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Despite abundant evidence that aberrant Rho-family GTPase
activation contributes to most steps of cancer initiation and
progression, there is a dearth of inhibitors of their effectors (e.g.,
p21-activated kinases). Through high-throughput screening and
structure-based design, we identify PF-3758309, a potent (K4 =
2.7 nM), ATP-competitive, pyrrolopyrazole inhibitor of PAK4. In
cells, PF-3758309 inhibits phosphorylation of the PAK4 substrate
GEF-H1 (ICso = 1.3 nM) and anchorage-independent growth of
a panel of tumor cell lines (ICso = 4.7 + 3 nM). The molecular under-
pinnings of PF-3758309 biological effects were characterized using
an integration of traditional and emerging technologies. Crystallo-
graphic characterization of the PF-3758309/PAK4 complex defined
determinants of potency and kinase selectivity. Global high-
content cellular analysis confirms that PF-3758309 modulates
known PAK4-dependent signaling nodes and identifies unexpected
links to additional pathways (e.g., p53). In tumor models, PF-
3758309 inhibits PAK4-dependent pathways in proteomic studies
and regulates functional activities related to cell proliferation and
survival. PF-3758309 blocks the growth of multiple human tumor
xenografts, with a plasma ECs value of 0.4 nM in the most sensitive
model. This study defines PAK4-related pathways, provides addi-
tional support for PAK4 as a therapeutic target with a unique com-
bination of functions (apoptotic, cytoskeletal, cell-cycle), and
identifies a potent, orally available small-molecule PAK inhibitor
with significant promise for the treatment of human cancers.

chemical biology | high-content screening | p53 | signaling signature

Ithough many components of oncogenic signaling have been

identified, the current clinically effective signal transduction
therapeutics are primarily confined to a subset of targets such as
receptor tyrosine kinases (1). In the search for new therapeutics,
whole regions of signaling space have gone underexplored despite
the mounting evidence of their essential roles. One such area is
Rho GTPase signaling, which has been hard to directly target (2)
despite the extensive experimental evidence of its role in most
aspects of cancer initiation and progression including uncontrolled
proliferation, evasion of apoptosis, actin cytoskeletal remodeling,
invasion, and metastasis (3-8). Members of the Rho-family
GTPases (e.g., cdc42) in the activated, GTP-bound state bind di-
rectly to p21-activated kinases (PAKs) through an amino-terminal
p21 binding domain to affect kinase activation and signaling (9-
12). The PAKs are members of the STE20 serine/threonine kinase
family (13) with two subgroups: PAK1, PAK2, and PAK3 (group
A) and PAK4, PAKS, and PAK6 (group B). These kinases have
been shown to have major yet varied roles in oncogenic processes
(9-12, 14). Active PAK4 (15-18) is required for Ras-driven NIH
3T3 cell transformation to facilitate anchorage-independent
growth (19, 20) and affects profound cell morphological and cy-
toskeletal effects (20, 21). Expression of activated PAK4 in NIH
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3T3 cells is tumorigenic in nude mice, with tumors having less
apoptosis (activated caspase 3 staining) and increased pro-
liferation relative to control tumors (22). Deletion of PAK4 has the
opposite functional and biochemical effects. PAK4~~ mouse em-
bryos have an increase in apoptosis (active caspase 3, sub-G0
population) and decreased proliferation (Ki67 staining) (23).
PAK4~~ mouse embryonic fibroblast cells significantly attenuate
oncogenic Ras-driven tumorigenesis and tumor growth (22),
whereas PAK4 knockout cells completely abrogate tumor forma-
tion by an oncogenic variant of the direct upstream GTPase
(cdc42V12) (22). In HeLa tumor cells, expression of active PAK4
blocks TNFa-induced apoptosis (PARP cleavage, caspase 3) (24),
whereas siRNA PAK4 knockdown sensitizes tumor cells to TNFa-
induced apoptosis and blocks anchorage-independent growth (25).
A limitation of PAK4 siRNA knockdown is that PAK4 has been
reported to have functions dependent on and independent of ki-
nase activity (22, 26). A complementary approach, expression of
kinase-inactive PAK4, demonstrated that anchorage-independent
growth of HCT116 tumor cells requires PAK4 kinase activity (19).
The role of PAK4 in cancer is further supported by studies that
show elevated PAK4 activity in a broad range of human tumor
lines (19), activated in archived primary tumor tissues (19), with
a PAK4 locus present on an amplicon associated with colorectal
and pancreatic cancers (27-30). PAK4 substrates identified to date
are consistent with its observed cellular functions: Rho GTPase
activator guanine nucleotide exchange factor-H1 (GEF-H1) (21),
apoptotic regulatory protein BAD (24), and cytoskeletal effector
protein LIMK (31).

