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Abstract

The p21-activated kinases (PAKSs), immediate downstream effectors of the small G-proteins of the
Rac/cdc42 family, are critical mediators of signaling pathways regulating cellular behaviors and as
such, have been implicated in pathological conditions including cancer. Recent studies have validated
the requirement for PAKs in promoting tumorigenesis in breast carcinoma and neurofibromatosis.
Thus, there has been considerable interest in the development of inhibitors to the PAKSs, as biological
markers and leads for the development of therapeutics. While initial approaches were based on
screening for competitive organic inhibitors, more recent efforts have focused on the identification
of allosteric inhibitors, organometallic ATP-competitive inhibitors and the use of PAK1/inhibitor
crystal structures for inhibitor optimization. This has led to the identification of highly selective and
potent inhibitors, which will serve as a basis for further development of inhibitors for therapeutic
applications.
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1. General background

The Rac and Cdc42 proteins are members of the Rho family of small G-proteins and are
regulators of several signaling pathways, including those impinging on cellular proliferation,
cytoskeleton reorganization, gene expression, and endocytosis [1,2]. As immediate
downstream effectors of Rac/Cdc42, the p21-activated kinases (PAKS) are activated by the
binding of the active forms of Rac/Cdc42 (the GTP-bound forms) and as such, participate in
a wide range of signaling pathways that modulate cellular behaviors. Given the major roles
small G-proteins play in tumorigenesis, it is not surprising that the PAKSs have also been
implicated in this process. The aim of this review is to survey the efforts reported to validate
the PAKSs as therapeutic targets for cancer and to develop small-molecule inhibitors of the
PAKSs. Extensive reviews on the biology of the PAKSs and the roles PAKSs play in cancer have
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been recently published and the reader is referred to these comprehensive reviews for further
details [3-5].

2. The PAK protein family and structure

The PAKSs form a protein family of serine/theronine kinases, divided into 2 groups, | and I1.
The group | PAKSs consist of three members - PAK1, PAK2 and PAKS3 that share 93-95%
sequence identity within the kinase domain (Figure 1A) [6, 7]. Crystal structures of the PAK1
kinase domain have been determined, in both the inhibited and active conformations. In the
inactive form, PAK1 is thought to exist as a homodimer, in a “head to tail” orientation (Figure
1B) [8, 9]. In this configuration, the N-terminal regulatory domain inhibits the kinase domain
in trans [10-12]. This is mediated by overlapping functional regions within the N-terminal
regulatory domain. Specifically, an “inhibitory switch” domain that associates with the large
lobe of the kinase domain and a “kinase inhibitory” domain directly blocks the catalytic cleft.
Upon binding of Rac or Cdc42-GTP to its N-terminal tail, the PAK1 dimer is predicted to
dissociate and the “kinase inhibitory” domain is removed from the catalytic cleft [8]. This
allows for an active conformation that can now auto-phosphorylate threonine 423 within the
activation loop and additional residues that prevent the kinase from shifting back into an
inactive state (Figure 1B) [13].

In contrast, Group 1l PAKSs, comprised of PAK4, PAKS5 and PAKS, do not possess an auto-
inhibitory domain and are not activated by Rac/Cdc42-GTP binding [14]. Given differences
in the mode of regulation, overall structure and active sites between group | and group 11 PAKSs,
itis conceptually possible to develop inhibitors that would differentiate between the two groups
[15]. However, for the purpose of this review we will focus our discussion on the development
of group | PAK inhibitors.

3. Brief outline of PAK biology

To date, more than 40 substrates have been reported for Group | PAKs, which implicate these
kniases in a wide range of cellular activities including cell mobility, cell proliferation and
apoptosis [3].

PAK, as part of a GIT-PIX-PAK-Nck complex located at focal adhesions, controls adhesion-
induced Racl activation and cell spreading by regulating Rac1-B-Pix interaction [16,17].
Furthermore, PAK also modulates cytoskeleton dynamics and cell mobility at the leading edge
through phosphorylation of multiple substrates including myosin light-chain kinase (MLCK),
paxillin, filamin A, cortactin, the LIM-kinases (LIMKSs), Arpclb, and stathmin [4].

During mitosis, PAKL1 is recruited to the centrosomes where it interacts with a GIT1-PIX
complex similar to the complex it forms at focal adhesions. Upon activation by GIT1-PIX,
PAKZ1 phosphorylates Aurora-A and Plk1, both important regulators of mitotic events[18,
19]. In addition to driving cell cycle progression, PAK also promotes cell proliferation through
phosphorylation of c-Raf (Ser338) and MEK (Ser298), two components of the MAPK pathway
[20,21].

