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Abstract

Esophageal squamous cell carcinoma (ESCC) is one of the most common malignant

tumors of the digestive tract in humans. Several studies have indicated that PAK4 is

associated with the risk of ESCC and may be a potential druggable kinase for ESCC

treatment. However, the underlying mechanism remains largely unknown. The aim

of our study is to identify the functional role of PAK4 in ESCC. To determine the

expression of PAK4 in ESCC, Western blot analysis and immunohistochemistry

were performed, and the results showed that PAK4 is significantly upregulated in

ESCC tissues and cell lines compared with normal controls and normal esophageal

epithelial cell line. To further investigate the role of PAK4 in ESCC, cell viability

assays, anchorage‐independent cell growth assays, wound healing assays, cellular

invasion assays, in vivo xenograft mouse models, and metastasis assays were con-

ducted, and the results showed that PAK4 can significantly facilitate ESCC pro-

liferation and metastasis in vitro and in vivo. To determine the potential target of

PAK4 in ESCC progression, a pull‐down assay was performed, and the results

showed that LASP1 may be a potential target of PAK4. An immunoprecipitation

assay and confocal microscopy analysis confirmed that PAK4 can bind to and co-

localize with LASP1 in vitro and in cells. Notably, rescue experiments further illu-

strated the mechanistic network of PAK4/LASP1. Our research reveals the

oncogenic roles of PAK4 in ESCC and preliminarily elucidates the mechanistic

network of PAK4/LASP1 in ESCC.
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1 | INTRODUCTION

Esophageal cancer is one of the most common malignant tumors of

the digestive tract in humans; it ranks as the sixth most common

cause of cancer‐related death and is the seventh most commonly

diagnosed cancer worldwide.1 There are two main histological sub-

types of esophageal cancer: esophageal squamous cell carcinoma

(ESCC) and esophageal adenocarcinoma (EAC). ESCC, which is the

predominant subtype of esophageal cancer, accounts for more than

90% of esophageal cancer cases in China. The etiology of ESCC is

complex, and it has been found that alcohol consumption, tobacco

use, hot food consumption, deficiency of selenium, zinc, or vitamin E,

and high exposure to polycystic aromatic hydrocarbons are risk

factors for ESCC.2 Currently, the major treatment strategy for ESCC

patients includes surgery, chemotherapy, radiotherapy, and a com-

bination of them.3 Although a great progress has been made in

recent years, the prognosis of ESCC remains poor, and the average

5‐year survival rate of ESCC patients is only approximately

15%–20%.4,5 One of the major problems faced during the course of

ESCC is the lack of specific biomarkers for early detection and

treatment. Therefore, finding specific biomarkers for ESCC patients

is urgently needed.

p21‐activated kinases (PAKs) are a family of serine/threonine

protein kinases that were originally discovered downstream of the

small Rho GTPases Rac1 and Cdc42.6 To date, a total of six PAK

family members have been found in mammalian cells and have been

classified into Type I PAKs (PAK1, PAK2, and PAK3) and Type II

PAKs (PAK4, PAK5, and PAK6).7 PAKs are involved in the regulation

of many biological processes, such as cell survival, cell proliferation,

cell apoptosis, cell migration, and skeleton rearrangement.6 Accord-

ing to a number of studies, PAK1 and PAK4 are highly expressed in

many tumor tissues, and PAK4 is the most closely associated with

human tumors among other PAK family members,8 such as gastric

cancer,9 prostate cancer,10 and colorectal cancer.11 Accumulating

evidence indicates that PAK4 can regulate cancer cell proliferation,

migration, and invasion by participating in the PI3K/AKT,12 Wnt/β‐
catenin,13–15 LIMK1/confilin,16,17 and MEK/ERK18–21 signaling

pathways. Recent studies using whole‐transcriptome sequencing and

SNP analysis found that PAK4 was associated with the risk of ESCC

and may be a potential druggable kinase for ESCC treatment.22,23

However, the underlying mechanism remains unclear.

LIM and SH3 protein 1 (LASP1) was initially identified in the

metastatic lymph nodes of human breast cancer.24 In recent years,

growing evidence has shown that LASP1, originally considered a

structural actin‐binding protein, is a multifunctional protein in dif-

ferent cancers. It has been reported that LASP1 is highly expressed

in a variety of cancers and that its overexpression contributes to

cancer aggressiveness, suggesting the potential value of LASP1 as a

new cancer prognostic biomarker.25

In the present study, we show that PAK4 and p‐PAK4 are highly

expressed in ESCC tissues and ESCC cell lines compared with normal

adjacent tissues and esophageal epithelial cell line. PAK4 can pro-

mote cell proliferation, migration, and invasion of ESCC in vitro and

in vivo, which suggests that PAK4 may be a key regulator in ESCC

progression. In addition, pull‐down assays showed that LASP1 may

be a potential target of PAK4, and binding assays revealed that PAK4

can bind to and colocalize with LASP1 in vitro and in cells. We ex-

plored the mechanism by which PAK4 affects cell proliferation and

invasion of ESCC and found that PAK4 facilitates ESCC progression

via LASP1. Taken together, these results suggest that PAK4 can

promote ESCC through LASP1 and that PAK4 may be a potential

target for the treatment of ESCC patients in the clinic.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