Taken together, previous data identified some of the determi-
nants of PAK4 biology, and also indicated that a drug discovery
effort focused on this unique drug target could yield a potentially
unique and useful therapeutic. However, most details regarding
PAK4 biology, including the nature of pathways controlling tumor
cell growth and survival, are largely unknown, and no potent
inhibitors of PAK-family kinases have been reported. We there-
fore set out to develop and validate potent and selective PAK4
inhibitors, with the dual goals of better understanding PAK4
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biology and providing a novel therapeutic option for tumor types
with a dysregulated PAK4-signaling axis.

Results

Discovery and Characterization of PF-3758309 as a PAK Inhibitor. The
small-molecule pyrrolopyrazole inhibitor PF-3758309 was ratio-
nally designed through a structure-based design approach from
multiple distinct chemical series identified in separate screening
campaigns, including the assessment of over 1.3 million unique
compounds in one screening campaign. PF-3758309 was kineti-
cally determined to be a potent, ATP-competitive inhibitor in
a PAK4-kinase domain biochemical assay (K; = 18.7 + 6.6 nM,;
Fig. S1). Because the peptide substrate used in the enzymatic
assay may alter the PAK4 active site conformation, two direct
binding technologies were used to characterize binding of PF-
3758309 to PAK4. Isothermal calorimetric analysis determined
the PF-3758309 equilibrium dissociation constant (Kg) of 2.7 +
0.3 nM, a binding stoichiometry of 0.91 + 0.08, and an enthalpy
change (AH) of —5.0 + 0.1 kcal/mol (Fig. S1). Thus, the binding
free energy (AG = —11.7 kcal/mol) results from equal con-
tributions from enthalpy and entropy (TAS = 6.7 kcal/mol) of
binding. A surface plasmon resonance study determined the dis-
sociation constant of PF-3758309 with PAK4 to be 4.5 + 0.07 nM,
with the off-rate kg = 0.010 s7! (t12 = 68 s) (Fig. S1). As such,
PF-3758309 binds directly to PAK4 with an in vitro potency of
2.7-4.5 nM. Using peptide substrates, PF-3758309 had similar
enzymatic potency against the kinase domains of the other group
B PAKs (PAKS, K; = 18.1 +£ 5.1 nM; PAK6, K; = 17.1 + 5.3 nM)
and group A PAK1 (K; = 13.7 + 1.8 nM), but was less active
against the other two group A PAKs (PAK2, ICso = 190 nM;
PAKS3, IC5p = 99 nM). The similar biochemical activity of PF-
3758309 across the group B PAKs may be attributed to catalytic
domain amino acid identity and structural similarity (32).

PF-3758309 Is a Potent PAK4 Inhibitor in Living Cells and Blocks Tumor
Cell Growth in Vitro. Due to the lack of known unique substrates for
PAK4, a PAK4-specific assay was constructed with the inducible
expression of PAK4 catalytic domain in cells that harbor a deletion
mutant of GEF-H1 (amino acids 210-921). In this system, PAK4
phosphorylates GEF-H1 on a previously characterized serine res-
idue 810 (21) and is inhibited by PF-3758309 (ICsp = 1.3 £ 0.5 nM).
PF-3758309 also inhibits endogenous pGEF-H1 accumulation in
HCT116 cells (Fig. S2). PF-3758309 was evaluated for its ability to
inhibit anchorage-independent growth, a hallmark characteristic
of cell transformation, in HCT116 colon carcinoma cells (ICsy =
0.24 + 0.09 nM) previously shown to be PAK4-dependent (19).
Across a panel of 20 tumor cell lines, 15 had an anchorage-
independent growth inhibition ICs, < 10 nM with an average of 4.7
+ 3.0 nM (Table S1). To further establish causality (33), we found
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Fig. 1. Structural characterization of PF-3758309 binding to the PAK4 catalytic domain. (A) Chemical structure of PF-3758309. (B) PF-3758309 in 2.1 A PAK4

