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Abstract

Gastric cancer (GC) is one of the most common malignancies in China and is associated with high mortality. The occur-
rence and development of gastric cancer are related to genetic and environmental factors. Focal adhesion kinase (FAK) is
a cytoplasmic nonreceptor protein tyrosine kinase that is activated by the extracellular matrix and growth factors. FAK is
highly expressed in cancer and promotes its development by regulating cancer cell proliferation, migration, and angiogenesis.
The expression of IL-8 is increased in many types of malignant tumor cells and is linked to their proliferation, migration,
invasion, angiogenesis, and EMT. In this study, we found FAK to be essential for the proliferation, migration, and peritoneal
metastasis of gastric cancer cells. To examine the molecular regulatory mechanisms of FAK in the peritoneal dissemination
of gastric cancer, we performed RNA-seq analysis of MKN-45-FAK ™'~ and MKN45 cells and demonstrated that IL-8 was
downregulated in FAK-deficient cells. Conversely, we confirmed that IL-8 activates FAK activity. We established that IL-8
promotes the proliferation, colony formation, and migration of gastric cancer cells that are partially mediated by FAK. Thus,
we propose that an IL-8-FAK-IL-8 positive feedback loop effects the proliferation and migration of gastric cancer cells.
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Introduction and progression of gastric cancer [4]. Dysregulation of mul-

tiple signaling pathways, due to the accumulation of genetic

Gastric cancer (GC) is one of the most frequent malignan-
cies in China and has a high mortality rate [1]. Peritoneal
dissemination is the most common form of metastasis and
the worst state of progression in gastric cancer [2, 3]. Helico-
bacter pylori infection, genetic susceptibility of the host, and
environmental factors are suspected to cause the occurrence
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and epigenetic alterations in oncogenes and tumor suppres-
sor genes, disrupts the cell cycle and the balance between
cell proliferation and cell death [4]. However, the underlying
mechanism of gastric cancer and its peritoneal dissemination
is unknown. Further examination of the molecular mecha-
nisms of gastric cancer is essential to identify new targets
for tumor therapy.

Focal adhesion kinase (FAK) is a cytoplasmic nonrecep-
tor protein tyrosine kinase that is activated by the extracel-
lular matrix and growth factors [5]. FAK was first isolated
in v-Src-transformed cells and was shown to localize to
focal adhesions [6]. FAK is upregulated in various cancers,
including gastric cancer [7-11]. FAK mRNA and protein
are overexpressed in gastric cancer, correlating with tumor
invasion and metastasis [12, 13]. Overexpression of FAK
integrates signals from cell surface receptors to regulate
adhesion, survival, migration, metastasis, invasion, lym-
phogenesis, and angiogenesis, all of which are canonical
functions of FAK in cancer cells [14].
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Interleukin-8(IL-8), also known as CXCLS, is a mem-
ber of the CXC family of chemokines [15]. This widely
expressed cytokine mediates cellular inflammatory
responses and regulates autoimmune disease [16]. By inter-
acting with CXCR1 and CXCR?2, IL-8 activates the cou-
pled G protein, which then induces signaling molecules to
regulate gene expression; cell proliferation, differentiation,
metabolism, and movement; and angiogenesis [16]. IL-8 is
upregulated in many types of malignant tumor cells, which is
linked to the proliferation, migration, invasion, angiogenesis,
and EMT of tumor cells [17].

In this study, we found that FAK is essential for the peri-
toneal metastasis of gastric cancer. To examine the regula-
tory molecular mechanisms of FAK in the peritoneal dissem-
ination of gastric cancer, we performed RNA-seq analysis
of FAK-knockout and wild-type MKN45 cells and observed
that IL-8 was downregulated in FAK-deficient cells. We fur-
ther confirmed that IL-8 activates FAK activity in MKN45
cells and established that IL-8 promotes the proliferation and
migration of gastric cancer cells that are partially mediated
by FAK. Thus, we propose that an IL-8—FAK-IL-8 positive
feedback loop promotes the proliferation and migration of
gastric cancer cells.

Materials and methods
Cells and cell culture

The human gastric cancer cells MKN45, NUGC3, and
NCIN87 were used. MKN45 and NCINS87 cells were
obtained from the Cancer Hospital Chinese Academy of
Medical Sciences, and NUGC3 cells were acquired from
Nanjing Cobioer Biotechnology CO., LTD. The FAK-knock-
out gastric cancer cell line, termed MKN-45-FAK -, was
established by our laboratory. All cell lines were grown in
RPMI1640 (Biological Industries) that was supplemented
with 10% fetal bovine serum (Biological Industries) and 1%
penicillin/streptomycin (Gibco) and incubated at 37 °C in a
humidified atmosphere with 5% CO,.

Reagents

The FAK inhibitor, TAE226, (Cat#HY-13203, Molecular
formula: C,;H,5CIN;O;, molecular weight: 468.94) was pur-
chased from Med Chem Express. The recombinant human
chemokine IL-8 (Cat#208-IL-010/CF) was obtained from
R&D systems. Phosphate-buffered saline (02-024-1ACS),
RPMI1640 (Cat#01-100-1ACS) and HyClone (Cat#04-001-
01ACS) were purchased from Biological Industries. Peni-
cillin—streptomycin solution (FG101-01) and 0.25% trypsin
(Cat#FG301-01) were purchased from Trans Gen Biotech.
Fibronectin (ECMO001) was purchased from Millipore.

BSA (Cat#PC001) was purchased from Solarbio. CXCR1
(Cat#MAB330) and CXCR2 (Cat#MAB331) blocking
antibodies were purchased from R&D systems. Anti-FAK
(Cat#05-537) was purchased from Millipore. B-Actin (Cat#
A5441) was purchased from Sigma. Anti-p-FAK (Tyr397)
(Cat#700255) was purchased from Invitrogen. Goat anti-rab-
bit (Cat# ab136817) and goat anti-mouse (Cat# ab205719)
were purchased from Abcam.

