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Hepatic metastasis of gastric cancer 1s associated
with enhanced expression of ethanolamine kinase 2 via
the p53-Bcl-2 intrinsic apoptosis pathway
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Masamichi Hayashi', Suguru Yamada', Goro Nakayama', Masahiko Koike' and Yasuhiro Kodera'

BACKGROUND: Gastric cancer (GC) with hepatic metastasis has a poor prognosis. Understanding the molecular mechanisms
involved in hepatic metastasis may contribute to the development of sensitive diagnostic biomarkers and novel therapeutic

strategies.

METHODS: We performed transcriptome analysis of surgically resected specimens from patients with advanced GC. One of the
genes identified as specifically associated with hepatic metastasis was selected for detailed analysis. GC cell lines with knockout of
the candidate gene were evaluated in vitro and in vivo. Expression of the candidate gene was analysed in GC tissues from

300 patients.

RESULTS: Ethanolamine kinase 2 (ETNK2) was differentially upregulated in GC patients with hepatic metastasis. ETNK2 expression
was elevated in GC cell lines derived from haematogenous metastases. ETNK2 knockout significantly suppressed proliferation,
invasion, and migration; increased apoptosis; reduced Bcl-2 protein expression; and increased phosphorylated p53 expression. In
mouse xenograft models, ETNK2 knockout virtually abolished hepatic metastasis. Stratification of GC patients based on ETNK2
mMRNA level revealed significant associations between high ETNK2 tumour expression and both hepatic recurrence and worse

prognosis.

CONCLUSIONS: Upregulation of ETNK2 in GC enhances hepatic metastasis, possibly via dysregulation of p53-Bcl-2-associated
apoptosis. ETNK2 expression may serve as a biomarker for predicting hepatic recurrence and a therapeutic target.

British Journal of Cancer (2021) 124:1449-1460; https://doi.org/10.1038/s41416-021-01271-7

BACKGROUND
Gastric cancer (GC) is one of the leading causes of cancer-related
death worldwide.! Despite advances in multimodal therapy,
recurrence after curative gastrectomy is common, and the 5-year
survival rate for patients with advanced GC is 20-40%.>> This is due
in large part to a combination of frequent diagnosis at an
advanced stage, lack of curative therapies, and a paucity of
sensitive biomarkers for predicting recurrence. Tumour progression
and metastasis are affected by the anatomical site of initial
occurrence as well as hemodynamic parameters. Cancers of the
gastrointestinal (Gl) tract, such as colon cancer, often develop
hepatic metastases because venous drainage of the Gl tract occurs
via the liver portal vein.* In contrast, peritoneal dissemination is
more common than hepatic metastasis in GC, despite similar portal
vein reflux.® In the past few decades, while the incidence of GC
declined steadily especially in diffuse-type GC with a preference for
peritoneal dissemination, intestinal-type GC located in junction or
cardia with a preference for haematogenous metastasis as
represented by hepatic metastasis has been increasing relatively.>’
Several recently developed therapeutic strategies have the
potential to enhance the prognosis of patients with GC with
peritoneal dissemination®? In contrast, patients with hepatic

metastasis of GC have a dismal prognosis, even though only those
harbouring a single and small metastatic site have acceptable
outcomes.'®'" The development of therapeutic strategies for
hepatic metastasis of GC has stalled; therefore, there is an urgent
need to identify molecules specifically involved in hepatic
metastasis of GC. The development of hepatic metastases involves
many processes, including enhancement of cell adhesion, migra-
tion, invasion, and survival, coupled with changes enabling
evasion of the immune system.'” Differential expression of a
diverse array of molecules contribute to those metastatic
processes, suggesting the possibility of identifying hepatic
metastasis-specific molecules.

To this end, we performed transcriptome analysis of surgically
resected GC specimens to identify molecules specifically asso-
ciated with hepatic metastasis. One of the identified candidate
genes, ethanolamine kinase 2 (ETNK2), was confirmed to be
specifically overexpressed in primary GC tissues from patients with
hepatic recurrence. We performed an in-depth analysis of GC cell
lines with ETNK2 knockout (KO) and/or overexpression in vitro and
in vivo and additionally analysed ETNK2 expression in GC tissue
specimens and evaluated its potential utility as a biomarker of
hepatic metastasis in GC patients.
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METHODS

Clinical specimens and analysis

Resected GC tissues were obtained between 2006 and 2013 from
16 patients who underwent curative gastrectomy for pStage Ill GC
followed by S-1 adjuvant monotherapy and had no recurrences
for >5 years (n =4, group 1), liver-confined recurrences within 2
years after surgery (n =4, group 2), peritoneal recurrences within
2 years after surgery (n=4, group 3), and distant nodal
recurrences within 2 years after surgery (n =4, group 4). Before
sequencing, those samples were satisfied by the following two
quality checks: the optical density of extracted RNA was measured
to confirm that the ratio of the absorbance at 260 and 280 nm
ranged from 1.8 to 2.0, and RNA integrity number measured by
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) was >8.0. RNA libraries were prepared by purification of
amplicons with AMPure XP beads (Beckman Coulter, Brea, CA,
USA), and transcriptome analysis was performed using the HiSeq
platform (lllumina, San Diego, CA, USA)."* Samples were subjected
to global expression profiling of 57,749 genes and significantly
differentially expressed genes were selected based on log2-fold
change and P value using the Cuffdiff package (Homo sapiens
Ensemble GRCh37, Ensemble reference 75).

