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Forkhead box K1 regulates the malignant behavior of gastric
cancer by inhibiting autophagy
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Background: Forkhead box K1 (FOXKI) is a transcription factor that contributes to cancer development,
but it is unclear how FOXKI regulates the proliferation and migration of gastric cancer (GC) cells.
The purpose of this study was to investigate the clinical significance, biological function, and molecular
mechanisms of FOXKI in GC.

Methods: We conducted bioinformatics assays and western blotting to assess FOXK1 expression. Then,
we performed immunohistochemistry (IHC) with tissue microarrays (TMAs) to assess FOXKI1 expression
in order to identify an association between FOXK1 expression levels and clinical parameters. We used
5-ethynyl-2’-deoxyuridine (EdU), wound healing and Transwell assays to determine whether FOXK1
promotes malignant behaviors in GC. Furthermore, immunofluorescence staining, transmission electron
microscopy and western blotting were used to verify an association between FOXK1 and autophagy.
Results: We observed high levels of FOXKI1 expression in GC tissues, which were associated with the
degree of malignancy in GC. FOXKI promotes the malignant behavior of GC by regulating autophagy via
activation of the class I phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR)
pathway and inhibition of the expression of class ITI PI3K.

Conclusions: These findings provide a new target for the comprehensive treatment of GC by highlighting
the relationship between FOXK1 and malignant behaviors in GC.
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Introduction

Gastric cancer (GC) is among the most prevalent forms
of cancer and remains the second leading cause of cancer-
related death (1). Recently, treatments for GC have
substantially improved; however, due to a variety of genetic

mutations and abnormal signaling pathways underlying
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GC progression, GC mortality remains high (2). A better
understanding of the unique molecular patterns of GC
development will help researchers identify the mechanisms
underlying alterations in tumor activities.

Forkhead box (FOX) transcription factors are involved
in tumor development (3), embryogenesis (4) and the
regulation of various physiological processes, such as cell

Ann Transl Med 2020;8(4):107 | http://dx.doi.org/10.21037/atm.2019.12.123



Page 2 of 16

survival (5), oxidative stress (6), and control of lifespan (7).
Forkhead box K1 (FOXKI1) is a member of the FOX
family of transcription factors and is commonly studied
in myogenic cells (8). Recently, abnormal expression of
FOXKI1 was suggested to contribute to tumor development.
According to Li et al. (9), FOXKI regulates p21 expression
and promotes the proliferation and metastasis of ovarian
cancer. Haitao Xu and other scholars postulated that
FOXKI1 promotes glioblastoma proliferation and metastasis
by inducing snail transcription (10). However, the link
between FOXK1 and autophagy in GC remains unclear.

Autophagy is a process that is highly conserved
throughout many organisms, but there is controversy
regarding whether autophagy is associated with cell death.
Autophagy inhibits tumor growth in the early stages by
removing damaged organelles or proteins; however, in
advanced tumors, autophagy elicits the opposite effect (11).
In GC, downregulation of long noncoding RNA
LINCO01419 inhibits tumor cell migration and invasion
and tumor growth. This phenomenon is promoted by
inactivation of the PI3K/AKT1/mTOR pathway (12).
At the same time, studies have shown that FOXKI1 can
regulate the AKT/mTOR pathway in liver cell lines (13),
which suggests that autophagy and the PI3K/AKT/mTOR
pathway play a key role in the malignant behavior of GC,
but the role of FOXKI in this dynamic is still unknown.

In this study, increased FOXKI1 expression was
significantly correlated with progression, metastasis, and
adverse outcomes in patients with GC. In addition, this
study revealed for the first time that FOXK1 promotes the
malignant behavior of GC by inhibiting autophagy.

