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SUMMARY
Activation of both mTOR and its downstream target, S6K1 (p70 S6 kinase) have been implicated to
affect cardiac hypertrophy. Our earlier work, in a feline model of 1–48 h pressure overload,
demonstrated that mTOR/S6K1 activation occurred primarily through a PKC/c-Raf pathway. To
further delineate the role of specific PKC isoforms on mTOR/S6K1 activation, we utilized primary
cultures of adult feline cardiomyocytes in vitro and stimulated with endothelin-1 (ET-1),
phenylephrine (PE), TPA, or insulin. All agonist treatments resulted in S2248 phosphorylation of
mTOR and T389 and S421/T424 phosphorylation of S6K1, however only ET-1 and TPA-stimulated
mTOR/S6K1 activation was abolished with infection of a dominant negative adenoviral c-Raf (DN-
Raf) construct. Expression of DN-PKCε blocked ET-1-stimulated mTOR S2448 and S6K1 S421/
T424 and T389 phosphorylation but had no effect on insulin-stimulated S6K1 phosphorylation.
Expression of DN-PKCδ or pretreatment of cardiomyocytes with rottlerin, a PKCδ specific inhibitor,
blocked both ET-1 and insulin stimulated mTOR S2448 and S6K1 T389 phosphorylation. However,
treatment with Gö6976, a specific classical PKC (cPKC) inhibitor did not affect mTOR/S6K1
activation. These data indicate that: (i) PKCε is required for ET-1-stimulated T421/S424
phosphorylation of S6K1, (ii) both PKCε and PKCδ are required for ET-1-stimulated mTOR S2448
and S6K1 T389 phosphorylation, (iii) PKCδ is also required for insulin-stimulated mTOR S2448 and
S6K1 T389 phosphorylation. Together, these data delineate both distinct and combinatorial roles of
specific PKC isoforms on mTOR and S6K1 activation in adult cardiac myocytes following
hypertrophic stimulation.
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INTRODUCTION
In response to increased mechanical (hemodynamic) load, either mediated through pressure or
volume overload, the heart compensates through hypertrophic myocyte growth. Although
initially compensatory by normalizing wall stress, this growth process often progresses into
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failure when it compromises filling capacity or contractile function of the heart (1,2). The major
component underlying this process is the coupling of increased hemodynamic load to
intracellular signaling that causes hypertrophic growth. Although numerous cellular signaling
mechanisms have been implicated in this process, the complex interplay has yet to be
completely understood.

Both mammalian target of rapamycin (mTOR) and one of its key downstream targets, p70 S6
kinase (S6K1) have been extensively studied for their effects during cardiac hypertrophy. For
example, in vivo treatment with rapamycin (a specific inhibitor of mTOR) affects cardiac cell
size and contractile function and has been shown to blunt the increase in heart weight and cell
size during aortic band-induced pressure overload in rodents (3,4). Rapamycin has also been
shown to reduce preexisting hypertrophic myocyte growth even when administered 1 week
after aortic banding (5). Therefore mTOR represents a critical mediator of the hypertrophic
growth process.

In the mTOR-mediated signaling pathway, S6K1 is thought to be a key downstream regulator
of the overall cellular growth response. For example, gene deletion studies in Drosophilia
demonstrated a semi-lethal phenotype with only a few surviving adults. These mutant flies
exhibit a severely reduced body size attributed to a decrease in cell size rather than a decrease
in cell number (6). Furthermore, disruption of the S6K1 gene in mice produced a phenotype
characterized by reduced body size that was attributed to a decrease in cell size rather than a
decrease in cell number (7). One of the most extensively studied downstream effects of S6K1
is on the phosphorylation of the S6 protein and its contribution to 5′-TOP (5′-terminal
oligopyrimidine) mRNA translation (8). In addition to S6 protein, several new targets of S6K1-
mediated phosphorylation that may significantly contribute to hypertrophic growth have been
discovered, including transcription factors such as c-AMP response element modulator (9),
elongation factors such as eEF2K (10), initiation factors such as eIF4B (11), and potential cell
size regulators such as S6K1 Aly/Ref like target (SKAR) (12).

For activation, both mTOR and S6K1 undergo phosphorylation at multiple sites. In the case
of mTOR, formation of multiprotein complexes that are either sensitive or insensitive to
rapamycin inhibition have been demonstrated (13,14), and only the rapamycin-sensitive
complexes are responsible for phosphorylation and activation of S6K1 (15). Various studies
in the heart and in other muscle types demonstrate that phosphorylation on the S2448 site of
mTOR is indicative of its activation (4,16–19). S6K1 activation, in contrast, revolves around
a complex series of multiple phosphorylations that regulate its kinase activity (20,21). At least
eight phosphorylation sites have been identified and are divided into two sets. The first set,
which contains sites important for kinase activity and are sensitive to rapamycin, is situated in
the linker region (Thr-389 and Ser-404) and the catalytic domain (Thr-229 and Ser-371) of
S6K1 (20,22). Thr-389 phosphorylation, which occurs during mitogenic stimulation and is
sensitive to rapamycin, is required for subsequent Thr-229 phosphorylation and increased
kinase activity. The second set of phosphorylation sites involves four different residues in the
pseudosubstrate domain: Ser-411, Ser-418, Thr-421, and Ser-424. Phosphorylation of these
residues are thought to be important for subsequent Thr-389 phosphorylation and for kinase
function (23).

