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Abstract Pancreatic cancer is one of the most aggressive cancers with poor prognosis and a low 5-year

survival rate. The family of P21-activated kinases (PAKs) appears to modulate many signaling pathways

that contribute to pancreatic carcinogenesis. In this work, we demonstrated that PAK1 is a critical regu-

lator in pancreatic cancer cell growth. PAK1-targeted inhibition is therefore a new potential therapeutic

strategy for pancreatic cancer. Our small molecule screening identified a relatively specific PAK1-

targeted inhibitor, CP734. Pharmacological and biochemical studies indicated that CP734 targets residue

V342 of PAK1 to inhibit its ATPase activity. Further in vitro and in vivo studies elucidated that CP734

suppresses pancreatic tumor growth through depleting PAK1 kinase activity and its downstream signaling

pathways. Little toxicity of CP734 was observed in murine models. Combined with gemcitabine or 5-

fluorouracil, CP734 also showed synergistic effects on the anti-proliferation of pancreatic cancer cells.

All these favorable results indicated that CP734 is a new potential therapeutic candidate for pancreatic

cancer.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction tumors. CP734 also showed synergistic effects in combination with
Pancreatic cancer is the fourth leading cause of cancer-related
deaths worldwide1. Although some advances were made recently
in chemotherapeutics, the lack of early diagnosis and the limited
number of effective therapeutic agents lead to a dismal 5-year
survival rate of lower than 5%2,3. Thus, it is of great importance
to seek new therapeutic agents for pancreatic cancer.

The P21-activated kinases (PAKs) belong to the non-receptor
serine/threonine protein kinase family, and serve as important
effector proteins for Rho GTPases, such as CDC42 and RAC14.
PAKs are positioned at the intersection of several signaling
pathways that mediate many different cellular processes,
contributing to cancer development and progression5. The PAK
family includes six isoforms that can be classified into two groups:
group I (PAKs 1e3) and group II (PAKs 4e6)6. Of them, PAK1
and PAK4 are often up-regulated and/or hyper-activated in
numerous malignant cell lines and various tumors7e10. Previous
studies showed that PAK1 plays an essential role in the prolifer-
ation of KRAS-driven colorectal carcinoma cells and also drives
the transformation of KRAS-driven skin cancer11e13. Addition-
ally, targeting PAK1 was shown to induce apoptosis in breast
cancer cells and squamous NSCLCs cells14. Recent reports
demonstrated that overexpression of PAK1 promotes the trans-
forming activities of pancreatic cancer cells, while downregulation
of PAK1 results in the lack of tumor formation in athymic mice15.
Group I PAK inhibitor, FRAX597, improves the survival time in
pancreatic cancer mouse model through suppressing pancreatic
stellate cell activation16. Combination of PAK1 inhibitors with
gemcitabine (Gem) delivers a synergistic inhibitory effect on
pancreatic tumor growth17. Besides, elevated PAK1 activity con-
fers Gem resistance in pancreatic cancer via modulation of mul-
tiple signaling crosstalks18. All these studies suggested that PAK1
could be a novel target for pancreatic cancer therapy.

To date, most of the reported PAKs inhibitors target pan-PAKs,
which can be categorized into ATP-competitive inhibitors and
allosteric inhibitors19e25. The poor druggability and selectivity
limit their further development in preclinical/clinical trials. Herein,
we identified a small molecule compound, CP734, as an ATP-
competitive PAK1 inhibitor via structure-based virtual screening.
Subsequently, we showed that CP734 blocked PAK1 activation not
only in vitro but also in vivo, prohibiting the growth of pancreatic
Gem or 5-fluorouracil (5-FU) on the anti-proliferation of pancreatic
cancer cells. These data supported the proposition that targeting
PAK1 is a promising therapeutic strategy for pancreatic cancer and
that CP734 has the potential application in managing tumorigenesis
and progression of pancreatic cancer.

2. Materials and methods

2.1. Reagents

CP734 was purchased from Target Molecule Corp. (Boston, MA,
USA); FRAX597 and G-5555 were from MedChemExpress
(Shanghai, China); Z0-LYTETM biochemical assay kit from Invi-
trogen (Carlsbad, CA, USA); human recombinant protein kinase
PAK1 from BPS Bioscience Inc. (San Diego, CA, United States);
Primary antibodies against p-PAK1 (Lot. #2601), PAK1 (Lot.
#2602), p-c-RAF (Lot. #9427), c-RAF (Lot. #9422), p-AKT: (Lot.
#4060), AKT (Lot. #9272), cyclin D1 (Lot. #2922), c-MYC (Lot.
#9402), p-P53 (Lot. #2521), P53 (Lot. #9282), P21 (Lot. #2946),
PUMA (Lot. #4976), cyclin B1 (Lot. #4138), and b-actin (Lot.
#3700) were purchased from Cell Signaling Technology (Danvers,
MA, USA). The secondary antibodies were also from Cell
Signaling Technology. All reagents for cell culture were purchased
from Gibco (Thermofisher, Rockville, MA, USA).