PAK protects cells from apoptosis via multiple mechanisms. In response to survival signals,
PAK phosphorylates the pro-apoptotic proteins Bad and BimL thus preventing them from
interacting with anti-apoptotic protein Bcl2 [22-25]. Furthermore, PAK1 also inhibits
apoptosis by phosphorylating and inactivating cell survival forkhead transcription factor,
FKHR [26].

Biochem Pharmacol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

4. Validation of PAKs as therapeutic targets for cancer

Group | PAKSs have long been implicated in tumorigenesis [27]. In particular, PAK1 has been
reported to be widely overexpressed and/or hyperactivated in various types of benign and
malignant cancers [3]. The roles of PAK1 in tumor pathogenesis and the potential therapeutic
benefits of PAK inhibition are characterized in most detail in breast cancer and two types of
mostly benign cancer syndrome, neurofibromatosis type 1 and 2 (NF1 and NF2).

PAK1 is upregulated in 50% of primary breast cancers [28]. Expression of a constitutively
active PAK1 mutant (CA-PAKL) increases cell motility, anchorage-independent growth, and
invasiveness in MCF-7 breast cancer cells and leads to development of metastatic mammary
tumors and other types of breast lesions in a transgenic mouse model [29,30]. Conversely,
expression of dominant-negative PAK1 mutants (DN-PAK1s) suppresses cellular motility and
invasiveness in MDA-MB-435 and MCF-7 breast cancer cells and inhibits pre-malignant
progression in a 3-D cultural model for human breast cancer progression [30-33]. In addition,
high PAK1 expression levels and nuclear localization have been correlated with tamoxifen
resistance in ERa-positive breast cancer, which has been mechanistically linked with the ability
of PAK1 to phosphorylate ERa. on serine 305 [34-36]. The direct involvement of PAK1 in
tumorigenesis in breast cancer and its potential role in mediating tamoxifen resistance are
indications of the therapeutic potentials of PAK1 inhibition in treating malignant breast cancer,
especially in the context of the resistance associated with tamoxifen-treated ERa-positive
breast cancers.

NF1 and NF2 are dominantly inherited cancer disorders that develop mostly benign nerve
sheath tumors of the peripheral nerves [37]. NF1 is quite common with a birth incidence of 1
in 3,000 and is caused by mutations of the NF1 tumor suppressor gene. NF2, on the other hand,
is relatively less common (affecting 1 in 30,000 of the population) and has been attributed to
the loss-of-heterozygosity (LOH) of the NF2 gene. NF1 encodes a Ras GTPase activating
protein (GAP) named Neurofibromin. Deletion/inactivation of Neurofibromin leads to
increased levels of activated GTP-bound Ras, which activates multiple oncogenic signaling
cascades, including the MAPK and PI3K pathways. PAKS, as direct downstream effectors of
Rac/Cdc42, are activated by signals from the PI3K pathway [38]. Activated PAKS
phosphorylate c-Raf (S338) and MEK1 (S298), which are required for the full activation of
the Ras-MAPK pathway [39-41]. The protein product of the NF2 gene is called Merlin, which
is closely related to the cytoskeleton-linker ERM proteins (Ezrin, Radixin and Moesin). Merlin
directly binds to PAKSs and inhibits their activation by Rac/Cdc42 [42-45]. Therefore, despite
NF1 and NF2 being pathologically and molecularly distinct diseases, they both involve
mitogenic signaling pathways that are downstream of Ras and impinge upon the regulation of
PAK activities [46,47].

The importance of PAK1 in NF1 has long been suggested by pioneering studies in which
dominant-negative PAK1 mutants were shown to efficiently block Ras transformation in both
rat Schwann cells and a malignant peripheral nerve sheath tumor (MPNST or
neurofibrosarcoma) cell line from an NF1 patient by interfering with the activation of the
MAPK cascade [48]. More recently, PAK1 has been shown to play a critical role in regulating
NF1 tumor environment. Several elegant studies have established that in addition to Nfl
deficiency in Schwann cells, Nf1 heterozygosity in the tumor microenvironment, particularly
in bone marrow-derived mast cells (BMMCs), are required to induce neurofibroma progression
in mouse models [49-51]. Importantly, Rac-GTP levels and PAK1 kinase activity are increased
in Nf1*/~ BMMCs after Stem cell factor (SCF) stimulation [46]. Using genetic approaches
involving the crossing of Pak1™~ mice with Nf1*/~ mice, McDaniel et al. demonstrated that
loss of Pak1 reversed MAPK-mediated hyperproliferation and p38-regulated increased
migration of Nf1 haploinsufficient BMMCs in culture and corrected dermal accumulation of
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Nf1*/~ mast cells in vivo to levels found in wild-type mice [52]. These data established PAK1
as a key mediator of pro-tumorigenic signaling pathways in NF1 and validated PAK1 as a
potential therapeutic target in this disease.

