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ABSTRACT Hypertrophy of mammalian cardiac muscle
is mediated, in part, by angiotensin II through an angiotensin
II type;, receptor (AT;,R)-dependent mechanism. To under-
stand how the level of AT;,Rs is altered in this pathological
state, we studied the expression of an injected AT;,R promot-
er-luciferase reporter gene in adult rat hearts subjected to an
acute pressure overload by aortic coarctation. This model was
validated by demonstrating that coarctation increased expres-
sion of the a-skeletal actin promoter 1.7-fold whereas the
a-myosin heavy chain promoter was unaffected. Pressure
overload increased expression from the AT{,R promoter by
1.6-fold compared with controls. Mutations introduced into
consensus binding sites for AP-1 or GATA transcription
factors abolished the pressure overload response but had no
effect on AT;,R promoter activity in control animals. In
extracts from coarcted hearts, but not from control hearts, a
Fos-JunB-JunD complex and GATA-4 were detected in asso-
ciation with the AP-1 and GATA sites, respectively. These
results establish that the AT;,R promoter is active in cardiac
muscle and its expression is induced by pressure overload, and
suggest that this response is mediated, in part, by a functional
interaction between AP-1 and GATA-4 transcription factors.

Pathological conditions resulting in increased cardiac work-
load generally are associated with activation of systemic and
local renin-angiotensin systems and increased levels of circu-
lating angiotensin II (Angll) (1, 2). However, little is under-
stood about how AnglI type 1, receptors (AT,R) are modu-
lated under these same pathological conditions. Angll is a
potent growth factor that mediates the hypertrophic growth of
cardiac muscle cells and is a chemical mediator of stretch-
induced cardiomyocyte hypertrophy (3-7). The interaction of
Angll with AT;,R activates a signal transduction cascade that
effects the phosphorylation of serum response factor and
p62TCF by pp90RSK and mitogen-activated protein kinase,
respectively, resulting in increased c-fos gene expression (5-7).
Hypertrophic stimuli also increase the level of AT1,R mRNA
in cardiomyocytes. A 3-fold increase in AT;,R mRNA and a
2-fold increase in AT,R densities have been reported in
spontaneously hypertensive and two kidney one-clip renovas-
cular hypertensive rats with established cardiac hypertrophy
(8). It is not known whether this increase in AT,R mRNA is
mediated by a transcriptional or posttranscriptional mecha-
nism.

In this study, we use direct injection of DNA into the heart
in conjunction with aortic coarctation (CoA) to study the
activity of the AT;,R promoter in the normal and pressure-
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overloaded rat heart. The AT;,R promoter was found to be
active in normal adult cardiac muscle, whereas gene expression
was increased in response to an acute pressure overload (PO).
The induced expression was blocked by mutation of either an
AP-1 or a GATA binding site, however, these mutations had
no effect on basal expression. Administration of the angioten-
sin-converting enzyme inhibitor captopril decreased PO-
induced expression, whereas Angll treatment of transfected
cardiomyocytes increased AT;,R promoter expression, indi-
cating that Angll can influence receptor promoter activity.
CoA increased the level of DNA binding interactions with the
AP-1 site concomitant with significant increases in the levels
of c-Fos and Jun B. The level of GATA-4 DNA binding to the
AT1,R GATA site was also greatly increased in extracts from
coarcted hearts. These results demonstrate that the AT;,R
regulatory region is active in cardiac muscle and suggest that
part of the PO response is mediated by a functional cooper-
ation between the AP-1 and GATA sites through increases in
AP-1 and GATA-4 activity. This suggests a pathway by which
functional interactions between Fos and Jun family members
and GATA transcription factors participate in the PO response
of the heart.

