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Abstract

Rationale: Inflammatory stimuli from the tumor microenvironment play important roles in cancer
progression. However, the mechanism of promotion of cancer metastasis by inflammation in gastric
cancer (GC) is poorly understood.

Methods: The roles of NEK9 were validated via loss-of-function and gain-of-function experiments in
vitro and in an animal model of metastasis. Cytoskeletal reorganization-associated molecules were
detected by GST pull-down. The regulation of ARHGEF2 by NEK9 was investigated by
phosphoproteomics analysis, immunoprecipitation (IP) and in vitro kinase assay. The transcriptional
regulation of miR-520f-3p was studied using luciferase reporter and chromatin immunoprecipitation
(ChIP). The expression of these proteins in GC tissues was examined by immunohistochemistry.

Results: NEK9 directly regulates cell motility and RhoA activation in GC. The phosphorylation of
ARHGEF2 by NEK9 is the key step of this process. NEK9 is a direct target of miR-520f-3p, which is
transcriptionally suppressed by IL-6-mediated activation of STAT3. A decrease in miR-520f-3p leads to
the amplification of IL-6/STAT3 by targeting GP130. A simultaneous elevation of the levels of NEK9,
GP130 and p-STAT3 was confirmed in the lymph nodes and distant metastases. An increase in NEK9,
GP130 and STAT3 is associated with reduced overall survival of GC patients.

Conclusion: This study demonstrates that activation of STAT3 by IL-6 transcriptionally suppresses
miR-520f-3p and diminishes the inhibitory effects of miR-520f-3p on NEK9 and GP130. An increase in
GP130 enhances this signaling, and NEK9 directly influences cell motility and RhoA activation by targeting
the phosphorylation of ARHGEF2. Targeting the IL-6-STAT3-NEK9 pathway may be a new strategy for
GC treatment.
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Introduction

Gastric cancer (GC) is the second most common  treatment of GC, including the feasibility of surgical
cancer in China and the third leading cause of treatment and targeted therapy. Metastasis is an
cancer-related deaths [1, 2]. The occurrence of important factor associated with reduced overall
metastasis determines clinical decision making in the = survival in GC patients.
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Altered cellular motility is a hallmark feature of
metastasis that facilitates the progression of cancer
cells to the distant sites [3]. Dynamic reorganization of
cytoskeleton is the key requirement for the changes in
cell motility [4, 5]. Reorganization of the cytoskeleton
is critical for the morphological changes of the cells
involved in active movement [6]. The leading edge of
the migrating cells contains flat membranous
lamellipodial protrusions, where the protrusive force
is generated by localized actin polymerization [7].
Spatial and temporal regulation of this process is
mediated by multiple cellular signaling pathways,
and Rho GTPase is a ubiquitous component of the
signaling pathways [4, 7, 8]. Rho GTPase is associated
with the formation of membrane protrusion at the
leading edge and the membrane contraction at the
rear end, suggesting a fundamental role of this
protein in directed cell movement. The functions of
Rho GTPase depend on active or inactive states [9-11].
The activation of Rho GTPase is regulated by guanine
nucleotide exchange factors (GEFs), and inactivation
is mediated by GTPase activating proteins (GAPs)
[9-11]. In addition to the protein level, the activity is
an important factor that determines the functions of
Rho-GEFs and Rho-GAPs [12-15]. The phosphoryl-
ation of specific sites by protein kinases can enhance
or suppress the activities of Rho-GEFs and Rho-GAPs,
leading to distinct regulatory effects on cytoskeletal
organization.

Emerging studies have shown that the
expression and activity of cytokines are deregulated
in many cancer types and contribute to chronic
inflammation in tumor microenvironment [16-19].
Interleukins, chemokines and lymphokines play
distinct roles in cancer cells to sustain aberrant growth
and survival [17, 20]. Inflammation serves as the
driving force for the initiation of cancer metastasis.
IL-6 functions by binding to IL-6R subunit, which
heterodimerizes with a polypeptide chain signal
transducer, glycoprotein 130 (GP130). The binding of
IL-6 to its receptor activates several signaling
pathways, including the MAPK, STAT1 and STAT3
pathways [17, 21]. Activation of STAT3 can regulate
the transcription of multiple downstream genes and
functions in cancer metastasis [17, 22, 23].

Never in mitosis gene A (NIMA)-related kinase 9
(NEK9) is a member of the NEK family of
serine/threonine kinases that are emerging as
important regulators of the cell cycle and checkpoint
control [24]. The kinase activity is the core function of
NEKO [24, 25]. NEKO9 regulates centrosome separation
and spindle assembly during mitotic progression by
phosphorylating NEK6 and NEK7, indicating its
potential role in the regulation of the cytoskeleton.
Currently, little is known about the roles of NEK9 in

cancer [26-31]. According to a very limited number of
studies, NEK9 appears to be functionally associated
with the MAPK/ERK pathways. In lung cancer,
coexpression of NEK9 and mutant p53 was shown to
promote cell proliferation by upregulating MAPK14
[29]. In triple-negative breast cancer, knockdown of
NEK?9 apparently reduces the baseline and feedback
MAPK/MEK signaling and synthetic lethality in
combination with PI3K inhibitors [30].
NEK9-mediated phosphorylation of the microtubule-
associated LC3B protein was shown to be involved in
cancer metastasis and cytoskeleton-associated events
[31]. Additionally, NEK9 was recently reported to be
recruited to the microtubules and is activated by
EMILA4-ALK to perturb cell morphology and accelerate
the migration in a microtubule-dependent manner
that requires the downstream kinase NEK7 [32]. These
findings suggest that NEK9 may participate in cancer
metastasis; however, specific effects of NEK9 on
aberrant motility and cytoskeletal reorganization of
cancer cells remain unclear.