In NF2 patients, loss of Merlin is associated with elevated levels of Rac-GTP accompanied by
abnormal PAK1 activation [47,53-55]. PAK1 and PAK2 phosphorylate Merlin at serine 518,
which inactivates Merlin by inducing a conformational change [56,57]. Merlin, in a negative
feedback loop, prevents PAK1 and PAK2 activation by Rac through competing with Rac for
PAK binding [42-45]. Expression of a dominant-active (DA) Racl or PAK1 mutants overrides
the inhibitory effect of Merlin on Ras-induced ERK activation and soft agar colony formation,
suggesting that Merlin functions through the Rac-PAK axis to suppress Ras-ERK signaling
and tumor growth [58]. To evaluate whether inhibition of PAK could be used to treat NF2
tumors, we recently employed a RNAI-based strategy to knockdown PAK1-3 expression in
NIH3T3 cells expressing a dominant-negative mutant Merlin (NIH3T3/Nf2BBA) and found
that depletion of all three group | PAKs severely inhibited the ability of NIH3T3/Nf2BBA cells
to form tumors in a mouse xenograft model [47]. Furthermore, while attempting to knockdown
PAK1 in RT4 rat schwannoma cells, we find that RT4 cells are highly addicted to PAK1 and
that inhibition of PAK1 expression in these cells leads to cellular senescence [47]. More
recently, Flaiz et al. applied a specific PAK inhibitor, IPA-3 (see below for further detail), to
human primary schwannoma cells and found that it blocks PAK2 phosphorylation at
Ser192/197, which antagonizes PAK-Pix interactions and reduces cell spreading and cell
adhesion [59].

It should be noted that in addition to the dominant-negative, RNAI and genetic approaches
discussed above, an inhibitory peptide (PAK1 83-149) that prevents PAK auto-
phosphorylation has also been successfully used to inhibit PAK kinase activity in vitro [60].
Despite the usefulness of these different PAK inhibitory approaches in dissecting PAK
signaling and in validating its therapeutic potential under experimental settings, they present
challenges for clinical applications. Therefore, considerable efforts have also been devoted to
develop small molecule inhibitors that are specific for group | PAKSs.

5. Development of PAK inhibitors - early generations

As findings implicating PAKSs as central players in cell signaling and human diseases such as
cancer have mounted, interest in developing PAK inhibitors as biological probes and as leads
for therapeutic development has increased. Initial attempts to screen for PAK1 inhibitors
focused on adenosine-5’-triphosphate (ATP) competitive compounds. The catalytic domain of
PAKZ1 adopts a typical kinase fold containing N- and C- terminal lobes connected by a hinge
region forming a deep pocket for ATP binding and substrate catalysis [8,13]. Due to the high
similarity between the ATP binding pocket of kinases, it is not surprising that compounds
already established as broad range kinase inhibitors, such as the natural product staurosporine
and its derivative K252a, show potent, although poorly selective, inhibition of PAK1 (Figure
2A) [61-63]. Staurosporine and related derivatives are potent ATP competitive inhibitors due
to their ability to mimic the highly conserved interactions between the enzyme and ATP.
Specifically, the indolocarbazole moiety of staurosporine occupies the hydrophobic pocket of
the enzyme that binds the adenine base of ATP and mimics the canonical hydrogen bonding
pattern of ATP, while the carbohydrate moiety interacts with the ribose-binding region. This
also holds true with PAK1, as an X-ray crystal structure of PAKL1 in a complex with the
staurosporine analogue, 3-hydroxystaurosporine (deposited in Protein Data Bank under the
PDB ID 2HY8), reveals that, as expected, the indolocarbazole moiety of the compound makes
two hydrogen bonds with the first and third residue of the hinge region, Glu345 and Leu347,
and makes additional hydrophabic interactions with several hydrophaobic residues of the
binding pocket of PAK1 (Figure 3).
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To achieve higher potency and improve selectivity for PAK1, further derivatization of the
common indolocarbazole scaffold was needed. Attempts to identify such improved PAK1
inhibitors led to the identification of CEP-1347 (Figure 2A) [64]. Nheu at al. showed that
CEP-1347, a synthetic derivative of the ATP antagonist K252a, directly inhibits PAK1 activity
in vitro as well as PAK dependent growth of Ras-transformed cells. However, although
CEP-1347 displayed greater selectivity for PAK1 inhibition over several other kinases such as
PKC (protein kinase C), PKA (protein kinase A), MLCK (myosin light chain kinase) and PI3K
(phosphatidylinositol-3 kinase) [65], it was later shown to be about 100-fold more selective
for MLK3 (Mixed Lineage Kinase 3) [66]. Moreover CEP-1347 was shown to have relatively
poor potency for PAK1 with an IC50 value of above 1 uM, and therefore not useful for animal
and clinical studies.