Methods
Cells and culture conditions

Four human GC cell lines (SGC7901, BGC823, MGC803,
and HGC27) as well as the immortalized gastric mucosal
cell line GES1 were obtained from the Cell Bank of the
Chinese Academy of Sciences. AGS GC cells were obtained
from Zhongqiao New Prefecture in Shanghai. All cells
were grown in medium containing 10% fetal bovine serum
(FBS; Gibco, NY, USA) and 1% penicillin-streptomycin
(HyClone, Logan, UT, USA) in a standard humidified
incubator.

For experiments involving 3-MA (MedChemExpress,
Shanghai, China), cells were pretreated with 200 pM 3-MA
for 4 h before transfection.
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Gene expression analysis

We utilized Gene Expression Profiling Interactive
Analysis (GEPIA; http://gepia.cancer-pku.cn/detail.
php?gene=FOXK1) to compare gene expression in tumor
and healthy tissues. We used Kaplan-Meier Plot (http://
kmplot.com/analysis/index.php?p=service&cancer=gastric)
to analyze the correlation between overall survival (OS)
and FOXXK]1 expression in patients with GC and Database
for Annotation, Visualization and Integrated Discovery
(DAVID, http://david.abce.nciferf.gov/), a public biological
resource, for pathway analysis.

Patients and specimens

We assessed 43 pairs of freshly frozen primary GC and
matched healthy tissue samples collected at the Affiliated
Hospital of Qingdao University. Samples from patients with
GC from September 2016 to October 2018 who did or did
not receive chemotherapy were collected for pathological
assessment and analysis of progression. All individual
patients were informed about the goals of this study and
provided written informed consent.

Tissue microarrays (TMAs)

GC tissues and matched noncancerous stomach tissues were
analyzed using TMAs purchased from AMOS Scientific
(Beijing, China). Forty-three tissue pairs in the TMAs
were subjected to immunohistochemistry to assess FOXK1
expression.

The TMAs were independently evaluated by two
investigators. The staining intensity was scored from 0
to 3 points as follows: 0, no staining; 1, weak staining; 2,
moderate staining; and 3, strong staining. The percentage
of positive cells was scored as follows: 0, <10% positive
cells; 1, 10-35% positive cells; 2, 36-70% positive cells; and
4, >70% positive cells.

Cell transfection

The FOXKI1 open reading frame and 3'-untranslated
region were previously cloned into pcDNA 3.1(+). AGS
and MGCS803 cells were cultured to 80-90% confluence
and transfected with the pcDNA3.1-FOXK1 plasmid
(Genechem Co., Ltd., Shanghai, China) or FOXKI1
siRNA (Ribobio Co., Guangzhou, China) (7able SI) using
Lipofectamine 3000 (Life Technologies, Shanghai, China)
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according to the manufacturer’s protocols. At 48 h after
transfection, the experiments were conducted.

RNA isolation and quantitative real-time RT-PCR

Total RNA was extracted using TRIzol Reagent (TaKaRa,
Beijing, China) and reverse transcribed into cDNA
using the PrimeScript RTMaster Mix (Perfect Real
Time) reagent (TaKaRa, Beijing, China) according to
the manufacturer’s instructions. Quantitative real-time
PCR (qRT-PCR) was performed on an ABI 7500HT Fast
Real-Time PCR System (Applied Biosystems, CA, USA).
The 10 pL reaction mixture consisted of SYBR GREEN
PCR Master Mix (TaKaRa, Beijing, China), 500 nmol of
primers and 300 ng of cDNA templates. The reaction was
initially denatured at 95 °C for 5 min and then subjected
to 60 cycles of 94 °C for 20 s, 60 °C for 20 s and 72 °C for
40 s. Next, the reaction temperature was increased from
72 °C to 95 °C, and the reactions were finally extended for
S min at 72 °C before the temperature was increased at a
rate of 0.1 °C/s for continuous fluorescence acquisition.
Each qRT-PCR assay was repeated three times, and the
cDNAs were measured in duplicate. The average fold of
relative mRNA expression was determined using the 27
method with GAPDH as an internal control. Primer
sequences for qRT-PCR were as follows: FOXKI1, forward
5'-GCCACAAAGGCTGGCAGAATT-3" and reverse
5'-“TGGCTTCAGAGGCAGGGTCTAT-3"; class I
PI3K, forward 5'-AACGAGAACGTGTGCCATTTG-3'
and reverse 5'-AGAGATTGGCATGCTGTCGAA-3;
class IIT PI3K, forward 5'-AGAGTTATGCGTTCTTT-
GCTGGC-3'" and reverse 5'-GGGGTTCTAAAGGCAA-
CGGGATA-3"; and GAPDH, 5'-TCGACAGTCA-
GCCGCATCTT-3" and reverse: 5'-GAGTTAAAAGCAG-
CCCTGGTG-3".