catalytic domain x-ray cocrystal structure (Protein Data Bank ID code 2x4z). (C) Binding of PF-3758309 in the active site of PAK4 (surface color-coded by
hydrophobicity).
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that the potency of 59 pyrrolopyrazole inhibitors in the biochemical
cellular assay (phospho-GEF-H1 assay) was highly correlated (R*
= 0.90) with anchorage-independent growth (Fig. S3). PF-3758309
potently inhibits cellular proliferation (ICsop = 20 nM) and an-
chorage-independent growth (ICsy = 27 nM) of A549 cells, which
we show to be PAK4-dependent (S Appendix). RNAi-mediated
PAK4 protein knockdown induces A549 tumor cell apoptosis as
measured by caspase 3 activation. Transfection of A549 tumor cells
with 100 nM PAK4 siRNA resulted in 45% of A549 cells positive
for caspase 3 activation at 72 h, whereas A549 cells transfected with
control siRNAs showed less than 0.29% of cells with activated
caspase 3 staining (SI Appendix). Furthermore, PAK4 knockdown
in A549 cells also inhibits anchorage-independent growth and
affects pronounced morphological changes in cell morphology and
the actin cytoskeleton (SI Appendix). To evaluate the breadth of
antiproliferative activity, PF-3758309 was profiled for its growth-
inhibitory activity in a panel of 92 tumor cell lines derived from
colorectal, non-small-cell lung cancer, pancreatic, and breast
tumors, with 46% exhibiting ICs, values less than 10 nM (Table S1).
Of note, PF-3758309 is not antiproliferative in primary hepatocyte
cells (IG5 > 1,000 nM). PF-3758309 is potent toward a broad
array of tumor cell lines from different tumor types.

Breadth of PF-3758309 Biochemical Activity. Molecules targeting
large gene families must be well-characterized to allow for
meaningful interpretation of biological effects and clinical find-
ings. Achieving the appropriate level of kinase selectivity is es-
sential to identify the appropriate clinical patients, rationally select
therapeutic combinations, and identify efficacy biomarkers. The
molecular underpinnings of inhibitor interactions with PAK4 were
characterized by x-ray crystallography to design out off-target ac-
tivities. PF-3758309 binds to the PAK4 catalytic domain in the
ATP binding site and makes multiple contacts with the hinge
region through hydrogen-bond interactions with the pyrrolopyr-
azole core and the amine linker to the thienopyrimidine ring
(Fig. 1). The urea carbonyl oxygen makes a critical hydrogen bond
with a conserved water molecule, which also solvates neighboring
charged residues (Lys350, Asp458) through hydrogen-bond inter-
actions. The dimethylamine group forms a strong charge—charge
interaction with Asp458, which is essential for potency. Hydro-
phobic interactions between the thienopyrimidine of PF-3758309
and the PAK4 protein are also critical for potent activity including
(i) pyrimidine C2 methyl and Gly328/Val335 and (ii) thiophene
and Gly401. The gem-dimethyl group of the pyrrolopyrazole core
makes effective hydrophobic interactions with Met395 [the “gate
keeper of the deep pocket” (34)], Val379, Leud447, and Ala348. In
addition, the gem-dimethyl moiety of the pyrrolopyrazole core
augments selectivity through steric clashes in other kinases (e.g.,
AUR2 L194/PAK4 V447 and LCK T316/PAK4 M305). The
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phenyl ring makes a hydrophobic interaction with the glycine
loop, a critical interaction for selectivity over other kinases such as
Cdk2. The structure-based design of PF-3758309 facilitated the
optimization of potency and the enhancement of kinase selectivity.

To begin to understand the potential range of biological ac-
tivities, PF-3758309 was broadly profiled in enzymatic assays of
recombinant kinase domains. PF-3758309 was screened at a per-
missive ATP concentration (K,,) against 146 of the 518 known
human kinases to estimate off-target activities with a potential for
cellular activity (ICsp < 5,000 nM) assuming ATP-competitive
inhibition, published K, otp values, and a cellular ATP concen-
tration of 2 mM (SI Materials and Methods). The biochemical
screening hits estimated to have a potential for cellular activity
were identified: Src family (Src, Yes, Fyn), AMPK, RSK (1/2/3),
CHK2, FLT3, PKC (B, v, p, 6), PDK2, TRKa, AKT3, PRK1, and
FGR (Table S2). Many factors affect translatability of bio-
chemical potency to the appropriate physiological context which
could produce false positives. To better define the pathways
regulated by PF-3758309 in a cellular context, we used specific
cellular readouts, broad pathway analyses, and tumor proteo-
mic studies.

