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Unlike that of skeletal muscle cells in which growth and differentiation appear mutually exclusive, growth
stimulation of cardiac cells is characterized by transient expression of early response nuclear proto-oncogenes
as well as induction of several cardiac-specific markers. This observation led to the speculation that these
proto-oncogenes, particularly c-fos and c-jun, might act as positive regulators of cardiac transcription. We
have examined the role of c-jun and c-fos in basal and growth-stimulated cardiac transcription, using the
cardiac-specific atrial natriuretic factor (ANF) gene as a marker. The results indicate that c-jun and c-fos are
negative regulators ofANF transcription. Inducers ofjun andfos activity, such as mitogens and growth factors,
inhibited endogenous ANF transcripts. In transient cotransfection assays,jun andfos were able to trans-repress
the ANF promoter in both quiescent and a1-adrenergic stimulated myocytes. This repression was specific to
myocyte cultures and was not observed in nonmuscle cells. Deletion analysis indicated that repression does not
require typical AP-1-binding sites (tetradecanoyl phorbol acetate response elements) or serum response
elements but is targeted at a cardiac-specific element within the ANF promoter. Various Fos-related proteins,
including Fra-1, Fos B, and v-Fos, were able to trans-repress ANF transcription. In addition, C-terminal c-fos
mutants which no longer repress transcription of such early growth response genes as c-fos and EGR-1 retained
the ability to repress ANF transcription. Repression by c-jun occurs via the N-terminal activation domain and
does not require the DNA-binding domain, suggesting that proto-oncogene repression involves interaction with
one or more limiting cardiac-specific coactivators.

Nuclear proto-oncogenes play a crucial role in cell growth
and proliferation and may also be involved in development
and cellular differentiation. For example, in transgenic mice,
high levels of c-fos interfere with normal bone development
(48), while overexpression of c-myc interferes with matura-
tion of lymphoid cells (32) and has pronounced effects on
cardiac myogenesis (28). In addition, investigations of cell
lines have pointed to a role of these oncogenes in cellular
differentiation, although the molecular mechanisms involved
are not yet clear (14, 18, 33, 39, 45, 52, 67). For example, in
skeletal muscle cell lines in which proliferation and differen-
tiation appear mutually exclusive, serum, peptide growth
factors, and transforming oncogenes ras, fos, andjun inhibit
myogenic differentiation. In this case, differentiation may
be blocked as a result of the repression of a subset of
muscle-specific helix-loop-helix (HLH) transcription fac-
tors and/or direct interference with their ability to transacti-
vate muscle genes (7, 10, 19, 22, 33, 34, 43, 63, 70). In
contrast with undifferentiated skeletal myoblasts, proliferat-
ing cardiac muscle cells express tissue-specific markers and
growth stimulation of terminally differentiated cardiomyo-
cytes is associated with the induction of several embryonic
cardiac genes. Some of these include the heart-specific
isoforms of actin (66), myosin (6, 35), and the atrial natri-
uretic factor (ANF) gene, which is expressed predominantly
in the heart from the earliest stage of cardiac embryogenesis
(71).
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ANF is a 28-amino-acid peptide hormone with potent
biological properties, including natriuresis, diuresis, and
hypotension; it is so far the major secretory product of
cardiac myocytes (24). The ANF gene is constitutively
expressed in cardiac atria where its mRNA accounts for 1 to
3% of total atrial mRNA; however, in heart ventricles, its
expression is positively correlated with growth stimulation
both in proliferating and nonproliferating myocytes (24, 71).
Indeed, terminally differentiated cardiomyocytes lose their
ability to proliferate and respond to growth stimulation by
increasing their size and not their number. This trophic
response, known as hypertrophy, occurs in response to
various stimuli including exercise, hormones, increased
body volume, or blood pressure; hypertrophy of cardiac
cells can also be induced in vitro in cardiocytes maintained
in primary cultures by hormones, including adrenergic ago-
nists (58). Both in vivo and in vitro cardiac hypertrophy is
accompanied by genetic reprogramming and, in particular,
by the reexpression of several embryonic genes including
ANF (26, 27, 65). Furthermore, transient induction of sev-
eral immediate-early growth response genes, particularly
proto-oncogenes c-myc, c-jun, and c-fos (29, 56, 62), is
observed in response to growth stimulation of terminally
differentiated cardiac cells. Since Jun and Fos proteins act
as transcriptional activators that mediate the effects of
several growth factors and mitogens (2), it has been specu-
lated that these nuclear proto-oncogenes may be responsible
for the reactivation of embryonic cardiac genes in terminally
differentiated nonproliferating cardiomyocytes (20, 27, 37,
44, 59).
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In order to assess the role of the fos and jun proto-
oncogenes on cardiac transcription in quiescent and stimu-
lated cardiomyocytes, we measured the effects of serum and
mitogens on ANF mRNA levels and directly tested the
interaction of the Fos and Jun proteins with the cardiac-
specific ANF promoter in primary cardiocyte cultures.
These cultures offer a unique model to study the role of
serum, growth factors, and nuclear proto-oncogenes on
tissue-specific gene expression in nonproliferating cells.
Both ANF transcripts and ANF promoter activity were
induced in aol-adrenergic agonist-stimulated myocytes. How-
ever, this induction was dissociated from the fos and jun
oncogenes and some of their inducers such as serum and
tetradecanoyl phorbol acetate (TPA), which actually re-
pressed ANF mRNA levels and inhibited the ANF pro-
moter. Transcriptional repression of the ANF promoter by
fos did not require either TPA or serum response elements
(SRE) and may represent a novel mechanism of fos-medi-
ated repression through interference with tissue-specific
elements.

