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ABSTRACT

The p21-activated kinases (PAKs) are signaling nodes that play a crucial role in cellular processes including cell motility, differentiation,
survival, gene transcription, and hormone signaling. PAKs are highly conserved family of serine-threonine kinases that act as effector for
small GTPases Rac and Cdc42. Most of our knowledge about PAK functions has been derived from genetic approaches in lower organisms and

many of these functions are similar to that seen in mammalian cells. In this review, we have summarized the extensive information generated in
lower eukaryotes and very briefly discussed the current status of PAKs in humans. J. Cell. Biochem. 107: 579-585, 2009. © 2009 Wiley-Liss, Inc.
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T he role of p21-activated kinases (PAKSs) —the serine/threonine
kinases—in basic cellular physiology has been conserved
throughout evolution. Mammalian PAKs are categorized into two
subgroups: group I includes PAK1, PAK2, and PAK3, and group II
includes PAK4, PAK5, and PAK6 [Jaffer and Chernoff, 2002;
Hofmann et al., 2004]. All PAKs share a common structural
organization, with an N-terminal regulatory domain and a
C-terminal catalytic domain. PAKs are activated by GTPase-
dependent and -independent mechanisms. Downstream of activated
PAKSs, stimulated signaling cascades regulate a wide variety of
events, such as cytoskeleton dynamics, cell migration, cell cycle, cell
survival, and apoptosis [Bokoch, 2003]. Many of these cellular
functions are similar between mammalian cells and lower
eukaryotes, which strengthens the importance of PAK’s function
and its ancient origin (Fig. 1). Lower eukaryotes provide an excellent
experimental model system that can be easily manipulated to
understand the precise role of PAKs in oncogenic progression. In this
review, we will discuss the substantial information that has been
generated on the phylogenetic organization, structure, regulation,
and function of PAKs in lower eukaryotes, and only very briefly
summarize the current status of PAKs in mammalian cells.

The budding yeast Saccharomyces cerevisiae encodes for three
PAK enzymes: sterile 20 (Ste20), Cla4, and Skm1. These kinases
form a distinct PAK subfamily. All three Pak members contain an

N-terminal p21-binding domain (PBD) and a C-terminal
protein kinase domain; while Cla4 and Skm1 also contain a
PH domain N-terminal to the PBD. Ste20 and Cla4 are redundant in
function, but Skm1 is completely dispensable. Ste20 promotes actin
polarization and regulates mating, osmotolerance, and vegetative
growth. Cla4 is involved in septin ring assembly, actin polymeriza-
tion, and mitotic entry and exit. Little is known about the function of
Skm1 except that Skm1p is only expressed in meiotic cells. Deletion
of STE20 results in sterility, deletion of CLA4 leads to aberrant
cytokinesis, and deletion of both CLA4 and STE20 is lethal. These
kinases are activated by GTPase Cdc42 and by the cell-cycle-
dependent kinase Cdc28. Once activated, they regulate various
downstream effectors that play a crucial role in cytoskeleton
dynamics, especially cell polarity, cell cycle, and gene transcription.

Ste20 was identified as a key regulator in the mating pathway and
functions as an activator of mitogen-activated protein kinase
(MAPK) cascades [Dan et al., 2001b]. The MAPK pathway is
stimulated through the mating pheromone receptors Ste2-Ste4,
which result in the activation of the heterotrimeric G protein,
followed by activation of the MAPK cascade [Bhattacharjya et al.,
2006]. This cascade includes the sequential phosphorylation of
MAPK kinase kinase (MAP3K), MAPK kinase (MAP2K), and MAPK.
The yeast MAPK pathway consists of Stellp (MAP3K), Ste7p
(MAP2K), Fus3p, and Ksslp (MAPKs) [Lee and Elion, 1999].
In addition to mating, Ste20 regulates filamentous growth and
osmotolerance by activating MAP3K [de Nadal et al., 2002].
Downstream of the activated MAPK pathway, a variety of genes
(e.g., FUS1) required for mating are stimulated. Mating, vegetative
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Pak-mediated regulation of signaling cascades. p21-activated kinases (PAKs) play an important role in a wide variety of cellular processes such as cytoskeleton

dynamics, cell migration, survival, apoptosis, gene transcription, neuronal development, and hormone signaling. Although all Paks share structural similarities, some of the
functions of Pak are unique to a given organism and a few functions are common across lower eukaryotes and mammals including regulation of cell morphology and cell survival.