In the present study, we demonstrated that
NEK9 can directly influence cell motility and
cytoskeletal reorganization in GC, NEK9 regulates GC
metastasis via protein kinase activity that targets the
phosphorylation of ARHGEF2. Additionally, NEK9
serves as an effector of inflammation-associated
signaling during GC metastasis. The activation of
STAT3 by IL-6 transcriptionally suppresses
miR-520f-3p and diminishes the inhibitory effects of
miR-520f-3p on NEK9 and GP130. An increase in
GP130, an important component of the IL-6 receptor
complex, enhances the signal transduction of IL-6
stimuli and results in amplified IL-6-induced NEK9
expression. A simultaneous elevation of NEK9, GP130
and p-STAT3 in the lymph nodes and distant
metastases confirms the roles of the factors in GC
metastasis. Thus, we identified a novel IL-6-STAT3-
NEK9 pathway that plays important roles in
metastasis and cytoskeletal reorganization in GC.

Methods

Study approval

Inclusion of the human samples in the tissue
array was approved by Xijing Hospital review board;
all procedures involving animals were reviewed, and
the protocols were approved by the Fourth Military
Medical University Animal Care and Use Committee
(KY20173286-1, approved on 03/07/2017).

Cell lines

Human gastric cancer cell lines AGS, MKN28
and MKN45 were obtained from China Infrastructure
of Cell Line Resources in September 2013. BGC823,
SGC7901, SGC7901M and SGC7901INM cells were
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maintained in our laboratory. All cell lines were
maintained in RPMI 1640 medium with 10% foetal
bovine serum (South America origin; IC-1905;
BioCytoSci, TX, USA) and 1% penicillin-streptomycin
at 37 °C in a humidified atmosphere containing 5%
CO..

Transfection, oligonucleotides and plasmids

The mimics, inhibitor and negative controls for
hsa-miR-520f-3p and siRNA for ARHGEF2 were
purchased from GenePharma (Shanghai, China). The
shSTAT3 and shGP130 plasmids and the lentiviral
vectors (full-length constructs and shRNAs) were
obtained from GeneChem (Shanghai, China). The
sequences are listed in Supplementary Table S1. The
oligonucleotides and plasmids were transfected using
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

RNA extraction and quantitative real-time
PCR (qRT-PCR)

Total RNA was extracted using TRIzol
(Invitrogen, USA), and reverse transcription was
performed using an Advantage RT-for-PCR kit
(Takara Biotechnology, Japan) according to the
manufacturer's instructions. Real-time PCR was
conducted using SYBR Premix Pro Tag HS qPCR kit
(Accurate Biotechnology, Hunan, China) and a
CFX96™ real-time PCR detection system (Bio-Rad
Laboratories, USA). The 2-AACt method was used to
analyse the relative expression levels. The primer
sequences are listed in Supplementary Table S2.

Wound healing assay

Cells were initially cultured to full confluence in
6-well plates. Then, the cell monolayers were
scratched using a 200 pL micropipette tip in the centre
of the well. Then, the cells were incubated in the
serum-free medium. Representative images were
captured at 0 and 24 h after the injury. The width of
wound healing region was quantified and compared
with the baseline values by Image]. All experiments
were repeated in triplicate independently.

Transwell assay

A total of 4x10* cells of each group in 200 pL
serum-free medium were seeded into the upper
chamber (8.0 pM pores, Corning, USA) without
(migration) or with (invasion) Matrigel (BD
Bioscience, USA). RPMI 1640 medium (600 pL) with
20% FBS was placed in the lower chamber. After
incubation for 24 h, the cells in the upper chambers
were fixed using 4% polymethanol and stained with
crystal violet. The assay was performed in triplicate.
The images were captured at 200X magnification by
an Olympus BX51 microscope. Five random fields

were selected, and the number of cells was counted to
evaluate migration or invasion.

Immunohistochemical analysis (IHC)

In brief, the sections were dewaxed in xylene and
rehydrated in ethanol and PBS. Endogenous
peroxidase was inactivated using 3% HxO, and
antigen retrieval was performed using Tris-EDTA
antigen retrieval buffer for pSTAT3 staining and
citrate antigen retrieval solution for NEK9 and GP130
staining. Sections were blocked with 10% normal goat
serum at room temperature for 15 min and incubated
with primary antibodies against pSTAT3 (#9145, Cell
Signaling Technology Inc), NEK9 (NBP2-31091,
NOVUS) or GP130 (PA1745, AntiProtech Inc) at 4 °C
overnight. Then, the sections were incubated with the
corresponding secondary antibodies conjugated with
horseradish peroxidase at room temperature for 30
min. The staining was visualized using a DAB kit
(Zhong Shan Golden Bridge Biotechnology, Beijing,
China). All sections were examined and scored
independently by two investigators in a
double-blinded manner. Staining and the score were
determined as described previously [33].

Luciferase reporter assay

The plasmids (pGL3-Firefly Renilla containing
miR-520f-3p sequence and mutant sequence,
pGL3-Firefly Renilla containing NEK9 and GP130
3-UTR sequence and mutant sequence) were
synthesized by GeneChem (Shanghai, China).
Luciferase activity was detected using a dual
luciferase assay kit (GeneCopoeia) according to
manufacturer's instructions. All experiments were
repeated independently in triplicate.