MATERIALS AND METHODS

Cell cultures and transfections. Primary cardiocyte cul-
tures were prepared from 3- to 4-day-old Sprague-Dawley
rats and kept in serum-free medium as previously described
(5). L and HeLa cells were grown in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10%
fetal calf serum. Transfections were carried out by us-
ing the calcium phosphate precipitation technique 24 h after
plating. Rous sarcoma virus (RSV)-luciferase or RSV-human
growth hormone (hGH) (2 ,ug per dish) was included as
internal control to normalize for transfection efficiencies.
Cells were harvested, and the cell media were collected
36 to 48 h after transfection. Luciferase activity was assayed
with an LKB luminometer, and hGH was measured in cell
media by radioimmunoassay as previously described (5).
The amount of reporter plasmid was kept at 3 ,ug per dish,
and the total amount of DNA used was kept constant in all
dishes (usually 12 ,ug) by addition of pBR322 or RSV-neo
plasmids. The results reported were obtained from at least
four independent experiments, each carried out in duplicate
with at least two different DNA preparations for each
plasmid.
For a1l-adrenergic stimulation, 10-4 M phenylephrine (PE)

was added to the cells for 36 to 48 h. Epidermal growth
factor (EGF) (10 ng/ml) and TPA (100 ng/ml) treatments
were as indicated for various times. Except for PE treatment
that resulted in changes in the spontaneous beating of the
cardiocytes and produced a significant enlargement of myo-
cytes, there was no significant change in cell morphology or
cell number at the end of the treatments. RNA extractions
and Northern (RNA) blot hybridization were done as de-
scribed by Argentin et al. (5).

Plasmids. The hGH plasmids containing various rat ANF
promoter fragments have been described previously by
Argentin et al. (5). ANF-luciferase constructs were obtained
by subcloning the rANF promoter (4) in the pXP-2 vector
(16). 5' deletions were generated by using appropriate re-
striction enzyme sites or by polymerase chain reaction
(PCR) amplification. All PCR-generated mutants were con-
firmed by sequencing. The heterologous ANF promoter
constructs were obtained by inserting a 500-bp (-700 to
-135 bp) HindIII fragment in the HindIII site upstream of
the -81-bp minimal thymidine kinase (TK) promoter or by

using synthetic double-strand DNA corresponding to se-
quences -380 to -345 of the rat ANF promoter (4) inserted
in the BamHI site of the TK81-luciferase plasmid. The
oncogene expression vectors used are mouse c-fos pSVfos
(53), fra-1, fos B, c-jun, jun B, and c-jun mutants, and
c-jun/GHF-1 chimera, all linked to the RSV long terminal
repeat (LTR) (3, 11), kindly provided by M. Karin. pFBJ-2
(v-fos [15]), VMM and VMM' (38), andfosSerA andfosSerC
(42) were kindly provided by I. Verma. The EGR-1 (23) and
Pan-1 (40) cDNAs were under control of the cytomegalovi-
rus promoter and were the generous gift of V. Sukhatme and
C. Nelson, respectively.
DNA-binding assays. Nuclear extracts were prepared from

cardiac myocyte cultures according to the procedure of
Schreiber et al. (54). The sequence of oligonucleotides used
in gel retardation assays is shown in Fig. Sa. Binding
reactions for the TPA response element (TRE) were carried
out as described by Smeal et al. (60). Binding with the serum
response element (SRE or CArG) probes was done accord-
ing to the method of Santoro and Walsh (49).

RESULTS

Proto-oncogenes fos and jun inhibit basal and growth-
stimulated ANF promoter activity. In order to evaluate the
role of c-jun and c-fos in basal and growth-stimulated car-
diac transcription, we tested their effect on transcriptional
activity of the ANF promoter in primary cardiocyte cul-
tures. Cardiocytes derived from neonate rat hearts, which
are maintained in monolayer cultures, do not undergo sig-
nificant cell division and proliferation (58). They express
cardiac-specific markers, like ANF, at high levels, and
they mimic the hormonal regulation of ANF transcription
that is observed in vivo (5). These cells display morpholog-
ical parameters typical of cardiac muscle cells, such as
spontaneous beating and the expression of various growth
factor receptors, including the (xl-adrenergic receptor.
Stimulation of this receptor with various a1-adrenergic ago-
nists, such as PE, leads to an increase in the myocyte size
and an increase in total RNA and protein content in the
absence of any DNA synthesis (58), similar to in vivo
hypertrophy. It is also accompanied by genetic reprogram-
ming involving the upregulation of several contractile pro-
tein genes and the transient expression of various proto-
oncogenes including c-myc, c-fos, and c-jun (62). Figure la
shows that a1-adrenergic stimulation of the myocyte cul-
tures led to a significant (two- to threefold) increase in
ANF mRNA after 48 h of treatment; longer treatments
cause further development of cell hypertrophy and lead to
greater (up to fivefold) increases in ANF transcripts. At
least part of this induction occurs at the transcriptional level
since the ANF promoter was induced two- to threefold in
PE-stimulated cells (Fig. lb). The induction of the ANF
promoter is not due to a general increase in the transcrip-
tional activity of the hypertrophied cells because other
promoters like the RSV and TK were not similarly induced
(Fig. lb and data not shown). It is apparent that ANF
promoter activity is very high in cardiac cells and com-
parable to that of the RSV promoter. In noncardiac cells
(HeLa or L cells), activity of the ANF promoter is only 1 to
3% of RSV (data not shown). Thus, the ANF promoter
represents a good model for a cardiac-specific growth-
inducible promoter. In agreement with previous reports
showing transiently increased levels of c-fos and c-jun
mRNA in PE-stimulated cells, nuclear extracts prepared
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FIG. 1. Induction of ANF transcription and AP-1 activity by PB. Cardiomyocytes were prepared and plated as described in Materials and
Methods. (A) Twenty-four hours after plating, 60-mm-diameter dishes were incubated in the absence (C) or presence (S) of iO' M PB. After
a further 48 h, total RNA was extracted for Northern blot hybridization by using specific 13-actin and ANF cDNA probes. The ratio of
ANF/P3-actin mRNA was 2.5-fold higher in PB-treated cells, as calculated from densitometric scanning of the autoradiograph. (B) Cardiac
cells (35-mm-diameter dishes) were transfected as indicated with the promoter constructs linked to a human growth hormone reporter gene
(ANF-2.5, intact 2.5-kbp ANF promoter; ANF-2.5 del, the 2.5-kbp promoter with an internal deletion between -135 and 640 bp); cells were
incubated with (+) or without (-) 10O4 M PB for 48 h. In all cases RSV-luciferase was used as an internal control. Similar inductions were
obtained when the ANF promoter was linked to luciferase. (C) Nuclear extracts were prepared from control (serum-free medium; SFM) and
PB-treated cardiomyocytes (60-mm-diameter dishes), as described in Materials and Methods. For electrophoretic mobility shift assay, about
3 Vg of extract was incubated with the double-stranded collagenase TRB oligonucleotide in the presence of 4 ~±g of poly[d(I-C)]. Samples were
run on 5% polyacrylamide gels. Competitions were done with 100-fold excess of unlabelled probe. A 0.5% fetal calf serum (lane labeled 0.5%
FCS) treatment (48 h) is shown for comparison with the synthetic, serum-free medium (lanes labeled SFM).