MATERIALS AND METHODS

Oligonucleotides. The sense strands of novel oligonucleo-
tides used this study are shown in Table 1. The numbering
reflects the position of the AT, receptor regulatory region (11,
12). The sequence of our AT;,R promoter clone in the region
encoded by ATIR-GATAZ2 (from —292 through —314) differs
from the published sequence in this region (see Table 1). The
AP-1 consensus double-stranded (ds) oligonucleotide was
purchased from Santa Cruz Biotechnology. The nonspecific
oligonucleotide multiple cloning site was previously described
(13). Unless otherwise indicated, oligo refers to ds oligonu-
cleotides, and ds oligonucleotides used in gel shift experiments
had blunt ends.

Plasmid Construction and Site-Directed Mutagenesis. Plas-
mids pSVOMCAT and pHSA2000 have been described previ-
ously (14, 15). The AT;,R regulatory region was amplified
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Table 1. Sequences of oligonucleotides used in this study

Name Sequence
5'ATIR —986 ATTCTACTTCTGCATTTTCAC —966
3’AT1R +182 GGACTCTGATCACACGCTG +164
AT1R-APmut —379 ATCACATTTctgcagAGCCACAGTAAAGACAAGGGA —362
AT1R-AP-PCR —398 GCCTTTGTTGTGGATTACAGA —418
AT1R-GATAmut —291 GGAGCATTTcTgcaGGAGTCAGTTCATGTGGCCTT —257
AT1R-GATA2 —292 ACTTAGAAAGAAAAAAAAGA —-314
AT1AP1 =395 CACATTTTGAGTCAGCCACAG —375
AT1APImut —395 CACATTTctgecagAGCCACAG —375
AT1GATA —290 GAGCATTTATCTTGGAGT —273
AT1GATAmut —290 GAGCATTTcTgcaGGAGT —273
BNP-GATA TGTGTCTGATAAATCAGAGATAACCCA
a-MHC-GATA GGCCGATGGGCAGATAGT

Sequences are written 5’ to 3’. Mutations from the wild-type sequence are indicated in lowercase letters.
BNP-GATA was previously described (9). a-MHC-GATA (previously called D site) has been described

(10).

from rat chromosomal DNA using the gene-specific primers
5'ATIR and 3’ATI1R (Table 1). This fragment (from —986
through +182 of the AT;,R gene) was cloned into the Smal
site in the vector pGL2Basic (Promega) with the insert ori-
ented toward the luciferase reporter sequences (pAT1LUC).

Site-specific mutations were introduced into the AT;,R
promoter cloned into pBluescript SK(—) by rolling circle PCR
as previously described (10, 16). Mutations in the AP-1 site
were introduced using AT1IR-APmut and AT-AP-PCR as
primers. For mutagenesis of the GATA site, ATIR-GATAmut
and AT1R-GATA2 were used. Each clone was sequenced
across the entire AT;,R and flanking regions to confirm
orientation and nucleotide identity with wild-type sequences.

Luciferase, Chloramphenicol Acetyltransferase (CAT), and
B-Galactosidase Assays. For injections using the CAT reporter
gene, tissue extracts were prepared as described previously
(13). CAT and pB-galactosidase assays were performed as
described previously (17, 18) using 50 ug of extract for both
assays. For injection experiments using the luciferase reporter
gene, extracts were prepared and assayed for luciferase activity
as previously described (19). Statistical analysis was performed
using ANOVA followed by the Student’s unpaired ¢ test.
Significant differences between groups or treatments were
taken at P < 0.05.

Animals. Adult male Sprague—Dawley rats (225-250 g) were
housed two per cage on bedding in temperature-controlled
rooms (22°C) with constant 12-hr light/12-hr dark cycle.
Standard laboratory rat chow and tap water were provided ad
libitum, except where indicated. In rats receiving captopril
treatment, captopril (10 mg/ml) was dissolved in the drinking
water. All procedures were in accordance with institutional
guidelines for the care and use of animals.

