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ABSTRACT A cultured myocardial cell model was used to
examine the role ofprotein kinase C-dependent pathways in the
transcriptional activation of two cardiac muscle genes [myosin
light chain 2 (MLC-2) and atrial natriuretic factor (ANF)]
during a-adrenergic receptor-mediated hypertrophy. Phorbol
ester (phorbol 12-myristate 13-acetate) and the a-adrenergic
agonist phenylephrine both activate protein kinase C (PKC)
and induce 4- to 5-fold increases in the expression of MLC-2
and ANF promoter/luciferase reporter genes with little effect
on Rous sarcoma virus/luciferase or minimal prolactin pro-
moter/luciferase genes. To further assess the role of PKC in
cardiac gene regulation, PKC expression vectors encoding
constitutively activated PKC-a or PKC-fi, or a catalytically
inactive PKC, were transiently cotransfected with the cardiac
promoter/luciferase constructs. Cotransfection of either acti-
vated PKC-a or PKC-fi cDNA induces the expression of
MLC-2 and ANF promoter/luciferase genes and of a reporter
gene responsive to the transcription factor AP-1. The Rous
sarcoma virus/luciferase and minimal prolactin promoter/
luciferase genes are not concomitantly induced by cotransfectin
with the PKC genes, indicating specificity of the transcriptional
effect. The finding that activated PKC increases cardiac gene
transcription suggests that activation of this enzyme may be a
proximal signal for coregulation of two cardiac genes, MLC-2
and ANF, during the course of myocardial cell hypertrophy.

In response to a variety of trophic signals, including certain
hormones and mechanical overload, ventricular cardiac mus-
cle cells exhibit a hypertrophic response that is characterized
by an up-regulation of constitutively expressed contractile
protein genes and the reactivation of an embryonic gene
program (1-5). The signaling mechanisms that mediate these
alterations in cardiac gene expression are unknown. To
define the molecular mechanisms that activate cardiac gene
transcription during myocardial cell hypertrophy, recent
studies have employed a neonatal rat ventricular cell model
in which several features of hypertrophy can be induced by
defined agonists (6-8). Stimulation of the a1-adrenergic re-
ceptor leads to an increase in myocardial cell size (6, 9) and
an increase in the accumulation and assembly of myosin light
chain 2 (MLC-2) into organized contractile units (8). Accom-
panying these phenotypic alterations is the acceleration of
protein synthesis (10, 11), the rapid and transient expression
of immediate early genes (c-fos, c-jun, and Egr-J) (12), the
induction of constitutively expressed contractile protein
genes such as MLC-2 (8), and activation of the expression of
embryonic genes such as atrial natriuretic factor (ANF) (13,
14), skeletal a-actin (15-17), and -myosin heavy chain (18).
As indicated by transient transfection assays with the MLC-2

or ANF promoter/luciferase reporter gene constructs, stim-
ulation with the a-adrenergic agonist phenylephrine or with
the cardioactive peptide endothelin 1 leads to transcriptional
activation through defined promoter regions of these respec-
tive cardiac target genes (13, 19). The changes in MLC-2 and
ANF expression do not reflect a generalized increase in
transcription, but rather appear to be due to the presence of
specific cis sequences within their respective promoters that
mediate inducible expression (13, 20). Presumably, occu-
pancy of the a1-adrenergic receptor leads to the generation of
signals that reach the nucleus and specifically activate the
transcription of these cardiac genes. The biochemical nature
of these signals is currently unclear.

Agonists that activate a hypertrophic response (phenyl-
ephrine, norepinephrine, endothelin 1, and angiotensin II)
have all been demonstrated to stimulate inositol phospholipid
hydrolysis in the cardiac system (19, 21-28). In neonatal rat
cardiomyocytes, these agonists have been shown to cause the
generation of the known second messengers inositol 1,4,5-
trisphosphate and diacylglycerol (14, 19, 23, 28). The fact that
these diverse hypertrophic stimuli share a common signaling
pathway suggests the involvement of this pathway in the
regulation of cardiac gene expression. Recent studies (29, 30)
have shown that norepinephrine causes redistribution of
protein kinase C (PKC) from a cytosolic to a particulate
fraction in ventricular myocytes, consistent with the notion
that PKC is also activated in this signaling cascade. In
addition, phorbol esters, which directly activate PKC, induce
many of the phenotypic features of hypertrophy (31), further
implicating PKC in the hypertrophic response. However,
there is no direct evidence that the activation of PKC is a
necessary or sufficient signal for the induction of MLC-2 or
ANF by hypertrophic agents.
The current study addresses this question by determining

