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GDI	� Guanine-nucleotide dissociation inhibitor
GEF	� Guanine-nucleotide exchange factor
LIMK	� LIM kinase
MAPK	� Mitogen-activated protein kinase
MLC	� Myosin light chain
Pak	� p21-Activated kinase
PDK	� Phosphoinositide-dependent kinase

Introduction

p21-activated kinases (Paks) were discovered in a bio-
chemical screen as effector proteins for the small GTPases 
Cdc42 and Rac. Six distinct isoforms are encoded in mam-
malian cells, divided into two distinct groups: Pak1, -2, 
and -3, and Pak4, -5, and -6. Early in vitro work on Pak 
function emphasized the roles of these proteins in cell bio-
logical processes such as motility, polarity, survival, and 
proliferation (Fig.  1), but the recent development of Pak 
knockout animal models, particularly mouse models, has 
enabled a more comprehensive view of Pak function in 
development and in the function of particular organ sys-
tems [2, 4]. Furthermore, Pak knockout mice and zebrafish 
are beginning to reveal important roles for these kinases in 
cardiovascular development. In particular, Pak1, -2, and -4,  
have been shown to play important roles in heart and blood 
vessel development, as well as in the proper function of 
these systems in adult animals. While the exact mechanism 
of each isoform is not yet known, it is probable that these 
isoforms are distinct in function, operating through both 
kinase-dependent and -independent roles. In this review, 
we discuss aspects of Pak function relevant to cardiovas-
cular biology as well as potential therapeutic implica-
tions of small-molecule Pak inhibitors in cardiovascular  
disease. 

Abstract  p21-activated kinases (Paks) are a group of six 
serine/threonine kinases (Pak1-6) that are involved in a 
variety of biological processes. Recently, Paks, more spe-
cifically Pak1, -2, and -4, have been shown to play impor-
tant roles in cardiovascular development and function in a 
range of model organisms including zebrafish and mice. 
These functions include proper morphogenesis and con-
ductance of the heart, cardiac contractility, and develop-
ment and integrity of the vasculature. The mechanisms 
underlying these effects are not fully known, but they 
likely differ among the various Pak isoforms and include 
both kinase-dependent and -independent functions. In this 
review, we discuss aspects of Pak function relevant to car-
diovascular biology as well as potential therapeutic impli-
cations of small-molecule Pak inhibitors in cardiovascular 
disease.
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Pak substrates of relevance to cardiovascular tissues

The Paks are known to phosphorylate a wide range of sub-
strates, many of which might be relevant to the heart and 
vasculature (Fig.  2). While each Pak isoform likely has 
unique substrates dictated by tissue expression, subcel-
lular localization, and intrinsic catalytic selectivity, there 
are nevertheless some common notable themes. For exam-
ple, Pak1, -2, -3, and -4 have been shown to phosphorylate 

Raf-1 and Mek at sites that are required, in many cell types, 
for efficient activation of the Erk pathway [2]. Likewise, 
several of the Paks have been implicated in the activation 
of stress-activated kinases such as Jnk and p38 [4]. As these 
three mitogen-activated protein kinase (MAPK) pathways 
regulate key transcriptional events in cardiomyocytes, Pak-
mediated effects on MAPKs is expected to be relevant to 
the function of these cells [14]. Paks also play a role in 
Akt signaling, though the relationship between these two 

Fig. 1   Cellular functions of Pak. Paks are activated by the small 
GTPases Cdc42 and Rac. Paks in turn activate signaling pathways 
that regulate a plethora of cellular events. In many but not all cases, 
activation is due to phosphorylation of protein substrates by Pak. 
The processes affected by Pak include directional motility and cell 
polarity (via phosphorylation of GEFs, GAPs, LIM kinase, Filamin 

A, p41Arc, etc.), energy metabolism (via phosphorylation of phospho-
glucomutase 1 and perhaps other metabolic enzymes), cell survival 
(via activation of pro-survival proteins such as Akt and inactivation 
of BAD), cell proliferation (via phosphorylation of c-Raf and Mek1, 
as well as other growth-responsive signaling proteins), and vascular 
function (via phosphorylation of VE-cadherin)

