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Abstract: Gastric cancer patients often present with distant metastasis and advanced stages. Suppressing serine/
threonine-protein kinase 24 (STK24, also known as MST3) is known to promote gastric tumorigenesis. Here, we
investigated the effects from STK24 on the metastasis of gastric cancer. We used CRISPR (clustered regularly in-
terspaced short palindromic repeats)/Cas9 technology for genetic knockout of STK24 at the genomic DNA level in
human MKN45 and mouse M12 gastric cancer cells. To assess the consequences of STK24 knockdown, western
blot, cell migration, and wound healing assays were conducted in vitro. An in vivo mouse model of liver metastasis
was established and tested, and bioinformatics analyses were performed. The knockdown of the STK24 gene en-
hanced cell migration and increased liver metastasis in the mouse model of gastric cancer. STK24-silenced tumors
suppressed CD4* T cells and enhanced the expansion of CD11b*Ly6C* myeloid-derived suppressor cells (MDSCs)
and F4/80*" macrophages in the spleen of the mice. In MKN45 cells, STK24 silencing resulted in downregulation of
E-cadherin (gene CDH1, Cadherin-1, or epithelial cadherin). In 38 paired specimens of gastric adenocarcinomas and
normal tissues, we examined STK24 and CDH1 expression levels via western blot; a positive correlation between
the expression levels of STK24 and CDH1 was found (R? = 0.5507, P = 9.72 x 10%). Furthermore, in Oncomine da-
tabase and Kaplan-Meier plotter analysis, the loss of CDH1, increase in CCL2, and upregulation of CD44 were cor-
related with poor prognosis of gastric cancer patients. Our results demonstrate that knockdown of STK24 increases
cell migration through suppressing CDH1 and enhancing CD44. In experimental model of metastatic gastric cancer
in syngeneic inbred mice, STK24 is important for immune suppression through expansion of CD11b*Ly6C* MDSCs
and F4/80" macrophages. We confirmed that STK24 is an inhibitor of gastric cancer metastasis.
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Introduction promote the tumorigenicity of gastric cancer
[2]. In a cell-based study, suppression of endog-
enous STK24 by small interference RNA was
found to enhance cellular migration in MCF-7
breast cancer cells, whereas overexpression of

STK24 inhibited the migration of these cells [3].

Serine/threonine-protein kinase 24 (STK24)
belongs to the germinal center kinase 1l (GCKIII)
subfamily and is expressed in normal and gas-
tric cancer tissues [1, 2]. In a previous study,

the STK24 protein was found in normal tissues
at significantly greater levels than in gastric
cancer samples and, according to bioinformat-
ics analyses of Kaplan-Meier Plotter and
Oncomine data, the STK24 gene was correlat-
ed with the prognosis of gastric cancer patients;
importantly, STK24 knockdown was shown to

To date, however, the effects of STK24 on gas-
tric cancer metastasis are yet to be studied in
detail; therefore, we investigate the association
between the two in the present study.

Escape from immune surveillance is a critical
element of metastasis. One of the tumor eva-
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sion mechanisms is the expansion of immuno-
suppressive myeloid-derived suppressor cells
(MDSCs) in the tumor microenvironment [4].
MDSCs are a collection of heterogeneous
myeloid cells. They consist of two major groups
of cells: mononuclear and polymorphonuclear
MDSCs (M-MDSCs and PMN-MDSCs, respec-
tively) [5-7]. Mouse M-MDSCs and PMN-MDSCs
are respectively defined as CD11b*Ly6Chen
Ly6G- and CD11b*Ly6C"°*Ly6G* inflammatory
monocytes [6]. MDSCs play an important role
in immune suppression during tumor growth
and in the formation of the premetastatic niche
[7]. The accumulation of circulating MDSCs is
associated with the advanced stage of gastric
cancer in patients [8]. Tumor metastasis and
poor response to chemotherapy in advanced
non-small cell lung cancer are correlated with
the accumulation of M-MDSCs [9]. Both
M-MDSCs and PMN-MDSCs are associated
with the development of metastases and poor
survival in melanoma cases [10]. Moreover, in
an orthotopic immunocompetent gastric can-
cer model, STK24 silencing in tumors induces
an expansion of CD11b*Ly6C* cells and F4/80*
macrophages cells [2].

In the present study, we hypothesized that
STK24 plays an important role in tumor metas-
tasis. To test this hypothesis, we investigated
the metastatic abilities of gastric cancer cell
lines after knockdown of STK24. In addition, a
mouse model of liver metastasis was used to
explore the effect of STK24 in gastric cancer
and tumor-infiltrating MDSCs.

Material and methods
Antibodies

The following antibodies used in this study were
purchased from BD PharMingen (San Diego,
CA): mouse anti-CD4 PE (H129.19), anti-CD8a
PE (53-6.7), anti-CD11b PE (M1/70), anti-
F4/80 PE (BMS8), and anti-Ly6C FITC (AL-21)
monoclonal antibodies. In addition, PE-con-
jugated anti-mouse CD44, PE rat IgG1, and
FITC rat IgG2a isotype control antibodies were
purchased from eBioscience (San Diego, CA).
The remaining antibodies used were as follows:
anti-MST3/STK24 (EP1468Y; Abcam, UK),
mouse anti-CDH1 (BD Transduction Labo-
ratories, San Jose, CA), rabbit anti-beta catenin
(GeneTex, Inc., San Antonio, TX), rabbit anti-
AKT1 and peroxidase-conjugated goat anti-rab-
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bit IgG (Cell Signaling, Boston, MA), mouse anti-
B-actin (GeneTex, Inc.), and peroxidase-conju-
gated sheep anti-mouse IgG (Chemica, San
Diego, CA).

Cell culture

The M12 cell lines were authenticated in 2013
by DNA short tandem repeat profiling at
Bioresource Collection and Research Center.
The MKN45 cells were kindly provided by
Professor Ming-Derg Lai (National Cheng Kung
University, Tainan, Taiwan). These cell lines
were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS) (Gibco,
Life Technologies, Grand Island, NY) and 1%
penicillin/streptomycin. M12 cells were main-
tained in Dulbecco’s modified Eagle’s medium/
high glucose supplemented with 10% FBS and
1% penicillin/streptomycin.

Mice and ethics statement

For use in all animal experiments, 8-week-old
C57BL/6 mice were purchased from the
Laboratory Animal Center of National Cheng
Kung University (Tainan, Taiwan) and main-
tained under pathogen-free conditions. The
animal study was approved by the institutional
animal care and use committee of National
Cheng Kung University with approval No. NCKU-
IACUC-106-288. The methods were carried out
in accordance to the approved guidelines.

Metastatic model of gastric cancer

The metastatic abilities of M12 cells were eval-
uated in vivo using a hepatic metastasis model
in immunocompetent C57BL/6 mice [11]. To
establish this model, mice were first anesthe-
tized by an intraperitoneal injection of Zoletil
(50 mg/kg; Parnell Laboratories, Alexandria,
Australia) and xylazine (10 mg/kg; Troy La-
boratories, Glendenning, Australia). A small
midline incision was then made in the abdo-
men. The spleen was exteriorized and 5 x 10°
tumor cells in 0.05 mL of PBS were injected
into the spleen using a 1-cm® U-100 disposable
insulin syringe (Becton-Dickinson, Franklin
Lakes, NJ). Fourteen days after this injection,
the mice were sacrificed. Hepatic and splenic
masses were examined macroscopically and
histologically. Formalin-fixed/paraffin-embed-
ded sections of the stomach, liver, and spleen
were subjected to hematoxylin and eosin stain-
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ing. Fresh tissues were also collected for west-
ern blotting or flow cytometry. Number of ani-
mals was at least 5 mice in each group.