whether the activation of PKC by phorbol ester or by
expression of genes encoding constitutively activated PKC
leads to transcriptional activation of ANF and MLC-2 pro-
moter/luciferase fusion genes. Our data demonstrate that
both the MLC-2 and ANF promoter/luciferase genes as well
as an AP-1 promoter/luciferase gene are induced in rat
ventricular myocytes expressing constitutively activated
PKC genes or stimulated with phorbol ester. This study
identifies the activation ofPKC as a common proximal signal
for the coregulation of an embryonic and constitutive gene
program in cardiac myocytes. These results have been re-
ported in preliminary form (32).

Abbreviations: MLC-2, myosin light chain 2; ANF, atrial natriuretic
factor; PKC, protein kinase C; RSV, Rous sarcoma virus; PRL,
minimal prolactin promoter; CMV, cytomegalovirus; PMA, phorbol
12-myristate 13-acetate.
ITo whom reprint requests should be addressed at: Department of
Pharmacology 0636, University ofCalifornia at San Diego School of
Medicine, La Jolla, CA 92093.
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MATERIALS AND METHODS

Cell Culture. Neonatal ventricular cells were cultured and
plated at a density of 3.4 x 104 cells per cm2, in 4:1 Dulbecco's
modified Eagle's medium/medium 199 (GIBCO) supple-
mented with 10%o (vol/vol) horse serum, 5% (vol/vol) fetal
calf serum, and antibiotics (ampicillin at 34 ,ug/ml and
gentamicin at 3 pug/ml) as described (12).
PKC Assay. Twenty hours after plating in 35-mm plates,

cells were serum-starved for 24 h. PKC was then assayed as
described by Heasley and Johnson (33). Briefly, cells were
exposed to agonists and then permeabilized with 0.01%
saponin in an intracellular buffer in the presence of 50 p.Ci
of [y-32P]ATP per ml and 150 ,uM PKC peptide substrate
(Bachem Bioscience, Philadelphia) as described (34). The
sequence of the peptide, Val-Arg-Lys-Arg-Thr-Leu-Arg-
Arg-Leu, is based on the PKC-specific phosphorylation site
of the epidermal growth factor receptor (35, 36). Reactions
were terminated after various times by addition of trichloro-
acetic acid to a final concentration of 5%, and samples were
applied to P-81 phosphocellulose filter paper strips (What-
man). After washing, the 32p content of the strips was
determined by liquid scintillation spectroscopy.

Isolation and Hybridization of RNA. Total RNA isolation
and Northern blot analysis were performed as described (37,
38) using ANF (39) and MLC-2 (40) cDNA probes labeled
with 32P by random priming (41). The extent of hybridization
was quantified by densitometry of the corresponding auto-
radiograms. Ribosomal RNA on the filters was stained with
methylene blue to detect potential differences in loading
and/or transfer efficiencies.

Plasmid Constructs. To assess the transcriptional activa-
tion of the MLC-2 and ANF promoters, the following plasmid
constructs were used: pMLC(-2700 to +12)LAS', an MLC-
2/luciferase fusion gene consisting of the most proximal 2.7
kilobases of the MLC-2 5'-flanking region (42) inserted into
the firefly luciferase reporter vector pSVOALA5' (43); and
pANF(-638)LA5', an ANF/luciferase fusion gene (44) com-
posed of a 638-base pair fragment of the ANF 5'-flanking
region that was isolated from an ANF genomic clone (45)
(generously provided by P. L. Davies, Department of Bio-
chemistry, Queen's University, Kingston, Canada) and in-
serted into the luciferase reporter vector pSVOALA5'. As a
negative control, we used an RSV/luciferase construct,
pRSVLA5', composed of the Rous sarcoma virus (RSV)
promoter inserted into the luciferase reporter vector
pSVOALA5' (43). As a positive control, we used a 2x-
AP-1/luciferase construct [TRE2PRL(-36), provided by
M. G. Rosenfeld, University of California, San Diego],
which contains the firefly luciferase cDNA under the control
of a minimal rat prolactin promoter (46) that is preceded by
two copies of the AP-1-responsive element that confers
inducibility by phorbol ester. A PRL/luciferase construct
[PRL(-36)] containing the firefly luciferase cDNA under the
control of only a minimal prolactin promoter (PRL) (46) was
used to control for the potential contributions from cryptic
sequences within the plasmid vector in TRE2PRL(-36).
To examine the involvement of PKC in the inducible

