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Our work and others’ over the past few years have led to the
identification of new roles of PAK1 in cardiac physiology,
such as the regulation of cardiac ion channel and actomyosin
function. More recent studies have revealed that PAK1-
deficient mice were vulnerable to cardiac hypertrophy and
readily progress to failure under sustained pressure overload
and susceptible to ischemia/reperfusion injury. Our further
study indicated that the PAK1 activator FTY720 was able to
prevent this pressure overload-induced hypertrophy in wild-
type mice without compromising their cardiac functions. A
cardiac protective effect against ischemia/reperfusion injury by
FTY720 was also observed in both rat and mouse models by us
and others. Thus, these studies suggest that PAK1 is more
important in the heart than previously thought, in particular
a therapeutic potential of PAK1 activators. In the future,
in-depth investigations are required to further substantiate our
hypotheses on mechanisms for PAK1 function in the heart and
to explore a therapeutic potential of FTY720 and other PAK1
activators in heart disease conditions.

Expression and Physiological Roles of PAK1
in the Heart

Myocardial function of the heart relies on rhythmic and effective
cardiac contraction and relaxation, which depends on the
appropriately timed generation and spread of cardiac electrical
activity itself. At the cellular level, excitation-contraction (E-C)
coupling is initiated by action potential depolarization resulting,
via a cascade of events, in an increase in intracellular calcium
concentration, which ultimately leads to muscle contraction;
subsequent removal of intracellular calcium via a number of
mechanisms results in relaxation. Thus, this process involves
multiple trans-membrane (e.g., ion channels) and intracellular
proteins (e.g., Ca2+ handling and sarcomeric proteins) and is

highly regulated by multiple extra- and intra-cellular signaling
pathways. Recent work by us and others1-5 has laid the
groundwork for elucidating key functional roles for p21 activated
kinase 1 (PAK1) in this process including following aspects:

Expression and activation of PAK1 in the heart. The
expression of PAK1 as well as its isoforms PAK2 and PAK3 in
cardiac tissues has been investigated in several species.2,3,6 The
protein level of PAK1 is high in all regions of the heart such as the
sino-atrial node (SAN), atrial and ventricular tissue,2,3 whereas
PAK2 is expressed at low or modest levels in cardiac tissues, and
there is little expression of PAK3 in the heart. At the cellular
level, it is localized to Z-disc, cell and nuclear membrane and
intercalated disc of ventricular myocytes.2 Distinct subcellular
distribution patterns have also revealed, for example, in guinea pig
SAN cells, we found PAK1 was evenly expressed in central nodal
cells, whereas it demonstrated a clear striation patterns in
peripheral nodal cells (Fig. 1).

In cells PAK1 activation requires not only the GTPases
(CDC42 and RAC), but also the Tyr-kinase ETK and the SH3
adaptor proteins such as PAK-interacting exchange factor (PIX)
and non-catalytic region of tyrosine kinase adaptor protein
(NCK), which directly interact with PAK1 (for detail, see Parrini
in this issue). Furthermore, PAK1 is directly activated by a group
of small molecules including C2/C6 ceramide and FTY720.7,8

These small molecules bear substantial structural similarity with
sphingosine. Sphingosine also stimulates auto-phosphorylation of
PAK2 at the same sites as CDC42 and RAC do.9 However, it is
still unclear whether sphingosine activates PAK1 from the
GTPase-binding domain or not. Early studies indicate that
CDC42/RAC and sphingosine share the same molecular
mechanism in the activation of PAK1.10 However, more recent
studies indicate that these GTPases and sphingosine activate
PAK1 in a synergetic way.11 PAK1 can also be activated by some
other signal transducers that have prominent functional effects in
the heart. For example, it was found that receptors coupled to the
inhibitory G proteins Gi, such as bradykinin and acetylcholine,
were able to activate PAK1 indirectly.12-14 Excellent evidence to
support this comes from the observation that constitutively
active PAK1 and ligands stimulating these receptors produce the
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same cytoskeletal re-organization in mammalian cells.12,13,15

Interestingly, recent studies have indicated that PAK1 is activated
by a variety of growth factors such as EGF and other extracellular

factors such as angiotensin II16 and isoproterenol (ISO).6,17 These
observations reflect the complexity of PAK1 upstream signaling
pathways that are still not well understood.