growth, and filamentous growth all require cell polarization,
which is promoted by both Ste20 and Cla4 through a mechanism
that is not completely understood. Members of the polarization
pathway include type I myosins Myo3 and Myo5 and the forming
homolog Bnil [Sagot et al., 2002; Soulard et al., 2002]. During cell
polarization, the actin cytoskeleton undergoes reorientation, a
process regulated by the cell cycle. Whether Ste20 and Cla4 control
cell polarity in G, or other phases of the cell cycle remains unclear.
However, because Cla4 kinase activity peaks at mitosis, it is believed
that it acts late in the cell cycle [Benton et al., 1997; Keniry et al.,
2004]. PAK enzymes also participate in a negative feedback loop to
end the polarized growth phase. This involves a complex interplay of
molecules such as guanine-nucleotide-exchange factor Ltel,
GTPase Tem1, protein phosphatase Cdc14, and a number of CDK
substrates [Simanis, 2003].

The fission yeast Schizosaccharomyces pombe encodes for two PAK
kinases: Shk1 (also known as AKA, PAK1, and Orb2) and Shk2 (also
known as AKA and PAK?2). Shk1 most closely resembles budding
yeast Ste20 and is an essential gene. It functions in induction of the
pheromone response pathway, similar to Ste20. Shk2 is most closely
related to Cla4 and Skm 1, but is not functionally equivalent to these
kinases.

Shk1, an effector of Cdc42, is essential for the viability of S. pombe
[Marcus et al., 1995]. The loss of functional Shk1 leads to defects in
actin and the microtubule cytoskeleton, loss of polarity, and defects in

mating [Qyang et al., 2002]. Both Cdc42 and Shk1l function
downstream of Ras GTPase-Ras1 [Marcus et al., 1995]. Shk1 is also
regulated by three SH3 domain-containing proteins: Scd2, Skb1, and
Skb5. Scd2 is required for the normal cell polarity and mating of
S. pombe but is not required for cell viability [Chang et al., 1999]. Skb1
and Skb5 directly stimulate Shk1 kinase activity and are required for
proper cell polarity during hypertonic stress [Yang et al., 1999b; Bao
et al., 2001]. The cytoskeleton organization and cell polarization of
S. pombe also requires a kelch repeat protein, Teal, and the Rho GTPase
activation protein, Rga8 [Kim et al., 2003; Yang et al., 2003]. Rga8 is a
substrate of Shk 1. Little is known about the negative regulator of Shk1.
Skb15, a WD repeat protein, functions as a negative regulator of Shk1
and is required for the regulation of cytoskeleton dynamics in a cell-
cycle-dependent manner [Kim et al., 2001].

The signaling pathways downstream of Shk2 are not well defined.
Similar to Shk1, Shk2 participates in the Ras1/Cdc42-dependent
regulation of morphologic changes and mating response pathways,
but Shk2 is not essential for cell viability, morphology, or mating in
S. pombe. Shk2 is redundant in function with Shk1. Overexpression
of activated Shk2 in Shk1-deleted cells leads to mating defects, and
these defects can be suppressed by overexpression of the MAP3K
kinase Byr2 [Yang et al., 1998]. Similarly, overexpression of
activated Shk2 in wild-type cells leads to growth defects that can be
suppressed by null mutations of Mkh1 and Spml.

