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In broad terms, there are 3 types of cardiac hypertrophy: normal growth, growth induced by physical condition-
ing (i.e., physiologic hypertrophy), and growth induced by pathologic stimuli. Recent evidence suggests that
normal and exercise-induced cardiac growth are regulated in large part by the growth hormone/IGF axis via
signaling through the PI3K/Akt pathway. In contrast, pathological or reactive cardiac growth is triggered by
autocrine and paracrine neurohormonal factors released during biomechanical stress that signal through the
Gq/phospholipase C pathway, leading to an increase in cytosolic calcium and activation of PKC. Here we review
recent developments in the area of these cardiotrophic kinases, highlighting the utility of animal models that are
helping to identify molecular targets in the human condition.

Introduction

In the 20 years since Paul Simpson initially demonstrated that
neurohormonal stimulation of cultured neonatal cardiomyo-
cytes results in cellular hypertrophy, characteristic changes in car-
diac gene expression, and activation of specific kinase signaling
pathways (1-3), protein kinases have attracted attention as can-
didate mediators of the cardiac biomechanical stress and trophic
responses. Various kinases are downstream effectors of neuro-
hormone receptors that transduce signals from the sympathetic
nervous and renin-angiotensin-aldosterone systems. Involvement
of these pathways in the acute and chronic cardiac responses to
hemodynamic overload or myocardial injury is incontrovertible,
and targeting these events constitutes the rationale for current
therapeutics aimed at blocking neurohormonal responses in con-
gestive heart failure (4).

Epinephrine, norepinephrine, angiotensin II, and aldosterone have
been identified as the most important neurohormones stimulating
stress-mediated or reactive cardiac hypertrophy, i.e., pathological
hypertrophy, and contributing to its progression to heart failure.
In experimental models of heart failure and the human clinical syn-
dromes, receptor antagonists or synthesis inhibitors for each can
modulate the hypertrophy response and improve the prognosis (5).
There are, however, important differences in the cardiac respons-
es to these agents, and individual roles for catecholamines versus
renin-angiotensin in the cardiac hypertrophy response needed to be
defined. In addition, normal cardiac postnatal growth (also known
as eutrophy) and adaptive growth in response to physical condi-
tioning, i.e., physiological hypertrophy, appear to be stimulated not
by neurohormones, but by peptide growth factors that may have
therapeutic benefits, depending on method of delivery, duration,
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and level of expression (6-9). Attempts to further define the signal-
ing pathways for cardiac eutrophy, physiological hypertrophy, and
pathological hypertrophy have employed a reductionist approach,
delineating downstream signaling effectors of each receptor-hor-
mone system and their specific manipulation in tissue culture or
in physiologically stressed and genetically modified animal models.
The accumulated data reveal that the multiple aspects of reactive
cardiac hypertrophy may be beneficial or harmful, depending upon
physiological context. Likewise, the molecular events that signal
hypertrophy are more complex than initially anticipated, with many
parallel and redundant transducer and effector pathways. Protein
kinases and phosphatases, such as MAPKs, JAKs, cyclin-dependent
kinase-9, calcium/calmodulin-dependent protein kinases, and
calmodulin-dependent phosphatases, are among the best estab-
lished mediators of hypertrophy, and have been the subject of recent
surveys (10, 11). This review examines recent findings in 2 kinase
signaling pathways that have been identified as critically important
mediators of maladaptive and adaptive hypertrophy: the Gq/PKC
and PI3K/Akt pathways, respectively. Particular attention is given to
recently described genetically modified mouse models wherein the
consequences of overexpressing, activating, ablating, or inhibiting a
specific kinase on cardiac hypertrophy and contractile function in
the intact cardiorenovascular system have been assessed.

Kinase signaling in adaptive hypertrophy

Adaptive cardiac growth occurs as a feature of normal postnatal
cardiac eutrophy or as the physiological hypertrophy resulting
from exercise conditioning (12). Maladaptive hypertrophy devel-
ops in response to excess hemodynamic workload; if the inciting
pathologic stimulus is not removed, reactive hypertrophy that is
initially a functional, although not essential, compensation (13-15)
inevitably undergoes ventricular remodeling/dilation, with func-
tional decompensation and development of overt heart failure
(16). A third form of hypertrophy, also maladaptive, is caused by
genetic mutations affecting sarcomeric or cytoskeletal proteins
or proteins involved in calcium homeostasis and is reviewed else-
where (17). Thus, it is critical to define and distinguish among the
pathways that regulate adaptive versus maladaptive hypertrophy
in order to target the latter in human disease using novel pharma-
cological or gene transfer approaches.
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Mechanisms of activation of PI3K/Akt signaling in adaptive versus maladaptive hypertrophy. In
adaptive hypertrophy, binding of growth factors to their cognate receptors triggers transloca-
tion of the PI3K isoform p110a to the cell membrane, a process triggered by the interaction
of the p85 subunit of PI3K with specific tyrosine phosphorylated residues in the growth factor
receptor. p110a then phosphorylates phosphatidylinositols in the membrane at the 3’ position
of the inositol ring. The pleckstrin homology (PH) domains of both Akt and its activator, PDK1,
associate with the 3’ phosphorylated lipids, allowing PDK1 to activate Akt. Full activation of Akt
requires phosphorylation by a second kinase, PDK2 (not shown), that may be the DNA-depen-
dent protein kinase (DNA-PK). Activation of Akt then leads to activation of mTOR, a central
regulator of protein synthesis, via its effects on both ribosome biogenesis and activation of the
protein translation machinery. Akt also phosphorylates and inhibits a kinase, GSK-3 (of which
there are 2 isoforms, o and f3). Since GSK-3 inhibits a key component of the protein translation
machinery, as well as a number of transcription factors believed to play roles in the induction
of the hypertrophic program of gene expression, inhibition of GSK-3 promotes both protein
synthesis and gene transcription. Maladaptive hypertrophy, triggered by neurohormonal media-
tors and biomechanical stress, also activates Akt, but the mechanism involves activation of
heterotrimeric G-protein—coupled receptors coupled to the G-protein family Gg/G11. The PI3K
isoform p110y associates with the By subunits of Gg and phosphorylates membrane phospha-
tidylinositols, which leads to the recruitment of PDK1 and Akt. Maladaptive hypertrophy also
recruits alternative pathways to activation of mTOR and Akt. Also shown is the phosphatase,
PTEN, which, by dephosphorylating the 3’ position of phosphatidylinositol trisphosphate (PIP3),
shuts off signaling down the pathway.

