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Abstract
P21-activated kinases (PAKs) are central players in 
various oncogenic signaling pathways. The six PAK 
family members are classified into group Ⅰ (PAK1-3) 
and group Ⅱ (PAK4-6). Focus is currently shifting 
from group Ⅰ PAKs to group Ⅱ PAKs. Group Ⅱ PAKs 
play important roles in many fundamental cellular 
processes, some of which have particular significance in 
the development and progression of cancer. Because of 
their important functions, group Ⅱ PAKs have become 
popular potential drug target candidates. However, 
few group Ⅱ PAKs inhibitors have been reported, and 
most do not exhibit satisfactory kinase selectivity and 
“drug-like” properties. Isoform- and kinase-selective 
PAK inhibitors remain to be developed. This review 
describes the biological activities of group Ⅱ PAKs, 
the importance of group Ⅱ PAKs in the development 
and progression of gastrointestinal cancer, and small-
molecule inhibitors of group Ⅱ PAKs for the treatment 
of cancer.

Key words: Group Ⅱ p21-activated kinases; Signaling 
pathway; Gastrointestinal cancer; PAK4 inhibitor; Drug 
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Core tip: Group Ⅱ p21-activated kinases (PAKs) (PAK4, 
5 and 6) are pluripotent kinases that regulate many 
fundamental cellular processes, including cytoskeletal 
organization, cell cycle regulation, cell survival and 
cell adhesion, and have therefore been implicated in 
carcinogenesis and cancer progression. Members of 
the group Ⅱ PAKs, particularly PAK4, have emerged 
as attractive targets for the development of anticancer 
drugs. In this review, we summarize the latest findings 
on the biological activities of group Ⅱ PAKs, the 
important roles of group Ⅱ PAKs in gastrointestinal 
cancer and the current status of the development of 



their interaction with other proteins. Similar to the AID 
in group Ⅰ PAKs, group Ⅱ PAKs have an auto-inhibitory 
pseudosubstrate domain within their N-terminal re
gions, that inhibits their kinase activity in the absence 
of any GTPase (Figure 1)[8,9]. Moreover, an N-terminal 
domain that binds to PIX, an important downstream 
effector, is found in group Ⅰ PAKs but not group Ⅱ 
PAKs[10]. Group Ⅰ and group Ⅱ PAKs have distinct 
substrate specificities[11] and each group is regulated in 
a strikingly different manner[12].

CELLULAR ACTIVITIES OF GROUP Ⅱ 
PAKS
A number of studies have implicated group Ⅱ PAKs in 
cellular processes associated with tumorigenesis and 
progression.

PAK4 and anchorage-independent growth
Anchorage-independent growth is an in vitro hallmark 
of oncogenic transformation. The activated PAK4 
mutants PAK4 (S445N) and PAK4 (S474E) promote 
anchorage-independent growth in NIH3T3 cells[13,14]. 
By contrast, the kinase-dead PAK4 mutant blocks 
Ras-mediated transformation of NIH3T3 cells and 
anchorage-independent growth of a human colon 
cancer cell line, HCT116, driven by a K-Ras activating 
mutation[14]. Moreover, dominant-negative PAK4 
mutants partially inhibit fibroblast focus formation 
induced by oncogenic Dbl, a RhoGEF that mediates cell 
transformation[13].

Group Ⅱ PAKs and cell cycle control
PAK4 also plays an important role in cell cycle control. 
PAK4 is involved in the regulation of G1 phase and 
G2/M transition during the cell cycle. In immortalized 
fibroblasts, deletion of PAK4 markedly extends the 
life time of p21, a CDK (cyclin-dependent kinase) 
inhibitor[15], suggesting that PAK4 is important for 
p21 degradation. Moreover, PAK4 silencing causes G1 

phase arrest in pancreatic cancer cells by reducing the 
expression of cyclins A1, D1 and E1 and enhancing 
the expression of p27 and p21[16]. We recently 
demonstrated that PAK4 attenuates p57Kip2 protein 
stability through the ubiquitin-proteasome pathway, 
leading to increased proliferation of breast cancer 
cells[17]. PAK4 is also required for metaphase spindle 
positioning and anchoring[18]. By contrast, in primary 
fibroblasts, PAK4 promotes cell cycle arrest and 
enhance the levels of the cell cycle inhibitors p16INK4 and 
p19ARF[19]. Thus, the roles of PAK4 in cell cycle control 
may differ between primary cells and established 
cell lines. PAK5 and PAK6 also function in cell cycle 
regulation. PAK5 knockdown inhibits cell proliferation by 
delaying the cell cycle at G0/G1 phase in human gastric 
cancer, hepatocellular carcinoma and glioma cells[20-22]. 
PAK6 silencing inhibits the cell growth of prostate 
cancer and causes cell cycle arrest at G2/M phase[23].
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INTRODUCTION
The characteristics of a cancer cell include loss of 
homeostasis, altered cytoskeletal dynamics, sustained 
cell proliferation, resistance to cell death, and 
stimulation of metastasis and invasion. Substantial 
evidence indicates roles for the p21-activated kinase 
(PAK) family of serine/threonine kinases in each of 
these processes. PAK1, the most well-characterized 
member of this family, was initially identified as a 
binding partner of the Rho family small GTPases Cdc42 
and Rac1[1]. PAKs are widely conserved and are found 
in yeast as well as Drosophila[2]. In mammals, six PAK 
family members have been identified[3]. These proteins 
are categorized into two subgroups on the basis of 
their sequence, structural homology and response to 
activated GTPases. Group Ⅰ includes PAK1, PAK2, and 
PAK3, and group Ⅱ comprises PAK4, PAK5, and PAK6 
(Figure 1). Group Ⅱ PAK members have emerged as 
central nodes in oncogenic signaling pathways. Here, 
we summarize recent findings regarding the biological 
functions of group Ⅱ PAK signaling in gastrointestinal 
cancers, including hepatocellular carcinoma (HCC), 
pancreatic cancer, gastric cancer and colorectal car
cinoma (CRC).