Western blot assays

"Total protein was extracted from GC cells and tumor tissues
collected from nude mice. Proteins were subsequently
separated on SDS-PAGE gels and then transferred to
nitrocellulose membranes, which were blocked with 5%
skim milk for 1 h at room temperature (RT). Primary
antibodies (listed in Table S2) were incubated with the
membranes overnight at 4 °C. The membranes were
then washed three times with phosphate-buffered
saline containing Tween 20 (PBST) for 15 min per
wash and incubated with HRP-conjugated secondary
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antibodies at RT for 2 h. After additional washes, the
electrochemiluminescence (ECL) (Life Technologies,
Shanghai, China) of the bands was detected using a Bio-Rad
infrared gel imaging system (ChemiDoc XRS+).

5-ethynyl-2’-deoxyuridine (EdU) incorporation assay

Tumor cells were seeded on 24-well plates (1x10° cells/
well), cultured for 48 h, and incubated with medium
containing 50 pM EdU (Beyotime, Shanghai, China) for 2 h.
Cells were then fixed with 4% paraformaldehyde (Beyotime,
Shanghai, China) and permeabilized, after which a click
reaction mixture was added to the cells (200 pL/well) for
30 min. Hoechst 33342 (200 pL/well) staining for
30 minutes was performed to stain nuclei, and cells were
visualized under a fluorescence microscope.

Transwell migration and wound bealing assays

Cell migration and invasion were detected using Transwell
chambers (BD, Franklin Lakes, NJ, USA) without and
with a Matrigel coating, respectively, according to the
manufacturer’s instructions. After transfection, 2x10° cells
in serum-free medium were added to the upper chamber of
the inserts, and medium containing 20% FBS was added to
the lower chamber. After 24 h of culture, cells were fixed
with 4% paraformaldehyde for 30 min, stained with crystal
violet for 20 min and washed with phosphate-buffered saline
(PBS). The cells were then counted under a microscope.
The average number of cells in five fields of view on each
membrane was counted three times.

For the wound healing assay, cells were plated in a 6-well
plate, and then a scratch was created through a confluent
cell layer with a sterile pipette tip. Debris was removed
by washing the wells with PBS, and the cells were imaged
immediately after scratching (baseline) and every 24 h
thereafter.

Laser confocal microscopy

AGS and MGCS803 cells treated with different compounds
were seeded on coverslips in 24-well plates. Cells were fixed
with 4% paraformaldehyde, incubated with 5% bovine
serum albumin (BSA) (Sigma, Shanghai, China) for 30 min
and stained with DAPI (Beyotime, Shanghai, China) for
7 min. The slides were air dried and sealed with a sealing
tablet. LC3 fluorescence was observed under a confocal
laser microscope, and the number of LC3 spots was counted
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in 3 independent replicates.

Transmission electron microscopy

Treated cells were trypsinized and collected after
centrifugation. Then, they were fixed overnight with 2.5%
phosphate-buffered glutaraldehyde (Sinopharm Chemical
Reagents Co., Shanghai, China), after which they were
embedded, sectioned, double stained with uranyl acetate
and lead citrate and analyzed under a transmission electron
microscope.