Construction of CRISPR knockout STK24
plasmid and generation of stable cancer cell
clones

Single guide RNAs (sgRNAs) targeting mouse
Stk24 and human STK24 were purchased from
the National RNAi Core Facility (Academia
Sinica, Taiwan; http://rnai.genmed.sinica.edu.
tw). The DNA sequences for generating mouse
sgRNA were prepared as previously described
[2]. The DNA sequences of human sgSTK24-
RNA1 and sgSTK24-RNA2 were as follows:
sgSTK24-RNA1 forward: 5-CAC CGC GCC AAA
GTC CGC CAG CTT C-3’; sgSTK24-RNA1 rever-
se: 5-AAA CGA AGC TGG CGG ACT TTG GCG
C-3’; sgSTK24-RNA2 forward: 5-CAC CGT AGT
TTC CTT CCA ACG TCG G-3’; and sgSTK24-
RNA2 reverse: 5'-AAA CCC GAC GTT GGA AGG
AAA CTA C-3. A Cas9/gRNA vector construct
was introduced into the MKN45 and M12 cells
by transfection with Lipofectamine 3000
(Invitrogen, Waltham, MA) for 48 h. To create
stable clones, selection was performed with
puromycin (1 pg/mL) (Sigma-Aldrich, St. Louis,
MO) for 2 weeks. Single-cell clones of the trans-
fectants were selected using the limiting dilu-
tion method. Expression of STK24 protein in
the stable transfectants was analyzed by west-
ern blotting for monitoring the efficacy of STK24
silencing.

Patients

Fresh specimens were collected from 38
patients with gastric adenocarcinoma who
underwent radical resection at the National
Cheng Kung University Hospital between
August 2003 and August 2008. Pairs of cancer-
ous tissues and matched adjacent normal gas-
tric mucosa were collected and analyzed by
Western blotting.

Western blot analysis

Total cell lysates and fresh samples from
patients were prepared by administrating in
lysis buffer at 4°C for 30 minutes, then centri-
fuged for 5 minutes at 12,000 g to remove
the debris. The protein concentration of the
supernatants was measured by BCS™ protein
assay kit according to manufacturer’s protocol.
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Twenty mg protein was separated by SDS-PAGE
and transferred to polyvinylidene fluoride
(PVDF) membranes as previously described
[11]. Following blocking with 5% nonfat skim
milk, the PVDF membranes were incubated
with primary antibody overnight at 4°C. For
quantification, the bands were measured using
the Alphalmager 2200 system (Alpha Innotech,
San Leandro, CA) and normalized using the
density of B-actin. The expression of STK24
was quantified and given as the STK24-to-B-
actin ratio. These experiments were repeated
three times using independent batches of cell
clones or cell lysates. Quantitative data are
presented as values relative to those in control
cells.

Cell migration and wound healing assays

Cell migration was evaluated in modified
Boyden chambers (NeuroProbe, Inc., Gaithers-
burg, MD) for 8 h. MKN45 cells (70 pL of 1 x
1068 cells per mL) or M12 cells (70 yL of 2 x 10°
cells per mL) were seeded in an ibidi culture
insert (Applied BioPhysics, Inc., Martinsried,
Germany) on top of a 24-well plate. After over-
night incubation, the insert was carefully
removed to form a cell-free gap in the attached
cells. The time of incubation was dependent on
the tumor cells used. The number of migrating
cells was calculated and analyzed. Six fields
were randomly selected for analysis.

Flow cytometry analysis

Spleens were harvested from M12 liver metas-
tasis-bearing mice, minced into small pieces,
then treated with lysis buffer on ice for 10 min-
utes to remove the red blood cells. The single
cell suspension of splenocytes were washed by
flow staining buffer (BD, Pharmingen, San
Diego, CA), then filtered through a 0.35-um cell
strainer. The cells were stained with Fc blocker
for 15 minutes on ice. After Fc blocking, sus-
pension of splenocytes were stained with
mouse anti-CD4 PE (H129.19), anti-CD8a PE
(53-6.7), anti-CD11b PE (M1/70), anti-Ly6C
FITC (AL-21), anti-F4/80 PE (BMS8), or anti-CD44
PE (IM7) monoclonal antibodies. After staining,
BD Cytofix/Cytoperm™ Plus Fixation/Permea-
bilization Kit was used according to manufac-
turer’s protocols. A FACScan (Becton Dickinson,
CA) flow cytometer was used to characterize
the immune cells as previously described [12].
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Bioinformatics

A search was conducted in the Oncomine data-
base (http://www.oncomine.com) [14] to sys-
tematically assess the expression level of
CDH1 genes in gastric cancer. For differential
analyses, we compared normal tissues and
cancer tissues, specifically via analysis of P val-
ues, fold changes, and cancer subtypes. The
prognostic value of CDH1 genes in gastric can-
cer was also analyzed using the Kaplan-Meier
Plotter (http://kmplot.com/analysis/) as previ-
ously described [15]. The overall survival (0S),
progression-free survival (PFS), and postpro-
gression survival (PPS) were recorded, and the
cut-off points for gene expression were auto-
matically selected using the default setting.
The probe of CDH1 gene was “201131_s_at".
The hazard ratio (HR), 95% confidence inter-
vals, and log rank P values were displayed.
Data from the Oncomine database and Kaplan-
Meier Plotter were extracted between July and
August 2020. Finally, the association between
CDH1 protein expression (CDH1-to-B-actin
ratio) and the Lauren classification (intestinal,
diffuse, and mixed) of patients with gastric ade-
nocarcinoma was assessed in the fresh speci-
mens. The statistical differences between each
two groups were analyzed.

Epithelial mesenchymal transition (EMT)-
related genes were defined according to a
meta-analysis of 14 gene expression studies
[16]. The gene lists were applied to the raw
data of gastric cancer in The Cancer Genome
Atlas (TCGA). Hierarchical clustering was per-
formed in R to produce a heatmap. Gene
expression data were also obtained from
GSE112369, a dataset of gastric organoids for
which the raw data was publicly available [17].
Expression levels of STK24 and CDH1 were
extracted. Gastric organoids forming from
CDH1-single-knockout and parental cells were
selected for further comparison.

Statistical analysis

Data were expressed as means * standard
deviations (SDs). Statistical analyses were per-
formed in Prism (Graphpad Software, San
Diego, CA). Student’s t-test was used for two-
group comparisons, whereas one-way ANOVA
followed by Tukey’s test was used for multiple-
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group comparisons. P values < 0.05 were con-
sidered statistically significant.

Results

Suppression of STK24 expression in the gas-
tric cancer cells

Expression of STK24 proteins was examined in
human and mouse cancer cell lines. Three gas-
tric cancer cell lines expressed lower level of
STK24 protein than colon cancer cell lines
(Figure S1). To examine the effect of STK24 in
cancer metastasis, we knocked down STK24
gene expression using two different sgRNAs in
gastric cancer cell lines (human MKN45 and
mouse M12). We established four clones of
STK24-sgRNA constructs (sgSTK24-1.1, sgS-
TK24-1.2, sgSTK24-2.1, and sgSTK24-2.2) and
one clone of a pEGFP (enhanced green fluores-
cent protein) control in each cell line. The suc-
cessful suppression of the STK24 protein in
MKN45 (Figure 1A) and M12 (Figure 1B) cells
was validated by western blotting. The cell pro-
liferation rates of the pEGFP control (EGFP-Ctrl)
and sgSTK24-expressing cells were similar in
MKN45 cells (Figure 1C). In a previous study,
the knockout of STK24 expression did not
affect the cell growth rates of mouse M12 can-
cer cells [2]. Therefore, the suppression of
STK24 did not affect the cell growth rates of
gastric cancer.

The effect of STK24 suppression on cell migra-
tion in gastric cancer cells

To test the hypothesis that STK24 plays an
important role in tumor migration, we examined
the cell motility of MKN45 and M12 cells in
vitro. STK24 suppression of MKN45 cells and
M12 cells increased the number of migrating
cells in a wound healing assay at 24 h (Figure
2A, 2C) and 12 h (Figure 2B, 2D), respectively.
MKN45- and M12-sgSTK24 cells each exhibit-
ed stronger potential for cell migration. In addi-
tion, M12-sgSTK24 cells exhibited a relatively
higher potential for migration in a Transwell
migration assay performed for 8 h using 10%
FBS as a chemoattractant (see Figure S2). This
association between cell migration and STK24
expression in gastric cancer cell lines suggests
STK24 plays important role in mediating
metastasis.
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Figure 1. STK24 silencing in gastric cancer cell lines does not influence cell
proliferation. A. Expression of STK24 protein in human MKN45 cells and
stable transfectants. B. Expression of STK24 protein in mouse M12 cells
and stable transfectants. Western blotting results were obtained from three
independent experiments. C. The proliferation rates of MKN45 cells and
STK24 sgRNA stable transfectants determined at 24, 48, and 72 h. Data in
all graphs represent the mean + SD. EGFP-Ctrl: EGFP control; sgSTK24-1.1,
sgSTK24-1.2, sgSTK24-2.1, and sgSTK24-2.2: STK24-specific sgRNAs 1
and 2; NS: not significant; P < 0.01; *"P < 0.001; and "P < 0.0001.