STRUCTURE OF GROUP Ⅱ PAKS
All PAKs are characterized by an N-terminal p21-GTPase-
binding domain (PBD) and a highly conserved C-terminal 
kinase domain. Compared with group Ⅰ PAKs, group 
Ⅱ PAKs have very little sequence N-terminal to the 
PBD. In group Ⅰ PAKs, this proline-rich region contains 
binding motifs for Nck, an adapter protein that is 
associated with the regulation of actin dynamics[4]. 
Group Ⅰ PAKs also contain an autoinhibitory domain 
(AID) that overlaps with the PBD. Group Ⅰ PAKs 
can form homodimers, adopting a trans-inhibited 
conformation in which the AID of one molecule binds 
and inhibits the catalytic domain of the other[5]. Binding 
of an activated GTPase (Cdc42 or Rac) to the PBD 
disrupts dimerization and activates group Ⅰ PAKs. 
Group Ⅱ PAKs (except PAK5) do not possess an 
identifiable AID and have higher basal kinase activities 
than PAK1-3. Binding of GTP-Rac or GTP-Cdc42 
to group Ⅱ PAKs does not promote their kinase 
activities[6,7], but may regulate their localization and/or 



Group Ⅱ PAKs and cell survival
Increased levels of cell survival under different 
apoptotic stimuli are often associated with oncogenesis. 
PAK4 plays a key role in cell survival and protection 
from apoptosis. PAK4 promotes cell survival and 
prevents apoptosis via both kinase-dependent and 
-independent mechanisms. In response to serum 
starvation, PAK4 phosphorylates the pro-apoptotic 
protein BAD at Ser112 and promotes cell survival[24]. 
Furthermore, in response to cytokines that activate 
death domain-containing receptors, such as tumor 
necrosis factor and Fas receptors, PAK4 abrogates the 
activation of initiator caspase 8 by inhibiting caspase 
8 recruitment to the death domain receptors, thereby 
preventing apoptosis[25]. In addition, knockdown of 
PAK4 leads to a reduction of the activation of several 
pro-survival pathways, including the NFκB, ERK and 
JNK pathways[26]. Like PAK4, PAK5 and PAK6 are also 
associated with the protection of cells from apoptosis. 
PAK5 induces resistance to apoptosis induced by 
camptothecin and C2-ceramide by phosphorylating 
BAD at Ser112[27]. PAK5 is constitutively localized to the 
mitochondria, via its phosphorylation activity, PAK5 can 
prevent BAD translocation to the mitochondria, thereby 
inhibiting the apoptotic cascade[27]. Overexpression 
of PAK5 also inhibits camptothecin-induced apoptosis 
by inhibiting the activity of caspase-8 in colorectal 
cancer cells[28]. PAK5 overexpression markedly inhibits 
cisplatin-induced apoptosis by increasing the expression 
of pre-caspase 3 in hepatocellular carcinoma cells[29]. 
Moreover, inhibition of PAK6 results in a decrease in 
Ser112 phosphorylation of BAD, leading to enhanced 

binding of BAD to Bcl-2 and Bcl-X(L) and the release of 
cytochrome c, which culminates in caspase activation 
and apoptosis[30].

Group Ⅱ PAKs and cell migration and invasion
Migration and invasion are essential aspects of 
the oncogenic process, and they are required for 
metastasis. Based on its well characterized functions 
in actin cytoskeletal organization, cell adhesion, and 
integrin phosphorylation[31], PAK4 plays a central role 
in cancer cell migration and invasion. Overexpression 
of a constitutively active PAK4 mutant promotes 
pancreatic ductal cell migration and invasion. By 
contrast, PAK4 silencing reduces cell invasion in a 
pancreatic tumor cell line[32]. PAK4 overexpression also 
promotes the migration, invasion and proliferation of 
choriocarcinoma cells[33]. PAK4 knockdown inhibites 
invasion and migration by downregulating MMP-2, 
αvβ3-integrin and phospho-epidermal growth factor 
receptor (phospho-EGFR) in glioma xenograft cells[34]. 
PAK4 enhances endometrial cancer cell migration and 
invasion in an ERK1/2-MMP-2-dependent manner[35]. 
Moreover, PAK4 can promote cell migration and 
invasion through the HGF/LIMK1/cofilin pathways 
in prostate cancer cells[36] and through the MEK-1/
ERK1/2/MMP2 pathways in ovarian cancer cells[37]. We 
recently demonstrated that PAK4-mediated superior 
cervical ganglia 10 (SCG10) phosphorylation regulates 
microtubule dynamics to promote gastric cancer cell 
migration and invasion in vitro and metastasis in a 
xenograft mouse models[38] (Figure 2). These results 
indicates that PAK4 is closely associated with migration 
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PAK1

