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Abstract

Background Diffuse-type gastric cancers (DGC) typically have a poor prognosis related to their invasion and metastasis, in
which the epithelial-mesenchymal transition (EMT) is the initiation step. ULK2 plays a role in the autophagy initiation, which
might provide a survival advantage in cancer cells. Although knock-down of ULK?2 reportedly induces autophagy and EMT in
a lung cancer cell line, the mechanism of EMT via the down-regulation of ULK2, as well as its clinical significance, remains
yet unclear. The present study, therefore, aims at clarifying this mechanism and its clinical significance in gastric cancers.
Methods We examined ULK2 mRNA expression in gastric cancer tissues and normal gastric tissues of healthy people. The
effects of knock-downed ULK?2 were examined in two gastric cancer cells, which were investigated in terms of their gene
expression changes by the mRNA microarray.

Results ULK?2 was strongly expressed in intestinal-type cancers but was scarcely expressed in DGC by immunohistochemical
staining. Furthermore, we found that ULK2 was methylated in DGC and was unmethylated in corresponding adjacent normal
tissues. Then, we validated whether knock-down of ULK2 could induce autophagy, cell migration, and EMT in NUGC3 and
MKN4S5 cells. Using mRNA microarray analysis, we confirmed that knock-down of ULK?2 changed expressions of oncogenic
genes associated with cell migration and EMT. Autophagy inhibitor suppressed cell migration and EMT induced by knock-
down of ULK2 in NUGC3 and MKN45.

Conclusion Methylation silencing of ULK?2 could induce cell migration and EMT by means of autophagy induction, causing
transformation to poorly differentiated cancers.

Keywords Autophagy - DNA methylation - Cancer development - Epithelial-mesenchymal transition

Introduction characterization of gastric cancers showed that DGC can

be classified into three groups (PX1-3), of which PX2 and

Gastric cancer is one of the most common cancers and the
leading cause of cancer-related deaths in the world [1]. The
Lauren classification divides gastric cancers into diffuse,
intestinal and mixed type [2], with the first (DGC) being
histologically characterized as a poorly differentiated adeno-
carcinoma with poor prognosis [3, 4]. The recent proteomic
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PX3 feature the epithelial-mesenchymal transition (EMT)
process [5].

EMT is an essential initiation step in the tumor progres-
sion and metastasis, consisting of a process wherein epithe-
lial cells lose cell-to-cell adhesion and apical-basolateral
polarization with a fibroblast-like morphology and gain the
property to invade the underlying basement membrane [6].
The elucidation of EMT is important for the development
of medicines for preventing and treating cancer that shows
invasion and metastasis, thereby improving the prognosis.

Autophagy is a mechanism for survival under stress con-
ditions, such as nutrient deprivation, growth factor deple-
tion, drug stimulation, and hypoxia [7]. With regard to tumor
development, autophagy might play context-dependent roles
in the initiation and the progression of cancer. In the initia-
tion phase, autophagy might act among primary cells as an
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anti-carcinogenic mechanism against metabolic stress that
causes genetic instability and DNA damage. In the progres-
sion phase, autophagy might provide a survival advantage
to tumor cells that are under metabolic stress induced by
hypoxic and low-nutrient conditions [8]. A previous study
showed that some tumor suppressor genes, such as PTEN,
PI3K, AKT, and TP53 inhibit the target of rapamycin sign-
aling pathway upstream [9], and that these might prevent
tumor progression through autophagy inhibition. Autophagy
impairment is, thus, considered to play an important role in
gastric carcinogenesis.

Uncoordinated 51-like kinase 2 (ULK2), a member of
the serine/threonine kinase family, plays an essential role
in the initiation of autophagy in mammalian cells. Moreo-
ver, ULK?2 is involved in many other biological processes,
including cell fate determination, metabolism, transcrip-
tional control, and oncogenesis [10, 11]. Knock-down of
ULK?2 was shown to enhance autophagy and induce EMT
in a non-small-cell lung cancer cell line [12]. Methylation
silencing of ULK2 was reported to induce tumor growth
in glioblastoma [13]. However, how knock-down of ULK?2
induces EMT and whether ULK?2 is downregulated in gastric
cancers with EMT potential has not yet been elucidated. In
this regard, we hypothesized that the methylation silencing
of ULK?2 in gastric cancer cells can induce EMT in gastric
cancers, thereby leading to poorly differentiated cancers.