6. Next generation PAK inhibitors

As screening technologies evolved, so have attempts to identify specific PAK inhibitors. The
compound, OSU-03012, a derivative of the cyclooxygenase inhibitor, celecoxib, was
developed as a PDK1 inhibitor with an 1Csq value in the low micromolar range [67], but later
unexpectedly shown to inhibit PAK phosphorylation at lower concentrations than PDK1-
dependent AKT phosphorylation in several cell lines (Figure 2A) [68]. Subsequent studies
demonstrated that OSU-03012 directly inhibits PAK1 activity in an ATP competitive fashion
with an 1Csq value of around 1 uM. A modeling of the OSU-03012 compound into the PAK1
ATP binding site reveals a binding mode similar to the staurosporine analogue, 3-
hydroxystaurosporine, although it also reveals several hon conventional protein interactions
[68]. A crystal structure of the OSU-03012 compound bound to a group | PAK would directly
evaluate this molecular model and reveal the precise binding mode for this inhibitor to facilitate
the structure-based optimization towards the development of improved group | PAK inhibitors.

We recently reported on the combination of organoruthenium chemistry, small molecule
screening and structure based design to develop a potent and selective PAK1 inhibitor [69].
Screening of a small library of inert organoruthenium compounds led to the identification of
a tetrahedral ruthenium compound, DW12, as a low micromolar PAKZ1 inhibitor (Figure 4A).
The structure of DW12 bound to PAK1 was then determined and used as an initial lead scaffold
for further inhibitor optimization. A particularly striking feature of the PAK1/DW12 complex
was the relative openness of the ATP binding site (Figure 4B), which led to the synthesis of
bulkier octahedral ruthenium compounds to fill the space. A secondary screen of a small library
of such compounds led to the identification of compound FL172 that showed significantly
improved potency for PAK1 with an ICgq value of about 100nM. In addition, screening of
FL172 against a panel of 264 kinases revealed that only 15 of these kinases (less than 6%) were
inhibited with an 1Csq similar to or better than PAK1. FL172 also showed poor inhibitory
potency against the group Il PAKS, thus also showing isoform selectivity. An X-ray crystal
structure of PAK1 in complex with FL172 confirmed that the octahedral complex indeed fills
the available space of the PAK1 active site much more efficiently than the lead compound
DW12 (Figure 4B) and suggests additional potential modifications for further inhibitor
improvement. Importantly, FL172 exhibited dose dependent PAK1 inhibitor activity when
tested in mammalian cells. To our knowledge, FL172 represents the most potent and selective
PAK1 inhibitor developed to date.

An alternative to ATP-competitive kinase inhibitors are allosteric inhibitors that bind outside
of the ATP-binding pocket. An advantage of allosteric inhibitors is that they have the potential
for achieving greater selectivity than ATP-competitive inhibitors since they target unique
kinase-specific features, while a disadvantage is that they tend to have reduced potency relative
to ATP-competitive inhibitors since the protein pockets that they target are typically not as
deep and rich in inhibitor binding residues. Attempts to identify allosteric group | PAK
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inhibitors have met with some success, as recently described by Deacon et al. [70]. Deacon et
al. screened a library of 33,000 compounds for inhibitors that decrease the activation of PAK1
by GTP-bound Cdc42 and then rescreened these compounds at high ATP concentrations to
further restrict the hits to compounds that worked through an allosteric mechanism. This
process led to the identification of the small molecule PAK1 inhibitor, 2,2’-dihydroxy-1,1’-
dinaphthyldisulfide (IPA-3) (Figure 2B), which was shown to have an 1Csq of about 2.5 uM
for PAK1 [70]. IPA-3 was also shown to be specific to group | PAKs with limited inhibitory
capacity towards the group I PAKSs and a panel of diverse kinases representing the mammalian
kinome. Importantly, it was found that IPA-3 was inefficient in inhibiting pre-activated PAK1,
indicating that IPA-3 functions by inhibiting one or more steps in the activation process of
PAKZX. Indeed, follow-up studies demonstrated that IPA-3 binds covalently to the regulatory
domain of PAKZ, thus inhibiting the binding of Cdc42-GTP. While the exact nature of the
bonds are unknown, they are sufficient to impede PAK1 activation [71].