Dulbecco's modified Eagle's medium (DMEM), RPMI 1640 and

fetal bovine serum (FBS) were purchased from Biological

Industries (BI). Jet PRIME transfection reagent was purchased

from Polyplus‐transfection, Inc. (Polyplus). Antibodies to detect

total PAK4 and phosphorylated PAK4 (Ser474) were obtained

from Santa Cruz Biotechnology, Inc. (Santa Cruz). Antibodies to

detect total AKT, phosphorylated AKT (Ser473), total ERK1/2,

phosphorylated ERK1/2 (Thr202/Tyr204), total mTOR, phos-

phorylated mTOR (Ser2448), E‐cadherin, N‐cadherin, Vimentin,

and Snail were purchased from Cell Signaling Technology, Inc.

(Cell Signaling Technology). The antibody to specifically detect

LASP1 was obtained from Proteintech Group, Inc. (Proteintech).

The primary antibodies used in this study are listed in Table S1.

G418 (Geneticin), puromycin, and HEPES were purchased from

Solarbio Life Sciences, Inc.

2.2 | Cell culture and transfection

The SHEE (Shantou human embryonic esophageal) cell line was a gift

from Professor Enmin Li (Medical College of Shantou University26). The

human embryonic kidney 293T cell line, KYSE30, and 150, 450 human

esophageal cancer cell lines were purchased from the Type Culture

Collection of the Chinese Academy of Sciences, and the EC109 human

esophageal cancer cell line was purchased from the National Laboratory

Cell Resource Sharing Platform. HEK293T and KYSE450 cells were

maintained in DMEM supplemented with 10% FBS at 37°C in 5% CO2.

KYSE30, KYSE150 and EC109 cells were maintained in RPMI 1640

supplemented with 10% FBS at 37°C in 5% CO2. The full‐length pak4

and lasp1 constructs were purchased from Addgene, Inc. (Addgene) and

subcloned into pcDNA.3.1‐3×Flag and pcDNA.3.1‐HA vectors, respec-

tively. The small hairpin RNA (shRNA) constructs against pak4 (number

1 sense sequence, CGACCAGCACGAGCAGAAGTT; number 2 sense

sequence, GACTCGATCCTGCTGACCCAT; and lasp1 sense sequence,

ACCTGCGACAGCTTGTGATTC) used in this study were synthesized by

Genewiz Inc. (Genewiz) and subcloned into the pLKO.1‐puro vector. All

constructs were verified by DNA sequencing. For transfection, cells

were seeded until they reached 70% confluency, at which point they
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were transfected with Jet PRIME according to the manufacturer's

instructions.

2.3 | Western blot analysis

Cells were lysed with RIPA lysis buffer (Beyotime) and

cleared by centrifugation at 4°C, 15,000 rpm for 30 min. The

protein concentration was determined with the BCA Protein

Assay Kit (Solarbio Life Sciences). A total of 50 μg protein

was resolved by SDS/PAGE and then transferred onto

polyvinylidene difluoride (PVDF) membranes. The membranes

were incubated with the appropriate specific primary antibody

and a horseradish peroxidase‐conjugated secondary antibody.

Protein bands were visualized by an enhanced chemilumines-

cence (ECL) reagent.

2.4 | Immunohistochemistry

The human esophageal tissue array containing human esophageal

in situ carcinoma and paired adjacent normal tissues was pur-

chased from Shanghai Outdo Biotech Co., Ltd. Briefly, formalin‐
fixed paraffin sections were stained with PAK4 and p‐PAK4 an-

tibodies according to the antibody datasheets. The antigens were

retrieved by boiling in 10 mM sodium citrate buffer for 10 min.

Other experimental procedures were carried out according to

the specifications of the immunohistochemistry kit (ZSGB‐Bio).
The slides were photographed and analyzed by a panoramic tis-

sue cell quantitative analysis system (TissueFAXS PLUS). The

specimens were quantified based on the staining intensity and

percentage of positive cells.

2.5 | Cell viability assay

Cells (4 × 103/well) were plated in 0.1 ml of medium containing

10% FBS in 96‐well plates. At 0, 1, 2, 3, and 4 days after plating,

the plates were removed from the incubator. Cells were fixed

with 4% paraformaldehyde, and then 100 μl of 1 μg/ml DAPI was

added to each well. Cells were incubated for 20 min at 37°C.

Cells were counted by using a high content imaging system (GE

Healthcare).

2.6 | Anchorage‐independent cell growth assay

Cells (8 × 103) were suspended in 1 ml Basal Medium Eagle (BME)

supplemented with 10% FBS and 0.3% agar and plated on 3 ml

solidified BME with 10% FBS and 0.5% agar in each well of a

6‐well plate. After culturing at 37°C in 5% CO2 for 9 days, the

colonies were photographed, and colonies were counted by using

a high content imaging system (GE Healthcare).

2.7 | Wound healing assay

Cells (1 × 106/well) were plated in 6‐well plates. After culturing at

37°C in 5% CO2 for 16 h, cells were wounded with a sterile 200 μl

pipette tip. And then cells were cultured in serum‐free medium.