2.2. Cell lines

The human pancreatic cancer cell lines (BxPC-3, PANC-1,
CFPAC-1, and HPAF-II) were purchased from the Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China). The cell lines were authenticated by short-tandem repeat
(STR) analysis. BxPC-3 was cultured in RPMI1640, PANC-1 in
DMEM, CFPAC-1 in IMEM, and HPAF-II in MEM media sup-
plemented with 10% FBS and 100 U penicillin/streptomycin.

2.3. Data mining

The mRNA level of PAK1 for pancreatic cancer was analyzed
from the Gene Expression Profiling Interactive Analysis (GEPIA)
online database (http://gepia.cancer-pku.cn/), a web-based server

http://creativecommons.org/licenses/by-nc-nd/4.0/
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providing customizable functionalities based on The Cancer
Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx)
data26. Box plots with jitter was used for comparing the expression
of PAK1 mRNA level in pancreatic cancer patients and the
matched normal data.

2.4. Computational analysis of TCGA data

A TCGA dataset corresponding to 179 pancreatic cancer patients
were obtained from the TCGA database. Patients were clustered
into three groups according to PAK1 mRNA expression levels,
namely high, medium and low PAK1 mRNA expression groups.
KaplaneMeier curves were plotted using the R software survival
package, whereas the log-rank test and P value were calculated to
determine significance.

2.5. Structure-based virtual screening of PAK1 inhibitors

Virtual screening of PAK1 inhibitors was performed using Glide
in Schrodinger 2015-3 program package. The crystal structure of
PAK1 (PDB ID: 4EQC) in complex with an ATP-competitive
inhibitor was retrieved from the protein data bank. Hydrogen
atoms were added by Maestro at pH 7.0. A restrained minimiza-
tion was then performed with OPLS3 force field. The pocket for
docking was defined around the original ligand at the active site
for grid generation. The compound library of ChemDiv with more
than 1.26 million diverse chemical structures was prepared in
LigPrep panel using OPLS3 at pH 7.0 � 2.0. Epik was adopted to
generate ionization states. Three stages of virtual screening cal-
culations (HTVS, SP and XP) were carried out, with increasing
accuracy and computational cost. The retained ligands were
analyzed and some of them were selected for experimental
investigation.

2.6. Determination of enzymatic activity inhibition

The IC50 value of CP734 towards PAK1 activity was determined
using the Z0-LYTE™ kinase assay kit Ser/Thr 19 peptide (Ther-
mofisher). Briefly, PAK1 protein was premixed with 2 mmol/L of
Z0-LYTE™ peptide substrate before adding the compound, after
which they were thoroughly mixed and incubated at room tem-
perature for 10 min. ATP was then added to initiate the reaction
with a total volume of 10 mL. The kinase reaction was proceed for
1 h. Afterwards, the coumarin and fluorescein emission signals
were measured by the Varioskan Flash (Thermofisher) microplate
reader. The final kinase activity was calculated according to the kit
manual.

2.7. Assessment of cell growth

Tumor cells were seeded in 96-well plates (5000 cells/well) the
day before assays. A series of concentrations (between 0 and
40 mmol/L) of CP734 were added to the cells and incubated for
24 h. Cell growth was assessed by MTT assay in triplicate.

2.8. Colony formation assay

BxPC-3 or PANC-1 cells were pre-treated with dimethylsulfoxide
(DMSO) or CP734 (10 or 20 mmol/L) for 24 h. Then, the cells
were seeded in 6-well plates with a density of 1000 cells/well.
Two weeks later, colonies were stained with 1% crystal violet and
the colonies containing more than 50 cells were quantified.
2.9. Determination of intracellular enzyme activity

The intracellular PAK1 activity was determined by immunopre-
cipitation (IP) combined with Z0-LYTE™ kinase assay. BxPC-3
cells were incubated with indicated concentrations of CP734 for
6 h, then collected and lysed with cell lysis buffer. The lysate was
pretreated with protein A/G agarose beads for 2 h, and 5 mg of
anti-PAK1 antibody was added to immunoprecipitate PAK1.
Finally, PAK1 protein was eluted with elution buffer (0.2 mmol/L
glycine, pH 3.0), and used for kinase assay. The IP efficiency was
confirmed by Western blot.