In Vivo Gene Transfer and Aortic Coarctation. Plasmids
were injected directly into the apex and left ventricular free
wall of the heart as previously described (13). Briefly, rats were
anesthetized with 0.15 ml/100 g body weight of a ketaset-
acepromazine mixture [ketaset (10 mg/ml), 10 ml and
acepromazine (10 mg/ml), 2.2 ml] and ventilated. A left lateral
thoracotomy was performed to expose the heart. The appro-
priate luciferase reporter plasmid (80 ug) and 6 ug of pRS-
VCAT in a total of 80 ul of PBS were injected. After surgery,
the rats received procaine penicillin G (10,000 units/100 g
body weight, i.m.). Coarctation of the abdominal aorta or
control sham operations were performed 4 days later. Briefly,
a laporatomy was performed, exposing the descending aorta
near the origin of the renal arteries. A ligature (silk suture) was
tied around the aorta and stainless steel tubing (21 gauge)
proximal to the renal arteries, and then the tubing was
removed. Sham coarctation surgery included manipulation of
the aorta in a manner similar to that in the experimental group,
but no ligature was tied around the aorta. These animals

represent the control group in each experiment unless other-
wise indicated. Two days postcoarctation, rats were anesthe-
tized, and the right carotid and left femoral arteries were
catheterized for blood pressure measurements above and
below the area of coarctation. The catheters were connected
to Cobe transducers, and the pulsatile pressure wave was
amplified and converted from an analog to a digital signal for
data acquisition. Heart rate was calculated from the peak-to-
peak interval. After blood pressure measurements, the left
ventricle was collected for luciferase and CAT assays.

To examine expression from pSVOMCAT and pHSA2000,
coarctation was performed 7 days before injection. Because
CAT was used as the indicator of promoter activity,
PRSVBGAL was used as a control for DNA uptake. The rats
were allowed to recover for an additional 6 days at which time
they were sacrificed by lethal injection of pentobarbital, and
the hearts were excised, weighed, and assayed.

Preparation of Nuclear Extracts and Gel Mobility Shift
Assays. Nuclear extracts were prepared from adult rat tissues,
and gel shift assays were performed as described earlier (10).
Extracts were prepared from hearts of sham or coarcted
animals that were harvested at 48 hr postcoarctation. Unless
otherwise indicated, 15 ug of protein extract and 1 pg of poly-
(dI-dC)-(dI-dC) were used in each assay. Where appropriate,
competitor DNAs were added at a 100-fold molar ratio with
the indicated probe. For supershift assays, antisera against the
indicated protein or nonimmune serum was added to the
reaction. Antibodies were from Santa Cruz Biotechnology.

Cardiac Myocyte Isolation, Transfection, and Culture Con-
ditions. Cardiac ventricular myocytes from 1-day-old Wister
rats were enzymatically dissociated (6) and purified by percoll
gradient centrifugation (7), and plated onto gelatin-coated
60-mm culture dishes and cultured in DMEM/F-12 supple-
mented with 5% horse serum/2 g/liter BSA/3 mM pyruvic
acid/15 mM Hepes, pH 7.6/100 uM ascorbic acid/100 pug/ml
ampicillin/4 pg/ml transferrin/0.7 ng/ml sodium selenite/5
pg/ml linoleic acid. Culture media were changed to the same
media without serum at 24 hr. Myocytes were cultured for 48
hr in serum-free conditions before transfection. Myocytes
were transiently transfected with 2 ug of pAT1LUC and 2 pg
of pCMV-bgal (courtesy M. Uhler, Ann Arbor, MI) using
lipofectamine (GIBCO/BRL) according to the manufactur-
er’s instructions. At 24 hr after transfection, myocytes were
treated with or without 100 nM AnglI for 48 hr, harvested in
reporter lysis buffer (Promega). Luciferase activity was as-
sayed by luminescence derived by mixing 20 ul of cell extract
and 100 wl of the luciferase assay reagent (Promega). p-Ga-
lactosidase activity was measured by the luminescent light
derived from 10 ul of each sample incubated in 100 ul of
Lumi-Gal 530 (Lumigen) and used to normalize the luciferase
assay data for transfection efficiency.
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RESULTS AND DISCUSSION