Regulation of cardiac ion channel activity. The potential role
of PAK1 in the regulation of ion channel activities was first
demonstrated by us in isolated guinea pig SAN preparations and
single SAN pacemaker cells.3 In SAN expressing the constitutively
active (CA) PAK1, responses to ISO stimulation manifested by
the frequency of electrical impulse firing were significantly lower
compared with those of controls. We also characterized the
beating rate of cultured SAN cells infected with AdPak1 or the
control AdLacZ.3 In the control SAN cells infected with AdLacZ,
5 nM ISO increases the beating rate by 40–50%. However, this
ISO-induced increase in beating rate is diminished, when they
express the CA-PAK1, clearly indicating that PAK1 antagonizes
ISO. Whole cell patch clamping demonstrated that both L-type
Ca2+ current and the delayed rectifier K+ current had a repressed
response to ISO in cells expressing the CA-PAK1 (Fig. 2). In the
SAN cells, CA-PAK1 redirects intracellular localization of protein
phosphatase 2A (PP2A).3 A recent study further demonstrated
PAK1 regulation of connexion (Cx) 43 phosphorylation in both
isolated rabbit ventricular myocytes and HEK cells expressing
Cx43 is likely through the PP2A activity.18

Based on these results, we suggested that there is a dynamic
balance between the kinase and the phosphatase activity in
controlling L-type Ca2+ channel as well as delayed rectifier K+

channel activity in heart cells. The balance between these kinase
and phosphatase actions may be of importance in controlling
cardiac pacemaker activity in response to autonomic and humoral
stimulation. The importance of this balance is highlighted by a

Figure 1. PAK1 expression in the heart. (A) Western blot detection of
PAK1 expression in SAN, left atrial (LA) and ventricular tissues (V). PAK1
expression pattern was examined by immunocytochemical staining
in (B) adult rat cardiomyocyte (green, anti-PAK1; red, rhodamine-
conjugated phalloidin), in (C) guinea pig senatorial node (SAN) cells
(adapted from refs. 3 and 4).

Figure 2. PAK1 regulation of cardiac ion channel activity. (A and B) Representative L-type Ca2+ current recordings from cultured SAN cells infected with
Ad-LacZ or Ad-PAK1 in the absence and presence of 100 nmol/L ISO for 5 min. Currents were recorded during 200-ms step depolarizations from a
holding potential of −50 mV to a range of potentials between −40 and +50 mV. (C and D) Current-voltage relationship of ICaL in cells infected with
Ad-LacZ or Ad-PAK1, in the absence and presence of ISO (adapted from ref. 4).
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recent report by Vinogradova et al. that a high basal PKA-
dependent phosphorylation in SAN pacemaker cells drives
rhythmic internal Ca2+ store oscillations and spontaneous beating
of these cells.19 Alterations of PAK1 activity may lead to the
alteration of the dynamic regulatory processes and balance
between kinase and phosphatase activity in cardiac cells and thus
result in change in various ion channel activity. The latter may
clearly be associated with arrhythmogenesis. It will be important
to further investigate the regulatory role of PAK1 on ion channels
in the heart under physiological and pathological conditions.

Regulation of Ca2+ handling. A recent study by us also pre-
sented a novel evidence for the regulatory role of PAK1 on Ca2+

handling in cardiac myocytes.20 Specifically, we examined the
effects of constitutively active (CA)-PAK1 on [Ca2+]i transients
and shortening of electrically stimulated ventricular myocytes
under basal and β-adrenergic-stimulated conditions (Fig. 3).
Under basal conditions, a change in the [Ca2+]i characteristics
consisting of a significantly slower rate of Ca2+ decline in single
adult rat ventricular myocytes expressing CA-PAK1 than in
control cells, concurrent with longer time for cellular re-
lengthening. There was no change in AdPAK1 cell sarcoplasmic
reticulum (SR) Ca2+ content as assessed by caffeine, consistent
with the lack of change in phospholamban (PLB) phosphoryla-
tion. This indicates CA-PAK1 slows the intracellular Ca2+ decay
rate independently of PLB, although the exact mechanism
remains to be determined. There was also a significant reduction
in the amplitude of spontaneous Ca2+ sparks in CA-PAK1
compared with the control cells but no change in the frequency of
occurrence. They suggested that lower amplitude may be in part
due to the slight decrease in SR.