PAK2

PAK3

Group Ⅰ

Group Ⅱ

PAK4

PAK5

PAK6

PBD AID Kinase domain

PBD AID Kinase domain

PBD AID Kinase domain

PBD PSD Kinase domain

PBD AID Kinase domain

PBD PSD Kinase domain

Nck Proline rich region Acidic region PIX binding site

Figure 1  Structural features of the group Ⅰ and group Ⅱ p21-activated kinases family members. PAK: p21-activated kinase; PBD: p21-binding domain; AID: 
Autoinhibitory domain.

Shao YG et al . Group Ⅱ PAKs in gastrointestinal cancer



1227 January 21, 2016|Volume 22|Issue 3|WJG|www.wjgnet.com

Sm
ad

2

Sm
ad

2

Sm
ad

2

Sm
ad

2
Sm

ad
2

Sm
ad

2

Sm
ad

3

Sm
ad

3

Sm
ad

3

Sm
ad

3

Sm
ad

3
Sm

ad
3

Sm
ad

3
Sm

ad
4

Sm
ad

4

PA
K4

PA
K4

PA
K4

CR
M

-1

TC
F/

LE
F

P2
1

b-
ca

te
ni

n

b-
ca

te
ni

n

PA
K4

PA
K4

PA
K4

PA
K4

Cy
cl

in
D

1
M

EK

ER
K

M
M

P2

D
G

CR
6L

LI
M

K1

Co
fil

in

Ce
ll 

m
ig

ra
tio

n

CD
D

P 
re

si
st

an
ce

M
T 

in
st

ab
ili

ty

SC
G

10
G

as
tr

ic
 c

an
ce

r
in

va
si

on
/m

et
as

ta
si

s

PA
K4

PA
K4

Ak
t

PI
3K

C-
M

et

H
G

F

p

p p
p

U
b

U
b

U
b

U
b

p p

p p

Cy
cl

in
D

1

c-
m

yc

p

c-
Sr

c EG
FR

LC
H

-7
74

99
44

Im
p-
a

5Pr
ol

ife
ra

tio
n

G
as

tr
ic

tu
m

or
ig

en
es

is

TBRⅠ

TBRⅡ

TG
F b

1

Fi
gu

re
 2

  p
21

-a
ct

iva
te

d 
kin

as
e 

4 
sig

na
lin

g 
pa

th
wa

ys
 in

 g
as

tri
c 

ca
nc

er
. S

ch
em

ati
c 

de
pic

tin
g 

so
me

 o
f t

he
 s

ign
ali

ng
 c

as
ca

de
s 

me
dia

ted
 b

y 
PA

K4
. P

AK
4 

is 
a 

nu
cle

o-
cy

top
las

mi
c 

sh
utt

lin
g 

pr
ote

in 
tha

t i
s 

ex
po

rte
d 

by
 th

e 
CR

M-
1-

de
pe

nd
en

t 
pa

thw
ay

 a
nd

 im
po

rte
d 

int
o 

the
 n

uc
leu

s i
n 

an
 im

po
rtin

 α
5-

de
pe

nd
en

t m
an

ne
r. 

W
e 

ha
ve

 d
em

on
str

ate
d 

tha
t P

AK
4 

co
ntr

ibu
tes

 to
 g

as
tric

 tu
mo

rig
en

es
is 

an
d 

ga
str

ic 
ca

nc
er

 in
va

sio
n 

an
d 

me
tas

tas
is 

by
 p

ho
sp

ho
ryl

ati
ng

 S
ma

d2
, S

CG
10

 o
r β

-ca
ten

in 
or

 b
y 

int
er

ac
tin

g 
wi

th 
DG

CR
6L

. P
AK

4-
me

dia
ted

 s
ub

str
ate

 p
ho

sp
ho

ryl
ati

on
 is

 in
dic

ate
d 

by
 th

e 
let

ter
 P

. P
AK

4 
ac

tiv
ati

on
 a

nd
 in

hib
itio

n 
of 

pr
ote

ins
 a

re
 d

ep
ict

ed
 u

sin
g 

ar
ro

ws
 a

nd
 b

loc
ke

d 
lin

es
, r

es
pe

cti
ve

ly.
 S

pe
cifi

c 
de

tai
ls 

of 
the

 p
ath

wa
ys

 a
re

 
de

sc
rib

ed
 in

 th
e 

tex
t. 