In vitro kinase assay

The phosphorylation of the human ARHGEF2
recombinant protein (P01) (H00009181-P01, Abnova,
Tai Wan, China) by active NEK9 protein (ab125614,
Abcam) was monitored using a universal kinase
activity kit (R&D Systems). The amount of
phosphorylated ARHGEF2 was determined as
described previously [34]. All experiments were
repeated independently in triplicate.

Immunoprecipitation (IP)

A/G-Agarose (Santa Cruz Biotechnology) and
primary anti-IgG (B900610, Proteintech, Wuhan,
China), anti-ARHGEF2 (ab155785, Abcam) and
anti-NEK9 (sc-100401, Santa Cruz Biotechnology Inc)
antibodies were used for the immunoprecipitation
assay according to the manufacturer's instructions.
Then, the samples were evaluated by western blot
assay [33].
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Chromatin immunoprecipitation (ChlIP)

Chromatin immunoprecipitation (ChlP) analysis
was performed according to a standard method using
a Magna ChIP G assay kit (EMD Millipore, USA).
Chromatin was immunoprecipitated with anti-STAT3
(#12640, Cell Signaling Technology Inc), anti-IgG and
in the absence of antibodies as a negative control.
Immunoprecipitated DNA-protein complexes were
isolated, and a qPCR assay was carried out to
determine the levels of specific proteins. The primer
sequences are listed in Supplementary Table S3.

Animal experiments

BALB/C nude mice (6-week-old) were obtained
from Vital River Laboratories (Beijing, China). Cells
(3x10°) were injected into the tail veins of the nude
mice to generate a metastatic model. After 8 weeks,
mice were intraperitoneally injected with D-luciferin
(Caliper Life Sciences). 5 min after the injection, the
mice were anaesthetised, and whole-body live images
were captured using an IVIS imaging system (Caliper
Life Sciences). Strong signals in the lung and liver
indicated metastatic tumor; thus, the mice were
immediately sacrificed, and lung and liver were
harvested for the detection of bioluminescence signals
and final validation by haematoxylin and eosin (H&E)
staining.

Statistical analysis

The GraphPad Prism statistical package was
used for statistical analyses. All data are expressed as
the mean + SD. The differences between two groups
were assessed using Student ¢ tests, and ANOVA test
was used to compare multiple groups. The survival
curves were evaluated using the Kaplan-Meier
method. The Pearson and Spearman correlation
coefficients were calculated (r, p). P < 0.05 was
considered statistically significant.

Results

NEK9 is upregulated in GC tissues and
correlates with disease progression. To determine the
role of NEK9 in GC development and progression, the
NEK9 data were retrieved from the GC databases.
Data analysis using ONCOMINE showed that NEK9
is upregulated in GC (Figure 1A). Then, the data from
TCGA and Kaplan-Meier plotter were analysed, and
the results indicated higher levels of NEK9 in
advanced GC that are associated with reduced overall
survival (Figures 1B-D).

NEK9 was also assayed in a cohort of 363 GC
patients by IHC. The level of NEK9 was significantly
increased in GC compared to that in the adjacent
noncancerous tissues (Figures 1E-F). The levels were
also correlated with GC progression, and higher

levels of NEK9 were associated with advanced TNM
staging (Table S4). In primary GC and the
corresponding lymph node metastases, the staining
intensity of NEK9 was significantly higher in the
lymph node metastases (Figures 1E-F). A significant
increase in NEK9 was also detected in the distant
metastases (Figures 1E-F). Survival analysis of 86
patients with long-term follow-up showed that an
increase in NEK9 is associated with reduced overall
survival (Figure 1G).

NEKO9 regulates cell motility and cytoskeletal
reorganization in GC. BGC823 and AGS cells were
used to establish cell models with stable NEK9
transfection or knockdown (Figures 2A-B). In the
transwell assays, ectopic NEKO significantly increased
the number of cells migrating to the bottom side of the
membrane, and NEK9 inhibition impaired the
migration and invasion potential of the cells (Figures
2C-D). Similar results were obtained in the wound
healing assays (Figures 2C-D). NEK9 promoted lung
and liver metastases in vivo, and metastases were
inhibited by NEK9 knockdown (Figure 2E).

Cytoskeletal reorganization is the basis for cell
movement, and this process is precisely regulated by
Rho-GTPases. A significant increase in GTP-RhoA
was detected in GC cells with ectopic NEK9 (Figure
2F), indicating a transition from inactive RhoA to
active RhoA. Inversely, inhibition of NEK9 decreased
the level of GTP-RhoA (Figure 2G).

NEK9 regulates cell motility by targeting
phosphorylation of ARHGEF2. The intrinsic kinase
activity is the key part of NEK9 function; thus, AGS
and BGC823 cells with stable NEK9 transfection or
knockdown were wused in phosphoproteomics
analyses. The ideal effectors should have increased
phosphorylation in the presence of NEK9 and
reduced phosphorylation when NEK9 is knocked
down. A total of 8 proteins met this criterion in the
AGS and BGC823 cells and were considered potential
targets of NEKO (Figure 3A). We focused our studies
on ARHGEF2 and ARHGAP35 because these proteins
are known to be involved in the activation of Rho
GTPases. ARHGEF2 and ARHGAP35 were enriched
and total phosphorylation levels on serine, threonine
and tyrosine were assayed (Figures 3B-C, S1A-B). The
results indicated that a specific increase in serine
phosphorylation of ARHGEF2 was detected in the
presence of NEK9; thus, ARHGEF2 was selected for
subsequent investigation. The levels of ARHGEF2 in
GC cells were manipulated to induce up- or
downregulation (Figures S2A-D), and the results
indicated that ARHGEF2 promotes cell motility and
RhoA activation, and ARHGEF2 knockdown results
in decreased cell movement and RhoA deactivation
(Figures S2E-G). The binding of a kinase to a substrate
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is essential for phosphorylation; hence, we examined
the binding of NEK9 to ARHGEF2 by pull-down
assay and IP, and the results confirmed interaction of
these proteins (Figures 3D-E, S1C). Colocalization of
the proteins was further validated by immunofluores-
cent staining (Figure 3F, S1D). To investigate whether