The present study aims at assessing the mechanism of
EMT and its clinical significance in gastric cancers through
the down-regulation of ULK2. With this, we believe that our
findings will help the onward treatment of gastric cancers.

Methods
Clinical tissue samples and Database

Gastric mucosae were obtained by endoscopic biopsy
from nine healthy volunteers. Gastric cancer tissues were
obtained from 30 gastric cancer patients for reverse tran-
scription (RT)-PCR and quantitative methylation-specific
PCR (gMSP), whereas another six gastric cancer patients
were retrieved for the methylation microarray analysis.
Additionally, formalin-fixed and paraffin embedded (FFPE)
tumors were obtained for the immunohistochemical analysis
from 14 gastric cancer patients who had undergone surgical
resection. For MSP, DNA was extracted from FFPE speci-
mens of ten DGC using the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s
protocol. The Cancer Genome Atlas (TCGA) data and the
corresponding clinical files were obtained from the NIH
Genomic Data Commons. The methylation levels of ULK2
were scored using § values, which range from O (completely
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unmethylated) to 1 (completely methylated). Written
informed consent was obtained from each subject.

Reagents

Antibodies against microtubule associated protein 1 light
chain 3 B (MAP1LC3B) (catalog no. 12741), E-cadherin
(catalog no. 3195), and Vimentin (catalog no. 5741) were
purchased from Cell Signaling Technology (Danvers, MA).
An antibody against p62 (catalog no. PO067) was purchased
from Sigma-Aldrich Corporation (St. Louis, MO), an anti-
body against actin (C-11) (catalog no. sc-1615) was pur-
chased from Santa Cruz Biotechnology (Dallas, TX) and
hydroxychloroquine (CQ) (catalog no. S4430) was pur-
chased from Selleckchem (Houston, TX).

Human DNA methylation microarray analysis

As previously described, the genome-wide DNA methyla-
tion analysis was performed on clinical samples using the
Infinium HumanMethylation450 BeadChip microarray
system (Illumina, San Diego, CA). The methylation status
of each CpG site was represented by a  value. We used a
public database available to analyze the presence of CGI
at 200 base pairs upstream from the transcription start site
(TSS200) of Autophagy-related gene (Atg), which was the
University of California Santa Cruz Genome Browser (http://
genome.ucsc.edu/) on GRCh38/hg38 assembly (Genome
Reference Consortium).

Quantitative real-time RT-PCR

RT-PCR was performed using 1 uL of complementary DNA
(cDNA), specific primers (Supplementary Table 1), SYBR
Green I, and an iCycler Thermal Cycler (Bio-Rad, Rich-
mond, CA). cDNA was synthesized from 1 pg of total RNA
using the QuantiTect Reverse Transcription Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol.
Expression levels of target human genes were normalized to
GAPDH expression.

MSP, quantitative MSP (qMSP), and de-methylation
treatment

Fully methylated DNA and completely unmethylated DNA
were prepared by methylating genomic DNA with Sssl
methylase (New England Biolabs, Beverly, MA) and by
amplifying genomic DNA with the GenomiPhi amplifica-
tion system (GE Healthcare, Little Chalfont, UK), respec-
tively. Bisulfite conversion, MSP, and qMSP were performed
with specific primers (Supplementary Table 2), as previously
described [14]. Accordingly, the DNA methylation level was
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calculated [15] and the de-methylation treatment was per-
formed using stated 1.0 uM 5-aza-2'-deoxycitidine [15].

Immunohistochemistry

Paraffin sections were de-paraffinized and rehydrated, and
were incubated with primary antibody against ULK2 (1:500)
(ThermoFisher Scientific, Waltham, MA) overnight at 4 °C.
Slides were blocked after the antigen retrieval with 5% goat
serum for 1 h at room temperature and were then incubated
with EnVision 4+ System-HRP labeled polymer anti-rabbit
secondary antibody (Dako, Glostrup, Denmark) for 30 min
at room temperature. The peroxidase activity was visualized
with a diaminobenzidine solution (Dojindo Laboratories,
Kumamoto, Japan). The sections were counterstained with
hematoxylin, dehydrated, and mounted. The images were
acquired with the OLYMPUS BX61 microscope (Olympus,
Tokyo, Japan) at 4 X and 10 X magnifications. The expression
of ULK?2 was estimated on the basis of the percentage and
on the intensity of the stained tumor cells. The percentage
of the stained positive cells was graded on a numerical scale
ranging from 0 to 3, where 0 was 0%, 1 for 0-10%, 2 for
10-50% and 3 for 50-100%. The intensity of the staining
was graded on a numerical scale which ranged from O to 3,
where 0 meant no staining, 1 low-intensity, 2 for moderate
and 3 for strong. Respectively, we defined each scale as score
0 for scale 0, score 1 for scale 1, score 5 for scale 2, score 10
for scale 3, with the score index being defined as percentage
score X intensity score (range, 0-100). 2 investigators graded
and calculated the staining percentage and the staining inten-
sity for the final staining score.