from PE-treated cells showed a marked increase in AP-1
binding (Fig. lc). The increase in AP-1 activity is not due to
a general increase in protein synthesis since similar increases
in binding were not observed with other DNA probes, like
the SRE (Fig. 5c) or the ANF cardiac-specific (MS) element
(discussed later).
Thus, we initially tested whether components of the AP-1

complex directly affect ANF promoter activity. Cotransfec-
tion of c-fos and c-jun expression vectors with various ANF
promoter constructs containing at least 700 bp of upstream
sequences systematically led to repression ofANF promoter
activity in atrial (Fig. 2a) and ventricular myocytes (Fig. 2b).
This repression was specific to Jun and Fos proteins and was
not observed with other transcription factors including
EGR-1, another early growth response protein (64), and
Pit-1/GHF-1, a pituitary-specific transactivator (9, 25), or
several HLH factors (Fig. 2a and b and 6c; data not shown).
Repression of the ANF promoter was specific to muscle cells
and was not observed in cell lines such as fibroblast L cells

(Fig. 2c) or HeLa cells (data not shown). Proto-oncogenes
fos and jun had a similar inhibitory effect on ANF promoter
activity both in quiescent and PE-stimulated cardiomyocytes
(Fig. 2d). fos and jun repression of the ANF promoter was
dose dependent (Fig. 2e). The greatest repression was ob-
served with the c-fos expression vector, which decreased
ANF promoter activity 16-fold in atrial myocytes and 5-fold
in ventricular myocytes. At 1.5 ,ug offos expression vector,
transcription from the ANF promoter was already inhibited
by 60%. In contrast, 3 ,ug ofjun B and 15 jig of c-jun were
required to attain a similar inhibitory effect. When trans-
fected together, jun andfos inhibitory effects were additive;
in ventricles, cotransfection with 2 p,g of either c-fos and
c-jun or c-fos and jun B expression vectors led to a maxi-
mal sevenfold repression (data not shown). Interestingly, at
low concentrations of c-jun expression vector (between
100 ng and 1.5 ,ug of DNA), a slight (up to twofold in
some experiments) but consistent increase in ANF promoter
activity was observed. Such increase was never observed
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FIG. 2. jun andfos repression of ANF promoter activity. Atrial (A) or ventricular (B) cardiomyocytes were cotransfected with a 1.0-kbp
ANF promoter construct (3 pg) linked to a human growth hormone reporter and either c-fos or c-jun (3 ,ug) expression vectors. RSV-luciferase
(2 p.g) was used as an internal control. After 36 to 48 h, cells were harvested and extracts were assayed for growth hormone and luciferase
activity. (C) Specificity of c-jun and c-fos repression of ANF promoter activity. Fibroblasts L cells were transfected as described above
to examine the effect of oncogenes in nonmuscle cells. (D) Cardiomyocytes were cotransfected with the ANF expression vector des-
cribed for panel A and either c-fos or c-jun vectors and then treated with (PE-stimulated) or without (untreated) iO-' M PE. Similar results
were obtained with ANF promoter fragments up to -3 kbp linked to either hGH or luciferase reporters. (E) Cardiac cells were cotransfected
with 3 p,g of the 1.0-kbp ANF-hGH and increasing amounts of oncogene vectors as indicated. The total amount of DNA per dish was kept
constant by addition of pBR322 DNA. neo, neomycin; mut, mutant; pitl/GHF1 and eyrl expression vectors are described in Materials and
Methods.

with the c-fos vector whether at low (100 to 500 ng) or
high (>1 ,ug) DNA input. This may reflect transient dere-
pression, perhaps due to initial titration by c-jun of endoge-
nous c-fos.