2.10. Cell cycle distribution

After treated with CP734 for 24 h, BxPC-3 or PANC-1 cells were
collected and fixed in 75% ethanol overnight. Then, they were
stained with 500 mL PI/RNase staining buffer. DNA content was
analyzed using GuavaSoft 2.5 (Millipore, Billerica, CA, USA).

2.11. Western blot analysis

This assay was conducted as previously reported27. To extract
proteins, pancreatic cancer cells treated with CP734 were lysed by
RIPA (protease and phosphatase inhibitors added). Proteins with
equal amounts were loaded on SDS-PAGE gel and separated by
electrophoresis. Then the on-gel proteins were transferred to a
PVDF membrane. The membranes were incubated with 5% non-
fat milk for 1 h to block non-specific binding. Primary antibodies
were added to probe at 4 �C overnight, followed by the addition of
IRDye-conjugated secondary antibodies. Afterwards, images of
the membranes were obtained by an Odyssey infrared fluorescent
scanner (LI-COR Biosciences, Lincoln, NE, USA).

2.12. Cellular thermal shift assay

The cellular thermal shift assay was performed as previously re-
ported28. HEK293 cells were first transfected with the Flag-tagged
PAK1 expression plasmid. Twenty-four hours later, the transfected
cells were incubated with DMSO or CP734 for 4 h. The cells were
carefully collected and followed by heat treatment. A gradient of
heat from 40 to 58 �C was implemented in Verti™ 96-well ther-
mal cycler (Thermofisher). The remaining soluble PAK1 protein
was detected by Western blot and the expression of each band was
analyzed by ImageJ software(NIH, Bethesda, MD, USA). Then,
data were normalized by setting the highest and lowest values in
each set to 100% and 1%, respectively. Finally, the apparent Tagg
values were obtained by fitting data to the Boltzmann Sigmoid
equation with GraphPad Prism (La Jolla, CA, USA).

2.13. Animal models

All animal experiments were carried out following protocols
approved by the Animal Care and Use Committee of Jiangsu
Province, Academy of Traditional Chinese Medicine (Nanjing,
China). Nude BALB/c mice (weight 13 � 2 g) were raised in a
pathogen-free and temperature-controlled environment. Subcu-
taneous injection of BxPC-3 cells (5 � 106) into the flank was then
conducted to establish pancreatic carcinoma xenograft models.
After identification of a palpable tumor (minimal volume of
100e150 mm3), mice were randomly divided into 3 groups
(7 mice each). Vehicle and CP734 (10 mg/kg) groups were
administered via intraperitoneal injection every day for 18 days.
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The mice of Gem (40 mg/kg) group were intraperitoneally injected
twice a week. The dose of Gem was referred to the literature17.
Body weights and tumor sizes for all mice were measured every 3
days. Calculations of tumor volumes were performed by Eq. (1):

V Za2 � b� 0:5 ð1Þ
where V represents the tumor volume, a stands for the minimum
diameter of tumors, and b is the length of tumors perpendicular to
a. After sacrificing all animals, the tumors were excised, weighed,
snap-frozen in liquid nitrogen, and stored at �80 �C or fixed in 4%
paraformaldehyde for further analyses.

Organ toxicity of CP734 was also evaluated. In brief, the
aforementioned nude mice were treated with CP734 (10 mg/kg,
once daily), Gem (40 mg/kg, twice a week), or vehicle control for
18 days (n Z 7, per group). Afterwards, all animals were anes-
thetized by inhalation of isoflurane (3%). Blood samples were
then collected from the retro-orbital plexus, and the main organs
were excised, weighed, and fixed in 4% paraformaldehyde for
further analysis. Complete blood counts were performed by Auto
Hematology Analyzer BC-5380 (Mindray, Shenzhen, China),
while plasma biochemical indices were analyzed by Cobas C311
(Roche Diagnostics, Basel, Switzerland).