Cell culture

In this study, we used three human gastric cancer cell lines
(NUGC3, MKN45, and AGS), where NUGC3 cells were
purchased from the Japanese Collection of Research Biore-
sources (National Institute of Health Sciences, Tokyo, Japan)
whereas MKN45 and AGS cells were purchased from the
American Type Culture Collection (Rockville, MD). These
were maintained in RPMI 1640 (ThermoFisher Scientific)
supplemented with 10% fetal bovine serum and 1% Antibi-
otic—Antimycotic (ThermoFisher Scientific) at 37 °C in a
humidified atmosphere with 5% CO,.

RNA interference

All siRNAs (siULK2-1 sense: 5'-GCUGGCAGACGUGCU
UCAA-AUGAAU-3'" and antisense: 5'-AUUCAUUUG
AAGCACGUCUGCCAGC-3' [HSS114556]; siULK2-2
sense: 5'-GGAGCAGCUGGUGUUGUACAUGAAA-3'
and antisense: 5'-UUUCA-UGUACAACACCAGCUGCU
CC-3’ [HSS114558] were purchased from ThermoFisher

Scientific. Cells were transfected using Lipofectamine
RNAiIMAX (ThermoFisher Scientific) according to the
manufacture’s protocol. NUGC3 cells were transfected with
siULK2-1 (10 nM) and siULK2-2 (10 nM) for 48 h. MKN45
cells were transfected with siULK2-1 (400 nM) and siULK?2-
2 (400 nM) for 72 h. Stealth RNAi siRNA Negative Control
Hi GC (ThermoFisher Scientific) was used as a negative
control.

Migration assay

The transwell migration assay was performed using 24-well
Transwell permeable supports with 8-um pores (Corning
Inc., Corning, NY). Mixtures of cells and siRNA were cul-
tured in upper chambers. After 48 or 72 h of incubation, the
medium was gently removed and 100 pL of fresh medium
containing 10% FBS was added. The lower chamber was
filled with 600 pL of medium containing 10% FBS. While
using autophagy inhibitors, cells were treated with or with-
out CQ (30 uM). After 24, 48, 72 and 96 h of incubation,
membranes were fixed with 4% paraformaldehyde and
non-migrated cells on the top side of the membranes were
removed with a cotton swab. Membranes were stained with
Diff-Quik (JACLaS, Tokyo, Japan), and migrated cells were
counted under the OLYMPUS BX61 microscope (Olympus)
at a 10 X magnification.

Immunocytochemistry and confocal microscopy

Forty-five thousands cells per well were cultured with
siRNA in an 8-well chamber slide (ThermoFisher Scien-
tific). While using autophagy inhibitors, cells were treated
with or without CQ (30 pM). After 48 or 72 h, cells were
fixed with 4% paraformaldehyde. Slides were incubated with
BlockAce (KAC, Kyoto, Japan) at room temperature for 1 h
and were then incubated with E-cadherin (1:25) or Vimentin
antibody (1:50), followed by Alexa Fluor 568 (red)-conju-
gated goat anti-rabbit secondary antibody (ThermoFisher
Scientific) or Alexa Fluor 488 (green)-conjugated goat anti-
rabbit secondary antibody (ThermoFisher Scientific) for
1 h at room temperature in the dark. Specimens were coun-
terstained and mounted using VECTASHIELD Mounting
Medium with DAPI (Vector Laboratories, Gdynia, Poland).
Immunofluorescence was analyzed with a LSM 780 confocal
microscopy (Zeiss, Jena, Germany).