Effect of STK24 suppression on liver metasta-
sis in a mouse model of gastric cancer

To test the hypothesis that STK24 plays an
important role in tumor metastasis, we exam-
ined the changes of metastatic ability in the in
vivo orthotopic intrasplenic implantation model
of gastric cancer established in C57BL/6 mice
[11]. Injection of M12 parental cells resulted in
macroscopic nodules in the liver (Figure 3A).
The weights of the livers (Figure 3A, 3C) and
spleens (Figure 3B, 3D) of mice injected with
sgSTK24-1.1 and sgSTK24-2.1 cells were sig-
nificantly higher than the weights of equivalent
organs in mice injected with EGFP-Ctrl cells.
Moreover, the nodules were confirmed as liver
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metastasis of mouse gastric
cancer.

Immune regulation in tumor-
bearing mice

M12 mouse gastric cancer
cells were transfected with
EGFP-Ctrl or two types of
STK24-sgRNA. Liver metasta-
ses developed after intrasplen-
ic injection of cancer cells in
immunocompetent mice; sub-
types of splenocytes were then
investigated to assess STK24-
mediated immunity in liver
metastasis of gastric cancer.
The proportion of CD4* cells
was significantly higher in the
spleens of EGFP-Ctrl-tumor-
bearing mice than in those of
both types of sgSTK24-tumor-
bearing mice (Figures 4A, 4B
and S3A; Table S2). The pro-
portion of the CD8* T cells in
splenocytes decreased in sgS-
TK24-2.1-tumor-bearing mice.
The knockdown efficacy of
sgSTK24-1.1 was not strong
enough to induce alteration of intrasplenic
CD8* T cells (Figures 4A, 4C and S3B; Table
S2). The proportion of F4/80* macrophages
significantly increased in the spleens of
sgSTK24-tumor-bearing mice (Figures 4A, 4D
and S3C; Table S2). Considering the two major
MDSC subtypes, i.e., the CD11b*Ly6C* or
CD11b*Ly6G* phenotypes, the CD11b*Ly6C*
subtype significantly increased in the spleens
of sgSTK24-tumor-bearing mice (Figures 4E,
4F and S3D; Table S2). In addition, the sub-
populations of infiltrating monocytes were
assessed: accumulations of CD11b*Ly6Chen
(CD11b*Ly6C") cells (inflammatory monocytes)
and CD11b*Ly6C"" (CD11b*Ly6C") cells (repar-
ative monocytes) were confirmed by gating on
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Figure 2. Cell migration is enhanced in STK24-silenced gastric cancer cells. Wound healing assays of (A) human
MKN45 parental and STK24-knockdown cells and (B) mouse M12 parental and STK24-knockdown cells. STK24-
knockdown cells were grown in culture medium containing 10% FBS. Quantitative results from (C) the wound heal-
ing assay with human MKN45 cells at 24 h and (D) the wound healing assay with mouse M12 cells at 12 h. Data
represent the mean number of cells per field of view + SD from three independent experiments. NS: not significant;
“P < 0.01; P < 0.001; and "P < 0.0001.

CD11b*Ly6C* cells (Figures 4E and S3D). Infla- spleens of sgSTK24-tumor-bearing mice (Fig-
mmatory CD11b*Ly6C" and reparative CD11b* ures 4E, 4G, 4H and S3D; Table S2). These
Ly6Cr* cells were markedly increased in the results indicate that STK24 silencing in tumors
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Figure 3. Knockout of STK24 expression in mouse M12 gastric cancer
cells promotes metastatic ability. (A) The gross appearance of the liver me-
tastasis and (B) spleen implants after intrasplenic injections of EGFP-Ctrl
and STK24-silencing cancer cells. The weights of (C) the livers and (D) the
spleens of C57BL/6 mice 14 days postinjection. Data represent the means
+ SDs of two independent experiments (n = 6-9 per group). (E) Hematoxylin
and eosin staining of formalin-fixed, paraffin-embedded sections from liver
metastasis samples. Metastatic lesions are larger in STK24-silenced tu-
mors. EGFP-Ctrl: EGFP control; sgSTK24-1.1 and sgSTK24-2.1: STK24-spe-
cific sgRNAs 1 and 2. The boxed area in the left panels (x 100) is shown at
a higher magnification (x 400) in the right panels. Tumor cells are indicated
by arrows. NS: not significant; "P < 0.01; P < 0.001; and "P < 0.0001.

induces the expansion of F4/80" macrophages,
CD11b*Ly6C", and CD11b*Ly6C" monocytes in
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vivo; thus, an increase in these
types of monocytes/macro-
phages may play an important
role in gastric metastasis.

The recruitment of immune
cells relies on cancer-secreted
cytokines and CCL2-assocat-
ed cytokine network involves
in cancer metastasis [18].
Therefore, we explored the tr-
anscript expression of CCL2
genes in gastric cancer pa-
tients using the Oncomine
database. We focused on data-
sets in which cancer patients
and normal patients were com-
pared [19-22]. The histological
type of gastric adenocarcino-
ma was divided into gastric
intestinal adenocarcinoma (GI-
TA), diffuse gastric adenocarci-
noma (DGA), and gastric mixed
adenocarcinoma (GMA), all of
which showed upregulation of
CCL2 (see Figure S4A-C). Com-
pared to the other subtypes of
gastric cancer, the expression
of CCL2 was significantly in-
creased in DGA (see Figure
S4D-F). Our analyses of the
Oncomine cancer microarray
database revealed that CCL2
gene expression was signifi-
cantly increased in gastric can-
cer, especially in DGA.

Regulation of the EMT process
by STK24

We hypothesized that STK24
silencing induced migration
and metastasis of gastric can-
cer through the EMT process;
hence, we examined the EMT
proteins of MKN45 parental
cells and knockdown clones
in vitro. The knockout of STK-
24 expression did not affect
the AKT1 or phospho-AKT
Ser*”® protein of MKN45 cells
(Figures 5A and S5). E-cadhe-

rin and B-catenin are key proteins in EMT;
expression of each protein was suppressed by

Am J Cancer Res 2021;11(9):4277-4293
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Figure 4. Populations of immune cells in the spleens of liver metastasis-bearing mice. Accumulations of F4/80*
macrophages and CD11b*Ly6C* cells were detected by flow cytometry in mice with STK24-silenced liver metasta-
sis. (A) Typical example of flow cytometry analysis. The numbers shown indicate the percentage of total cells. The
percentage of (B) CD4* cells, (C) CD8" cells, and (D) F4/80 cells in the spleens of liver metastasis-bearing mice.
(E) Cells were double-stained with anti-CD11b and anti-Ly6C antibodies. Flow cytometric analysis of inflammatory
monocytes (CD11b*Ly6C"e" violet square) and reparative monocytes (CD11b*Ly6C"": red square) in the spleens of
liver metastasis-bearing mice are shown. The percentage of (F) CD11b*Ly6C* cells, (G) CD11b*Ly6C"e" cells, and
(H) CD11b*Ly6C" cells in the spleens of liver metastasis-bearing mice. All data represent the value of each mouse,
median, 15t and 3" quartiles, minimum and maximum from Table S2. EGFP-Ctrl: EGFP control; sgSTK24-1.1 and
sgSTK24-2.1: STK24-specific sgRNAs 1 and 2; NS: not significant; "P < 0.05.
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Figure 5. Knockdown of STK24 expression suppresses CDH1 protein in human gastric cancer cells. (A) STK24-
specific sgRNAs inhibit expression of CDH1, B-catenin protein in human MKN45 gastric cancer cells, but not pATK1
Serd473 and AKT1 proteins. Quantitative results of (B) the CDH1/B-actin ratio and (C) the B-catenin/B-actin ratio
obtained by western blot analysis. Data were collected in three independent experiments. 3-actin was used as the
internal controls. (D) STK24 and CDH1 expression measured in 38 specimens of gastric cancer and paired normal
stomach tissues by western blot. (E) Quantitative results of the CDH1/B-actin ratio compared between normal
stomach and gastric cancer tissues. Normal gastric tissue had a higher CDH1/B-actin ratio. (F) Positive correlation
of STK24 and CDH1 protein levels in gastric cancer (R? = 0.5507, P < 0.001, Pearson’s correlation coefficient).
EGFP-Ctrl: EGFP control; sgSTK24-1.1 and sgSTK24-2.1: STK24-specific sgRNAs 1 and 2; NS: not significant; *P <
0.01; P < 0.001; and ""P < 0.0001.