Establishment of tumor xenografts in CB17/SCID mice

In all, 3x10° cells in 100 pL of PBS were subcutaneously
injected into the right flanks of mice. The tumor growth
rates were monitored by measuring the tumor diameter
every 7 days, and the tumor volume was calculated using
the following equation: 1/2 LW’ where L=length and
W=width. The mice were treated with the indicated
compounds 28 days later, and tumors were collected after
gravimetric analysis.

Statistical analysis

SPSS 19.0 software (SPSS Inc., IL, USA) was employed for
all statistical analyses. Data are presented as the means =
S.D. and were compared using Student’s t-test or analysis of
variance. P<0.05 was considered significant.

Results

High FOXKI1 expression predicts a poor prognosis for
patients with GC

FOXKI1 expression in healthy stomach tissues and GC
tissues was compared using GEPIA (Figure 14), and we
observed a significant increase in FOXKI expression in GC
tissues compared to that in healthy tissues. Additionally,
the OS (Figure 1B) data obtained from the Kaplan-
Meier plot were consistent with our curve created from
data obtained from The Cancer Genome Atlas (TCGA),
indicating that FOXKI expression is associated with the
survival of patients with GC. We next assessed FOXK1
expression in a TMAs comprising 43 pairs of healthy
control and GC tumor tissues from patients (Figure 1C).
The tissue specimens were divided into a low FOXK1
expression group [immunoreactive score (IRS): 0-4] and
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a high FOXKI1 expression group (IRS: 4-12) based on a
quantitative analysis of protein staining. We identified a
correlation between the high FOXKI1 expression group
and the malignant progression of GC tissues (Figure 1D,E,
P<0.05), as high FOXK1 expression was observed in 37 of
43 (86.0%) GC tissues (1able 1).

The clinical correlations between FOXK1 expression
and the clinicopathological parameters of GC were further
analyzed to explore the significance of FOXK1 upregulation
(Table 1). High levels of FOXK1 were correlated with
specific GC clinicopathological characteristics: pathological
differentiation (P=0.017), microvascular tumor thrombus
(P=0.002), lymph node metastases (P=0.003), tumor, node,
metastasis (TNM) stage (P=0.026), and capsule invasion
(P=0.007). FOXK1 expression was not correlated with sex,
age, tumor location, or HER2 expression in the tumor.
Taken together, these data clearly confirmed FOXKI
upregulation in GC tissues and the correlation of this
increased expression with the degree of malignancy and
clinical prognosis.

The effects of FOXK1 on GC cell proliferation

Since elevated FOXKI1 expression is correlated with
malignant progression, FOXK1 may play an important role
in one or more steps of GC proliferation. First, we further
verified the increase in FOXKI expression in GC cell lines
using western blotting (Figure 2A). Increased protein levels
of FOXKI1 were detected in the AGS, SGC7901, BGCS823,
MGC803, and HGC27 cell lines compared to the normal
human gastric cell line GES-1 (used as a control). Based
on these results, we selected the AGS and MGCS803 cell
lines for further study because they exhibited a moderate
increase in FOXKI levels. AGS and MGCB803 cells
transfected with the pcDNA3.1-FOXK1 plasmid (FOXK1)
were subsequently used in a proliferation assay, with cells
transfected with an empty vector (vector) serving as a
control. We also knocked down FOXKI1 expression in AGS
and MGCB803 using an siRNA (Table SI) and compared
its effects to those of control siRNAs. The transfection
efficiency was validated using real-time PCR and western
blotting (Figure 2B,C). Next, the results of the EAU
assays suggested that FOXKI1 overexpression markedly
accelerated the growth of AGS and MGCB803 cells, whereas
downregulation of FOXK1 expression significantly reduced
AGS and MGCS803 proliferation (Figure 2D). Based on
these findings, we can surmise that FOXK1 increases GC
cell proliferation.
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Figure 1 High FOXKI expression predicts a poor prognosis for patients with GC. (A) Boxplot of FOXKI1 expression in GC based on
GEPIA; (B) a Kaplan-Meier plot was used to analyze the prognosis of patients with GC stratified by FOXK1 expression (low FOXKI1

expression group, n=221; high FOXKI1 expression group, n=408); (C) FOXK1 expression in normal and malignant human gastric tissues
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Table 1 Correlation between FOXKI expression and clinicopathological characteristics of patients with GC