Human mRNA microarray analysis

Microarray analysis was performed using SurePrint G3
Human GE 8 X 60 K Microarray Ver3.0 (Agilent Technolo-
gies, Santa Clara, CA) and Feature Extraction Software
(Agilent Technologies), according to the manufacture's pro-
tocol. Differentially expressed genes (DEGs) were selected
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according to the manufacture's instruction, that is, they
were selected based on a log, fold change greater than 1 or
lesser than -1. Gene ontology and pathway analyses were
performed using DAVID v6.8 (https://david.ncifcrf.gov),
while pathway analyses were performed using the database
of Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg/). Processes and pathways were
regarded as significant at a p value less than 0.01.

Western blotting

Western blotting was performed as previously described
[15]: in short, whole-cell lysates were prepared, and equiv-
alent amounts of protein extracts were resolved using 12%
SDS/PAGE, and were then transferred to polyvinylidene
difluoride (PVDF) membranes (Merck, Darmstadt, Ger-
many), which were blocked with BlockAce (KAC) and fur-
ther incubated with primary antibodies against MAP1LC3B
(1:1,000), p62 (1:2,000), and actin (C-11) (1:1,000) at 4 °C
overnight. After the incubation with primary antibodies, the
secondary antibody horseradish peroxidase-conjugated anti-
rabbit or anti-goat immunoglobulin G (1:2,000) (Dako) was
added, and the membranes were incubated at room tempera-
ture for 30 min. The immunoreactive bands were visualized
with ImageQuant LAS4000 (GE Healthcare) and the densi-
ties of LC3B, p62, and actin were measured using Imagel
software (https://imagej.nih.gov/ij/).

Statistical analysis

The statistical significance of differences between groups
was analyzed using Student's ¢ test or Mann—Whitney U test.
At least three independent replicates were assessed in each
experiment, and pooled data are presented as mean =+ stand-
ard error. Statistical analyses were performed using Micro-
soft Excel 2016 (Microsoft Office 2016; Microsoft, Red-
mond, WA) and figures were constructed using GraphPad
Prism 7.0 software (GraphPad, La Jolla, CA). A p-value less
than 0.05 was considered statistically significant.

Results

ULK2 is silenced by DNA methylation in diffuse-type
gastric cancers

We performed genome-wide DNA methylation analysis
on six gastric cancer tissues and four Helicobacter pylori
(H.pylori) -negative normal tissues using HumanMethyla-
tion450K to identify Azg genes that were methylated in gas-
tric cancer and unmethylated in normal gastric epithelium.
Among 34 previously reported Atg genes, we were able to
identify MAPILC3A, ULK2 and ATG2A [14, 16]. Likewise,
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we reported the methylation silencing of MAPILC3A pro-
motes gastric carcinogenesis [14]. ULK2 has been reported
about the association with cancer, but ATG2A has not been
reported. Thus, for the subsequent analysis, we focused on
ULK?2.

ULK2 mRNA expression was assessed in human gas-
tric tissues, including 30 gastric cancer tissues and five
H.pylori-negative normal tissues, which showed ULK?2
mRNA expression of gastric cancer tissues was significantly
lower than H.pylori-negative normal tissues (Fig. 1a) while
the ULK?2 methylation level of gastric cancer tissues was
higher than H. pylori-negative normal tissues (Fig. 1b). In
its turn, we confirmed ULK2 methylation level of poorly
differentiated gastric cancers was significantly higher than
well differentiated gastric cancers and ULK2 methylation
negatively correlated to ULK2 mRNA expression from the
TCGA database (Fig. 1c and Supplementary Fig. 1a).

The ULK2 expression profile was examined in four nor-
mal gastric tissues and four intestinal-type gastric cancers
(IGC) and six DGC by immunohistochemistry to investigate
the association between the histological type of gastric can-
cer and the ULK2 expression. ULK?2 was strongly expressed
in normal gastric epithelial cells and IGC, as expected, but
it was not detected in DGC (Fig. 1d), whereas ULK2 score
index of normal gastric epithelial cells and IGC were sig-
nificantly higher than DGC (Fig. le). Interestingly, ULK?2
was not detected in three small DGC on an early stage (Sup-
plementary Fig. 1b), while in four mixed-type gastric can-
cers, ULK2 was expressed in intestinal component but not
expressed in diffuse components (Supplementary Fig. 1c¢).
Moreover, the staining pattern proved to be consistent in all
the tissues tested.

To confirm whether DNA methylation silences ULK2
in DGC, the DNA methylation status of ULK2 was exam-
ined in two DGC tissues, from which adequate DNA was
successfully extracted. ULK2 was methylated in the cancer
components and unmethylated in the corresponding adjacent
normal components in both tissues (Fig. 1f).