tions between kinase pleckstrin homology
domains and the 3’-phosphorylated lipid
(Figure 1) (20). This enforced colocalization
of Akt and PDKI1 causes the latter to phos-
phorylate and activate the former.

Accumulated data suggest that PI3K/Akt
signaling transduces adaptive cardiac
hypertrophy. The whole-genome knockout
of p110a was lethal at E9.5-E10.5 (show-
ing a severe proliferative defect; ref. 21) and
therefore was of limited usefulness for car-
diac studies. However, a central role of the
p110a pathway in IGF-1-induced growth
and normal and exercise-induced hyper-
trophy was demonstrated utilizing mice
expressing constitutively active or domi-
nant-negative mutants of PI3K specifically
in the heart (22). Strikingly, the adaptive
hypertrophy seen with constitutive activa-
tion of cardiomyocyte PI3K did not tran-
sition into a maladaptive hypertrophy. In
contrast, cardiac expression of a mutant
dominant-negative p110a impaired nor-
mal eutrophic heart growth and prevented
exercise-induced hypertrophy induced by
swim training (23). It is important to note
that p110a was not, however, necessary for
the hypertrophic response to pressure over-
load (although it may be important in the
maintenance of left-ventricular function
in the setting of pressure overload,; ref. 23).
Further supporting a critical role for the
PI3K/PDK1/Akt pathway in regulating
normal heart growth is the finding that
cardiac-specific ablation of PDKI1 leads to
reduced cardiac growth and a cardiomyo-
pathic picture (24). Finally, cardiac-specific
inactivation of phosphatase and tensin
homolog on chromosome 10 (PTEN), a
tumor-suppressor phosphatase that nega-
tively regulates the PI3K/Akt pathway by
dephosphorylating 3'-phosphorylated
phosphoinositides, resulted in cardiac
hypertrophy (25, 26).

As noted above, a major kinase effector of
PI3K signaling is Akt. Of the 3 Akt genes,
only Aktl and Akt2 are highly expressed in
the heart. Cardiac-specific overexpression
of constitutively active Akt mutants stimu-

Cardiac eutrophy and physiological hypertrophy are largely medi-
ated by signaling through the peptide growth factors: IGF-1 and
growth hormone (GH), the latter acting predominantly via increased
production of IGF-1 (18). When IGF-1, insulin, and other growth
factors bind to their membrane tyrosine kinase receptors (Figure 1),
a 110-kDa lipid kinase, PI3K subgroup Ia. (hereafter referred to as
p110a) is activated (19) and phosphorylates the membrane phos-
pholipid phosphatidylinositol 4,5 bisphosphate at the 3’ position of
the inositol ring. This leads to recruitment of the protein kinase Akt
(also known as PKB) and its activator, 3-phosphoinositide-depen-
dent protein kinase-1 (PDK1), to the cell membrane via interac-
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lates heart growth that may (27) or may not (28, 29) culminate in LV
decompensation, likely depending on the degree of overexpression.
In addition, expression of Akt confers protection from isch-
emia-induced cell death and cardiac dysfunction (27, 29, 30).
Consistent with the general trophic function of Akt, the Akel
whole-genome-knockout mice weigh approximately 20% less
than wild-type littermates and have a proportional reduction in
size of all somatic tissues, including the heart (31). In contrast,
Akt2-knockout mice have only a modest reduction in organ size.
Thus, data from the available Akt-knockout models support a
critical role specifically for Aktl in normal growth of the heart.
Volume 115
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Akt1/Akt2 double-knockout mice suffer from marked growth
deficiency and a striking defect in cell proliferation. Investigating
Akt1%~ and Akt1~~ mice for resistance to hypertrophy and confirm-
ing these findings in a conditional, cardiac-specific Akt1-knockout
model (thereby increasing the likelihood that the observed pheno-
type is secondary to the deletion of Akt1 rather than to the compen-
sations for long-term, whole-body deletion of this essential kinase)
will reevaluate long-standing concepts regarding a central role of
Akt signaling in pathologic stress-induced hypertrophy and in the
hypertrophic response to neurohormonal agonists (Figure 1).
Akt is at a signaling cascade branch point. While its effects on
cell death/survival are directly mediated via phosphorylation of
the FOXO family of transcription factors and other regulators of
apoptosis (20), it is the 2 signaling branches downstream from Ak,
not Akt itself, that largely determine the nature of a given hypertro-
phic response. One branch leads to mammalian target of rapamy-
cin (mTOR) and the protein synthetic machinery, which is essen-
tial for all forms of hypertrophy (Figure 1 and see below). The other
branch leads to glycogen synthase kinase-3 (GSK-3), which also
regulates the general protein translational machinery (Figure 1)
(32) as well as specific transcription factor targets implicated in
both normal and pathologic cardiac growth. Of note, activity of
both of these branches can also be regulated by stress-activated,
Gq-dependent mechanisms that are independent of Akt (Figure 1)
(32, 33), which likely explains in part the ability of the AktI7~
mouse heart to hypertrophy in response to pathologic stress.