Generation of FAK-knockout vectors with CRISPR/
Cas9

Guide RNA sequences for CRISPR/Cas9 were designed with
the CC Top-CRISPR/Cas9 target online predictor (http://
crispr.cos.uni-heidelberg.de). The targeting sgRNAs were
selected and designed. Complementary oligo nucleotides
for the guide RNAs (Table 1) were synthesized, annealed
to double-strand DNA, and ligated into the BbsI (Ther-
moFisher) sites of the vector backbone (pX330-U6-Chi-
meric_BB-CBh-hSpCas9, Addgene) to generate the intact
targeting plasmid. These constructs were confirmed through
subcloning into pEASY-T1 vectors (Transgen) and sequenc-
ing using universal vector primers.

Genomic DNA extraction and surveyor digestion
assay

Genomic DNA was extracted from cells 24-48 h post-
transfection with the Wizard @ SV Genomic DNA Puri-
fication System following the manufacturer’s instructions.
The genomic sequences that contained the target sequences
of FAK gRNAs were PCR amplified using HiFi Super MixII
(Transgen), 5'-GACTCCTTCCGCATAT-3' forward primer,
and 5'-AATTAGAACGCTGGTC-3' reverse primer. The
amplification program was as follows: 94 °C for 5 min, 35
cycles of denaturation at 94 °C for 30 s, annealing at 54 °C
for 30 s, and extension at 72 °C for 60 s, with a final exten-
sion of 10 min at 72 °C.

The PCR products were denatured and annealed for
heteroduplex formation. Finally, the reaction product was

Table 1 sgRNA oligo sequence

OligoName Primer sequence (5'— 3')

FAK-T3F CACCgTTCGAGTACTAAGACTCACC
FAK-T3R AAACGGTGAGTCTTAGTACTCGAAC
FAK-T6F CACCgATGCCTGATAATACTGGCCC
FAK-T6R AAACGGGCCAGTATTATCAGGCATC
FAK-T7F CACCgATCTCCATGCCTGATAATAC
FAK-T7R AAACGTATTATCAGGCATGGAGATC
FAK-T14F CACCgTCGAGTACTAAGACTCACCT
FAK-T14R AAACAGGTGAGTCTTAGTACTCGAC
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incubated with 1 pl Surveyor Enhancer S and 2 pl Sur-
veyor Nuclease S(IDT) at 42 °C for 1 h, and1/10 th the vol-
ume of Stop Buffer was added to terminate the reaction.
The digested products were analyzed by 2% agarose gel
electrophoresis.

Construction of FAK-knockout MKN45 cell line

The optimal sgRNA was selected according to the Surveyor
digestion assay and then transfected into MKN45 cells as
described. The cells were analyzed 24-48 h post-transfection
by fluorescence microscopy (ZEISS) under the appropriate
excitation filters. The harvested cells were washed twice,
resuspended with 2 ml PBS, and analyzed on a BD flow
cytometer to select individual cell colonies. Single cells
were expanded into clones, and the cell colonies were sub-
cultured after reaching 90% confluence in 96-well plates.
The on-target effects were validated by Surveyor assay, DNA
sequencing, and western blot following established proto-
cols. Positive cell colonies were expanded and then cryopre-
served. These cells were then thawed and cultured to reach
a sufficient quantity in T75 flasks before being injected into
nude mice. In addition, FAK-knockout MKN45 cells were
also used to measure proliferation and migration.

CCK-8 assay

Cell proliferation after treatment with IL-8 was assessed
using the Cell Counting Kit-8 (CCK-8) assay. Briefly, gas-
tric cancer cells were seeded into 96-well plates at a density
of 5% 10° cells in 200 ul media per well and cultured for
24 h. Then, the media was removed, and fresh media that
contained various concentrations of IL-8 (0, 5, 10, 20 ng/ml)
and/or TAE226 (1 pmol/L) was added to the cells. BSA and
DMSO alone were used as controls. After 48 h of treatment,
20 pl CCK8 reagent was added to the cells and incubated for
4 h away from light. The absorbance at 450 nm was meas-
ured on an INFINI M NAMO plate reader.

Cell migration assay

Cell migration was assessed using a cell culture insertion
system (8 pM, Corning Life Sciences, MA, USA). After
serum starvation for 8 h, 1.2 x 10° cells that were suspended
in serum-free RPMI1640 were seeded in the upper chamber.
The bottom chamber contained RPMI1640 with 10% FBS
as a chemotactic factor to stimulate cell migration. All cells
were allowed to migrate for 12 h, after which nonmigrating
cells were removed by swabbing them from the top surface
of the inserts; the cells that migrated toward the lower sur-
faces of the inserts were stained with 0.1% crystal violet for
30 min and quantified in five random fields for each mem-
brane under a microscope (ZEISS).

@ Springer

RNA sequencing

MKN45 and MKN-45-FAK ™/~ cells were cultured in large
dishes, after which 1 x 108 cells were collected and washed
in PBS, and RNA was extracted using an RNA extraction
kit. RNA-Seq was performed by BGI Technology Co.,
LTD.

qPCR analysis

Quantitative-time PCR (qPCR) was performed to deter-
mine the levels of IL-8 mRNA in MKN45; MKN-45-
FAK™'"; andTAE226-treatedMKN45, NUGC3, and
NCINS7 cells. MKN45 and MKN-45-FAK™/~ cells were
cultured, and total RNA was extracted using RNAiso
Plus reagent according to the manufacturer's instructions
(TaKaRa Co. Ltd., Dalian, China). MKN45, NUGC3, and
NCINS87 cells were treated with various concentrations
(0, 1, 5 pmol/L) of TAE226 for 24 h, and total RNA was
prepared from untreated and treated cells.