Phase‐contrast microscopy images were taken at the same position

of the wound every 6 h or 12 h. The width of the open areas was

measured using Photoshop (Adobe) and averaged.

2.8 | Cellular invasion assay

Cells (1 × 105) in 200 μl serum‐free medium were seeded into the

upper chamber (Corning, #3422) with Matrix (Corning), and 800 μl

media with 10% FBS were added into the lower chamber. After

culturing at 37°C in 5% CO2 for 24 h, noninvaded cells remaining on

the upper side of Transwell inserts were cleared with a cotton swab.

The invaded cells on the bottom side of inserts were fixed with 10%

TCA for 2 h at 4°C and stained with 0.1% crystal violet for 30min at

37°C. Pictures were taken under a microscope, and cells were

counted across five random microscopic fields and averaged.

2.9 | Protein purification and pull‐down assay

To purify the 6×His‐PAK4 fusion protein, the pET46‐Ek/LIC vector

encoding His6‐PAK4 was transformed into Escherichia coli BL21

bacteria at 25°C for 4 h by adding 0.25mM isopropyl‐β‐D‐1 thioga-

lactopyranoside (IPTG). Cells were disrupted and resuspended in

15ml of buffer containing 50mM Tris (pH 7.4), 500mM NaCl, phe-

nylmethylsulfonyl fluoride, 1 mM NaVO3, 1 mM EDTA, and protease

cocktail inhibitors. Cell lysates were vortexed, sonicated, and cen-

trifuged for 1 h at 20,000g at 4°C. The lysates were added to 0.2ml

of 50% (v/v) Ni‐NTA bead slurry and gently rotated at 4°C overnight.

The beads were then washed five times with lysis buffer containing

100mM imidazole. The purity of 6×His‐PAK4 was determined by

SDS‐PAGE, followed by Coomassie blue staining. For the pull‐down

assay, 20 µl of PAK4 bead slurry was incubated with KYSE450 cell

lysates for 6 h while rotating at 4°C. The beads were washed five

times in lysis buffer, and three independent samples were analyzed

by SDS‐PAGE. The different protein bands were excised and di-

gested with sequencing grade trypsin. These digests were analyzed

by microcapillary liquid chromatography/tandem mass spectrometry

(LC‐MS/MS).

2.10 | Immunoprecipitation assay

HEK293T cells were transfected with Flag‐pak4 and HA‐lasp1, and
36 h after transfection, cellular proteins were extracted by using 1%

CHAPS buffer (30mM Tris–HCl, pH 7.5, 150mM NaCl, 1% CHAPS,

and protease inhibitors). Cell lysates were first incubated with spe-

cific primary antibody and then combined with agarose–protein A/G
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beads (50% slurry) by gentle rocking at 4°C overnight. The beads

were washed three times with high salt buffer (0.1% SDS, 1% Triton

X‐100, 2 mM EDTA, 20mM Tris–HCl, pH 8.1, and 500mMNaCl), low

salt buffer (0.1% SDS, 1% Triton X‐100, 2mM EDTA, 20mM

Tris–HCl, pH 8.1, and 150mM NaCl) and phosphate‐buffered saline

(PBS). Proteins bound to beads were boiled and resolved by 10%

SDS‐PAGE and subjected to Western blot analysis.

2.11 | Confocal microscopy analysis

Cells were seeded on glass coverslips and incubated for 24 h in a

37°C incubator and then fixed with 4% paraformaldehyde for 30min

at room temperature. After washing two times with PBS, cells were

blocked with 1% BSA‐PBST for 90min at room temperature. Cells

were then incubated with a 1:50 dilution of LASP1 rabbit antibody

and a 1:50 dilution of p‐PAK4 mouse antibody in 3% BSA‐PBST at

4°C overnight and then incubated with secondary antibody for

90min at room temperature. Finally, the nuclei of cells were stained

with DAPI for 15min at room temperature. The slides were viewed

under a Nikon A1R+ confocal microscope system.

2.12 | In vivo animal study

BALB/c‐nu/nu mice (6–8 weeks old) and NOD/SCID mice (5–6 weeks

old) were purchased from Beijing Vital River Laboratory Animal

Technology Co., Ltd. For the in vivo xenograft mouse model, the mice

were randomly divided into three groups: (i) the EC109 shmock

group (n = 8); (ii) the EC109 shpak4‐1 group (n = 8); (iii) the EC109

shpak4‐2 group (n = 8). A total of 1 × 106 cells were inoculated sub-

cutaneously into the left flank of each mouse in different groups. The

mice were killed 80 days after cell injection. Tumor volume was

measured perpendicularly every week and calculated based on the

following formula: tumor volume (mm3) = (length × width2)/2. The

mice were monitored until tumors reached 1 cm3 total volume, at

which time mice were euthanized and tumors were extracted. For

the metastasis assay, 1 × 106 KYSE30 cells stably overexpressing

empty vector and Flag‐pak4 were suspended in PBS (200 μl) and

injected via the tail vein of NOD/SCID mice. The mice were killed

8 weeks after injection. The lungs and livers were harvested and

photographed. Lung tissues were stained with picric acid to count

the metastatic nodules and eosin (HE) staining to confirm pathology.