NEK9 can directly phosphorylate ARHGEF2, an in
vitro kinase assay was performed, and the results
indicated that NEK9 increased = ARHGEF2
phosphorylation (Figure 3G), suggesting that NEK9 is
a kinase that directly phosphorylates ARHGEF2.
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Figure 1. NEK9 was increased in primary GC and was correlated with cancer metastases and overall survival periods in patients with GC. A, NEK9 was increased in 2 cohorts
of GC patients from Oncomine database. B-D, NEK9 was associated with advanced tumor stage (B, data from TCGA) and reduced overall survival periods (C, data from TCGA.
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Overall, NEK9 can be a direct kinase that
promotes the phosphorylation of ARHGEF2;
however, the location of serine residues targeted by
NEK9 was unknown. Phosphoproteomics and
bioinformatics analysis identified 9 potential serine
residues (Table S5). A series of ARHGEF2 plasmids
was constructed, including wide-type, mutants (all
potential sites were mutated) and single site
wide-type plasmids (only the target site was
preserved as wide-type and other 8 sites were
mutated for each anticipated serine residue). The
effects of ARHGEF2 were strongly attenuated when
all potential serine residues were mutated (Figures
3H, S1E), suggesting that serine phosphorylation is
critical to ARHGEF2 function. Additionally, the
effects of NEK9 on cell motility were blocked by
mutants of ARHGEF2 (Figures 3H, S1E), indicating
that ARHGEF2 phosphorylation is a key step in

NEK9-mediated metastasis. Then, wide-type, mutant
and single site wide-type ARHGEF2 constructs were
separately transfected into AGS cells, and
phosphorylation of 5645, S648, S691, S932, 5947, 5952,
5953, S956 and S960 was detected (Figure 4A).
However, only 3 single-site, wide-type ARHGEF2
mutants (corresponding to S691, S952 and S956) had
the effects on cell motility similar to those of
wide-type ARHGEF2 (Figure 4B). Therefore, S691,
5952 and 5956 were considered potential functional
serine residue of ARHGEF2 (Figures 4C).
Furthermore, increased phosphorylation of 5691, 5952
and S956, cell motility and GTP-RhoA were detected
in the presence of NEK9 (Figures 4D-F). These results
indicate that S691, S952 and S956 are the functional
serine residues of ARHGEF2 phosphorylated in an
NEK9-dependent manner.
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NEK9 functions as an effector of IL-6/STAT3
inflammation signaling via miR-520f-3p.
Inflammatory stimuli are known to participate in
cancer metastasis [17-20]. Stimulation of GC cells with
IL-6 increased cell motility and level of NEK9 (Figures
5A-B). Knockdown of STAT3 blocked the effect of IL-6
on NEK9 (Figure 5B), showing that IL-6-induced
increase in NEK9 is mediated by activation of STAT3.
In our previous study, miR-520d was shown to be
affected by the IL-6/STAT3 signaling [20]. Therefore,
we used multiple independent databases to
computationally predict miRNAs that may be
involved in the process. miR-520f-3p was one of the

candidate miRNAs that attracted our attention. The
mimics or inhibitors of miR-520f-3p were transfected
into GC cells, and the results of RT-PCR and western
blot indicated that miR-520f-3p negatively regulates
NEK9 (Figures S3A-D). To determine whether
miR-520£-3p represses NEK9 by targeting a potential
binding site, PCR products containing wild-type or
mutant NEK9 3’-UTR sequences were cloned
downstream of luciferase open reading frame.
Exogenous miR-520f-3p suppressed the luciferase
activities in the cells transfected with the NEKO9
3’-UTR reporter constructs; however, this effect was
abolished when the seed sequences in the constructs
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were mutated (Figure S3E). Furthermore, the
inhibitory effect of miR-520f-3p on cell motility was
partially attenuated by ectopic NEK9 expression

(Figure S3F). Conversely, knockdown of NEK9
antagonized the effect of miR-520f-3p inhibitors
(Figure S3G).
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IL-6 suppressed the levels of miR-520f-3p, and
knockdown of STAT3 abolished this effect (Figure
5C). Ectopic expression of miR-520f-3p inhibited the
IL-6-mediated increase in NEK9, and a miR-520f-3p
inhibitor reversed the suppressive effects of STAT3
knockdown on NEK9 (Figure 5B). Then, we
determined whether IL-6/STAT3 could upregulate
NEK9 by inhibiting miR-520f-3p. To validate our
hypothesis, a series of miR-520f-3p promoter
truncation mutants was generated targeting the
potential binding sites of STAT3 on miR-520f-3p
promoter predicted by Jaspar (Tables S6-7). The
results of the luciferase assay after IL-6 treatment
showed that the regulatory region may be located
between -421 and -105 bp (Figure 5D). Two potential
binding sites were present in this region, and single-
or double-site mutant promoters were constructed
(Table S8, Figure 5E). No significant differences in the
effects of the wide-type and site-2 mutant sequences
were observed; however, site-1 mutation was
sufficient to block the binding activity (Figure 5E).
Consistently, ChIP analysis showed that IL-6
treatment significantly increased the association of
STAT3 with the miR-520f-3p promoter (Figure 5F).
Overall, these results indicate that the IL-6/STAT3
pathway suppresses miR-520f-3p transcription in GC
cells.