expression ofMLC-2 and ANF, we used expression plasmids
harboring different forms of constitutively activated PKC
[PKAC and APKCf3 (47)] or a plasmid expressing a catalyt-
ically inactive form of PKC [PKCI3AOP (48)]. These PKC
expression vectors were generous gifts of M. Muramatsu
(DNAX Research Institute, Palo Alto, CA).
A f-galactosidase expression vector under the control of

the human cytomegalovirus (CMV) promoter, pON249 (49),
was cotransfected into cardiac myocytes and used as a
control for transfection efficiency.

Transfection of Myocardlal Cells and Assay of Reporter
Gene Products. Eighteen to 20 h after plating, ventricular

myocytes were switched to fresh medium containing serum.
Two to 3 h later, the cells were transiently transfected for
18-20 h using a modified calcium phosphate method (50). The
cells were then washed and cultured in serum-free medium in
the presence or absence of agonist until time of harvest 48 h
later. Transfected cells were washed twice with phosphate-
buffered saline and then harvested in extraction buffer as
described (19). Luciferase activity (43) in the cytosolic frac-
tion was measured in triplicate using a Monolight 401 lumi-
nometer (Turner, Palo Alto, CA). (3-Galactosidase activity in
the same fraction was assayed as described (51).

RESULTS

Effects of Phenylephrine and Phorbol Ester on PKC Activity.
a1-Adrenergic receptor activation by phenylephrine stimu-
lates inositol phospholipid hydrolysis and increases the dia-
cylglycerol content of neonatal cardiomyocytes (14). To
determine whether phenylephrine also increases PKC activ-
ity in this preparation, we exposed cells to phenylephrine for
various time periods and subsequently assayed PKC activity
by measuring phosphorylation of an exogenous PKC sub-
strate peptide. As shown in Fig. 1A, phenylephrine treatment
leads to a modest increase in the incorporation of 32P into the
peptide substrate, which is significantly above the control
level at 15 min. Treatment with the phorbol ester phorbol
12-myristate 13-acetate (PMA) for 15 min leads to a 14-fold
activation of PKC as assessed by phosphorylation of the
peptide. When cells are treated with PMA for longer than 1
h, PMA-stimulated phosphorylation diminishes and is no
longer significant after 6 h (Fig. 1B). These data are consis-
tent with previous observations that PMA first stimulates but
subsequently down-regulates PKC in a variety of cell types
including cardiac myocytes (29, 52-54). In contrast, pro-
longed a-adrenergic receptor stimulation does not similarly
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FIG. 1. Stimulation of cardiac myocyte PKC by phenylephrine
and PMA. (A) Cells were exposed to 100 .uM phenylephrine, 1 AhM
PMA, or control vehicle (0.1% dimethyl sulfoxide) in serum-free
medium for the indicated times, permeabilized, and incubated with
[y_32P]ATP and peptide substrate for 10 min. (B) Cells were exposed
to PMA for the indicated times and assayed for PKC activity as in A.
Similar results were obtained in three or four identical experiments.
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down-regulate PKC (J. H. B., unpublished observations and
ref. 29).

