Zimmermann, P. Ruf, U. Hilgenfeldt, U. Ganten et al. 1992. Species specificity
of renin kinetics in transgenic rats harboring the human and angiotensinogen
genes. Proc. Natl. Acad. Sci. USA. 89:7806-7810.

37. Fukamizu, A., K. Sugimura, E. Takimoto, F. Sugiyama, M.-S. Seo, S.
Takahashi, T. Hatae, N. Kajiwara, K. Yagami, and K. Murakami. 1993. Chi-
meric renin-angiotensin system demonstrates sustained increase in blood pres-
sure of transgenic mice carrying both human renin and human angiotensinogen
genes. J. Biol. Chem. 268:11617-11621.

38. Jeunemaitre, X., F. Soubrier, Y. V. Kotelevtsev, R. P. Lifton, C. S. Wil-
liams, A. Charru, S. C. Hunt, P. N. Hopkins, R. R. Williams, J.-M. Lalouel, and
P. Corvol. 1992. Molecular basis of human hypertension: role of angiotensino-
gen. Cell. 71:169-180.

39. Ward, K., A. Hata, X. Jeunemaitre, C. Helin, L. Nelson, C. Namikawa,
P. F. Farrington, M. Ogasawara, K. Suzumori, S. Tomoda et al. 1993. A molecu-
lar variant of angiotensinogen associated with preeclampsia. Nature Genet. 4:59-
61.

40. Knowles, B., C. Howe, and D. Aden. 1989. Human hepatocellular carci-
noma cell lines secrete the major plasma proteins and hepatitis B surface antigen.
Science (Wash. DC). 209:497-499.

41. Fukamizu, A., K. Tanimoto, S. Uehara, M. S. Seo, S. Handa, M. Sagara,
S. Takahashi, T. Imai, and K. Murakami. 1991. Regulation of human renin and
angiotensinogen genes. Biomed. Biochim. Acta. 50:659-663.

42. Kuipers, O. P., H. J. Boot, and W. M. de Vos. 1991. Improved site-di-
rected mutagenesis method using PCR. Nucleic Acids Res. 19:4558.

43. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate tran-
scription initiation by RMA polymerase 11 in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475-1489.

44, Swick, A. G., M. C. Blake, J. W. Kahn, and J. C. Azizkhan. 1989. Func-
tional analysis of GC element binding and transcription in the hamster dihydro-
folate reductase gene promoter. Nucleic Acids Res. 17:9291-9304.

45. Gorski, K., M. Carneiro, and U. Schibler. 1986. Tissue-specific in vitro
transcription from the mouse albumin promoter. Cell. 47:767-776.

46. Johnson, P. F., W. H. Landschulz, B. J. Graves, and S. L. McKnight.
1987. Identification of a rat liver nuclear protein that binds to the enhancer core
element of three animal viruses. Genes & Dev. 1:133-146.

47. Courtois, G., J. G. Morgan, L. A. Campbell, G. Fourel, and G. R. Crab-
tree. 1987. Interaction of a liver-specific nuclear factor with the fibrinogen and
al-antitrypsin promoters. Science (Wash. DC). 238:688-692.

48. Deutsch, P. J,, J. L. Jameson, and J. F. Habener. 1987. Cyclic AMP
responsiveness of human gonadotropin-a gene transcription is directed by a re-
peated 18-base pair enhancer. J. Biol. Chem. 262:12169-12174.

49. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled DNA with
base-specific chemical cleavages. Methods Enzymol. 65:499-560.

50. Fukamizu, A., S. Takahashi, and K. Murakami. 1990. Expression of the
human angiotensinogen gene in human cell lines. J. Cardiovasc. Pharmacol.
16(Suppl. 4):S11-S13.

51. Tamura, K., K. Tanimoto, K. Murakami, and A. Fukamizu. 1992. A
combination of upstream and proximal elements is required for efficient expres-
sion of the mouse renin promoter in cultured cells. Nucleic Acids Res. 20:3617-
3623.

52. Tamura, K., K. Tanimoto, K. Murakami, and A. Fukamizu. 1993. Acti-

vation of mouse renin promoter by CAMP and c-Jun in a kidney-derived cell line.
Biochim. Biophys. Acta. 1172:306-310.

53. Briggs, M. R., T. Kadonaga, S. P. Bell, and R. Tjian. 1986. Purification
and biochemical characterization of the promoter-specific transcription factor,
Spl. Science (Wash. DC). 234:47-52.

54. Ishii, S., T. Kadonaga, R. Tjian, J. H. Brady, G. T. Merlino, and I. Pastan.
1986. Binding of the Sp1 transcription factor by the human harvey ras! proto-on-
cogene promoter. Science (Wash. DC). 232:1410-1413.