Three major independent signaling pathways (24–28) utilize PI3K, PKA and PKC for S6K1
activation, but our previous work (29,30) has determined that during the early phase of in
vivo induced pressure-overload hypertrophy, a PKC-dependent c-Raf/MEK/ERK pathway that
does not depend on PI3K or PKA, predominantly contributes to mTOR and S6K1 activation.
The PKC family of phospholipid-dependent Ser/Thr kinases includes at least 11 mammalian
isoforms, and in adult cardiomyocytes, both the classical (calcium-dependent) isoforms
(cPKC), PKCα and PKCβ, as well as the novel (calcium-independent) isoforms (nPKC),
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PKCε and PKCδ, are the predominantly expressed (31,32). Our initial in vitro studies (29,30)
utilized TPA, a non-selective PKC activator, to replicate the activation profile of mTOR and
S6K1 seen in vivo, but the use of TPA precluded any conclusions regarding individual PKC
isoform contributions to their activation. Furthermore, in a study conducted by Wang et al.
2001, the contribution of the nPKC isoforms to S6K1 activation in neonatal cardiocytes was
assayed during adrenergic stimulation, although the role of individual PKC isoforms in
mediating specific phosphorylations on S6K1 necessary for its activation was not addressed.
Therefore, the aim of this study was to characterize specific PKC isoform(s) that mediate
mTOR/S6K1 activation through the involvement of a c-Raf/MEK/ERK-dependent, but PI3K-
independent pathway. In the present study we demonstrate that ET-1 mimics our in vivo PKC-
mediated mTOR/S6K1 activation. Using this agonist, we further demonstrate that both
PKCε and PKCδ, but not the classical isoforms PKCα and PKCβ, contribute to mTOR/S6K1
activation using both distinct and combinatorial pathways for mediating mTOR/S6K1
activation. Furthermore, PKCδ is required even during PI3K-mediated mTOR/S6K1
activation, as observed during insulin stimulation.

EXPERIMENTAL PROCEDURES
Chemicals

Protease inhibitors: 4-(2-aminoethyl) benzene sulfonyl fluoride, aprotinin, leupeptin,
pepstatin-A and E-64 (trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane) and
phosphatase inhibitors: okadaic acid, β-glycerolphosphate, sodium orthovanadate, and EGTA
were obtained from Sigma Chemical Company (St. Louis, MO). Wortmannin, ET-1, TPA,
rottlerin and Gö6976 were obtained from Calbiochem (San Diego, CA). PE and insulin were
also obtained from Sigma Chemical Company (St. Louis, MO).

Antibodies
Antibodies used for Western Blot analysis were obtained from these vendors (used at the
following titers): S6K1 from Santa Cruz Biotechnology, Inc., Santa Cruz, CA (1:10,000);
phospho-specific Thr-421/Ser-424 (1:5000), and Thr-389 (1:5000) S6K1, Ser-2448 mTOR
(1:1000), and phospho and regular ERK (1:5000) from Cell Signaling, Danvers, MA; and
mTOR (1:2000) from BD Biosciences, San Jose, CA.

Adult cardiomyocyte culture model
Adult feline cardiomyocytes were isolated and cultured on laminin coated culture trays as
described previously (2). Isolated cardiomyocytes were suspended in a 1.8 mM calcium
containing mitogen-free M-199 medium at pH 7.4. For experimental conditions, cells were
plated at a density of 1.0×105 cells/35 mm dish and incubated at 37°C in humidified air with
5% CO2.

Stimulation of PKC and S6K1 in cultured cardiomyocytes
Freshly isolated adult feline cardiomyocytes were cultured overnight and stimulated with 400
nM ET-1, 100 μM PE, 200 nM TPA, or 100 nM insulin in the presence or absence of various
pharmacologic inhibitors. Untreated cells served as controls. For treatment with pharmacologic
inhibitors, cells were pre-incubated for 1 h and then stimulated for various time periods as
indicated in the figure legends. For adenoviral expression, freshly isolated cardiomyocytes
were plated on laminin-coated trays and incubated for 4 h prior to infection. Cells were then
incubated overnight in serum-free M-199 media containing the adenovirus at m.o.i.
(multiplicity of infection) levels of 200 for DN-Raf (C4B), 75 for DN-PKCε, and 150 for DN-
PKCδ. Cells infected with an equal m.o.i. of galactosidase (β gal) adenovirus served as control.
The generation of DN-Raf and DN-PKCε has been described previously (30,33) and the DN-
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PKCδ adenovirus was obtained from Dr. Williams’ laboratory (34). The media was replaced
after 24 h and allowed to incubate for an additional 24 h prior to agonist stimulation.