System-Wide High-Content Analysis of PF-3758309 Selectivity and
Mechanism of Action. Specific pathway activities of PF-3758309 in
cells, including the level and subcellular localization of specific
signaling complexes, were explored with a broad and diverse
panel of 113 protein-fragment complementation assays (PCA)
(35) and other high-content assays to measure pathway activities.
Use of this pathway analysis strategy for PF-3758309 charac-
terization enabled confirmation of on-target activities, explora-
tion of off-target biochemical screening hits, and the identifi-
cation of unexpected pathway connections to PAK4. A subset of
these high-content cellular assays was consistently modulated
by PAK4 inhibitors. The use of 65 chemically diverse PAK
inhibitors enabled the exclusion of cellular activities unique to
a particular chemical structure and likely to be off-target effects.
We were therefore able to define a PAK4 inhibitor-specific bi-
ological “fingerprint” or “signature” (Fig. 2) which was com-
pared with the signatures of well-characterized inhibitors of
kinases identified as PF-3758309 biochemical screening hits.
Related potent pyrrolopyrazole inhibitors designed to inhibit
PKC (36) (e.g., PF-04577806) did not inhibit PAK4 (PAK4, K; =
52 uM, pGEF-H1 cellular ICsy = 10 pM), nor did they modulate
any of the assays that constitute the PAK4 signature at 1 uM. As
PF-3758309 had biochemical activity toward Src-family kinases
in vitro, we compared PF-3758309 cellular signaling activity with
the well-characterized Src-family inhibitor Dasatinib (Fig. 2).
The starkly different profile of PF-3758309 is not consistent with
a common mechanism of action. As such, the Src- and PKC-
family activities detected in biochemical screens do not appear
to translate to cells.

To further enhance confidence in the signaling signature, we
evaluated the constituents for PAK4 connectivity. A number of the
assays in which PF-3758309 was active measure well-established “on-
target” compound activities (e.g., PAK4/cofilin; Fig. 2) (LIMK2/
cofilin). The ICs values for the on-target PCAs were similar to values
determined by biophysical and cellular methods (e.g., PAK4/cofilin,
ICsp = 10.4 + 4.0 nM), indicating that PAK-specific activity of PF-
3758309 is recapitulated in PCA methodology. In addition, the
PAK4 PCA activity of PF-3758309 and a related group of pyrrolo-
pyrazole inhibitors correlates remarkably well (R* = 0.92) with
functional cellular efficacy as measured by proliferation in tumori-
genic human cell lines, indicating that functional activity is likely to
be related to PAK-inhibitory activity. Other PF-3758309 cellular
findings (Fig. 2) may be linked to either poorly characterized or new
PAK4 functions. The observed PF-3758309 activities on NF-xB
signaling (Fig. 2; IC5p = 24.2 + 14.8 nM) and PARP cleavage (Fig. 2)
are consistent with PAK4 knockdown findings (25). Inhibition of
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Fig. 2. PF-3758309 has a unique profile of cellular activity. Cellular analysis
was performed using a panel of over 113 cell-based assays, composed of
both high-content and functional readouts, most performed at multiple
time points. The group of assays shown was consistently regulated by di-
verse PAK4 inhibitors. Displayed in red is the core assay profile for PF-
3758309 (1 pM); the Src-family kinase inhibitor Dasatinib (1 pM; green bars)
is included for comparison. Each bar represents percent of inhibition stim-
ulation relative to assay-specific controls from at least three independent
experiments, + SD (S/ Materials and Methods).