Total cellular RNA was reverse-transcribed with oligo
(dT),,_;3 primer using Easy Script One-Step gDNA
Removal and cDNA Synthesis SuperMix (Trans Gen Bio-
tech Co. Ltd., Beijing, China). qPCR was performed using
KAPA SYBP FAST gqPCR kits (KAPA BIOSYSTEMS,
Inc., Boston, MA, USA), optimized for the Light Cycler®
480 real-time PCR detection system (Roche Diagnostics
International, Co. Ltd., Switzerland), according to the
manufacturer’s instructions. All reactions were performed
in 20 pl in triplicate. The program comprised an initial
denaturation step at 95 °C for 5 min; 40 cycles of 95° C
for 5's, 54 °C for 30 s, and 72 °C for 20 s; and an exten-
sion of 72 °C for 10 min. 2724€T values were calculated
to determine expression levels, and the qPCR results were
analyzed by Student’s ¢ test to compare the expression
between the untreated and treated groups. The relative
amount of target gene mRNA was normalized to f-ACTIN.
Primers for IL-8 and reference genes are listed in Table 2.
The PCR generated 155-bp and 290-bp fragments of the
IL-8 and B-actin genes, respectively.

Table2 The primer of target genes and reference gene in RT-qPCR
(F, forward; R, reverse)

Gene GenBank no. Primer sequences (5'-3")

CXCL8 NM_000584.4 F: CTTGGCAGCCTTCCTGATTT
R: TTCCTTGGGGTCCAGACAGA

f-actin ~ NM_ 173979.3 F: TCACCAACTGGGACGACAT

R: GCACAGCCTGGATAGCAAC
F: GCTCCACCAAAGAAACCG
R: GCCCGTCACATTCTCGTA

FAK NM_001199649.2




FAK/IL-8 axis promotes the proliferation and migration of gastric cancer cells

531

Western blot

Cells were treated with DMSO or TAE226 at various con-
centrations for 48 h. Pretreated cells and FAK-knockout
MKN45 cells were harvested, washed with cold 1 X PBS,
lysed in protein lysis buffer (Thermo Fisher) for 10 min on
ice, and centrifuged at 12,000 rpm for 10 min at 4 °C. The
total protein concentration was determined by BCA protein
assay (Thermo Fisher). Equal amounts of protein samples
were subjected to SDS-PAGE electrophoresis, transferred
to polyvinylidene fluoride (PVDF) membranes (Bio-Rad),
and incubated with primary antibodies overnight at 4 °C.
After three washes in Tris-buffered saline with 1% Tween-
20 (TBST), the blots were incubated with peroxidase-linked
secondary antibodies at room temperature forl h and washed
three times in TBST. The bands were developed by chemilu-
minescence (Thermo Fisher). The antibodies that were used
for the western blot are described above.

ELISA

Equal numbers of FAK-knockout (MKN—45—FAK_/ 7) and
wild-type gastric cancer cells (MKN45) were seeded in six-
well plates and incubated until 80% confluence. Cell culture
supernatants were collected to measure IL-8 using a human
IL-8 ELISA kit (Neobioscience technology Co. Ltd., Shen-
zhen, China) according to the manufacturer’s instructions.
Absorbance at 450 nm and 630 nm was read on a Varioskan
Flash Multimode Reader (Thermo Fisher Scientific, Pitts-
burgh, PA, USA). All measurements were performed in
quintuplicate or triplicate, and the mean value of three inde-
pendent measurements was used for the statistical analysis.

Immunofluorescent staining

Gastric cancer cells were seeded on slides in six-well plates
and incubated overnight, after which the cells were washed
with PBS and fixed with 4% paraformaldehyde for 15 min.
Then, the cells were treated with Triton X-100 for 10 min
and blocked with 1% BSA for 1 h. Next, the cells were incu-
bated with primary antibodies against CXCR1 and CXCR2
overnight at 4 °C, washed with PBS, and incubated with
FITC-labeled goat anti-mouse IgG for 1 h at room tempera-
ture. Nuclei were stained with DAPI. Finally, the slides were
mounted with Glycerol Jelly Mounting Medium and exam-
ined under a laser-scanning confocal microscope (NIKON
AI1R, Nikon Corp., Tokyo, Japan).

Colony formation assay
MKN45, NUGC3, and NCIN87 cells were seeded in six-

well plates at 100, 100, and 500 cells per well, respectively,
and cultured for 24 h. Then, the media was removed, and

fresh media that contained IL-8 (0, 10 ng/ml) was added.
The media for these respective treatments was changed every
4 days. After 14 days, the cells were washed twice with PBS,
fixed in 4% paraformaldehyde for 15 min, and stained with
0.1% crystal violet dye for 15 min. After being washed with
distilled water and dried, the clones were photographed,
counted, and analyzed.

CXCR1 and CXCR2 antibody blocking experiment

MKN45 cells were seeded in six-well plates at 30x 10%cells
in 2 ml media per well and cultured for 24 h. Then, the
media was removed, and fresh media without serum was
added and incubated for 12 h. After serum starvation, fresh
media that contained CXCR1-blocking or CXCR2-blocking
antibody was added and incubated for 2 h, after which IL-8
(10 ng/ml) was added to the cells and incubated for 8 h.
Finally, the cells were lysed, and total protein was collected
for western blot analysis.

Animal experiments

All mouse experiments were performed according to Inner
Mongolia University’s standard guidelines. Female BALB/c
nu/nu mice, aged 4-6 weeks (Charles River Laboratories/
Beijing Vital River Laboratory Animal Technology Co.,
Ltd), were maintained under pathogen-free conditions and
used as a xenograft model of gastric cancer peritoneal dis-
semination. The mice were randomly assigned into four
groups (n=10 per group) before intraperitoneal injection
of tumor cells. MKN45, syngeneic FAK-knockout cells
(MKN-45-FAK ") and FAK-knockdown cells (MKN45-
shFAK) were used to establish the peritoneal dissemination
model. To generate intraperitoneal tumors, 3 x 10° cells
were injected into the peritoneal cavity of the mice. These
groups of mice—inoculated with MKN45 and MKN-45-
FAK~/~cells/MKN45-shFAK, respectively—were killed
4 weeks after injection, when the degree of peritoneal dis-
semination was evaluated macroscopically. The mice were
dissected, and the abdominal region was examined for visi-
ble tumors and photographed. Tumors that were greater than
0.5 mm in diameter were resected, measured, and prepared
for histology. Tumor volumes were calculated as follows:
tumor volume = length X width?x 0.5. Two other groups of
mice—inoculated with MKN45 and FAK-KO-MKN45 cells,
respectively—were maintained to track their survival.