2.14. Immunohistochemistry and TUNEL assay

Tumors or mouse tissues were fixed in 4% paraformaldehyde
overnight, after which they were dehydrated and embedded in
paraffin. Anti-Ki67 and anti-phospho-PAK1/PAK1 (CST) primary
antibodies were employed for immunohistochemical assay. The
One Step TUNEL Apoptosis Assay Kit (Beyotime, Shanghai,
China) was used to assess the apoptosis in the tumor samples. The
percentage of positive cells was determined by scanning the slides
with an Aperio CS Scanscope scanner (Aperio, Vista, CA, USA)
and quantified by Aperio’s image viewer software (ImageScope,
version 11.1.2.760, Aperio).

2.15. Drug combination studies

BxPC-3 cells were passaged at a density of 5000 cells/well in 96-
well plates. Next day, cells were treated with the single or
Figure 1 PAK1 mRNA expression in patients with pancreatic cancer. P

and normal tissues (n Z 171). Data are represented as mean � SD, *P <

level as an independent predictor of poor survival of pancreatic cancer. T
combining agents with fixed ratio simultaneously. After 48 h, cell
viability was measure by MTT assay. Data were analyzed by
CalcuSyn software (Biosoft, Cambridge, UK), using the Chou-
Talalay method.

2.16. Statistical analysis

The difference between pairs of treatments was analyzed by un-
paired Student t test using GraphPad Prism. Multiple treatment
groups were compared with the vehicle control group via ANOVA
assay. The intensity of the immune-reactive bands in Western blots
was quantitated by ImageJ software. P < 0.05 was considered as
statistically significant.

3. Results

3.1. PAK1 overexpression is associated with poor outcomes in
patients with pancreatic cancer

To confirm the relationship between PAK1 and human pancreatic
cancers, we analyzed PAK1 mRNA level in both tumor and
normal tissues using the online server GEPIA, which is based on
the database of TCGA. Compared with the normal tissue group,
the PAK1 mRNA level is significantly up-regulated in human
pancreatic cancer (*P < 0.05) (Fig. 1A). We next examined the
correlation between the clinical prognoses of pancreatic cancer
patients and the mRNA expression level of PAK1. Analysis of the
TCGA dataset revealed a significant negative correlation between
patients’ overall survival and PAK1 mRNA expression level
(P Z 0.015), highlighting the prognostic significance of PAK1
(Fig. 1B). These results suggested that PAK1 is dysregulated in
pancreatic cancer and tightly related to its prognosis.

3.2. PAK1 is a critical regulator in pancreatic cancer cell
growth

To gain further insights into the role of PAK1 in the tumorigenic
properties of pancreatic tumor cells, PAK1 was knocked down in
BxPC3 and PANC-1 cells. The depletion efficiency of PAK1 was
assessed by qPCR and Western blot (Fig. 2A and B). Compared
AK1 mRNA level (A) in human pancreatic cancer samples (n Z 179)

0.05. (B) KaplaneMeier analysis confirmed PAK1 mRNA expression

he above data were analyzed based on TCGA database.
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with the nontarget shControl cells, the shPAK1-expressing cells
showed an over 90% decrease in the PAK1 level. In order to
disclose the possible link between PAK1 and the transforming
activity of pancreatic cancer cells, we performed proliferation
assays with the PAK1 knockdown models of BxPC3 and PANC-1
cells, respectively. It was observed that depleted expression of
PAK1 exhibited decreased proliferation compared with the
shControl in BxPC-3 cells (Fig. 2C). Data from shControl and
shPAK1 expressed PANC-1 cells showed similar correlation.
These results indicated that PAK1 is a critical regulator of cell
growth in pancreatic cancer.

3.3. Identification of CP734 as a potent inhibitor of PAK1

A structure-based virtual screening approach was adopted to
discover PAK1 inhibitors. After three screening stages (HTVS,
SP and XP), several candidate compounds from ChemDiv library
were selected for enzyme inhibitory assay. Among them, CP734
was identified as a potent inhibitor of PAK1. The structure of
CP734 was described according to the following nomenclature:
N-[3-(benzyl-methylamino)propyl]-8-methyl-4-oxo-5H-thieno
[4,5-c]quinoline-2-carboxamide (Fig. 3A). It inhibited PAK1
kinase activity in a dose-dependent manner, showing an IC50
Figure 2 Depletion of PAK1 decreased the proliferation of pancreatic ce

by (A) Q-PCR and (B) Western blot. (C) PAK1 silencing retarded the

transfected cells were subjected to MTT assay for 3 days after transfection

with shControl cells.
value of 15.27 mmol/L in vitro (Fig. 3B). Yet it showed no sig-
nificant inhibitory effect on PAK2, PAK3 or PAK6, as well as
very weak inhibitory effects on PAK4 and PAK7 (also known as
PAK5) with inhibition rates of 22% and 15% respectively at
100 mmol/L (Supporting Information Fig. S1). Further investi-
gation demonstrated that CP734 stimulation obviously sup-
pressed the intracellular PAK1 activity at 20 mmol/L in BxPC-
3 cells (Fig. 3C and Supporting Information Fig. S2). As hyper-
activation of PAK1 was closely linked to cell growth, we
measured CP734’s cytotoxic effect on pancreatic cancer cells.
The results suggested that CP734 did retarded cell growth in both
time and dose-dependent manners (Fig. 3D).

