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Background: p21-activated kinase 1 (PAK1) plays a fundamental role in promoting the development and
progression of several cancers and is a potential therapeutic target. However, the biological function and
underlying mechanism of PAK1 in esophageal squamous cell carcinoma (ESCC) remain unclear.

Methods: The expression of PAKT was detected in both ESCC cell lines and clinical samples. Cell growth was
measured by MTT, focus formation and soft agar assays. Cell migration and invasion were detected by wound healing
and transwell assays. Animal models of subcutaneous tumourigenicity and tail vein metastasis were performed to
determine the inhibitory effect of pharmacological inhibitor IPA-3 on tumor growth and metastasis of ESCC cells.

Results: We found that PAKT was frequently overexpressed in ESCC. Ectopic expression of PAK1 promoted cellular
growth, colony formation and anchorage-independent growth. Overexpressing PAK1 also enhanced migration,
invasion and the expression of MMP-2 and MMP-9 in ESCC cells. In contrast, silencing PAK1 by lentiviral knockdown or
a specific inhibitor IPA-3 resulted in a contrary effect. Subsequent investigations revealed that Raf1/MEK1/ERK signaling
pathway was involved in PAK1-mediated effect. Enhanced expression of Raf1 attenuated the inhibitory functions of
PAKT shRNA. Whereas blocking of Raf1 by shRNA or specific inhibition of MEK1 by U0126 antagonized the oncogenetic
effect of PAK1 on ESCC cells. More importantly, Pharmacological inhibition of PAK1 by IPA-3 significantly suppressed

Conclusions: These data support that PAKT is an ideal target for the development of potential therapeutic drugs for

Background

Esophageal cancer is one of the most common gastro-
intestinal cancer and ranks as the sixth leading cause of
cancer mortalities worldwide, with an estimated 456,000
new cases and 400,000 deaths in 2012 [1, 2]. According
to their histological subtypes, the majority of esophageal
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carcinoma can be classified as esophageal adenocarcin-
oma (EAC) and esophageal squamous cell carcinoma
(ESCC). Although enigmatic increases in the incidence
of EAC have been observed among white populations in
high-income countries, most patients in less-developed
regions of the world especially in China are diagnosed as
ESCC [3]. ESCC is associated with poor prognosis due
to the limitation of clinical approaches for early diagno-
sis, high incidences of tumor recurrence and metastasis,
as well as the ability of the tumor to acquire chemoresis-
tance [4, 5]. Although 5-fluorouracil (5-FU) and cisplatin
are consistently used as chemotherapy agents against
ESCC at present, the 5-year overall survival rate is only
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approximately 25% [6]. Therefore, it is imperative to de-
velop novel treatment regimens for this disease.

p21l-activated kinase 1 (PAK1) is a serine/threonine pro-
tein kinase that serves as an important downstream medi-
ator of the small Rho GTPases, including Racl and
Cdc42, which regulates diverse cellular processes, includ-
ing cell proliferation, anchorage-independent growth, cell
adhesion, migration and invasion [7]. Amount evidence
has indicated that PAK1 is substantially overexpressed in
various cancers, including breast cancer, hepatocellular
carcinoma, pancreatic cancer, lung cancer and cutaneous
T cell lymphoma [8—11]. In addition, Ito et al reported
that PAK1 mRNA expression is statistically associated
with grade and the risk of recurrence in bladder cancers,
and they also demonstrated that high PAK1 protein ex-
pression is an independent factor associated with recur-
rence [12]. Consistently, by using immunohistochemistry,
Carter and colleges previously showed that PAK1 is in-
creased with progression from the adenoma to carcinoma
sequence, with the most obvious increases in invasive and
metastatic human colorectal carcinomas [13]. More re-
cently, Yang et al reported that overexpression of PAK1
correlates with aberrant expression of EMT markers and
poor prognosis in non-small cell lung cancer [14]. All
these findings indicate that PAK1 may play a central role
in regulating tumorigenesis and metastasis. Indeed, ec-
topic expression of PAK1 facilitates the migration and in-
vasion of gastric cancer cells. A recent study stated that
PAK1 promotes epithelial-mesenchymal transition
(EMT) and radio-resistance in lung cancer cells [15]. Con-
versely, knockdown of PAK1 by pharmacological inhib
ition and using short-hairpin RNA (shRNA) can signifi
cantly in hibit human cancer cell proliferation,
anchorage-independent growth, migration and invasion in
vitro and reduce tumor growth and metastasis in animal
models [10, 11, 16-18]. In addition, depletion of active
PAKI1 up-regulates the immune system of APC*'** mice
and suppresses intestinal tumor development [19]. How-
ever, whether PAK1 is involved in ESCC development,
progression and the underpinning molecular mechanisms
remain unclear.

IPA-3 (2, 29-dihydroxy-1, 19-dinaphthyldisuifide), a
highly selective, non-ATP-competitive allosteric inhibitor
of PAK1, has been demonstrated to specifically prevent
Cdc42-induced PAK1 autophosphorylation at threonine-
423 (T423) and significantly inhibit PAK1 kinase activity
[20]. A few studies showed that IPA-3 specifically blocks
the membrane transport of WAVE2 and lamellipodia
formation in human breast cancer cells [21], and inhibits
the endocytic uptake of human adenovirus serotype 35
in various cell lines [22]. Wang et al found that inhib-
ition of PAK1 by IPA-3 suppresses cutaneous T cell
lymphoma (CTCL) cell proliferation and promotes spon-
taneous apoptosis, interestingly, the inhibitory effects of
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IPA-3 on CTCL cells is similar to that of the
lentiviral-based PAK1 gene knockdown vectors [10].
Wong et al found that IPA-3 not only inhibits hepatocel-
lular carcinoma (HCC) cell proliferation, colony forma-
tion and migration in vitro, but also suppresses
tumorigenesis in a nude mouse xenograft model [23].
Furthermore, IPA-3 treatment also inhibits the growth
of prostate xenografts in vivo [24]. More importantly,
Selective inhibition of PAK1 using IPA-3 significantly
abolishes TGFB1-induced prostate cancer cell EMT and
expression of mesenchymal markers [25]. However, the
effect of IPA-3 in the therapeutic treatment of human
ESCC is still poorly understood.