STK24 silencing in MKN45 cells (Figure 5B,
5C). To further investigate the relationship
between STK24 and CDH1 in gastric cancer,
we compared the expression of STK24 and
CDH1 in 38 matched specimens of gastric ade-
nocarcinoma (which included 11 DGA, 22 GITA,
and 5 GMA) and normal tissues by western blot
analysis (see Table S1). Figure 5D shows the
relative expression of STK24 and CDH1 in
these tissues. The relative ratio of CDH1-to-B-
actin was higher in normal gastric tissues than
in gastric cancer tissues (Figure 5E). Fur-
thermore, a significant positive correlation was
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identified between the expression levels of
STK24 and CDH1 (R? = 0.5507; Figure 5F). This
positive correlation was validated using TCGA
database. The mMRNA expression levels of
STK24 and CDH1 showed a significant positive
correlation in clinical data of stomach adeno-
carcinoma (Eigure S6A).

Gene expression in gastric cancer from TCGA
was hierarchically clustered as EMT-related
and EMT-unrelated (see Figure S6B). The upper
half was correlated with mesenchymal pheno-
types and the lower half with epithelial pheno-
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Figure 6. CDH1 gene expression analysis of gastric cancer data acquired from the Oncomine database. A. Chen
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gastric mucosa. C. Chen dataset. D, E. Ooi dataset. F. DErrico dataset. The expression of CDH1 is significantly
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types, while CDH1 and STK24 were strongly cancer specimens and TCGA confirmed the
related. These correlations from our patients’ positive association between CDH1 and STK24;
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however, such correlations do not prove causal
relationships. Currently, high-throughput datas-
ets including STK24-knockout cells are unavail-
able; however, we identified a dataset of gastric
organoids for which the raw data was publicly
available (i.e., GSE112369) [17]. The expres-
sion level of STK24 was similar in CDH1-single-
knockout and parental cells (see Figure S6C).
Thus, knockdown of CDH1 was directly shown
to have no effect on the expression of STK24;
furthermore, STK24 was indirectly shown to be
upstream of CDH1.

Association of CDH1 expression with the sur-
vival of gastric cancer patients

Because E-cadherin is associated with meta-
static behavior in cancer cells, we explored the
expression of CDH1 genes in gastric cancer
patients using the Oncomine database to com-
pare data from cancer and normal patients [19,
20, 22]. The statistical significance and fold
change of CDH1 expression were comparative-
ly analyzed in normal and cancer tissues.
Downregulation of CDH1 genes occurred in
DGA than normal gastric mucosa (Figure 6A,
6B). CDH1 expression significantly decreased
in DGA than other subtypes of gastric cancer
(Figure 6C-F). Thus, analysis of the Oncomine
cancer microarray database revealed that
CDH1 gene expression was significantly down-
regulated in DGA.

According to the Kaplan-Meier Plotter (Figure
7), a significant relationship existed between
CDH1 mRNA expression and patient survival:
low expression of CDH1 was correlated with
worse 0S, PFS, and PPS (Figure 7A-C, respec-
tively). Analysis of the Kaplan-Meier survival
curves revealed that CDH1 gene expression
significantly reduced 0OS, PFS, and PPS in DGA
and GITA patients specifically (Figure 7A-C,
respectively). In summary, the downregulation
of CDH1 in DGA and GITA was associated with
poor patient prognosis.

Prediction of protein-protein interactions in
gastric cancer

The Search Tool for the Retrieval of Interacting
Genes (STRING) database was used to identify
relevant protein-protein interactions (Figure
8A). A network including STK24, CDH1, AKT1,
and CTNNB1 was constructed and linked to
CCND1, IL6, STAT3, and CD44 via this data-
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base. As STK24 knockdown was associated
with enhanced cell migration (Figure 2), we
considered the upregulation of other migration-
associated molecules. Specifically, we analyzed
the expression of stem cell marker CD44 in
MKN45 cells. Flow cytometry revealed that
increased membranous expression of CD44
occurred in MKN45-STK24-sgRNA cells (see
Figure S7). Western blotting showed that
MKN45-sgSTK24-expressing cells exhibited
relatively high CD44 expression (see Figure
S8). We also extracted expression data of
CD44 transcripts from the Oncomine database
for gastric cancer, focusing on comparisons
between cancer and patient datasets [19, 20,
23]. Our analysis included comparisons of sta-
tistical significance and fold change of CD44
expression between normal and cancer tis-
sues. Upregulation of CD44 was determined in
DGA, GITA, and GMA than normal gastric muco-
sa (see Figure S9A-l), with CD44 expression
being significantly increasing in DGA relative to
the other subtypes (see Figure S9J).

A scheme of STK24 signaling in gastric cancer
is shown in Figure 8B. STK24 suppression
effectively enhances the migration and meta-
static potential of human MKN45 and mouse
M12 gastric cancer cells in vitro and in vivo. Our
data suggest that the STK24 mediates stem-
ness and immunosuppression in gastric cancer
through CD44 and via interactions with macro-
phages and CD11b*Ly6C* MDSCs.

Discussion

In our previous studies, we demonstrate that
suppression of STK24 in M12 gastric cancer
cells promotes tumorigenesis in an animal
model [2] and is a predictor of poor prognosis
in gastric cancer patients [13]. In the present
study, we demonstrate the suppression of
STK24 promotes migration and metastasis in
gastric cancer cells. STK24 is constitutively
expressed in MKN45, AGS, and NCI-N87 cells,
and the relative expression of the STK24 pro-
tein in normal tissues is significantly greater
than that in gastric cancer samples [2]. We also
find that the suppression of STK24 does not
affect the proliferation of MKN45 cancer cells
in vitro; however, STK24 suppression effective-
ly enhances the migration and metastatic
potential of gastric cancer cells in vitro and in
vivo with overexpression of membranous CD44.
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Figure 7. Kaplan-Meier Plotter survival curves of patients with gastric cancer relative to their CDH1 expression
levels. A. Overall survival. B. Progression-free survival. C. Post-progression survival. Data for patients in the low and
high CDH1 gene expression groups are shown along with hazard ratios (HR) and P values (log rank P). DGA: diffuse
gastric adenocarcinoma; GITA: gastric intestinal type adenocarcinoma.

CD11b*Ly6C* MDSCs and F4/80* macrophages
were expanded in spleen of mice with STK24-
silenced tumors. In human gastric cancer, posi-
tive correlation of STK24 and CDH1 expression
was shown. Downregulation of CDH1, upregula-
tion of CCL2 and CD44 were correlated with a
worse prognosis of gastric cancer patients. Our
data suggest that STK24 suppression takes
the responsibility of the high metastatic poten-
tial of gastric cancer through stemness and
immunosuppression.
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The human MKN45 gastric cancer cell line is
derived from a metastatic lesion in the liver;
these cells exhibit a poorly differentiated pri-
mary gastric cancer of diffuse histology [24].
Gastric adenocarcinomas can be approximate-
ly subgrouped into 50% GITA, 30% DGA, and
15%-20% GMA [25]. DGA is an aggressive, infil-
trating carcinoma with poor prognosis [26-29].
DGA patients have a decreased responsive-
ness to chemotherapy and chemoradiation
[30-32]. The possible mechanism of progres-
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Figure 8. Function of STK24 in gastric cancer. A. Protein-protein interaction
network including STK24, CDH1, AKT4, and CTNNB1, with links to CCND1,
IL6, STAT3, and CD44 (constructed with STRING software). Colored lines
between proteins indicate the various types of evidence demonstrating the
interactions: experimental (purple), curated database (blue), co-expression
(black), and text-mining (green) evidence. B. A proposed model for the ef-
fects of STK24 on cell migration and metastasis in gastric cancer cells. The
suppression of STK24 promotes cell migration, which is associated with
the loss of CDH1 and B-catenin and with an increase in CD44 (a stemness
protein). STK24 silencing increases intrasplenic F4/80* macrophages and
CD11b*Ly6C* MDSCs. STK24: Serine/threonine-protein kinase 24; CCND1:
G1/S-specific cyclin-D1; IL6: Interleukin-6; CDH1: Cadherin-1; AKT1: RAC-
alpha serine/threonine-protein kinase; STAT3: Signal transducer and activa-
tor of transcription 3; and CTNNB1: B-catenin.

