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An anti-ASCT2 monoclonal antibody suppresses gastric 
cancer growth by inducing oxidative stress and antibody 
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Abstract: Glutamine is a major nutrient for cancer cells during rapid proliferation. Alanine-serine-cysteine (ASC) 
transporter 2 (ASCT2; SLC1A5) mediates glutamine uptake in a variety of cancer cells. We previously reported that 
KM8094, a novel anti-ASCT2 humanized monoclonal antibody, possesses anti-tumor efficacy in gastric cancer 
patient-derived xenografts. The aim of this study was to investigate the molecular mechanism underlying the effect 
of KM8094 and to further substantiate the preclinical feasibility of using KM8094 as a potential therapeutic agent 
against gastric cancer. First, ASCT2 was found to be highly expressed in cancer tissues derived from gastric cancer 
patients by an immunohistochemical analysis. Next, we performed in vitro studies using multiple gastric cancer cell 
lines and observed that several gastric cancer cells expressing ASCT2 showed glutamine-dependent cell growth, 
which was repressed by KM8094. We found that KM8094 inhibited the glutamine uptake, leading to the reduction 
of glutathione (GSH) level and the elevation of oxidative stress. KM8094 suppressed the cell cycle progression and 
increased the apoptosis. Furthermore, KM8094 exerted antibody dependent cellular cytotoxicity (ADCC) against 
human gastric cancer cells in vitro. Finally, in vivo studies revealed that KM8094 suppressed tumor growth in sev-
eral gastric cancer xenografts. This effect was enhanced by docetaxel, one of the agents commonly used in gastric 
cancer therapy. Thus, our findings suggest that KM8094 is a potential new therapeutic agent for gastric cancer 
expressing ASCT2, which blocks the cellular glutamine metabolism and possesses ADCC activity.
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Introduction

Glutamine (Gln) is an amino acid required in 
large quantities by the human body [1, 2]. It is a 
critical nutrient for the biosynthesis of proteins, 
lipids, and nucleotides, and for ATP generation 
and redox homeostasis [3-7]. Thus, glutamine 
is considered to be a critical substrate for cell 
growth, proliferation, and survival. Particularly, 
cancer cells have high demand for glutamine, 
many of which cannot grow without exogenous 
glutamine supply in culture [8, 9]. Therefore, 
targeting glutamine metabolism is assumed to 
be a potent and attractive strategy for cancer 
therapy.

Alanine-serine-cysteine (ASC) amino acid trans-
porter 2 (ASCT2; SLC1A5) is a Na+-coupled neu-
tral amino acid transporter and is known as the 
major glutamine transporter in cancer cells [10-
12]. Indeed, the expression level of ASCT2 is 
up-regulated in a variety of cancerous tissues, 
such as breast, prostate, melanoma, colorec-
tal, pancreatic, tongue, and lung cancers [13-
26] and several studies have shown that the 
overexpression of ASCT2 is associated with 
poor prognosis in some cancers, including tho- 
se of lung, tongue, breast, and colon [16, 17, 
19, 21, 22]. Furthermore, because blocking of 
ASCT2 can prevent glutamine uptake and tu- 
mor cell growth in many cancer cells, it can be 
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assumed that ASCT2 acts as a potential thera-
peutic target [21, 24, 25, 27, 28].

Gastric cancer is the second leading cause  
of global cancer mortalities, with an overall 5- 
year survival rate of approximately 20% [29, 
30]. Because no typical signs indicative of gas-
tric cancer are detected, most gastric cancer 
patients are diagnosed at advanced stages of 
the disease and, thus, have limited treatment 
options. Therefore, finding of more beneficial 
therapeutic strategies against gastric cancer is 
urgently required. Moreover, in addition to the 
standard cytotoxic regimens, recent progress 
in molecular targeting therapies using mono-
clonal antibodies, such as trastuzumab, ramu-
cirumab, and pembrolizumab, has shown that 
these are clinically promising therapeutic strat-
egies [31, 32].

Recently, the development of an anti-ASCT2 
monoclonal antibody by Kyowa Hakko Kirin  
Co., Ltd (Japan), which inhibits glutamine upta- 
ke, has been reported [33]. Moreover, we have 
previously elucidated that the defucosylated 
humanized derivative (IgG1) of this antibody, 
KM8094, possesses anti-tumor efficacy in gas-
tric cancer patient-derived xenografts [34]. In 
this study, we investigated the molecular me- 
chanism underlying the effect of KM8094 in 
gastric cancer cells and further evaluated the 
preclinical feasibility of using KM8094 as a 
therapeutic agent against gastric cancer.