In the current study, we assessed the importance of
PAK1 in ESCC. We found that inhibition of PAK1 by
using shRNA and a small-molecule inhibitor (IPA-3) re-
markably suppressed ESCC cell proliferation, colony for-
mation, migration and invasion in vitro, and tumor
growth and lung metastasis in vivo, at least in part, via
down-regulating the Rafl/MEK1/ERK signaling pathway.
Our studies highlight that PAK1 is a novel therapeutic
target in ESCC and support the use of PAK1 inhibitors
as a therapeutic strategy for this disease.

Materials and methods

Reagents

IPA-3 and U0126 were purchased from Selleck
Chemicals (Shanghai, China). Antibodies and their
sources are as follows: antibodies against p-PAK1 (T423,
#2601), PAK1 (#2602), PAK2 (#4825), PAK3 (#2609),
Racl/Cdc42 (#4651), Rafl (#9422), p-Rafl (S338, #9427),
MEK1 (#2352), p-MEK1 (5298, #9128), ERK1/2 (#4695),
p-ERK1/2 (T202/Y204, #4370), MMP-2 (#4022) and
MMP-9 (#3852) were obtained from Cell Signaling
Technology (Beverly, MA). Primary antibodies against
p-PAK2 (S141, #SAB4504634) and Actin (#4700) were
purchased from Sigma-Aldrich (Shanghai, China).

Cell culture

Human ESCC cell lines EC109, EC9706, KYSE30,
KYSE70, KYSE150, KYSE450 and KYSE510 were ob-
tained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), and cultured in RPMI 1640
medium (Invitrogen) containing 10% (v/v) heat-inactivated
fetal bovine serum (FBS) [26]. Het-1A (an immortalized
human esophageal epithelial cell line), obtained from the
American Tissue Culture Collection (Manassas, VA,
USA), was cultured in DMEM culture medium supple-
mented with 10% FBS. All cells were cultured in a humidi-
fied incubator containing 5% CO, and were recently
tested for tested periodically for mycoplasma contamin-
ation and STR profiling.
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Human tissue specimens

The total 126 paraffin-embedded, archived samples
(namely 63 pairs of ESCC and matched normal cases)
used in this study were collected from the First Affiliated
Hospital of Henan University between 2015 and 2018.
All patients enrolled in the research had not received
chemotherapy or radiation treatment. Patients’ age
ranged from 50 to 85 years at the point of surgery. The
research was approved by the Committees for Ethical
Review of Research Involving Human Subjects in the
First Affiliated Hospital of Henan University. Written in-
formed consent was obtained from all patients prior to
the study.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total mRNAs were isolated using the TRIzol reagent
(Invitrogen, Shanghai, China) following the manufac-
turer’s manual. Reverse transcription was carried out
using PrimeScript RT Master Mix (TaKaRa, Dalian,
China). qRT-PCR was performed using SYBR Premix Ex
Taq II (TaKaRa, Dalian, China) on an ABI Prism 7, 900
System (Thermo Fisher Scientific). GAPDH served as in-
ternal control. The cycle threshold values did not differ by
more than 0.5 among the triplicates. Relative expression
differences were calculated using the 22" method. PCR
primers sequences used are listed in Additional file 1:
Table S1.

Cell viability assay

Cell viability was determined by MTT assay. Briefly, cells
were seeded in 96-well flat-bottom plates (Corning) and
incubated with or without drugs for the indicated time.
Twenty puL of MTT solution was added to each well dur-
ing the last 4h of culture. Absorbance was read on a
96-well plate reader at a wavelength of 490 nm. For
ESCC cells treated with drugs, control cells received
DMSO (< 0.1%) containing medium. The drug concen-
tration resulting in 50% inhibition of cell growth (ICs0)
was determined by using GraphPad Prism version 7.0
(GraphPad Software, San Diego, CA).

Focus formation assay

The colony formation assay was performed as previously
described with some modification [27]. Briefly, a total of
500 cells each well were plated in six-well plates and cul-
tured for 10-14 days (Ten days for EC109 and KYSE70;
Two weeks for KYSE30 and KYSE150) until visible col-
onies formed. Surviving colonies were fixed with metha-
nol and stained with 0.1% crystal violet in 20% methanol
for 20 min. Microscopic colonies consisted of more than
50 cells were counted.
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Soft agar assay

Soft agar was carried out by growing 2, 000 cells in 0.4%
bactoagar containing 10% FBS on a bottom layer of so-
lidified 0.8% bactoagar (Sigma, Shanghai, China) with
10% FBS in a 24-well flat-bottom plate (Corning) as our
previously described [26]. After incubation for 2-3
weeks at 37°C in a humidified incubator, the colonies
(containing >50 cells) were counted with an inverted
optical microscope.

Western blotting analysis

Western blotting analysis was performed using the
whole cell lysates prepared in RIPA buffer (1 x PBS, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1%
NP-40). 10 mM [-glycerophosphate, 10 mM NaF, 1 x
protease inhibitor cocktail (Roche, Indianapolis, IN) and
1 mM PMSF were added to the buffer mentioned above.
Equal amounts of total proteins were separated using
10-15% SDS-PAGE, and then transferred onto nitrocel-
lulose membranes. After blocking with 5% dried
skimmed milk, the membranes were then incubated with
the primary antibodies overnight. The appropriate
HRP-linked secondary antibody was selected to detect
the protein bands by using enhanced chemiluminescence
(ECL) detection reagent (Beyotime, Shanghai, China).