For large-scale analysis of the selected gene expression, primary
GC tissues were collected from 300 patients who underwent
gastrectomy for GC at the Department of Gastroenterological
Surgery, Nagoya University Hospital between 2001 and 2017.
Uncommon histologic type, like hepatoid carcinoma, were
excluded. Immediately after resection, fresh tissue samples were
frozen in liquid nitrogen and stored at —80°C until analysis.
Relevant clinical data were retrieved from a prospectively
compiled departmental database. Written informed consent was
obtained from all patients, as required by the Institutional Review
Board of Nagoya University, Japan (approval no. 2014-0043).

Cell lines

GC cell lines, the differentiated type (AGS, IM95, MKN1, MKN7,
MKN74 and N87) and the undifferentiated type (GCIY, KATO-II,
MKN45, NUGC2, NUGC3, NUGC4, OCUM1 and SC-6-JCK), were
obtained from the Japanese Collection of Research Bio Resources
Cell Bank (Osaka, Japan) or the American Type Culture Collection
(ATCC, Manassas, VA, USA). A control, non-tumorigenic epithelial
cell line (FHs 74) was purchased from the ATCC. The cells were
cultured at 37°C in RPMI medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% foetal bovine serum
in an atmosphere containing 5% CO,. All cell lines were
authenticated using the short tandem repeat PCR method by
the Japanese Collection of Research Bio Resources Cell Bank
before the study commenced.

Quantitative reverse-transcription PCR (qRT-PCR) and PCR array
analysis

ETNK2 mRNA levels were determined by qRT-PCR as previously
described' using the ABI StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was amplified as an endo-
genous control. Specific primer sequences are listed in Table S1. A
PCR array analysis was performed to obtain the data that support
the involvement of ETNK2 in epithelial-mesenchymal transition
(EMT) by identifying cancer-related genes expressed simulta-
neously with ETNK2. We used the Human Epithelial to Mesench-
ymal Transition RT2 Profiler PCR Array (Qiagen, Hilden, Germany)
to analyse 84 gene expression levels that encode proteins with the
functions related to EMT in 14 GC cell lines and ETNK2 KO cell line.
Genes that fulfilled the following criteria were considered as co-
ordinately expressed genes with ETNK2: (1) expressing at levels
with correlation coefficients =0.65 with ETNK2, and (2) down-
regulated in the ETNK2 KO cells compared to the control
MKN1 cells.

Clustered, regularly interspaced, palindromic repeats-associated
(CRISPR)/Cas9 editing and generation of stable ETNK2 KO cell lines
We employed genome editing using the cRISPR-Cas9 method to
establish GC cells lines with stable ETNK2 KO as described
previously.'>'® Briefly, a guide RNA (gRNA) complementing the
sequences flanking ETNK2 exon 1 was designed using the Gene
Art CRISPR gRNA Design Tool (Thermo Fisher Scientific) and
synthesised using a Gene Art Precision gRNA Synthesis Kit
(Thermo Fisher Scientific). The gRNA (240 ng) was incubated with
1 ug of Gene Art Platinum Cas9 nuclease (Thermo Fisher Scientific)
at room temperature and then introduced into GC cells via
electroporation using a Neon System (Thermo Fisher Scientific).
After evaluating cleavage efficiencies according to the fragmenta-
tion patterns on agarose gel electrophoresis, single-cell clones
were isolated using a standard limiting dilution method. Cells with
stable ETNK2 KO were selected and KO was confirmed by DNA
sequencing and western blot analysis. The sequences of the gRNA
target and primers used to detect ETNK2 cleavage are described in
Table S1.

Transient ETNK2 knockdown (KD) with small interfering RNA
(siRNA)

GC cells were cultured in 24-well plates at 2.5 x 10* cells/well for
24h and then transiently transfected by addition of 20 pmol
ETNK2-specific siRNA or a control siRNA (Table S1) combined with
LipoTrust EX Oligo (Hokkaido System Science, Sapporo, Japan), as
described previously.'* After transfection, cells were cultured in
serum-free RPMI medium for 72 h before use in experiments.

Transient ETNK2 overexpression

GC cells were incubated in 6-well plates at 1x 10* cells/well and
transfected by addition of 4 ug pCMV6-Entry ETNK2 expression
vector (NM_018208; OriGene, Rockville, MD, USA) or a control
pCMV6-Entry Tagged Cloning Vector with C-terminal Myc-DDK
Tags (PS100001; OriGene) combined with LipoTrust EX Gene
(Hokkaido System Science).'"” After transfection, cells were
cultured at 37°C in RPMI medium for 48h before use in
experiments.