Additionally, we explored the prognostic significance of
ULK?2 in gastric cancer using the database Kaplan—Meier
Plotter (http://kmplot.com). Median overall survival was
not significantly different between low and high expression
groups of ULK2 mRNA in gastric cancer patients (Supple-
mentary Fig. 1d).

Knock-down of ULK2 promoted cell migration
and EMT in gastric cancer cells

The mRNA expression of ULK2 was examined in three
human gastric cancer cell lines (NUGC3, MKN45, and
AGS) by RT-PCR. The expression was at a significant
level in NUGC3 and MKN45 cells, and was absent in AGS


https://david.ncifcrf.gov
https://www.genome.jp/kegg/
https://imagej.nih.gov/ij/
http://kmplot.com

Methylation silencing of ULK2 via epithelial-mesenchymal transition causes transformation... 329

a b c
500_ Kk \? 40_ *%
< . 2__, (4
§ § 400 . % 30- ©
E I 3001 e ol - 3
S 20
8% 2009 - S% 2
S € 100- % ) £ 101
o3 ]
= -

Fig.1 ULK2 is silenced by DNA methylation in diffuse-type gastric
cancers. a RT-qPCR b gMSP in gastric cancer (n=30) and H.pylori-
negative normal tissue (n=35) from biopsy samples. ¢ p values of
ULK?2 CpG island were taken from the TCGA database. G1, well-
differentiated cancer (n=9); G2, moderately differentiated cancer
(n=51); G3, poorly differentiated cancer (n=100). d Hematoxylin
and eosin stain (upper) and immunohistochemical stain for ULK2
(lower) of human samples. The left panel indicates normal gastric
epithelium, the median panel indicates intestinal-type gastric can-
cers and the right panel indicates diffuse-type gastric cancers. Rep-

cells (Fig. 2a). NUGC3 and MKN45 cells were, thus, used
to investigate the function of ULK2.

In addition, ULK?2 was fully methylated without mRNA
expression in AGS cells (Fig. 2a and 2b), whereas the de-
methylation treatment significantly decreased the meth-
ylation level while increasing ULK2 mRNA expression
in AGS cells (Fig. 2c). These results indicate ULK?2 is
regulated by DNA methylation in gastric cancer cell lines.

Knock-down of ULK?2 was successfully performed and
the mRNA levels were decreased to 10-20% and 25-40%
of the level in the control in NUGC3 and MKN45 cells,
respectively (Fig. 2d). Migration assay was performed with
ULK?2 knock-downed cells to assess the effect of ULK2 on
cell migration, which then showed the migration of ULK2
knock-downed cells was more promoted than that of con-
trol cells in both NUGC3 and MKN45 cells (Fig. 2e).
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resentative images were shown. Black bar=200 p m. e ULK2 score
index in normal gastric epithelium, intestinal-type and diffuse-type
gastric cancers. f MSP of tumor and non-tumor tissues from FFPE
specimens by microdissection methods in 2 cases of DGC. T, tumor;
NT, non-tumor. The data represent the mean=standard error of
the mean in triplicate from one representative of three with similar
results. NS, not significant; *, p-value <0.05, **, p-value < 0.01, ***,
p-value <0.001, **** p-value <0.0001, Student’s ¢ test in (a) (b) and
(e), Mann—Whitney U test in (c)

Additionally, we evaluated the expressions of epithelial
and mesenchymal markers in NUGC3 and MKN45 cells to
examine the involvement of ULK?2 in EMT. Knock-down of
ULK?2 reduced the expression of E-cadherin, an epithelial
marker protein, and enhanced the expression of Vimentin, a
mesenchymal marker protein, in both NUGC3 and MKN45
cells (Fig. 2f). These results suggest that knock-down of
ULK?2 can induce cell migration and EMT in gastric cancer
cells.