Inducers of AP-1 activity repress endogenous ANF gene
expression. In view of the unexpected effect of c-fos and

c-jun on ANF promoter activity, we also examined the
inhibitory effect of the Fos and Jun proteins on the in vivo
expression of the endogenous ANF gene. In particular, we
tested the effect of inducers of AP-1 activity on endogenous
ANF mRNA levels in the cardiocyte cultures. Serum and the
tumor-promoting phorbol esters such as TPA are well known
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FIG. 3. ANF transcription is repressed by inducers of AP-1
activity. Cardiac cells were plated in 15% fetal calf serum (FCS).
After 18 h, the cells were washed and kept for 3 days in 0.5% fetal
calf serum (A) or serum-free medium (B and C). Agents were added
as indicated for the last 12 to 18 h of incubation. Representative
Northern blots from atrial (A) and ventricular (B and C) cultures
are shown. An equal amount of total RNA was used (1 ,ug for atria
and 6 pLg for ventricles). (D) AP-1 activity in cardiocytes. Cardio-
cytes (60-mm-diameter dishes) were prepared as described in
Materials and Methods and treated with (+) or without (-) TPA
(100 ng/ml) for 18 h in serum-free medium. Binding reactions
and electrophoretic mobility shift assays were performed with
32P-labeled collagenase TRE as probe. For competitions, 100-fold
molar excess of unlabeled TRE duplex (Self) or ANF-TRE (ANF)
was used. The sequence of the oligonucleotides used is shown in
Fig. 5a.

inducers ofjun andfos synthesis and of AP-1 activity (1, 50).
As shown in Fig. 3, stimulation of cardiocytes (maintained in
low or serum-free medium) with 15% serum (Fig. 3a) or TPA
(Fig. 3b) for 8 to 12 h led to a three- to fourfold decrease of
endogenous ANF mRNA levels. We also tested the effect of
EGF on ANF mRNA levels. It has previously been shown
that EGF stimulates c-fos transcription (46) and induces
several members of the jun family (47). Cardiac cells were
kept for 3 days in serum- and mitogen-free medium (5) and
then stimulated with 10 ng of EGF per ml for 8 to 12 h. This
treatment again led to a marked fourfold decrease in ANF
mRNA levels (Fig. 3c). Inhibition of ANF transcripts by
TPA, EGF, and serum was accompanied by a similar three-
to fourfold decrease in ANF peptide secretion as measured
by radioimmunoassay in culture media (data not shown).
None of the treatments had any visible effect on cell number
or morphology. In order to verify that AP-1 activity was

positively modulated by these stimuli in the terminally
differentiated cardiac cells, nuclear extracts were prepared
from untreated and treated myocytes and tested for AP-1-
binding activity by using the TRE from the collagenase
promoter (1). Stimulation of cardiac cells with TPA (Fig. 3d),
EGF (data not shown), or serum (Fig. 7) led to a marked
induction of AP-1 binding. The mobility of the AP-1 complex
in the cardiac extracts was indistinguishable from that ob-
tained with HeLa- or L-cell extracts maintained in 15%
serum (not shown). These results clearly show that serum,
EGF, and TPA which induce Fos and Jun proteins repress
cardiac ANF transcription. Given their effects on both
transfected and endogenous ANF promoter activity, it ap-
pears that Jun and Fos proteins are negative regulators of
ANF transcription in cardiac cells. These results may appear
to conflict with the PE-induced increase in AP-1 binding
(Fig. lc) and the positive effect of PE on ANF promoter
activity (Fig. lb). They certainly suggest a dissociation
between the transcriptional responses to PE and to the
oncogenes. Therefore, the localization of ANF promoter

D Extracts

Competitor
DNA

TPA - TPA

Self Self ANF

w

sequences conferring responsiveness to PE and Fos and Jun
proteins was undertaken.

c-fos inhibition is not mediated by AP-1 or SRE. The
specificity ofjun and fos repression of the ANF promoter to
cardiac cells suggested that repression might involve inter-
action with a tissue-specific element. Because sequences
between -130 and -700 bp are required for cardiac speci-
ficity of the ANF promoter (5), we first tested whether these
sequences were necessary for oncogene repression. An
internal deletion of this region which reduces promoter
activity to 20% of control was no longer responsive to TPA
treatment nor repressed by c-fos transfection (Fig. 4). This
deletion is, however, still positively regulated by PE (Fig.
lb). This result suggests a dissociation of ANF transcrip-
tional induction following PE stimulation from Fos and Jun
proteins. Similarly, while the 5' deletion at -640 bp was still
repressed by fos, deletion of sequences up to -135 bp
abolished the inhibitory response (Fig. 4). Thus, these ex-
periments map the region required for oncogene repression
to a 500-bp fragment of the ANF promoter which is neces-
sary for cardiac-specific expression. Sequence analysis of
this region reveals (Fig. 5a) sequence homologies to TPA
(-450 bp) and serum response (-400 bp) elements. In
addition, functional studies have located two cardiac-spe-
cific elements around -370 and -190 bp which bind nuclear
proteins that are not related to the HLH family of transcrip-
tion factors (3a). Since the SRE site was shown to be
involved in c-fos inhibition of its own promoter (57), we
tested the role of the ANF promoter region containing this
and the TRE-like elements both in in vitro binding and in
transfection experiments. An oligonucleotide corresponding
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FIG. 4. Effects of TPA and c-fos on the activity of the proximal
ANF promoter. Cardiomyocytes were cotransfected with ANF
promoter hGH constructs and either c-fos or RSV-neomycin (neo;
control) vectors. RSV-luciferase was used as an internal control.
TPA (100 ng/ml) was added for 18 h to cells transfected with
ANF-hGH expression vectors. Approximately 48 h after being
plated, cells were harvested and extracts were assayed for growth
hormone and luciferase activity.