Wound healing assay

For the wound healing assay, cells were inoculated in a
6-well flat-bottom plate (Corning) and grown to a con-
fluence cell monolayer for 12 h. After scratching with a
pipette tip (200 pL), the wells were washed three times
with sterile PBS to remove the floating cells. The cells
were observed and captured at Oh, 24h and 48h
post-scratching. The percentage of wound closure was
calculated by the formula: wound closure = (original gap
distance - gap distance at the indicated time)/original
gap distance x 100%.

Cell migration and invasion assays

The migration and invasion assays were performed using
transwell chambers (8 um pore size, Costar) according
to the manufacturer’s instructions as our previously de-
scribed [26]. For migration assay, two hundred microli-
ters of serum-free medium (containing 5 x 10* cells) was
placed into the upper chamber of each insert. Medium
containing 20% FBS in the lower compartment served as
the chemoattractant. After incubation at 37 °C for 24 h,
the remaining tumor cells inside the upper chamber
were removed with cotton swabs. The cells attached to
the lower surface of the membrane insert were stained
with 0.1% crystal violet after fixation with 4.0% parafor-
maldehyde, and then counted with an inverted micro-
scope. The invasion assay was performed using a similar
procedure, except that the upper surface of membrane
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inserts were coated with Matrigel (BD Biosciences, CA)
to form a matrix barrier, and then 1 x 10° tumor cells
were added to the upper chamber.

Transfection of plasmids and short hairpin RNA

Plasmids including pCMV-Flag-His-puro-PAK1, pCMV-
Flag-His-puro-Rafl and pCMV-Flag-His-puro empty
vector were obtained from Transheep (Shanghai, China).
For ectopic expression of PAK1, cells were transfected
with 2 pg human PAK1-encoding plasmid or empty vec-
tor (pCMV-Flag-His-puro) using the Lipofectamine 2000
reagent (Invitrogen, Thermo Fisher Scientific, Inc.) ac-
cording to the manufacturer’s instruction. Forty eight
hours latter, the cells were then treated with puromycin
(1.5 pg/mL, Sigma-Aldrich). After 4-week of selection,
individual colonies were picked up and expanded. In
order to stably overexpress Rafl, the PAKI1-silenced
KYSE30 and KYSE150 cells were transfected with 2 pg
Rafl and empty vector plasmid using the Lipofectamine
2000 reagent for 48 h. The cells were then exposed to
puromycin (1.5 pg/mL) for 2 weeks.

Specific shRNAs targeting PAK1 or Rafl and a scramble
shRNA (pLKO.1-puro-Non-target shRNA) were pur-
chased from Sigma-Aldrich. The indicated sequences were
described in Additional file 2: Table S2. Lentiviruses
production and subsequently tranfection we used were
performed as previously described [26]. The cells were
then selected in the presence of 1.5pug/mL puromycin
(Sigma-Aldrich) for 2 weeks to establish stable cells.

The efficiency of knockdown and overexpression were
examined by immunoblotting.

Mouse models of tumorigenesis and metastasis

Male nude BALB/c mice (18-20g, 5 to 6 week-old) were
purchased from Beijing Vital River Laboratory Animal
Technology Co (Beijing, China). All mice were bred and
maintained in barrier system at the animal facility of
Henan University with controlled temperature (20 + 2 °C),
humidity (40-50%) and a lighting cycle of 12 h light/12h
darkness. Mice were housed in isolator cages (4 mice per
cage). The standard pellet food and water were provided
ad libitum during the experimental period. All the animal
studies were approved by the Henan University Institu-
tional Animal Care and Use Committee.

For in vivo tumorigenic experiment, KYSE150 cells
(5% 10° cells in PBS suspension) were subcutaneously
implanted into the left dorsal flank of each mouse [28].
Tumors were measured with calipers every other day
and calculated by the following formula: tumor volume
=L x W? x 0.4, where L represents the smallest diameter
and W is the diameter perpendicular to L. When tumors
reached 100 mm? in size, the mice were randomly split
into control or experimental groups (n=8 per group)
and administrated by intraperitoneal injection (i.p.) with
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vehicle or IPA-3 (5 mg/kg), three times per week for 2
weeks. Mice were then anaesthetized with isoflurane be-
fore killed by cervical dislocation. Tumors were immedi-
ately removed, weighed, fixed and kept at — 80°C. The
body weight, feeding behavior and motor activity of each
animal were monitored as indicators of general health.

For the experimental metastasis assay, KYSE150 cells
(1 x 10° in 100 pl PBS) were intravenously injected with
via lateral tail vein into the tested nude mice (8 mice per
group) as previously described [26]. After injection for 6
weeks, all of the mice were anaesthetized with isoflurane
before being killed by cervical dislocation, the lungs were
then harvested and fixed for 24h in Bouin’s solution
(5.0% acetic acid, 25% formaldehyde and 75% saturated
picric acid). The metastatic colonies on the surface of
the lung in each mouse were counted, and the presence
of tumor lesions within the lungs was confirmed by
H&E staining.