Western blotting
Triton X-100 soluble fraction of cardiomyocytes was prepared following extraction with lysis
buffer (30 mM Tris-HCl, pH 7.4, 2% Triton X-100, 10 mM β-glycerolphosphate, 10 μg/ml
aprotinin, 10 μg/ml leupeptin, 10 μg/ml pepstatin, 1 mM sodium orthovanadate, 0.02 μM
okadaic acid, 0.5 mM EGTA and 2 μM E-64). Cells in the lysis buffer were passed through an
insulin-syringe ten times and then centrifuged at 14,000 × g for 15 min. An equal volume of
SDS-sample buffer was then added to the supernatant and boiled for 5 min. The protein
concentration was determined using BCA reagent (Pierce) and adjusted for comparison.
Approximately 10 μg of protein from each sample was resolved by SDS-PAGE and transferred
electrophoretically to Immobilion-P membranes. After blocking the membranes for 1 h using
5 % milk and 1% BSA in TBST buffer (10 mM Tris-HCl, pH 7.4, 0.15 M NaCl and 0.1%
Tween-20), primary antibodies diluted in TBST were added and incubated overnight at 4° C.
Membranes were washed three times for 5 minutes each in TBST and incubated with the
appropriate horseradish peroxidase-labeled secondary antibody in TBST buffer for 1 h at room
temperature. After five final washes for five minutes each, proteins were detected using
enhanced chemiluminescence, ECL (PerkinElmer, Wellesley, MA) and X-OMAT imaging
film (Kodak). Phosphorylation and the total level of each signaling intermediate were
determined by Western blot analysis followed by densitometry using NIH Image J program.
The phosphorylation of each protein was normalized to their respective total protein level, and
the normalized value for control was arbitrarily assigned a value of 1 and used for comparison
of all other treatment conditions. The summary data for all the experiments are expressed in
graphical form as means ± S.E. Differences between the groups were compared by one-way
ANOVA followed by a Tukey test, and a value of P<0.05 was considered significant.

RESULTS
Stimulation of PKC-mediated S6K1 activation in adult cardiomyocytes

Our previous in vivo (29) studies identified that a PKC-mediated pathway contributes to the
activation of mTOR and its downstream target S6K1 during the early period (within 1 h) of
right ventricular pressure overload (RVPO) in the adult feline myocardium. In the present
study, we delineated the role of individual PKC isoforms during mTOR/S6K1 activation by
mimicking our in vivo data using cardiac hypertrophic agonists, known to activate PKC
pathways during hypertrophy, on isolated adult cardiomyocytes in culture. While agonists like
angiotensin II, and Insulin have been shown to stimulate cardiocytes in culture, they primarily
utilize PI3K (30,35). However, both ET-1 and PE have been shown to be important during
hypertrophic growth of the myocardium and specifically PE has been used to stimulate
PKCε and PKCδ in neonatal rat cardiocytes (36,37). Therefore, we sought to determine whether
ET-1 or PE stimulation in culture would replicate our in vivo PKC/c-Raf/ERK-dependent
mTOR and S6K1 activation. We assayed for phosphorylation of mTOR at S2448, S6K1 at
T389, and S6K1 at T421/S424 which can appear in multiple bands as published previously
(30,38). Figure 1 shows that stimulation of isolated cardiomyocytes with ET-1 and to a lesser
extent PE increased the level of S6K1 T421/S424 and T389 phosphorylation and mTOR S2448
phosphorylation. Both ET-1 and PE exhibit a similar trend to that of TPA in the time course
of activation of mTOR and S6K1. Both phosphorlyation of S6K1 at T421/S424 and mTOR at
S2448 by all these agonists occurred as early as 10 min and the activation was sustained up to
2 h. Similarly the T389 phosphorylation of S6K was increased after 30 min of treatment and
was also sustained up to 2 h. The increase in T389 phosphorylation of S6K1 was also reflected
in the retarded electrophoretic mobility (band shift) of S6K1 (visualized by the total S6K1
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antibody as multiple bands ~70 kDa), which also appears at 30 min and is sustained through
2 h.

Since our previous in vivo studies (30) demonstrated that a c-Raf/MEK/ERK-dependent
pathway controls both mTOR and S6K1 phosphorylation/activation, we also evaluated the
effects of these agonists on the stimulation of ERK. ET-1, TPA and to a lesser extent PE,
stimulated ERK phosphorylation at 10 min that remained up to 2 h. These initial studies
established the appropriate dose and duration of ET-1, PE and TPA treatments of adult
cardiomyocytes to stimulate mTOR, S6K1 and ERK phosphorylation.

Effect of dominant negative c-Raf (DN-Raf) expression on agonist stimulated mTOR, S6K1
and ERK activation

We first sought to determine if the c-Raf/MEK/ERK pathway is necessary for ET-1 and PE
stimulation of mTOR and S6K1 activation. Cardiomyocytes were infected with adenoviruses
to express either β-gal or a DN-Raf isoform, thus blocking the c-Raf/MEK/ERK pathway
(29). Following infection, cardiomyocytes were then stimulated with ET-1, PE or TPA. The
ET-1 and TPA-mediated phosphorylation of mTOR at S2448 and S6K1 at T421/S424 and
T389 were significantly reduced in DN-Raf expressing cardiomyocytes (Figure-2). However,
DN-Raf expression did not block the T389 phosphorylation of S6K1 during PE stimulation.
Furthermore, the phosphorylation of ERK stimulated by all three agonists was blocked during
DN-Raf expression. These data show that ET-1 requires a c-Raf-mediated pathway for mTOR,
S6K1 and ERK activation and provide evidence that perhaps another (c-Raf independent and
possibly PI3K-dependent) pathway is utilized at least in part, during PE stimulation.