DNA constructs and in vitro transfection
FAK shRNA (shFAK) was designed and synthesized with
the sequence 5'-aaGCCCTCAACCAGGGATTATGATTC

AAGAGATCATAATCCCTGGTTGAGGGCtt-3' to gener-
ate pGPU6/GFP/Neo-shFAK. The pGPU6/GFP/Neo-shFAK
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plasmids were transfected into MKN-45 cells using Lipo-
fectamine TM2000 (Invitrogen, Carlsbad, New Mexico,
USA) according the manufacturer’s instructions. Transfect-
ants were selected with G418 (Hyclone Laboratories, Inc.
Logan, UT, USA) for 48 h.

Statistical analyses

The statistical analyses were conducted using SPSS PASW
Statistics for Windows, v18.0 (SPSS Inc.: Chicago, IL,
USA). Normally distributed data were analyzed using stand-
ard parametric statistics and one-way ANOVA, followed by
Tukey’s method. Data were expressed as mean + SD. The
results were presented as the average of at least three inde-
pendent experiments. The western blot results were quanti-

Results
Construction of FAK-knockout cell line

To examine the function of FAK in the proliferation,
migration, and peritoneal metastasis of gastric cancer cells
in vitro and vivo, we used a stable FAK-knockout approach
in MKN45 cells by CRISPR/Cas9. The FAK guide RNA
targeted exon 1 of the FAK gene (Fig. 1A). Using an online
sgRNA design program, four potential sgRNAs with the
highest comprehensive score were selected, termed T3, T6,

Table 3 Potential sgRNA sequence

fied on a Gel-Pro Analyzer 4.0 (Media Cybernetics, USA). sgRNA name Primer sequence (5’ — 3')
Statistical significance was accepted at p <0.05.
T3 TTCGAGTACTAAGACTCACCTGG
T6 ATGCCTGATAATACTGGCCCAGG
T7 ATCTCCATGCCTGATAATACTGG
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Fig. 1 Construction of FAK-knockout cell line with CRISPR-Cas9
gene editing. A Potential sgRNAs exist in the first exon of FAK. B
DNA sequence analysis shows correct linkage of pX330 and 4 sgR-
NAs. C Surveyor digestion assay. MKN45 cells were transfected with
pX330-FAK-T3, pX330-FAK-T6, pX330-FAK-T7, and pX330-FAK-
T14, and genomic PCR products were analyzed by Surveyor assay.
MKN45 cells transfected with pX330-FAK-T6 were selected to iso-
late single colonies. D DNA sequence analysis shows the presence
of the FAK insertion and deletion (indel) mutation in the target sites
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of clones #e, #f, and #c3 introduced by CRISPR—Cas9. E Mutation
detected by the Surveyor system. Surveyor enzyme was used to con-
firm indel mutation in single clones transfected with pX330-FAK-T6.
F Expression of FAK protein is significantly decreased in CRISPR—
Cas9-mediated FAK-knockout cells. Western blot analysis confirmed
that FAK knockout significantly decreases FAK in MKN45 cells
compared with wild-type cells. B-Actin served as loading control.
Histograms represent gray-level difference analysis of western blot.
*p<0.05, ¥*p<0.01
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T7, and T14; their sequences are listed in Table 3. Oligo-
nucleotides for the four guide RNAs were synthesized and
cloned into the pX330 vector, and we confirmed the suc-
cessful construction of CRISPR—Cas9 expression vectors by
sequence assay. The resulting FAK-knockout vectors were
termed pX330-FAK-T3, pX330-FAK-T6, pX330-FAK-T7,
and pX330-FAK-T14 (Fig. 1B).

Next, we evaluated the gene-editing activity of each guide
RNA by transfection of pX330-FAK-T3, pX330-FAK-T6,
pX330-FAK-T7, and pX330-FAK-T14 separately, followed
by Surveyor digestion assay. The Surveyor enzyme digested
at mismatched sites, generating a wild-type band at approxi-
mately 530 bp and two mutantbands (200 bp and 330 bp).
As shown in Fig. 1C, only cells that were transfected with
pX330-FAK-T3 and pX330-FAK-T6 were cleaved at specific
target sites and generated three correct bands; the lighter
band appeared in cells with the latter plasmid. Thus, pX330-
FAK-T6 was chosen for subsequent experiments to obtain
FAK-knockout cell lines.

We used the CRISPR-Cas9 gene-editing system to gen-
erate FAK-knockout cell lines. Individual clones were iso-
lated in 96-well plates from the transfected cells by flow
cytometry and expanded in 48-well, 24-well, and 6-well
plates. Then, we analyzed the sequences of the target DNA
PCR products in these isolated lines and acquired three
positive clones with indel mutations that were introduced

%k %k % 1.5-

Optical density
$ it S
=
1
Inhibition ratio

MKN45 MKN45-FAK ™"

B MKN45

Fig.2 FAK knockout suppresses the proliferation and migration of
gastric cancer cells. A FAK knockout suppresses the proliferation of
gastric cancer cells. n=3. B Micrographs of migration in MKN45

into the genome (Fig. 1D). Next, the cleaved bands by Sur-
veyor enzyme confirmed that insertion or deletion muta-
tions (indel) were introduced into the genomes (Fig. 1E).
Finally, by western blot, FAK expression was suppressed or
abolished in FAK-knockout cell lines (Fig. 1F) (*p <0.05,
**¥p <0.01). These results indicate that FAK-knockout cell
lines were successfully generated by CRISPR—Cas9. Nota-
bly, clone #e was used in the follow-up experiments, based
on its faster growth and higher target efficiency among the
three double-stranded FAK-knockout clones. The result-
ing FAK-knockout (KO) gastric cancer cells were termed
MKN45-FAK-KO (MKN-45-FAK ).