Transcriptional Activation of MLC-2 and ANF Promoter/
Luciferase Constructs by Phenylephrine and Phorbol Ester.
Treatment of rat ventricular myocytes with phenylephrine or
the phorbol ester PMA for 48 h leads to a marked increase in
cell size and a 2- to 3-fold increase in total cellular RNA
content (data not shown). Phenylephrine treatment results in
increased accumulation ofANF mRNA (17-fold) and MLC-2
mRNA (5-fold) [Fig. 2 and as described (8, 13)]. PMA also
leads to a 12-fold increase in ANF mRNA levels. MLC-2
mRNA increases only 2- to 3-fold with PMA treatment, in
parallel with the increase in total cellular RNA.
To determine whether phenylephrine and PMA lead to

increased transcription of the respective cardiac genes, we
evaluated the ability of phorbol esters and phenylephrine to
activate the expression of luciferase reporter genes under the
control ofMLC-2 and ANF promoter sequences. The cardiac
promoter constructs contain cis sequences that are sufficient
to confer inducible expression by either phenylephrine or
endothelin 1 in transient transfection assays of neonatal rat
myocardial cells (13, 19). After transfection with the appro-
priate promoter/reporter gene constructs, cells were treated
with PMA or phenylephrine and harvested 48 h later for the
measurement of luciferase and (B-galactosidase activities.
Phenylephrine treatment results in a 5-fold increase in
expression of both ANF and MLC-2/luciferase constructs.
Both cardiac promoter/luciferase genes are also induced 4- to
5-fold by the PKC activator PMA. However, whereas PMA
is more effective at inducing transcription through 2xAP-1
than through the cardiac promoters, phenylephrine is a more
effective activator ofANF and MLC-2 promoters than of the
PKC-regulated 2xAP-1 promoter (Fig. 3). Neither the PRL/
luciferase gene nor the RSV/luciferase construct is induced
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FIG. 3. Activation of ANF and MLC-2 promoters by phenyleph-
rine and PMA in ventricular myocytes. Cells were cotransfected for
18-20 h with one of the indicated promoter/luciferase constructs (20
,&g per dish) and the CMV/13-galactosidase construct (4 A.g per dish)
and then incubated in serum-free medium with vehicle (0.1% di-
methyl sulfoxide), phenylepjirine (100 ELM), or PMA (100 nM) for 48
h. Cells were harvested and luciferase and P-galactosidase activities
in the cell cytosolic fraction were then assayed. Luciferase activity
was normalized to the corresponding P-galactosidase activity for
each sample, and this value was used to calculate fold induction
above activity in control cells. Basal expression of luciferase for
vehicle-treated cells was 0.13 (PRL), 83 (RSV), 1.5 (ANF), 7.9
(MLC-2), and 1.5 (2xAP-1) in arbitrary light units. Data represent
means ± SEM from three or four similar experiments.

by phenylephrine or PMA, indicating that the response to
these agents occurs through cis regulatory elements specific
to the ANF, MLC-2, and 2xAP-1 promoters.

Transcriptional Activation by the Expression of Constitu-
tively Activated Forms ofPKC. To determine directly whether
PKC activation enhances transcription of the ANF and
MLC-2 genes, cells were cotransfected with mutant PKC
cDNA expression vectors in combination with the cardiac
promoter/luciferase fusion genes. The mutant PKC vector
PKAC encodes a PKC-a isoform in which the regulatory
domain has been deleted. The unregulated gene product has
been shown to be constitutively activated (47). Another
constitutively activated PKC gene, APKCP3, encodes a .3
isoform of PKC that is activated by truncation of the regu-
latory domain. A third construct contains the cDNA encod-
ing PKC that is inactive due to deletion of residues in the
catalytic domain (PKC/3AOP). Cotransfection of cardiac pro-
moter/reporter genes with this latter construct results in low
basal levels of luciferase activity. The levels of reporter gene
activity obtained with PKCf3AOP were used as control val-
ues, and the activity in cells transfected with either PKAC or
A&PKC.8 was expressed relative to that measured in
PKCI3AOP-transfected cells. The data shown in Fig. 4 dem-
onstrate that cotransfection with either of the two constitu-
tively activated PKC vectors enhances the expression of the
ANF and MLC-2 promoter/luciferase genes by 2- to 3-old.
There is no significant activation of RSV/luciferase in cells
transfected with either PKAC or APKCP3, thereby indicating
that the effect is not due to a generalized increase in tran-
scriptional activity. Expression of the constitutively acti-
vated PKC genes also induces luciferase activity in cells
cotransfected with the 2xAP-1/luciferase construct (Fig. 4).