Immunohistochemistry (IHC) and hematoxylin and eosin
(H&E) staining

The formaldehyde-fixed tissues were dehydrated and
embedded in paraffin according to the routine method.
The paraffin-embedded tissues were then cut into pieces
(4 um) and placed on polylysine-coated slides. For IHC
staining, the procedure was done as previously described
in our previous studies. Briefly, The tissue slides were
deparaffinized and rehydrated. The tissue slides were
then treated with 3% H,O, in for 10 min to exhaust en-
dogenous peroxidase activity, the antigens were retrieved
for 15 min in 10 mM citrate (pH 6.0) using a microwave
oven. After 20 min of preincubation in 5% bovine serum
albumin to prevent nonspecific staining, the slides were
incubated overnight using primary antibodies against
Ki67 (1:100), anti-p-PAK1 (1:200) and p-ERK1/2 (1:100)
in a humidified container at 4 °C. Staining results were
visualized by sequential incubations of slides with an
EnVision + System-HRP (DAB; DAKO) was used
according to manufacturer’s manual, followed by
hematoxylin counterstaining. For staining with H&E, the
paraffin-embedded tissue sections were deparaffinized in
xylene and rehydrated with graded ethanol. Subse-
quently, the slides were stained with H&E by using
Hematoxylin and Eosin Staining Kit (Beyotime, Shanghai,
China). Images were photographed using a phase contrast
microscope (Leica, Germany).

For human samples, IHC scoring was performed using a
modified Histo-score (H-score) by two independent
pathologists as our previously described [27]. the H-score
included a semiquantitative assessment of both the pro-
portion of positively stained cells and the intensity of
staining. The proportion of positively stained cells was
scored as 0—100%. The intensity score was defined accord-
ing to the following standard: O, no staining; 1, weak
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staining; 2, moderate staining; 3, strong staining. The in-
tensity and fraction scores were then multiplied to
obtain H-score (0-3), which represented the level of
PAK1.

Statistical analysis

All experiments were performed at least 5 times, and re-
sults were expressed as mean + SD. Statistical analyses
were performed using GraphPad Prism version 7.0
(GraphPad Software, San Diego, CA). A two-tailed Stu-
dent’s ¢ test was performed to compare the differences
between two groups. We compared multiples groups
with a one-way ANOVA with Tukey’s post hoc test, the
overall F test was significant (P < 0.05), and there was no
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significant variance in homogeneity. All statistical tests
were two-sided, and the P value of less than 0.05 was
considered statistically significant.

Results

Overexpression of PAK1 is frequently detected in ESCC
To determine the possible role of PAK1 in human
ESCC, the levels of PAK1 mRNA in seven different
ESCC cell lines were compared to that in one immortal-
ized esophageal epithelial cell line (Het-1A) by using
qPCR analysis. As shown in Fig. 1a, the mRNA expres-
sion of PAK1 were higher in six of seven ESCC cells
(especially in KYSE30, KYSE150, KYSE450 and KYSE510
cells) compared with that of Het-1A cells. Western
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blotting results also showed that the protein levels of
PAK1, p-PAK1 (T423), as well as its upstream mediators
(Racl and Cdc42) were higher in ESCC cells than those
in Het-1A cells. (Fig. 1b). To further confirm these find-
ings, we detected the protein level of PAK1 by immuno-
histochemistry staining using 63 pairs of human ESCC
and their adjacent normal specimens. As shown in Fig. 1c,
PAK1 was dramatically upregulated in the ESCC tissues,
but was only marginally detectable in normal esophageal
tissues. Consistent with our results, the published micro-
array data (NCBI/GEO/GSE23400 and GSE20347) also
showed that the mRNA expression of PAK1 was much
higher in ESCC tissues compared with adjacent
non-tumor tissues (Fig. 1d). These data suggests that
PAK1 may be an oncogene in ESCC. Because lower
expression level of PAK1 was observed in KYSE70 and
EC109 cells, which were selected to wuse in
PAK1-overexpressing experiments. KYSE30 and KYSE150
cells were used for PAKI silencing study because their
PAK]1 expression level is relatively high.

Knocking down PAK1 by shRNA inhibits ESCC cell growth
To explore the tumorigenic function of PAK1 in ESCC cells,
we transfected EC109 and KYSE70 cells with PAK1 ¢cDNA
construct and collected single clones stably overexpressing
PAK1 (PAK1#1 and PAK1#2). Empty vector-transfected
cells (EC109-Vector and KYSE70-Vector were used as con-
trols. Western blotting analysis showed that the expression
of PAK1 and p-PAK1 (T423) was greatly upregulated in
EC109 and KYSE70 cells that transfected with PAK1, com-
pared with their control groups, respectively (Fig. 2a). The
tumorigenic ability of PAK1 was first assessed by MTT cell
growth assay. As illustrated in Fig. 2a, enforced expression
of PAK1 elicited a left shift of the growth curve compared to
their corresponding empty vector-transfected cells
(Fig. 2b), indicating a higher cell viability. Focus for-
mation assay also showed that colony formation fre-
quency was significantly higher in PAK1-ovexpressing
cells, compared to their corresponding control cells
that transfected with empty vector (Fig. 2c). Further,
we also performed colony formation assay in soft
agar, which reflects an anchorage-independent growth
in vitro. The results showed that colony formation
frequency in soft agar was significantly increased in
PAK1-expressing cells compared with their control
groups (Fig. 2d).

We next determined whether knockdown of PAK1 in-
hibits the tumorigenicity in ESCC cells. To confirm this hy-
pothesis, KYSE30 and KYSE150 cells were transduced with
pLKO.1-shPAK1 lentivirus (shPAK1#1 and shPAK1#2, re-
spectively). A scrambled shRNA (shNC) was used as a nega-
tive control. The silencing effect was checked by Western
blotting analysis, and results showed that both shRNAs
could specifically down-regulate the expression of PAK1 and
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p-PAK1 (T423) (Fig. 2e). Functional assays revealed that
PAK1 silencing could effectively inhibit the tumorigenic
phenotype by reducing cell growth, frequencies of focus for-
mation and colony formation in soft agar compared with
cells treated with shNC (Fig. 2f-h). Collectively, these results
demonstrated that targeting PAK1 suppresses ESCC cell
growth in vitro.