Under β-adrenergic stimulation by treatment of the cells with
ISO, a significant blunting of ISO induced increases in [Ca2+]i
transient amplitude, SR Ca2+ content and cell shortening was
observed in CA-PAK1 myocytes. Propagation of spontaneous
Ca2+ waves resulting from SR Ca2+ overload was significantly
slower in CA-PAK1 myocytes. Thus PAK1 activity may alter
ryanodine receptor (RyR) 2 gating via dephosphorylation by
PP2A, but a full characterization is required. The level of PLB
phosphorylation at Ser16 and Thr17 was not significantly
different between CA-PAK1 and control myocytes, nor was
cardiac troponin I (cTnI) phosphorylation at Ser23/24 significantly
different.

Alternatively, the lower spark amplitude in CA-PAK1 myocytes
may suggest that the RyR channel Po may be lower, so that fewer
RyRs are gating within a cluster. The spatial spread of the sparks
was reduced, but the temporal duration was unchanged,
suggesting that fewer channels opened but the kinetics of opening
and closing were the same. The slower propagation velocity of
spontaneous Ca2+ waves indicates a resistance to activation of
adjacent RyR clusters by cytosolic Ca2+ in CA-PAK1 cells.

Regulation of cardiac contractility. As well as a regulator of
electrical activity and Ca2+ handling in myocytes, PAK1 is
emerging as a potent modulator of cardiac contractility. Activation
of PAK1 appears likely to alter the sarcomeric response to Ca2+

by modification of phosphorylation of contractile proteins. The
phosphorylation state of myofilament regulatory proteins such as

cTnI, cardiac TnT (cTnT), myosin binding protein C (MyBP-C)
and tropomyosin are critical in regulation of contractility and are
major determinants of myofilament Ca2+ sensitivity and cross-
bridge cycling kinetics.21

In our previous study,2 we compared the phosphorylation levels
of both cTnI and MyBP-C between the control and CA-PAK1
myocytes. Basal phosphorylation levels of both proteins were
relatively high in the control myocytes. However, their
phosphorylation levels in CA-PAK1 cells were significantly
reduced. Measurement of Ca2+ tension relations in single
myocytes demonstrated that this reduction in their phosphoryla-
tion was associated with the predicted increase in sensitivity to
Ca2+. PAK1 is emerging as a potent regulator of cardiac
contractility not only through PP2A-mediated dephosphorylation

Figure 3. PAK1 regulation of Ca2+ handling. Line-scan images and whole
cell-width line plots of fluo-4 fluorescence recorded parallel to
the longitudinal axis of the cell from representative field-stimulated adult
rat ventricular myocytes expressing LacZ [blue trace, (A)] or CA-PAK1 [red
trace, (B)] under control conditions and during steady-state stimulation
with 100 nM ISO. (C) Average intracellular Ca2+ concentration ([Ca2+]i)
transient amplitudes in LacZ (875 ± 153 and 1,889 ± 286 nM without and
with ISO, respectively) and CA-PAK1 (845 ± 99 and1,299 ± 138 nM without
and with ISO, respectively) cells. (D) Average time constant for [Ca2+]i
transient decay (tdecay) for LacZ (276 ± 8 and 149 ± 6 ms without and with
ISO, respectively) and CA-PAK1 (308 ± 10 and 180 ± 10 ms without and
with ISO, respectively) cells. Values are means ± SE *, statistically significant
difference between LacZ and CA-PAK1. +, statistically significant difference
between −ISO and +ISO (adapted from ref. 20).
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of cTnI and MyBP-C but may also through modification of the
cellular proteins that regulate Ca2+ fluxes. As previously discussed,
the potential targets for the PAK1-PP2A signaling module in
intracellular Ca2+ regulation include L type-Ca2+ channels, RyR
and PLB in control of sarcoplasmic reticulum Ca2+-ATPase
(SERCA) activity.