All animal protocols were approved by the Medical Ethics Committee

of Zhengzhou University.

2.13 | Statistical analysis

Statistical analysis of the results was performed by one‐way analysis

of variance, Student's t‐test, or Χ2 test using SPSS version 17.0

(SPSS). The results are expressed as the mean ± standard deviation,

and p < 0.05 were considered significant.

3 | RESULTS

3.1 | PAK4 is highly expressed in human
esophageal cancer tissues and esophageal cancer cell
lines

To determine the expression level of PAK4 in ESCC tissues, we

performed immunohistochemistry of ESCC tissue microarrays

(TMAs). The results revealed that the PAK4 expression level was

higher in ESCC tissues, with a median positive rate of 63%, than the

PAK4 expression level in paired adjacent normal tissues, which had a

median positive rate of 38% (Figure 1A,B). By analyzing data from

the public Gene Expression Profiling Interactive Analysis (GEPIA)

database, we found that compared with normal tissues, PAK4 was

significantly highly expressed in esophageal carcinoma tissues

(Figure 1C). In addition, PAK4 activity, as revealed by p‐PAK4
(Ser474) staining, was also highly expressed in ESCC tissues

compared with normal controls and adjacent normal tissues

(Figure 1D,E). Moreover, we also detected the expression levels of

PAK4 and p‐PAK4 in different ESCC cell lines, and the results

showed that PAK4 and p‐PAK4 were highly expressed in most ESCC

cell lines compared with SHEE, a human normal esophageal epithelial

cell line (Figure 1F,G). Overall, these results indicated that PAK4 and

p‐PAK4 were highly expressed in esophageal cancer tissues and

esophageal cancer cell lines.

3.2 | Knockdown of PAK4 can suppress cell
proliferation, migration, and invasion of human ESCC

To explore the effect of PAK4 on cell proliferation, migration,

and invasion of human ESCC, we designed shRNA (1 and 2)

against PAK4 and introduced the pLKO.1 constructs into EC109

and KYSE450 cell lines. Stable PAK4 knockdown cell lines were

established by puromycin selection. The knockdown efficiency

was detected by Western blot analysis, and the results showed

that the PAK4 expression level was significantly decreased in

cells transfected with two individual PAK4 shRNAs (shpak4‐1
and shpak4‐2) compared with control cells that expressed GFP‐
shRNAs (shmock; Figure 2A). Next, we used cell viability and

anchorage‐independent cell growth assays to assess whether

PAK4 exerted effects on cell proliferation and colony formation

in ESCC. Our results indicated that knockdown of PAK4 slowed

cell growth and led to the formation of fewer and smaller co-

lonies in both EC109 and KYSE450 cells compared with control

shmock cells (Figure 2B,C). To further validate the effects of

PAK4 on the migration and invasion of ESCC cells, we performed

wound healing and Transwell invasion assays. The wound healing

assay is an economical method used to assess and quantify col-

lective cell migration in vitro, and the Transwell invasion assay is

used to simulate the invasion process of tumor cells in vitro with

a gel composed of extracellular matrix and examine the invasive

potential of cells. The results showed that the rate of cell

HUANG ET AL. | 41



migration and the number of invading cells in both EC109 and

KYSE450 shpak4 cells were significantly lower than those in

control cells (Figure 2D,E). Overall, the results indicated that a

reduction in PAK4 expression led to a dramatic inhibition of cell

proliferation, migration and invasion of ESCC cells.

3.3 | Overexpression of PAK4 can promote cell
proliferation, migration, and invasion of human ESCC

To provide definitive proof of concept that PAK4 expression

plays an active role in ESCC, we further assessed whether

overexpression of PAK4 could promote cell proliferation, mi-

gration, and invasion in ESCC cells. First, we subcloned the PAK4

plasmid into the pcDNA.3.1‐3×Flag vector and introduced the

constructs into KYSE30 and KYSE150 cells. Stable PAK4

overexpressing cell lines were established with G418 selection.

The overexpression efficiency was assessed by Western blot

analysis, and the results showed that the expression of

PAK4 in both KYSE30 and KYSE150 cells was significantly

higher than that in control cells that expressed the empty

pcDNA.3.1‐3×Flag vector (Figure 3A). As expected, over-

expression of PAK4 significantly promoted the cell growth and

colony formation in KYSE30 and KYSE150 cells compared with

F IGURE 1 PAK4 is overexpressed in ESCC tissues and cell lines. (A) Representative images of immunohistochemistry staining for PAK4 in
77 ESCC cancer tissues and their corresponding adjacent normal tissues are shown. (B) Statistical analysis of PAK4 expression was performed.
The positive rate of PAK4 expression from each sample was determined using ImageScope. The asterisks (***) indicate that the level of PAK4 in
ESCC cancer tissues was significantly (p < .0001) higher than that in adjacent normal tissues. (C) Expression of PAK4 in esophageal carcinoma
(ESCA) from the public GEPIA database is shown. (D) Representative images of immunohistochemistry staining of p‐PAK4 (Ser474) in
esophageal normal tissues, adjacent normal tissues, and ESCC cancer tissues are shown. (E) Statistical analysis of p‐PAK4 (Ser474) expression
was performed. The positive rate of p‐PAK4 expression from each sample was determined using ImageScope. The asterisks indicate that the
level of p‐PAK4 in ESCC cancer tissues was significantly higher than that in esophageal normal tissues and adjacent normal tissues
(*p < .05, **p < .01). (F, G) Expression of PAK4 and p‐PAK4 (Ser474) in eight different ESCC cell lines compared with that in a human normal
esophageal epithelial cell line (SHEE cell), as examined by Western blot analysis. The data shown are representative of results from
triplicate independent experiments. ESCC, esophageal squamous cell carcinoma [Color figure can be viewed at wileyonlinelibrary.com]
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those in control cells (Figure 3B,C), and the rate of cell migration