Kinase signaling in maladaptive hypertrophy

Gg/phospholipase C and cross-talk with PI3K/Akt

The heterotrimeric G-proteins Gq and G11 are functionally redun-
dant transducers of phospholipase C signaling from prohyper-
trophic heptahelical receptors for angiotensin, endothelin, nor-
epinephrine, and other neurohormones (34). PKC- and inositol
1,4,5-triphosphate-mediated (IP3-mediated) calcium release are con-
sidered to be the major effectors of Gq signaling (see below). How-
ever, PI3K-dependent signaling is also activated by this pathway but
differs from physiological PI3K signaling in that the activated PI3K
isoform (y) is distinct from that activated by IGF-1 (a). The mecha-
nism of its activation also differs (19, 34) (Figure 1): whereas p110a.
is activated via tyrosine phosphorylation by ligand-occupied growth
factor receptors, p110y is activated by recruitment to the sarcolem-
ma by By subunits of activated Gq/11, providing access to membrane
phosphoinositides. Strikingly, while p110ais required for normal or
exercise-induced growth, but not pathologic stress-induced growth
(23), p110y is required for stress-induced hypertrophy, but not for
normal growth (25, 35). Thus, PI3K signaling, including that of Akt
and both arms of its downstream signaling pathways (mTOR and
GSK-3), is activated in response to both physiologic and pathologic
stimuli, and either branch downstream of Akt can regulate adap-
tive and maladaptive growth. It is therefore unlikely that this path-
way is the sole determinant of adaptive versus maladaptive growth.
However, it is possible that signal intensity or duration, which may
differ between p110at and p110y, helps to determine adaptive ver-
sus maladaptive growth. Although this hypothetical effect has not
yet been critically examined, aortic-banded animals exhibit a sus-
tained increase in the amount of the p110y protein (35) that could
lead to more prolonged activation than the typically brief exercise-
induced activation of p110a.. We believe that the major determinant
of adaptive versus maladaptive growth is likely to be recruitment of
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additional signaling pathways — the Gq/phospholipase Cf3/Ca?*
(Gq/PLCB/Ca?") module signaling to PKC and the calcineurin/
nuclear factor of activated T cells (calcineurin/NFAT) pathway in
response to pathologic (but not physiologic) stressors.

Gq/11 and their effectors

When activated by biomechanical stress/neurohormonal media-
tors, Gq and the functionally similar G11 activate PLCB, which
leads to an IP;-mediated increase in cytosolic [Ca?'] and generation
of diacylglycerols. The sustained increase in [Ca?*] activates the
protein phosphatase calcineurin and its target, the NFAT family
of transcription factors, which are critical mediators of pathologic,
but not physiologic, hypertrophy (Figure 2A). The other effector
arm of the Gq/PLCP signaling cascade is the PKC family of diverse
kinases that share structural homology and activation by lipid
products of phospholipase C or D activity (Figure 2B) (36). In the
heart, the 4 most functionally significant PKC family members
belong to the “conventional” group (PKCa and -f3; calcium- and
diacylglycerol-activated) and the “novel” group (PKC9 and -¢; dia-
cylglycerol-activated with no requirement for calcium) (37). These
PKC isoforms are activated by membrane receptors coupled to
phospholipase C via Gq/G11 heterotrimeric G-proteins. Virtually
every cardiomyocyte receptor that couples to Gq stimulates cardi-
ac or cardiomyocyte hypertrophy, the most important of which are
the al-adrenergic receptors for norepinephrine and phenyleph-
rine, the AT-1 receptor for angiotensin II, and the ET receptor for
endothelin-1 (38). A critical role for Gq signaling in cardiomyocyte
hypertrophy was first demonstrated when forced gain or loss of
Gq function was observed to control hypertrophy of cultured neo-
natal cardiomyocytes (39). Subsequently, studies involving in vivo
cardiac-specific transgenic overexpression, dominant inhibition,
and gene ablation have proven that cardiomyocyte Gq signaling
was both necessary for pressure overload hypertrophy (40, 41) and
sufficient to produce pressure overload-like cardiac hypertrophy
in the absence of hemodynamic stress (42).

Three features of Gq overexpression-induced hypertrophy are
notable. First, despite an increase in cardiomyocyte cross-sectional
area that recapitulates pressure overload hypertrophy, the ventricu-
lar geometry of Gq overexpressors exhibited eccentric hypertrophy
(i.e., the ratio of ventricular dimension to wall thickness did not
change), in contrast to the concentric hypertrophy of pressure
overload (42, 43). This suggests that the determinants of organ-
level ventricular modeling in pressure overload are distinct from
those for an individual cardiomyocyte’s growth. Second, whereas
baseline ventricular systolic function was within normal limits, and
hence there was no overt heart failure, the contractile function of
individual ventricular myocytes was depressed. Neither the intact
hearts nor the individual cardiomyocytes responded normally to
B-adrenergic receptor stimulation (42, 43), which in the absence of
sympathetic hyperactivity (not seen in these functionally compen-
sated animals) indicates that contractile depression and B-adren-
ergic unresponsiveness can be intrinsic properties of hypertrophy
and determinants of maladaption. Third, under specific forms of
genetic, biochemical, or physiological stress, nonfailing Gq-over-
expressing hearts rapidly failed due to induction of cardiomyocyte
apoptosis (44, 45), which established a plausible cellular and molec-
ular mechanism for the transition from hypertrophy to failure.