to sequences -422 to -460 bp of the rat ANF promoter (4)
and containing an AP-1 consensus (referred to thereafter
as ANF-TRE [Fig. 5a]) was used for gel shift assays. Binding
of nuclear extracts from HeLa (data not shown) or cardio-
cyte cells (Fig. 5b) to the ANF-TRE produced two com-

plexes that were inhibited by the collagenase TRE. The
ANF-TRE was also able to inhibit binding over the collage-
nase TRE (Fig. lc). Similar increases in binding activity over
the ANF-TRE were observed as with the collagenase TRE
when cardiocyte extracts prepared from TPA- or serum-

stimulated cells were used (Fig. 5b). Thus, the ANF pro-

moter contains an element capable of binding to members
of the AP-1 complex. Similar in vitro binding experi-
ments were carried out by using a 30-bp synthetic probe
containing the SRE/CArG consensus (termed ANF-CArG).
Cardiac nuclear extracts showed strong specific binding
to this sequence (Fig. 5c). The binding pattern was identical
to that obtained with the skeletal actin CArG element (49)
and the top complex corresponding to binding of serum

response factor(s) (SRF) was inhibited by the fos SRE (Fig.
Sc). Interestingly, treatment of cardiac cells with TPA,
serum, EGF, or PE had no significant effect on binding to

this element (Fig. Sc).
In order to assay the functional role of the ANF-TRE and

CArG element, successive 5' deletions were obtained and
cotransfected with the c-fos expression vector. As shown in
Fig. 6a, a TRE deletion construct was still repressed by
c-fos, and a further 5' deletion, which removed the SRE/

CArG element, was also repressed. Repression by c-fos was
lost when sequences up to -135 bp were deleted. Because
the 40-bp deletion between ANF-180 and ANF-135 which
reduces basal promoter activity to 15% of control (only in
cardiac cells) was no longer repressed by c-fos, we asked
whether c-fos repression of the ANF promoter was due to
interference with the cardiac-specific (MS) element. When a
synthetic oligonucleotide containing the core motif shown in
Fig. 5a was polymerized in front of the ANF -135 fragment,
repression by c-fos was recovered (Fig. 6a). Similarly, the
500-bp ANF fragment and a synthetic MS element were able
to confer both cardiac-specific activation andfos repression
to the herpes simplex virus TK promoter (Fig. 6b). Tran-
scriptional activation and fos inhibition of these heterolo-
gous promoter constructs was restricted to cardiac cells and
was not observed in other cells like L cells (Fig. 6c). Again,
interference with the positive effect of either the 500-bp
fragment or the MSE was specific tofos and jun and was not
observed with other transactivators (Fig. 6c and data not
shown). Thus, these experiments localized the ANF element
which is necessary and sufficient for c-fos repression to a
cis-acting cardiac-specific element. Mobility shift assays were
then carried out to examine the effect of increased Fos and
Jun proteins on the interaction of the MSE with proteins
present in cardiocyte nuclear extracts. None of the experi-
mental conditions which led to increased AP-1 activity and
decreased ANF mRNA levels as did serum or TPA treat-
ment had any qualitative or quantitative effect on protein-
DNA binding over this element (Fig. 7). Similarly, PE treat-
ment, which induces AP-1 activity but also increases ANF
mRNA levels and ANF promoter activity (Fig. 1), had no
effect on the MSE binding to cardiac nuclear factors (data not
shown). These findings suggested that the inhibitory effect of
the proto-oncogenes is not at the level of DNA binding but
that it may involve interference with formation of a higher-
order active complex over the myocyte-specific element
(MSE).
The C terminus of c-fos is not required for repression. In

order to elucidate the mechanism of repression, we tested
the ability of other Fos proteins to repress the ANF pro-
moter. Two Fos-related proteins, Fra-1 (13) and Fos B
(72), and the viral Fos protein (v-Fos) (15) were tested. As
shown in Fig. 8a, all Fos-related proteins were able to
repress ANF transcription in atrial myocytes, although in
general to a lower extent than c-Fos. v-Fos, which shares
the first 332 amino acids with c-Fos but diverges consider-
ably at the C-terminal region, was able to repress the ANF
promoter although it is unable to repress the c-fos promoter
(50). A recombinant v-Fos protein in which the C terminal
of v-fos was replaced by the corresponding c-Fos region
(v/c Fos) repressed the ANF promoter to the same extent as
that observed with the v-Fos protein. Furthermore, two
C-terminal phosphorylation-deficient mutants of c-fos, fos-
SerA and fosSerC, which no longer repress transcription
from the c-fos promoter (42), retain the ability to transrepress
the ANF promoter. These results suggest that, in contrast to
repression of the c-fos promoter in proliferating cells, the
C-terminal domain of the c-Fos protein is not crucial for
repression of cardiac transcription in the nondividing myo-
cytes.

Repression by c-jun requires the N-terminal activation
domain. Similarly, we tested the inhibitory effect of various
c-jun mutants on the ANF promoter (Fig. 8b). Deletion
mutants lacking the leucine-zipper region (ALZ) or the
proline-glutamine-rich region (A194-223) were still able to
trans-repress. In contrast, removal of the activation domain

I
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FIG. 5. (A) Sequence of the various DNA elements used in electrophoretic mobility shift assays. The cardiac-specific (MS) sequence

represents the consensus derived from the -370 and -190 bp ANF elements. The ANF-TRE is centered around -490 bp, and the ANF-SRE
is found around -400 bp. (B) AP-1 activity in nuclear extracts of cardiomyocytes following TPA treatment. Cardiac cells in serum-free
medium were treated with (+) and without (-) TPA (100 ,ug/ml) for the times indicated. Nuclear extracts were analyzed by gel shift mobility
assays using 32P-labeled ANF and collagenase TRE (Col-TRE) probes. Competitor DNA for the ANF-TRE was 100-fold excess of unlabeled
ANF-TRE. (C) Binding of nuclear factors to the serum response element (ANF-SRE; see Fig. 5A). Nuclear extracts were prepared from
untreated cardiomyocytes (C) and from PE-, fetal calf serum (FCS)-, or TPA-stimulated cardiomyocytes approximately 48 h after plating, and
they were used in the gel shift assay with 32P-labeled ANF-SRE as probe. Approximately 3 ±Lg of protein was electrophoresed on a 5%
polyacrylamide gel in the presence of 0.5 pg of poly[d(I-C)]. Competition experiments were done as indicated with a 50- or 250-fold excess
of either unlabeled ANF-SRE duplex (Self) or an excess of unlabeled c-fos SRE duplex (SRE). The designation of the muscle actin promoter
factor (MAPF) is putative and is based on previous work by Santoro and Walsh (49). Complexes presumed to contain the serum response
factor (SRF) and free probe are indicated. A control lane (-) with probe alone is also shown.