Wang et al. FOXK1 regulates autophagy in gastric cancer

FOXK1 expression, n (%)

Characteristics Number X P value
Low High

Gender 1.812 0.178
Male 34 3(8.8) 31(91.2)
Female 9 3(33.3) 6 (66.7)

Age (years) 1.586 0.208
=60 21 1(4.8) 20 (95.2)
<60 22 5(22.7) 17 (77.3)

Pathological differentiation 5.715 0.017*
Low 20 6 (30.0) 14 (70.0)
High and moderate 23 0(0) 23 (100)

Microvascular tumor thrombus 9.898 0.002*
Present 28 0 (0.0 28 (100.0)
Absent 15 6 (40.0) 9 (60.0)

Lymph node metastases 8.945 0.003*
Present 32 1(3.1) 31 (96.9)
Absent 11 5 (45.5) 6 (54.5)

TNM stage 4.940 0.026*
-1l 15 5(33.3) 10 (66.7)
-1V 28 1(3.6) 27 (96.4)

Capsule invasion 7.268 0.007*
Yes 35 2(5.7) 33 (94.3)
No 8 4 (50.0) 4 (50.0)

Location of tumor 0.000 1
Antrum 27 4 (14.8) 23 (85.2)
Non-antrum 16 2(12.5) 14 (87.5)

HER2 expression 0.000 1
Yes 20 3(15.0) 17 (85.0)
No 23 3(13.0) 20 (87.0)

*, Statistically significant difference (P<0.05); continuity corrected using the ¥ test.

FOXK1 affects GC cell migration and invasion

Because previous studies have reported a close association
between FOXKI1 expression and clinicopathological
features, we evaluated the effects of FOXK1 on GC cell
motility in vitro. Wound healing and Transwell assays
were utilized to determine how FOXKI1 influences GC
cell migration and invasion. Based on the results from
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the wound healing assays, FOXK1 overexpression led to
increased motility compared with that of the control cells
(Figure 3A4). In contrast, FOXK1 knockdown in these
same cells led to slower wound closure (Figure 3B). In
Transwell assays, FOXK1 overexpression increased AGS
and MGCB803 cell migration and invasion compared with
those of cells transfected with vector controls (Figure 3C).
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FOXKI1 knockdown effectively reduced the number of
invading cells in both cell lines (Figure 3D). FOXK1 thus

drives the migration and invasion of GC cells in vitro.

FOXKI1 suppresses autopbagy in GC

Autophagy is closely linked to oncogenesis (14). Strategies
that induce autophagy have been reported to inhibit tumor
proliferation, invasion and migration (15,16). However, the
relationship between FOXKI1 expression and autophagy
has not been previously reported in GC. To elucidate the
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relationship between FOXK1 and autophagy, autophagy
activity was assessed using a confocal laser imaging system.
An emerging approach was used to analyze autophagosome-
mediated dynamic changes in the protein levels and protein
degradation. The functional switching of yellow fluorescence
to red fluorescence reflects the functional autophagy flux after
LC3 is fused in tandem with acid-resistant mCherry (such as
RFP) and acid-sensitive GFP. As shown in Figure 44,B, the
yellow fluorescence of autophagic puncta was dramatically
reduced in cells transfected with the pcDNA3.1-FOXK1
plasmid. Western blotting confirmed clear reductions in the
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Beclinl and FOXKI1 were examined using western blotting in cells transfected with siNC or siFOXK1; (D) autophagosomes were observed

under a transmission electron microscope in cells with FOXK1 knockdown. Scale bar, 2 pym. The data are presented as the means + SD of
three independent experiments. **, P<0.01, ***, P<0.001, and ****, P<0.0001.

expression levels of the autophagy-associated proteins LC3-
IT and Beclinl, as well as increased levels of p62 (Figure 4C).