Gene Expression in the Hypertrophied Heart. The CoA
model, which produces an acute PO, was chosen to study
AT1,R regulation during cardiac hypertrophy. To validate the
model, we examined the expression of two genes, a-myosin
heavy chain (e-MHC) and a-skeletal actin. a-MHC promoter
activity does not change after CoA (20), and published results
suggest that mRNA levels do not change significantly (21) or
decrease by 54% (20) by 7 days post-CoA. In our CoA group,
the a-MHC promoter-containing plasmid, pPSVOMCAT, was
expressed at approximately 90% of the level of the control
group, which was not significantly different (Fig. 14). This
result confirms the previous observation by Ojamaa et al. (20).
In contrast, activity from the human skeletal a-actin reporter
plasmid, pHSA 2000, was significantly higher in the CoA versus
the control group (Fig. 14). This is consistent with previous
results indicating that a-skeletal actin mRNA levels are sig-
nificantly increased at 2 days post-CoA and are maintained for
at least 2 weeks (22). The heart weight to body weight ratios
for the CoA group were 51 X 107* = 4 (= SEM) compared
with 35 X 10~* = 1 for the control group, indicating that the
hearts from the coarcted rats were significantly hypertrophied.
With some minor variation, the extent of hypertrophy of
individual hearts directly correlated with a-skeletal actin
promoter activity. These results demonstrate that the a-skel-
etal actin promoter sequences used in this study are sufficient
to direct increased expression in our CoA model. Moreover
they also suggest that the 1.7-fold increase in promoter activity,
while modest, is physiologically significant.

The AT;, Receptor Promoter Activity in Normal and Pres-
sure-Overloaded Adult Cardiac Muscle. Expression of the
AT/,R promoter in the heart was assayed by direct injection of
the plasmid pAT1LUC, which contains the 5" upstream region
of the AT{,R gene from position —986 to + 182 of the
published sequences (11, 12). Luciferase activity was deter-
mined 48 hr postinjection. pAT1LUC was active in cardiac
muscle, giving average activity in raw light units of approxi-
mately 10,000-20,000/50 pg of protein (2.93 = 0.35 relative
light units/relative CAT units, Fig. 1B). Because plasmid DNA
injected into the heart is exclusively taken up by myocytes
(23-25), the activity observed in our experiments can be
attributed to the activity of the AT;,R promoter in cardiac
muscle. These results establish that the AT;,R promoter
construct is active in cardiac muscle cells.

Because the AT;,R mediates Angll effects, changes in its
expression might be manifested soon after CoA. Therefore,
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AT/,R promoter activity was measured 48 hr after CoA rather
than at 7 days as was used above for the contractile protein
gene promoters. CoA significantly increased carotid mean
arterial pressure and pulse pressure above the site of CoA
(Table 2). The activity of pATILUC was increased in coarcted
hearts to 160% of that in the control group (P = 0.004) (Fig.
1B). This increase was nearly identical to that for the a-skeletal
actin gene, indicating that the AT;,R promoter responds to
increased pressure. These results suggest that the increase in
cardiac AT;,R mRNA levels seen in two previously studied
models of hypertrophy (8) is due, in part, to increased tran-
scription in cardiac myocytes.