CR
M-

1: 
Ch

ro
mo

so
me

 re
gio

n 
ma

int
en

an
ce

-1
; I

mp
-α

5: 
Im

po
rtin

 α
5; 

SC
G1

0: 
Su

pe
rio

r c
er

vic
al 

ga
ng

lia
 1

0; 
DG

CR
6L

: D
iG

eo
rg

e 
cri

tic
al 

re
gio

n 
6 

L; 
PI

3K
: P

ho
sp

ho
ino

sit
ide

 3
-ki

na
se

; A
kt:

 P
ro

tei
n 

kin
as

e 
B 

or
 P

KB
; M

EK
: 

Mi
tog

en
-a

cti
va

ted
 pr

ote
in 

kin
as

e k
ina

se
, M

AP
KK

; E
RK

: E
xtr

ac
ell

ula
r-s

ign
al 

re
gu

lat
ed

 pr
ote

in 
kin

as
e; 

MT
: M

icr
otu

bu
le;

 LI
MK

1: 
LIM

 do
ma

in 
kin

as
e 1

; M
MP

2: 
Ma

trix
 m

eta
llo

pe
pti

da
se

 2;
 C

DD
P:

 C
isp

lat
in 

or
 ci

s-d
iam

mi
ne

dic
hlo

ro
pla

tin
um

(Ⅱ
).

EG
F

Shao YG et al . Group Ⅱ PAKs in gastrointestinal cancer



and invasion in several different types of cancer 
cells. PAK5 and PAK6 are also involved in cancer cell 
migration and invasion. PAK5 promotes glioma and 
breast cancer cell migration and invasion through the 
PAK5-Egr1-MMP2 signaling pathway[39,40]. Androgen-
stimulated PAK6 activation promotes prostate cancer 
cells motility and invasion[41]. miR-23a overexpression 
has been proposed to suppress the invasion and 
migration of prostate cancer cells by targeting the 
PAK6-LIMK1 signaling pathway[42].

Group Ⅱ PAKs in cancer
Accumulating evidence suggests that PAKs regulate 
a variety of biological processes including cytoskeletal 
remodeling, anchorage-independent growth, apoptosis 
and transcriptional/translational regulation, thereby 
contributing to tumorigenesis and progression. Group 
Ⅱ PAKs also influence the behaviour of cancer cells. 
Among the three group Ⅱ PAKs, the role of PAK4 in 
human cancer has been best investigated. PAK4 is 
overexpressed, amplified, and/or point mutated in a 
number of cancer cell lines[14] and tumors including 
breast[14,43], gallbladder[44], pancreas[16,32,45,46], colon[47], 
lung[14], ovarian[37], prostate, melanoma, CNS, 
renal, leukaemia[14], gastric[48] and oral squamous-
cell carcinoma[49]. PAK4 overexpression in iMMECs 
(immortalized mouse mammary epithelial cells) leads 
to changes in 3D acinar architecture that are typically 
associated with tumorigenesis, including reduced 
central acinar cell death, abrogation of lumen formation, 
loss of cell polarity, and increased acinar size and cell 
number[43]. Importantly, PAK4-overexpressing cells 
form tumors when implanted into the mammary fat 
pads of mice[43], indicating that PAK4 is sufficient to 
trigger oncogenic transformation in these cells. Other 
oncogenes, such as Her2Neu (ErbB2) and Ras, also 
cause iMMECs to generate tumors in mice[50]. PAK4 is 
also strongly upregulated in response to Her2Neu and 
Ras in iMMECs[43]. PAK4 plays a critical role in Her2Neu-
driven breast cancer cell invasion[51]. These results 
suggest a role for PAK4 as a key downstream target 
of these oncogenes in breast cancer. In the MCF10A 
progression series (a unique cell culture model that 
recapitulates the different stages of breast cancer 
progression using MCF10A, AT1, DCIS.com and CA1a 
cells), PAK4 levels are higher in more tumorigenic 
cell lines[52]. The PAK4 gene is frequently amplified in 
high-grade serous and endometrioid ovarian cancers, 
whereas PAK4 silencing causes a statistically significant 
decrease in cell viability[53,34]. PAK4 overexpression and 
activation have been associated with ovarian cancer 
progression and prognosis in patients[37]. PAK4 is also 
upregulated in gliomas, and increasing PAK4 expression 
is associated with glioma pathological grades[54]. 
Taken together, these observations suggest that PAK4 
functions as an oncogenic gene in the tumorigenesis 
and progression of some cancer types.

PAK5 and PAK6 may also be associated with 
cancer. PAK5-Egr1-MMP2 signaling promotes the 

migration and invasion of breast cancer[40] and 
glioma cells[39]. Importantly, our recent evidence 
suggests that PAK5 phosphorylates GATA1 at Ser161 
and Ser187. Phosphorylated GATA1 recruits more 
HDAC3/4 to the promoter of E-cadherin, consequently 
suppressing E-cadherin transcription and promoting 
the EMT of breast cancer cells[55]. PAK5 overexpression 
has been detected in colorectal cancers[56], gliomas[22] 
and during human epithelial ovarian cancer (EOC) 
progression and metastasis[57]. Moreover, PAK5 
promotes paclitaxel-chemoresistance in EOC[57] and 
PAK5 silencing efficiently inhibits the development of 
human glioma[22].