To further confirm CP734 as a PAK1-targeted inhibitor, we
examined whether it binds with PAK1 protein directly by cellular
thermal shift assay. CP734 showed a strong interaction with
PAK1, illustrated by a shift of 2.85 �C in the apparent aggregation
temperature (Tagg) of cellular PAK1 (Fig. 3E). As CP734 was
initially identified with the ATP-binding pocket defined as the
active site, we hypothesized that CP734 is an ATP-competitive
inhibitor of PAK1. To unveil the structure basis for CP734 af-
finity towards PAK1, molecular docking was performed (Fig. 3F
and G). The 4-oxo-5H-thieno[4,5-c]quinolone moiety of CP734
was docked in a similar position to the adenine base of ATP,
lls. Knockdown of PAK1 in BxPC-3 and PANC-1 cells was confirmed

proliferation of BxPC-3 and PANC-1 cells. shControl and shPAK1

. Data are represented as mean � SD, n Z 3. ***P < 0.001 compared
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probably dictating the orientation of the entire compound. The
ring system is engaged in three hydrogen bonding interactions
with the backbone of Glu345 and Leu347 at the hinge region.
Meanwhile, the amide and ammonium groups form hydrogen
bonds with Arg299 and Glu315 respectively at the N-lobe. CP734
is also involved in hydrophobic interactions with the hydrophobic
Figure 3 Identification of CP734 as a potent PAK1-targeted inhibitor.

throughput virtual screening mode; SP: standard-precision mode; XP: ex

PAK1 in kinase reaction. (C) Inhibitory capacity of CP734 against intracell

BxPC-3 and PANC-1 cells. (E) The cellular thermal curve shift of PAK1

CP734 bound in the ATP-binding site. The N-terminal lobe is shown in ligh

is shown in pink. (G) View of the PAK1 active site in complex with CP

V342F-PAK1 (M1) and V342K-PAK1 (M2) decreased the in vitro inhib

Immunoprecipitation of the FLAG-tagged WT, M1 and M2 in HEK293 ce

M2 attenuated the cell-growth inhibition activity of CP734 compared wi

detected by Western blot. All the data are represented as mean � SD, n Z
pocket formed by Ile-276, Val-284, Val342 from the N-lobe,
Tyr346, Leu347 from the hinge region and Leu396, Thr406 from
the C-lobe.

To verify CP734 interacting with the ATP-binding pocket, a
key amino acid Val342 in the pocket was mutated to Phe (V342F)
or Lys (V342K). Mutant PAK1s maintained almost an equal
(A) Schematic representation of hit discovery strategy. HTVS: high-

tra-precision mode. (B) In vitro inhibition profiles for CP734 against

ular PAK1 activity in BxPC-3 cells. (D) Cytotoxicity of CP734 towards

treated with CP734 (20 mmol/L). (F) Overall structure of PAK1 with

t gray, the hinge region is shown in light green, and the C-terminal lobe

734. Residues that form the binding pocket are labeled. (H) Mutants

ition effect of CP734 compared with that of wide-type PAK1 (WT).

lls, and blotted with anti-FLAG and anti-PAK1 antibodies. (I) M1 and

th that of WT. Overexpressed WT, M1 and M2 in BxPC-3 cells was

3. **P < 0.01, significantly different.
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kinase activity to wide-type PAK1 (Supporting Information
Fig. S3). However, both the V342F and the V342K mutants were
less sensitive to CP734 inhibition (Fig. 3H). Similarly, over-
expression of V342F-PAK1 (M1) and V342K-PAK1 (M2) in
BxPC-3 cells significantly abolished the cell-growth inhibitory
activity of CP734 in comparison with that of wide-type PAK1
(Fig. 3I).