Role of Angll in the Hypertrophy Response. Angll is a
chemical mediator of the stretch response in vitro (3) and the
PO response in vivo. It is released from ventricular cardiomy-
ocyte granules and acts on cardiac myocytes, through the ATy,
receptor subtype, to initiate alterations in gene expression that
result in hypertrophic growth of the myocardium (3-7). To
determine if the increased AT;,R promoter activity in re-
sponse to CoA is mediated by Angll, activity from pATILUC
was measured in coarcted and control groups of animals
treated with the angiotensin-converting enzyme inhibitor cap-
topril before and during the period of CoA. Captopril treat-
ment significantly reduced carotid mean arterial pressure in
the CoA group, but blood pressure remained significantly
elevated compared with the captopril-treated control group
(Table 2). Captopril treatment reduced AT;,R promoter
activity by 62% in the CoA group (P < 0.0001) and by 50% in
the control group (P = 0.047) (Fig. 1B). Although the level of
AT1,R expression in the CoA group appeared higher than in
the control group, this difference was not significant. There-
fore, the AT ,R promoter PO response was abolished even
though mean arterial pressure remained significantly elevated.
These results, interpreted in the context of previous work in
isolated cardiac myocytes, suggested that the PO response is
mediated by Angll (3-7). To test this possibility, neonatal
cardiac myocytes were isolated and transfected with
pATILUC and cultured in the absence or presence of 100 nM
Angll. Angll treatment increased expression from the ATla
promoter by 1.6-fold (Fig. 1C). This response was identical to
the PO response in vivo. Taken together, these results strongly
suggest that AngllI is a mediator of AT ,R transcription in the
heart and indicate a direct correlation between Angll levels
and AT,R promoter activity. Moreover, they suggest the
potential for a positive feedback loop, which results in higher
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F1G. 1. ATi4R promoter activity in the adult rat heart and neonatal cardiac myocytes. (4) Validation of the direct injection/aortic coarctation
model of hypertrophy. Rats were subjected to CoA (Coarct) or a sham operation (Sham) for 7 days followed by injection of either a plasmid
containing the a-MHC (pSVOMCAT) or a-skeletal actin (pHSA2000) promoter driving CAT expression along with pRSVBGAL as a control. After
6 days, heart extracts were assayed for promoter activity. Activity of a plasmid in the coarcted animals is given relative to that in control animals
which was arbitrarily set at 1 (» = 7). * indicates a significant difference from control. (B) pAT1LUC or derivatives of this plasmid, AP1 mut and
GATAmut were injected into adult rat hearts with pPRSVCAT as a control. Four days after injection, the rats underwent a second procedure where
that abdominal aorta was coarcted (Coarct) or not (Sham). One group of rats received captopril (10 mg/ml in their drinking water before and during
the experiment). AT|,R promoter activity is reported as relative light units (RLU)/relative CAT units (DPM) * SEM. * represents significant
differences (P < 0.05) between sham and coarcted rats injected with pAT1LUC. # denotes significant differences (P < 0.05) within the sham or
coarct groups (n = 6). (C) Neonatal cardiac myocytes were transfected with pAT1LUC and pCMV gal, cultured in the presence or absence of
100 nM AnglI for 48 hr and assayed for activity. Results are expressed as relative light units (RLU)/B-galactosidase (B-gal) (n = 7).
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Table 2. Physiological parameters of pAT1LUC-injected rats

Control Captopril-treated

Parameter Sham Coarct Sham Coarct

Mean arterial pressure,
mmHg
Carotid artery 105+2 144 3% 103 =2 126 = 3*f
Femoral artery 1052 94 £4*
Pulse pressure, mmHg 39+ 1 63+6* 40=x2 46 +2f
Heart rate, bpm 319 20 350 £14 318+ 12 353 +13

Mean arterial pressure was measured in the carotid artery, which is
the area above the constriction, and in the femoral artery, which is the
area below the constriction.

*Significant differences (P < 0.05) between sham and coarcted rats.
A significant difference (P < 0.05) between coarcted groups (n = 5).

receptor levels in cardiac myocytes and maintenance or am-
plification of AnglI effects.

AP-1 and GATA DNA Binding Motifs Within the AT;,R
Promoter Are Regulators of the Hypertrophy Response. The
prototypical AT, receptor-dependent transcriptional response
to stretch or AnglI treatment of cardiac myocytes is the rapid
induction of the immediate early gene c-fos (4, 6). This results
in the accumulation of c-Fos protein, which interacts with Jun
family members to constitute AP-1 activity. CoA also has been
shown to increase c-fos mRNA levels in the heart (22). A
consensus AP-1 binding site was identified from position —387
to —381 (5'-TGAGTCA-3') (26) in the AT;,R promoter.
When this site was mutated in pATILUC the PO-induced
increase in AT1,R promoter activity was abolished (Fig. 1B)
(P = 0.009). In contrast, this mutation had no significant effect
on the basal activity of this promoter in sham-operated rats
(AP1 mut, Fig. 1B). These results establish that the PO
response, but not basal expression, of the AT;,R promoter is
regulated by the AP-1 site and suggest that the AT;,R pro-
moter is a downstream target of c-Fos.