the ARF1/y-COP protein complex (Fig. 2; ICso = 7.9 4.7 nM) can
be correlated to PAK4 biology. PAK4 colocalizes with the -COP
subunit of the COPI Golgi complex which regulates actin cytoskel-
eton dynamics, a known PAK4 function (19, 21). In addition, the
PAK4 activator, cdc42, is recruited to COPI vesicles (37), and is
required for Arfl signaling (38). The observed inhibition of Mnk1/
p38a complexes (Fig. 2) may also be linked to PAK biology: Mnk was
previously shown to be phosphorylated by caspase-activated PAK2
and an unidentified cdc42-dependent kinase (39). PF-3758309 was
particularly active in p53-containing assays (p53/Pinl, ICsy = 5.7 +
1.7 nM; p53/Mdm2, IC5( = 5.6 + 3.6 nM), yet its connection to PAK
biology unknown. This is an important finding, because the tumor
suppressor pS3 cooperates with Ras to transform cells, acts asa DNA
damage checkpoint in the cell cycle, and is mutated in over 50% of
human tumors (40). The p53 PCA findings were substantiated by
profiling seven structurally distinct pyrrolopyrazole PAK4 inhibitors
in dose-response analyses. The correlation between 1Csq values in
the PAK4/cofilin and the Pin1/p53 assays was striking (R* = 0.98),
implicating these PCA findings as PAK-family-dependent. These
global cellular screening methods were valuable in generating hy-
potheses for unprecedented biology.

PAK Is Upstream of p53. The involvement of p53 and related path-
ways in endogenous PAK4 signaling was unexpected and has im-
portant implications for development of the chemotherapeutic
agent. We therefore confirmed and extended these results with
endogenous proteins in HCT116 cells. PF-3758309 did in fact cause
cell-cycle effects. Follow-up studies with fluorescence-activated
cell sorter analysis of 100 nM PF-3758309-treated HCT116 cells
(48 h) exhibited cell-cycle arrest and apoptosis (DMSO/PF-
3758309): sub-G1 (1.8/12.4), G1 (50.7/49.4), S (26.2/14.4), and G2
(19.8/23.1) (Fig. S4). Next, the effects of PF-3758309 and PAK4
on p53 signaling were explored. After 15 min of pretreatment with
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Fig. 3. Tumor growth inhibition of human xenograft tumor models:
HCT116 (CRC), M24™ (melanoma), Colo205 (CRC), A549 lung carcinoma,
GTL-16 (GIST), DLD1 (CRC), and MDA-MB231 (BC). All TGl measurements
were statistically significant except 20 mg/kg dosing of the c-Met-driven GTL-
16 model (45).

1 pM PF-3758309 or the p53 degradation inhibitor Nutlin-3, cells
were stimulated with the DNA damaging agent camptothecin. Phos-
phorylated and total protein levels were measured with Western
blots for PAK4 substrates (PAK4 autophosphorylation and GEF-
H1) aswell as p53 and a p53-regulated protein (p21**/“P") (Fig. S2).
PF-3758309 and a structurally related PAK4 inhibitor (PF-4644904)
significantly reduced camptothecin-induced Phospho-S474-PAK4,
phospho-S810-GEF-H1, p53, and p21™“P! Jevels (Fig. S2). As
expected (41), Nutlin-3 treatment resulted in the accumulation of
p53. However, Nutlin-3 treatment had no effect on pPAK4 and
pGEF-H1 levels. Previous reports also noted p53 and p21°P! in-
duction following exogenous expression of activated PAK4 (42). In
addition, PAK-family kinases and pS3 expression have been reported
to be coregulated (43, 44). Recently, a role for p53 in cytoskeletal
regulation has been suggested (40), but the hierarchy of events in the
signaling processes linking p5S3 and PAK4 is unclear. Nevertheless,
our results are consistent with PAK4, and by extension certain Rho
GTPases, as upstream regulators of p53, and also indicate that
pharmacologic modulation of p53 does not directly affect PAK4
expression or activity in these settings. Furthermore, based the tumor
cell line panel screens with PF-3758309, tumor sensitivity is not de-
pendent on p53 status (Table S1).