An important aspect of IPA-3 is the presence of a disulfide bond that is likely to be reduced in
cell culture and under physiological conditions. Furthermore, the binding of IPA-3 to PAK1
itself is reversed under reducing environmental conditions [71]. This likely explains the
requirement for higher concentrations of IPA-3 to inhibit PAKSs in cells and the requirement
for a large exchangeable reservoir of the compound in the growth media [70]. Therefore,
although IPA-3 can selectively target PAK1 under controlled experimental conditions, the
compound is unlikely to be a useful tool for inhibiting PAK1 activity in biological systems.
Nonetheless, the approach taken to identify allosteric inhibitors of the PAKSs is exciting and
likely to yield other interesting hits in the future.

7. Future prospects

To date, a handful of group | PAK inhibitors have been developed. The organic ATP-
competitive inhibitors display 1Csq values in the single digit micromolar range and do not yet
have favorable selectivity profiles. These inhibitors therefore require additional structure-based
development to increase their potency and selectivity prior to further preclinical development.
The allosteric IPA-3 inhibitor also shows relatively poor potency for group | PAKSs although
a favorable selectivity profile. Unfortunately, the instability of this compound significantly
limits its effectiveness in cellular systems. Nonetheless, the complex regulatory mechanism of
the group | PAKSs leaves open the possibility of developing other allosteric PAK inhibitors.

The most potent and selective PAK1 inhibitor developed to date is the organometalic FL172
compound that exhibits a mid nanomolar ICsg value and a favorable selectivity profile as well
as the ability to inhibit PAK1 activity in cells. Although, this compound has been shown to be
relatively inert in vitro, it is still unclear how such a compound will behave at an organismal
level and future experiments to test this compound in appropriate mouse models will dictate
whether such compounds might be amenable to further development along the drug
development pathway. One clear result that came out of the studies to develop FL172 was the
finding that the ATP binding site of PAK1 was large relative to other kinases. This feature
could be exploited to develop potent and selective group | PAK inhibitors, either of the organic
or organometallic variety.

Clearly, the identification, development and improvement of inhibitors that can distinguish
between the group I and Il PAKs will be instrumental to our understanding of the functions of
these two groups of proteins under normal physiological conditions. Likewise, this will allow
further validation and assessment of the requirement for the group |1 PAKSs in various types of
cancers. There are a significant number of reports implicating PAK overexpression and
activation in various types of cancer [3]. These studies affirm the rationale behind the
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identification and development of highly potent and specific PAK inhibitors as potential
therapeutics.
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Figure 1. Schematic representation of domain organization and activation following Rac/Cdc42
binding for group |1 PAKs

A) Domain organization of group | PAKs. Arrows indicate regions of interaction with key
PAK binding partners/regulators listed above. The similarities of the regulatory and kinase
domains in PAK2 and PAK3 to the corresponding domains in PAK1 are indicated under the
respective domains. The size and location of each domain along the proteins reflect actual
scale.

B) Conversion of PAK1 from inactive form to active form by Rac/Cdc42-GTP binding.
Autophosphorylation at T423, the most critical step during PAK1 activation, is indicated.
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Figure 2. Moleculer structures of small molecule PAK inhibitors
A) ATP competitive inhibitors
B) Allosteric inhibitor
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Figure 3. Crystal structure of PAK1 in complex with 3-hydroxystaurosporine

Left, aclose up of the interactions between 3- hydroxystaursporine and PAK1 are shown. PAK1
residues that make hydrogen bonds with the inhibitor are labeled. Carbon atoms of 3-
hydroxystaurosporine are colored pink and nitrogen and oxygen atoms are colored blue and
red, respectively. Right, the molecular structure of 3-hydroxystaurosporine is shown.
(Structure is deposited in Protein Data Bank under PDB ID 2HY8)
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Figure 4. Organometallic PAK1 inhibitors developed through structure-based design

A) Molecular structures of the ruthenium-based PAK1 inhibitors. DW12 was used as a lead
structure for the development of the hexavalent FL172 PAK1 inhibitor.

B) Surface representation cut away of the PAK1 active site in complex with organoruthenium
compounds. Left, PAK1 in complex with DW12 is shown illustrating the open available space
in the kinase active site. Right, PAK1 in complex with FL172 is shown illustrating the shape
complementarity of the kinase and the inhibitor. Carbon atoms of DW12 and FL172 are shown
in green and yellow respectively; the nitrogen, oxygen and ruthenium atoms colored blue, red
and purple, respectively.

(Figure adapted from Maksimoska et al., J. Am. Chem. Soc., [72]).
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