MiR-520£-3p targets GP130 and inhibits STAT3
activation caused by IL-6. The activation of STAT3 by
IL-6 can transcriptionally suppress miR-520f-3p to
increase NEKO. Interestingly, miR-520f-3p was able to
inhibit STAT3 activation in the presence of IL-6
(Figure 6A). This effect suggested a feedback between
IL-6/STAT3 and miR-520f-3p. To validate this
hypothesis, we reviewed the potential targets of
miR-520f-3p and identified GP130, an important part
of the IL-6 receptor complex, as a possible effector of
miR-520f-3p in the IL-6/STAT3 signaling. The
suppression of GP130 by miR-520f-3p was detected by
western blot and RT-PCR (Figures 6A-B), and
inhibitors of miR-520f-3p increased the level of GP130
(Figure 6B). The luciferase reporter gene assays
showed that miR-520f-3p can directly bind to the
3’-UTR of GP130 (Figure 6C). Furthermore, the
inhibition of cell motility by miR-520f-3p was
attenuated by ectopic expression of GP130 (Figures
6D-E). Conversely, knockdown of GP130 antagonized
the effect of miR-520f-3p inhibitors (Figures 6D-E).
Thus, a feedback pathway of GC metastasis involving
IL-6/STAT3/NEK9 was identified and validated.

p-STAT3, NEK9 and GP130 are simultaneously
upregulated in GC metastases and correlate with
poor prognosis in GC patients. To evaluate the
clinical significance of p-STAT3, NEK9 and GP130 in
GC patients, the expression of p-STAT3, NEK9 and

GP130 was analysed in 2 sets of GC tissue microarrays
via IHC. The results obtained in primary GC and the
corresponding lymph node metastases indicated that
the staining intensity of p-STAT3, NEK9 and GP130
was significantly higher in the lymph node metastases
(Figures 7A-7B). Comparison of primary GC and the
corresponding distant metastases indicated that the
staining intensity was significantly higher in the
distant metastases (Figures 7A, 7C). Compared of the
expression levels in nonmetastatic primary GC tissues
indicated that p-STAT3, NEK9 and GP130 levels are
increased in the metastatic primary GC tissues (Figure
7A). Additionally, a positive correlation between
p-STAT3, NEK9 and GP130 was detected (Figures
7D-E) in agreement with the results obtained using
the data of the TCGA database (Figures S4A-B).
Analysis of the data of the TCGA and Kaplan-Meier
plotter databases showed that an increase in STAT3
and GP130 is associated with reduced overall survival
of GC patients (Figures S4C-E). These findings
suggest the potential roles of this pathway in
evaluation of the metastatic potential and prognosis
of GC patients.

In conclusion, we report a novel pathway in the
metastasis of GC. As shown in Figure 7F, STAT3 in
GC cells can be activated by the inflammatory stimuli,
which directly suppress miR-520f-3p at the
transcription level. Decreased miR-520f-3p induces an
increase in NEK9 and GP130. Increased NEKO9
promotes ARHGEF2 phosphorylation and RhoA
activation to induce cytoskeleton reorganization and
cell movement. The IL-6-STAT3 pathway is then
further activated by an increase in GP130 to enhance
GC metastasis driven by inflammation in the tumor
microenvironment. The feedback axis identified in
our study can serve as a potential therapeutic target of
metastasis in GC.

Discussion

In the present study, we identified an
IL-6-triggered circuit involving the STAT3-mediated
suppression of miR-520f-3p and the downstream
targets, NEK9 and GP130. The results indicate that
this pathway regulates cancer metastasis, confirming
that inflammation in tumor microenvironment may
serve as an important driving force in the initiation of
cancer metastasis.

Chronic inflammation is known to promote the
development and progression of cancer [16, 17, 35].
IL-6 is produced by multiple cell types in the tumor
microenvironment, including tumor-infiltrating
immune cells, stromal cells and tumor cells [21].
Elevated IL-6 stimulates hyperactivation of STAT3 to
include the expression of the genes associated with
angiogenesis, invasiveness and metastasis of cancer
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[21, 36]. Atrophic gastritis, H. pylori infection, refluxed
bile acids, surgery and chemoradiation are the sources
of inflammation in GC [37, 38]. The results of our
study indicate that IL-6/STAT3 signaling induces and
promotes  cancer metastasis.  Activation  of
IL-6/STAT3 suppresses miR-520f-3p transcription

that amplifies the hyperactivation of STAT3 by
targeting GP130. The positive feedback loop
demonstrated here suggests that IL-6/STAT3 play
critical roles in the initiation and promotion of cancer
metastasis. Therefore, targeting this pathway may
have potential therapeutic effects.
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The main approaches to inhibit IL-6-mediated
signaling at the ligand and/or receptor levels include

targeting IL-6/IL-6R with antibodies and targeting
the IL-6-sIL-6R complex using fusion proteins

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 5

2472

incorporating GP130 [21]. The antitumor efficacy of
siltuximab, a chimeric mouse-human antibody
against IL-6, against multiple cancers was
demonstrated; however, this effect was absent in
advanced cancers [39-41]. Tocilizumab is a
humanized monoclonal antibody that recognizes
IL-6R.  Combination  of  tocilizumab  with
chemotherapy is potentially safe and feasible [42].
Selective inhibition by proteins incorporating the
gp130 sequence may provide a solution to the IL-6
targeted therapy, but its safety and efficacy requires
additional investigations in clinical trials[21].
Currently, a few preclinical and clinical studies
investigated targeting IL-6/STAT3 in therapy in GC,
and the findings of our study provide a solid
theoretical support for clinical applications of
anti-IL-6 strategy of treatment of GC metastasis.