High PAK6 mRNA level has been detected in 
certain cancer cells, including prostate, colon, ovary 
and lung cancer cells[14]. PAK6 protein expression 
is elevated in some prostate cancers and is further 
increased in prostate tumors that have relapsed after 
androgen deprivation therapy; thus, PAK6 may play a 
role in tumor cell motility and in stress responses[58]. 
PAK6 may also influence the radiosensitivity and 
chemosensitivity of prostate cancer cells because PAK6 
inhibition in combination with irradiation or docetaxel 
significantly decreases the survival or growth of 
prostate cancer cells, respectively[23]. Hypermethylation 
is commonly associated with gene silencing of genes 
that suppress tumorigenesis. Because the PAK6 gene 
is sometimes hypermethylated in prostate cancer[59], 
the exact role of PAK6 in prostate cancer is not 
entirely clear. Moreover, our experimental data have 
indicated that PAK6 inhibits prostate cancer growth 
by phosphorylating AR and Mdm2 and promoting the 
ubiquitin-mediated degradation of AR[60]. In summary, 
there is no direct or solid evidence suggesting that 
either PAK5 or PAK6 is essential for the malignant 
growth of human cells.

Group Ⅱ PAKs in gastrointestinal cancers
Gastrointestinal cancers include cancers that affect the 
digestive system, such as oesophagus, gallbladder, 
liver, pancreatic, gastric and colorectal cancers. 
Amplification of the genes encoding PAKs and over­
expression of PAK genes or proteins have been found 
in gastrointestinal cancers (Table 1)[61]. Here we will 
review the importance of group Ⅱ PAKs in cancers of 
the liver, pancreas, stomach, colon and rectum.

LIVER CANCER
Hepatocellular carcinoma (HCC) is a leading cause of 
cancer-related death in many countries, particularly 
in Asia, and its burden is expected to increase[62]. HCC 
may be induced by many factors, including hepatitis B 
virus (HBV) or hepatitis C virus (HCV) infection or liver 
damage induced by alcohol. The high invasiveness and 
metastasis of HCC cells are a major challenge for HCC 
treatment. The carcinogenesis and progression of HCC 
is complex and is associated with multiple deregulated 
signaling pathways, including MAPK, PI3K-mTOR and 
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Wnt/β-Catenin[63]. PAK1 is involved in several signaling 
pathways that markedly contribute to the progression 
of HCC, including the PAK1/JNK/paxillin, HBV X 
protein/PAK1, PAK1/Raf-1/BAD and PAK1(p38 MAP 
kinase, AKT)/cyclinD1 pathways[61].

Members of group Ⅱ PAKs have also been deter
mined to play pivotal roles in HCC invasion and meta
stasis. CDK5 kinase-associated protein 3 (CDK5RAP3) 
and PAK4 overexpression are correlated in human HCCs, 
and CDK5RAP3 binds to and activates PAK4 to promote 
HCC metastasis[64]. Essential roles of microRNAs 
(miRNAs) in HCC cell invasion and metastasis have 
been reported. Several miRNAs function through PAK4 
inhibition[65]. miRNome analyses have revealed that 
the third most-highly expressed miRNA in the human 
liver is miR-199a/b-3p, which is consistently decreased 
in HCC. miR-199a/b-3p targets PAK4 to inhibit HCC 
growth by suppressing the PAK4/Raf/MEK/ERK pathway 
both in vitro and in vivo[65]. Recent observations suggest 
that miR-224 is overexpressed in HCC cells and that 
miR-224 promotes HCC cell migration and invasion 
through the miR-224/HOXD10/p-PAK4/MMP-9 signaling 
pathway[66]. Moreover, PAK5 is strongly upregulated in 
more than 83% of HCC specimens and promotes cell 
proliferation and tumorigenicity in human HCCs[21]. PAK5 
significantly suppresses cisplatin-induced apoptosis and 
promotes cell proliferation by downregulating p-chk2 in 
HCC cells[29]. These results indicate that PAK5 may play 
an essential role in the initiation of human HCC. PAK6 is 
upregulated in HCC samples and is positively correlated 
with HCC cell proliferation. High PAK6 expression is 
associated with Edmondsone-Steiner grade and the 
number of tumor nodules and poor prognosis[67]. These 
findings suggest that PAK6 overexpression is involved in 
HCC pathogenesis. However, the complex mechanisms 
by which PAK6 contributes to HCC remain to be 
explored.

PANCREATIC CANCER
Pancreatic cancer is one of the most aggressive and 

the least curable malignancies. The overall 5-year 
survival rate is less than 5%, largely due to its rapid 
progression, early metastasis and resistance to 
chemotherapy and/or radiotherapy[68]. Clearly, there 
is an urgent need to develop reliable methods for its 
early detection and to improve treatment strategies 
based on a better understanding of the mechanisms 
underlying the aggressive nature of this cancer. KRas 
oncogene activating mutations are the most frequent 
genetic alterations in pancreatic cancer, occurring 
in approximately 100% of primary tumors[69]. The 
KRas oncogene product binds to and activates PAK4. 
The PAK4 gene is located at chromosome 19q13, 
a region amplified in some pancreatic cancers[46]. 
The amplification of the PAK4 gene is related to 
markedly higher PAK4 kinase activity[46]. PAK4 protein 
overexpression has also been observed in pancreatic 
cancer tissue specimens and cell lines[32]. PAK4 
promotes pancreatic cancer cell proliferation and 
survival via AKT- and ERK-dependent activation of 
the NF-κB pathway[16]. PAK4 also stimulates pancreas 
ductal cell motility and invasion[32]. 