FIG. 2. MLC-2 and ANF mRNA levels of myocardial cells after
stimulation with phenylephrine or PMA. Twenty-four hours after
plating, triplicate 150-mm plates of cells were extensively washed
and incubated in serum-free medium (Control) with 100 ,uM phen-
ylephrine (PE), 100 nM PMA, or 0.1% dimethyl sulfoxide (DMSO)
vehicle. Cells were harvested after 48 h, and total RNA was isolated.
Effects of phenylephrine or PMA are shown in A for MLC-2 mRNA
and in B for ANF mRNA. Methylene blue staining of the 28S
ribosomal bands shows that loading and transfer of RNA samples
were comparable between lanes. Results are representative of four
additional experiments.

DISCUSSION
The observation that the ANF and MLC-2 genes are induced
by ligands that activate the inositol phospholipid signaling
pathway in neonatal ventricular myocytes suggested that the
activation of PKC might be a proximal signal for the coreg-
ulation of these genes during myocardial cell hypertrophy. In
the current study we provide several lines of evidence that
activation ofPKC regulates transcription ofthese two cardiac
genes in the ventricular cardiac cell. First, we demonstrate
that mRNA levels, at least for ANF, are significantly in-
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FIG. 4. Activation of ANF and MLC-2 promoters by expression
of constitutively activated PKC isozymes in ventricular myocytes.
Cells were plated and transfected with 4 ,ug of the indicated promot-
er/luciferase constructs, 4 ,ug of the CMV/(3-galactosidase construct
and 16 jAg of the indicated PKC expression vectors. After transfec-
tion, cells were incubated for 48 h in serum-free medium, harvested,
and assayed for reporter gene expression. Luciferase activity was
normalized to the corresponding B-galactosidase activity for each
sample as in Fig. 3. Data are expressed as fold induction above
activity in cells cotransfected with PKCI3AOP and are means ± SEM
from eight similar experiments. Luciferase activity in PKCPAOP-
transfected plates was 0.06 (PRL), 12 (RSV), 0.14 (ANF), 0.27
(MLC-2), and 0.083 (2 x AP-1) in arbitrary light units.

creased in cells treated with PMA to activate PKC. Secondly,
using MLC-2 and ANF promoter/luciferase constructs, we
demonstrate that PMA treatment leads to transcriptional
activation of these cardiac genes. Finally, we present direct
evidence that PKC activation leads to increased expression

of these two genes in studies using expression vectors for
constitutively activated PKC.
Rat heart has been shown to contain a, and y forms of

PKC (55, 56). In the present study, we find that either the
activated a or the activated isoform of PKC stimulate
transcription through the ANF and MLC-2 promoters. This
finding is consistent with the observation of Muramatsu et al.
(47) that the two constitutively activated isoforms have
comparable effects on c-fos/chloramphenicol acetyltrans-
ferase fusion gene expression and oocyte maturation. In a
recent study by Simpson and colleagues (57), the two iso-
forms of PKC were also found to stimulate the expression of
an AP-1/chloramphenicol acetyltransferase fusion gene in
neonatal rat ventricular myocytes to a similar extent. These
authors reported, however, that the isoform ofPKC is more
effective at activating (3-myosin heavy chain gene expression
(57). It has been shown that PKC isoforms have different
subcellular localizations in some tissues (30, 58-61), and it is
hypothesized that the PKC isoforms might differ with respect
to their endogenous substrates (62-64). If the isoforms of
PKC differ in their capacity to regulate various target genes,
this could account for differences between 8-myosin heavy
chain and MLC-2 or ANF gene regulation.
The mechanism by which PKC activation leads to in-