and the number of invading cells also increased in both

KYSE30 and KYSE150 overexpressing cells compared with con-

trol cells (Figure 3D,E). Our results indicated that overexpression

of PAK4 promotes cell proliferation, migration, and invasion of

ESCC cells.

3.4 | PAK4 physically interacts with LASP1

Based on our previous results, PAK4 affects the progression of

ESCC. To identify the potential target and mechanism of PAK4 in

ESCC, we expressed and purified PAK4 protein and carried out

pull‐down assay. First, the 6×His‐PAK4 protein was purified from

F IGURE 2 Knockdown of PAK4 can suppress cell proliferation, migration, and invasion of ESCC. (A) Endogenous PAK4 expression
was efficiently decreased by shRNA targeting PAK4 (shpak4‐1 and shpak4‐2) in EC109 and KYSE450 cells, as detected by Western
blot analysis. The proliferation of EC109 and KYSE450 cells stably infected with shpak4‐1, shpak4‐2, or shmock was examined using a
cell viability assay (B) and a soft agar colony formation assay (C). The asterisks indicate that the rate of cell proliferation in shpak4
EC109 and KYSE450 cells was significantly lower than that in shmock EC109 and KYSE450 cells (*p < .05, **p < .01, ***p < .001). Data
are shown as the mean ± SD from triplicate experiments. The migration and invasion of EC109 and KYSE450 cells infected with
shpak4‐1, shpak4‐2, or shmock were examined by wound healing assay (D) and Transwell invasion assay (E). The asterisks indicate
that the cell migration and invasion in shpak4 EC109 and KYSE450 cells were significantly lower than that in shmock EC109 and
KYSE450 cells (*p < .05, **p < .01, ***p < .001). Data are shown as the mean ± SD from triplicate experiments. ESCC, esophageal
squamous cell carcinoma [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 3 Overexpression of PAK4 can promote cell proliferation, migration, and invasion of ESCC. (A) The expression level of PAK4
was examined after stable transfection with flag empty vector or Flag‐pak4 in KYSE30 and KYSE150 cells. The overexpression
efficiency was detected by Western blot analysis. The proliferation of KYSE30 and KYSE150 cells transfected with empty vector or flag‐
pak4 was examined using a cell viability assay (B) and a soft agar colony formation assay (C). The asterisks indicate that the rate of cell
proliferation in Flag‐pak4 KYSE30 and KYSE150 cells was significantly higher than that in control KYSE30 and KYSE150 cells (*p < .05,
**p < .01, ***p < .001). Data are shown as the mean ± SD from triplicate experiments. The migration and invasion of KYSE30 and
KYSE150 cells transfected with empty vector or Flag‐pak4 were examined by wound healing assay (D) and Transwell invasion assay (E).
The asterisks indicate that the rate of cell migration and invasion in Flag‐pak4 KYSE30 and KYSE150 cells was significantly higher than
that in control KYSE30 and KYSE150 cells (*p < .05, **p < .01, ***p < .001). Data are shown as the mean ± SD from triplicate
experiments. ESCC, esophageal squamous cell carcinoma [Color figure can be viewed at wileyonlinelibrary.com]
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E. coli BL21 by using Ni‐NTA agarose beads. The purified 6×His‐
PAK4 protein was separated by SDS‐PAGE. Next, a pull‐down

assay was used to detect the 6×His‐PAK4 interacting proteins in

KYSE450 cell line. By performing mass spectrometry analysis of

the proteins obtained from the pull‐down experiment, we

screened some potential proteins that could bind with PAK4 in

ESCC. Finally, 38 specific genes were obtained. Gene ontology

analysis of these 38 genes showed that LASP1, TWF1, and JUP

were closely related to cell adhesion, connection, and adhesion

function (Figure 4A,B). The correlations between the expression

of PAK4 and the expression of the above three genes in eso-

phageal carcinoma and normal esophageal tissues was analyzed

in the cancer genome atlas (TCGA) database, and the results

showed that there was a strong positive correlation between

PAK4 and LASP1 (Figure 4C). To further determine whether

PAK4 can directly interact with LASP1, HEK293T cells were

transiently transfected with pc‐DNA3.1‐3×Flag‐pak4 and pc‐
DNA3.1‐HA‐lasp1. Anti‐Flag was used to immunoprecipitate