FAK-knockout suppresses the proliferation
and migration of gastric cancer cells

Next, we determined whether FAK knockout affects cell
proliferation by the CCK-8 assay. The optical density of
control cells was 0.16, compared with 0.13 for MKN-45-
FAK~cells (Fig. 2A) (***p <0.001). The inhibition rate of
proliferation in the FAK-knockout groups was 17%. These
results show that gastric cancer cell proliferation is signifi-
cantly suppressed in FAK-knockout MKN45 cells.

Recent studies have shown that FAK is important for cell
migration in tumors. Thus, we examined whether knockout
of FAK by CRISPR—Cas9 transfection affects the migratory

%k %k %k

MKN45 MKN45-FAK”

MKN45-FAK™- | C -

1500

1000

Migrated cells

500

MKN45 MKN45-FAK™

and FAK-knockout cells. C The number of migrated cells was
counted and displayed in a bar graph; n=3. Statistical significance
was defined as p < 0.001(***), p <0.01(**)
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activity of gastric cancer cells by Transwell assay. We noted
significant inhibition of the migratory activities of FAK-
knockout MKN45 cells. The average number of migrating
control cells was 1183, decreasing to 544 in FAK-knockout
cells, yielding a rate of inhibition of 54.03% (Fig. 2B, C)
(**p <0.01). These data demonstrate that gastric cancer
cell migration is significantly inhibited in FAK-knockout
MKN45 cells.

Decreased peritoneal disseminated tumors
of gastric cancer after FAK knockout

The in vitro assay results showed that FAK knockout
inhibits the proliferation and migration of gastric cancer
cells, indicating the essential tumor-promoting functions
of FAK in gastric cancer. Peritoneal dissemination is the
most common form of metastasis and the worst state of
progression of gastric cancer [2]. Thus, we studied whether
the peritoneal dissemination of gastric cancer can be sup-
pressed by FAK inhibition. Many disseminated nodules

Weightof tumor(g)
e e e e 2
S = N W A WL oo

E

kidney

Jung

diaphragm [ ———
peritoneum |
small intestin F
large intestine —
stomach |

=
[8)

-

bt
%

M control
B FAK knockout

Survivle Rate (%)
o o
- N

=S
5

spleen

Control

were established after the intraperitoneal injection of
MKN45 cells, whereas few tumors were observed in mice
that were injected with MKN45-FAK-KO cells (Fig. 3A,
B). As shown in Fig. 3C, D, the total weight and volume
of disseminated nodules were significantly lower in the
group that received MKN45-FAK-KO versus MKN45
cells. MKN45 cells invaded many organs in the perito-
neal cavity, including the peritoneum, spleen, liver, stom-
ach, intestines, lung, and kidney, whereas FAK deficiency
decreased the seeding and invasion tumor cells into these
organs (Fig. 3E). FAK knockout prolonged the survival of
disseminated tumor-bearing mice (Fig. 3F). Besides, we
inhibited FAK expression in the MKN45 cells by using
small hairpin RNA, and injected the FAK-knockdown cells
into the mice peritoneal cavity. The results showed that
peritoneal tumor metastasis was significantly reduced and
volume and weight of tumors were also deduced in FAK-
knockdown injecting group compared with the control
(Fig. S1). These results indicate that FAK is essential for
the peritoneal metastasis of gastric cancer cells.
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Fig.3 Peritoneal disseminated tumors of gastric cancer are dimin-
ished after FAK knockout. Nude mice were injected intraperitoneally
with MKN45 cells and MKN45-FAK-KO cells. A and B Macro-
scopic view of the peritoneal cavities of the two groups 4 weeks after
injection. The mice were dissected, and the abdominal region was
examined for visible tumors and photographed. C and D The weight
and volumes of tumors were measured and calculated as tumor vol-
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Time after injection (day)

ume =length x width>x 0.5. E MKN45 cells invaded many organs in
the peritoneal cavity, including the peritoneum, spleen, liver, stom-
ach, intestines, lung, and kidney, whereas FAK knockout decreased
the seeding and invasion of tumor cells into these organs. F Survival
of mice inoculated with MKN45 and FAK-KO-MKN45 cells. Error
bars represent mean+SD. Statistical significance was defined as
p<0.001(**%*)



FAK/IL-8 axis promotes the proliferation and migration of gastric cancer cells

535
PTK2vs. CXCL8
& . 1507 Hokok
—
e
]
b poasori026 100
. e B ]
) oo i r 1o g
s H :3
g e & 4 £5
T : Ee
no-DEGs: 19831 s ¢z =
LI
. e A £
2
s « 2 o 2 . .
log2(fold change) 1 2 3 4 5 6 N &
mRNA expression (RNA Seq V2 RSEM): PTK2 (8a24.3) (log2) R R
D E & &
Hl MKN45
1.5 w 107 e 1.5 =1 NUGC3
: 3 < B3 NCINS7
— 8_ :
<
Z £ 1.0 5 e ;:72 £ 1.0
7 1 =
E 5 SE — E £
® & -lS) R 2
ol 2 & 4 58
g @ 0.5 E a g 0.5+ Kkkk
[OR=] <@ 24 Qs
= -] < Kkkk
é *kk ﬁ o) Kkkk
0.0- 0- T & 0.0-
MKN45 MKN45-FAK-/- MKN45 MKN45-FAK-/- Control TAE226(51M)
MKN45 NUGC3 NCIN87
TAE226(uM) 0 0.1 05 1 5 10 TAE226(uM) 0 0.1 05 1 5 10 TAE226(uM) 0 0.1 05 1 5 10
- e ey — —
CXCL8  — CXCLg [ = cxcLy —— —
g RA prar I ————
FAK N FAK | - ——
S — pacin [
1.5 ko 1.5 Lirzd
_ - _ R
§ —_—— - £ Sx
E 1.0 k] 1.0
7 o &
% £3
e 3
% 05 = % 08
0.0 0.0
S DD DD S I IS
ST E S S FE WO
e s— s
15 15 —g———
—— —r —
= P
521'0 EELO =< 10
o & @ s % 1
) Z2 SE
25 ) Z 2
Zios & &05 S5
Zi0s
0.0 0.0
> >
ST N N ST o $ §\ §\ §§ §\
G N TR