creases in gene expression is a subject of considerable
interest. Initially it was observed that treating cells with
phorbol ester tumor promoters leads to the rapid induction of
several protooncogenes (65, 66) as well as specific target
genes (67, 68). A cis-acting element capable of conferring
phorbol ester inducibility was identified in the metallothio-
nein gene promoter and found to bear homology to sequences
in other phorbol ester-inducible genes (69, 70). The transcrip-
tional activator that binds to the phorbol ester-responsive
elements was identified, and this factor, AP-1, has been
shown to be largely composed of the protein product of the
c-jun protooncogene (70, 71), which dimerizes with the
product of the c-fos protooncogene (72-74). Another phorbol
ester-sensitive site has been identified that binds a transcrip-
tion factor termed AP-2 (75). Both AP-1 and AP-2-like sites

are found within the promoter regions ofthe ANF and MLC-2
genes (13, 20), suggesting a potential role for PKC in the
regulation of this gene during myocardial cell hypertrophy.
The mechanism by which phorbol esters regulate gene

expression could involve PKC-mediated increases in c-jun
transcription or posttranslational modification of the c-Jun
protein. Phorbol esters have been shown to increase c-jun
mRNA and protein in various cell types (76, 77), including
cardiac myocytes (31). Changes in c-Jun protein phosphor-
ylation may also be induced either directly through PKC or
secondarily through PKC-dependent activation of other ki-
nases or phosphatases (78). An additional mechanism by
which PKC could regulate AP-1-responsive genes would be
through modulation of c-fos protooncogene expression or
posttranslational modification of c-Fos protein (65, 72, 79). In
the cardiac myocyte, phorbol esters also induce c-fos mRNA
accumulation (1, 31).

Alternatively, cardiac-specific factors that bind to other
cis-regulatory elements within the 5-flanking regions of the
ANF and MLC-2 promoters may be required. These factors
could work independently of, or synergistically with, puta-
tive AP-1 and AP-2 sites found in the ANF and MLC-2
promoters (13, 20). Recent studies have identified two con-
served cis elements within a 250-base-pair fragment ofthe rat
cardiac MLC-2 gene (HF-1 and HF-2) that mediate cardiac-
specific and inducible expression during myocardial hyper-
trophy (20). The 28-base-pair element HF-1 is sufficient to
confer both inducible and cardiac-specific responses to a
neutral promoter, suggesting that the transcriptional factors
that mediate muscle specificity might also be involved in
inducible expression. It will be of interest to determine
whether PKC-inducible expression is due to covalent mod-
ification of HF-1 or whether it reflects additional interactions
between transcriptional factors. In addition, it will be of
interest to determine if the factors that mediate inducible
expression of an embryonic gene, such as ANF, will also
confer cardiac-specific expression.
The observation that PMA does not increase MLC-2

mRNA levels above the generalized increase in cellular RNA
content that accompanies hypertrophy is at variance with the
findings that PMA activates transcription through the MLC-2
promoter (Fig. 3) and that MLC-2 protein is increased in
myocytes treated with PMA (31). This may reflect the fact
that PMA stimulation does not lead to a sustained increase in
PKC activation, since PKC is down-regulated after 6 h of
PMA treatment. Accordingly, an increase in MLC-2 mRNA
may only be detectable for a brief period of time. The stability
of the MLC-2 mRNA could also be concomitantly decreased
by PMA treatment.

It is informative to compare the increases in gene expres-
sion mediated via the cardiac and AP-1 promoters (Fig. 3).
PMA is highly effective at inducing AP-1 but is a relatively
weak activator of the cardiac promoters. In contrast, for
phenylephrine the 'selectivity is reversed and the cardiac
promoters are induced to a greater extent than is the AP-1-
responsive promoter. One interpretation of these data is that
phenylephrine has additional effects, beyond those on PKC,
which contribute to the activation of the cardiac genes. We
recently reported that inhibition of Ca2+/calmodulin kinase
by W-7 can effectively block phenylephrine-stimulated ANF
expression and that the calcium channel activator BAY K
8644 can stimulate ANF gene expression (14). These data
suggest that a Ca2+/calmodulin-dependent pathway may also
be activated by phenylephrine and can potentially contribute
to the effect of a1-receptor stimulation on cardiac gene
expression. On the other hand, inhibition of PKC by H-7
inhibits phenylephrine-induced increases in ANF mRNA and
the associated production of this protein in neonatal ventric-
ular myocytes (14), supporting a role for PKC in cardiac gene
expression.
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