Fig. 2   Pak roles in the  
cardiovascular system. Pak1, 
Pak2, and Pak4 are known to 
influence the development and/
or function of the heart and 
blood vessels. In the heart, Pak1 
has been linked to contractility,  
Ca2+ entry, and electrical 
activity through the indicated 
substrates and interactors. Pak4 
has a major role in heart devel-
opment during embryogenesis; 
this effect may be related to 
the Pak4 substrate LIMK. In 
blood vessels, loss of Pak2a or 
Pak2b in zebrafish is associated 
with hemorrhage, though the 
relevant substrates have yet to 
be identified. Pak1 also affects 
endothelial cell barrier function 
by regulating the stability of 
endothelial cell adhesions
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kinases is complex, with some reports placing Akt down-
stream of Pak1 and others placing it upstream [24, 29]. 
Depending on the cellular context, both scenarios may well 
be true. As will be discussed below, Pak1-mediated activa-
tion of Akt, and also of the apoptotic regulator BAD, may 
promote cell survival in cardiomyocytes. 

Paks also phosphorylate a variety of proteins that affect 
the cytoskeleton and actin/myosin-based contractility. Such 
substrates include several guanine-nucleotide exchange 
factors (GEFs), guanine-nucleotide activating proteins 
(GAPs), and guanine-nucleotide dissociation inhibi-
tors (GDIs), all of which directly modulate the activity 
of small GTPases of the Rho family [4]. Paks also phos-
phorylate LIM kinase, filamin A, stathmin, cortactin, and 
paxillin, which regulate cytoskeletal remodeling and focal 
adhesion formation. In addition, Pak1 has been shown to 
phosphorylate myosin light chain (MLC) and caldesmin, 
two proteins with important functions in contractility. In 
endothelial cells, phosphorylation of MLC by Pak2 is con-
troversial, with one group reporting that Pak2 monophos-
phorylates MLC and induces cell retraction [31], and 
another that it phosphorylates and inactivates MLCK, lead-
ing to decreased MLC phosphorylation and limiting iso-
metric tension [10].

In endothelial cells, Pak1/2 has been reported to phos-
phorylate VE-cadherin, thereby promoting beta-arrestin-
dependent endocytosis of VE-cadherin in VEGF-treated 
cells. This event is associated with increased vascular per-
meability due to disassembly of intercellular junctions [9]. 
Interestingly, Pak2 and Pak4 may also be required down-
stream of Cdc42 for endothelial cell lumen formation dur-
ing vascular morphogenesis, though the relevant substrates 
of these two kinases in lumen formation remain to be iden-
tified [19, 20].

Pak1

Pak1 is expressed at high levels in the heart and blood ves-
sels of mammalian organisms and has been shown to have 
several distinct roles in cardiac function. At the organismal 
level, the Pak1 gene is not required for heart development, 
and standard Pak1 knock-out mice live a normal life-span 
without notable cardiac problems. However, cardiac func-
tion under stress conditions may be compromised. Using 
a conditional knock-out (cko) of Pak1 crossed to αMHC-
Cre mice, Liu et al. [23] deleted Pak1 in cardiomyocytes of 
developing mice. While these heart-specific Pak1 cko mice, 
like constitutive Pak1 knockouts, did not show overt car-
diac pathology, and had a normal lifespan under unstressed 
conditions, they developed greater hypertrophy and early 
heart failure when subjected to pressure overload induced 
by transverse aortic constriction or by chronic infusion of 

angiotensin II. In this setting, the Pak1 cko mice exhib-
ited increased heart weight/tibia length ratios as well as 
increased cross-sectional area of cardiomyocytes, suggest-
ing that Pak1 has anti-hypertrophic properties. Interest-
ingly, wild-type mice treated with FTY720, a sphingosine-
like analog that activates Pak1, were resistant to developing 
pressure overload-induced hypertrophy [23]. These effects 
were not seen in Pak1 cko mice, providing reasonable evi-
dence for specificity of FTY720 in this setting—an impor-
tant control, given that this compound is able to inhibit both 
sphingosine-1 phosphate and its receptor, sphingosine-1 
phosphate receptor-1, modulators of vascular stability  
[8, 12, 27]. Interestingly, hypertrophy in Pak1 cko animals 
was found to be associated with impaired activation of the 
Jnk, but not the Erk pathway [23]. These data imply that 
Pak1 signals to Jnk in cardiomyocytes and that this signal-
ing pathway can potentially be exploited to augment car-
diac function in certain settings.