3.4. CP734 depleted downstream pathways of PAK1 in
pancreatic cancer cells

PAK1 plays a vital role in the carcinogenensis of pancreatic cancer
through regulating many important signaling pathways, such as
RAS/ERK, PI3K/AKT, and WNT/b-catenin pathways29e32.
Therefore, CP734’s effect on PAK1 and subsequent consequences
were examined. As shown in Fig. 4A, the phosphorylation (T423)
of PAK1 was evidently reduced by CP734 stimulation in a dose-
dependent manner, followed by downregulation of phospho-c-
RAF. Meanwhile, the inactivation of PAK1 decreased AKT
phosphorylation and the expression of cyclin D1 and c-MYC (b-
catenin pathway downstream proteins).

The hyper-phosphorylation of PAK1 regulates DNA damage
signaling pathway and modulates cell cycle in cancer cells33e35.
Here, CP734-inhibited PAK1 activity resulted in the activation of
P53, upregulation of PUMA and P21, and reduction of cell cycle
protein cyclin B1 (Fig. 4B), which contributed to the dysregula-
tion of cell cycle. All these data suggested that CP734 stimulation
Figure 4 CP734 depleted the downstream signaling pathways of PAK1

and its downstream signaling pathways. BxPC-3 and PANC-1 cells were i

proteins were examined by Western blot analysis. (B) CP734 influenced the

and PANC-1 cells were incubated with CP734 for 24 h. The expression lev

Data are representative of two independent experiments.
inhibited PAK1 phosphorylation and subsequently regulated the
downstream signaling pathways in pancreatic cells, ultimately
impeding pancreatic cell growth.

3.5. CP734 inhibited the growth of pancreatic cancer cells

Four human pancreatic cancer cell lines, i.e., BxPC-3, PANC-1,
CFPAC-1 and HPAF-II, were used to assess the anti-tumor potential
of CP734. Firstly, PAK1 expression and activation was examined in
these cells byWestern blot assay. The results showed that PAK1was
expressed in all tested cells and especially hyper-activated in BxPC-
3 and PANC-1 cells (Supporting Information Fig. S4), both of
which have higher phosphorylation level at the central phosphor-
ylation site T423 of PAK136. Next, the effect of CP734 on cell
growth was assessed with two reported PAK1 inhibitors FRAX597
and G-5555 as controls. The results demonstrated that all the
compounds suppressed the growth of the tested pancreatic cells
dose-dependently (Fig. 5A). CP734 blocked the proliferation of
BxPC-3, PANC-1, CFPAC-1 andHPAF-II cells with the IC50 values
of 10.10, 16.84, 16.83 and 22.37 mmol/L, respectively. It exhibited a
slightly stronger effect than G-5555 and weaker effect than
FRAX597 on cell growth inhibition (Supporting Information Table
S1). Subsequently, the cytotoxicity of these compounds towards
normal cells was assessed by MTT assay. Unfortunately, all the
compounds have cytotoxicity towards normal human pancreas duct
cell hTERT-HPNE and normal human lung bronchus epithelial cell
Beas-2B (Supporting Information Fig. S5).
in pancreatic cancer cells. (A) CP734 inhibited PAK1 phosphorylation

ncubated with CP734 for 24 h. The expression levels of the indicated

expression of cell cycle related proteins modulated by PAK1. BxPC-3

els of the indicated proteins were examined by Western blot analysis.
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Futher results showed that CP734 caused G2/M cycle arrest in
both BxPC-3 and PANC-1 cells in a dose-dependent manner
(Fig. 5B). The colony formation activity was drastically reduced
in CP734 treated cancer cells (Fig. 5C). Additionally, CP734
suppressed cell migration and caused apoptosis in pancreatic
cancer cells (Supporting Information Figs. S6 and S7).

3.6. CP734 suppressed pancreatic cancer growth in murine
model

To evaluate the in vivo antitumor efficacy of CP734, BxPC-3 cells
were inoculated subcutaneously to establish xenograft models.
Treatment withCP734 for 18 days had little effect on the bodyweight
of the xenograft model mice, while the Gem treated group showed
Figure 5 CP734 suppressed the growth of pancreatic cancer cells. (A) A