sion in gastric adenocarcinomas has been
studied. For example, tumor suppressor p53
(TP53) is known to be altered in ~50% of gas-
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tric cancer [33], and DGA is
characterized by the loss of
E-cadherin due to mutation or
hypermethylation [34]. The ex-
pression levels of the STK24/
MST3 protein are examined in
the tumor and adjacent normal
gastric tissues of DGA, GITA,
and GMA [2]. Low STK24 gene
expression is correlated with
poor OS and first progression
in both GITA and DGA. We suc-
cessfully establish an ortho-
topic gastric cancer model and
mutated p53 in C57BL/6 mice.
Further knockdown of STK24
in this model enhances tumori-
genesis [2]. Another study
shows that the loss of CDH1
and TP53 promotes gastric
tumorigenesis and metastases
[35]. Our present data indicate
that high STK24 and CDH1
expression in gastric cancer
are protective factors; thus,
they are apparently advanta-
geous to survival. We also find
that upregulation of CD44 and
proliferation of F4/80* macro-
phages or CD11b*Ly6C* MD-
SCs occur after STK24 knock-
down. Therefore, targeting CD-
44 or immunotherapy against
macrophages/MDSCs  could
be used as potential treat-
ments for selected gastric can-
cer patients with low STK24.

A heterogeneous population of
MDSCs promotes tumor pro-
gression, metastasis, and re-
sistance to immunotherapy
[36]. As previously shown, high
levels of MDSCs in gastric can-
cer patients are associated
with advanced cancer stages
as well as lower OS [8]. In addi-
tion, increased M-MDSCs are
correlated with poor differenti-
ation, lymph node metastasis,
and lower OS in these patients

[37]. Wang et al. detect higher levels of CD4*
memory T cells and lower levels of CD8* T cells,
monocytes, NK cells, myeloid dendritic cells,
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and normal peritoneal fibroblasts in tumor
specimens of peritoneal carcinomatosis from
patients with DGA [30]. Therefore, we suggest
that different subsets of MDSCs are associated
with the metastases of gastric cancer types.
MDSCs are increased in the spleens of human
cancer patients, with M-MDSCs known to be
most prominent in the spleen and peripheral
blood [38]. M-MDSCs are characterized by
CD14*CD33*HLADR”° expression (CD11b*
GR1'Ly6C*Ly6G cells in mice) [39]. They are
recruited to primary and metastatic tumor sites
through chemokine secretion by tumors, pri-
marily CCL2 and CCL5 [40, 41]. In addition,
splenic M-MDSCs suppress T-cell function in an
ROS-dependent manner [39, 42]. The spleen
reportedly acts as the local reservoir of Ly6C"
monocytes, which migrate toward the tumor
and differentiate into tumor-associated macro-
phages [43]. Thus, the targeting of MDSCs rep-
resents a promising immunotherapy for cancer
patients [36]. In the present study, spleen
inflammatory CD11b*Ly6C" and reparative
CD11b*LyeC" cells are markedly increased in
mice with sgSTK24 tumors; thus, reduced
STK24 expression in gastric cancer seems to
cause an accumulation of M-MDSCs in the
spleen. Moreover, inflammatory CD11b*Ly6C"
and reparative CD11b*Ly6C"® MDSCs may be
biomarkers for liver metastasis of gastric can-
cer and targets for future treatment.

In our previous study, STK24 expression is sig-
nificantly decreased in DGA and GITA according
to bioinformatics analyses; in particular, down-
regulation of the STK24 gene is associated with
the poor prognosis of gastric cancer patients
[2]. In the present study, STK24 is revealed as
participant in cancer metastasis and immune
regulation. In our constructed protein-protein
interaction network, CDH1, CTNNB1, CD44,
and CCND1 are all linked with STK24. Pre-
viously, decreased expression of CDH1 protein
(known as E-cadherin) has been correlated with
the infiltrating and metastatic abilities of gas-
tric cancer [44]. Additionally, loss of CTNNB1
protein (known as B-catenin) has been detect-
ed in DGA and metastatic lesions of gastric
cancer [45]. Patients with E-cadherin-ex-
pressing gastric cancer are known to have sig-
nificantly better survival rates than those with
E-cadherin-negative tumors [46]. E-cadherin is
the primary mediator of cell-cell adhesion and
loss of this molecule is associated with the
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metastatic potential of tumor cells [47, 48].
Furthermore, downregulation of E-cadherin is
associated with invasion and metastasis of
DGA [29, 49, 50]. Mutations of the CDH1 gene
have been reported in DGA [51, 52]. Here, we
find a significant decrease in CDH1 expression
in DGA relative to CDH1 expression in normal
gastric mucosa, GITA, and GMA (according to
the Oncomine database). We also show that
low expression of STK24 is correlated with
downregulated CDH1 protein expression in the
tumors of gastric cancer patients. CD44 is a
known stem cell marker in gastric cancer [53];
its expression has been positively correlated
with distant metastasis [54]. Oncomine data-
base analysis of cancer vs. normal tissues
showed that CD44 mRNA was significantly
upregulated in DGA, GITA, and GMA. Moreover,
increased expression of CD44 was detected in
sgSTK24 gastric cancer cells. Therefore, our
results suggest that STK24 suppression, which
is apparently upstream of CDH1, is associated
with the loss of B-catenin and activation of
CD44 cancer stemness in metastasis of gastric
cancetr.

Conclusion

In conclusion, STK24 silencing induces overex-
pression of CD44 and suppression of CDH1
(E-cadherin). Stemness transformation and
EMT promotes migration of gastric cancer cells.
Furthermore, reduced expression of STK24
induces CCL2 secretion and the expansion of
CD11b*Ly6C"* M-MDSCs and F4/80* macro-
phages to promote metastasis in mouse model
of gastric cancer. Overall, decreased STK24
expression apparently promotes gastric metas-
tasis through stemness and immunosuppres-
sion. Interactive networks of these signaling
and cell-cell interactions were important in gas-
tric cancer metastasis, not a single signaling
pathway. The findings of this study further
reveal the mechanisms of gastric cancer
metastasis and provide a potential therapeutic
target for the development of gastric cancer
treatments.

Acknowledgements

We are grateful for support from the Human
Biobank, the Research Center of Clinical
Medicine, and the National Cheng Kung
University Hospital. This manuscript has been

Am J Cancer Res 2021;11(9):4277-4293



STK24 silencing promotes gastric cancer metastasis

released as a pre-print at Research Square.
The present study was supported by grants
from the Ministry of Science and Technology,
Taiwan (MOST 107-2314-B-006-037, 108-
2314-B-006-082, and 109-2314-B-006-018-
MY3), and National Cheng Kung University
Hospital (grant NCKUH-11002013). This re-
search was supported in part by Higher
Education Sprout Project, Ministry of Education
to the Headquarters of University Advancement
at National Cheng Kung University.

Disclosure of conflict of interest
None.
Abbreviations

CRISPR, Clustered regularly interspaced short
palindromic repeats; DGA, Diffuse gastric ade-
nocarcinoma; EMT, Epithelial mesenchymal
transition; FBS, Fetal bovine serum; GITA,
Gastric intestinal adenocarcinoma; GMA, Ga-
stric mixed adenocarcinoma; HR, Hazard ratios;
MDSC, Myeloid-derived suppressor cells; OS,
Overall survival; PFS, Progression-free survival;
SD, Standard deviations; STRING, Search Tool
for the Retrieval of Interacting Genes; TCGA,
The Cancer Genome Atlas.

Address correspondence to: Dr. Hui-Ping Hsu,
Department of Surgery, National Cheng Kung
University Hospital, College of Medicine, National
Cheng Kung University, 138 Sheng-Li Road, Tainan,
Taiwan. Tel: +886-6-2353535, Ext 5272; Fax: +886-
6-2766676; E-mail: hphsu@mail.ncku.edu.tw

References

[1] Ling P, Lu TJ, Yuan CJ and Lai MD. Biosignaling
of mammalian Ste20-related kinases. Cell Sig-
nal 2008; 20: 1237-1247.