Knock-down of ULK2-induced oncogenic pathways
related to cell migration and EMT

To investigate the gene expression changes in NUGC3 and

MKN4S5 cells by knock-down of ULK2, mRNA microarray
analyses were performed, which identified 2,896 and 1,949
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Fig.2 Knock-down of ULK?2 induces cell migration and EMT in gas-
tric cancer cells. a RT-qPCR b gMSP in NUGC3, MKN45 and AGS
cells. ¢ RT-gPCR and gMSP in AGS cell treated with de-methylation
treatment. d RT-qPCR e Migration assay f Immunocytochemistry
in NUGC3 and MKN45 treated with siULK2 or siControl. The data

genes as DEGs in NUGC3 and MKN45 cells, respectively.
1,545 and 794 genes among the DEGs were upregulated
by knock-down of ULK2 in NUGC3 and MKN45 cells,
respectively, and 92 genes were commonly upregulated,
of which 23 were importantly associated with cell migra-
tion (red point) and 10 of these 23 genes were further
associated with EMT (red name genes) (Fig. 3a and Sup-
plementary Table 3). 1,351 and 1,152 genes were, on the
other hand, downregulated in NUGC3 and MKN45 cells,
respectively, and 225 genes were commonly downregu-
lated. Also, 15 of these 225 genes were importantly asso-
ciated with cell migration (red point), with 4 of these 15
being associated with EMT (red name genes) (Fig. 3b and
Supplementary Table 4). Twenty-one and 19 of 38 genes
associated with cell migration were validated by RT-PCR
in NUGC3 and MKN45 cells, respectively, while 10 and
12 of 14 genes associated with EMT were validated by
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represent the mean =+ standard error of the mean in triplicate from
one representative of three with similar results. siULK2, siRNA
of ULK?2; siControl, negative control siRNA; NS, not significant;
* p-value<0.05, **, p-value<0.01, ***  p-value<0.001, ***%*
p-value <0.0001, Student’s ¢ test

RT-PCR in NUGC3 and MKN45 cells, respectively (Sup-
plementary Fig. 2 and Supplementary Fig. 3).

The gene ontology analysis of DEGs showed that 60
and 43 biological processes were significantly enriched
in ULK2 knock-downed NUGC3 and MKN45 cells,
respectively (Supplementary Table 5 and Supplementary
Table 6), and that four among the top ten significant pro-
cesses were likewise associated with cell adhesion and
chemotaxis (Fig. 3c). The pathway analysis showed that
21 and 13 pathways were significantly enriched in ULK2
knock-downed NUGC3 and MKN45 cells, respectively,
and that chemokine signal pathway, cell adhesion mol-
ecules and focal adhesion were associated with cell migra-
tion or EMT (Fig. 3d). In other words, these results sug-
gest that knock-down of ULK2 can promote cell migration
and EMT through expression changes in the corresponding
genes.
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Fig.3 Knock-down of ULK2 induces the oncogenic pathway in
gastric cancer cells. Microarray analysis in NUGC3 treated with
siULK2-1 or siControl and MKN45 treated with siULK2-2 or siCon-
trol. a Upregulated genes by siULK2 were shown in black point (log,
fold change=1). Cell migration related genes were shown in red
point. EMT-related genes were shown in red name. b Downregulated
genes by siULK2 were shown in black point (log, fold change21).
Cell migration related genes were shown in red point. EMT-related
genes were shown in red name. ¢ The top ten processes from the gene

Knock-down of ULK2 promoted cell migration
and EMT via autophagy induction

Without any autophagy inducer, knock-down of ULK2
reduced p62, which is degraded by autophagy processes and

b
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KEGG pathway enrichment P value
Cytokine-cytokine receptor interaction 8.79E-08
Rheumatoid arthritis 3.36E-05
NOD-like receptor signaling pathway 4 .59E-05
Osteoclast differentiation 9.60E-05
Pertussis 2.49E-04
TNF signaling pathway 7.67E-04
Chemokine signaling pathway 1.15E-03
Chagas disease (American trypanosomiasis) 1.24E-03
Staphylococcus aureus infection 1.25E-03
mTOR signaling pathway 2.60E-03
MKN45
KEGG pathway enrichment P value
Cytokine-cytokine receptor interaction 3.99E-07
TNF signaling pathway 1.67E-05
NF-kappa B signaling pathway 1.12E-04
Rheumatoid arthritis 1.30E-04
Cell adhesion molecules (CAMs) 1.05E-03
Focal adhesion 1.44E-03
Inflammatory bowel disease (IBD) 1.64E-03
Chemokine signaling pathway 3.20E-03
Osteoclast differentiation 5.23E-03
NOD-like receptor signaling pathway 5.65E-03