To date, three Pak families of genes have been identified in amoebae
Dictyostelium discoideum that encode DAPAKA, DAPAKB (myosin I
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heavy chain kinase [MIHCK]), and DdPAKC; one in Acanthamoeba
castellanii called AcMIHCK; and three in Entamoeba histolytica:
EhPAK, EhPAK2, and EhPAK3. All these kinases show the presence
of an N-terminal PBD and a C-terminal catalytic domain. DAPAKA,
DdPAKB, and DdPAKC are approximately 50% and 70% homo-
logous within the PBD and catalytic domains, respectively.
AcMIHCK is similar to DdPAKB, and EhPAK3 is homologous to
DdPAKC.

Unlike mammalian PAKs, the kinase activity of DdPAKA
is regulated by phosphoinositide 3-kinase and protein kinase B
(Akt), which phosphorylates DAPAKA at Thr-579. Constitutively
active DAPAKA leads to the upregulation of myosin II assembly,
which controls cell polarity and chemotaxis. In accordance,
DdPAKA-null cells display defects in myosin II assembly and
directional motility. DdPAKA-null cells, when in suspension,
show defects in cytokinesis. Myosin II is not a physiologic
substrate of DdPAKA, but DdPAKA promotes myosin II filament
assembly indirectly by regulating the activity of MIHCKs [Muller-
Taubenberger et al., 2002].

MIHCK is activated in a GTPase-dependent manner by Rac
and Cdc42 but not by sphingosine or any other non-negatively
charged lipid. It requires the presence of acidic lipids that are
inhibited by Ca (2+)-calmodulin. When inactive, MIHCK is present
in a closed conformation, with the auto-inhibitory sequence located
within the C-terminal portion of the PBD. Upon activation, it
acquires an open conformation, with autophosphorylation at Ser-8,
which leads to partial opening of the inactive folded structure.
Phosphorylation of Ser-8 primes MIHCK for the second step of
activation by promoting the binding of GTP-bound Rac, Cdc42,
or acidic lipids such as phosphatidylserine or phosphatidylinositol
4,5-bisphosphate. Activated MIHCK is enriched at the leading edge
of migrating cells and in the macropinocytic and phagocytic cups.
Upon activation, MIHCK phosphorylates its downstream effector,
myosin I, and enhances the myosin I-dependent process of
phagocytosis and pinocytosis. Cells lacking functional MIHCK
show no apparent defects in a variety of motile processes, whereas
constitutive expression of active MIHCK causes severe defects in
cytokinesis by entrapping or sequestering actin filaments [de la
et al., 2005].

Similar to MIHCK, the kinase activity of DdAPAKC is regulated by
GTPases. In response to a chemoattractant, the stimulated
phosphoinositide 3-kinase pathway leads to activation of Rac-
GTPase-racB, which binds to and activates the GTPase-binding
Cdc42/Rac-interactive binding domain of DAPAKC. DAPAKC-null
cells exhibit defects in cell polarization and pseudopodia formation
in response to a chemoattractant gradient but do not develop defects
in cell motility [Lee et al., 2004]. Cells lacking both DAPAKC and
MIHCK show severe loss of cell movement in a chemoattractant
gradient, suggesting that both DdAPAKC and MIHCK co-operate to
regulate chemotaxis pathways [Lee et al., 2004]. Similarly, the
E. histolytica PAK-EhPAK plays a role in pseudopod formation and
phagocytosis [Labruyere et al., 2003], whereas EhPAK2 regulates
receptor capping, a process that helps parasites evade the host’s
immune system [Arias-Romero et al., 2006]. Because EnPAK3 was
only discovered recently, little is known about its physiologic role
[Dutta et al., 2007].

Drosophila encodes three PAKs: DPAK1, mushroom bodies tiny
(Mbt)/DPAK?2, and DPAK3. To date, only the functions of DPAK1
and Mbt have been analyzed. Their key functions are in sensory
organ development.