Cell proliferation, adhesion, invasion, and migration assays
Proliferation of parental GC cells or cells with ETNK2 KO, ETNK2 KD,
or ETNK2 overexpression were analysed using the Cell Counting
Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc., Kuma-
moto, Japan). Adhesion to the extracellular matrix proteins
fibronectin, collagens | and IV, fibrinogen, and laminin | was
examined using a CytoSelect 48-Well Cell Adhesion Assay Kit (Cell
Biolabs, Inc., San Diego, CA, USA). Cell invasion was assessed using
BioCoat Matrigel invasion chambers (BD Biosciences, Bedford, MA,
USA), and migration was assessed using a wound-healing assay as
described previously.'*

Cell cycle analysis

GC cell cycle analysis was performed using a Cell-Clock Cell Cycle
Assay (Biocolor, Carrickfergus, UK) according to the manufacturer’s
protocol.'® Pixel colour detection and counting of labelled cells
were quantified using the ImageJ software (National Institutes of
Health, Bethesda, MD, USA). To test the reproducibility of the cell
crock assay, we evaluated influences of ETNK2 KO on cell cycle
regulation using the Muse Cell Cycle Kit (Merck Millipore, Billerica,
MA, USA) under the manufacturer’s protocol.

Apoptosis assays

Apoptotic cells were detected by staining with annexin V-Alexa
Fluor 568 conjugate (A13202, Thermo Fisher Scientific).'® Briefly,
parental or stable ETNK2 KO GC cell lines (1 x 10° cells/ml) were
mixed with 10 pl of annexin V conjugate and incubated for 15 min.
Cells irradiated with ultraviolet light for 120 min served as a
positive control. The cells were visualised by phase contrast and



fluorescence microscopy using a BZ9000 microscope (Keyence,
Osaka, Japan). To quantify the percentage of cell apoptosis, the
total number of cells and annexin V-positive cells in eight
randomly selected fields were counted. To measure mitochondrial
transmembrane potential and total caspase activity, 5.0 x 10*
cells/condition were collected and analysed using a Muse
MitoPotential Kit or a Muse MultiCaspase Kit (Merck Millipore,
Billerica, MA, USA), respectively, according to the manufacturer’s
protocols.?%!

Western blot analysis and Simple Western assays
ETNK2 and B cell lymphoma 2 (Bcl-2) were analysed by traditional
western blot analysis. In brief, GC cells were lysed with RIPA buffer
and protein concentrations were determined. Samples equivalent
to 20 ug of total protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes as previously described.?
Blots were probed with mouse anti-ETNK2 polyclonal antibody
(LC-C1790607; LSBio, Seattle, WA, USA) diluted 1:100 or rabbit anti-
Bcl-2 monoclonal antibody (ab32124; Abcam, Cambridge, UK)
diluted 1:100 and then with anti-mouse or anti-rabbit IgG,
horseradish peroxidase-linked antibody as secondary antibodies
(#7076 and #7074; Cell Signaling Technology, Tokyo, Japan). Blots
were developed with Can Get Signal Solution (NKB-101; TOYOBO,
Osaka, Japan). B-Actin was used for an endogenous control.
Signal transducer and activator of transcription 3 (Stat3), Bcl-2
associated agonist of cell death (Bad), and p53 were analysed
using Simple Western assays (ProteinSimple, San Jose, CA, USA)
using a Jess Protein Normalisation Separation Module (Protein-
Simple) according to the manufacturer’s protocol.?® Briefly, 6 ug of
total protein was loaded and probed with the following primary
antibodies at 1:50 dilution (all monoclonal antibodies; Cell
Signaling Technology): rabbit anti-Stat3 (#12640), rabbit anti-
phosphorylated (p)-Stat3 (P-Tyr705) (#9145), rabbit anti-Bad
(#9239), rabbit anti-p-Bad (P-Ser122) (#5284), rabbit anti-p53
(#2527), and rabbit anti-p-p53 (P-Ser15) (#9284). Protein expres-
sion levels were normalised to total protein and the data were
evaluated using the Compass for Simple Western software
(ProteinSimple).

Mouse xenograft model
The Animal Research: Reporting of In Vivo Experiments guidelines
were followed for all animal experiments,>* and the study was
approved by The Animal Research Committee of Nagoya
University (IRB no. 29329). Six-week-old male nude mice (BALB/
cSlc-nu/nu) were obtained from Chubu Kagaku Shizai (Nagoya,
Japan) and mice were housed at least 1 week before experiments
in temperature-controlled rooms with a free access to water
supply. Parental or stable ETNK2 KO GC cell lines (1x10° cells
each) were resuspended in 50 ul of phosphate-buffered saline
(PBS) plus 50 pl Matrigel (BD Biosciences) and subcutaneously
injected into both flanks of the mice (n=6/group).'® Tumour
growth was measured every week, and the mice were sacrificed at
8 weeks after injection. Approximate tumour volumes (mm?®) were
calculated as d” x D/2, where d and D are the shortest and longest
diameters, respectively. Immunohistochemical (IHC) analysis was
performed using formalin-fixed subcutaneous tumour to evaluate
ETNK2 expression and status of apoptosis (cleaved caspase-3,
cleaved poly ADP-ribose polymerase (PARP)) and hypoxia
(hypoxia-inducible factor-1a (HIF-1a)) in the tumours. The anti-
bodies used were as follows: ETNK2 (LC-C1790607; LSBio, diluted
1:500), cleaved caspase-3 (#9664; Cell Signaling Technology,
diluted 1:500), cleaved PARP (#5625; Cell Signaling Technology,
diluted 1:50), and HIF-1a (20960-1-AP, ProteinTech Inc., Manche-
ster, UK, diluted 1:150).