A GATA motif (5'-AGATAA-3") (27, 28) was identified in
the AT;,R promoter between positions —282 and —277. This
site was selected for study because it has been shown to be
important for the cardiac muscle-specific expression of the
a-MHC, troponin C gowcardiac, Drain natriuretic peptide (BNP),
and atrial natriuretic factor (ANF) genes (9, 10, 29, 30). The
latter is expressed in adult ventricular cardiac myocytes only in
response to hypertrophic stimuli (22). The GATA site was
mutated and the resulting plasmid, GATAmut, was assayed for
activity. As with the AP-1 mutation, the GATA mutation
abolished the PO response (P = 0.001) but had no effect on
basal expression (Fig. 1B). Mutation of an E-box site within
this region had no effect on basal or PO-induced expression of
the AT;,R promoter (n = 2, data not shown). Our results
establish that both the AP-1 and GATA DNA recognition
sequences in the AT;,R promoter are necessary for the
PO-induced response but do not control basal expression in the
adult rat heart (Fig. 1B). Because the GATA site is not active
when API1 is mutated and vice versa, our results demonstrate
that the function of these sites in the PO response is interde-
pendent. Thus, the work presented here suggests the hypoth-
esis that a common pathway exists in which a functional
interaction between the GATA and AP1 sites plays a necessary
role in the hypertrophic response. A first prediction of this
hypothesis is the presence of binding sites for these factors in
the regulatory region of hypertrophy responsive genes. AP-1
and GATA sites can be found in several hypertrophy-
responsive genes such as those encoding ANF, a-skeletal actin,
and B-myosin heavy chain (8-MHC) (9, 29-34). It is notewor-
thy that the AP-1 site contributes to the hypertrophy re-
sponse of the a-sk actin gene (34). Additionally, both AP-1
and GATA sites regulate the ANF gene in cultured cardio-
myocytes (9, 29, 32, 35). However, an ANF promoter construct
containing these sites did not support a PO response in
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transgenic mice (36). This result indicates that the AP-1 and
GATA-4 sites are not sufficient but does not preclude a role
for AP-1 and GATA-4 in the ANF PO response. Moreover,
whereas the AT;,R AP-1 site acts as a positive effector, the
ANF AP-1 site has been shown to be capable of both positive
and negative control, suggesting a complex regulation (32, 35).
The results with ANF notwithstanding, the AT;,R GATA-
dependent response to PO, the regulatory role assigned to the
AP-1site in skeletal actin gene regulation, and the presence of
AP-1 and GATA sites in the ANF regulatory region are
consistent with the hypothesis that these factors participate in
a regulatory pathway that responds to PO.

Trans-Acting Factors Associated with the AP-1 and GATA
Sites. Gel mobility shift assays were used to identify trans-
acting factors in sham-operated control extracts (SE) and
coarcted adult rat heart nuclear extracts (CE) that interact
with the AP-1 sites. Competition experiments (Fig. 24) dem-
onstrated that the AP-1 interaction was specific for the AT;,R
AP-1site in the oligo. SE gave only a weak interaction with the
AP-1 site but there was a substantial increase in AP-1 binding
activity in CE (Fig. 2B, lanes 1 and 2). There was no difference
in upstream stimulatory factor (ref. 18, data not shown)
binding activity between SE and CE, suggesting that the
difference in AP-1 activity was not an artifact of extract
preparation. The mutant AP-1 site used in functional studies
(Fig. 1B) failed to compete for factor binding (data not shown),
indicating that interactions at this site regulate the PO re-
sponse.