In a study identifying likely downstream mediators of Gq-stimu-
lated hypertrophy, it was observed that PKCo was increased at both
the protein and mRNA levels and that PKCe exhibited a change in
Volume 115 529
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Figure 2
Gg/11-activated pathways in maladaptive
hypertrophy. (A) Calcineurin/NFAT pathway.
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vation of PKC isoforms is accomplished by the
IPs-mediated release of calcium from the SR
together with DAG (classical isoforms), where-
as the so-called novel isoforms are activated
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both subcellular distribution and level of expression (42, 46). Since
PKCe was known to be activated in other forms of maladaptive or
stress-mediated hypertrophy (ref. 38; see below), it was proposed to
be the mediator of Gg-stimulated hypertrophy. As discussed below,
subsequent studies combining Gq overexpression with specific
modulation of PKCe and -a, as well as individual overexpression
of these PKC isoforms, have indicated otherwise.

PKC isoform regulation in hypertrophy and beart failure

Based on in vivo and tissue culture experiments using phorbol
esters as general PKC agonists, PKCs have long been implicated
in cell proliferation, survival, and programmed death (47). In
cultured cardiomyocytes, PKCs regulate contractility and hyper-
trophy (48). However, there are at least 12 different isoforms of’
PKC, according to molecular cloning studies, and the multiplicity
of family members produces varied cellular responses depending
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isoforms activate another protein kinase, PKD,
that then phosphorylates the HDAC, leading to
its export from the nucleus and, thus, inactiva-
tion. This pathway is the subject of a review in
this series (109).

SR

Ca*

upon isoform activity and physiological context. In cardiac tissue,
PKC isoform expression differs with species, cell type, and develop-
mental stage, with most adult mammalian myocardia expressing
PKCa, -B1, -p2, -3, -¢, and -M/C (Figure 2B) (49, 50).

The activity of any given PKC isoform is dependent upon its
expression level, its localization within the cell, and its phosphory-
lation state (51). Each of these factors is regulated in cardiac dis-
ease, although coexpression and parallel activation of multiple PKC
isoforms, isoform interdependence and cross-talk, and overlapping
isoform effects are potential confounders for measuring PKC sig-
naling. Despite these complexities and the differences between
experimental models and human syndromes, studies of myocardial
hypertrophy or heart failure largely report similar overall findings:
PKCo and PKCp are upregulated, PKCe is either upregulated or
preferentially activated, and levels of PKC and -A/C do not change
(50, 52, 53). However, this correlative approach does not distinguish
Number 3
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primary pathological effects from secondary compensatory events,
and simultaneous regulation of multiple PKC isoforms with dif-
ferent subcellular destinations, substrates, and cellular effects pre-
cluded assignment of individual pathological consequences based
on associations alone. Accordingly, the field moved to generating
PKC isoform overexpression and gene knockout models.

Genetic models of cardiac PKC isoform

regulation: gene ablation studies

While gene knockout models have been highly informative in many
instances, this has not generally been the case for myocardial PKC.
To date, mice have been generated that are null for PKCa, -f, -9,
and -¢ (54-57), i.e., each of the myocardial PKC isoforms reported
to be regulated in hypertrophy or heart failure, plus other isoforms
not expressed in the heart. These PKC isoform-null models are all
notable for the absence of a significant baseline cardiac phenotype.
Instead, the phenotypes have been endocrine, immunological, and
neural (reviewed in ref. 58), and only under physiological stress
such as ischemia-reperfusion or pressure overload have subtle car-
diac phenotypes been provoked (54, 59, 60). Does the absence of
a cardiac phenotype associated with PKC isoform gene ablation
indicate that the postulated roles for these kinases, based upon
their activation in heart disease and their effects on hypertrophy
of cultured cardiomyocytes, were incorrect? Indeed, some subse-
quent studies have indicated that the initial conclusions regard-
ing the mediation of cardiomyocyte growth by PKCo or PKCp2
(based on viral or transgenic overexpression) were in error (see
below). Paradoxically, it may be the gene ablation results that are
most misleading, because the multiplicity of PKC isoforms in car-
diomyocytes, with parallel activation and overlapping functions,
results in opportunistic compensation of the null gene by related
PKC isoforms. An example of this phenomenon is ablation of the
Gq gene, which resulted only in a platelet defect (61), and abla-
tion of functionally redundant G11, which caused no phenotype
whatsoever (62). However, when the Gq- and G11-null mice were
interbred (Gq/G11 double-knockout mice), the result was embry-
onic lethality and a hypoplastic heart (62), which demonstrates
that each could substitute for the other during embryonic devel-
opment. Likewise, we believe that cardiomyocyte-specific PKC
isoform ablation, individually and in combination, will be required
to unambiguously define the roles for myocardial-expressed PKCs
in normal and pathological cardiac growth.

Genetic models of cardiac PKC isoform regulation:

transgenic expression

In contrast to genome-wide gene ablation, overexpression of muta-
tionally activated or wild-type PKCs, of dominant inhibitors of
individual PKC isoforms, or of isoform-specific PKC translocation
modifiers has been highly informative in defining the functions of
specific isoforms in the heart. Clearly there are limitations to all
transgenic expression approaches, which result in lack of complete
specificity due to: (a) altered stoichiometry between overexpressed
enzyme and endogenous substrate (elegantly demonstrated for
high-level overexpression of PKCeg, which promiscuously inter-
acted with PKCf anchoring proteins; ref. 63); (b) absence of nor-
mal regulation for mutant constitutively activated kinases; and (c)
nonspecific interactions or incomplete suppression of the activity
of transgenic dominant inhibitors. However, these limitations are
largely avoided through the use of transgenesis to target expression
of peptide activators or inhibitors of PKC isoform translocation to
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cardiomyocytes. Indeed, PKC isoform translocation modulation
maintains normal enzyme-substrate expression levels and only
minimally affects basal activity, although it is clearly less specific
and complete than gene ablation. This approach to modulating
PKC isoform activity in an isoform- and tissue-specific manner is
based on perturbing normal activation-mediated translocation of
PKC isoforms to distinct subcellular compartments and binding
to isoform-specific anchoring proteins, designated receptors for
activated C kinases (RACKs) (64). Short peptides that mimic a
PKC-RACK binding domain act as competitive inhibitors for PKC-
RACK binding, thus preventing PKC translocation and inhibiting
enzyme activity (48). Likewise, peptides that mimic a PKC pseudo-
RACK site selectively bind to specific PKC isoforms and expose the
RACK binding domain, thus promoting PKC isoform transloca-
tion and activation. As described below, such peptides have been
transgenically expressed in the mouse heart, where they have been
demonstrated to be highly specific in their isoform modulating
effects and have provided insight into the consequences of chroni-
cally modulated PKCa, -8, and -¢ activity on cardiac hypertrophy
and contractile function.

