
It seems we live in increasing complex-
ity, and the world of signal transduc-
tion is no different. The orderly, linear
pathways that just a few years ago
appeared to link the cell surface to the
nucleus have led to a twisting road
with an array of intersecting and over-
lapping cascades. The fascinating study
by Sah and colleagues in this issue (1)
adds wonderfully to the present under-
standing of our location on this chang-
ing roadmap.

Cardiomyocytes have a limited reper-
toire of responses. Faced with a number
of seeming diverse insults ranging from
ischemia/reperfusion, adrenergic stim-
ulation, or hemodynamic overload,
myocytes respond by undergoing cellu-
lar hypertrophy. This process appears
to be repeated faithfully when neonatal
myocytes in culture are exposed to a
variety of ligands or mechanical forces.
Several years ago, in a pioneering study
from the laboratory of Ken Chien, the
path by which cardiomyocytes undergo
hypertrophy began to unravel. These
investigators expressed an activated
form of the Ras oncogene in neonatal
myocytes and subsequently noted that
the cells underwent a classical hyper-
trophic response, including the re-
expression of embryonic genes such as
atrial natriuretic factor (ANF), an
increase in cell size, and the production
of sarcomeric structures (2).

Although these studies demonstrated
that Ras was capable of stimulating
hypertrophy, they left unanswered
which proteins were downstream of
Ras. Many of Ras effects in proliferating
cells result from its ability to form a

molecular complex with the protein
kinase c-Raf and subsequently to acti-
vate the family of mitogen-activated
protein kinases (MAPK). However, it
soon became clear that in cardiomy-
ocytes, activation of MAPK could not
be the sole pathway for hypertrophy.
Several reports noted that activation of
MAPK did not always correlate with
induction of hypertrophy (3) and that
expression of dominant negative forms

of either c-Raf or MAPK could not com-
pletely abolish ligand-stimulated hyper-
trophy (4, 5). In addition, there was no
evidence of increased MAPK activity in
transgenic mice that overexpressed an
activated Ras gene (6), although there
was significant ventricular hypertrophy.

In the search for other Ras effectors,
a considerable amount of attention
has centered lately on the Rho family
of small GTPases, a family that
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Figure 1
The potential role of small GTPases in cardiac
hypertrophy. Small GTPases are shown in blue,
their immediate and more distal effectors are
shown in green and the potentially relevant tar-
gets in yellow. Although drawn as linear path-
ways, each cascade is capable of multiple inter-
sections. As an example, the small GTPases can
interact with each other and MEKK1 can poten-
tially participate in more than one pathway.



includes Rac1, Cdc42, and RhoA. The
interest in this family exploded after
the demonstration that these proteins
regulate cytoskeleton reorganization
and that they synergize with Ras or Raf
in growth and transformation assays
(7). A role for the Rho GTPases in
myocyte hypertrophy is supported by
several recent studies demonstrating
the effects of activated and dominant
negative forms of RhoA on hyper-
trophic target gene expression (8–11).
The effects of RhoA on the morpho-
logical aspects of hypertrophy were
less clear, with recent reports giving
conflicting results (9, 10). Similarly,
expression of an activated form of
Rac1 appeared to stimulate the hyper-
trophic program while expression of a
dominant negative Rac gene product
was inhibitory (11, 12).

In fibroblasts there is a hierarchy of
small GTP-binding proteins, with Ras
able to stimulate Cdc42, which can
then stimulate Rac, which can in turn
stimulate RhoA (7). Whether a similar
hierarchy exists in other cells is
unknown. Both Cdc42 and Rac can reg-
ulate the activity of c-Jun N-terminal
kinases (JNK) and the p38 kinase fami-
ly. Ras proteins can also weakly stimu-
late JNK, perhaps by activating Rac or
alternatively by directly activating
MEKK1 (see Figure 1). A flurry of
recent reports have implicated the acti-
vation of JNK and p38 in the hyper-
trophic response (6, 13–17). However,
simultaneous activation of JNK and
p38 appears not to lead to hypertrophy
but instead to cell death (15, 18). These
results may provide insight into the
molecular pathway that could explain
the point at which an adaptive hyper-
trophic response becomes a maladap-
tive myopathy.

Since RhoA does not usually stimu-
late JNK or p38, how does it contribute
to hypertrophy? One explanation is by
regulating the activity of transcription
factors such as the serum response fac-
tor. Alternatively, in smooth muscle
cells, RhoA, through Rho-kinase (one
of its downstream effectors), appears to
regulate the phosphorylation status of
myosin light chain (7). The role of
myosin light chain phosphorylation in
cardiac muscle cells is unclear. Interest-
ingly, however, mutation of the cardiac
myosin regulatory light chain, near the

site of phosphorylation, produces sig-
nificant cardiac hypertrophy in patients
who inherit the mutant allele (19).

Given this background, it is some-
what surprising that there was no evi-
dence of ventricular hypertrophy when
Sah and colleagues overexpressed
RhoA in the myocardium (1). Instead
the authors observed atrial enlarge-
ment and a greatly depressed heart
rate. Although these results might
question the validity of the widely used
in vitro neonatal cell model, they more
likely reflect the embryonic pattern of
expression of RhoA when it is coupled
with the α-myosin heavy chain pro-
moter. The observed pattern of ven-
tricular dilation may merely be sec-
ondary to the atrial phenotype or,
alternatively, it is possible that high
RhoA activity in the ventricle may pro-
duce an apoptotic response. Interest-
ingly, the observed bradycardia may
relate to another newly described
downstream effector of RhoA — the
delayed rectifier channel (20). It
appears likely that in the near future
other small GTPases will be implicated
in cardiac channel regulation.

The small GTPases, nature’s most ver-
satile switches, appear to play an ever-
expanding and interconnecting role in
myocyte biology. Their ultimate func-
tion in hypertrophy and excitability
requires further experimentation; going
down that long and winding road, Sah
and colleagues (1) remind us that there
will undoubtedly be some wonderful
twists and turns.
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