human pancreatic cancer cells. (B) The percentage of cell cycle distribution

CP734. (C) Representative plates of colony formation assay on: the respon

statistical analysis is not explained. BxPC-3 and PANC-1 cells treated

means � SD of triplicate experiments.
notable decline in the body weight (Fig. 6A). CP734 treatment led to
considerable inhibition of tumor growth in BxPC-3 xenograft and
lowered the tumor/body weight ratio compared with the control
group (Fig. 6B). In situ TUNEL assays revealed an obvious increase
in TUNEL-positive cells in CP734-treated xenografts (Fig. 6C).
Moreover, the proportion of Ki67-positive nuclei was reduced to 38
� 5% in CP734 group from 57� 15% in the control group (Fig. 6D),
indicating that the anti-proliferative and apoptosis-inducing effects of
CP734 in vivo were distinctive. Importantly, CP734 significantly
suppressed the phosphorylation of PAK1 (control group: 42� 10%,
CP734 group: 28 � 7%, P < 0.01) in pancreatic tumors (Fig. 6D),
corroborating our in vitro observations. Taken together, these results
demonstrated that CP734 exhibited potent antitumor activity in
pancreatic cancer mouse model.
nti-proliferation assay of CP734, FRAX597 and G-5555 for different

for BxPC-3 and PANC-1 cells treated with indicated concentrations of

se inhibition rate curve does not need to compare the P value, and the

with different concentrations of CP734. The values represent the
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3.7. CP734 showed no obvious toxicity toward main organs
in vivo

To assess the safety of CP734 in vivo, we determined its toxicity
towards bone marrow, heart, liver, spleen and kidney in mice. All
the blood cell indices were maintained within the normal ranges
following CP734 treatment (Fig. 7A). Blood biochemical pa-
rameters (ALT, AST, ALP, BUN and creatinine) showed no sig-
nificant changes after CP734 stimulation (Fig. 7B). The viscera
weight indices suggested that CP734 had no significant toxicity
toward main organs and Gem showed weak toxicity to the heart
and liver (Fig. 7C). Finally, histopathologic evaluation of the main
organs did not reveal any significant changes after CP734 stimu-
lation (Fig. 7D). These data suggested that CP734 is safe at the
treatment dose in vivo.
Figure 6 CP734 inhibited tumor growth in mouse xenograft model. (A

CP734 or the vehicle control for 18 days. Body weight (A), tumor volume

animals were monitored. Data are means � SD relative to control group. **

xenograft model shown by in situ TUNEL assay. (D) Immunohistochem

xenograft tumor samples. Representative images are shown. Scale bar Z
3.8. Synergistic inhibitory effects of CP734 combined with
chemotherapeutic drugs on the proliferation of pancreatic cancer
cells

To extend the application of PAK1 inhibitors, we searched for
combination drugs with CP734 against pancreatic cancer cells.
Oxaliplatin (OHP), Gem, paclitaxel (PAX) and 5-FU are widely
used chemotherapeutic drugs in cancer therapy. We measured the
combined effect of CP734 with each of these drugs, respectively.
As shown in Fig. 8, CP734 had strong synergistic effects with
Gem (CI Z 0.360) or 5-FU (CI Z 0.420) and weak synergistic
effect with OHP (CI Z 0.810) against BxPC-3 pancreatic cancer
cells. Yet it showed no synergistic effect with PAX (CI > 1).
Therefore, the combination of CP734 with Gem or 5-FU imply a
new strategy for pancreatic cancer therapy in the future.
) and (B) Mice implanted with BxPC-3 cells were administrated with

and tumor/body weight ratio (B) of CP734-treated or control-treated

P < 0.01, *P < 0.05. (C) CP734 induced significant apoptosis in tumor

ical analysis of Ki67, phospho-PAK1 and PAK1 were evaluated in

100 mm.



Figure 7 CP734 shows little toxicity to main organs. Nude BALB/c mice (13 � 2 g) were treated with CP734, Gem or vehicle control for 18

days (7 mice/group). All the animals were sacrificed after collecting blood samples from the retroorbital plexus. (A) Complete blood counts were

done using AutoHematology Analyzer C-5380 (Mindray). Normal reference ranges for the tested parameters: WBC (2.6e12 � 103/mL),

lymphocyte (1.3e9 � 103/mL), hemoglobin (10.1e16.1 g/dL), platelets (5.92e29.72 � 105/mL), and red blood cells (6.5e10.1 � 106/mL). (B)

Results of plasma biochemical tests for ALT, AST, ALP, BUN, and creatinine in the control or drug-treated mice. (C) Viscera weight of all groups

after mice sacrifice. The values represent the means � SD of triplicate experiments. (D) H&E staining assay of main tissues after fixation.
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4. Discussion