ontology analysis ranked by p-value, shown as a bar chart. Red bar
indicates cell adhesion, migration and chemotaxis related processes.
d The top ten pathways from the KEGG pathway enrichment analysis
ranked by p value. The pathway related to cell migration and adhe-
sion were shown in red name. siULK2, siRNA of ULK2; siControl,
negative control siRNA; log,FC (siULK2/siControl), log, fold change
between the gene expression of siULK2 cells and siControl cells;
log,, (EASE score), -log,, p- value

used as an autophagy marker, in NUGC3 cells and enhanced
the conversion of cytosolic LC3B (LC3B-I) to auto-phago-
somal membrane-associated LC3B (LC3B-II) in both cells
(Fig. 4a and Supplementary Fig. 4a), which indicate that
knock-down of ULK?2 can induce autophagy independently.
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Fig.4 Knock-down of ULK2 enhances autophagy and induces cell
migration and EMT dependent on autophagy induction, a Western
blotting in NUGC3 treated with siULK2-1 or siControl and MKN45
treated with siULK2-2 or siControl. B-actin was used as an internal
control. Densities of each bands were measured using Image] and
the ratio were calculated. LC3B-II/I was defined as density value

We used CQ, an autophagy lysosomal inhibitor, to inves-
tigate the role of autophagy in ULK2-induced cell migra-
tion and EMT. CQ inhibited autophagy induction in ULK2
knock-downed NUGC3 (Supplementary Fig. 4b), and cell
migration in both NUGC3 and MKN45 (Fig. 4b and Sup-
plementary Fig. 4¢). Furthermore, CQ enhanced the expres-
sion of E-cadherin and reduced the expression of Vimentin
in both ULK?2 knock-downed NUGC3 and MKN45 cells
(Fig. 4c and Supplementary Fig. 4d). These results suggest
that knock-down of ULK2 can promote cell migration and
EMT dependent on autophagy induction.

Discussion

In this study, we have demonstrated that ULK2 was specifi-
cally silenced by DNA methylation in DGC. Additionally,
knock-down of ULK2 enhanced autophagy and induced cell
migration and EMT through expression changes in the corre-
sponding genes in gastric cancer cells. Our findings indicate
that down-regulation of ULK2 can cause transformation to
DGC.
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of LC3B-II/density value of LC3B-I. b Migration assay ¢ Immuno-
cytochemistry in NUGC3 treated with siULK2-1 or siControl and
MKN45 treated with siULK2-2 or siControl. Addition of CQ inhib-
ited the effects of siULK2. siULK2, siRNA of ULK2; siControl,
negative control siRNA; DR, density ratio; *, p-value<0.05, **,
p-value <0.01, **%* p-value <0.0001, Student’s ¢ test

Autophagy plays an important role in the migration and
EMT of various cancer cells [6]. The induction of autophagy
by hypoxic inducible factor (HIF)-1a can promote EMT in
pancreatic cancer stem cells [17]. Furthermore, sphingosine
kinase 1 (SPHK1) can promote cell migration in hepatocel-
lular carcinoma cells through the activation of TNF recep-
tor-associated factor 2 (TRAF2)-mediated autophagy [18].
Death effector domain-containing DNA-binding protein
(DEDD)-induced autophagy can, in contrast, inhibit EMT
in breast cancers through the degradation of Snail and Twist
[19]. These findings suggest that autophagy might have can-
cer type-dependent functions in cell migration and EMT.

The ULK1/2 complex plays an essential role in the initia-
tion of autophagy, having various functions, such as cell fate
determination, metabolism, transcriptional control and neur-
ite development [10]. ULK1 and ULK?2 share a 78% homol-
ogy within their protein kinase domains. ULK2 is expressed
ubiquitously, and, at first glance, its function appears to
be redundant with that of ULK1, which is predominantly
located in the cytosol whereas ULK2 is predominantly
located in the nucleus [11]. Recent studies showed that
ULK1 was over-expressed in gastric cancer [20], whereas
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miR-1262 and circular RNA TMEM87A upregulated ULK1
expression and induced cell proliferation and migration [21,
22]. In this study, we showed that ULK2 was downregu-
lated in gastric cancer and that this induced cell migration
and EMT. Thus, although the detailed relationship between
ULK1 and ULK2 has yet to be clarified, ULK1 and ULK?2
might play opposite roles in gastric cancer.