Effect of wortmannin on agonist stimulated mTOR, S6K1 and ERK activation
To confirm that ET-1 but not PE replicates our in vivo data where activation of mTOR, S6K1
and ERK is mediated primarily through a PKC-mediated pathway, independent of PI3K, we
tested agonist stimulation in cardiomyocytes pretreated with wortmannin (a specific
pharmacologic inhibitor of PI3K). To first ascertain the correct dosing of wortmannin to
specifically block the PI3K pathway, we tested the effect of wortmannin on insulin versus TPA
stimulation (Figure-3A). We sought to use a dose of wortmannin that would effectively block
insulin (PI3K-dependent) stimulation of mTOR and S6K1 while leaving the PKC-mediated
(PI3K-independent) stimulation by TPA, unaffected. Recent studies (39) have utilized
wortmannin at a dose of 30 nm, however pretreatment of cardiomyocytes in our studies with
100 nM wortmannin specifically blocked insulin-stimulated mTOR and S6K1 activation and
left TPA stimulated activation of mTOR, S6K1 or ERK unaffected. Having determined that
wortmannin blocked only the PI3K-dependent pathway, we next analyzed which of the two
agonists, ET-1 or PE, mediates mTOR, S6K1 and ERK activation via a PI3K-independent
pathway.

Whereas pretreatment of cardiomyocytes with 100 nm wortmannin did not affect the ET-1 or
TPA-stimulated S6K1 and mTOR phosphorylation, it did block PE stimulation of mTOR and
S6K1 phosphorylation at S2448 and T389 sites, respectively (Figure-3B). Therefore, ET-1 and
the positive control TPA, stimulate mTOR and S6K1 activation primarily independent of PI3K,
whereas PE-stimulated activation is dependent on PI3K. Thus, ET-1 utilizes a c-Raf/MEK/
ERK pathway for activation of mTOR and S6K1, and therefore, mimics our previous in vivo
pressure overload studies and in vitro TPA-stimulated studies in feline cardiomyocytes (30).
Identification of ET-1, as a specific agonist for mTOR/S6K1 activation that proceeds
independent of PI3K, was crucial for subsequent experiments while ascertaining the role of
specific PKC isoforms during this activation process.
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Effect of DN-PKCε expression on agonist stimulated mTOR, S6K1 and ERK activation
To determine the contribution of individual PKC isoforms on mTOR and S6K1 activation, we
first tested the role of PKCε. PKCε is a member of the novel PKC isoform family that does not
require calcium for its activation and is known to be expressed in the heart (31,32,40). We used
adenoviral-mediated expression of a dominant negative PKCε (DN-PKCε) isoform (33) in
cardiomyocytes and stimulated with ET-1, PE or TPA (Figure-4A). In cardiomyocytes
expressing DN-PKCε, the ET-1-stimulated phosphorylation of mTOR (S2448), S6K1 (T421/
S424 and T389), and ERK were significantly reduced, and this trend was reflected in the loss
of the retarded electrophoretic mobility (band shifting) of S6K1. In the case of TPA, which
stimulates multiple isoforms of PKC, only a partial effect was observed on the loss of T389
phosphorylation in DN-PKCε expressing cells. Importantly, except for the loss of ERK
phosphorylation, DN-PKCε expression did not significantly affect PE-stimulated mTOR and
S6K1 phosphorylation. Overall, these data (Figure-4A) clearly show that PKCε is a critical
signaling intermediate during ET-1-stimulated ERK, mTOR and S6K1 phosphorylation.

To confirm the specificity of DN-PKCε virus, we tested the effect of expression of DN-
PKCε on mTOR/S6K1 activation stimulated by insulin (PI3K-dependent) as compared with
TPA stimulation (PI3K-independent). As shown in Figure 4B, insulin-stimulated activation/
phosphorylation of both mTOR and S6K1 was not blocked by the expression of DN-PKCε,
although phosphorylation of mTOR and S6K1 during TPA stimulation was significantly
reduced. Thus, during expression of this PKC dominant negative isoform, there is no
confounding crossover effect on the PI3K-mediated mTOR/S6K1 activation. Overall, these
studies demonstrate that ET-1-stimulated mTOR/S6K1 and ERK activation proceeds
independent of PI3K (Figure-3B), and requires PKCε (Figure-4A). Furthermore, these data
also demonstrate that PE stimulation of mTOR and S6K1 is only partially dependent on
PKCε activation, and requires PI3K-dependent activation (Figure-3B).