Effects of PKC isoforms on cardiac hypertrophy and contractility
PKCa.. Although it is the most highly expressed of the myocardial
PKC isoforms (65), PKCa. is the least studied of the cardiac PKCs
because, unlike PKC8 and -¢, it is not regulated in acute myocardial
ischemia (48). Likewise, in contrast to PKCf, PKCa. is not regulated
in diabetes (66). An initial comparative analysis of PKC isoforms
using adenovirus-mediated transfection of wild-type or dominant
inhibitory forms of PKCa, -f2, -9, and -¢ in neonatal rat cardio-
myocytes suggested that only PKCa was sufficient to stimulate
cell hypertrophy and only inhibition of PKCa inhibited agonist-
mediated hypertrophy (67). The implication of this work was that
PKCa is a key regulator of cardiomyocyte hypertrophic growth.
However, an in vivo analysis of PKCa effects in the mouse heart
utilizing gene ablation and transgenic overexpression revealed no
effect of PKCo overexpression on cardiac growth and no effect of
PKCa inhibition on the hypertrophic response to pressure over-
load (54). Instead, ablation of PKCa improved contractility, while
overexpression diminished it.

The notion that PKCa. is more important as a regulator of myo-
cardial contractility than cardiac hypertrophy mirrors the findings
from studies using in vivo translocation modulation (65). Here,
RACK binding and pseudo-RACK peptides derived from PKCf were
transgenically expressed in the mouse heart. Because of sequence
homology of these regions among all 4 conventional PKC isoforms
(PKCa, -B1, -2, and -y), these peptides have the potential to regu-
late translocation and activation of each. However, the only measur-
able effects of the peptides was on the dominant myocardial con-
ventional PKC isoform PKCoa. Interestingly, cardiac mass was not
altered with increased PKCa activity. However, chronic activation
of PKCo diminished baseline ventricular ejection performance and,
in combination with Gg-mediated hypertrophy (in which PKCa is
transcriptionally upregulated; refs. 42, 46), caused a lethal cardio-
myopathy. In contrast, chronic PKCa inhibition improved myo-
cardial contractility and inhibited Gq-mediated cardiac hypertro-
phy (65). Thus, the results of studies showing gain-of-function by
overexpression or translocation facilitation and loss-of-function by
gene ablation or translocation inhibition agree: PKCo has minimal
effects on cardiac hypertrophy but is a critical determinant of myo-
cardial systolic function. Proposed mechanisms for PKCa-mediated
March 2005 531
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contractile dysfunction include regulation of sarcoplasmic reticu-
lar ATPase-mediated calcium cycling through the phospholam-
ban/protein phosphatase inhibitor-1 axis (54) and phosphoryla-
tion-mediated uncoupling of B-adrenergic receptors from adenylyl
cyclase (65). The relative contribution to myocardial contractility of
these 2 equally plausible mechanisms is not yet known.

PKCp. PKCP was the first PKC isoform to be studied using car-
diac-targeted expression, in part because its activity and expres-
sion are increased in diabetes mellitus and human heart failure
(66). However, there is little PKCP in adult mouse myocardium
(49, 65), which raises the possibility that potentially important
functions of this isoform in human heart disease are performed
by related isoforms in the mouse. The PKCp-transgenic models
may therefore represent ectopic expression rather than mimick-
ing naturally occurring upregulation.

Two PKCp-transgenic models were developed independently. A
model expressing wild-type (i.e., nonactivated) PKCP2 exhibited
hypertrophy with contractile dysfunction and pathological gene
expression (68). The other model used an inducible transgenic sys-
tem to express mutationally activated PKCB2 in either neonatal or
adult mouse hearts (69). In adults, PKCP2 expression resembled
wild-type overexpression, with myocardial hypertrophy and ven-
tricular dysfunction, but activated PKCP overexpression in the
neonate was lethal due to effects of unregulated PKC activity on
postnatal cardiac eutrophic growth. Thus, in all 3 cases, the phe-
notypes support an important role for PKCP in transducing myo-
cardial hypertrophy. However, PKCB-knockout mouse hearts were
found to hypertrophy normally to phenylephrine or aortic band-
ing (70). Thus, the role of PKCf in myocardial hypertrophy signal-
ing is unclear. PKC is sufficient to produce cardiac hypertrophy
in mice but is not necessary for normal hypertrophy in response to
a-adrenergic stimulation or pressure overload. Because of interspe-
cies differences in PKC isoform expression, the relevance of these
mouse studies to the human condition is a matter of dispute.

PKC9. Although it has long been recognized as being activated in
myocardial ischemia, relatively little is known about this PKC isoform
in cardiac hypertrophy. A cardiac PKCO-transgenic mouse model has
not been described, and PKC-knockout mice have no basal cardiac
phenotype (56, 60). Translocation modification has confirmed that
PKCJ is a critical mediator of postischemic cardiomyocyte necrosis
and contractile dysfunction in mice, rats, and pigs (71, 72).