(A1-87 and A6-194) completely abrogated the jun inhibitory
effect. These results clearly pointed to a requirement for the
N-terminal activation domain for jun interference with car-
diac transcription. To further examine the role of the amino
terminus, we used a chimeric Jun-GHF-1 protein containing
the DNA-binding region of the pituitary transcription factor

GHF-1 fused to the N-terminal activation domain of c-jun (3).
Cotransfection of ANF promoter constructs with this vector
caused a similar decrease in transcriptional activity as that
observed with wild-type c-jun. Thus, the activation domain of
c-jun is sufficient for trans-repression perhaps through inter-
action with one or more limiting cardiac coactivators.
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FIG. 6. fos interference with a tissue-specific activati
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cotransfected with one of various ANF promoter deleti
were linked to a luciferase reporter gene) and 5 1±
expression vector. RSV-hGH was used as an intern
Results are the means from three experiments performe
cate and are expressed as fold inhibition relative to the
the corresponding ANF promoter cotransfected with R'
cin. The MS oligonucleotide corresponds to the -370 s
results were obtained for the -190 site. (B) ANF proi
ments were linked to the herpes simplex virus TK promo
ing to position -81 bp. All promoter constructs were cl
luciferase reporter, and the internal control was RSV-1
structs containing one, two, or three copies of MSE weri
in both atrial and ventricular cells. The results shown we
in ventricular myocytes; greater inhibition was obta
selected constructs were tested in atrial cells (the MS
struct was repressed four- to fivefold). (C) Effect of
fragment and the MSE on basal and fos-induced repres
minimal ANF promoter in cardiocytes and fibroblasts

DISCUSSION

3.1 In skeletal muscle cell lines in which differentiation and
3.0 proliferation are mutually exclusive, oncogenes jun and fos
3.0 repress muscle-specific gene expression. This repression is
3.3 due in part to interference with the transcriptional activity of
4.2 the muscle-specific transcription factors myogenin and
2.5 MyoD (7, 19, 34). In this work, we have investigated the role
3.3 of Fos and Jun proteins in cardiac muscle transcription by
3.0 using quiescent and growth-stimulated cardiac cells. Unlike

in skeletal muscle, growth stimulation of cardiac cells is1.3 associated with coinduction of several proto-oncogenes and

tissue-specific markers which led to the speculation that, in
contrast to skeletal muscle, Fos and Jun proteins may be
positive regulators of cardiac genes. Our results, with the

5 cardiac ANF gene as marker, do not support this hypothesis
and actually reveal that jun and fos act as negative modula-
tors of cardiac-specific transcription. This is evidenced by
the inhibitory effect of serum, EGF, and TPA on endogenous
myocardial ANF transcripts and, in parallel, by repression
of ANF promoter activity by Jun and Fos proteins in
cotransfection assays. Transcriptional repression appears
targeted at a cardiac-specific cis-acting element which is
distinct from the binding site of myogenin and MyoD pro-
teins. The mechanism underlying transcriptional interfer-
ence with this tissue-specific activator appears to be distinct
from other mechanisms of repression involving the Fos
proteins; indeed, fos repression of ANF does not require
DNA sequences known to be targets of fos repression like
TPA, serum or steroid hormone-responsive elements or the
C-terminal domain of c-fos which is required for fos pro-

20 25 moter autorepression. The lack of any detectable change in
protein-DNA binding over the tissue-specific element and

Jiocytes the finding that the N-terminal activation domain of c-jun is
sufficient for repression suggest that proto-oncogene inter-
ference may involve interaction with limiting tissue-specific
coactivators.
jun andfos repression of cardiac transcription: dissociation

offos andjun from genetic reprogramming in cardiac hyper-
trophy. Work from several laboratories has established a

L cells role for nuclear proto-oncogenes in growth and differentia-
tion of proliferating cells (reviewed in reference 2). Cardiac
muscle cells offer a unique model to define the role of
proto-oncogenes in nondividing cells. These cells respond to
growth stimulation via two distinct pathways: during embry-
onic development, cardiomyocytes undergo proliferative

2.5 3 growth. However, during the first week of postnatal devel-
opment, the mitotic index of the heart declines precipitously

ing element and cardiac muscle cells lose their ability to proliferate (12).
.ytes were Growth stimulation or increased work load on the heart due
ions (which to mechanical or pressure overload or to hormonal and
.g of c-fos trophic factors like steroids, thyroid hormone, peptide
da condtrol. growth factors, and adrenergic agents lead to the enlarge-
actnivitdup ment of a fixed number of myocytes, which results in cardiac
Sv-neoimy- hypertrophy and ultimately cardiac dysfunction. Several
ite. Similar cardiac genes undergo developmental switching, and, in
moter frag- many cases, th se genes that are expressed at high levels
ter extend-
oupled to a
hGH. Con-
e repressed
re obtained
Lined when
-ANF con-
the 500-bp
;sion of the
,. Note the

different scales used for the two cell types. Transfection with an
expression vector for an unrelated transcription factor, Pan-1 (a
ubiquitous HLH protein), was used as the control. The ANF
constructs used in this figure were linked to the hGH gene and
RSV-luciferase was used as an internal control. The data represent
the means (± standard errors [error bars]) of six different determi-
nations.
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during embryonic development and down-regulated in post-
natal life are reexpressed in cardiac hypertrophy. However,
the mechanism which modulates cardiac gene expression in
hypertrophic growth remains elusive. Circumstantial evi-
dence based on the observation that c-myc and c-fos expres-
sion is induced by all hypertrophic stimuli tested so far has
led to speculations on a role for these proto-oncogenes in the
genetic reprogramming of the hypertrophic heart. Since
ANF is the best-documented cardiac-specific gene that is
also induced by all hypertrophic stimuli (reviewed in refer-
ence 24), we have used it to directly test the role of Fos and
Jun proteins in transcriptional activity of the nondividing
cardiac myocytes.