In Drosophila, the Nck/Dock signaling pathways regulate the
movement of photoreceptor axons under the guidance of a
sensorimotor structure called growth cone at the leading edge of
the axon. They also form a mechanistic link between the cell surface
receptors and the actin cytoskeleton. Dock associates with the fly
homolog of human insulin receptor and DPAK1. Upon activation,
insulin receptors target the Dock-DPAK1 complex to the plasma
membrane, where a second signal increases the local concentration
of GTP-bound Rac, leading to the activation of membrane-bound
DPAK1. This, in turn, modulates actin dynamics during the growth-
cone guidance of the photoreceptor cell. The Dock-DPAK1 complex
also regulates the guidance of olfactory axons and axon repulsion.
DPAK1 contributes to tissue morphogenesis by mediating
communication between the basement membrane and intracellular
proteins during epithelial development [Rao, 2005].

Unlike DPAK1, Mbt is involved in photoreceptor cell morpho-
genesis rather than photoreceptor axon guidance. Mbt was found to
be key in the formation of a structure called mushroom body in adult
Drosophila; this structure corresponds to the hippocampus in the
human brain. Mbt has a role in the proliferation, differentiation, and
survival of neuronal cells; Mbt-null mutants have defects in the
central brain structure and have fewer neurons. In addition, Mbt
mutant flies have a reduced number of photoreceptor cells in the eye
and disorganized adherens junctions. Similarly, constitutive
activation of Mbt disturbs the actin cytoskeleton and affects
adherens junction organization [Melzig et al., 1998]. One target of
Mbt signaling that plays a role in cytoskeleton organization is the
actin depolymerization factor Twinstar/Cofilin [Menzel et al., 2007].
Mbt interacts with Cdc42, but the binding of activated Cdc42 has no
influence on Mbt kinase activity and is required for recruitment of
the kinase to adherens junctions [Schneeberger and Raabe, 2003].

Caenorhabditis elegans expresses three PAK isoforms: CePAK1,
CePAK2, and MAX-2. CePAK-1 is most closely related to group I
PAKs, whereas CePAK-2 is closely related to group II PAKs and
MAX-2 is similar to Drosophila DPAK3. CePAK-1 is expressed in the
hypodermal cell boundaries during embryonic body elongation and
co-localizes with CeRac1 and CeCdc42 [Chen et al., 1996]. CePAK1
and MAX-2 function with the rac GTPases during axon guidance.
Immediately after C. elegans hatches, the 12P cells migrate from
their lateral positions down into the ventral cord and subsequently
divide, generating the P cell lineage. Both CePAK1 and MAX-2
function redundantly in P cell migration, along with the rac
activator UNC-73/Trio and the rac GTPases CED-10 and MIG-2.
MAX-2 is also required for motor neuron axon guidance, which
functions in a rac-independent pathway. During development, the
ventral cord commissural motoneurons control the forward and
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reverse locomotion of the animal, and MAX-2’s functions are
required for the dorsal guidance of ventral cord commissural
motoneuron axons [Lucanic et al., 2006].

Xenopus PAKs have been studied extensively. There are four PAK
genes in the Xenopus genome, encoding xPAK1, xPAK2, xPAK3,
and xPAK5. Accumulating evidence indicates that Xenopus PAKs
have roles in oocyte maturation and embryonic development. In
Xenopus, the trigger from the steroid hormone progesterone is
required to stimulate the signal transduction pathway, leading to
oocyte maturation [Hammes, 2004]. Oocytes naturally arrest for
long periods of time during G,/M transition in the ovary. During
the G, phase, translation of the proto-oncogene c-Mos (an MAP3K)
leads to activation of MAPK and the maturation-promoting factor
(MPF), a heterodimeric protein complex composed of p34°%“ kinase
and cyclin B [Palmer and Nebreda, 2000]. This MPF complex is
negatively regulated by the Myt1 protein kinase that phosphorylates
Cdc2 on threonine and tyrosine residues [Wells et al., 1999]. Cdc2 is
eventually activated to cause the oocyte to progress to meiosis; this
step is catalyzed by the phosphatase Cdc25C. Phosphorylation of
Cdc25C on Ser-287 by Chk1 and cAMP-dependent protein kinase
causes Cdc2 to remain inactive in G,-arrested oocytes through
binding to 14-3-3 proteins [Yang et al., 1999a]. To continue to
mitosis, Cdc25C phosphorylation and activation is required. Cyclin
B-Cdc2 can phosphorylate Cdc25C at the activating sites [Margolis
et al., 2006]. However, at the G,/M transition, the initial
phosphorylation of Cdc25C is triggered by polo-like kinase Plx1
prior to cyclin B-Cdc2-mediated activation [Abrieu et al., 1998].
Cdc25C is also phosphorylated and activated by MPF, forming
a positive feedback loop that contributes to G,/M transition
[Hoffmann et al., 1993]. The eggs arrest again at metaphase of the
second meiosis, with high MPF activity until fertilization.