Tyrosine kinase receptors, such as epidermal 
growth factor receptor (EGFR) and the KRas oncogene 
are of interest in targeted therapies against pancreatic 
cancer[70]. Ras acts downstream of EGFR, and the 
mutation status of KRas is a potential predictor of 
response to EGFR inhibitors in pancreatic cancer. KRas 
mutations are exceptionally common in patients with 
pancreatic cancer[71]. Because KRas gene mutants 
are constitutively active independently of EGFR, 
a single KRas mutation can circumvent the anti-
tumor activity of EGFR inhibitors. KRas mutations are 
involved in the initiation or early phase of pancreatic 
tumorigenesis[72]. Importantly, Collins et al[73] have 
recently demonstrated that oncogenic KRas is 
required not only for the initiation, but also for the 
maintenance of pancreatic cancer in mice. Therefore, 
KRas oncoprotein and/or its downstream effectors are 
potential important therapeutic targets in pancreatic 
cancer. As PAK4 is activated by and acts downstream 
of KRas[45], PAK inhibitors, particularly in combination 
with classic chemotherapeutic drugs, may hold promise 
for the future management of pancreatic cancer. 
Glaucarubinone and gemcitabine, two anticancer 
agent, synergistically inhibit pancreatic cancer cell 
growth both in vitro and in vivo, at least in part by 
inhibiting pathways involving PAK1 and PAK4[74]. The 
effects of other group Ⅱ PAKs on the development and 
progression of pancreatic cancer remain to be explored.

GASTRIC CANCER
Gastric cancer is the most common malignant gastro
intestinal tumor and the leading cause of cancer-
related mortality in Asian countries, including China, 
Japan and South Korea[75]. As the majority of patients 
suffering from gastric cancer present with advanced 
disease, the outcomes of conventional therapies 
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Table 1  Genetic alterations of group Ⅱ p21-activated kinases 
in gastrointestinal cancers

Cancer 
location

PAKs Alteration Ref.

Gene 
amplification

Gene or protein 
overexpression

Oesophagus PAK4 √ [86]
Gallbladder PAK4 √ [44]
Liver PAK4 √ [64]

PAK5 √ [21]
PAK6 √ [67]

Pancreas PAK4 √ √ [16,32,45,46]
Stomach PAK4 √ [48,79]

PAK5 √ [20]
Colon PAK4 √ [47]

PAK5 √ [56]
PAK6 √ [95]

PAKs: p21-activated kinases.

Shao YG et al . Group Ⅱ PAKs in gastrointestinal cancer



such as surgery, chemotherapy and radiotherapy are 
usually poor. Numerous molecules targeting specific 
pathways are involved in the tumorigenesis and 
progression of gastric cancer[76]. Thus, it is essential to 
investigate proteins controlling invasion and metastasis 
and to identify valuable diagnostic markers and novel 
therapeutic targets for gastric cancer treatment. 

PAK1 downregulation inhibits the proliferation of 
gastric cancer cells by decreasing the expression of 
cyclins D1 and B1[77,78]. PAK4 also plays essential roles 
in gastric cancer tumorigenesis and progression. We 
recently documented an oncogenic role of PAK4 in 
the repression of TGF-β-mediated growth inhibition in 
gastric cancer cells[79]. PAK4 interacts with Smad2/3 
via a kinase-independent mechanism, blocking TGF-
β-induced phosphorylation of Smad2 Ser465/467 or 
Smad3 Ser423/425 and its consequent activation. PAK4 
also phosphorylates Smad2 at Ser465 via a kinase-
dependent mechanism, leading to the degradation of 
Smad2 through the ubiquitin-proteasome pathway 
under hepatocyte growth factor (HGF) stimulation[79]. 
These results indicate that PAK4 may contribute to the 
development of gastric cancer (Figure 2).

PAK4 is overexpressed in metastatic gastric cancer 
patients[48], implicating a role for PAK4 in gastric 
cancer metastasis. Using a yeast two-hybrid screen, 
we identified novel PAK4 binding proteins, including 
DGCR6L and SCG10. We determined that the interaction 
of PAK4 with DGCR6L promotes the migration of 
gastric cancer cells by enhancing the phosphorylation 
of LIMK1[80] (Figure 2). We recently reported that 
phosphorylation of SCG10 at Ser50 by PAK4 promotes 
gastric cancer cell invasion in vitro and metastasis 
in vivo[38] (Figure 2). Moreover, PAK4 and phospho-
Ser50 SCG10 expression are positively correlated 
in gastric cancer samples, and high expression of 
SCG10 phospho-Ser50 is positively correlated with 
an aggressive clinical gastric cancer phenotype[38]. In 
addition, high level of activated PAK4 correlates with 
poor prognosis in gastric cancer patients[81]. These 
findings suggest that PAK4 may be an attractive 
therapeutic target and a potential prognostic marker 
for gastric cancer. Consistent with this suggestion, we 
observed that LCH-7749944, a novel PAK4 inhibitor, 
effectively suppresses the proliferation, migration and 
invasion of human gastric cancer cells[82] (Figure 2). 
Importantly, LCH-7749944 successfully inhibits EGFR 
activity via inhibition of PAK4[82]. Although cisplatin and 
cisplatin-based combination chemotherapy are effective 
against gastric cancer, gastric cancer patients with PAK4 
overexpression do not respond to capecitabine/cisplatin 
chemotherapy and have poor survival rates[48]. PAK4 
confers cisplatin resistance in gastric cancer cells via the 
activation of the MEK/ERK and PI3K/Akt pathways[83] 
(Figure 2). Therefore, PAK4 may be a potential target 
for overcoming cisplatin resistance in gastric cancer. 