Cotransfection of the ANF promoter with jun or fos
expression vectors led to transcriptional repression. The
inhibitory effect was the same whether cells were quiescent
or stimulated with the hypertrophic al-adrenergic agonist
PE. Inducers of jun and fos synthesis and AP-1 activity
(serum, TPA, or EGF) had an inhibitory effect on endoge-

Ctl Veh TPA FCS

CtI VehTPA FCS

A :.: .& -Lw.,

h"i

U. .

TRE MSE MSE

FIG. 7. Effect of TPA and serum on binding of nuclear proteins
to the collagenase TRE and to the ANF MSE. The TRE gel
retardation assay was performed as described in Materials and
Methods. Similar binding and gel conditions were used for detection
of binding to the MSE, with the exception that binding reactions (20
min) and electrophoresis were carried out at room temperature.
Lanes: Ctl, control nuclear extracts from untreated cardiomyocytes;
Veh, cells treated with vehicle alone (0.1% dimethyl sulfoxide);
FCS, cells treated with fetal calf serum. The same extract prepara-
tions were used for both TRE and MSE. Binding over the MSE was
effectively inhibited by competition with a 50-fold excess of cold
MSE (Self) but not with excess collagenase TRE. Lane - shows
control binding with no added competitor DNA.

nous ANF transcripts and on ANF promoter activity. These
results uncouple Jun and Fos proteins from the reactivation
of a growth-responsive cardiac gene in at least one model of
cardiac hypertrophy. Thus, although stimulation of cardiac
myocytes with the cal-adrenergic agonist PE produces cell
hypertrophy and increased AP-1 activity, induction of ANF
transcription in this model must result from activation of a
jun-fos independent pathway. This is clearly the case since
overexpression of Jun and Fos proteins neither potentiates
nor blocks the effect of PE. Furthermore, jun-fos inhibition
and PE stimulation can be dissociated at the level of pro-
moter elements. Interestingly, promoter constructs (for ex-
ample, ANF-135 and ANF-2.5 del) that are no longer re-
pressed by the oncogenes are superactivated by PE (Fig. lb
and data not shown). Thus, rather than stimulating cardiac
transcription during hypertrophic growth, Jun and Fos pro-
teins may actually function in a negative feedback manner to
limit activation of embryonic genes that may be detrimental
to the adult heart. Our results cannot however rule out a
different involvement of proto-oncogenes in genetic repro-
gramming in other models of hypertrophy or during normal
embryonic development. In this respect, it is interesting to
note that induction of c-fos or c-jun by systolic wall stress is
down-regulated in chronic hypertrophy (56); furthermore,
immunocytochemical studies using c-fos antibodies failed to
detect c-fos peptides in cardiac muscle cells at any stage of
embryonic development although c-fos was present during
postnatal cardiac development exclusively in the smooth
muscle cells of the coronary artery (61). In two other studies,
c-fos mRNA could not be detected in the embryonic heart at
day 12, 15, or 18 (30, 51), a developmental stage at which the
ANF gene is expressed at nearly maximal levels in both atria
and ventricles (71). In agreement with our data, others have
recently reported that the human ANF promoter is also
repressed by c-fos in quiescent myocytes (31). Whether
jun and fos have different effects on other cardiac genes
is not known at this stage. However, it is interesting that
the EGR-1 gene, which encodes an early growth response
zinc finger protein which is developmentally expressed in
the heart (64) and is induced in PE-stimulated cardiac
myocyte cultures (26), is also transcriptionally repressed by
c-fos (21).

Inhibitory effects of mitogens and Jun and Fos proteins on a
tissue-specific marker in nondividing cells. As discussed ear-
lier, cardiac myocytes differ from skeletal muscle cells in
that growth and differentiation are not mutually exclusive.
For example, the ANF gene is expressed at a similarly high
level in the proliferating embryonic atrial myocytes and in
the adult differentiated atria; in ventricular cells, expression
of the ANF gene is positively correlated with growth stim-
ulation whether in proliferating (8, 71) or nondividing myo-
cytes (41, 65). The inhibitory effects of fos on ANF tran-
scription are observed both in atrial and ventricular
myocytes. In fact, the magnitude offos repression is higher
in atrial (over 10-fold) than in ventricular myocytes (usually
around 3- to 5-fold), which were prepared in parallel from
the same hearts consistent with the higher level of endoge-
nous and transfected ANF transcription in atrial versus
ventricular myocytes. Thus, irrespective of their role in
genetic reprogramming during hypertrophic growth, fos
and jun exert an inhibitory effect on an early marker of
cardiac cell differentiation in nondividing myocytes. Simi-
larly, mitogen stimulation of these cells results in suppres-
sion of the ANF gene in the absence of any concomitant
increase in cell numbers. These results are in contrast to
other studies of muscle (cited in the introduction) and
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FIG. 8. (A) The C terminus of c-fos is not involved infos-mediated repression of ANF transcription. Atriomyocytes were cotransfected
with a 1.0-kb ANF promoter-hGH construct and various fos family members or mutants, as shown. The v-fos-c-fos recombinant encoded
v-fos but with its C terminus replaced by that of c-fos (15). The fosSA (fosSerA) and fosSC (fosSerC) mutants represent serine-to-alanine
mutations in the C terminal of c-fos, which have been described previously (42). The results are from two independent experiments, each
carried out in duplicate. Similar results (with lower-fold repression) were also obtained with ventricular cells. neo, neomycin. (B) The
N-terminal activation domain of c-jun is necessary for repression. The structure of the c-jun protein is shown at the top of the figure. The
jun-GHF-1 (cJ/GHF1) recombinant contains the first 194 amino acids of c-jun fused to the DNA-binding region of GHF-1. The results are the
averages of three different experiments in atrial cells. ALZ indicates deletion of the leucine zipper domain.