At the cellular level, Pak1 plays a pro-survival role in 
cardiomyocytes, perhaps by activating Akt (Fig. 3). Using 
cardiomyocytes from Pak1 knock-out mice, Mao et  al. 
[24] showed that Pak1 is activated by hypertrophic stimuli 
and that Pak1 overexpression is accompanied by Akt acti-
vation, whereas Pak1 loss in accompanied by diminished 
Akt activation. As Pak1 was shown to directly phosphoryl-
ate Akt at Ser473 in vitro, these data suggest that Pak1 can 
act as a phosphoinositide-dependent kinase (Pdk)-2-like 
entity, responsible for Akt Ser473 phosphorylation in car-
diomyocytes (Fig. 3a). Consistent with this view, activated 
Pak1 was shown to protect cardiomyocytes from cell death, 
and this effect was blocked by Akt inhibition. It should be 
noted, however, that Pak1 activation of Akt may be related 
to a scaffolding function as opposed to catalytic activity, as 
Higuchi et  al. [11] reported that the Pak1 kinase domain 
serves as a scaffold to facilitate Akt stimulation by Pdk1 
and to aid recruitment of Akt to the membrane. Resolving 
this issue may have therapeutic implications, as manipula-
tion of Pak1 catalytic activity by small-molecule inhibitors 
or activators would not be expected to affect scaffolding 
functions. In this regard, it is interesting to note that in a rat 
model, FTY720 has been shown to activate Pak1 and Akt 
and to prevent arrhythmic events associated with ischemia/
reperfusion injury [7]. These results suggest that, whatever 
the scaffold functions of Pak1, manipulating the catalytic 
function of Pak1 might be used for therapeutic benefit. 

Pak1 has also been shown to affect cardiac excitation 
and contractility. As with cell survival, the role of Pak1 
in these processes may have catalytic as well as non-cat-
alytic components. For example, many of the effects of 
active Pak1 on cardiac excitation and contractility appear 
to be related to dephosphorylation of key sarcomeric pro-
teins through the serine/threonine protein phosphatase 
PP2A. Pak1 associates with, and activates, PP2A, and 
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this association may explain the loss of phosphorylation 
noted for cardiac troponin I, and C-protein, with a con-
comitant increase in sensitivity to Ca2+, in cardiomyocytes 
expressing activated Pak1 [1, 15, 16]. In pacemaker cells 
of the sinoatrial node, a Pak1/PP2A signaling circuit acts 
to depress isoproterenol-induced upregulation of l-type 
Ca2+ current and delayed rectifier potassium current, and to 
suppress the chronotropic action of isoproterenol on pace-
maker activity [13]. It is unclear whether the activation of 
PP2A by Pak1 requires the kinase activity of Pak1; rather, 
it may result from conformational changes that occur upon 
association of these two signaling proteins (Fig. 3b). If so, 
this would represent another example of an important non-
catalytic function of Pak1.

In addition to its role in the heart, Pak1 function also 
affects blood vessel formation and integrity. As many 
experiments on angiogenesis have to date employed 
approaches that do not distinguish effects of Pak1 versus 
Pak2, we use the term Pak1/2 to denote such situations. For 
example, a dominant-negative peptide that inhibits Pak1/2 
has been shown to impede tube formation in vitro and block 
angiogenesis in a chick chorioallantoic membrane assay 
[18]. Similarly, increased permeability of endothelial cells 
treated with serum, VEGF, bFGF, TNFalpha, histamine, or 
thrombin could be prevented by blocking Pak1/2 activity or 

by treating with inhibitors of myosin phosphorylation [28]. 
These data suggest that Pak1/2 regulates endothelial per-
meability induced by multiple growth factors and cytokines 
via an effect on cell contractility.

Birukova et  al. [3] showed that the protective effect of 
atrial natriuretic peptide (ANP) on pulmonary vasculature 
following acute lung injury is weakened when Pak1 is 
knocked down by siRNA. These authors also showed that 
ANP activates Pak1 in pulmonary endothelial cells bar-
rier, and that deletion of ANP in mice is associated with 
endothelial barrier dysfunction and loss of Pak1 activity 
in the lung. These results suggest a positive role for Pak1 
in endothelial cell barrier protection in the setting of acute 
injury.