Flag‐PAK4, and anti‐HA was used to detect HA‐lasp1 by Western

blot analysis. The results indicated that PAK4 can combine with

LASP1 in vitro and vice versa. (Figure 4D). To further detect

whether PAK4 and LASP1 can colocalize in ESCC cells, im-

munocytofluorescence analysis was performed. The results

showed that p‐PAK4, the active form of PAK4, can colocalize

F IGURE 4 PAK4 interacts and colocalizes with LASP1. (A) The potential binding proteins of PAK4 were screened by pull‐down assay and
mass spectrometry analysis. The Wayne diagram shows the 38 potential binding proteins. (B) Gene ontology functional analysis of 38 genes was
performed. (C) The correlation between the expression of PAK4 and JUP, TWF1 and LASP1 in esophageal carcinoma and esophageal normal
tissues was analyzed by the GEPIA database. Statistical analysis was performed using Spearman's nonparametric correlation test. (D) PAK4
binds with LASP1 in 293T cells. The pcDNA3.1‐Flag‐pak4 and pcDNA3.1‐HA‐LASP1 plasmids were transiently transfected into 293T cells, Flag‐
PAK4 was immunoprecipitated by anti‐Flag, and coimmunoprecipitated HA‐LASP1 was detected by anti‐HA (top). Conversely, HA‐LASP1 was
immunoprecipitated by anti‐HA, and coimmunoprecipitated Flag‐PAK4 was detected by anti‐Flag (bottom). (E) p‐PAK4 and LASP1 colocalize in
EC109 cells. p‐PAK4 and LASP1 were detected by immunofluorescence staining with p‐PAK4 and LASP1 primary antibodies, a FITC‐conjugated
goat anti‐mouse secondary antibody for p‐PAK4, and a TRITC‐conjugated goat anti‐rabbit antibody for detection of LASP1. The data shown are
representative of results from triplicate independent experiments. IB, immunoblot; IP, immunoprecipitation [Color figure can be viewed at

wileyonlinelibrary.com]
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with LASP1 in ESCC cells and mainly colocalize in the cytoplasm

(Figure 4E). These results confirmed that PAK4 can bind with

LASP1 in vitro and in cells.

3.5 | PAK4 facilitates the progression of ESCC via
LASP1

The EGFR signaling pathways, including the RAS–RAF–MEK–ERK

and PI3K–AKT–mTOR pathways, are well known pathways that

regulate cell proliferation.27 To further verify whether PAK4 is in-

volved in the regulation of these two pathways in ESCC, immunoblot

analysis of p‐ERK1/2 (Thr202/Tyr204), p‐AKT (Ser473), and p‐mTOR

(Ser2448), and total ERKs, AKT, mTOR was performed; the results

showed that the expression levels of p‐ERK, p‐AKT, and p‐mTOR

were decreased after knocking down PAK4 (Figure 5A), whereas the

expression levels were upregulated followed by PAK4 over-

expression (Figure 5B), which indicated that PAK4 regulated the

proliferation of ESCC cells by participating in ERK and AKT signaling

pathways. Epithelial–mesenchymal transition (EMT), a process by

which epithelial cells lose their cell polarity and cell–cell adhesion, is

an important index used to judge the migration, invasion, and prog-

nosis of cancer.28 The hallmark of EMT is the acquisition of me-

senchymal markers, including Vimentin and N‐cadherin, and the loss

of epithelial surface markers, most notably E‐cadherin. To determine

whether PAK4 was involved in the EMT process in ESCC, the ex-

pression levels of E‐cadherin and N‐cadherin were detected. The

results showed that after knocking down PAK4, the expression level

of E‐cadherin was increased, and the expression level of N‐cadherin
was decreased (Figure 5A), while after overexpression of PAK4, the

expression of E‐cadherin was decreased and the expression of

N‐cadherin was increased (Figure 5B), which indicated that PAK4

was involved in the EMT process of ESCC cells. To further determine

whether PAK4 promotes the development of ESCC through LASP1,

rescue experiments were carried out. We first overexpressed PAK4

in KYSE150 cells and then downregulated LASP1 by using its shRNA.

The results showed that downregulation of LASP1 could weaken the

upregulation of p‐ERK, p‐AKT, N‐cadherin, Vimentin, and Snail

caused by PAK4 overexpression (Figure 5C). Consistent with the

immunoblotting results, the increase in the rate of cell migration and

the number of invading cells in response to PAK4 overexpression

was also blocked by knocking down LASP1 (Figure 5D,E). These re-

sults suggested that PAK4 promotes the progression of ESCC

through LASP1.

3.6 | PAK4 promotes ESCC proliferation and
metastasis in vivo

Based on our previous data, the next step was to determine whether

PAK4 could participate in ESCC proliferation and metastasis in vivo.