Transgenic expression of PKCO translocation activator or inhibi-
tor peptides in mouse hearts revealed a prohypertrophic role for
PKCJ in the nonstressed heart (71). As is the case with PKCe (see
below), increasing basal PKC9 activation by 15-20% resulted in a
form of normally functioning or adaptive hypertrophy. In con-
trast, high-level chronic expression of a PKCS inhibitor caused a
myofibrillar cardiomyopathy characterized by disruption of the
cardiomyocyte cytoskeleton (73). These findings indicate that PKCS
can regulate normal cardiomyocyte growth, but we conclude that
PKCd is likely more important in cardiac ischemia than myocardial
growth, consistent with it being a critical stress-response gene that
can perform varied tasks depending upon physiological context.

PKCe. The best-characterized PKC isoform in cardiac hypertro-
phy is PKCe. Implicated in hypertrophic signaling because it is
activated by mechanical stress as well as genetic (Gq) and physi-
ological (pressure overload) hypertrophic stimuli (42, 74), PKCe
was perceived to be a key mediator of maladaptive hypertrophy.
However, both transgenic PKCe overexpression and transloca-
tion activation result in mice with normally functioning, mildly
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enlarged hearts, i.e., adaptive hypertrophy (75, 76). Thus, cor-
relative studies seemed to conflict with genetic gain-of-function.
Determining whether PKCe is a direct mediator of maladaptive
hypertrophy or a compensatory event demanded a loss-of-func-
tion approach. As noted, the PKCe-knockout mouse exhibited no
basal cardiac phenotype (57). However, mice with a high degree
of PKCe translocation inhibition developed lethal perinatal heart
failure with myocardial hypoplasia (76), consistent with an essen-
tial role for PKCe in normal eutrophic cardiac growth. Why then
did the PKCe-knockout mouse not exhibit a similar hypoplastic
phenotype? The knockout is genome-wide and exists from fertil-
ization. Thus, a viable PKCe-knockout mouse would likely require
compensatory signaling by another PKC isoform (perhaps PKC9,
since it has similar prohypertrophic effects; ref. 71) during critical
stages of embryonic development. In contrast, as a consequence of
the a-myosin heavy chain promoter, first expression of the inhibi-
tory peptide in the neonatal period occurs after critical stages of
embryonic development and in the context of normal expression
of PKCe and related isoforms. In the absence of compensatory
regulation, the phenotype was unmasked.

The effects of PKCe in hypertrophic syndromes were deter-
mined by breeding a low-expressing and phenotypically normal
PKCe translocation inhibitor mouse with Gq mice. The conse-
quence of “normalizing” PKCe activity in Gq-mediated hypertro-
phy was catastrophic, with ventricular dilation and lethal heart
failure (77). Conversely, coexpression of Gq with the PKCe acti-
vator peptide, which exaggerated the biochemical “abnormality”
of increased PKCe translocation, diminished cardiac hypertro-
phy and improved contractile function. These reciprocal pheno-
types strongly support a role for PKCe in adaptive hypertrophy
and indicate that its activation in pathological hypertrophy is a
compensatory event.

Taken together, the analyses of Gq/PKC-mediated hypertrophy
signaling have revealed previously unrecognized fundamental
characteristics of reactive cardiac hypertrophy. It is indisputable
that, as determined by Laplace’s law (T = pr/2h), increased ventricu-
lar wall thickness (h) will lower wall tension (T), given constant
pressure (p) and chamber radius (r). Paradoxically, there are now
several examples of hypertrophy-deficient mouse models that fare
well under increased loads, such as after transverse aortic band-
ing (13). Indeed, Gq/G11-null mice and Gq-inhibited mice have
diminished hypertrophy after induction of surgical pressure
overload but maintain functional compensation (41, 42). In con-
trast, PKCe activity is salutary, whereas PKCa is detrimental in
Gq hypertrophy, even though there are no effects on the extent of
hypertrophy (65, 77). Thus, one must consider the quality or form
of hypertrophy, and not only its quantity, in determining whether
it is functionally compensatory.

Glycogen synthase kinase:

a negative regulator of hypertrophy

GSK-3f, which was among the first negative regulators of cardiac
hypertrophy to be identified, was found to block cardiomyocyte
hypertrophy in response to ET-1, PE, isoproteronol, and Fas sig-
naling (78-80). Subsequently, GSK-3f has been found to be a neg-
ative regulator of both normal (81) and pathologic stress-induced
(isoproteronol infusion or pressure overload; ref. 82) growth in
vivo (Figure 3). The expression of tetracycline-regulated GSK3-f
in a mouse has further suggested a role for GSK-3f in regression
of established pressure overload hypertrophy (83).
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GSK-3f is unlike most kinases in that it is negatively regulated
by growth factors and hypertrophic agonists. It is “on” in the cell
until it is turned “off™ by these and other stimuli. GSK-3f negative-
ly regulates most of its substrates. Thus, inhibition of GSK-3f in
response to growth stimuli releases its substrates from tonic inhi-
bition. For example, GSK-3f3 phosphorylates and negatively regu-
lates the protein translation initiation factor elF2B (32) (Figure 3).
Overexpression of an elF2B mutant that cannot be phosphorylated
and inactivated by GSK-3f induces hypertrophy of cultured car-
diomyocytes (79, 84). GSK-3f also inhibits the activity of a num-
ber of transcription factors directly implicated in cardiac growth,
including c-Myc, GATA4, and B-catenin (85-87) and therefore may
be particularly important in the reprogramming of gene expres-
sion that characterizes both adaptive and maladaptive hypertrophy
(Figure 3). Finally, GSK-3f is a counter-regulator of calcineurin/
NFAT signaling (79), phosphorylating NFAT amino-terminal resi-
dues that are dephosphorylated by calcineurin (Figure 3). This pre-
vents nuclear translocation of the NFATs, thereby restricting access
to target genes. Indeed, concomitant GSK-3f overexpression mark-
edly reduced hypertrophy of calcineurin-transgenic mice (82).