Due to the poor prognosis, better biomarkers and potential drug-
gable targets is in urgent need for pancreatic cancer. PAK1 is a
group I PAK kinase which has been shown to be widely overex-
pressed and/or hyper-activated in a variety of human cancer tis-
sues37. PAK1 regulates multiple complex signaling transduction
networks that contribute to various cellular processes, e.g., cyto-
skeleton modeling, cell motility, survival and proliferation, and
cell cycle progression38. To investigate the exact function of PAK1
in pancreatic cancer, we first sought the correlation between the
expression levels of PAK1 and the clinical prognoses in pancreatic
patients. The statistical analysis suggested that increased expres-
sion of PAK1 correlates to the poor outcome of patients with
pancreatic cancer (Fig. 1B). Then we knocked down PAK1
expression in BxPC-3 and PANC-1 cells by shRNA and found that
depletion of PAK1 decreased the proliferation of pancreatic cancer
cells. Our results agree with the previous report17, illustrating a
vital role of PAK1 in pancreatic cancer.

Subsequently, we turned to the discovery of small-molecule
therapeutics targeting PAK1. Several types of PAK inhibitors have
been reported, most of which are limited by the lack of target
specificity. Due to the highly conservation of the ATP-binding
sites in PAK family, it is not trivial to identify selective PAK1
inhibitors. In this study, we identified a relatively selective in-
hibitor of PAK1-CP734 through virtual screening, with no obvious
inhibitory effect on the other PAK family members (Fig. 3 and
Fig. S1). By molecular docking, we predicted that CP734 binds at
the ATP-binding pocket of PAK1 (Fig. 3F and G). Mutagenesis of
V342 in the ATP-binding pocket interfered with CP734’s activity
against PAK1, confirming that CP734 binds with PAK1 at the
ATP-binding pocket and V342 may be one of the key sites for
their interaction (Fig. 3H and I). Consequently, we have identified
a new candidate compound CP734 which directly targets PAK1.

Although several small-molecular PAK1 inhibitors has been
reported22e25, their potential therapeutic efficacy on pancreatic
cancer remains unclear. Herein, we evaluated the anti-tumor effect
of CP734, demonstrating that it significantly inhibited the cell
proliferation, attenuated cell cycle, and induced apoptosis of a
panel of pancreatic cancer cells. We also revealed that CP734
suppressed cellular phosphorylation of PAK1, and disrupted
downstream-signaling pathways, such as RASeRAF signaling
pathways. Moreover, CP734 increased the expression level of
PUMA and P21 proteins, reduced cell cycle protein cyclin B1, and
finally caused cell cycle arrest in G2/M phase. These results
offered insights into the inhibitory molecular mechanisms of
CP734 on pancreatic cancer cells.

Excitingly, CP734 also exhibited inspiring antitumor effi-
cacy in human xenograft murine model. It suppressed the ac-
tivity of PAK1 and significantly inhibited the tumor growth of
BxPC-3 xenograft. Compared with the clinically used anti-
pancreatic cancer drug Gem, CP734 showed little impact on the
body weight and negligible toxicity to the crucial organs of the
mice.

Although Gem remains a standard chemotherapeutic drug for
the therapy of pancreatic cancer, combination medication with



Figure 8 Synergistic effects of CP734 combined with chemotherapeutic drugs against pancreatic cancer cells. Anti-proliferation activity of

CP734 combined with 5-FU (A), Gem (B), OHP (C) or PAX (D) against the BxPC-3 pancreatic cancer cells. Cells were treated with indicated

doses of CP734, chemotherapeutic drugs, or their combinations for 48 h. Cell viability was measured by MTT assay. The values represent the

means � SD of triplicate experiments.
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Gem to decrease chemotherapy-associated cytotoxicity and
enhance therapeutic efficiency is desired. Previous studies have
reported that PAK1 regulates NF-kB transcription, which plays a
role in Gem resistance13,39. Therefore, PAK1 inhibition combined
with Gem may achieve synergistic effect on the treatment of
pancreatic cancer. In this study, we found that CP734 had strong
synergistic effects with Gem or 5-FU on the anti-proliferation of
BxPC-3 pancreatic cancer cells (Fig. 8), implying a new strategy
for pancreatic cancer therapy in the future.

5. Conclusions

A small molecule compound CP734 was identified as a relatively
selective inhibitor of PAK1. CP734 suppressed pancreatic cancer
cell growth both in vitro and in xenograft models. Results from
this study provide insights into the development of novel PAK1
kinase inhibitors, with CP734 being a potential anti-cancer drug
candidate for further development.
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