First, an in vivo xenograft animal experiment was performed. The

mice were randomly divided into three groups, and EC109 cells

stably expressing shpak4 or shmock were implanted subcutaneously

into the left flanks of nude mice. The first measurable tumors were

observed on Day 14, and the results showed that the tumors in the

shpak4 groups grew significantly more slowly and that the tumors

were smaller than those in the control group (Figure 6A,B). In-

oculated mice were euthanized 80 days after injection, and tumor

weights were determined. The average tumor weights in the EC109‐
shpak4‐1 and EC109‐shpak4‐2 groups were 0.04 g and 0.09 g, re-

spectively, compared with a weight of 0.15 g in the control group

(Figure 6C). These results indicated that knockdown of PAK4 can

inhibit tumor growth in vivo. Taken with the results that PAK4

regulates the proliferation of ESCC cells by participating in ERK and

AKT signaling pathways (Figure 5A,B), to determine whether the

tumor inhibition effect was associated with EGFR and EMT signaling

pathways, tumor extracts from each group were prepared for im-

munohistochemistry (IHC) analysis. Ki67 expression served as a

marker of tumor proliferation and the expression of Ki67 was con-

siderably decreased in the EC109‐shpak4 groups, suggesting that a

reduction in PAK4 expression led to an inhibition of tumor pro-

liferation. IHC staining results showed that the expression of

p‐ERK1/2 (Thr202/Tyr204) was substantially decreased and the

expression of E‐cadherin was significantly increased in the EC109‐
shpak4 groups compared with the control group (Figure 6D). These

results confirmed that the tumor inhibition caused by PAK4 deletion

is related to EGFR and EMT signaling pathways in ESCC. To further

confirm whether PAK4 can promote ESCC metastasis, KYSE30 cells

stably expressing empty vector and Flag‐pak4 were injected into

SCID mice via the tail vein. The mice were killed 8 weeks after

injection, the lungs and livers were harvested, and the metastatic

nodules were counted. The results showed that the mice injected

with Flag‐pak4 KYSE30 cells exhibited more metastatic nodules in

the lungs and livers than the control group (Figure 6E,F). Hematox-

ylin and eosin staining indicated metastatic tumors in lung tissues

(Figure 6G). Overall, our results suggested that PAK4 can promote

ESCC proliferation and metastasis in vivo.

4 | DISCUSSION

PAK4, which belongs to the Type II PAK family, is closely associated

with many types of human tumors. PAK4 can participate in the

processes of tumor cell migration and invasion and is positively

correlated with tumor grade and prognosis. Here, our data revealed

that PAK4 is highly expressed in ESCC tissues and ESCC cell lines

compared with adjacent normal tissue and esophageal epithelial cell

lines (Figure 1A,D), and analysis of the public GEPIA database

showed a similar result (Figure 1B), which suggests that PAK4 may

be associated with the risk and progression of ESCC. In addition,

knockdown of PAK4 significantly suppressed ESCC cell proliferation,

migration, and invasion (Figure 2), whereas overexpression of PAK4

promoted ESCC progression (Figure 3). Moreover, we used a xeno-

graft mouse model and metastasis assay to prove that PAK4 pro-

motes ESCC proliferation and metastasis in vivo. These results

demonstrated the oncogenic roles of PAK4 in ESCC. To further in-

vestigate the potential downstream target of PAK4 in ESCC, we
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conducted a pull‐down assay and identified LASP1 as a potential

target of PAK4 (Figure 4A,B). TCGA database also showed that there

is a strong positive correlation between PAK4 and LASP1 in eso-

phageal carcinoma and normal esophageal tissues (Figure 4C). Im-

munoprecipitation assays and confocal microscopy analysis also

confirmed that PAK4 can bind to and colocalize with LASP1 in vitro

and in cells (Figure 4D,E).

LIM and SH3 protein 1 (LASP1) was initially identified from a

cDNA library of the metastatic lymph nodes of human breast cancer,

originally named MLN50,24 located at chromosomes 17q11 and 21.3,

F IGURE 5 PAK4 promotes ESCC progression through LASP1. (A, B) PAK4 participates in the ERK, AKT, and EMT signaling pathways. After
knocking down PAK4 in EC109 cells (A) or overexpressing PAK4 in KYSE150 cells (B), the expression of total ERKs, AKT, mTOR, E‐cadherin,
N‐cadherin, vimentin, p‐mTOR, p‐ERKs, and p‐AKT was detected by Western blot analysis using specific antibodies. Data are representative
of results from triplicate independent experiments. (C) PAK4 participates in ERK, AKT, and EMT signaling pathways through LASP1. After
overexpressing PAK4 and downregulating LASP1 in KYSE150 cells, the expression of total ERKs, AKT, N‐cadherin, Vimentin, Snail, p‐ERKs, and
p‐AKT was detected by Western blot analysis. The asterisks indicate that the expression level of N‐cadherin, vimentin, Snail, p‐ERKs and p‐AKT
in Flag‐pak4 KYSE150 cells was significantly higher than that in control cells, but not in LASP1 knockdown cells (*p < .05, ***p < .001, n.s. means
not significant). Data are shown as the mean ± SD from triplicate experiments. (D, E) PAK4 promotes ESCC migration and invasion through
LASP1. Rescue experiments with wound healing assays (D) and Transwell assays (E) were performed in KYSE150 cells. The asterisks indicate
that the rate of cell migration and invasion in Flag‐pak4 KYSE150 cells was significantly higher than that in control cells but not in knockdown
LASP1 cells (**p < .01, ***p < .001, n.s. means not significant). Data are shown as the mean ± SD from triplicate experiments. ESCC, esophageal
squamous cell carcinoma [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 PAK4 promotes ESCC proliferation and metastasis in vivo. (A–C) Knockdown of PAK4 suppressed tumor growth in vivo. EC109
cells stably infected with shmock, shpak4‐1, or shpak4‐2 were subcutaneously injected into the left flank of each mouse. Tumor xenografts