[2] Hsu HP, Wang CY, Hsieh PY, Fang JH and Chen
YL. Knockdown of serine/threonine-protein ki-
nase 24 promotes tumorigenesis and myeloid-
derived suppressor cell expansion in an ortho-
topic immunocompetent gastric cancer animal
model. J Cancer 2020; 11: 213-228.

[3] LuTJ, Lai WY, Huang CY, Hsieh WJ, Yu JS, Hsieh
YJ, Chang WT, Leu TH, Chang WC, Chuang WJ,
Tang MJ, Chen TY, Lu TL and Lai MD. Inhibition
of cell migration by autophosphorylated mam-
malian sterile 20-like kinase 3 (MST3) involves
paxillin and protein-tyrosine phosphatase-
PEST. J Biol Chem 2006; 281: 38405-38417.

[4] Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg
J, Elkord E, Lichtor T, Decker WK, Whelan RL,
Kumara HMCS, Signori E, Honoki K, Georgaki-

4291

(6]

(7]

(8]

)

(10]

(11]

[12]

(13]

[14]

las AG, Amin A, Helferich WG, Boosani CS,
Guha G, Ciriolo MR, Chen S, Mohammed SlI,
Azmi AS, Keith WN, Bilsland A, Bhakta D, Hal-
icka D, Fujii H, Aquilano K, Ashraf SS, Now-
sheen S, Yang X, Choi BK and Kwon BS. Im-
mune evasion in cancer: mechanistic basis
and therapeutic strategies. Semin Cancer Biol
2015; 35 Suppl: S185-198.

Youn JI and Gabrilovich DI. The biology of my-
eloid-derived suppressor cells: the blessing
and the curse of morphological and functional
heterogeneity. Eur J Immunol 2010; 40: 2969-
2975.

Youn JI, Nagaraj S, Collazo M and Gabrilovich
DI. Subsets of myeloid-derived suppressor
cells in tumor-bearing mice. J Immunol 2008;
181: 5791-5802.

Condamine T, Ramachandran |, Youn JI and
Gabrilovich DI. Regulation of tumor metastasis
by myeloid-derived suppressor cells. Annu Rev
Med 2015; 66: 97-110.

Wang L, Chang EW, Wong SC, Ong SM, Chong
DQ and Ling KL. Increased myeloid-derived
suppressor cells in gastric cancer correlate
with cancer stage and plasma S100A8/A9
proinflammatory proteins. J Immunol 2013;
190: 794-804.

Huang A, Zhang B, Wang B, Zhang F, Fan KX
and Guo YJ. Increased CD14(+)HLA-DR(-/low)
myeloid-derived suppressor cells correlate
with extrathoracic metastasis and poor re-
sponse to chemotherapy in non-small cell lung
cancer patients. Cancer Immunol Immunother
2013; 62: 1439-1451.

Achberger S, Aldrich W, Tubbs R, Crabb JW,
Singh AD and Triozzi PL. Circulating immune
cell and microRNA in patients with uveal mela-
noma developing metastatic disease. Mol Im-
munol 2014; 58: 182-186.

Shan YS, Hsu HP, Lai MD, Yen MC, Chen WC,
Fang JH, Weng TY and Chen YL. Argininosucci-
nate synthetase 1 suppression and arginine
restriction inhibit cell migration in gastric can-
cer cell lines. Sci Rep 2015; 5: 9783.

Shan YS, Hsu HP, Lai MD, Yen MC, Fang JH,
Weng TY and Chen YL. Suppression of mucin 2
promotes interleukin-6 secretion and tumor
growth in an orthotopic immune-competent
colon cancer animal model. Oncol Rep 2014;
32:2335-2342.

Shan YS, Hsu HP, Lai MD, Hung YH, Wang CY,
Yen MC and Chen YL. Cyclin D1 overexpression
correlates with poor tumor differentiation and
prognosis in gastric cancer. Oncol Lett 2017;
14: 4517-4526.

Rhodes DR, Yu J, Shanker K, Deshpande N,
Varambally R, Ghosh D, Barrette T, Pandey A
and Chinnaiyan AM. ONCOMINE: a cancer mi-
croarray database and integrated data-mining
platform. Neoplasia 2004; 6: 1-6.

Am J Cancer Res 2021;11(9):4277-4293


mailto:hphsu@mail.ncku.edu.tw

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

STK24 silencing promotes gastric cancer metastasis

Szasz AM, Lanczky A, Nagy A, Forster S, Hark
K, Green JE, Boussioutas A, Busuttil R, Szabd A
and Gydrffy B. Cross-validation of survival as-
sociated biomarkers in gastric cancer using
transcriptomic data of 1,065 patients. Onco-
target 2016; 7: 49322-49333.

Groger CJ, Grubinger M, Waldhor T, Vierlinger K
and Mikulits W. Meta-analysis of gene expres-
sion signatures defining the epithelial to mes-
enchymal transition during cancer progres-
sion. PLoS One 2012; 7: €51136.

Nanki K, Toshimitsu K, Takano A, Fujii M, Shi-
mokawa M, Ohta Y, Matano M, Seino T, Nishi-
kori S, Ishikawa K, Kawasaki K, Togasaki K,
Takahashi S, Sukawa Y, Ishida H, Sugimoto S,
Kawakubo H, Kim J, Kitagawa Y, Sekine S, Koo
BK, Kanai T and Sato T. Divergent routes to-
ward Wnt and R-spondin niche independency
during human gastric carcinogenesis. Cell
2018; 174: 856-869, el7.

Kitamura T, Qian BZ, Soong D, Cassetta L, Noy
R, Sugano G, Kato Y, Li J and Pollard JW. CCL2-
induced chemokine cascade promotes breast
cancer metastasis by enhancing retention of
metastasis-associated macrophages. J Exp
Med 2015; 212: 1043-1059.

Chen X, Leung SY, Yuen ST, Chu KM, Ji J, Li R,
Chan AS, Law S, Troyanskaya OG, Wong J, So S,
Botstein D and Brown PO. Variation in gene ex-
pression patterns in human gastric cancers.
Mol Biol Cell 2003; 14: 3208-3215.

D’Errico M, de Rinaldis E, Blasi MF, Viti V, Fal-
chetti M, Calcagnile A, Sera F, Saieva C, Ottini
L, Palli D, Palombo F, Giuliani A and Dogliotti E.
Genome-wide expression profile of sporadic
gastric cancers with microsatellite instability.
Eur J Cancer 2009; 45: 461-469.

Forster S, Gretschel S, Jons T, Yashiro M and
Kemmner W. THBS4, a novel stromal molecule
of diffuse-type gastric adenocarcinomas, iden-
tified by transcriptome-wide expression profil-
ing. Mod Pathol 2011; 24: 1390-1403.

Ooi CH, Ivanova T, Wu J, Lee M, Tan IB, Tao J,
Ward L, Koo JH, Gopalakrishnan V, Zhu Y,
Cheng LL, Lee J, Rha SY, Chung HC, Ganesan
K, So J, Soo KC, Lim D, Chan WH, Wong WK,
Bowtell D, Yeoh KG, Grabsch H, Boussioutas A
and Tan P. Oncogenic pathway combinations
predict clinical prognosis in gastric cancer.
PL0S Genet 2009; 5: e1000676.

Cho JY, Lim JY, Cheong JH, Park YY, Yoon SL,
Kim SM, Kim SB, Kim H, Hong SW, Park YN,
Noh SH, Park ES, Chu IS, Hong WK, Ajani JA
and Lee JS. Gene expression signature-based
prognostic risk score in gastric cancer. Clin
Cancer Res 2011; 17: 1850-1857.

van Rees BP, Sivula A, Thorén S, Yokozaki H,
Jakobsson PJ, Offerhaus GJ and Ristimaki A.
Expression of microsomal prostaglandin E syn-
thase-1 in intestinal type gastric adenocarci-

4292

[25]

[26]

(27]

(28]

[29]

[30]

(31]

(32]

(33]

noma and in gastric cancer cell lines. Int J Can-
cer 2003; 107: 551-556.