A final important difference in signaling pathways activated in
adaptive versus maladaptive hypertrophy is the strong recruit-
ment of stress-activated MAPKs, p38 MAPKs and JNKs by the
latter but only weak (or no) recruitment by the former. The role
of these kinases in pathologic hypertrophy remains somewhat
uncertain, but it seems that their major role is not in regulating
growth directly, but rather in regulating matrix remodeling, direct
and indirect contractile function (88), and the progression of left-
ventricular dysfunction (89, 90).
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Biomechanical Figure 3 o .
stress GSK-3 as a convergence point in hypertrophic
signaling. Inhibition of GSK-3 appears to be

l a key element in both adaptive and maladap-

tive hypertrophy. Growth factors, acting via Akt;

ﬂ[” Ll neurohormonal mediators, acting via both Akt

q ) ”' and PKCs (particularly PKCa); p-adrenergic
|megrm9 agonists, acting via PKA; and biomechanical

stress, acting via several mechanisms, possi-
bly involving the integrin-linked kinase (ILK) or
an ILK-associated protein, all lead to the inac-
tivation of GSK-3. Therefore, GSK-3 appears
to serve as a convergence point, integrating
inputs from many prohypertrophic signals.
Inhibition of GSK-3 releases a number of
transcription factors from tonic inhibition, and
also releases elF2B, allowing activation of
the protein synthetic machinery. Thus GSK-3
affects both key components of the response,
reprogramming of gene expression and acti-
vation of protein synthesis. Additional nega-
tive regulators of GSK-3 not shown include
the serum and glucocorticoid—induced kinase
(SGK) and, possibly, the ERK pathway target
p90 ribosomal S6 kinase (RSK1).

Stress-activated MAPKs are the downstream kinases in a 3-tiered
cascade in which a MAP3K activates a MAP2K (MEK), which then
activates the MAPK. At the MAP3K level, several kinases have
been implicated as regulators of hypertrophy in cultured cardio-
myocytes ot in transgenics (apoptosis signaling kinase 1 [Ask1],
TGF-B-activated kinase 1 [Tak1], MAPK/ERK kinase kinase 1
[MEKKT1]). However, when the more definitive studies in knock-
out mice in vivo have been done, results have often been confus-
ing. For example, deletion of MEKKI, a kinase that is reason-
ably selective for the JNK pathway, blocked hypertrophy in the
Gq-overexpressing mouse but did not reduce pressure overload
hypertrophy (91). Similarly, deletion of Ask1, which is upstream
of both JNKs and p38 MAPKs, blocked angiotensin II-induced
hypertrophy but had little or no effect on hypertrophy in either
banding or myocardial infarction models. There was, however, a
significant reduction in apoptosis, which suggests that Ask1, as
the name implies, may be a much more important regulator of
cell death than hypertrophy. These disparate results may not be
surprising given the growing consensus that the targets of these
MAP3KSs, the stress-activated MAPKs, do not play a major role in
regulating hypertrophy.

Regulators of protein synthesis in hypertrophic growth

Regulation of protein synthesis is critical in all forms of hypertro-
phy and has 2 components: global control of protein synthesis and
regulation of translation of specific mRNAs. Global control itself
has 2 components, ribosome biogenesis and activation of the trans-
lational machinery. Ribosome biogenesis involves the enhanced
translation of mRNAs encoding ribosomal proteins. Translation of
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Figure 4

Regulation of protein translation in adaptive versus maladaptive hypertrophy. It is likely that
all hypertrophic stimuli must activate mTOR and the general protein translational machinery
in order to allow the full expression of the phenotype. This is mediated via the inhibition of the
tuberous sclerosis gene product, tuberin (TSC2), mutations of which lead to benign hamarto-
mas in various tissues including the heart. TSC2 can be phosphorylated and inhibited by Akt
and, in some instances, via ERK-1/2 or an ERK target. The latter may be an Akt-independent
mechanism of activation of mTOR that may be particularly relevant to pathologic stress—induced
growth. Shown are the pathways to ribosome biogenesis as well as the regulators of the trans-
lational machinery (initiation factors [IF] and elongation factors [EF]) regulated by mTOR in the
heart. As noted in the text, recent surprising findings related to this pathway have included the
limited role for S6K1 and S6K2 in both adaptive and, particularly, maladaptive hypertrophy and
the identification of Akt1 as a possible antihypertrophic factor in pathologic hypertrophy but a

of additional mMTOR-independent pathways
that sustain established hypertrophy. That
said, inhibition of mTOR with rapamycin
did improve remodeling in the decompen-
sated group (92).