Pak2

The role of Pak2 in the heart and vessels has received less 
attention than that of Pak1, but this situation is rapidly 
changing due to increasing availability of genetic mod-
els. In zebrafish, loss-of-function mutation in the Pak2a 
gene is associated with cerebral hemorrhage, without any 
other obvious phenotype [5]. In this system, hemorrhage 
is likely related to defects in vascular integrity as opposed 

Fig. 3   Scaffold activities of Pak1. While most models of Pak action 
posit that is functions via its kinase domain to phosphorylated sub-
strates, some of its activities may be non-catalytic. a Currently, at 
least two models have been proposed to explain the effects of Pak1 on 
promoting Akt activity. In one model, Pak1 directly phosphorylates 
Akt1 on Ser473, acting in effect as a Pdk2. A second model posits 
that Pak1 is required for Akt activation because it serves as a scaffold 
for Pdk1 and to assist membrane recruitment for Akt. In this second 

model, Pak1 kinase activity is not required. The signaling is bidirec-
tional, as Akt can also phosphorylate Pak1, disrupting the association 
of Pak1 with the adaptor protein Nck. Phosphorylation events are 
depicted as small red spheres. b Pak1 has also been proposed to act 
as a scaffold for PP2A. In this model, activation of Pak1 leads to a 
conformational change in PP2A resulting in autodephosphorylation of 
the C subunit (A conserved regulatory subunit, B variable regulatory 
subunit, C catalytic subunit)
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to vascular patterning [5]. Interestingly, the phenotype of 
Pak2 loss in zebrafish resembles that of βPix mutation, a 
gene encoding a Rac1-specific guanine-exchange factor 
that is known to interact with Pak2 [22]. In mice, loss of 
Pak2 is associated with fetal death at ~E8.0 due to multi-
ple developmental defects, including prominent vascular 
defects [17]. Further studies of these mice are ongoing.

During vascular morphogenesis, Pak2 and -4 are known 
to be activated by Cdc42 during lumen formation; however, 
the direct targets of Pak2 and -4 remain elusive [19, 20]. 
As noted above, Pak1/2 has been reported to phosphoryl-
ate VE-cadherin in endothelial cells, promoting internaliza-
tion of this cell adhesion molecule in VEGF-treated cells. 
In association, the disassembly of intercellular junctions 
causes an increase in vascular permeability [9]. This model, 
in which activation of Pak1/2 plays a role promoting vascu-
lar permeability, is seemingly at odds with the reported role 
of Pak1 in stabilizing the pulmonary endothelial cells bar-
rier, as described above. If so, such opposing roles would 
be consistent with recent findings in mast cells, which indi-
cate that Pak1 and Pak2 can play antagonistic roles in cer-
tain cell biological functions [21]. It is also possible that too 
much or too little signaling from Pak1/2 could yield similar 
phenotypes; i.e., increased permeability, due to improper 
VE-cadherin recycling to and from the cell surface.

Pak4

Pak4 deletion in mice is associated with embryonic lethal-
ity by ~E11.5, most likely due to heart defects. Up to E8.5, 
the hearts of Pak4-null mice appear to develop normally, 
with formation of the heart tube and proper looping. How-
ever, the common ventricle and the outflow tract are signifi-
cantly smaller in the knockouts. By E9.5, the outflow tract 
is significantly smaller with thinning of the myocardium in 
the ventricles, and the heart rate is decreased and irregular. 
By E10.5, the embryos are much smaller than control lit-
termates, show a lack of circulation, and no further devel-
opment to the heart. Molecular analysis of this phenotype 
showed a significantly decreased level of phosphorylated 
LIM kinase (LIMK), a Pak4 substrate. Consistent with the 
known role of LIMK as a regulator of actin cytoskeleton 
dynamics through cofilin, the lack of active LIMK was asso-
ciated with a decrease in polymerized F actin, impaired sar-
comeric structure, and impaired contractility in hearts [26]. 
Coupled with the heart defects, Pak4-null mice displayed 
few embryonic blood vessels in the yolk sac and throughout 
the embryo [30]. Interestingly, Pak4−/− mice displayed large 
vessels, but were lacking in the small branching vessels 
[30], suggesting a role for Pak4 in angiogenesis. Together, 
these results place Pak4 as an important regulator of cardiac 
contractility through LIMK and angiogenesis.

Conclusion

The Pak family of kinases has an integral place in the for-
mation and function of the cardiovascular system. While 
many of the effects of Paks on these events can be attrib-
uted to phosphorylation, a growing body of literature sug-
gests that scaffolding and perhaps other non-catalytic 
functions of Paks also play significant roles. While the 
pharmaceutical industry has begun to produce Pak inhibi-
tors for the treatment of cancer [6, 25], such agents may 
need to be used with caution, given the role of Pak activ-
ity in heart failure and perhaps in vascular integrity. Indeed, 
Pak activators, such as FTY720 or more specific small mol-
ecules, might have therapeutic benefit in certain settings.
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