nonmuscle (17) cell lines in which the inhibitory effect offos
on tissue-specific markers was concomitant with changes in
cell growth. It is particularly noteworthy that despite marked
differences in growth and differentiation of skeletal and
cardiac muscle cells, mitogen stimulation and Jun and Fos
proteins repress the expression of muscle-specific genes in
both muscle cell types. The present study thus offers a

unique opportunity to dissociate the effects of oncogenes in
differentiation from their role in cell growth and prolifera-
tion.
Mechanism of proto-oncogene repression. In addition to

their well documented role as transcriptional activators, Jun
and Fos proteins can also act as negative regulators. c-Fos
has been shown to feedback repress its own promoter
(50) and to inhibit transcription of EGR-1, another early
growth response gene (21). In both cases, repression is
mediated by SREs (21, 57) and requires the C-terminal
domain of c-fos (21, 42, 68). fos has also been shown to
inhibit glucocorticoid receptor-dependent transcription via a
region in the N terminus of c-fos that is poorly conserved
among fos family members (36). The c-Jun protein is also
able to repress steroid receptor-dependent transcription via
protein-protein interaction that requires the DNA-binding
domain of c-jun (55) and results in the inhibition of DNA
binding (69).

Cardiac cells express various steroid receptors, and ANF
transcription is positively regulated by glucocorticoids (5).
However, oncogene repression of ANF promoter activity is
not due to antagonism of steroid-dependent transcription
since repression is seen in the presence or absence of
glucocorticoids and since promoter fragments which are no
longer responsive to glucocorticoids (5) are repressed byjun
andfos. The involvement of an SRE infos-mediated repres-
sion of ANF transcription was also ruled out. Like many
muscle-specific promoters, the ANF promoter contains an
SRE/CArG motif (Fig. 5a), which strongly binds proteins
present in cardiac nuclear extracts. Although the role of this

and other CArG elements in muscle-specific transcription is
not yet clear, its presence is not required for fos repression
as judged from deletion analysis (Fig. 6a).

It is noteworthy that fos and jun inhibition of ANF
transcription is specific to cardiac muscle cells, suggesting
the requirement for tissue-specific components. This is fur-
ther confirmed by the observation that a promoter frag-
ment (ANF-135) which lacks tissue specificity and shows
similar activity in cardiac and noncardiac cells is no longer
repressed by c-fos (Fig. 6a and c). Conversely, a heterolo-
gous promoter containing a 500-bp ANF fragment in front
of the TK promoter which shows cardiac-specific activa-
tion is also repressed by c-fos (Fig. 6b). Using a combi-
nation of in vitro studies, we have identified an MS ele-
ment within this 500-bp region (3a). c-fos is able to interfere
with MS-dependent cardiac activation whether the MS ele-
ment is placed upstream of a minimal ANF (Fig. 6a and c) or
TK promoter (Fig. 6b), suggesting that oncogene repression
is targeted at this tissue-specific element. However, the
oncogenes do not seem to directly interfere with binding
over this element since nuclear extracts prepared from
serum, TPA, or EGF-induced cells which have markedly
increased levels of AP-1 proteins do not reveal any quanti-
tative or qualitative change in MS binding (Fig. 7). Further-
more, binding over the MSE is not inhibited by Col-TRE or
fos-SRE oligonucleotides (Fig. 7 and data not shown). jun
and fos could interfere with transcriptional activation per-
haps at a post-DNA-binding step through posttranslational
modifications or by competing for a cardiac-specific coacti-
vator.

Recently, two independent studies have shown that c-jun
may interfere with muscle-specific transcription by sup-
pressing MyoD and myogenin-dependent activation of the
muscle creatine kinase enhancer (7, 34). The exact mecha-
nism by which this trans-repression occurs appears contro-
versial, as one study suggested a direct physical interaction
between the c-jun leucine zipper domain and the HLH
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region of MyoD, which would effectively interfere with
binding of MyoD over its site (7). The other study mapped
repression to the amino terminus of c-jun (34) and suggested
that repression may involve interaction between the N
terminus of jun and a muscle-specific coregulator. The
ANF-MSE has no sequence homology to the binding sites of
the MyoD family of transcription factors and interacts with
nuclear proteins that appear to be distinct from the HLH
proteins. However, our results suggest a requirement for the
N-terminal activation domain of c-jun and are consistent
with the possibility that proto-oncogene interference may be
due to interaction and titration of one or more limiting
muscle-specific coactivators.

Several members of the fos family also repress cardiac-
specific transcription although c-fos appears to be the most
potent. Interestingly, repression of cardiac transcription is
independent of the C terminus of fos, which is crucial for
repression of the c-fos and EGR-1 promoters. Indeed, re-
pression is also observed with v-fos and two C-terminal fos
mutants which are defective in trans-repression of the c-fos
promoter (42). fos can also suppress myogenin (34) and
MyoD (33) transactivation of the muscle creatine kinase
enhancer, and this property is shared by v-fos. Transforma-
tion of myoblasts with c- or v-fos blocks muscle differenti-
ation and inhibits endogenous MyoD transcripts (33). To-
gether, these studies suggest different mechanisms for fos
inhibition of early growth response genes and fos interfer-
ence with muscle-specific transcription. Thus, it may be
possible to dissociate the trans-repressor properties of c-fos
during cell growth and proliferation from its regulatory
functions on cell differentiation.
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