What mTOR targets mediate hypertrophy
regression? Downstream of mTOR are the
p70/85 S6 kinase 1 (S6K1) and the p54/56
S6K2, which are central regulators of the
phosphorylation of the ribosomal S6 pro-
tein and are key regulators of translation,
mitogen-induced cell cycle progression,
and hypertrophy (93, 94). However, more
recently, the S6 kinases have been at the
center of a controversy as to what role they
play in the heart. Animals in which S6K1
(which has relatively little S6 phosphorylat-
ing activity in the heart) has been deleted are
approximately 20% smaller than wild type,
with proportional reductions in the size of
all organs, including the heart. In contrast,
knockout of S6K2, the dominant ribosomal
protein S6 kinase in the heart, leads to no
growth defect, and the double knockout
(S6K17/-S6K27-) is no smaller than the S6K1
knockout (95). Even more striking, hyper-
trophy in the double-knockout is similar
to that in wild-type animals in response to
swim training or aortic banding, which dem-
onstrates that, while S6K1 plays a modest
role in normal heart growth, neither S6K1
nor S6K2 are necessary for exercise-induced
hypertrophy, pathologic hypertrophy, or
IGF-1/PI3K-dependent hypertrophy (92)
(Figure 4). Thus, while mTOR dependent,
these types of hypertrophy are not p70S6K
dependent, and mTOR undoubtedly has

prohypertrophic factor in physiologic hypertrophy.

these mRNAs and those encoding some of the proteins that directly
regulate translation is dependent upon the protein kinase mTOR.
The primary activators of mTOR in mammalian cells are growth
stimuli, such as peptide growth factors (GH, IGF) or neurohormon-
al hypertrophic agonists (angiotensin II, endothelin, norepineph-
rine). Representing what may be another key difference in signaling
between these 2 classes of agents, peptide growth factors activate
mTOR primarily via p110a,/Akt, whereas neurohormonal media-
tors likely do so via p110y, acting through ERKs (Figure 4). This
may provide Akt-independent activation of mTOR in pathologic,
as opposed to physiologic, hypertrophy. mTOR occupies a cen-
tral position in this schema, likely being a final common pathway
through which all growth signals must pass to induce protein syn-
thesis. Rapamycin, which inhibits mTOR, blunts the development
of pressure overload hypertrophy induced by aortic banding and
regresses banding-induced established hypertrophy (92). Interest-
ingly, rapamycin is significantly more effective at regressing estab-
lished hypertrophy in compensated hearts (i.e., without significant
contractile dysfunction or remodeling) than in decompensated
hearts, which suggests that decompensation leads to recruitment
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other targets critical for the upregulation
of general protein synthesis. Two such tar-
gets are not part of the ribosome biogenesis
pathway but are factors that regulate activation of the translational
machinery, the translation initiation factor, eIF4E, and the transla-
tion elongation factor, eEF2 (Figure 4). mTOR releases both eIF4E
and eEF2 from repression by 4E-binding protein 1 and the eEF2
kinase, respectively, allowing translation to proceed.

Alterations of signaling in human heart failure
We have discussed the signaling pathways that regulate hypertrophy
in the diseased hearts of experimental animals. But how do the sig-
naling alterations seen in the hearts of these animals compare with
signaling alterations in the hearts of patients with hypertrophy or
heart failure? And is there any evidence that dysregulation of signal-
ing pathways seen in these clinical scenarios are a cause of heart fail-
ure (as opposed to a consequence of the heart failure), and, therefore,
will manipulating their activity alter the progression of disease?
There are very limited data available on hearts with compen-
sated hypertrophy, but it appears that calcineurin activity may be
increased in these hearts (96). In addition, despite the fact that sev-
eral studies have examined the signaling profile of hearts explant-
ed from patients with extremely advanced failure (either going
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Number3  March 2005



to transplant or undergoing left-ventricular assist device [LVAD]
placement prior to transplant) (96-104), no clear consensus has
emerged, except that in 3 studies examining tissues sampled from
patients before and after LVAD placement, ERK activity decreased
after LVAD placement, coincident with a decrease in cardiomyocyte
size (i.e., regression of hypertrophy) (97, 100, 104). Where exam-
ined, calcineurin expression and activity were increased, though not
to the same degree as seen in the hypertrophied hearts discussed
above (96, 101), and there is a fairly consistent pattern of PKC
isoform expression/activation, as reviewed above. Thus, not only
can one not define a unique signaling profile of the failing heart at
this time, it is also unclear whether individual signaling alterations
are a cause or consequence of heart failure. Therefore, the effect, if
any, of manipulating these pathways on the progression of heart
disease is uncertain. Finally, and probably most importantly, the
signaling profile of hearts with less advanced failure is unknown.

The lack of consensus may be due to any number of factors
— patient variability and differences in medication, age, etc. How-
ever, it may be that progression of heart failure, especially late
progression, may be due more to alterations in survival pathways,
in energy production, in calcium homeostasis, and in -adrener-
gic signaling than to alterations in the growth pathways respon-
sible for the development of hypertrophy (105-108). In any case,
the complexity of the signaling abnormalities and heterogeneity
among patients with heart failure creates a great deal of uncer-
tainty and leads to significant challenges for translational research
in this area. Thus, it is not surprising that therapies targeting the
B-adrenergic receptor kinase are being considered for patients with
heart failure (thoroughly reviewed in ref. 107), but to our knowl-
edge, no trials currently planned will target growth pathways, and
probably none will until our field gains a better understanding of
signaling alterations at earlier stages of the disease.
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In summary, molecular and functional dissection of multiple
components from the PI3K pathway has established a role for
this signaling cascade in normal, exercise-induced, and reactive
stress-mediated cardiac hypertrophy. This pathway, with its 2
branches, the mTOR and GSK-3 pathways, is a dominant deter-
minant of cardiomyocyte and heart size in mammals. However,
it appears that the primary determinant of whether hypertrophy
will be adaptive or maladaptive is whether neurohormonal-stim-
ulated/calcium-activated pathways, including calcineurin and
PKCs, are recruited. In the case of PKCs, multiple isoforms that
are differentially regulated and activated, and that are uniquely
targeted to distinct subcellular locales, provide for specific but
partially overlapping functional profiles. Whether these path-
ways, as opposed to pathways regulating apoptosis, oncosis, or
expression/activity of various calcium-handling proteins, will
prove to be viable targets in the hearts of patients with hyper-
trophy and advanced heart failure is a question that may require
improved experimental models for resolution.
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