Lauren P. The two histological main types of
gastric carcinoma: diffuse and so-called intes-
tinal-type carcinoma. An attempt at a histo-
clinical classification. Acta Pathol Microbiol
Scand 1965; 64: 31-49.

Ribeiro MM, Sarmento JA, Sobrinho Simdes
MA and Bastos J. Prognostic significance of
Lauren and Ming classifications and other
pathologic parameters in gastric carcinoma.
Cancer 1981; 47: 780-784.

Adachi Y, Yasuda K, Inomata M, Sato K, Shirai-
shi N and Kitano S. Pathology and prognosis of
gastric carcinoma: well versus poorly differen-
tiated type. Cancer 2000; 89: 1418-24.

Lee T, Tanaka H, Ohira M, Okita Y, Yoshii M,
Sakurai K, Toyokawa T, Kubo N, Muguruma K,
Tanaka S, Ohsawa M and Hirakawa K. Clinical
impact of the extent of lymph node microme-
tastasis in undifferentiated-type early gastric
cancer. Oncology 2014; 86: 244-252.
Perrot-Applanat M, Vacher S, Pimpie C, Chem-
lali W, Derieux S, Pocard M and Bieche |. Dif-
ferential gene expression in growth factors,
epithelial mesenchymal transition and chemo-
taxis in the diffuse type compared with the in-
testinal type of gastric cancer. Oncol Lett
2019; 18: 674-686.

Wang R, Song S, Harada K, Ghazanfari Am-
lashi F, Badgwell B, Pizzi MP, Xu Y, Zhao W,
Dong X, Jin J, Wang Y, Scott A, Ma L, Huo L, Vi-
cente D, Blum Murphy M, Shanbhag N, Tat-
longhari G, Thomas |, Rogers J, Kobayashi M,
Vykoukal J, Estrella JS, Roy-Chowdhuri S, Han
G, Zhang S, Mao X, Song X, Zhang J, Gu J, John-
son RL, Calin GA, Peng G, Lee JS, Hanash SM,
Futreal A, Wang Z, Wang L and Ajani JA. Multi-
plex profiling of peritoneal metastases from
gastric adenocarcinoma identified novel tar-
gets and molecular subtypes that predict treat-
ment response. Gut 2020; 69: 18-31.

Yoon C, Cho SJ, Aksoy BA, Park DJ, Schultz N,
Ryeom SW and Yoon SS. Chemotherapy resis-
tance in diffuse-type gastric adenocarcinoma
is mediated by RhoA activation in cancer stem-
like cells. Clin Cancer Res 2016; 22: 971-983.
Pattison S, Mitchell C, Lade S, Leong T, Busuttil
RA and Boussioutas A. Early relapses after ad-
juvant chemotherapy suggests primary che-
moresistance in diffuse gastric cancer. PLoS
One 2017; 12: e0183891.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer
SO, Aksoy BA, Jacobsen A, Byrne CJ, Heuer ML,
Larsson E, Antipin Y, Reva B, Goldberg AP,
Sander C and Schultz N. The cBio cancer ge-
nomics portal: an open platform for exploring
multidimensional cancer genomics data. Can-
cer Discov 2012; 2: 401-404.

Am J Cancer Res 2021;11(9):4277-4293



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

STK24 silencing promotes gastric cancer metastasis

Cancer Genome Atlas Research Network. Com-
prehensive molecular characterization of gas-
tric adenocarcinoma. Nature 2014; 513: 202-
209.

Till JE, Yoon C, Kim BJ, Roby K, Addai P, Jonoku-
chi E, Tang LH, Yoon SS and Ryeom S. Onco-
genic KRAS and p53 loss drive gastric tumori-
genesis in mice that can be attenuated by
E-cadherin expression. Cancer Res 2017; 77:
5349-5359.

Law AMK, Valdes-Mora F ang Gallego-Ortega
D. Myeloid-derived suppressor cells as a thera-
peutic target for cancer. Cells 2020; 9: 561.
LiN, Han D, Sun J, LiY, Zhang J, Zhang, Liu M,
Peng R, Wang H, Zhang Z, Wang J, Liu Z and
Ma J. Subtypes of MDSCs in mechanisms and
prognosis of gastric cancer and are inhibited
by epirubicin and paclitaxel. Discov Med 2018;
25:99-112.

Jordan KR, Kapoor P, Spongberg E, Tobin RP,
Gao D, Borges VF and McCarter MD. Immuno-
suppressive myeloid-derived suppressor cells
are increased in splenocytes from cancer pa-
tients. Cancer Immunol Immunother 2017; 66:
503-513.

Kumar V, Patel S, Tcyganov E and Gabrilovich
DI. The nature of myeloid-derived suppressor
cells in the tumor microenvironment. Trends
Immunol 2016; 37: 208-220.

Murdoch C, Giannoudis A and Lewis CE. Mech-
anisms regulating the recruitment of macro-
phages into hypoxic areas of tumors and other
ischemic tissues. Blood 2004; 104: 2224-
2234,

Qian BZ, Li J, Zhang H, Kitamura T, Zhang J,
Campion LR, Kaiser EA, Snyder LA and Pollard
JW. CCL2 recruits inflammatory monocytes to
facilitate breast-tumour metastasis. Nature
2011; 475: 222-225.

Corzo CA, Condamine T, Lu L, Cotter MJ, Youn
JI, Cheng P, Cho HlI, Celis E, Quiceno DG, Pad-
hya T, McCaffrey TV, McCaffrey JC and Ga-
brilovich DI. HIF-1alpha regulates function and
differentiation of myeloid-derived suppressor
cells in the tumor microenvironment. J Exp
Med 2010; 207: 2439-2453.

Movahedi K, Laoui D, Gysemans C, Baeten M,
Stangé G, Van den Bossche J, Mack M, Pipel-
eers D, In't Veld P, De Baetselier P and Van Gin-
derachter JA. Different tumor microenviron-
ments contain functionally distinct subsets of
macrophages derived from Ly6C (high) mono-
cytes. Cancer Res 2010; 70: 5728-5739.
Takeichi M. Cadherins in cancer: implications
for invasion and metastasis. Curr Opin Cell Biol
1993; 5: 806-811.

4293

[45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

(54]

Ebert MP, Yu J, Hoffmann J, Rocco A, Récken C,
Kahmann S, Muller O, Korc M, Sung JJ and
Malfertheiner P. Loss of beta-catenin expres-
sion in metastatic gastric cancer. J Clin Oncol
2003; 21: 1708-1714.

Gabbert HE, Mueller W, Schneiders A, Meier S,
Moll R, Birchmeier W and Hommel G. Prognos-
tic value of E-cadherin expression in 413 gas-
tric carcinomas. Int J Cancer 1996; 69: 184-
189.

Nigam AK, Savage FJ, Boulos PB, Stamp GW,
Liu D and Pignatelli M. Loss of cell-cell and cell-
matrix adhesion molecules in colorectal can-
cer. Br J Cancer 1993; 68: 507-514.
Riethmacher D, Brinkmann V and Birchmeier
C. A targeted mutation in the mouse E-cad-
herin gene results in defective preimplantation
development. Proc Natl Acad Sci U S A 1995;
92: 855-859.

Ohta H, Aoyagi K, Fukaya M, Danjoh |, Ohta A,
Isohata N, Saeki N, Taniguchi H, Sakamoto H,
Shimoda T, Tani T, Yoshida T and Sasaki H.
Cross talk between hedgehog and epithelial-
mesenchymal transition pathways in gastric pit
cells and in diffuse-type gastric cancers. Br J
Cancer 2009; 100: 389-398.

Tanabe S, Aoyagi K, Yokozaki H and Sasaki H.
Gene expression signatures for identifying dif-
fuse-type gastric cancer associated with epi-
thelial-mesenchymal transition. Int J Oncol
2014; 44: 1955-1970.

Becker KF, Atkinson MJ, Reich U, Becker |, Nek-
arda H, Siewert JR and Hoéfler H. E-cadherin
gene mutations provide clues to diffuse type
gastric carcinomas. Cancer Res 1994; 54:
3845-3852.

Wijnhoven BP, Dinjens WN and Pignatelli M. E-
cadherin-catenin cell-cell adhesion complex
and human cancer. Br J Surg 2000; 87: 992-
1005.