To evaluate hepatic metastasis of GC tumours, 6-week-old male
Nod-SCID mice (nod/shi-SCID) were purchased from Japan SLC,
Inc. (Hamamatsu, Japan), and mice were housed at least 1 week
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before experiments in temperature-controlled rooms with a free
access to water supply. Mice were treated under general
anaesthesia using isoflurane and laparotomised. Then parental
or stable ETNK2 KO cell lines (5 x 10° cells each) were resuspended
in 100 pl of PBS and injected directly into the portal vein of the
mice (n = 4/group) using a 35-gauge needle. After injection of the
cell suspensions, we oppressed the puncture site of the portal vein
for haemostasis. The mice were imaged using an In Vivo Imaging
System (IVIS) Lumina system (Xenogen, Alameda, CA, USA) every
4 weeks after injection, and the volumes of hepatic metastases
were measured. To visualise tumours, mice were injected with b-
luciferin (150 mg/kg; Summit Pharmaceuticals International,
Tokyo, Japan) intraperitoneally and luciferase activity was
measured 15 min later using the IVIS. Living Image version
2.6 software (Xenogen) was used to acquire and analyse the data.
As a second method to detect metastasis formation, we examined
mice by magnetic resonance imaging (MRIl; MRS 3000; MR
solutions, Guildford, UK) at 12 weeks after GC cell injection, and
the mice were then sacrificed.?® Mice were euthanised by CO,
exposure for 5 min and were observed for 20 min after confirma-
tion of respiration cease.

IHC staining

Surgically resected specimens from 88 patients with Stage Il-Ill GC
were stained for ETNK2 as described previously.?® In brief,
formalin-fixed, paraffin-embedded sections were incubated for 1
h at room temperature (25 °C) with a mouse anti-ETNK2 polyclonal
antibody (LC-C1790607; LSBio) diluted 1:250. The level of ETNK2
protein expression was graded depending on the percentage of
stained cells as follows: negative (0%), weak (<20%), and strong
(20%<). Specimens were randomised, coded, and analysed by two
independent observers blinded to the clinical data. All specimens
were evaluated at least twice within a given time interval by both
observers to minimise intra-observer variation.

External validation data

Kaplan-Meier Plotter (KM plotter) (http://kmplot.com/analysis/)
and The Cancer Genome Atlas (TCGA) were used to obtain GC
data sets for external validation of our institutional data.”*® The
TCGA data set was analysed for overall survival and the KM plotter
data set was analysed for both overall and disease-free survival.

Statistical analysis

Qualitative and quantitative variables were compared using
Fisher's exact test and Mann-Whitney test, respectively. To
evaluate the paired bivariate correlation, we employed the
Spearman’s rank correlation coefficient. We employed the KM
method to evaluate the survival curves. Differences in survival,
hazard ratios (HRs), and 95% confidence intervals (Cls) were
calculated using the Cox proportional hazards models. Risk factors
and odds ratios (ORs) for hepatic metastasis and recurrence were
evaluated using logistic regression analysis. Cumulative recurrence
rates were analysed using Grey test. All analyses were performed
using the R software (The R Foundation for Statistical Computing,
Vienna, Austria) and EZR software (Saitama Medical Center, Jichi
Medical University, Saitama, Japan).?’ P<0.05 was considered
significant.

RESULTS

ETNK2 is overexpressed in primary GC tissues from patients with
hepatic recurrence

We performed transcriptome analysis of GC tissues from patients
who underwent curative gastrectomy for pStage Il GC and
experienced no recurrence for =5 years or experienced hepatic,
peritoneal, or distal nodal recurrence within 2 years of surgery.
Among the 57,749 genes analysed, 23 molecules with high
expression were identified exclusively in the hepatic recurrence
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group (Table 1). Among them, we decided to focus on ETNK2 for
the following reasons: it showed high specificity for hepatic
recurrence indicated by little changes in the peritoneal and nodal
recurrence groups, the nucleotide sequence of ETNK2 is available
(NM_001297760.2), and there were no previous reports about
association between ETNK2 and cancers of the Gl tract.
Furthermore, we performed pilot experiments to determine a
target molecule and confirm reproducible results of the tran-
scriptome data in 23 molecules with high expression identified
exclusively in the hepatic recurrence group. We first examine
mMRNA expression levels in cell lines to test whether the gene is
overexpressed in GC cell lines. Next, we forwarded to the
expression analysis using clinical tissues from 78 selected GC
patients whose prognosis and recurrence pattern are known to
test whether the expression levels of the gene is likely to have
correlation with hepatic recurrence of GC (data not shown).
Through these processes, we selected ETNK2 as a target molecule
of this study.