Our study demonstrated that miR-520f-3p is
critical for the amplification of the metastasis-
promoting effects of inflammatory stimuli. A
significant reduction in miR-520f-3p was detected
when GC cells were stimulated with IL-6, indicating
an inverse correlation between IL-6/STAT3 and
miR-520{-3p. The transcriptional regulation by
activated STAT3 is the key component of the
IL-6/STAT3 pathway; thus, specific binding sites of
STAT3 were identified in the promoter region of
miR-520f-3p  demonstrating that miR-520f-3p
transcription is directly regulated by IL-6-medated
STATS3 activation. miR-520{-3p suppresses GP130 by
targeting its 3’-UTR, which is a critical step in the
amplification of the effects of the IL-6/STAT3
pathway. In fact, the regulation of GP130 by
miR-520f-3p may be a fundamental and universal
molecular event in inflammation, since similar
findings were reported in liver cells [43]. According to
the reports of the literature, miR-520f-3p is functional
in liver cancer and GC [44, 45], and targeting of SOX9
by miR-520f-3p regulated the sensitivity to targeted
therapy and cancer stem cell phenotype [44]. Direct
modification of miR-520f-3p or the upstream
IL-6/STATS3 signaling induced significant alterations
in the metastatic capacity of GC cells. These results
suggest a new role of miR-520f-3p in cancer
progression and indicate that targeting of miR-520f-3p
by direct or indirect means may be a potentially
promising therapeutic option in GC.

The fundamental role of NEK9 is focused on
mitosis. Activated NEK9 phosphorylates NEK6 and
NEK7, which subsequently phosphorylate the
components (Eg5, microtubules and c-TuRC) that are
necessary for proper mitotic spindle formation [24].
Despite the fact that the role of NEK9 in this process
involves cytoskeleton reorganization, the effects of
NEK9 on cell motility were rarely investigated

previously. Thus, our study is the first to systemically
investigate the effects of NEK9 on cell motility, which
considerably extends current understanding of the
role of NEK9Y in cancer.

According to the previous studies, the intrinsic
kinase activity is critical to the biological function of
NEK9 [24, 29, 31]. Phosphoproteomics analysis was
used to screen for potential substrates of NEK9, and
the data confirmed that NEK9 can directly
phosphorylate ARHGEF2. Notably, not all
phosphorylation sites were functional. The extent of
phosphorylation of each functional site was highly
variable. Blockade, mutation or replacement of the
functional phosphorylation serine residues of
ARHGEF?2 is involved in the precise control of the
function of NEK9, which may avoid the potential side
effects of direct NEKO silencing. Phosphorylation is an
important posttranslational modification involved in
the maintenance and enhancement of ARHGEF2
function [13, 14]. NEK9-medidated ARHGEF2
phosphorylation contributes to increased cell
movement by inducing direct transformation of
inactive RhoA to the active state to enable local
invasiveness and distant metastasis of cancer cells.
According to a previous study, activated STAT3
regulates microtubule dynamics and releases
ARHGEF2 to activate RhoA thus promoting
amoeboid migration of diffuse large B-cell lymphoma
[22]. The results of this study suggest that in addition
to the regulation by NEK9, ARHGEF2 may be directly
regulated by STAT3. All these evidences suggest that
the IL-6/STAT3/miR-520f-3p /NEK9/GP130
feedback loop demonstrated here is a key molecular
signaling pathway in GC metastasis.

A significant increase in NEK9 was detected in
lymphoid nodes and distant metastasis and was
associated with higher TNM staging. The examination
of clinical GC specimens indicated coincidental
upregulation of p-STAT3, GP130 and NEK9. Analysis
of the data of multiple online databases indicated that
STAT3, GP130 and NEKO are associated with reduced
overall survival, and their levels are mutually
positively correlated. The data of the clinical
assessment suggest that this feedback loop has clinical
significance and provide preclinical support for
potential use of the key molecules of this pathway as
biomarkers of metastasis and survival evaluation in
GC.

Conclusion

In summary, we demonstrated that chronic
inflammation in the tumor environment can stimulate
the activity of the IL-6/STAT3 signaling, and STAT3
can directly inhibit the transcription of miR-520f-3p.
miR-520f-3p targets GP130 to form a closed positive
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feedback loop with IL-6/STAT3. NEK9, a target of
miR-520f-3p, can directly influence cell motility by
phosphorylating ARHGEF2. The novel IL-6/STAT3/
miR-520{-3p/NEK9/GP130 feedback loop may
contribute to an improved understanding of the role
of inflammatory signaling in GC metastasis.

Abbreviations

GEFs: guanine nucleotide exchange factors;
GAPs: GTPase activating proteins; H&E: hematoxylin
and eosin; IHC: Immunohistochemical analysis; IP:
Immunoprecipitation; CHIP: chromatin immunopre-
cipitation assay; EDTA: Ethylene Diamine Tetraacetic
Acid; DAB: Diaminobenzidine; TNM: Tumor, Lymph
Node, Metastasis.