IL-8 is downregulated in FAK-deficient cells (RNA-Seq) analysis of MKN-45-FAK ™~ and MKN45
cells. MKN45 and MKN-45-FAK '~ cells were cultured
in large dishes, after which 1 x 10® cells were collected

and washed in PBS, and RNA was extracted. The results

To examine the regulatory function of FAK in the pro-
gression of gastric cancer, we performed RNA sequencing
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«Fig. 4 1L-8 is down regulated in FAK-deficient cells and tumor tis-
sues. A Volcano map of differentially expressed genes (DEGs)
between MKN-45-FAK” and MKN45 cells. The X-axis represents
log? transformed difference multiplier values, and the Y-axis repre-
sents logl0 transformed significance values. Red represents upregu-
lated DEGs, blue represents downregulated DEGs, and gray rep-
resents non-DEG. B The correlation analysis between CXCL8 and
PTK2. The stomach adenocarcinoma (TCGA, Nature 2014) data
is utilized to analyze the correlation between CXCL8 and PTK2 by
cBioPortal. The data contain 295 samples. C The expression of IL-8
in serum were measured by ELISA. Each point represents an indi-
vidual, healthy: n=41, gastric cancer patients: n=>57. ***p <(.001.
Error bar indicates SD. D mRNA levels of IL-8 in FAK-knockout
cells were lower compared with wild-type cells. E IL-8 in the cul-
ture supernatants of FAK-knockout and wild-type cells. F IL-8 lev-
els by qPCR in MKN45, NUGC3, and NCIN87 cells. G-I FAK,
p-FAK, and IL-8 expression by western blot in MKN45, NUGC3,
and NCINS8T7 cells after treatment with TAE226. Error bars represent
mean+SD. Statistical significance was defined as p <0.001(¥*%),
p<0.01(**), and p <0.05(*)

showed that 277 genes were significantly differentially
expressed after FAK was knocked down, of which 94
were upregulated and 183 were downregulated. After GO
functional classification and differentially expressed gene
analysis (Fig. 4A, Fig. S2) of the differentially expressed
genes, the expression of the chemokine CXCLS8, also
known as interleukin-8 (IL-8), was significantly lower in
FAK-knockout versus wild-type cells. In addition, we uti-
lized a web tool (cBioPortal: https://www.cbioportal.org/)
to analyze TCGA data to explore the correlation between
CXCLS8 (IL-8) and PTK2 [18, 19]. The gene correla-
tion results showed that there was a positive correlation
between the expression of PTK?2 and IL-8 (Fig. 4B). Also,
IL-8 was significantly higher in the serum of gastric cancer
patients compared to the healthy ones, as detected by the
serum provided by the hospital (Fig. 4C). We performed
a technical validation of the RNA-seq data by qPCR and
found that IL-8 expression was lower in FAK-deficient
cells, as expected (Fig. 4D). Also, by ELISA, the levels
of IL-8 in the culture supernatants of FAK-knockout cells
were lower compared with wild-type cells (Fig. 4E). These
results validated the RNA-seq data and indicated that IL-8
expression was regulated by FAK.

To confirm that IL-8 expression is regulated by FAK in
other gastric cancer cells, we treated three gastric cancer
cell lines—MKN45, NUGC3, and NCIN87—with various
concentrations of TAE226 (0, 1, 5 pmol/L) for 24 h and
measured IL-8 by qPCR. IL-8 was also measured by western
blot after treatment with several concentrations of TAE226
(0,0.1,0.5, 1, 5, 10 pmol/L) for 24 h. By qPCR and western
blot, IL-8 expression was suppressed after FAK inhibition
by TAE226 (Fig. 4F-I). These data show that the expres-
sion of IL-8 is suppressed after FAK inhibition in gastric
cancer cells, indicating the regulatory function of FAK in
IL-8 expression.
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IL-8 promotes the proliferation, colony formation,
and migration of gastric cancer cells

IL-8 has been proposed to be critical in regulating the pro-
gressive growth of human cancer cells [17]. The functions
of IL-8 are mediated by CXCR1 and CXCR2, which are
G protein-coupled receptors [20]. First, we measured the
expression of CXCR1 and CXCR2 in MKN45, NUGC3, and
NCINS7 cells by immunofluorescence. The results showed
that CXCR1 and CXCR?2 were detected in the three cell lines
(Fig. 5A). To further study IL-8 in gastric cancer progres-
sion, we determined the effect of IL-8 on cell proliferation,
colony formation, and migration in gastric cancer cells.

We treated MKN45, NUGC3, and NCIN87 cells with var-
ious concentrations (0, 5, 10, 20 ng/ml) of recombinant IL.-8
(rh-IL-8) for 48 h and measured growth by CCKS assay.
rh-IL-8 promoted the proliferation of the three gastric cancer
lines. As shown in Fig. 5B, 10 ng/ml rh-IL-8 increased the
growth of MKN45, NUGC3, and NCIN87 cells by 34%,
21%, and 6.5% increase, respectively. At 10 ng/ml, IL.-8 had
its maximum effect; thus, we chose this concentration for
further experiments.

Next, we performed colony formation assay. As shown in
Fig. 5C-E, rh-IL-8 (10 ng/ml) increased the clonogenicity
of all gastric cancer lines—MKN45, NUGC3, and NCIN87
cells exhibited 18.9%, 29.6%, and 23.6% greater cell colony
formation than the control cells, respectively. By cell migra-
tion assay, rh-IL-8 (10 ng/ml) increased the migration of
MKN45 cells. As shown in Fig. 5F, G, the migration of
MKNA4S5 cells rose 24.3% after rh-IL-8 treatment.