PAK1 shRNA suppresses ESCC cell migration and invasion
Metastasis is responsible for poor outcome of ESCC [29, 30].
We then investigated whether high expression of PAK1 con-
fers ESCC cell abilities of migration and invasion, which are
two of the most important processes in tumor metastasis.
First, we examined the role of PAK1 in ESCC cell migration
by using wound healing assay. As shown in Fig. 3a, enforced
expression of PAK1 dramatically promoted the migration
ability of EC109 and KYSE70 cells compared with those of
their corresponding control cells at 24 h, the promoting ef-
fect of PAK1 was further evident at 48 h. To further identify
these observations, we examined the effects of PAK1 on
ESCC cell migration using the Boyden chamber transwell
assay. Indeed, the migration ability of both lines of ESCC
cells was significantly enhanced by PAK1 (Fig. 3b). Next, we
determined whether high expression of PAK1 strengthens
cell invasion by conducting transwell chamber with Matrigel.
Our results showed that up-regulation of PAK1 significantly
enhanced the number of EC109 and KYSE70 cells that in-
vaded through Matrigel in comparison with those derived
from their corresponding control cells transfected with
empty vector (Fig. 3c). Interestingly, Western blotting ana-
lysis also displayed that overexpression of PAK1 remarkably
promoted the expression of MMP-2 and MMP-9 (Fig. 3g,
Left), which were well known to play a crucial role in tumor
invasion and metastatic processes by degrading the extracel-
lular matrix in various types of cancer including ESCC [31].
Above all, these results indicated that overexpression of
PAKI1 could significantly promote the migration and invasion
of ESCC cells.

We next determined whether silencing PAK1 inhibits
the migration and invasion of ESCC cells. Wound heal-
ing assay showed that downregulation of PAK1 signifi-
cantly inhibited the migration ability of KYSE30 and
KYSE150 cells compared with those of their correspond-
ing control cells transfected with shNC at 24 h, the in-
hibitory effect of shPAK1 was further evident at 48h
(Fig. 3d). Moreover, the Boyden chamber transwell assay
also showed that the migration ability of both lines of
ESCC cells was significantly impaired by shPAK1 (Fig. 3e).
Next, We performed transwell invasion assays to deter-
mine whether silencing PAK1 inhibits ESCC cell invasion.
As illustrated in Fig. 3f, both ESCC cell lines that trans-
fected with shPAK1 displayed a smaller number of tumor
cells that invaded through Matrigel in comparison with
those of their corresponding control cells transfected with
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shNC. In addition, Western blotting results showed that
knockdown of PAKI significantly reduced the expression
of MMP-2 and MMP-9 (Fig. 3g, Right).

Taken together, these results demonstrated that targeting
PAK1 by shRNA could suppress the migration, invasion, as
well as the expression of MMP-2 and MMP-9 in ESCC cells.

Raf1/MEK1/ERK signaling pathway plays an important

role in PAK1-mediated ESCC cell growth, migration and
invasion

We next explored the underlying mechanisms of how
PAK1 influences the growth, migration and invasion of
ESCC cells. It has been demonstrated that The Rafl/
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MEKI1/ERK cascade plays a central role in ESCC biology
[32-34], and PAKI regulate ERK activity in some cell
types by phosphorylating Rafl at S338 and MEKI1 at
S$298 [35-37], which suggests that the effect of PAK1 on
ESCC cells involves the Rafl/MEK/ERK pathway.
Intriguingly, Our results showed that ectopic expression
of PAK1 in EC109 and KYSE70 cells increased the ex-
pression of p-Rafl (S338), and its downstream targets:
p-MEK1 (5298) and p-ERK1/2 (T202/Y204) (Fig. 4a,
Left); In contrast, PAK1 knockdown in KYSE30 and
KYSE150 cells significantly decreased the protein levels
of p-Rafl (S338), as well as p-MEK1 (S298) and
p-ERK1/2 (T202/Y204) (Fig. 4a, Right).

We then asked whether Rafl/MEK1/ERK pathway par-
ticipates in the effect of PAK1 in ESCC cells. First, we
investigated whether Rafl overexpression compensates
for the loss of PAK1 function, a Rafl ¢cDNA expression
construct was stably transfected into KYSE30-shPAK1#1
and KYSE150-shPAK1#1 cells (Fig. 4b, Left panel). Overex-
pression of Rafl in PAK1-silenced KYSE30 and KYSE150
cells displayed higher focus formation frequencies and pro-
moted colony forming abilities in soft agar compared with
their corresponding control cells (Fig. 4b, Middle and Right
panels). In addition, wound healing and Transwell migra-
tion and invasion assays also showed that ectopic expres-
sion of Rafl significantly increased the migratory and
invasive abilities in PAKIl-knockdown KYSE30 and
KYSE150 cells (Fig. 4c). Furthermore, Western blotting
analysis demonstrated that enforced expression of Rafl
markedly rescued the expression of MMP-2 and MMP-9 in
PAK1-silenced KYSE30 and KYSE150 cells (Fig. 4d).

Given that overexpression of Rafl could rescue the
loss of PAK1 function in ESCC cells, then we investi-
gated the effect of Rafl impairment on PAK1 function.
In proliferation assays, the shRNA mediated downregu-
lation of Rafl in EC109-PAK1 and KYSE70-PAK1 cells
showed lower focus formation frequencies and reduced
colony forming abilities in soft agar (Fig. 4e). Consist-
ently, wound healing and Transwell migration and inva-
sion assays also showed that Rafl knockdown resulted in
a decrease in the migratory and invasive abilities in both
PAK1-overexpressing ESCC cell lines (Fig. 4f). Western
blotting analysis demonstrated that silencing Rafl re-
markably attenuated the expression of MMP-2 and
MMP-9 in PAKl-overexpressing EC109 and KYSE70
cells (Fig. 4g).