xPAK1 promotes oocyte arrest in the G,/prophase of the cell
cycle, thereby negatively regulating oocyte maturation. xPAK1
prevents the accumulation of c-Mos and activation of both MAPK
and MPF, which keeps the MPF amplification loop in an inactive
state and prevents further maturation of the oocyte. Recent evidence
indicates that the small GTPase Cdc42, not Racl, has a role in
progesterone-induced oocyte maturation. GDP-bound Cdc42 facil-
itates progesterone-induced maturation, whereas the GTP-bound
Cdc42 completely blocks this process. Cdc42 regulates the
maturation pathway via phosphorylation and inactivation of
xPAK2 [Cau et al., 2000]. xPAK2 is inactivated during maturation
upon stimulation of the MPF and MAPK pathways and is reactivated
upon fertilization. Apart from a role in arresting oocytes at G,/
prophase of the first meiotic prophase, xPAK1 also regulates cell
survival and death. Ectopic expression of a dominant negative
form of xPAK1 promotes apoptosis in Xenopus oocytes, indicating a
role for xPAK1 in survival signals [Faure et al., 1997]. xPAK1 can
be activated by caspases via release of the catalytic domain from
an N-terminal inhibitory sequence that promotes apoptosis.
Activated xPAK1 phosphorylates the regulatory light chain of
myosin II at Thr-18 and Ser-19 and induces its hyper-

phosphorylation, which helps in the formation of apoptotic bodies
for the safe disposal of damaged or dead cells by phagocytosis
[Bisson et al., 2003].

For normal development, embryogenesis requires the proper
coordination of cell proliferation and differentiation, both of which
require the Xenopus Tumorhead gene. Tumorhead overexpression
results in expansion of the neural plate at the neurula stage and
abnormal growth in the head region during the tailbud and tadpole
stages. Tumorhead overexpression also causes apoptosis during
gastrulation. Tumorhead’s functions are regulated by its subcellular
localization. It translocates from the cell periphery into the nucleus
during Xenopus development. Ectopic overexpression of Tumor-
head mutant localizes to the plasma membrane; this results in neural
plate expansion and inhibition of neuronal differentiation, which
leads to embryonic lethality. xPAK1 mediates the phosphorylation
of Tumorhead and enhances its binding to the apical cortex and
lateral cell membrane of neural plate epithelial cells, resulting in
neural plate expansion and inhibition of neuronal differentiation;
organisms without xPAK1 activity show loss of the Tumorhead
phenotype [Wu et al., 2007].

Embryogenesis involves the migration of embryonic cells to form
new structures via a complex interplay of intercellular signaling and
cytoskeletal remodeling processes. The large Eph tyrosine kinase
receptor family and their ephrin ligands play key roles in regulating
cell migration and cell adhesion. Xenopus embryos express several
Eph receptors and ephrin ligands. Activation of EphA4 in early
Xenopus embryos induces a loss of blastomere adhesion, leading to
occlusion of the blastocoel [Bisson et al., 2007]. xPakl has
been identified as an upstream activator of EphA4 receptor, which
is required for loss of adhesion. Ectopic expression of xPAK1
leads to the loss of blastomere adhesion, disruption of the blastocoel
and blastocoel roof, and disassembly of cortical actin, all
characteristic of EphA4 activation. Interestingly, both the xPAK1-
and EphA4-induced phenotypes can be rescued by enhanced C-
cadherin expression, by transfer to a low-salt medium, or by the
constitutively activated GTPases Cdc42, Rac, and Rho [Bisson et al.,
2007]. In addition to a role in embryonic cell migration, xPAK1 also
plays a role in the differentiation of the mechano-sensors of the
auditory system [Islam et al., 2000].