were measured as previously described, and mice were killed at day 80. Photographs of tumors from each group are shown at the end of the
experiments (A). Tumor growth curves (B) and tumor weights (C) are shown as indicated. The asterisks indicate a significantly lower rate of
tumor growth in the EC109 shpak4 groups compared with the vehicle group (*p < .05, **p < .01). Data are shown as the mean ± SD of eight mice.
(D) Immunohistochemical analysis of the xenograft tumors. The expression of PAK4, Ki67, p‐ERKs, and E‐cadherin was stained using specific
antibodies, and representative images are shown as indicated. Data are shown as the mean ± SD of eight mice. (E, F) PAK4 promotes ESCC
metastasis in vivo. KYSE30 cells stably overexpressing empty vector and flag‐pak4 were suspended in PBS (200 μl) and injected via the tail vein
of NOD/SCID mice. The mice were killed 8 weeks after injection. Liver (E) and lung (F) metastases were evaluated at the end of the
experiments, and representative images are shown. The asterisks indicate that the rate of tumor metastasis in the KYSE30 Flag‐pak4 groups
was significantly higher than that in the control group (***p < .001). Data are shown as the mean ± SD of eight mice. (G) Hematoxylin and eosin
staining of lungs in each group and representative images are shown as indicated. ESCC, esophageal squamous cell carcinoma [Color figure can
be viewed at wileyonlinelibrary.com]
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encoding 261 amino acids. Because its N‐terminus is a typical LIM

domain composed of two continuous zinc‐binding structures and its

C‐terminus is composed of the SRC homologous region 3 (SH3) do-

main, MLN50 was renamed LIM and SH3 domain protein 1 (LASP1).

The zinc finger domains in the LIM domain of the LASP1 N‐terminus

can bind to chemokine receptors (CXCR2) and colocalize at the edge

of the migrating cells, which plays an important role in the local

movement and adhesion of cells.29 At the adhesion point of the le-

sion, the C‐terminal SH3 domain of LASP1 is involved in binding to

zyxin,30 lipoma preferred partner (LPP),31 and vasodilator stimulated

phosphoprotein (VASP),32 which regulates cell movement, adhesion,

and shape changes. It has been found that LASP1 is mainly located at

focal adhesions,33,34 in podosomes,35 and at the leading edges of

lamellipodia,36 and is closely related to the adhesion and dynamic

actin assembly of cells.

Many studies have shown that LASP1 expression is closely re-

lated to the occurrence and development of several types of cancers.

LASP1 is overexpressed in metastatic breast and ovarian cancer, and

knockdown of LASP1 in metastatic breast cancer and ovarian cancer

cell lines has a strong inhibitory effect on their migration and

proliferation.37–39 More studies have also found that LASP1 is

overexpressed in metastatic colorectal cancer,40,41 bladder cancer,42

oral squamous cell carcinoma,43 gastric cancer,44 and pancreatic duct

adenocarcinoma.45 In addition, renal cell carcinoma patients with

high expression of LASP1 have a poor prognosis.46 Studies also show

that LASP1 is related to the secretion of matrix metalloproteinases

(MMP),47 LASP1 goes deep into the cell layer through a structure

similar to pseudopods, enhances the secretion of MMP in the ex-

tracellular matrix (ECM), and promotes the invasion of tumor cells.48

Consistent with these reports, our data show that knockdown of

LASP1 can block cell migration and invasion by PAK4 overexpression

in ESCC (Figure 5) and that LASP1 is a potential target of PAK4

(Figure 4).

As we know, cancer is difficult to treat as it can metastasize and

easily reoccur, which has become an important reason for the poor

therapeutic effect of esophageal cancer treatment and the low

5‐year survival rate of patients with esophageal cancer. Generally

speaking, the metastasis of tumors occurs through the cascade of

invasion and metastasis, that is, through local invasion, breakthrough

of the basement membrane, infiltration, extravasation, and coloni-

zation, to realize the metastasis of tumor cells to distal or other

parts. The initiation of tumor cell migration is the premise of the

metastasis cascade. Here, we found that PAK4 can promote cell

migration and invasion through wound healing and Transwell assays

(Figure 3D,E). Moreover, we also established a metastasis model to

verify metastasis promotion by PAK4, and the results showed that

PAK4 can facilitate ESCC metastasis in vivo (Figure 6E,F). Although

we found that LASP1 may be a potential target of PAK4 in ESCC, the

relationship between LASP1 and PAK4 and the detailed mechanism

need to be further identified.

In summary, we discovered that PAK4 is highly expressed in

ESCC tissues and cell lines compared with adjacent normal tissue

and esophageal epithelial cell line. Moreover, our results indicate the

pivotal role of PAK4 to facilitate the progression of ESCC in vitro and

in vivo. Notably, we found that LASP1 may be a potential target of

PAK4 that mediates its promoting effects on the metastasis of ESCC.

Taken these together, our findings suggest that PAK4 may be a novel

target for the clinical treatment of ESCC.
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