To further confirm that the oncogenic effect of PAK1
was through activation of the Rafl/MEK/ERK cascade,
U0126, a selective MEK inhibitor, was applied to check
whether it abolishes the effect of PAK1 in ESCC cells.
Accordingly, results of Western blotting analysis showed
that U0126 could effectively decrease expression levels
of p-ERK1/2 (T202/Y204) (Fig. 5a). Interestingly, U0126
treatment resulted in lower colony formation frequencies
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and reduced colony forming abilities in soft agar in
EC109-PAK1 and KYSE70-PAK1 cells (Fig. 5b). Moreover,
wound healing assay showed that U0126 treatment
attenuated the migratory abilities of PAK1-overexpressing
ESCC cells (Fig. 5c). Furthermore, the migratory and
invasive abilities of PAK1-overexpressing cells were
significantly inhibited by U0126, compared with their cor-
responding control cells (Fig. 5d-e). Consistently, Western
blotting analysis indicated that U0126 treatment dramatic-
ally inhibited the expression of MMP-2 and MMP-9 in a
dose dependent manner in PAK1-overexpressing ESCC
cells (Fig. 5f).

Taken together, these results further confirmed that
Rafl/MEK1/ERK cascade is required for the effect of
PAK1 in ESCC cells.

Pharmacological inhibition of PAK1 inhibits ESCC cell
growth, migration and invasion
Since knockdown of PAK1 inhibits ESCC cell growth,
colony formation, migration and invasion, we reasoned
that PAK1 inhibitors may be effective as potential thera-
peutic agents for ESCC. IPA-3, an allosteric kinase in-
hibitor of PAKI1 that covalently binds to the PAK1
regulatory domain and prevents the binding of the
upstream activators (Racl/Cdc42), thereby attenuating
Cdc42-induced PAK1 autophosphorylation at threonine-
423 (T423) and inhibiting PAK1 kinase activity [20]. As
expect, IPA-3 treatment resulted in a significant reduc-
tion in the levels of phosphorylated PAK1 at T423, but
not the phospho-PAK2 (S141) and the total amount of
PAK1 and PAK2 (Fig. 6a). In addition, IPA-3 treatment
also downregulated the expression of phospho-Rafl
(S338), phospho-MEK1 (S298) and phospho-ERK1/2
(T202/Y204) in a concentration dependent manner,
while the total amount of Rafl, MEK1 and ERK1/2 pro-
teins were not alternated (Fig. 6a). Next, we sought to
determine whether pharmacological inhibition of PAK1
inhibits ESCC cell growth. MTT assay indicated that
IPA-3 potently decreased the cell viability of KYSE30
and KYSE150 cells, with ICs, values of 12.81 uM and
13.94 uM, respectively (Fig. 6b). In addition, focus for-
mation assay showed that IPA-3 potently inhibited the
number of surviving clonogenic ESCC cells in a
dose-dependent manner (Fig. 6¢c). Furthermore, soft
agar assay also showed that the colony forming abil-
ities in soft agar was significantly inhibited in KYSE30
and KYSE150 cells, with ICsy values of 5.81 uM and
6.35 uM, respectively (Fig. 6d). Overall, these data
demonstrate that pharmacological inhibition of PAK1
by IPA-3 potently inhibits the growth of ESCC cells.
We next determined whether pharmacological inhib-
ition of PAK1 by IPA-3 inhibits the migration and inva-
sion in ESCC cells. Wound healing results indicated that
the migratory abilities of KYSE30 and KYSE150 cells
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also analyzed whether IPA-3 inhibits cell invasion by

treated with IPA-3 were significantly inhibited at the
conducting transwell invasion assays. As shown in Fig.

dose of 10 uM for 24 h, the inhibitory effect of IPA-3

was further evident at 48 h (Fig. 6e). Moreover, Boyden
chamber Transwell assay also showed that the migration
ability of both ESCC cell lines was significantly impaired
by IPA-3 at the concentration of 10 uM (Fig. 6f). We

6g, IPA-3 strongly inhibited the invasion of KYSE30 and
KYSE150 cells. Consistently, Western blotting analysis
indicated that IPA-3 dramatically inhibited the protein
level of MMP-2 and MMP-9 in a dose-dependent
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manner (Fig. 6h). These data indicated that targeting
PAK1 by IPA-3 inhibits cell growth, as well as migration
and invasion in ESCC cells.

Targeting PAK1 by IPA-3 inhibits ESCC cell growth and
metastasis

Given that targeting PAK1 by shRNA or pharmacology
inhibitor IPA-3 could significantly suppress cell growth,
migration and invasion in vitro, therefore, we want to
determine whether targeting PAK1 suppresses ESCC cell
growth and metastasis in vivo. For the subcutaneous
xenograft experiment, KYSE150 cells were injected sub-
cutaneously into the left dorsal flank of nu/nu BALB/c
nude mice, six days later, when the tumor xenografts
were palpable (about 100 mm?®), the mice were randomly
divided into two groups: vehicle or IPA-3 (8 mice per
group) (5mg/kg) for 2 weeks. The growth curve (tumor
volume versus time curve) of KYSE150 tumors was sig-
nificantly inhibited by the treatment of IPA-3 (Fig. 7a).
In addition, the tumor weight in the IPA-3-treated mice
was significantly lower than that of the vehicle-treated
mice (Fig. 7b). In addition, assessment of the Ki67 prolif-
eration marker by immunohistochemical staining
showed that the proliferation of KYSE150 cells was sig-
nificantly impaired by IPA-3. Similarly, the level of
phospho-PAK1 (T423) and phospho-ERK1/2 (T202/
Y204) was substantially diminished in the IPA-3-treated
group compared with that from the vehicle-treated mice
(Fig. 7c), which indicated that IPA-3 inhibited the kinase
activity of PAK1. Consistent with these results, Western
blotting analysis of cell lysates from xenografted tumors
showed that IPA-3 dramatically inhibited the expression
levels of phospho-PAK1 (T423), phospho-Rafl (S338),
phospho-MEK1 (5298) and phospho-ERK1/2 (T202/
Y204), while the phospho-PAK2 (S141) and the total
amount of PAK1, PAK2, Rafl, MEK1 and ERK1/2 pro-
teins were not alternated (Fig. 7d).