Another member of Xenopus PAK family, xPAK3, is expressed in
the area of primary neurogenesis in the developing embryo.
In Xenopus, neuronal differentiation is governed by a basic helix-
loop-helix transcription factor called neurogenin-related-1. Neu-
rogenin-related-1 activates a set of genes that regulate cell
differentiation. xPAK3 functions downstream of neurogenin to
allow differentiation of neuronally programmed cells [Souopgui
et al., 2002].

Like xPAK1, xPAK5 regulates cellular movement during early
embryonic development in Xenopus. It is mainly expressed in
regions of the embryo that undergo extensive cell movement during
gastrula. xPAK5 can bind to both actin and microtubule networks
and can regulate their coordinated dynamics during cell motility.
Endogenous xPAK5 co-localizes with adherens junction proteins,
and its activity is regulated by extracellular calcium [Faure et al.,
2005]. xPAK5 also cooperates with Inca (induced in neural crest
by AP2) protein, which is upregulated in Xenopus embryos in
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cytoskeletal restructuring and cell adhesion regulation during early
embryo development [Luo et al., 2007].

Zebra fish express only four PAK genes: PAK1, PAK2a, PAK2b, and
PAK?7. The physiologic functions of these PAK family members were
not known until recently, when PAK2 was found to have a role in
vascular development [Liu et al., 2007].

In human, six members of Pak have been identified which are
classified in two groups each comprising three members. Group I
consists of Pak1-3 and group II consists of Pak4-6 [Arias-Romero
et al., 2008]. The classification is based on the domain structure and
regulator mechanisms of the Paks. Similar to lower eukaryotes, all
human Pak isoforms contain an N-terminal regulatory domain and a
highly conserved C-terminal kinase domain. The regulatory domain
of group I Pak consists of a GTPase binding domain (PBD) and an
autoinhibitory domain (AID). In its inactive state, the group I Paks
exist in a dimeric conformation. But on activation, the AID
uncouples from the kinase domain enabling autophosphorylation of
the Pak. Group I Paks can be activated in both GTPase-dependent
(involving Cdc42 and rac) and GTPase-independent manner
(involving sphingolipids or caspases). In contrast, the group II Paks
exist as monomers in crystal structure and the kinase domain of the
group II Paks is found to be constitutively active [Eswaran et al.,
2007, 2008]. PAK4-6 bind to activated Cdc42 and, to a lesser extent,
to Rac, but the activity of these kinases is not appreciably enhanced
upon binding to the GTPases. In fact, interaction with Cdc42 induces
the translocation of group II PAKs to different cellular compart-
ments. Binding to Cdc42 results in PAK4 translocation to the Golgi
apparatus [Abo et al., 1998; Cotteret et al., 2003, 2006]. Thus, unlike
group I PAKSs, the interaction of group II PAKs with GTPases has no
influence on kinase activity.

Paks are implicated in a variety of processes including
cytoskeletal dynamics, motility, cell cycle, apoptosis, and tumor-
igenesis. The group I Paks regulate cytoskeleton dynamics by
phosphorylating multiple downstream effectors including myosin
light-chain kinase (MLCK), paxillin, filamin A, cortactin, the PIX/
COOL guanine nucleotide exchange factors, the LIM-kinases,
Arpclb, stathmin, tubulin cofactor B, paxillin-a and - isoforms
[Kumar et al., 2006]. The nuclear translocation of PAK in response to
stimulus has been associated with PAK-dependent gene transcrip-
tion and translation. Some of the transcription factors and
transcriptional co-regulators identified so far includes the forkhead
transcription factor (FKHR), estrogen receptor o (ERa), SHARP,
C-terminal binding protein 1 (CTBP1), and Snail homolog 1 (SNAT1).
Pak, a significant player of cell-cycle progression, undergoes mitotic
phosphorylation at Thr-212 by cyclin B1/Cdc2, which alters its
association with histone H3 and promotes chromosome condensa-
tion and cell division. PAK1 also regulates centrosome dynamics
through regulation of Aurora A activation. Recently, Pak-mediated
phosphorylation of polo like kinase 1 (P1k1) on Ser 49 is identified to