Takaishi S, Okumura T, Tu S, Wang SS, Shibata
W, Vigneshwaran R, Gordon SA, Shimada Y
and Wang TC. Identification of gastric cancer
stem cells using the cell surface marker CD44.
Stem Cells 2009; 27: 1006-1020.
Wakamatsu Y, Sakamoto N, Oo HZ, Naito Y,
Uraoka N, Anami K, Sentani K, Oue N and Ya-
sui W. Expression of cancer stem cell markers
ALDH1, CD44 and CD133 in primary tumor
and lymph node metastasis of gastric cancer.
Pathol Int 2012; 62: 112-119.

Am J Cancer Res 2021;11(9):4277-4293



STK24 silencing promotes gastric cancer metastasis

| seTue
| Lovo

| sweo
f colo2os

Figure S1. Expression of STK24 proteins in western blotting is slightly lower in gastric cancer cell lines than colon
cancer cell lines. AGS, human gastric adenocarcinoma cell line; MKN45, human gastric cancer cell line; M12;
mouse gastric cancer cell line; CT26, murine colorectal carcinoma cell line; HT29, human colon adenocarcinoma
cell line; LS174T, human colon adenocarcinoma cell line; HCT116, human colon carcinoma cell line; LoVo, human
colon metastatic adenocarcinoma cell line; SW620, human colon adenocarcinoma cell line; Colo205, human colon
adenocarcinoma cell line.
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Figure S2. Cell migration is enhanced in STK24-silenced mouse gastric cancer cells. A. The motility of M12 cells was
determined in response to 10% fetal bovine serum in a Transwell migration assay at 8 h. A polycarbonate filter with
8-um pores is visible in the background. Magnification x 100. B. The mean number of cells per field of view £ SD of
three independent experiments. NS: not significant; “P < 0.01; “"P < 0.001; and "**P < 0.0001.
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Figure S3. Populations of immune cells in the spleens of liver metastasis-bearing mice. The repeats of flow cytometry for (A) CD4* cells, (B) CD8* cells, and (C)
F4/80* cells in the spleens of liver metastasis-bearing mice. The numbers shown indicate the percentage of total cells. Each graph represent data from one mouse.
(D) The repeats of flow cytometry for inflammatory monocytes (CD11b*Ly6C"e": violet square) and reparative monocytes (CD11b*Ly6C"": red square) in the spleens
of liver metastasis-bearing mice. Statistical analyses are shown in Table S2. EGFP-Ctrl: EGFP control; sgSTK24-1.1 and sgSTK24-2.1: STK24-specific sgRNAs 1 and
2.
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Table S1. Demographics and histopathological data of 38 patients with gastric cancer

Characteristic No. of patients (%)
Patients with gastric cancer 38 (100)
Mean age * standard deviation, years 63+ 13
Sex

Male 24 (63)

Female 14 (37)
Histological differentiation

Well 1(3)

Moderate 19 (50)

Poor 18 (47)
Lauren’s classification

Intestinal 22 (58)

Diffuse 11 (29)

Mixed 5(13)
AJCC TNM stage

Stage | 7 (18)

Stage Il 13 (34)

Stage Il 14 (37)

Stage IV 4 (11)
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Table S2. Analysis of immune cells in the spleens of liver metastasis-bearing mice

Propprtion of immune cells, EGFP-Ctrl sgSTK24-1.1 sgSTK24-2.1 EGFP-Crl vsI.D valuEGFP—Ctrl vs. sgSTK24-11vs.
median (range) (n=5) (n=3) (n="6) Allthree groups — ootkoa-11  sgSTK2421  sgSTK24-2.1
CD4" cells 18.6(16.1-18.7) 14.4(11.617.1) 14.1(10.1-15.2) 0.009 0.013 0.006 0.429
CD8" cells 12.2(10.812.8) 10.8(9.9-13.9)  9.5(4.2-9.8) 0.005 0.675 0.006 0.004
F4/80" cells 32(2342) 51 (4.4-10.0) 7.3 (6.7-8.7) 0.004 0.009 0.006 0.126
CD11b'Ly6C" cells 75(3.491)  11.7(8514.1) 10.9 (8.7-13.6) 0.015 0.016 0.011 0.792
CD11b'Ly6C™" cells 21 (1.1-2.5) 4.6 (3.05.8) 4.4 (2.36.6) 0.013 0.009 0.013 0.931
CD11b*Ly6C" cells 9.8(4.511.2) 16.8(13.1-18.3) 16.3(11-18.1) 0.011 0.008 0.009 0.792

EGFP-Ctrl: EGFP control; sgSTK24-1.1 and sgSTK24-2.1: STK24-specific sgRNAs 1 and 2.
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Figure S4. CCL2 gene expression analysis of gastric cancer data from the Oncomine database. A-C. CCL2 is over-
expressed in the Chen and DErrico datasets. Expression of CCL2 in human gastric cancer is compared with CCL2
expression in normal tissues. D-F. Expression of CCL2 is significantly increased in diffuse gastric adenocarcinoma
(DGA). GITA: gastric intestinal type adenocarcinoma; GMA: gastric mixed adenocarcinoma.



STK24 silencing promotes gastric cancer metastasis

~ A = A ~ 8 = N

— — —_ 1 ol —_ — ol ol

B o4 4+ S+ <+ 5 + <+ <+ <

Ia) Q ] v ) ]
T 2 9 9 99 3 28 g YU
Z & EFE B B BFE 4 =m B B B B
% O v 9 v o9 ¥ 0 @ ¢ @ g
= m@m 9 % w0 N S @ R OF ORI

pAKkt Sert™ :

pAKT Ser*”/Total AKT1 1.00 1.01 0.94 1.46 1.19 2.58 1.00 0.74 0.94 1.05 0.80 0.60
Total AKT] ™™ e cums sy s e 77T T S W— w—

f-actin w— e e — . S — — — — — —

PAKt Ser?? —e - —— ——— pAKT/AKT

.00 4

pAKT Ser*”*/Total AKT1 1.00 1.32 141 1.22 1.67 1.28 :=

2.00

Total AKT] ™= —— e e o = 5

P-actin  e—r— — — —— f{‘SIID D D D D D

0.00
MKN4S  EGFP-Ctrl sgSTK24-1.1 sgSTR24-1.2 sgSTK24-2.1 sgSTK24-2.2

Figure S5. Western blotting of pAKT Ser*® and total AKT1 proteins. The knockout of STK24 expression did not affect
the AKT1 or phospho-AKT Ser*”® protein of MKN45 cells.
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Figure S6. Correlation of STK24 and CDH1 expression according to data from a public database. A. Positive correla-
tion between STK24 and CDH1 shown in scatter plot analysis of a dataset from The Cancer Genome Atlas (TCGA).
Spearman’s and Pearson’s correlation coefficients are shown. B. Expression of epithelial mesenchymal transition
(EMT)-related and EMT-unrelated genes in TCGA dataset is hierarchically clustered. Mesenchymal and epithelial
phenotypes are shown in upper and lower halves, respectively. CDH1 and STK24 are indicated by the red and blue
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arrows, respectively. C. Gene expression in gastric organoids from the GSE112369 dataset. The expression of
STK24 is similar in normal gastric organoids and CDH1-single-knockout organoids.
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Figure S7. Expression of CD44 as detected by flow cytometry. Surface CD44 increased in STK24-silenced cells.
EGFP-Ctrl: EGFP control; sgSTK24-1.1 and sgSTK24-2.1: STK24-specific sgRNAs 1 and 2.
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Figure S8. Quantitative results of surface CD44 detected by flow cytometry. NS: not significant; "P < 0.01; ™P <
0.001; and "P < 0.0001.
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Figure S9. CD44 gene expression analysis of gastric cancer data from the Oncomine database. A-C. CD44 is overexpressed in diffuse gastric adenocarcinoma
(DGA), gastric mixed adenocarcinoma (GMA), and gastric intestinal type adenocarcinoma (GITA) relative to CD44 expression in normal gastric mucosa (Chen data-
set). D-F. Expression of CD44 is significantly increased in GITA, DGA, and GMA relative to CD44 expression in normal gastric mucosa (DErrico dataset). G-l. Expres-
sion of CD44 is significantly increased in GITA, GMA, and DGA relative to CD44 expression in normal gastric tissue (DErrico dataset). J. Expression of CD44 is higher
in DGA than in GITA or GMA.