PAK5, another group Ⅱ PAK, is upregulated in 
different gastric cancer cell lines and gastric cancer 
tissues[20]. PAK5 knockdown inhibits human gastric 

cancer cell proliferation by downregulating CDK2, 
CDC25A, and cyclin D1[20]. These data indicate that 
PAK5 may be a novel therapeutic target in gastric 
cancer. Further studies are needed to demonstrate 
the importance of PAK5 in the carcinogenesis and 
progression of gastric cancer.

COLORECTAL CARCINOMA
Colorectal carcinoma (CRC) development results 
from interactions between genetic and epigenetic 
alterations at many levels. Mutations in APC, a negative 
regulator of the Wnt/β-catenin signaling pathway, and 
KRas play a central role in CRC. APC gene mutation 
induces the activation of Wnt/β-catenin signaling and 
initiates the growth of benign adenomas. Mutations 
in KRas and related pathways promote adenoma 
growth and contribute to invasive and other malignant 
behaviours[84]. KRas activates multiple signaling 
pathways, including PAKs, the Raf/MEK/ERK cascade 
and PI3K/AKT[85].

As a downstream effector of KRas, PAKs are 
involved in CRC cell proliferation, apoptosis, adhesion 
and migration. PAK4 overexpression has been iden
tified in primary mouse colon tumors[86], the PAK4 
gene is also amplified in CRC patient samples[47]. 
PAK4 expression is associated with colorectal cancer 
metastasis and infiltration[87]. In mutant KRAS-driven 
HCT116 colon cancer cells, overexpression of a kinase-
inactive mutant form of PAK4 severely abrogates 
anchorage-independent growth[14], indicating that PAK4 
is essential for HCT116 colon cancer cell proliferation 
in anchorage-independent culture. PAK4 RNA inhibits 
the proliferation of HCT116 cells independently of RAF/
MEK/ERK and PI3K/AKT signaling[88]. Furthermore, a 
small-molecule inhibitor of PAK4, PF-3758309, potently 
inhibits the proliferation of a range of human cancer 
cell lines, including multiple colon cancer cell lines, 
and modulates numerous PAK4-dependent signaling 
nodes[89].

The constitutive activation of Wnt/β-catenin signaling 
through mutation of the APC gene is considered an 
important event in the development and progression of 
colon cancer. However, other dysregulated mechanisms 
may underlie the increased nuclear translocation of 
β-catenin and constitutive activation of Wnt/β-catenin 
signaling in colon cancer cells. We recently reported that 
PAK4 interacts with and phosphorylates β-catenin at 
Ser675, which promotes TCF/LEF transcriptional activity 
and stabilizes β-catenin by inhibiting its degradation[90] 
(Figure 2). Moreover, PAK4 nuclear accumulation 
enhances β-catenin nuclear import and increases TCF/
LEF transcriptional activity[90] (Figure 2). These findings 
indicate a novel role of PAK4 in modulating β-catenin 
intracellular translocation and signaling. 

Altered miRNA expression plays a crucial role in 
CRC. miR-145 is down-regulated in colon cancer cells[91]. 
miR-145 targets PAK4 and inhibits the PAK4/Raf/MEK/
ERK pathway, leading to growth inhibition of SW480 
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and HT-29 cells[92]. Interestingly, miR-145 directly 
targets catenin δ-1, contributing to the impaired nuclear 
translocation of β-catenin by disturbing PAK4 nuclear 
import[93].

PAK5 and PAK6 also participate in CRC progression. 
PAK5 is overexpressed during CRC malignant pro
gression and decreases CRC cell adhesion while pro
moting its migration[56], which may contribute to CRC 
metastasis. In addition, PAK5 inhibits camptothecin-
induced apoptosis by suppressing the activity of 
caspase-8 and the phosphorylation of Bad in CRC 
cells[28]. Importantly, we recently reported that PAK5-
mediated E47 phosphorylation promotes EMT and 
metastasis of colon cancer[94]. In contrast to other group 
Ⅱ PAKs, very little is known about the function of PAK6 
in CRC, except that PAK6 increases chemoresistance 
and is an independent prognostic marker for stage Ⅱ 
and Ⅲ colon cancer patients undergoing 5-FU based 
chemotherapy[95].