Importance of PKCδ in mTOR and S6K1 phosphorylation/activation
Our studies demonstrate that PKCε plays a major role in ET-1 stimulated activation of S6K1,
mediated through the c-Raf/MEK/ERK and mTOR pathways. Since adult cardiomyocytes
express multiple isoforms of PKC (31,40), including classical isoforms, PKCα and PKCβ along
with the other novel family member, PKCδ, and since a recent study (41) specifically
demonstrated an important role for PKCδ during S6K1 activation by PE in adult rat
cardiomyocytes, we next explored the importance of these PKC isoforms during PI3K-
dependent and -independent stimulation of mTOR/S6K1 activation. For this, we first used the
commercially available pharmacological inhibitors, Gö6976 and rottlerin to specifically block
PKCα/β and PKCδ, respectively (42,43) and studied their effect on the ET-1, TPA and insulin-
stimulated mTOR/S6K1 activation (Figure-5A). As in previous experiments, stimulation of
adult feline cardiomyocytes with all agonists (ET-1, TPA and insulin) resulted in mTOR, S6K1
and ERK phosphorylation, although to varying degrees (Figure 5A). This activation profile
was found to be unaffected in Gö6976 pretreated cells, as shown in the summary data (Figure
5B). Rottlerin pretreatment however blocked mTOR S2448 phosphorylation mediated by ET-1
and insulin, but not TPA. On the other hand, pretreatment of cardiomyocytes with rottlerin
showed a differential effect on the phosphorylation of S6K1 at specific sites (Figure-5A). That
is, pretreatment of cells with rottlerin increased the basal level of T421/S424 phosphorylation
of S6K1 and phosphorylation/activation of ERK (Figure-5A), while it did not affect the
baseline phosphorylation of T389 of S6K1. Importantly, rottlerin blocked T389
phosphorylation of S6K1 during ET-1, TPA and insulin stimulation, and these changes were
reflected in the retarded electrophoretic mobility (band shift) of S6K1. All these data were
confirmed in multiple experiments and given as summary data (Figure-5B). Overall, these data
indicate that PKCδ is required for ET-1-stimulated mTOR S2448 phosphorylation and
subsequent S6K1 T389 phosphorylation, while simultaneously leaving ERK and S6K1 T421/
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S424 phosphorylation unaffected. Also, even during insulin-stimulated (PI3K-dependent)
activation, PKCδ is necessary for phosphorylation of mTOR at S2448 and S6K1 at T389 sites.

Effect of DN-PKCδ expression on agonist stimulated mTOR, S6K1 and ERK activation
To further confirm that PKCδ is required for mTOR S2448 and S6K1 T389 phosphorylations
and to dismiss any non-specific effects caused by rottlerin, we next utilized a dominant negative
PKCδ (DN-PKCδ) adenovirus to block PKCδ activity. Unlike rottlerin, expression of DN-
PKCδ did not induce a baseline increase in T421/S424 phosphorylation of S6K1 (Figure-6).
Expression of DN-PKCδ also did not affect ET-1, TPA or insulin-stimulated T421/S424
phosphorylation of S6K1 or ERK1/2 activation. DN-PKCδ expression did, however, block
T389 phosphorylation of S6K1 and S2448 phosphorylation of mTOR during ET-1 and insulin
stimulation. However, TPA stimulation, which is known to directly stimulate multiple PKC
isoforms, was not significantly affected during DN-PKCδ expression. Overall, these data are
consistent with our studies using rottlerin, demonstrating that PKCδ is required for both ET-1
and insulin-stimulated phosphorylation of mTOR at S2448 and S6K1 at T389. Thus, during
ET-1 and insulin-stimulated mTOR/S6K1 activation, which is mediated by PI3K-independent
and -dependent pathways, respectively, PKCδ functions as a common mediator downstream
of both pathways (Figures-5 and 6).

DISCUSSION
Our earlier studies in pressure-overloaded myocardium (29,30) indicated that a PI3K
independent mechanism initially activates mTOR and S6K1 through the activation of a PKC/
c-Raf/MEK/ERK. Furthermore, our earlier in vitro studies, which utilized a global stimulator
of PKC, TPA, and a global inhibitor of PKC, BIM, confirmed the importance of a PKC
mediated pathway during mTOR and S6K1 activation. These broad-spectrum agents however
are not endogenous to the body and are not specific enough to define the role of individual
PKC isoforms on mTOR/S6K1 activation. The present study sought to replicate our earlier in
vivo findings where PKC activates c-Raf/MEK/ERK pathway and causes mTOR/S6K1
activation in a PI3K-independent manner, using agonist stimulation of cardiomyocytes in
culture. After characterizing ET-1 as an ideal agonist for stimulation of these pathways, we
were able to tease out the specific contributions of individual PKC isoforms on mTOR and
S6K1 activation. ET-1 is an endogenously produced G-protein coupled receptor agonist,
known to mediate its effects predominantly through PKC activation of the novel isoforms
(44). We began using isolated adult feline cardiac myocytes in cell culture and stimulated with
ET-1 to replicate our earlier in vivo data (i.e. a PI3K independent PKC/c-Raf/MEK/ERK
mediated pathway of mTOR and S6K1 activation). In addition, we used PE, an adrenergic
agonist, that has been shown, in other studies, to specifically stimulate both PKCε and PKCδ
in neonatal rat cardiocytes in culture (41), and PI3K-dependent pathways (45). Cells were also
stimulated with TPA as a positive control for PKC-mediated PI3K-independent activation, and
insulin was used as a control for PI3K-dependent activation. We used phosphorylation state-
specific antibodies to measure the activation of mTOR and S6K1, including a phospho-S2448
antibody for mTOR, and two independent antibodies against phospho-T389 and phospho-
T421/S424 (dual site phosphorylation) for S6K1. In addition, since phosphorylated S6K1 is
known to exhibit retarded electrophoretic mobility during SDS-PAGE separation, we analyzed
for such changes using a phosphorylation-state independent antibody of S6K1. Herein we show
that: (i) ET-1 stimulation of cardiomyocytes, in cell culture, mimics our in vivo pressure
overload-induced mTOR and S6K1 activation utilizing a PKC dependent c-Raf/MEK/ERK
pathway, independent of PI3K (ii) ET-1 stimulated phosphorylation of S6K1 at T421/S424
and T389 requires c-Raf and PKCε (iii) ET-1-induced phosphorylation of S2448 of mTOR and
T389 of S6K1 utilizes both PKCε and PKCδ (iv) PKCδ is critical for mTOR S2448 and S6K1
T389 phosphorylation during both ET-1 (PI3K-independent) and insulin (PI3K-dependent)
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activation but does not affect ERK mediated S6K1 T421/S424 phosphorylation. Taken
together, our results demonstrate that PKCε and PKCδ differentially regulate ET-1-induced
mTOR and S6K1 phosphorylation and activation in adult feline cardiomyocytes and thus
provide potential mechanisms for growth regulation in the hypertrophying myocardium by
different PKC isoforms.