55. Dvorgk, M., P. Urb¢nek, P. Bartunek, V. Paces, J. Vlach, V. Pecenka, L.
Arnold, M. Trgvnicek, and J. Riman. 1989. Transcription of the chicken myb
proto-oncogene starts within a CpG island. Nucleic Acids Res. 17:5651-5664.

56. Cameron, K. E., J. Resnik, and N. J. G. Webster. 1992. Transcriptional
regulation of the human insulin receptor promoter. J. Biol. Chem. 267:17375-
17383.

57. Brasier, A. R,, J. E. Tate, D. Ron, and J. F. Habener. 1989. Multiple
cis-acting DNA regulatory elements mediate hepatic angiotensinogen gene ex-
pression. Mol. Endocrinol. 3:1022-1034.

58. Rigby, P. W.J. 1993, Three in one and one in three: it all depends on TBP.
Cell. 72:7-10.

59. Cordingley, M. G., and G. L. Hager. 1988. Binding of multiple factors to
the MMTYV promoter in crude and fractionated nuclear extracts. Nucleic Acids
Res. 16:609-628.

60. Horikoshi, M., T. Hai, Y. S. Lin, M. R. Green, and R. G. Roeder. 1988.
Transcription factor ATF interacts with the TATA factor to facilitate establish-
ment of a preinitiation complex. Cell. 54:1033-1042.

61. Nakatani, Y., M. Horikoshi, M. Brenner, T. Yamamoto, F. Besnard,
R. G. Roeder, and E. Freese. 1990. A downstream initiation element required for
efficient TATA box binding and in vitro function of TFIID. Nature (Lond.).
348:86-88.

62. Wefald, F. C., B. H. Devlin, and R. S. Williams. 1990. Functional heteroge-
neity of mammalian TATA-box sequences revealed by interaction with a cell-
specific enhancer. Nature (Lond.). 344:260-262.

63. Pugh, B. F.,, and R. Tjian. 1992. Diverse transcriptional functions of the
multisubunit eukaryotic TFIID complex. J. Biol. Chem. 267:679-682.

64. Nakajima, N., M. Horikishi, and R. G. Roeder. 1988. Factors involved in
specific transcription by mammalian RNA polymerase II: purification, genetic
specificity, and TATA box-promoter interactions of TFIID. Mol. Cell. Biol.
8:4028-4040.

65. Behrens, J., O. Lowrick, L. K. Hitpass, and W. Birchmeier. 1991. The
E-cadherin promoter: functional analysis of a G-C rich region and an epithelial
cell-specific palindromic regulatory element. Proc. Natl. Acad. Sci. USA.
88:11495-11499.

66. McCormick, A., H. Brady, J. Fukushima, and M. Karin. 1991. The pitu-
itary-specific regulatory gene GHF1 contains a minimal cell type-specific pro-
moter centered around its TATA box. Genes & Dev. 5:1490-1503.

67. Desmarais, D., M. Filion, L. Lapointe, and A. Royal. 1992. Cell-specific
transcription of the peripherin gene in neuronal cell lines involves a cis-acting
element surrounding the TATA box. EMBO (Eur. Mol. Biol. Organ.) J.
11:2971-2980.

68. Lowings, P., U. Yavuzer, and C. R. Goding. 1992. Positive and negative
elements regulate a melanocyte-specific promoter. Mol. Cell. Biol. 12:3653-
3662.

69. Howard, T., R. Balogh, P. Overbeek, and K. E. Bernstein. 1993. Sperm-
specific expression of angiotensin-converting enzyme (ACE) is mediated by a
91-base-pair promoter containing a CRE-like element. Mol. Cell. Biol. 13:18-27.

70. Guo, W., M. Chen, T. S. B. Yen, and J.-H. Ou. 1993. Hepatocyte-specific
expression of the hepatitis B virus core promoter depends on both positive and
negative regulation. Mol. Cell. Biol. 13:443-448.

71. Smale, S. T., and D. Baltimore. 1989. The initiator as a transcription
control element. Cell. 57:103-113.

72. Riegel, A. T., J. Remenick, R. G. Wolford, D. S. Berard, and G. L. Hager.
1990. A novel transcriptional activator (PO-B) binds between the TATA box and
cap site of the pro-opiomelanocortin gene. Nucleic Acids Res. 18:4513-4521.

73. Carter, R. S, N. K. Bhat, A. Basu, and N. G. Avadhani. 1992. The basal
promoter elements of murine cytochrome ¢ oxidase subunit IV gene consist of
tandemly duplicated ets motifs that bind to GABA-related transcription factors.
J. Biol. Chem. 267:23418-23426.

Molecular Mechanism of Angiotensinogen Gene Transcription ~ 1379