FOXKI1 knockdown promotes autophagy in GC cells

We assessed autophagy in cells with FOXK1 knockdown
to further confirm the effect of FOXKI1 on autophagy. The

© Annals of Translational Medicine. All rights reserved.

results from the confocal laser analysis revealed a significant
increase in autophagy following FOXK1 knockdown (Figure
5A,B), and western blotting confirmed clear increases in
LC3-1II and Beclin1 levels and decreased p62 levels (Figure
5C). Furthermore, transmission electron microscopy
revealed autophagic vesicles containing engulfed organelles
in the cytoplasm (Figure 5D).
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FOXK1 induces autophagy in GC cells by modulating the
PIBK/AKT/mTOR signaling pathway

The PI3K/AKT pathway was recently shown to function
as a negative regulator of autophagy (17). Therefore, we
used KEGG signaling pathway analysis to identify pathways
that FOXK1 regulates and found that FOXKI1 regulates
PI3K activation (Figure 64). Several other studies have
shown that class I PI3K and class III PI3K have opposing
functions in autophagy regulation (18). Therefore, we
observed the effects of overexpression and knockdown of
FOXK1 expression on class I PI3K, class IIT PI3K, AKT,
and mTOR in GC cells. Western blots showed that levels of
class I PI3K, the p-AKT/total AKT ratio and the p-mTOR/
total mTOR ratio were significantly increased and that
expression of class III PI3K was decreased after FOXK1
overexpression (Figure 6B). In addition, FOXK1 knockdown
led to the opposite trend (Figure 6C). We also used real-
time PCR to verify that FOXKI can increase mRNA
expression in class I PI3K, whereas the expression of class
I PI3K is reduced (Figure 6D). Taken together, these data
indicate that FOXKI1 regulates autophagy at least in part
through the PI3K/AKT/mTOR pathway. At the same time,
FOXKI1 inhibits autophagy by upregulating class I PI3K
and downregulating class III PI3K.

FOXK]1 knockdown increases autophagy inbibited by
3-methyladenine (3-MA)

3-MA, a class III phosphatidylinositol 3-kinase (PI3K)
inhibitor, is currently the most widely used autophagy
inhibitor (19). We transfected AGS and MGC803 cells
with siNC and siFOXKI1 to further determine the role of
FOXKI in the proliferation and invasion of cells in which
3-MA (200 pm) suppressed autophagy. As shown in Figure
74, in the presence or absence of 3-MA, LC3-II expression
was increased and p62 expression was decreased after
treatment with siFOXKI1. Furthermore, western blotting
results confirmed that the downregulation of LC3-II caused
by 3-MA was enhanced by siFOXK1 in AGS and MGC803
cells. In contrast, upregulation of p62 induced by 3-MA
was alleviated by siFOXKI. In addition, the results of the
EdU and Transwell assays showed that silencing FOXK1
attenuated 3-MA-induced proliferation and invasion (Figure
7B,C). Based on these results, FOXKI plays an important
role in 3-MA-mediated suppression of autophagy in GC
cells.