Recent studies reported knock-down of ULK2 induced
autophagy and promoted EMT in A549, a lung cancer cell
line [12]. Before our study, however, it was unclear how
knock-down of ULK?2 induced EMT. In the current study, we
showed that CQ inhibited cell migration and EMT induced
by knock-down of ULK?2 in gastric cancer cell lines. Fur-
thermore, we were able to confirm knock-down of ULK2
changed the expressions of oncogenic 38 genes that are
associated with cell migration and EMT, including OLFM4,
EGR2, MGP, VIM, TP53INP2, SPINKI1, MACCI, SPOCDI,
ACTG2, NOV, PCDHBY, PCAT6, FRAS1, CIQTNF6, CAVI,
KIF3C, GALC, LINC01234, ARHGEF7, IGFBP7, TGFBI,
NUPRI, TGM2, SEMA3B-AS1, SEMA3B, SOHLHI, CPSI-
IT1, RPL34-AS1, PIEZO2, IFITMS5, ANXA6, OAS2, LIMS?2,
DAPK?2, TET3, SFRP1, LCN2 and APLNR [23-59]. We vali-
dated 21 and 19 genes of them in NUGC3 and MKN45 cells,
respectively, by RT-PCR. Therefore, we showed that knock-
down of ULK2 promotes cell migration and EMT through
autophagy induction.

In spite of its clinical significance being unclear, ULK2
was reported to be downregulated in glioblastoma and lung
cancer [12, 60]. In this regard, we found that ULK2 was
strongly expressed in IGC, but was scarcely expressed in
DGC, which can be divided into two groups according to the
tumor development process. Originally, one group includes
diffuse-type cancers only, without a component of intestinal-
type cancers, while the other includes diffuse-type cancers
derived from intestinal-type cancers, which sometimes have
two components of diffuse-type and intestinal-type cancers
in the same cancer tissue (mixed type). In three small DGC
on an early stage, limited ULK?2 expression was detected in
the cancer tissue, which suggested ULK?2 had already been
downregulated in the early stage of carcinogenesis of DGC
and that the down-regulation of ULK2 might directly cause
DGC from pre-malignant tissues. In four mixed-type gas-
tric cancers, ULK2 was definitely detected in the intestinal
component but it was not detected in the diffuse component
in all the four tissues, which in turn suggests that the down-
regulation of ULK2 can transform intestinal-type cancer
cells into diffuse-type cancer cells. Bearing in mind these
results, the down-regulation of ULK2 could be associated
with the development of DGC directly from pre-malignant
tissues and IGC. Lauren classification is an independent pre-
dictor for overall survival in gastric cancer and IGC presents
better survival than DGC [4]. Although our study suggested
that ULK?2 silencing could cause DGC characteristics, ULK2

expression was not associated with overall survival in gas-
tric cancer patients of Kaplan—Meier Plotter database. The
unexpected results might be brought because the analysis
was performed retrospectively. A prospective study would
resolve this matter.

ULK?2 gene mutations, including synonymous and non-
synonymous mutations, were detected in 1 of 81 (1.23%)
cases of DGC and 5 of 174 (2.87%) cases of IGC, accord-
ing to the TCGA database. These results suggest that gene
mutations have a limited contribution to the down-regulation
of ULK?2 in gastric cancers. microRNA.org (www.micro
rna.org) additionally showed that 75 miRNAs could target
ULK2, and that among these miRNAs the down-regulation
of miRNA-26b inhibited cell proliferation by targeting ULK?2
and inactivating the PTEN/AKT pathway in laryngeal cancer
cells [61]. In this study, we found that ULK?2 was silenced by
DNA methylation in clinical samples of DGC and a gastric
cancer cell line. DNA methylation, therefore, mainly con-
tributes to the down-regulation of ULK? in gastric cancers.

This study has some limitations. First, we could not clar-
ify the mechanisms through which the down-regulation of
ULK? induced cell migration and EMT. However, we were
able to show for the first time that down-regulation of ULK?2
enhanced the gene expression associated with cell migration
and EMT. Second, the sample size was small for immunohis-
tochemistry, but the expression pattern, which proved to be
weak in normal gastric epithelial cells, strong in intestinal-
type gastric cancer cells and limited in diffuse-type gastric
cancer cells, was consistent in all the investigated samples.

In conclusion, this is the first study to confirm that ULK?2
was specifically silenced by DNA methylation in DGC, dem-
onstrating that knock-down of ULK?2 promotes cell migra-
tion and EMT through the induction of autophagy in gastric
cancer cells. The methylation silencing of ULK?2, therefore,
causes the transformation to poorly differentiated cancers
through the induction of EMT.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10120-021-01250-0.
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