We have previously shown in vivo (29) that mTOR and S6K1 activation were mediated
primarily through a PKC-dependent pathway during the early period of pressure-overload
induced hypertrophy. These studies indicate that additional pathways besides PKC and c-Raf/
MEK/ERK pathways contribute to PE-stimulated S6K1 activation (Figure-2). A role for PI3K
activation during PE stimulation has been suggested in previous studies (36,45,46), and our
studies support these findings, since pretreatment of adult feline cardiomyocytes with
wortmannin resulted in loss of PE- but not ET-1-stimulated mTOR S2448 and S6K1 T389
phosphorylation. To this end, our data demonstrate that ET-1, rather than PE, more closely
recapitulates our in vivo data demonstrating PKC/c-Raf/MEK/ERK mediated mTOR and S6K1
phosphorylation (29).

Several recent studies have identified a critical role for the nPKC isoforms in the activation of
S6K1 (41,47). In a recent study the novel PKC isoforms, PKCε and PKCδ, but not the classical
PKC isoforms, PKCα or PKCβ, were shown to be involved in PE-stimulated S6K1
phosphorylation of adult rat cardiomyocytes (as measured through electrophoretic mobility
shifting of S6K1) (41). Our data, in addition to supporting these findings, demonstrate critical
roles of both PKCε and PKCδ and delineate their importance during both PI3K-independent
and -dependent signaling pathways mediating phosphorylation on specific residues of both
mTOR and S6K1.

Expression of a kinase-inactive PKCε mutant (DN-PKCε) blocked ET-1 stimulated ERK
phosphorylation and T421/S424 phosphorylation of S6K1. Our previous work in neonatal rat
cardiomyocytes (33) linked PKCε mediated signaling to ERK phosphorylation. Therefore, it
is possible that PKCε inhibition blocked ET-1-induced T421/S424 phosphorylation of S6K1
by modulating ERK activation. DN-PKCε expression, however, also blunted ET-1 stimulation
of mTOR S2448 and S6K1 T389 phosphorylations (Figure-4A). Two possible mechanisms
could explain why T389 phosphorylation of S6K1 was also blocked by PKCε. First,
overexpression of DN-PKCε may have partially blunted PKCδ activity, as has been suggested
in prior studies with adenoviral mediated transgene overexpression (41). We do not expect this
to be the case, since DN-PKCε expression showed no significant effect on insulin-stimulated
T389 phosphorylation of S6K1 (Figure-4B) while the specific blockade of PKCδ using rottlerin
or dominant negative expression successfully blocked T389 phosphorylation of S6K1
(Figure-5A, B and Figure-6). A second mechanism involves the blockade of mTOR
phosphorylation occurring through either a direct PKCε effect or indirectly through its role in
ERK activation (48). This last idea is supported both by DN-Raf expression (Figure-2) and our
previous study (30), using pretreatment with a MEK inhibitor U0126 or expression of a MAPK
phosphatase, MKP-3. All of these treatments effectively blocked ERK activity and also
prevented phosphorylation at S2448 of mTOR and T389 of S6K1. Therefore, it is possible that
in ET-1 stimulated adult cardiomyocytes, PKCε activates the c-Raf/MEK/ERK pathway
leading to S2448 phosphorylation of mTOR and T389 phosphorylation of S6K1, in addition
to its role in controlling T421/S424 phosphorylation of S6K1.