IL-8-stimulated proliferation and migration
of gastric cancer cells decrease after FAK inhibition

The results above indicated that the proliferation and
migration of gastric cancer cells are promoted by ILS8. The
phosphorylation of FAK is induced by IL-8 [21]. Thus, we
assumed that the effects of IL-8 on the proliferation and
migration of gastric cancer cells are partially mediated by
FAK. First, we assessed the phosphorylation of FAK in gas-
tric cancer cells after treatment with IL-8 by western blot.
As shown in Fig. 6A, IL-8 increased the phosphorylation
of FAK in gastric cancer cells, indicating that IL8 activates
the FAK pathway in gastric cancer cells. Then, we examined
whether the phosphorylation of FAK due to IL-8 is mediated
by CXCRI1 or-CXCR2. As shown in Fig. 6B, the activity of
FAK was inhibited after treatment with CXCR1-blocking
and CRCR2-blocking antibodies, indicating that the phos-
phorylation of IL-8-induced FAK is mediated jointly by
CXCRI1 and CXCR2.

To determine whether the effects of IL8 on prolifera-
tion and migration in gastric cancer cells are mediated by
FAK, CCK-8 assay and migration assay were performed to


https://www.cbioportal.org/

FAK/IL-8 axis promotes the proliferation and migration of gastric cancer cells 537

A B

Merge  DAPI CXCR1 Merge DAPI CXCR2
. < . . m MKN45
= NUGC3
MKN45 200 = NCIN8?
:\°\ **:*** ***;‘*** *kkk
o 150 *
‘L; * *%k
£
NUGC3 5 1004
£
&
3 s
%)
NCIN87 0-
0 5 10 20
Concentration of CXCL8(ng/ml)
NUGC3 NCINg7
R SN P N
2 e ve A //'/‘éx:‘?c"‘ /e
: e T P g |
e i s .h_-‘. | .? S 3
a "“.. DAyl (Sew v W ey o
N $& e T L \"~'5'>"/ 5 , 4
e ® \\‘u‘ op M N\ - 5 4%
B o™ = - S
Control CXCL8 Control CXCL8 Control
*kkk
? 150 E’ 250 e 2 200
3 = - 3 *
= 2 k)
& 2 200 e
a 100 % 0 E 150 T
e — 150 o0
'8 8 g < 100
5 £ 7 100 £~
T ] % Lg 50
Z > ! 50+
£ : 50 ]
S 8 g
O 0- . o~ 8 0= T (3 0= T
Control  CXCL8 Control CXCL8 Control CXCLS8
G Sekkk
F Control 150

100+

Cell Migration Rate(%)

T
Control CXCLS

Fig.5 IL-8 promotes the proliferation, colony formation, and migra- NUGC3, and NCIN87 cells. F, G Cell migration assay of gastric can-
tion of gastric cancer cells. A Expression of CXCR1 and CXCR2 cer cells. Error bars represent mean + SD. Statistical significance was
in MKN45, NUGC3, and NCIN87 cells by immunofluorescence. B defined as p <0.001(***), p <0.01(**), and p < 0.05(*)

Growth of by CCK-8 assay. C-E Colony formation assay in MKN45,

@ Springer



538

Y.Ma et al.

2.0+ 1.5
*%  *
- £ 1.5 - B
£ 3 ch-A
1 <
25 10 z&
% = E
S S < 0.5
& h,s_ 0.5 &=
B-actin ‘ G GEED GE— GEED G ‘
0.0- 0.0-
Oh 1h 2h 4h 8h 24h Oh 1h 2h 4h 8h 24h
CXCLS8 - + + 2.0+ 1.5+
—_ *kkk
anti-CXCRI1 - - - - 5 1.57 -7
S % < ?ﬂf 1.0
anti-CXCR2 - - - + + E E' 1.0 ke .2 &
E <« ek E E
S = Kk o < 0.5
&8 0.5 kE
p-FAK P —— - ® Qe ke
0.0- 0.0-
FAK
CXCL8 - 4+ + + + CXCL8 -+ + + +
f-actin e Guany G G S anti-CXCR1 - - + -+ anti-CXCR1 - -+ -+
anti-CXCR2 - - - + + anti-CXCR2 - - - + +
Control CXCL8
*kkk *kkk
150 150
*k¥k *kkk o il
2 £
& 100 =
§ - £ 100
E=E) =~
ET 5 S
& CXCLS8+TAE226 TAE226 20~
.‘_c. 50 s 50
St —
A~ 3
O
0- T T 0- T T
SRS PG > & A A
& © O ¢ & O P&
< (o4 bxo &V’ 00 Q+ &V’ &Y’
'» X
M &
¥ &

Fig.6 The IL-8-induced proliferation and migration of gastric cancer
cells are diminished after FAK inhibition. A Phosphorylation of FAK
in gastric cancer cells after treatment with IL-8 by western blot. B
Phosphorylation of FAK after treatment with rh-IL-8 and CXCR1/

evaluate the effects of IL-8 and TAE226, separately and in
combination. As shown in Fig. 6C, D, the proliferation and
migration of IL-8-induced gastric cancer cells decreased
after FAK inhibition. These results indicate that the pro-
motion of proliferation and migration of gastric cancer
cells by IL-8 are partially mediated by FAK.
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CRCR2-blocking antibodies. C Cell proliferation byCCKS8 assay.
D Migration assay results. Error bars represent mean +SD. Statisti-
cal significance was defined as p<0.001(***), p<0.01(**), and
p<0.05(*%)