ETNK2 is highly expressed in GC cell lines derived from
haematogenous metastases and correlates with genes associated
with the EMT

We analysed the expression levels of ETNK2 mRNA in a panel of six
differentiated and eight undifferentiated human GC cell lines
(Fig. 1a). While the expression levels varied considerably, MKNT,
MKN7, MKN74, N87, and NUGC3 cell lines expressed higher levels
of ETNK2 than FHS74. To facilitate analysis of ETNK2 function in GC
cells, we used the MKN1 cell line for genome editing, because it
was originally derived from a liver metastasis lesion from a GC
patient, expressed one of the highest levels of ETNK2 mRNA, had
high abilities in cell migration and invasion in our previous studies,
and is engrafted in nude mice for subcutaneous and in Nod-SCID
mice for hepatic metastasis xenograft models.>*° We generated
two MKN1 cell lines with stable ETNK2 KO (KO ETNK2-1 and
ETNK2-2) using the CRISPR-Cas9 method. Cleavage was confirmed
by agarose gel electrophoresis (Fig. S1a) and DNA sequencing
(Fig. 1b), which revealed a single base-pair deletion resulting in a
frame shift in the ETNK2 coding sequence. Consistent with this,
ETNK2 protein expression was undetectable by western blot
analysis (Fig. 1b). When we determined the expression levels of 84
EMT-related genes, we found that the mRNAs encoding AHNAK
nucleoprotein (AHNAK) and transforming growth factor beta 1
(TGFB1) were expressed at levels that correlated significantly with
those of ETNK2 mRNA (Fig. 1c). ETNK2 KO cell lines expressed
lower levels of AHNAK and TGFBT than MKNT1 cells (Fig. 1d).

ETNK2 expression modulates the malignant behaviour of GC cell
lines

Next, we examined the effects of ETNK2 KO on MKN1 cell
proliferation, invasion, and migration in vitro. We found that all
three properties were significantly reduced compared with the
unmanipulated parental MKN1 cell line (Fig. 1e-g). Similarly,
ETNK2 KO MKNT1 cells showed a slightly reduced ability to adhere
to collagen | and collagen IV but not to the other matrix proteins
tested, compared with the parental cell line (Fig. S1b). To confirm
these findings, we transiently silenced or overexpressed ETNK2 in
GC cells by transfection with ETNK2-targeting siRNA or an ETNK2
expression vector, respectively. We found that ETNK2 KD also
decreased the proliferation and migration of MKN1 cells (Fig. 2a—c),
consistent with the effects of stable ETNK2 KO. Moreover, forced
expression of ETNK2 in NUGC4 and MKN45 cells, which expressed
low ETNK2 mRNA levels (Fig. 1a), had the opposite effect and
enhanced the proliferation of both cell lines (Fig. 2d—qg).

ETNK2 KO induces apoptosis and cell cycle arrest in GC cell lines
To determine how ETNK2 KO inhibits cell proliferation, we first
examined apoptosis using an annexin V assay. We found that the
MKNT1 cell lines with stable ETNK2 KO exhibited increased annexin

V staining compared with parental MKN1 cells (Fig. 3a). ETNK2 KO
also caused an increase in mitochondrial membrane potential
depolarisation (Fig. 3b) and caspase activity (Fig. 3c), which are
both consistent with induction of the intrinsic mitochondrial
pathway of apoptosis. Moreover, western blot analysis revealed
decreased expression of the anti-apoptotic protein Bcl-2 in ETNK2
KO MKNT1 cells compared with parental cells (Fig. 3d), whereas
Simple Western assays revealed no effect of ETNK2 KO on the
expression of Bad, p-Bad (Ser122), Stat3, and p-Stat3 (Tyr705).
(Fig. 3d). Notably, however, ETNK2 KO increased the expression of
the phosphorylated form of p53 (Ser15) but not of total p53
(Fig. 3d). Accordingly, a decrease of the number of cells in GO/G1
phase and an increase of the number of cells in G2/M phase were
exhibited in ETNK2 KO cells compared to the control MKN1 cells
(Fig. 3e and Fig. S1c), indicative of cell cycle delay or arrest.

ETNK2 promotes the growth and hepatic metastasis of GC cells in
a mouse xenograft model

To determine whether our in vitro findings on the behaviour of GC
cells are also observed in vivo, we first examined the effects of
ETNK2 KO on the growth of MKN1 cells after subcutaneous
injection in BALB/c nude mice. Indeed, the ETNK2 KO cells
exhibited significantly decreased growth compared with parental
MKN1 cells (Fig. 4a). In IHC analysis, we found loss of ETNK2
expression in subcutaneous tumours from ETNK2 KO cells.
Furthermore, we found increased expression of cleaved caspase-
3 and cleaved PARP in subcutaneous tumours from ETNK2 KO cells
compared to those from a control MKN1 cells. In contrast, no
differences in HIF-1a expression were observed (Fig. 4b). To
examine hepatic metastasis, we injected Nod-SCID mice with
parental or ETNK2 KO MKNT1 cells expressing a luciferase reporter
and monitored the luminescence signals by whole-animal in vivo
imaging. We observed that mice bearing ETNK2 KO tumours
emitted significantly weaker luminescence signals compared with
the parental tumours, and no hepatic metastasis could be
detected by MRI imaging (Fig. 4c, d). At 12 weeks after cell
injection, the macroscopic appearance of liver specimens from
mice injected with parental MKN1 cells revealed multiple tumour
nodules, whereas none were detected in the livers of mice
implanted with the ETNK2 KO cell line (Fig. 4d).