In regard to PKCδ, specific inhibition with rottlerin or DN-PKCδ expression in cardiomyocyte
cultures blocked both ET-1 (PI3K-independent) and insulin (PI3K-dependent) stimulated
S2448 and T389 phosphorylation of mTOR and S6K1, respectively, while having no effect on
either ERK or S6K1 T421/S424 phosphorylations (Figure-5A, B and Figure-6). One possible
explanation is that PKCδ exists in a signaling module/complex with mTOR, as has been shown
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previously (49). A link between mTOR and various PKC isoforms was also demonstrated in
HEK293 cells in which mTOR was shown to be responsible for controlling phosphorylation
in the hydrophobic C-terminal site of both PKCε and PKCδ (50). Taken together, these data
suggest that PKCδ plays a role in S6K1 activation independent of the c-Raf/MEK/ERK-
mediated T421/S424 phosphorylation, but may remain dependent on mTOR activation.
Finally, although PKCα was found to be activated in our in vivo pressure-overload model
(29) we did not observe any role for this kinase in this present study during ET-1-induced S6K1
activation. Pretreating cardiomyocytes with the classical PKC isoform inhibitor, Gö6976, had
no effect on ET-1 stimulated mTOR or S6K1 phosphorylation.

Based upon our present study, we propose the signaling mechanism illustrated in Figure-7.
ET-1 stimulation leads to PKCε activation via a PI3K-independent pathway involving cRaf/
MEK, which results in T421/S424 phosphorylation of S6K1 through the c-Raf/MEK/ERK
cascade. PKCε also appears to be required during ET-1 stimulated mTOR S2448
phosphorylation and subsequent T389 phosphorylation of S6K1 (Figure-4A). Interestingly,
insulin appears to stimulate T389 phosphorylation of S6K1 independent of PKCε (Figure-4B)
and c-Raf/MEK/ERK pathway and supports our previous studies showing low level of ERK
activation in insulin treated adult cardiomyocytes (30). Our present study indicates that this
trend partly applies to PE stimulation also. Finally, PKCδ is required during both ET-1 and
insulin stimulation of S2448 phosphorylation of mTOR and subsequent T389 phosphorylation
of S6K1 (Figure-5 and 6). In summary, we have identified that ET-1 utilizes a PI3K-
independent pathway to stimulate mTOR and S6K1, which corresponds to our in vivo
observations during the early period of pressure overload. This activation utilizes PKCε and
PKCδ to differentially regulate phosphorylation on critical growth components at specific
regulatory sites and provides further insight into growth regulation. The activation of mTOR
has been studied as a critical component of the compensatory growth response; furthermore
our in vivo observations have demonstrated PKC mediated activation of mTOR during the
early phase of compensatory growth. This study has now delineated the various pathways that
converge on the nPKC isoforms and control the activation of critical growth regulators mTOR
and S6K1. In addition we have demonstrated that PKCδ is also a downstream component of
PI3K activation. The research surrounding PI3K place this pathway independent of any PKC
activation, however we can show that indeed, in adult cardiomyocytes, the PI3K pathway
utilizes a specific PKC isoform, PKCδ, during mTOR and S6K1 activation. This data provides
a map to acutely manipulate the activation of these critical growth regulators through influence
on the nPKC isoforms and possibly regulate compensatory growth in order to delay or even
prevent maladaptive compensation in the myocardium.
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Fig 1. Agonist stimulation of S6K1, mTOR and ERK in an in vitro feline adult cardiomyocyte
culture model
Freshly isolated feline adult cardiomyocytes were cultured on laminin-coated plates. A time
course of stimulation using 400 nM ET-1, 100 μM PE and 200 nM TPA was performed.
Untreated cells served as controls. Cells were harvested as described in the Methods section.
For each experimental condition, an equal amount of protein per sample (10 μg) was used for
Western blot analysis of S6K1, mTOR and ERK using non-selective and phosphorylation state-
specific antibodies. Results were confirmed in three additional experiments.