Discussion

We have shown that FAK knockout decreases the size and
levels of peritoneal disseminated gastric cancer tumors and
prolongs the survival of disseminated tumor-bearing mice,
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indicating that FAK is essential for the peritoneal metasta-
sis of gastric cancer. Further, the expression of IL-8 is reg-
ulated by FAK in gastric cancer cells, and IL-8 activates
the FAK activity in turn, forming a positive feedback loop
to promote the peritoneal dissemination of gastric cancer.
Our data imply that the proliferation, migration, and peri-
toneal dissemination of gastric cancer cells are impeded by
FAK knockout, implicating the tumor-promoting functions
of FAK in gastric cancer. We have demonstrated that the
expression of IL-8 is regulated by FAK in gastric cancer
cells and established that IL-8 promotes the prolifera-
tion, colony formation, and migration of gastric cancer
cells that are partially mediated by FAK. In addition, the
cells used in the experiment were from poorly differenti-
ated types, and the degree of tumor differentiation is an
important indicator of tumor therapy. It has been shown
that in gastric cancer, FAK expression was associated
with increased tumor stage and decreased differentiation
degree [22]. However, there are several reports showing
the opposite results about the relationship between FAK
expression and tumor differentiation. FAK expression was
stronger in poorly differentiated laryngeal squamous car-
cinoma and esophageal squamous cell carcinoma [23, 24];
Ohta et al. also reported that reduced expression of FAK
in intrahepatic cholangiocarcinoma is associated with poor
tumor differentiation [25]; Murata et al. also reported that
expressions of FAK and P-FAK increased as the degree of
cell differentiation became higher in colorectal and esoph-
ageal carcinomas [26]. We also used UALCAN (http://
ualcan.path.uab.edu/) to analyze TCGA data [27, 28],
and the results showed that except in liver hepatocellular
carcinoma, the expression of PTK2 is increased with the
decrease of tumor cell differentiation grade. No significant
relationship could be found among gastric cancer, esopha-
geal carcinoma (ESCA) and head and neck squamous cell
carcinoma (HNSC), which may be due to the small sample
size (Supplementary Fig. 3). Therefore, we consider that
the relationship between FAK and the grade of tumor dif-
ferentiation is still unclear, and more experiments may be
needed to explore and verify it.

Peritoneal dissemination is one of the worst states of gas-
tric cancer, the progression of which is a complex multistep
process, divided into several basic stages: (1) the detach-
ment of gastric cancer cells from the primary tumor; (2)
the survival of free cancer cells in the microenvironment
of the abdominal cavity; (3) the attachment of free cancer
cells to the peritoneal surface and invasion of the basement
membrane in the peritoneum; and (4) the growth and angio-
genesis of cancer cells, leading to peritoneal metastasis [3].
Many adhesion molecules, matrix proteases, motility fac-
tors, and angiogenic factors in the tumor microenvironment
are involved in this process, but the underlying mechanisms
of peritoneal dissemination remain unknown. Our previous

results have shown that oral administration of an FAK inhib-
itor reduces the size of peritoneal disseminated tumors in
colorectal cancer and prolongs survival in tumor-bearing
mice [29]. Our current study also implies that FAK is essen-
tial for the development of the peritoneal dissemination of
gastric cancer.

FAK is essential for the assembly and disassembly of
focal adhesions (FAs) [30]. As a nonreceptor protein tyros-
ine kinase that localizes to FAs, FAK is activated by integ-
rins, growth factor receptors, G protein-coupled receptors,
and cytokine receptors [31]. In cancer cells, overexpressed
FAK integrates signals from cell surface receptors to regu-
late adhesion, survival, migration, metastasis, invasion, lym-
phomagenesis, and angiogenesis, all of which are canonical
functions of FAK in cancer cells [30-32]. Thus, inhibition
or knockout of FAK could decrease the peritoneal dissemi-
nation of colorectal and gastric cancer, which due to the
canonical roles of FAK in cancer cells. However, our data
imply that the expression of IL-8 is regulated by FAK and
that IL-8 activates FAK in turn, constituting a pathway that
promotes the peritoneal dissemination of gastric cancer.

Some reports have described the roles of FAK in inflam-
mation and the immune response. FAK is involved in the
production of inflammatory mediators that are induced
by protein I/II, a cell wall component from streptococci,
in human monocytes, epithelial cells, endothelial cells,
and fibroblasts [5, 33]. LPS-induced cytokine release also
depends on FAK, suggesting that FAK has a general func-
tion in cytokine expression [34]. FAK signaling is important
for TNF-a-induced IL-6 mRNA and protein expression in
breast, lung, prostate, and neural tumor cells [35]. Funako-
shi-Tago et al. reported the function of FAK in the NF-xB
activation pathway in regulating various inflammatory and
immune responses [36]. Nuclear FAK could promote the
evasion of antitumor immunity by controlling chemokine
transcription [37]. Our data show that the expression of IL.-8
is regulated by FAK in gastric cancer cells, implicating FAK
in inflammatory factor production and suggesting a novel
cancer-promoting mechanism in gastric cancer.

In addition to the classical functions of IL-8 in the
inflammatory response, IL-8 has been demonstrated to be
closely related to the proliferation, EMT, migration, and
invasion of tumor cells [17, 38]. After binding to CXCR1
or CXCR2, IL-8 activates the G protein, activating the
PLC-PKC, PI3K-AKT, Src, and FAK pathways, promot-
ing the proliferation, survival, angiogenesis, EMT, migra-
tion, and invasion of tumor cells [39]. Our data imply that
IL-8 activates FAK through CXCR1 and/or CXCR2 in
gastric cancer cells and that the promotion of the prolif-
eration and migration of gastric cancer cells by IL-8 are
partially mediated by the FAK pathway. FAK is overex-
pressed in various cancers, including gastric cancer [40].
IL-8 is secreted by monocytes, macrophages, neutrophils,
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lymphocytes, vascular endothelial cells, and fibroblasts
[12]. IL-8 is also produced by tumor cells, tumor-associ-
ated fibroblasts, and tumor-associated macrophages in the
tumor microenvironment, which promote tumor growth
and metastasis through autocrine and paracrine mecha-
nisms [17, 38]. Thus, overexpressed FAK mediates the
signals from IL-8 in the tumor microenvironment through
CXCR1 and CXCR?2 to promote the proliferation, survival,
migration, and invasion of gastric cancer cells, leading to
their peritoneal dissemination. In conclusion, we propose
that the IL-8-FAK-IL-8 positive feedback loop promotes
the development of the peritoneal dissemination of gastric
cancer.
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