High ETNK2 expression in GC tissues is associated with hepatic
recurrence and poor prognosis

To assess the clinical significance of ETNK2 mRNA expression in
GC, we first analysed its expression in data sets from institutional
cohort, consisting of normal stomach tissues and GC specimens
from patients with Stage |, II/Ill, or IV GC. ETNK2 mRNA was present
at significantly higher levels in the more advanced stages of GC
(I-1V) (Fig. 5a). We then performed receiver operating character-
istic curve analysis to examine the ability of ETNK2 mRNA
expression to predict disease recurrence within 5 years of curative
gastrectomy in a 300-patient cohort from our institution, which
gave a cut-off value of 0.006 for ETNK2 mRNA (Fig. S1d).
Subsequently, we stratified the 300 patients into high (n=87)
and low (n=213) ETNK2 mRNA expression groups based on the
cut-off value. The clinicopathological characteristics of the two
groups are shown in Table S2. High ETNK2 expression was
significantly associated with vessel invasion, lymph node metas-
tasis, and disease stages. Analysis of KM survival curves showed a
significant association between high ETNK2 mRNA and signifi-
cantly shorter overall survival in the full institutional cohort (n=
300, HR 1.58, 95% Cl 1.07-2.33, P=0.020; Fig. 5b). Disease-free
survival in the Stage Il/lll GC patients subset tended to be short
but not significant (n = 180, HR 1.43, 95% Cl 0.83-1.43, P =0.203;
Fig. S1e). To validate our institutional data, we also analysed GC
patient data sets from TCGA and KM plotter databases. High
ETNK2 expression was significantly associated with worse overall
survival in both the TCGA data set (HR 1.49, 95% Cl 1.08-2.05,
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*P < 0.005. Data are presented as the mean + standard deviation.

P=0.015) and KM plotter data set (HR 1.86, 95% Cl 1.56-2.23, P <
0.001) (Fig. 5b), and high expression was additionally associated
with worse disease-free survival in the KM plotter data set (HR
159, 95% Cl 1.21-2.10, P<0.001) (Fig. Sle). Of note, the
cumulative incidence of hepatic recurrence, but not of peritoneal

recurrence, was also significantly higher in the high versus low
ETNK2 expression group in the institutional data set (Fig. 5c).
Finally, multivariable analysis identified high ETNK2 mRNA
expression as an independent risk factor for hepatic metastasis
and/or hepatic recurrence (Table S3).
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ETNK2 protein expression in GC tissues is associated with
haematogenous recurrence

Finally, we also examined the relationship between ETNK2 protein
expression and recurrence by IHC staining of GC tissues from our
institutional cohort of 88 patients with Stage Il/lll GC. Although
there were only a few cases with ETNK2 staining at the fundic
gland region of the stomach, no stained cells were found in
epithelial cells and stromal tissues. Figure 5d and Fig. S1f show the
typical staining patterns for classification of negative, weak, or
strong ETNK2 staining intensity. We found that a higher
proportion of patients with haematogenous recurrence exhibited
positive ETNK2 expression (weak or strong staining) in GC tissue
compared with patients without haematogenous recurrence
(Fig. 5d).

DISCUSSION

In this study, we conducted pattern-specific transcriptome analysis
of GC tissues to identify molecules potentially involved in hepatic
metastasis. One of the genes, ETNK2, was specifically upregulated
in GC tissues from patients with hepatic recurrence after curative
gastrectomy, suggesting a possible causative link. We established
stable ETNK2 KO GC cell lines and demonstrated a role for ETNK2
in behaviours associated with metastasis, namely, enhanced
proliferation, migration, and invasion and reduced apoptosis.
Compared to FHs74 cell, four out of five GC cell lines established
from haematogenous metastatic tissues had higher expression
levels of ETNK2, supporting our hypothesis that ETNK2 promotes
hepatic metastasis. We also examined ETNK2 expression at the
mRNA and protein levels in surgically resected GC specimens and
identified significant positive associations between high expres-
sion and worse prognosis and hepatic recurrence. Thus ETNK2
expression in GC tissues may have potential utility as a biomarker
for predicting hepatic recurrence.

The ETNK2 gene is located on human chromosome 1g32.1, and
the gene product is ubiquitously expressed in human tissues.
ETNK2 is a member of the choline/ethanolamine kinase family and
catalyses the first step in the cytidine diphosphate ethanolamine
pathway. This enzyme plays a role in the biosynthesis of
phosphatidylethanolamine, a main constituent of cell mem-
branes>' Only a few previous reports of association between
ETNK2 and malignancies and one report suggested that a higher
level of CpG methylation in the ETNK2 promoter was related to
radiotherapy resistance in laryngeal squamous cell carcinoma.>
However, in general, little is known about the function of ETNK2 in
Gl tract cancers, including GC.