Moschella et al. Page 13

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Effect of DN-Raf expression on agonist-stimulated activation of S6K1, mTOR and ERK in
adult cardiomyocytes
Freshly isolated feline adult cardiomyocytes were cultured on laminin-coated plates. After 4
h culturing period, cells were infected with either β-galactosidase (β-Gal) or DN-Raf
expressing adenoviruses as described in the Methods section. Cells were then stimulated with
400 nM ET-1, 100 μM PE and 200 nM TPA for 60 min, and untreated cells served as controls.
Cells were then processed for Western blot analysis with non-selective and phosphorylation
state-specific antibodies. Phosphorylation levels of S6K1, mTOR and ERK were assessed by
densitometry, and the phosphorylation of each protein was normalized to their respective total
protein level. The normalized value for control was arbitrarily assigned a value of 1 and used
for comparison of all other treatment conditions. The summary data of three experiments is
presented in a histogram as means +/− standard error (side panels). * represents p<0.05 as
compared to buffer control, † represents p<0.05 as compared to matched stimulation in β-gal
expressing cardiomyocytes.
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Fig 3. Effect of Wortmannin on agonist-stimulated activation of S6K1, mTOR and ERK in adult
cardiomyocytes
Freshly isolated feline adult cardiomyocytes were cultured on laminin-coated plates. The
cultures were pre-incubated for 1 h with Wortmannin at 100 nm prior to stimulation. Cells
were then stimulated with 200 nM TPA and 100 nM insulin (A) or 400 nM ET-1, 100 μM PE
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and 200 nM TPA (B) for 60 min. Cells were then processed for Western blot analysis with
non-selective and phosphorylation state-specific antibodies. Phosphorylation levels of S6K1,
mTOR and ERK were assessed by densitometry, and the phosphorylation of each protein was
normalized to their respective total protein level. The normalized value for control was
arbitrarily assigned a value of 1 and used for comparison of all other treatment conditions. The
summary data of four experiments is presented in a histogram as means +/− standard error
(side panels). * represents p<0.05 as compared to buffer control, † represents p<0.05 as
compared to matched stimulation with no inhibitor.
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Fig 4. Effect of DN-PKCε expression on agonist-stimulated activation of S6K1, mTOR and ERK
in adult cardiomyocytes
Freshly isolated feline adult cardiomyocytes were cultured on laminin-coated plates. After 4
h culturing period, cells were infected with β-galactosidase (βGal), and DN-PKCε expressing
adenoviruses for experiments in (A & B) as described in the Methods section. Cells were then
stimulated with 400 nM ET-1, 100 μM PE and 200 nM TPA (A) or 200 nM TPA and 100 nM
insulin (B) for 60 min. Cells were then processed for Western blot analysis with non-selective
and phosphorylation state-specific antibodies. Phosphorylation levels of S6K1, mTOR and
ERK were assessed by densitometry, and the phosphorylation of each protein was normalized
to their respective total protein level. The normalized value for control was arbitrarily assigned
a value of 1 and used for comparison of all other treatment conditions. The summary data of
three experiments is presented in a histogram as means +/− standard error (side panels). *
represents p<0.05 as compared to buffer control, † represents p<0.05 as compared to matched
stimulation in β-gal expressing cardiomyocytes.
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Fig 5. Effect of blocking PKCα/β and PKCδ isoforms in cardiomyocytes on agonist stimulated
activation of S6K1, mTOR and ERK in adult cardiomyocytes
Freshly isolated feline adult cardiomyocytes were cultured on laminin-coated plates. The
cultures were pre-incubated for 1 h with 1 μM Gö6976 or 500 nM rottlerin and then stimulated
for 60 minutes with 400 nM ET-1 and 200 nM TPA or 100 nM insulin. Untreated cells were
used as controls. Western blot analysis was performed using non-selective and phosphorylation
state-specific antibodies (A). Phosphorylation levels of S6K1, mTOR and ERK were assessed
by densitometry, and the phosphorylation of each protein was normalized to their respective
total protein level. The normalized value for control was arbitrarily assigned a value of 1 and
used for comparison of all other treatment conditions. The summary data of three experiments
is presented in a histogram as means +/− standard error (B). * represents p<0.05 as compared
to untreated control, † represents p<0.05 as compared to rottlerin treatment against matched
stimulation with no inhibitors.
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Fig 6. Effect of DN-PKCδ expression on agonist-stimulated activation of S6K1, mTOR and ERK
in adult cardiomyocytes
Freshly isolated feline adult cardiomyocytes were cultured on laminin-coated plates. After 4
h culturing period, cells were infected with β-galactosidase (βGal), and DN-PKC expressing
adenoviruses as described in the Methods section. Cells were stimulated with 400 nM ET-1,
200 nM TPA or 100 nM insulin for 60 min. Untreated cells served as controls. Cells were then
processed for Western blot analysis with non-selective and phosphorylation state-specific
antibodies. Phosphorylation levels of S6K1, mTOR and ERK were assessed by densitometry,
and the phosphorylation of each protein was normalized to their respective total protein level.
The normalized value for control was arbitrarily assigned a value of 1 and used for comparison
of all other treatment conditions. # represents a non-specific reaction of the S6K1 pT389
antibody in DN-PKC expressing cardiomyocytes. The summary data of three experiments is
presented in a histogram as means +/− standard error (side panels). * represents p<0.05 as
compared to buffer control, † represents p<0.05 as compared to matched stimulation in β-gal
expressing cardiomyocytes.
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Fig 7. Model showing the differential roles of nPKC isoforms during S6K1 activation by ET-1, PE
and Insulin as demonstrated during in vivo pressure overload
Activation of PKCε during in vivo pressure overload or ET-1 stimulation activates the c-Raf/
MEK/ERK pathway independent of PI3K activation. Activation of this pathway controls the
phosphorylation of mTOR at S2448 and S6K1 at T421/S424 and T389. Activation of PKCδ is
also required for mTOR activation and T389 phosphorylation of S6K1 during ET-1
stimulation, although its activity is not required for T421/S424 phosphorylation of S6K1.
During insulin stimulation, PI3K dependent activation utilizes PKCδ and not PKCε for mTOR
activation and T389 phosphorylation of S6K1. PE stimulation utilizes both PI3K-independent
(similar to ET-1) and PI3K-dependent (similar to insulin) pathways for mTOR and S6K1
activation. Overall, these data reveal a combined role for both PKCε and PKCδ on mTOR
S2448 and subsequent S6K1 T389 phosphorylation, while simultaneously exhibiting a specific
role for PKC on S6K1 T421/S424 phosphorylation.
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