Tumor metastasis is one of the important reasons that
lead to poor outcome of patients with ESCC. Since tar-
geting PAK1 by shRNA or pharmacology inhibitor IPA-3
drastically decreased the migration and invasive poten-
tial of ESCC cells in vitro, we next evaluated the effect
of IPA-3 on metastasis of ESCC cells in vivo. Compared
with vehicle treatment, IPA-3 significantly attenuated
the ability of lung metastasis in nude mice, as evidenced
by the smaller number of metastatic tumor nodules in
the lungs (Fig. 7e). Furthermore, hematoxylin and eosin
(H&E) results also showed an appreciable decrease in
size and number of metastatic foci in the lungs of
IPA-3-treated mice, compared with that of the
vehicle-treated mice (Fig. 7f). These results indicated
targeting PAK1 by IPA-3 significantly inhibited tumor
metastasis in vivo.
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Collectively, these findings indicate that targeting
PAK1 by pharmacological inhibitor IPA-3 could sup-
press tumor growth and metastatic behavior of ESCC
cells and that it likely acts through blocking the Rafl/
MEK1/ERK signaling pathway.

Discussion

In the present study, we found that PAK1 was frequently
overexpressed in both ESCC cell lines and primary hu-
man ESCC tissues, suggesting that PAK1 may play an
important oncogenic role in ESCC. Indeed, silencing
PAK1 by shRNA or a specific inhibitor IPA-3 signifi-
cantly suppresses ESCC cell proliferation, focus forma-
tion, anchorage-independent growth, migration, invasion
and the expression of MMP-2 and MMP-9 in vitro.
More importantly, Pharmacological inhibition of PAK1
by IPA-3 significantly suppressed tumor growth and
lung metastasis of ESCC cells in vivo. Subsequent inves-
tigations revealed that Rafl/MEK/ERK signaling pathway
was involved in PAKl-mediated effect. To our
knowledge, this is the first report to elucidate the role
of PAK1 in ESCC cells, using both in vitro and in
vivo models.

P21-activated kinases (PAKs) are major effectors
downstream of the small Rho family of GTPases. Among
the six isoforms, PAK1 is the most ubiquitous and the
best characterized member. Kim et al found that PAK1
is a candidate amplified loci in the xenograft established
from the thoracic duct lymph of ESCC patients [38]. In
addition, Chattopadhyay et al also found that PAKI is
one of the candidate genes located at amplified regions
of chromosomes or low-level gain regions in patients
with esophageal squamous cell carcinoma exposed to to-
bacco and betel quid from high-risk area in India [39].
However, the expression and biological function of
PAK1 in ESCC remain unclear. In this study, by using
multiple experimental methods, we found that PAK1 is
strongly overexpressed in both ESCC cell lines and clin-
ical samples at the mRNA and protein level. All these
findings indicated that PAK1 performs as an oncogenic
factor in ESCC. Indeed, both gain- and loss-of function
studies demonstrated that high expression of PAK1 dra-
matically promotes ESCC cell growth, migration and in-
vasion. Interestingly, we also found that pharmacological
inhibition of PAK1 by IPA-3 significantly suppresses
tumor growth and lung metastasis of ESCC cells in vivo
and in vivo, suggesting PAK1 is promising therapeutic
target for ESCC patients.

It is widely believed that Rafl/MEKI1/ERK signaling
pathway is one of the most commonly deregulated path-
ways in various cancer including ESCC. Several studies
report that abnormal activation of the Rafl/MEK1/ERK
signaling pathway plays an important role in promoting
the growth, migration and invasion of ESCC cells [32—
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34]. PAK1 has been demonstrated to active Rafl/MEK1/
ERK pathway in some cell types by phosphorylating Rafl
on serine 338 and MEK1 on serine 298 [36, 37, 40].
However, whether targeting PAK1 suppresses ESCC cell
growth and lung metastasis via inhibiting the Rafl/
MEKI1/ERK pathway remain largely elusive. In this
study, we found that ectopic expression of PAKI1 in
ESCC results in aberrant activation of Rafl/MEK1/ERK
signaling pathway as monitored by p-Rafl (S338),
p-MEK1 (S298), p-ERK1/2 (T202/Y204). As expected,
these proteins were down-regulated when PAK1 was si-
lenced by shRNA or pharmacological inhibitor IPA-3.
More importantly, we also found that enforced expres-
sion of Rafl attenuates the inhibitory effect of IPA-3 on
cell growth, colony formation, migration and invasion of
ESCC cells. Conversely, silencing Rafl by shRNAs or
using U0126, a MEK1 specific inhibitor, dramatically ab-
rogates the promotive effect of PAK1 on ESCC cells.
Therefore, our study demonstrates that targeting
PAK1 suppresses ESCC cell growth, migration and in-
vasion at least partly via blocking Rafl/MEKI1/ERK
signaling pathway.