Antibodies against Fos and Jun family members were used
in supershift reactions to identify components of the complex
formed with SE and CE. These antibodies include: c-Fos (4),
a c-Fos-specific antibody; c-Fos (K25) and c-Fos (4-10G), both
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FI1G. 2. Fos and Jun B activities are induced in the heart by CoA.
(A4) Competition gel shift reactions with CE. SE and CE (15 pg of
protein) were probed with radiolabeled ds AT1AP1. Competitors were
AP-1 consensus (AP-1) and multiple cloning site (NS). (B) Identifi-
cation of Fos and Jun family members on the AT1AP1 site. Gel shift
and supershift reactions were performed using CE (15 ug) and two
different amounts of SE [15 ug (lane 1) and 30 ug (lanes 3-8)]. Gel
shift conditions are described in Materials and Methods. The indicated
antibodies were added to the gel shift reactions at the start of the
reaction (lanes 3-14). The specificities of the antibodies are described
in the text.
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broadly reactive with Fos family members; c-Jun-AP1 (N),
specific for c-Jun; and Jun B (N-17) and Jun D (329) specific
for Jun B and D, respectively. In these experiments the amount
of SE was increased to get a sufficient signal. In SE, weak
supershifts were detected with c-Fos (25K) and Jun B(N-17)
and a strong supershift was observed with Jun D (329). With
CE, strong supershifts were seen with c-Fos (25K), Jun B(329),
and Jun D (329) (Fig. 2B). These results demonstrate the
presence of a Fos family member, Jun B and Jun D in the
complex formed between the AT;,R AP-1 site and proteins in
CE. We were unable to distinguish which Fos family member
(hereafter referred to as Fos) was present in the complex using
commercially available antibodies (Fig. 3 and data not shown).
Inaccessibility of the epitope due to interactions between Fos
and Jun family members might explain why some Fos anti-
bodies did not react. Our results indicate that PO dramatically
increases the level of Fos and Jun B in the heart, thereby
increasing AP-1 activity.

A pathway in which PO triggers the release of AnglI from
cardiomyocytes and activates multistep pathways that increase
levels of c-Fos, which, in conjunction with Jun B and D (Fig.
3), stimulates AT{,R gene expression (3-7), is supported by
our results. While the role of the AP-1 site in the ANF
promoter in PO-induced hypertrophy remains obscure (36),
Jun B, but not Jun D, increases expression from the ANF
promoter in cultured neonatal cardiac myocytes (32). If this
AP-1 site regulates, in part, the PO response of the ANF
promoter then increased Jun B activity (Fig. 2B) in the
coarcted heart may be directly related to increased promoter
activity of the AT1,R and ANF genes in heart muscle.

GATA sequence-specific interactions were detected on
GATA sites from two genes that are up-regulated in response
to hypertrophic stimuli (AT;,R and BNP) and one that is
unaffected (a-MHC) (Fig. 34). All three probes detected
binding activity in CE and interactions from SE were seen on
the ATIGATA and BNP-GATA probes. When equal amounts
of SE and CE were compared for GATA binding activity,
significantly more binding was detected in CE, and the bands
obtained with the same probe were not equivalent between
extracts (Fig. 34). Surprisingly, no reproducible GATA bind-
ing activity was found in SE probed with ATIGATA. The
AT1GATAmut oligo, containing the mutation used in the
functional studies (Fig. 1B), failed to compete with ATIGATA
for factor binding when CE was probed (Fig. 34, lane 3). This

B

AT;,R a-MHC BNP AT.R  a-MHC
SE CE SE CE SE CE SONC L - N

- + = + = +

Tt

¢
A i
34 5

6 7 8 9 10 11 12

SE—

o

Proc. Natl. Acad. Sci. USA 94 (1997) 7547

result implicates the CE-dependent complexes formed on
AT1GATA as regulators of the AT;,R PO response.