PF-3758309 Is a Potent Antitumor Agent in Human Xenograft Tumor
Models. To further investigate the biological effects of PF-3758309 in
more physiologically relevant systems, human xenograft tumor
models were used. The antitumor efficacy of PF-3758309 was eval-
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uated in a panel of human xenograft tumor models (Fig. 3). Twice
daily oral dosing of PF-3758309 (7.5-30 mg/kg BID) for 9-18 days
resulted in statistically significant tumor growth inhibition (TGI) in
five models including HCT116 and A549 models (Fig. 3; >70% TGI,
P <0.01). HCT116 cells are known to be PAK4-dependent (19), and
A549 tumor cells are now shown to be PAK4-dependent (S
Appendix). PF-3758309 was not active in DLD1 cells, which have
a loss-of-function mutation in one of the PAK4 alleles, nor in the
GTL16 model that has been shown to be cMet-driven (45). Time-
course studies of HCT116 tumor growth and PF-3758309-driven
TGI were conducted to develop a PK/PD model using Alzet osmotic
minipumps to deliver finely controlled drug exposures (SI Materials
and Methods). In the model, the plasma concentration time course of
PF-3758309 drives the effective inhibition of the tumor growth rate,
where the estimated ICs, was determined to be 0.40 nM (unbound).

We next explored mechanisms underlying the observed antitu-
mor efficacy. Phosphorylation levels of a bona fide PAK4 sub-
strate, GEF-H1 S810, were measured in HCT116 tumors
following 6 days of PF-3758309 s.c. dosing. At efficacious doses
(1.1-3.3 mg-kg "-day™", 0.14-1.3 nM unbound steady-state expo-
sures), a 54-59% reduction of phosphorylated GEF-H1 was
measured by an ELISA method. Fluorodeoxythymidine (FLT)
uptake has been used as a surrogate marker for tumor cell pro-
liferation (46, 47). PF-3758309 (15 mg/kg BID) was found to in-
hibit [*’H]JFLT uptake 32.5% in the HCT116 tumor xenografts by
day 6. With 25 mg/kg (QD) dosing, statistically significant FLT
uptake inhibition was observed on day 1 (33.8%), day 2 (35.3%),
and day 6 (43.1%). The proliferation marker Ki67, previously
shown to be inhibited in PAK4 knockout studies (22), was dem-
onstrated to be inhibited by PF-3758309 in a dose- and time-de-
pendent manner (Fig. 4). PF-3758309 treatment showed
asignificant increase in the apoptotic marker activated caspase 3 in
HCT116 tumors (Fig. 4), which was also observed in cellular
studies (Fig. 2). These results are consistent with the functional
responses reported for PAK4 knockdown and knockout studies
(19, 22-25) and indicates that both cytostatic and cytoreductive
mechanisms contribute to antitumor activity.

Phosphoproteomic Analysis Maps the Molecular Underpinnings of PF-
3758309 Activity in Tumors. Reverse-phase protein array technology
was used to monitor the amount and activation status of signaling
proteins extracted from treated and untreated tumors. Tumor
lysates from PF-3758309-treated HCT116 tumor-bearing mice
were screened against 98 antibodies (Table S3). A dose-response
analysis of PF-3758309 activity was performed at high exposure
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Fig. 4. PF-3758309 is antiproliferative and induces apoptosis in a HCT116 tumor model. PF-3758309 functional activity was measured by IHC in an HCT116
model with Ki67 expression and caspase 3 activation endpoints. (A) Ki67 and caspase 3 activation IHC analysis at 25 mg/kg PF-3758309. (B and C) Quantitation
of the IHC images. Tumor-bearing mice were p.o. administered with vehicle (solid bars) and 15 mg/kg (open bars) and 25 mg/kg (striped bars) PF-3758309

twice daily and tumors were harvested at the indicated times.
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levels via an Alzet minipump (15, 50, 75, 150 mgkg~"-day™") to
observe all possible effects after 18 h of exposure (Table S3). Of
the 98 antibodies evaluated, 11 antibodies yielded a statistically
significant dose-response: BAD (pS136), BAD (pS112), AKT1
(pS473), Src (pY527), Src (pY416), GSK3p (pS21), MEKI1
(pS221), Myc (total), Elk (pS383), PKCa (pS569), and STAT6
(pY641). Tumor proteomic studies have revealed that PF-3758309
modulates pathways and signaling nodes expected for a PAK4 in-
hibitor in a dose-dependent manner: Raf (MEK, Elk1, cMyc) and
Akt (Akt, BAD, PKA) (10, 12, 14). For example, BAD was shown
to be phosphorylated on S112 and S136 by PAK4 (24, 26). These
modulated pathways define a subset of possible signaling events
that underlie the observed apoptotic and antiproliferative activities
of PF-3758309.