© Annals of Translational Medicine. All rights reserved.
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Downregulation of FOXKI inhibits GC growth in vivo

We established mouse xenograft models to further examine
the role of FOXKI1 in vive. First, LV-shNC and LV-
shFOXKI1 were transfected into MGC803 GC cells. Next,
equal numbers of both groups of MGC803 cells were
injected into the hind limbs of 4-week-old CB17/SCID
mice. Four weeks after implantation, all the mice were
sacrificed, and the tumor size and volume were recorded. As
shown in Figure 84, the tumors were significantly smaller
in mice inoculated with LV-shFOXK1-transfected GC
cells than in those inoculated with LV-shNC-transfected
cells. Fifteen days after inoculation, the growth curve of the
control group was significantly more pronounced than that
of the LV-shFOXKI1 group (Figure 8B). Accordingly, the
xenografted tumors from the mice were weighed, and the
tumors from the LV-shNC group were significantly heavier
than those from the LV-shFOXKI1 group (Figure 8C). As
shown in Figure §D, hematoxylin and eosin (H&E) staining
confirmed the apparent heterogeneity of the cells in the
tumor, with large nuclei and single staining. At the same
time, western blotting analysis showed significantly reduced
levels of FOXKI, class I PI3K, p-AKT, p-mTOR and p62
in tumors from mice in the LV-shFOXK1 group, which was
accompanied by an increase in the level of class IIT PI3K
and LC3-II (Figure 8E). Taken together, these data suggest
that inhibiting FOXKI1 expression increases autophagy
levels in GC through the PI3K/AKT/mTOR pathway.

Discussion

In this study, we analyzed the relationship between FOXK1
expression and clinicopathological features of GC patients.
FOXKI1 expression is closely correlated with the degree
of GC malignancy. Subsequently, we determined that
FOXKI significantly affects the proliferation, invasion, and
metastasis of GC cells and that autophagy may play a role in
this process. Finally, FOXK1 was shown to activate the class
I PI3K/AKT/mTOR pathway and inhibit class III PI3K,
both of which block autophagy. Overall, FOXKI represents
a potential prognostic marker and a positive predictor of
GC growth and invasiveness. Its upregulation promotes the
malignant behavior of GC by inhibiting autophagy, and its
mechanism may be related to the regulation of the PI3K/
AKT/mTOR signaling pathway (Figure SI).

The FOX family of transcription factors is involved
in tumorigenesis, tumor progression and embryogenesis
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* P<0.05, **, P<0.01, ***, P<0.001, and ****, P<0.0001.
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Figure 8 Downregulation of FOXKI inhibits GC growth in vivo. (A) Tumor tissues derived from xenograft tumors in CB17/SCID mice
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FOXKI1; (B) tumor growth curves for the LV-NC and LV-shFOXKI1 groups. Tumor volumes were measured weekly; (C) the average tumor
weights from mice in the LV-NC and LV-shFOXKI1 groups. Tumors were excised at the end point of the experiment and weighed; (D) H&E
staining of xenograft tumors from CB17/SCID mice; (E) levels of FOXKI1, class I PI3K, class III PI3K, p-AKT, p-mTOR, LC3-II and p62
in tissues from xenograft tumors were detected using Western blotting. *, P<0.05, **P, <0.01, ***, P<0.001, and ****, P<0.0001.

(20,21). Based on accumulating evidence, FOXKI, a
member of the FOX family, functions as an oncogene in
many cancers when it is overexpressed. Wu ez al. (22) also
confirmed that FOXK1 interacts with FHL2 to promote
colon cancer proliferation, invasion and metastasis. The
abnormal expression of FOXKI and consequent activation
of downstream signaling pathways have been shown
to lead to tumorigenesis and progression and alter the
tumor phenotype. However, the mechanism by which
FOXK1 promotes the malignant behavior of GC remains
unclear. Our results confirm for the first time that FOXKI1

© Annals of Translational Medicine. All rights reserved.

overexpression increases proliferation and drives invasion
and metastasis by inhibiting autophagy. Therefore, FOXK1
overexpression may be an important molecular target for
cancer growth and metastasis, in which autophagy plays a
key role.