Phosphatidylethanolamine is abundant in mitochondria, and its
depletion has been shown to induce apoptosis via changes in
mitochondrial morphology and fragmentation in mammalian
cells.3*** Additionally, cell apoptosis is an important process to
develop distant metastasis and regulated by multiple stimuli, for
example, loss of adhesion to extracellular matrix by invasion and
migration (anoikis), hypoxia in the circulation, and DNA damage
by chemotherapy.>*=’ Based on these previous reports, we
investigated the involvement of ETNK2 in apoptosis. We hypothe-
sised that ETNK2 may have anti-apoptotic effects and that ETNK2
KO would also affect the malignant phenotypes of GC cells.
Consistent with this, we confirmed that ETNK2 KO promoted
apoptosis and cell cycle arrest and attenuated the behaviours
required for distant metastasis formation (proliferation, invasion,
and migration). The extrinsic pathway of apoptosis is activated by
binding of ligands to cell surface death receptors,®® whereas the
intrinsic pathway is induced by mitochondrial membrane
depolarisation resulting from opening of the mitochondrial
permeability transition pore. Cytochrome c is released from the
mitochondrial matrix into the cytosol, where it activates caspases,
the ‘executioners’ of apoptosis.>***® One of the consequences of
caspase activation is the induction of DNA fragmentation, a
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and apoptosis of GC cells. a Fluorescence and phase contrast micrographs of

untransfected and ETNK2 KO MKN1 cells stained with annexin V (red) to detect apoptotic cells. Irradiated cells served as a positive control.
b Flow cytometric dot plots (upper) and quantification (lower) of untransfected and ETNK2 KO MKNT1 cells stained to detect cells with
mitochondrial membrane potential depolarisation. ¢ Flow cytometric dot plots (upper) and quantification (lower) of untransfected and ETNK2
KO MKN1 cells stained with anti-caspase antibody. d Western blot analysis of apoptosis-related proteins in untransfected and ETNK2 KO
MKNT1 cells. B-Actin served as a loading control. e Light micrographs (left) and quantification (right) of untransfected and ETNK2 KO MKN1 cells
stained with Redox dye to detect cells in GO/G1, S, and G2/M phases of the cell cycle. *P < 0.005. Data are presented as the mean + standard

deviation.

hallmark of apoptosis.*' In the present study, ETNK2 KO was

associated with enhanced mitochondrial membrane depolarisa-
tion and caspase activation in GC cell lines. Bcl-2 controls the
mitochondrial membrane permeability and inhibits caspase
activity by preventing the release of cytochrome c from the
mitochondria.*”** We observed that ETNK2 KO decreased Bcl-2
protein expression in GC cell lines, while Bad and Stat3
phosphorylation were unaffected. Interestingly, phosphorylation
of p53 was increased by ETNK2 KO. Bad inhibits Bcl-2 activity,
while Stat3 and p53 induce Bcl-2 transcription.**™*® Activation of
p53 by phosphorylation represses Bcl-2 transcription. Thus these
results support a role for ETNK2 in the Bcl-2-associated intrinsic
pathway of apoptosis via p53 phosphorylation.

Cell cycle progression is regulated by a series of checkpoints,
failure of which can lead to cell cycle arrest, inhibition of
proliferation, and induction of apoptosis.*’” We found that ETNK2
KO decreased the proportion of cells in the GO/G1 phase.
Activated p53 induces transcription of p21, an inhibitor of the
checkpoint regulatory protein cyclin-dependent kinase-1 and -2,%
suggesting another mechanism by which ETNK2 affects the GC cell
cycle and proliferation. Taken together, our results suggest that
ETNK2 may have anti-apoptotic effects in GC cells via direct or
indirect regulation of p53 phosphorylation, leading to enhanced
proliferation, invasion, and migration, culminating in hepatic
metastasis formation.

EMT is a process in which cells lose their epithelial properties
and gain migration and invasive ability to become mesenchéymal
cells, which plays an important role in cancer metastasis.** We
conducted PCR array analysis to search for EMT-related genes
whose expression is correlated with ETNK2. Consequently, we
found that ETNK2 mRNA expression levels positively correlated to

those of AHNAK and TGFBI1. Activated TGFB1 phosphorylates
Smad2 and Smad3 proteins. These Smad proteins activated by
phosphorylation acts as transcription factors by assembling with
Smad4 and regulates cell proliferation, migration, and differentia-
tion.>® AHNAK has diverse role as oncogene or tumour-suppressor
gene.>’? AHNAK promotes EMT via TGFB/Smad signalling path-
way and regulates cell migration and metastasis.>> Additionally,
we revealed lower expression of AKNAK and TGFBT in ETNK2 KO
cell lines. Our results indicate that ETNK2 acted as an upstream
mediator of AHNAK signalling and downstream target of TGFBT in
its signalling pathway.