Supplementary Material

Supplementary methods, figures and tables.
http:/ /www.thno.org/v11p2460s1.pdf

Acknowledgements

This work was supported by grants from
National Natural Science Foundation of China
(81773072, 81402387, 81871914, 81502517), Shaanxi
Foundation for innovation capacity supporting
program (2020-KJXX-058) and Key Project of research
and Development Plan of Shaanxi Province
(2019SE-001).

Author Contributions

G. L performed the functional experiments and
analysed data. S. T and Y. S performed critical
bioinformatics analyses. J. D, N.W and J. Z provided
technical support and analysed data. Y. N and K. W
provided academic advice to the study and revised
the manuscript. Y. H, B. Fand Y. S designed the study,
wrote and revised the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statistics
in China, 2015. CA Cancer ] Clin. 2016; 66: 115-32.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019;
69: 7-34.

3.  Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011; 144: 646-74.

4. Bisaria A, Hayer A, Garbett D, Cohen D, Meyer T. Membrane-proximal F-actin
restricts local membrane protrusions and directs cell migration. Science. 2020;
368: 1205-10.

5. Devreotes P, Horwitz AR. Signaling networks that regulate cell migration.
Cold Spring Harb Perspect Biol. 2015; 7: a005959.

6. Sens P, Plastino ]J. Membrane tension and cytoskeleton organization in cell
motility. ] Phys Condens Matter. 2015; 27: 273103.

7. Fife CM, McCarroll JA, Kavallaris M. Movers and shakers: cell cytoskeleton in
cancer metastasis. Br ] Pharmacol. 2014; 171: 5507-23.

8. Matsuoka T, Yashiro M. Rho/ROCK signaling in motility and metastasis of
gastric cancer. World ] Gastroenterol. 2014; 20: 13756-66.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Sadok A, Marshall CJ. Rho GTPases: masters of cell migration. Small GTPases.
2014; 5: 29710.

Spiering D, Hodgson L. Dynamics of the Rho-family small GTPases in actin
regulation and motility. Cell Adh Migr. 2011; 5: 170-80.

Ridley AJ. Rho GTPase signalling in cell migration. Curr Opin Cell Biol. 2015;
36:103-12.

Meiri D, Greeve MA, Brunet A, Finan D, Wells CD, LaRose J, et al. Modulation
of Rho guanine exchange factor Lfc activity by protein kinase A-mediated
phosphorylation. Mol Cell Biol. 2009; 29: 5963-73.

von Thun A, Preisinger C, Rath O, Schwarz JP, Ward C, Monsefi N, ef al.
Extracellular signal-regulated kinase regulates RhoA activation and tumor cell
plasticity by inhibiting guanine exchange factor H1 activity. Mol Cell Biol.
2013; 33: 4526-37.

Sandi MJ, Marshall CB, Balan M, Coyaud E, Zhou M, Monson DM, et al.
MARKS3-mediated phosphorylation of ARHGEF2 couples microtubules to the
actin cytoskeleton to establish cell polarity. Sci Signal. 2017; 10: eaan3286 .
Huang SS, Chang NS. Phosphorylation/de-phosphorylation in specific sites of
tumor suppressor WWOX and control of distinct biological events. Exp Biol
Med (Maywood). 2018; 243: 137-47.

Crusz SM, Balkwill FR. Inflammation and cancer: advances and new agents.
Nat Rev Clin Oncol. 2015; 12: 584-96.

Yao M, Brummer G, Acevedo D, Cheng N. Cytokine Regulation of Metastasis
and Tumorigenicity. Adv Cancer Res. 2016; 132: 265-367.

Jones SA, Jenkins BJ. Recent insights into targeting the IL-6 cytokine family in
inflammatory diseases and cancer. Nat Rev Immunol. 2018; 18: 773-89.
Kitamura H, Ohno Y, Toyoshima Y, Ohtake J, Homma S, Kawamura H,et al.
Interleukin-6/STATS3 signaling as a promising target to improve the efficacy of
cancer immunotherapy. Cancer Sci. 2017; 108: 1947-52.

LiT, Guo H, Zhao X, Jin ], Zhang L, Li H, et al. Gastric Cancer Cell Proliferation
and Survival Is Enabled by a Cyclophilin B/STAT3/miR-520d-5p Signaling
Feedback Loop. Cancer Res. 2017; 77: 1227-40.

Johnson DE, O'Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3
signalling axis in cancer. Nat Rev Clin Oncol. 2018; 15: 234-48.

Pan YR, Chen CC, Chan YT, Wang HJ, Chien FT, Chen YL, et al.
STAT3-coordinated migration facilitates the dissemination of diffuse large
B-cell lymphomas. Nat Commun. 2018; 9: 3696.

Zhu H, Chang LL, Yan FJ, Hu Y, Zeng CM, Zhou TY, et al. AKR1C1 Activates
STAT3 to Promote the Metastasis of Non-Small Cell Lung Cancer.
Theranostics. 2018; 8: 676-92.

Fry AM, O'Regan L, Sabir SR, Bayliss R. Cell cycle regulation by the NEK
family of protein kinases. J Cell Sci. 2012; 125: 4423-33.

van de Kooij B, Creixell P, van Vlimmeren A, Joughin BA, Miller CJ, Haider N,
et al. Comprehensive substrate specificity profiling of the human Nek kinome
reveals unexpected signaling outputs. Elife. 2019; 8: e44635.