Group Ⅱ PAK inhibitors
Because of their important roles in the development 
of cancer, PAKs have become attractive potential 
candidate drug targets. Among the group Ⅱ PAKs, 
PAK4 is considered a first-in-class anti-cancer drug 
target because of its elevated expression in cancers. 
The Pfizer compound PF-3758309, a pan-PAK ATP-
competitive inhibitor, was originally described as a 
PAK4 inhibitor[89]. PF-3758309 blocks the growth of 
several human tumor xenografts[89]. Unfortunately, 
during clinical trials in patients with advanced solid 
tumors, undesirable pharmacokinetic characteristics 
were observed, and the clinical trial was terminated 
(clinicaltrials.gov). We recently reported a novel 
potent PAK4 inhibitor, LCH-7749944[82]. This inhibitor 
suppresses the proliferation of human gastric cancer 
cells through a pathway mediated by PAK4/c-Src/
EGFR and cyclin D1. LCH-7749944 also impedes the 
migration and invasion of human gastric cancer cells 
by simultaneously blocking the PAK4/LIMK1/cofilin and 
PAK4/MEK-1/ERK1/2/MMP2 pathways. Specifically, 
this PAK4 inhibitor affects cell morphology by blocking 
the formation of filopodia and inducing cell elongation. 
It also inhibits EGFR activity by inhibiting PAK4[82]. 
These results suggest that LCH-7749944 may offer 
a novel therapeutic strategy for advanced metastatic 
gastric cancer. However, the biochemical potency 
of LCH-7749944 must be refined before it can be 
considered as a therapeutic agent. Another PAK4 
inhibitor, KY-04031, was recently identified in a high-
throughput screen[96]. Structural analysis indicated 
that both the indole and indazole moieties of KY-04031 
are required for the PAK4 hinge interaction and that 
the triazine core mimics the ribose of the natural 
ATP substrate[96]. Although the cell-based anti-cancer 
activity of this compound is less efficient than that of 
PF-3758309[96], the unique molecular features of this 
compound can be used for the development of new 

PAK4 inhibitors. Recently, our group and another group 
cooperatively designed and synthesized a series of 
novel 1-phenanthryl-tetrahydroisoquinoline analogues 
as a new class of small-molecule PAK4 inhibitors that 
fit into the PAK4 cavity[97]. Lead optimization identified 
all derivatives with greater potency than the lead 
compound, particularly compound 21a[97]. Compound 
21a markedly induced the cell cycle in G1/S phase 
and suppressed the migration and invasion of MCF-7 
breast cancer cells through the PAK4-LIMK1-cofilin 
pathway[97]. Possible novel binding modes between 
PAK4 and compound 21a were revealed in a molecular 
modeling study, providing a structural basis for further 
structure-based design of PAK4 inhibitors[97].

To develop PAK4 or other PAKs inhibitors for 
cancer therapy, several potential problems must be 
considered. First, it is important to distinguish the 
kinase-dependent and kinase-independent functions of 
PAK4 or other PAKs before developing PAK inhibitors, 
particularly ATP-competitive inhibitors. PAK4 and other 
PAKs sometimes function in a kinase-independent 
manner. Moreover, a PAK4 mutation (E329K) confers 
PAK4 resistance to competitive ATP inhibitors[98]. Thus, 
an alternative approach might be to develop allosteric 
PAKs inhibitors. Second, PAK inhibitors must overcome 
the specificity and redundancy problem caused by the 
various and overlapping characteristics of the PAKs 
themselves, their regulators and effectors. For PAK4 to 
be an effective drug target, a better understanding of 
PAK signaling in normal and cancer cells is needed.

CONCLUSION
Group Ⅱ PAKs play important roles in cellular processes 
including cytoskeletal organization, cell cycle control, 
and cell survival. Not surprisingly, group Ⅱ PAKs 
have been implicated in cancer progression. PAK4 is 
overexpressed in a number of cancers[14,43,47,64,79], and 
the PAK4 gene is amplified in pancreatic cancer, colon 
cancer and oral squamous-cell carcinoma[32,45-47,49]. 
PAK4 is both essential and sufficient to lead to cancer 
in a mouse breast cancer model[43]. These observations 
have made PAK4 a popular candidate both as a 
diagnostic tool for the early detection of cancer and 
as a drug target for cancer therapy. Although several 
PAK4 small-molecule inhibitors have produced desirable 
results during in vitro experiments, satisfactory effects 
have not been observed in clinical trials. Further 
studies of PAK4 biology will provide new avenues for 
therapeutic interventions.

PAK5 is overexpressed in some cancers, and 
PAK5 overexpression has been detected in cancers 
that are prone to invasion and migration, such as 
colorectal cancer[56], gliomas[22] and epithelial ovarian 
cancer[57]. However, PAK5 overexpression is rarely 
observed in normal tissues or tumor growth in situ. 
The mechanisms underlying PAK5 overexpression 
in cancers and the modulation of its activity remain 
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unclear. Coupled with the identification of the PAK5-
Egr1-MMP2 pathway in cancer cell invasion, migration 
and intercellular functions[39,40], PAK5 may become a 
potential drug target to suppress cancer invasion and 
metastasis.

Overexpression of PAK6 is detected mainly in 
prostate cancer. PAK6 also contributes to prostate 
cancer development and progression after androgen 
deprivation therapy[58]. However, the role of PAK6 in 
prostate cancer is not entirely clear, let alone gastro
intestinal cancer or other cancers.

Further study is needed to fully elucidate the 
functions of PAK4-6 in normal and cancer cells. 
Group Ⅱ PAK research remains exciting as we further 
unravel the functions of PAK4-6 in the development 
of gastrointestinal and other cancers and validate 
their effectiveness as drug targets.
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