We confirmed our in vitro findings using a mouse xenograft
model of GC. Both the tumorigenicity and ability to form hepatic
metastases were strikingly reduced by ETNK2 KO; indeed, hepatic
metastasis was virtually abolished. We also found increased
expression of cleaved caspase-3 and cleaved PARP in ETNK2 KO
subcutaneous tumours by IHC analysis. In contrast, subcutaneous
tumours formed by both parental MKN1 and ETNK2 KO cells have
no differences in the expression of HIF-1a, which mediates the
cellular response to hypoxia as transcriptome factor.>* Caspase-3
is an effector caspase that is cleaved and activated by initiator
caspase. The activated caspase-3 induces apoptosis, as a result,
PARP are cleaved by caspase-3 during apoptosis.>® These findings
suggest the involvement of ETNK2 in cell apoptosis in vivo.
Because hepatic metastasis was modelled here by directly
injecting parental or ETNK2 KO GC cells into the portal vein of
the mice, our results strongly support a role for ETNK2 in
promoting hepatic metastasis formation, which is likely to be
mediated by a reduction in apoptosis and/or enhancement of cell
survival during portal vein reflux and/or invasion and growth
within the liver microenvironment.
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Fig. 4 ETNK2 knockout reduces the growth and hepatic metastasis of GC cells in a mouse xenograft model. a Images of mice and excised
tumours (upper) and quantification of tumour volumes (lower) after subcutaneous injection of mice with untransfected or ETNK2 KO
MKN1 cells. b Results of immunohistochemical analysis of ETNK2, cleaved caspase-3, cleaved PARP, and HIF-1a in subcutaneous tumours
formed by parental MKN1 cells and ETNK2 KO cells. ¢ In vivo bioluminescent imaging of hepatic metastases (upper) and quantification of the
bioluminescence signal in mice injected with untransfected or ETNK2 KO MKN1 cells (lower). d MRl and macroscopic image of the liver in mice
injected with untransfected or ETNK2 KO MKN1 cells. *P < 0.005. Data are presented as the mean + standard deviation.

We found that patients with high ETNK2 mRNA levels in clinical
GC samples was significantly associated with vessel invasion,
lymph node metastasis, and advanced disease stage with poor
prognosis. Our results indicated that ETNK2 contributes, at least in
part, to cancer progression via lymphatic systems. On the other
hand, the cumulative incidence of hepatic recurrence was
significantly higher in patients with high ETNK2 expression,
whereas peritoneal recurrence was not influenced by ETNK2
mRNA expression. Moreover, high ETNK2 mRNA expression was
also an independent risk factor for hepatic metastasis and hepatic
recurrence, supporting our hypothesis that ETNK2 preferentially
promotes hepatic metastasis in GC. Between hepatic metastasis
and peritoneal dissemination, there are differences in the

microenvironment around cancer cells, such as hetero aggregates
containing and premetastatic niche in circulating tumour cell,
lymphatic orifices on the peritoneal surface, and human peritoneal
mesothelial cells altered by stimulation with a number of growth
factors in peritoneal-free cancer cell.’®*” ETNK2 may promote
hepatic metastasis by inducing anti-apoptotic effects and EMT in
such a tumour microenvironment that is suitable specifically for
hepatic metastasis formation. Similarly, detection of ETNK2 protein
expression by IHC staining could also be helpful in predicting
hepatic recurrence after curative gastrectomy. Of note, IHC is a
simple and frequently used procedure in clinical settings. Patients
identified to have high tumour expression of ETNK2 could
undergo aggressive postoperative surveillance using enhanced
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MRI or ultrasonography to ensure early detection of hepatic
recurrence.

Current evidence supports the importance of multimodal
therapy for advanced GC. Although S-1 monotherapy as post-
operative adjuvant chemotherapy for advanced GC has shown
little success in suppressing haematogenous recurrence, more
aggressive adjuvant doublet chemotherapy has been benefi-
cial.>®*° However, aggressive chemotherapy can have serious
adverse effects. Therefore, using ETNK2 expression as a biomarker
for hepatic recurrence may enable more individualised selection
of appropriate adjuvant chemotherapy regimens for patients
undergoing curative resection for GC.

Our study has several limitations. First, p53-Bcl-2-mediated
apoptosis and malignant phenotypes are required for metastasis
to sites other than the liver, including the peritoneal cavity, and we
cannot conclude that ETNK2 specifically promotes hepatic metas-
tasis. In this regard, useful information could be obtained from
experiments with co-cultured tumour cells and hepatic sinusoidal
endothelial cells/peritoneal mesothelial cells and/or evaluation of
orthotopic mouse xenograft models. Second, we identified ETNK2 by
transcriptome analysis of patients with hepatic recurrence who
underwent curative gastrectomy for pStage Il GC followed by S-1
adjuvant monotherapy. Because many anti-cancer drugs induce
apoptosis, it is possible that ETNK2 is associated with drug resistance.
Although such data were not available for this study, they will
contribute to a better understanding of the role of ETNK2 in GC.
Finally, assays to detect ETNK2 expression in serum samples would
greatly advance the possible clinical applications of our findings.®®

In conclusion, this study demonstrated that ETNK2 promotes
hepatic metastasis formation of GC, possibly via dysregulation of
the p53-Bcl-2-associated intrinsic apoptosis pathway and
enhancement of malignant phenotypes. ETNK2 expression in GC
tissues may have utility as a biomarker for predicting hepatic
recurrence. ETNK2 and associated signalling pathways may also
serve as targets for the development of new therapeutic strategies

for the suppression of hepatic recurrence and improvement of the
prognosis of patients with advanced GC.
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