Autophagy is a dynamic physiological process that
aims to maintain cellular homeostasis. In some contexts,
this process promotes cell survival by generating energy;
however, this process changes drastically in tumors (23).
Cancer cell-induced autophagy is more likely to be a
dynamic mechanism that supports or inhibits tumor cell
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survival. Chen HT and other scholars concluded that
autophagy can act as a cancer suppressor and tends to
prevent metastasis by selectively downregulating key
transcription factors of EMT (24). According to a study
by Kroemer, stress-induced hyperautophagy inhibits cell
survival (16). As shown in a study by Wei R, inhibiting
autophagy promotes the invasion and metastasis of colon
cancer cells (15). Thus, autophagy represents a physiological
process that can inhibit the proliferation and migration of
tumor cells. Based on our results, FOXK1 overexpression
decreases the LC3-II/LC3-I ratio and Beclinl levels and
increases p62 levels. After FOXKI1 was knocked down, the
LC3-II/LC3-I ratio and Beclinl levels increased and p62
levels decreased, indicating that FOXKI is a key factor
regulating autophagy. This result is consistent with the
findings reported by Christopher John Bowman (25). In
the present study, the proliferation, invasion and metastasis
of GC cell lines were increased after 3-MA-mediated
inhibition of autophagy. Thus, FOXK1 may regulate
autophagy during the later stages of tumor development,
thereby promoting the malignant behaviors of GC.

The PI3K/AKT/mTOR signaling pathway plays a
pivotal role in both development and disease, with a
known role in cancer (26,27). PI3K is a member of a family
of conserved lipid kinases whose aberrant activation is
frequently observed in human cancers (28). Class I PI3K,
which negatively regulate autophagy, phosphorylate PIP2
to produce PIP3. PIP3 recruits the second messenger AKT
to send signals to mTOR to consequently inhibit autophagy
(29,30). By contrast, class III PI3K drive processes that
promote autophagy (18). In the present study, our results
support the hypothesis that FOXKI inhibits autophagy
at least in part through the PI3K/AKT/mTOR signaling
pathway to promote malignant behavior of tumors. Based
on these findings, FOXK1 plays an important role in
mediating GC progression, which provides new insights
into further understanding and developing GC-based
therapies.

Conclusions

In summary, FOXK1 inhibits autophagy by activating the
PIBK/AKT/mTOR pathway and inhibiting class III PI3K
activity, thereby promoting the malignant behaviors of GC.
These data reveal a new molecular mechanism of FOXK1
and autophagy in GC. In addition, FOXK1 may be a key
factor predicting tumor progression and clinical outcomes
in patients with GC. Therefore, the FOXK1-autophagy axis
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represents a potential novel target for treating GC.
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Supplementary

Table S1 FOXKI siRNA sequence

FOXK1 siRNA Sequence
Sense (5'-3) CAACCUCUCUUUGAACCGUTT
Antisense (5'-3') ACGGUUCAAAGAGAGGUUGTG

Table S2 Antibodies used for Western blotting observation

Antibody Dilution Supplier Iltem number
FOXKA1 1/1,000 Cell Signaling Technology #12025
LC3 1/1,000 Cell Signaling Technology #4108
Beclin1 1/1,000 Bioworld AP6020
B-Actin 1/5,000 HuaBio EM21002
SQSTM1/P62 1/1,000 Cell Signaling Technology #5114
AKT 1/1,000 Cell Signaling Technology #9272
mTOR 1/1,000 Cell Signaling Technology #2972
p-AKT 1/1,000 Cell Signaling Technology #9271
Class | PIBK 1/1,000 Cell Signaling Technology #4228
Class Ill PIBK 1/1,000 Cell Signaling Technology #13857
p-mTOR 1/1,000 Cell Signaling Technology #2971

—— Stimulatory modification

— Inhibitory modification

Tumor proliferation/metastasis

Gastric cancer

Figure S1 The proposed mechanistic model of FOXKI1 in gastric cancer. FOXKI1 activates the PI3K/AKT/mTOR pathway in gastric
cancer to inhibit autophagy and promote tumor growth, invasion and metastasis.