To determine if GATA-4 was present in the GATA se-
quence-specific interactions, GATA-4 antibody (I, Fig. 3B)
and a FosB antibody (NI, Fig. 3B) were added to gel shift
reactions. The GATA-4 antibody used was capable of super-
shifting a complex with in vitro-translated GATA-4 but not
GATA-6 (Fig. 3C). In reactions containing SE, no supershift
reaction could be detected on any of the GATA sites. There
was no substantial difference between reactions containing the
I and NI antibody but addition of either of these antibody
preparations decreased the protein-DNA interactions (Fig.
3B). The reason for this is unknown, but a similar effect was
seen with two other NI antibodies tested. These results indicate
that if GATA-4 is present in SE, it is below the level of
detection by this assay or that the epitope recognized by the
antibody is masked in SE. In marked contrast, the GATA-4
antibody clearly supershifted the GATA site-dependent com-
plex formed from CE probed with the AT;,R and BNP GATA
sites. This supershift was absent in the reactions containing NI
antibody. This result establishes the presence of GATA-4 in
CE, that it is capable of forming complexes with the AT,R and
BNP GATA sites, and demonstrates that GATA-4 activity in
CE is substantially higher than in SE on the AT{,R or BNP
GATA sites.

No supershift reaction was detected with the «-MHC site
(Fig. 3B), indicating that GATA-4 does not interact with this
site. This result was very surprising given that GATA-4 mRNA
is present in the adult mouse heart (28). However, our results
indicate that GATA-4 DNA binding activity is very low or
absent in the ventricles of the adult rat heart, and the increased
GATA-4 activity seen in CE does not recognize the a-MHC
site. Thus, GATA-5 or GATA-6 (37, 38), but not GATA-4,
may interact with the a-MHC site. The abundance of GATA-6
mRNA in the adult mouse heart is consistent with this concept
(38). These results point to different roles for GATA-4 sub-
family members in transcriptional regulation in the heart,
however, further experiments will be required to confirm this
possibility.

We could not detect GATA-4 in SE or CE by immunopre-
cipitation and Western blotting but did detect it in extracts
from cells transfected with a GATA-4 expression vector (data
not shown). This suggests the available antibody was not
sufficiently sensitive and precludes direct determination of
GATA-4 protein levels in adult rat hearts. Therefore, we
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Fic. 3. GATA sequence-specific DNA binding activities in SE and CE. (4) AT1.R (AT1GATA), «-MHC (a-MHC-GATA), and BNP
(BNP-GATA) were radioactively labeled and used to probe SE or CE. Nonradioactive competitors were ATIGATAmut for odd-numbered lanes
(=), a-MHC-GATA (lanes 2 and 4), or ATIGATA (lanes 6, 8, 10, 12). (B) GATA-4 DNA binding activity is present in CE but not in SE. SE (30
pg) and CE (15 ug) were probed with radiolabeled GATA probes as indicated under gel shift conditions described in Materials and Methods. Where
indicated, no antibody (—), nonimmune serum (NI), or GATA-4 specific antiserum (I) were added to before incubation of the gel shift reaction.
SS indicates the position of the supershifted bands in lanes 12 and 18. (C) Mouse GATA-4 and GATA-6 protein were prepared by in vitro
transcription and translation and used in gel shift experiments with ATIGATA as probe. GATA-4 antibody (2 ul) was added at the start of the
reaction in lanes 2 and 4.
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cannot at present distinguish between the possibilities that
GATA-4 protein levels are increased in response to PO or that
GATA-4 activity is increased by a posttranscriptional regula-
tory event.

Our results indicate that the AT, receptor gene is expressed
in the heart, expression is increased in response to PO, and the
level of expression is dependent on AnglI levels. There is an
increase in Fos, Jun B, and GATA-4-associated DNA binding
activity in response to PO. These factors interact with their
sites in the AT ,R promoter to increase transcription. Tran-
scription factors AP-1 and GATA-4 cooperate functionally
during the PO response since the activity of each site depends
on the other site being intact. This is not without precedence
because a similar interaction has been demonstrated between
GATA-2 and AP-1 in endothelial cells (39). These results also
establish that Angll, working through the induction of imme-
diate early genes, activates expression of the AT;,R gene,
providing a potential positive feedback loop for potentiation of
AnglI effects. Because AP-1 and GATA-4 appear to regulate
the hypertrophic response of two genes, our results also suggest
a potential general regulatory pathway that mediates cardiac
hypertrophy.
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