Smith SC, Petrova AV, Madden MZ, Wang H, Pan Y, Warren MD, et al. A
gemcitabine sensitivity screen identifies a role for NEK9 in the replication
stress response. Nucleic Acids Res. 2014; 42: 11517-27.

Phadke M, Remsing Rix LL, Smalley I, Bryant AT, Luo Y, Lawrence HR, et al.
Dabrafenib inhibits the growth of BRAF-WT cancers through CDK16 and
NEKO9 inhibition. Mol Oncol. 2018; 12: 74-88.

Xu Z, Shen W, Pan A, Sun F, Zhang ], Gao P, et al. Decreased Nek9 expression
correlates with aggressive behaviour and predicts unfavourable prognosis in
breast cancer. Pathology. 2020; 52: 329-35.

Kurioka D, Takeshita F, Tsuta K, Sakamoto H, Watanabe S, Matsumoto K, et al.
NEK9-dependent proliferation of cancer cells lacking functional p53. Sci Rep.
2014; 4: 6111.

Mundt F, Rajput S, Li S, Ruggles KV, Mooradian AD, Mertins P, et al. Mass
Spectrometry-Based Proteomics Reveals Potential Roles of NEK9 and
MAP2K4 in Resistance to PI3K Inhibition in Triple-Negative Breast Cancers.
Cancer Res. 2018; 78: 2732-46.

Shrestha BK, Skytte Rasmussen M, Abudu YP, Bruun JA, Larsen KB, Alemu
EA, et al. NIMA-related kinase 9-mediated phosphorylation of the
microtubule-associated LC3B protein at Thr-50 suppresses selective
autophagy of p62/sequestosome 1. J Biol Chem. 2020; 295: 1240-60.

ORegan L, Barone G, Adib R, Woo CG, Jeong HJ, Richardson EL, et al.
EMLA4-ALK V3 oncogenic fusion proteins promote microtubule stabilization
and accelerated migration through NEK9 and NEK?7. J Cell Sci. 2020; 133:
jcs241505.

Dong J, Wang R, Ren G, Li X, Wang ], Sun Y, et al. HMGA2-FOXL2 Axis
Regulates Metastases and Epithelial-to-Mesenchymal —Transition of
Chemoresistant Gastric Cancer. Clin Cancer Res. 2017; 23: 3461-73.

Lim S, Kim DG, Kim S. ERK-dependent phosphorylation of the linker and
substrate-binding domain of HSP70 increases folding activity and cell
proliferation. Exp Mol Med. 2019; 51: 1-14.

Shalapour S, Karin M. Immunity, inflammation, and cancer: an eternal fight
between good and evil. J Clin Invest. 2015; 125: 3347-55.

Qin X, Yan M, Wang X, Xu Q, Wang X, Zhu X, ef al. Cancer-associated
Fibroblast-derived IL-6 Promotes Head and Neck Cancer Progression via the
Osteopontin-NF-kappa B Signaling Pathway. Theranostics. 2018; 8: 921-40.
Watt DG, Horgan PG, McMillan DC. Routine clinical markers of the
magnitude of the systemic inflammatory response after elective operation: a
systematic review. Surgery. 2015; 157: 362-80.

Wu CT, Chen MF, Chen WC, Hsieh CC. The role of IL-6 in the radiation
response of prostate cancer. Radiat Oncol. 2013; 8: 159.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 5

2474

39.

40.

41.

42.

43.

44.

45.

Coward J, Kulbe H, Chakravarty P, Leader D, Vassileva V, Leinster DA, et al.
Interleukin-6 as a therapeutic target in human ovarian cancer. Clin Cancer Res.
2011; 17: 6083-96.

Song L, Smith MA, Doshi P, Sasser K, Fulp W, Altiok S, et al. Antitumor
efficacy of the anti-interleukin-6 (IL-6) antibody siltuximab in mouse xenograft
models of lung cancer. ] Thorac Oncol. 2014; 9: 974-82.

Cavarretta IT, Neuwirt H, Zaki MH, Steiner H, Hobisch A, Nemeth JA, et al.
Mcl-1 is regulated by IL-6 and mediates the survival activity of the cytokine in
a model of late stage prostate carcinoma. Adv Exp Med Biol. 2008; 617: 547-55.
Dijkgraaf EM, Santegoets S], Reyners AK, Goedemans R, Wouters MC, Kenter
GG, et al. A phase I trial combining carboplatin/doxorubicin with tocilizumab,
an anti-IL-6R monoclonal antibody, and interferon-alpha2b in patients with
recurrent epithelial ovarian cancer. Ann Oncol. 2015; 26: 2141-9.

Servais FA, Kirchmeyer M, Hamdorf M, Minoungou NWE, Rose-John S, Kreis
S, et al. Modulation of the IL-6-Signaling Pathway in Liver Cells by miRNAs
Targeting gp130, JAK1, and/or STAT3. Mol Ther Nucleic Acids. 2019; 16:
419-33.

Xiao Y, Sun Y, Liu G, Zhao J, Gao Y, Yeh S, et al. Androgen receptor
(AR)/miR-520£-3p/SOX9 signaling is involved in altering hepatocellular
carcinoma (HCC) cell sensitivity to the Sorafenib therapy under hypoxia via
increasing cancer stem cells phenotype. Cancer Lett. 2019; 444: 175-87.

Chen JQ, Huang ZP, Li HF, Ou YL, Huo F, Hu LK. MicroRNA-520f-3p inhibits
proliferation of gastric cancer cells via targeting SOX9 and thereby inactivating
Wnt signaling. Sci Rep. 2020; 10: 6197.

http://lwww.thno.org