Cardiac Protective Effects of PAK1

Anti-hypertrophy. Hypertrophy is defined as proliferation-
independent cardiomyocyte growth, which bears some similarity
to tumor growth. In response to acute or chronic insults the heart
initially undergoes hypertrophic growth as an adaptive response to
normalize ventricular wall stress; however, the capacity of this
compensation is limited, prolonged application of deleterious
stimuli eventually causes decompensated remodeling, such as
chamber dilation, reduced contractile function, interstitial fibrosis
and myocyte loss. These maladaptive effects subsequently lead to
heart failure, a devastating condition currently affecting millions
people world-wide. Since hypertrophy is generally regarded as a
determinant of heart failure; studies to discover molecular and
cellular mechanisms underlying hypertrophic remodeling and to
identify potential therapeutic approaches for treating heart failure
are of paramount importance.

To date, many oncogenes have been demonstrated to positively
regulate cardiac hypertrophy. For example, mutations in the GTPase
RAS can ultimately lead to oncogenesis.22 Cardiac overexpression of
constitutively active RAS (H-v12-RAS) manifested ventricular
hypertrophy.23 Similarly, aberrant activation of RAF is a step in
the development of many types of cancers.24 Moreover, transgenic
mice with cardiac-specific expression of a dominant-negative (DN)
form of RAF-1 or cardiac-specific RAF-1 knockout mice dem-
onstrate resistance to stresses inducing cardiac hypertrophy.25,26 In

line with these observations, a recent study by Oceandy et al. revealed
that the tumor suppressor RASSF1A (RAS-association domain
family 1 isoform A) inhibits pressure overload-induced hypertrophy
in mice.27 RASSF1 is known to block signal transmission from RAS
to RAF. Of note, patients with Noonan or Costello syndrome in
which a number of mutations occur in genes of the RAS signaling
pathway develop both tumors and hypertrophic cardiomyopathy.28,29

Thus, above evidence indicates that the oncogenic signaling pro-
grams may be closely related to the programs that control the growth
of post-mitotic adult cardiomyocytes.

Thus, we predicted that PAK1, which is activated by RAS and
in turn activates RAF and is responsible for the growth of more
than 70% of human cancers, may exert a similar function to that
of the RAS-RAF pathway in facilitating cardiac hypertrophy.
However, to our surprise, our recent study using primary
cardiomyocytes and cardiomyocyte-specific PAK1 knockouts
(PAK1cko) revealed an anti-hypertrophic function of PAK1.6 We
found in cultured neonatal rat cardiomyocytes (NRCMs) with
overexpression of constitutively active PAK1 attenuated phenyl-
ephrine-induced hypertrophic responses, whereas knockdown of
PAK1 in NRCM caused a greater hypertrophy after phenyl-
ephrine stimulation. This anti-hypertrophic property of PAK1
was further substantiated by the study of PAK1cko mice. The
PAK1cko mice manifested cardiac hypertrophy greater than
controls with evident apoptosis following two weeks of pressure
overload, and a rapid progression to heart failure after five weeks
of load stress (Fig. 4). The PAK1cko mice also presented enhanced
hypertrophy in response to angiotensin II infusion. We found that
PAK1 activates another kinase called JNK (c-Jun N-terminal
kinase) which in turn phosphorylates and inactivates a transcrip-
tion factor called NFAT, which is essential for activation of the
hypertrophic genes such as atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP).30,31 Thus, the loss of PAK1 would lead

Figure 4. Exacerbated cardiac hypertrophy in PAK1cko mice after 5 weeks transverse aortic constriction (TAC). (A) Heart weight/Tibia length (HW/TL) ratios
of PAK1f/f and PAK1cko mice (upper panel). Morphometry demonstrates greater hypertrophy in PAK1cko-TAC mice (lower panel, scale bar: 2 mm).
(B) Measurements of mean cross-sectional areas (upper panel) and hematoxylin and eosin staining of heart cross-sections (lower panel, scale bar: 20 mm)
(adapted from ref. 6).
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to inactivation of this JNK signaling cascade and an enhancement
of NFAT (Fig. 5). Furthermore, application of FTY720 (a
synthetic analog structurally similar to sphingosine) induced
PAK1 activation and restrained the development of cardiac
hypertrophy in pressure overload stressed-wild type mice, but not
in PAK1cko mice, suggesting the anti-hypertrophic effect of
FTY720 was likely due to its function on activation of PAK1.
Furthermore, a recent examination of PAK1 global knockout
mice revealed a similar phenotype as that in PAK1cko mice.32