be required for metaphase-associated events. In addition to cell
cycle, the group I Paks play an important role in cell survival and
apoptosis. Pak1 function as cell survival signal by phosphorylating
and inhibiting the pro-apoptotic protein Bad. In addition, PAK1
interacts with dynein light chain 1 (DLC1) and BimL and triggers
their degradation, leading to blockage of the pro-apoptotic signal of
BimL. PAK1 also inhibits apoptosis by phosphorylating and
inactivating FKHR and by activating cell survival signals such as
MAPKs (p42/44 MAPK, p38 MAPK), Jun N-terminal kinase (JNK),
and nuclear factor kB (NFkB). Unlike PAK1, PAK2 regulates both
cell survival and cell death pathways, depending on the signals. In
response to cellular stress, PAK2 generates a proteolytic fragment,
the PAK-2p34. Activation of full-length PAK2 promotes cell
survival by phosphorylating Bad and inhibiting its interaction with
Bcl-2 or Bcl-x(L), thus promoting cell survival. In contrast, the
proteolytic activation of PAK-2p34 leads to apoptosis [Kumar et al.,
2006]. Although, it is hypothesized that the functions of group I Paks
are redundant but the members of group I Paks are involved in
different biological processes as indicated by the respective
knockout mice [Arias-Romero and Chernoff, 2008].

The group II Paks are recently identified as members of Pak family
of kinases. Although the mechanism of activation of group II Paks
differs from group I Paks, they share functional similarities.
Activation of PAK4 in fibroblasts leads to filopodia formation,
dissolution of stress fibers, and loss of focal adhesions [Dan et al.,
2001a; Callow et al., 2005]. Of all the Pak family members, only
PAK4 shows a direct role in oncogenic transformation in primary
fibroblasts [Callow et al., 2002; Cammarano et al., 2005]. Similar to
Pak1, PAK4 too protects cells against apoptosis by phosphorylating
Bad and by antagonizing the death receptor-induced activation of
initiator caspase 8 [Gnesutta et al., 2001; Gnesutta and Minden,
2003]. The second member of the group II Pak family—Pak5—
expresses exclusively in brain and plays a crucial role in neuronal
development and spine morphogenesis [Dan et al., 2002]. Depending
on the sub-cellular localization of PAKS5, it interacts with
different effectors. In the cytosol, PAK5 activates the JNK kinase
pathway, while in the mitochondria promotes cell survival signals
[Cotteret et al., 2003; Cotteret and Chernoff, 2006]. The third
member of the group II Paks, Pak6, plays a crucial role in steroid-
hormone-mediated signal transduction. PAK6 interacts with ER«a
and represses ERa transcriptional activity. Similarly, interaction of
PAK®6 to androgen receptor (AR) inhibits its transactivation function
[Lee et al., 2002].

The structure and functions of PAKs have been conserved across all
eukaryotes, but mammalian PAKs are still not completely under-
stood and continue to offer new insights and surprises. Genetic
manipulation of Xenopus and yeast has increased our understanding
of PAK signaling tremendously, but these organisms are different
from mammalian PAKs in certain aspects, such as the constitutive
activation of group II PAKs. With the availability of molecular tools
and much needed reagents, it is expected that a combination of
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lower eukaryotes, mammalian cell cultures, and knockout mice will
help us understand the functional complexity of PAK enzymes.
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