Discussion

Based on genetically derived validation studies (current and
published studies), PAK4 represents an intriguing therapeutic
target with functional roles in apoptosis, cytoskeletal remodel-
ing, and the cell cycle. We undertook a large-scale, systematic
drug discovery and preclinical development campaign to identify
and optimize potent and selective small-molecule inhibitors
of PAK4.

We report the identification and characterization of PF-
3758309, a potent, reversible ATP-competitive inhibitor of
PAK4 with the expected cellular functions of a PAK4 inhibitor:
inhibition of anchorage-independent growth, induction of apo-
ptosis, cytoskeletal remodeling, and inhibition of proliferation. A
unique and unusually broad panel of in vitro, cell-based, and in
vivo profiling assays was used to define selectivity, mechanisms,
and efficacy of this molecule and, by extension, the pathways
regulated by PAK4. PF-3758309 was found to regulate expected
targets and functions in vitro and in vivo, including key signaling
nodes at the nexus of cytoskeletal, cell-cycle, and apoptotic sig-
naling processes. These activities are likely responsible for the
potent activity of PF-3758309 in blocking the growth of tumors.
Activities beyond those previously reported are equally in-
triguing. In particular, the further definition and mapping of the
link between PAK4 and p53 signaling may have important
implications for the use of PAK inhibitors in the treatment of
human disease.

The described studies demonstrate the utility of integrating
traditional approaches with emerging technologies—including
crystallography, high-content global signaling analyses, tumor
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proteomics, and systems/chemical biology—in the characteriza-
tion of a novel experimental agent before clinical trials. This in-
tegrated approach captures a wider array of target and compound
biology which enables more informed decision making. The
strategy described here may represent a generally applicable
strategy for optimizing preclinical development to drive better-
informed clinical strategies. We expect that PF-3758309 will
contribute to future mechanistic studies, and may have promise as
a therapeutic agent for human cancers.

Materials and Methods

Reagents and procedures used in this report are described in detail in S/
Materials and Methods.

Phospho-GEF-H1 Cellular Assay. TR-293-KDG cells were constructed from
HEK293 cells stably transfected with tetracycline-inducible PAK4-kinase do-
main (amino acids 291-591) and constitutively expressed HA-tagged
GEFH1ADH (amino acids 210-921). TR-293-KDG cells were incubated for 3 h
with PF-3758309, captured on an anti-HA antibody-coated plate (Invi-
trogen), detected with an anti-phospho-5810-GEF-H1 antibody, and quan-
tified with a horseradish peroxidase-goat anti-rabbit antibody conjugate
(Invitrogen).

Colony Formation Cellular Assay. Ninety-six-well plates contained a lower layer
(50 pL 1% wt/wt agarose) and an upper layer (50 pL 0.7% wt/wt agarose and
4,000 cells). PF-3758309 (100 pL in DMEM) was added and incubated for 6 days.
Alamar blue (10 uL) fluorescence (540 nm) was quantified.

High-Content and Functional Analysis of Cellular Signaling Pathways. PCA
methods have been previously described (ref. 35 and references therein). For
NF-kB pathway analysis, HEK293T cells were transfected with the pNF-kB-TA-
Luc luciferase plasmid (Clontech/Takara Bio), grown for 48 h, stimulated with
20 ng/mL TNFa (7 h), and quantified using the Steady-Glo Luciferase Assay
System (Promega). Cleaved PARP (U20S cells) was detected with an antibody
raised against Asp214 of cleaved PARP (Cell Signaling Technology).

In Vivo Function: Tumor Growth Inhibition, Histopathology, and [*H]FLT Uptake.
Xenograft tumors in nude mice were quantitated with calipers or harvested
and fixed. Anti-caspase 3 (Cell Signaling) and anti-Ki67 (Lab Vision) -stained
slides were analyzed using the Chromovision automated cell-imaging system:
Ki67-positive cells: 0 < 40%, 1 = 40-50%, 2 = 50-60%, 3 = 60-70%, 4 > 70%,
and caspase 3-positive cells: 0= <2%, 1=2-3%,2=4-5%,3=6-7%, 4> 7%.
[BHIFLT uptake was performed similarly except that BHIFLT was adminis-
trated 2 h before tumor harvest.
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