The poor prognosis of ESCC is mainly due to its high
potential for metastasis, however, the underlying signal-
ing pathways and key molecules that drive ESCC pro-
gress remain largely unknown. In this study, we found
that ectopic expression of PAK1 significantly promotes
the cell motility and invasion of ESCC cells, as well as
the expression of MMP-2 and MMP-9. Consistent with
our results, overexpression of PAK1 is associated with
progression, metastasis and prognosis of gastric cancer
[41]. Similarly, overexpression of PAKI1 also correlates
with aberrant expression of EMT markers and poor
prognosis in non-small cell lung cancer [14]. In addition,
PAK1 is highly expressed in a proportion of pancreatic
adenocarcinoma patients and its expression is signifi-
cantly associated with MET positivity and linked to a
widespread metastatic pattern [18]. These data indicate
that PAK1 plays an important role in promoting tumor
metastasis, therefore targeting PAK1 may significantly
suppresses the metastasis of these cancer. Indeed,
knocking down of PAKI significantly reduces cell
adhesion, migration, and invasion of gastric cancer cells
in vitro and significantly prevents tumor metastasis in
vivo [37]. Moreover, Inhibition of PAK1 by shRNA or
pharmacology inhibitor IPA-3 also attenuates cell
migration in vitro and tumor metastasis in a model of
pancreatic adenocarcinoma [18]. Targeting PAK1 could
significantly suppress the metastasis of ESCC cells. This
conclusion is based on the following evidence. First,
Conversely, knockdown of PAK1 by shRNAs or pharma-
cological inhibitor IPA-3 leads to opponent trends. More
importantly, pharmacological inhibition of PAK1l by
IPA-3 could obviously suppress the lung metastasis of
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ESCC cells in a nude mouse xenografted model. Our
data suggests that PAK1 is a promising therapeutic tar-
get for ESCC patients, even with metastasis.

It is well known that matrix metalloproteinases
(MMPs) play an important role in the degradation of
extracellular matrix (ECM) components, which facilitat-
ing the invasion and metastasis of tumor cells [42]. both
MMP-2 and MMP-9, two important members of MMPs,
have been extensively studied. Overexpression of these
two factors is observed in malignant tumors and posi-
tively correlates with the aggressive malignant pheno-
types and poor prognosis in ESCC patients [31, 43]. Goc
et al also demonstrated that MMP-9 is involved in
PAK1-mediated prostate tumor growth and microinva-
sion [44]. In addition, a recent study also indicated that
PAK1 promotes the invasion of gastric cancer cells by
inducing the mRNA expression and activity of MMP-2
[45]. Whether PAK1 can display a similar function in
ESCC cells remain unclear. Interestingly, in this study, we
found that ectopic expression of PAK1 significantly en-
hances the protein level of MMP-2 and MMP-9. And vice
versa, both MMP-2 and MMP-9 expression is concomi-
tantly downregulated upon PAK1 knockdown by shRNAs
or inhibition by a specific inhibitor IPA-3. More import-
antly, we also found that overexpression of Rafl attenuates
the inhibitory effect of PAK1 inhibitor IPA-3 on MMP-2
and MMP-9 expression. Conversely, silencing Rafl by
shRNAs or using U0126, a MEK specific inhibitor, dra-
matically abrogates the promotive effect of PAK1 on the
protein level of MMP-2 and MMP-9. Therefore, it is pos-
sible that PAK1 downregulation or inhibition leads to the
inhibition of Rafl/MEK1/ERK signaling pathway, which in
turn blocks the expression of MMP-2 and MMP-9. Our
data are in line with a previous study showing that inhibit-
ing ERK1/2 activity by U0126 significantly suppresses the
transcription activity of MMP-2 by inhibiting the phos-
phorylation of hnRNPK and its nuclear translocation in
colorectal cancer (CRC) cells [46]. Similarly, U0126 com-
pletely abolished globular domain isoform of CTRP9
(gCTRPY)-induced upregulation of MMP-9 and phos-
phorylated ERK1/2 in adiposederived mesenchymal stem
cells [47]. However, Qin et al reported that treatment with
MEK1/2 inhibitor U0126 in Peptidylargininedeiminase 1
(PAD1) knockdown cells significantly recovers MMP-2
expression, but has no effect on MMP-9 in human triple
negative breast cancer (TNBC) cells [48]. Taken together,
our results in combined with these findings from others,
suggesting that the effect of Rafl/MEK1/ERK signaling
pathway on the expression of MMP-2 and MMP-9
strongly depends on the cellular type context.

Previous reports showed that cancer cells that carry
mutations in RAS and Racl genes are more sensitive to
PAK inhibitors [49, 50]. In addition, several lines of evi-
dences indicate that the KRAS mutation was detected in
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a few ESCC patients [51-53]. Although the activating
mutations in RAC1 gene in ESCC has not been pub-
lished to date, we and others had found Racl protein is
consistently higher in ESCC cell lines and tissues com-
pared with the corresponding control group [54]. More-
over, the high expression of Rac-1 is significantly
correlated with advanced tumor depth, lymph node me-
tastasis, and shorter disease-free and survival time [55].
In this study, we also demonstrated that targeting PAK1
by shRNA or pharmacology inhibitor IPA-3 could sig-
nificantly suppress ESCC cell growth, migration, inva-
sion and metastasis in vitro and in vivo. Therefore,
targeting PAK1 may be a promising therapeutic strategy
for ESCC patients, especially for those with RAS and
Racl mutations.

Conclusions

The present study has identified PAK1 is an oncogene in
ESCC. Mechanistic analysis demonstrated that targeting
PAK1 inhibits ESCC cell growth, colony formation,
anchorage-independent growth, migration, invasion and
metastasis, at least in part through blocking the Rafl/
MEKI/ERK signaling pathway. These findings provide
evidence for the first time that overexpressed PAK1 is an
important molecule participating in the aberrant activa-
tion of Rafl/MEKI/ERK signaling pathway and thus
may serve as a therapeutic target for ESCC. Our results
warrant a clinical trial to further evaluate the efficacy of
PAK1 inhibitors in ESCC patients even with metastasis.
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