Absence of PAK1 in the whole heart rendered mice more capable
of hypertrophic growth under a condition of ISO stimulation.
Overall, these data demonstrate that PAK1 plays differing roles in
promoting the malignant cell growth and in cardiac hypertrophy
and PAK1 activators, which could be oncogenic, may thus be
potential therapeutics for the cardiac hypertrophy.

Protective effect in cardiac ischemic/reperfusion injury. Acute
myocardial ischemia-reperfusion injury is the major pathophysio-
logical manifestation of ischemic heart disease (i.e., coronary heart
disease). Interestingly, the heart has ability to render itself resistant
to ischemia/reperfusion injury, such phenomenon was first
discovered by Murry et al. to describe as ischemic precondition-
ing.33 “Conditioning” the heart to tolerate the effects of acute
ischemia-reperfusion injury can be initiated through inducing
brief non-lethal episodes of ischemia and reperfusion to the heart
either prior to, during, or even after an episode of sustained
lethal myocardial ischemia—a phenomenon termed ischemic
preconditioning (IPC), preconditioning or post-conditioning,
respectively. To date, at least three different cardio-protective
protein kinase programs have been proposed to be initiated by

different G-protein coupled receptors
including the adenosine, bradykinin,
opioid, protease activated receptor 2
(PAR2) and sphingosine-1-phosphate
(S1P) receptors, etc. The activation of
these cell-surface receptors activates
several intracellular signaling cascades
including AKT and ERK1/2 compo-
nents of the reperfusion injury salvage
kinase (RISK) pathways, which then
activate downstream targets that termin-
ate at the level of the mitochondria.

S1P has been shown to be an
important mediator (through S1P recep-
tor signaling) of cardiac ischemic pre-
and post-conditioning in both phar-
macological and knockout animal stud-
ies.34,35 FTY720 demonstrated a
protective effect on preventing organ
ischemia/reperfusion (I/R) injury in
animal models.8,36 In our recent study,
we demonstrated that prevention of
arrhythmias by FTY720 in I/R model
was attributed to the activation of
PAK1/AKT. FTY720 is able to stimu-
late the auto-phosphorylation of both
PAK1 and AKT and their kinase

activities in cardiomyocytes. AKT is a well-established regulator
of myocardial growth and survival, contractile function and
coronary angiogenesis.37 Using both gain- and loss-of-function
approaches in vitro and in vivo, Mao et al. demonstrated that
PAK1 alone is sufficient to activate AKT.5 The functional
significance of this PAK1-AKT signaling is underscored by the
observation that the pro-survival effect of PAK1 is diminished by
AKT inhibition.5 The PAK1-conferred protection was blocked by
the AKT inhibitor X (a selective Akt phosphorylation inhibitor),
suggesting that the protective effect of PAK1 is mediated, at least
in part, by AKT signaling. Our more recent study also
demonstrated that PAK1 improves cardiac contractile function
in the I/R model of PAK1 global KO mice through regulation of
troponin-T and myosin light chain 2 phosphorylation.38

These findings demonstrate an important role for PAK1-AKT
signaling in cardiomyocyte survival. Our further experiments on a
mouse model of cardiac-specific deletion of PAK1 demonstrate a
crucial role of PAK1 in cardiac protection against I/R injury. The
recognition of the functional significance of PAK1 in preventing
arrhythmogenesis associated with I/R injury may lead to the
development of more potent therapeutics for treating I/R injury
induced ventricular arrhythmias.
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Figure 5. Regulation of cardiac excitation/contraction and hypertrophy by PAK1. In cardiomyocytes,
PAK1 regulates activities of ion channels and myofilaments through PP2A activation. Cardiac
hypertrophy induced under pathological conditions is suppressed by PAK1, which inactivates the
transcription factor NFAT through JNK.
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