Materials and methods

Chemicals and reagents

A defucosylated humanized anti-human ASCT2 
monoclonal antibody KM8094 (IgG1) was pro-
duced by Kyowa Hakko Kirin Co., Ltd (Japan). 
KM8094 is a humanized derivative antibody of 
KM4008, a mouse monoclonal antibody, which 
specifically binds to the natural configuration  
of an extracellular domain of ASCT2 [33]. A ne- 
gative control monoclonal antibody, KM8047 
(defucosylated human anti-dinitrophenol anti-
body IgG1), was also produced by Kyowa Hakko 
Kirin Co., Ltd. Other chemicals and reagents 
were of the highest grade and were purchased 
from local commercial sources. 

Cell lines and cell culture

Three human gastric cancer cell lines, namely 
SNU-16, AGS, and NCI-N87, were obtained from 
the American Type Culture Collection. Four cell 
lines, OCUM-1, MKN28, MKN1, and NUGC-4, 

were obtained from the Japanese Collection  
of Research Bioresources Cell Bank (Japan). 
MKN45 was obtained from RIKEN BioResour- 
ce Research Center (Japan). Three cell lines, 
HSC-39, HSC-43, and HSC-44, were kindly  
provided by Kazuto Nishio (Kinki University, 
Japan). Six lines, HSC-40A, HSC-58, HSC-59, 
HSC-60, 60As6, and HSC-64, were kindly pro-
vided by Gokichi Yanagihara (Yasuda Women’s 
University, Japan). All the cancer cell lines, ex- 
cept for AGS, were cultured in RPMI-1640 (Life 
Technologies) supplemented with 10% fetal bo- 
vine serum (FBS). AGS was cultured in Ham’s 
F-12K (Kaighn’s) (Life Technologies) in the pres-
ence of 10% FBS.

Clinical samples 

Sections of human gastric cancer tissues (N =  
10) were prepared from frozen tissue block  
provided by Kanagawa Cancer Research and 
Information Association (Japan). Human periph-
eral blood mononuclear cells (PBMCs) were iso-
lated from the blood of gastric cancer (GC) 
patients (N = 10, from the National University 
Health System, Singapore (NUHS)) and healthy 
donors (N = 13). Human PBMCs from healthy 
donors were either obtained commercially from 
Stemcell Technologies (Singapore) or obtained 
from donors from the National University of 
Singapore Hospital (NUH, Singapore). All donors 
gave informed written consent prior to the  
sampling procedure. Experiments for clinical 
samples were conducted in accordance with 
the approval by the Research Ethics Review 
Committee in Kyowa Hakko Kirin Co., Ltd.

Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) was conducted 
using frozen sections of human gastric cancer 
tissues. The frozen sections (approximately 6 
μm) were fixed in 4% paraformaldehyde and 
then endogenous peroxidase was quenched. 
After avidin/biotin blocking, the sections were 
incubated with 10 μg/mL KM8094 or KM80- 
47 (control article) biotin conjugate for 1 h at 
room temperature. Anti-biotin antibody (VECT- 
ASTAIN Kit, Vector Laboratory) was applied  
for 30 min at room temperature and the color 
was then developed using the chromogenic 
substrate, prepared from DAB tablet (FUJIFI- 
LM Wako Pure Chemical Industries), for 4 min 
at room temperature. The counterstaining was 
done with hematoxylin. The immunohistochem-
ical expression was assessed under a micro-
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scope. The staining specificity was judged wh- 
en staining intensity in biotin-KM8094-stain- 
ed sections exceeded that in KM8047-stained 
sections at an equivalent concentration. The 
staining intensity was graded according to the 
following criteria: negative, ±; very faint, +; light, 
2+; light-medium, 3+; moderate, 4+; dark. The 
staining site was graded as follows: M; Mem- 
branous, C; Cytoplasmic. The staining frequen-
cy was graded as follows: Negative; no labeled 
cell, Very rare; <25%, Rare; ≥25% and <50%, 
Occasional; ≥50% and <75%, Frequent; ≥75%.

Analysis of ASCT2 expression in gastric cancer 
cells by flow cytometry

The expression level of ASCT2 in the gastric 
cancer cells was evaluated by flow cytometry 
(Cytomics FC500, BECKMAN COULTER, USA) 
using 10 μg/mL KM8094 or KM8047 (control 
article) and 10 μg/mL PE-conjugated goat anti-
human IgG monoclonal antibody (Southern Bio- 
tech) as a secondary antibody. 

Glutamine dependent cell growth assay

The cells were plated at 2 × 103 cells/well in 
96-well flat-bottomed plates and were cultur- 
ed in DMEM high glucose containing 10% dia-
lyzed-FBS in the presence of 0, 0.2, or 2 mM 
glutamine (Nacalai). After incubation for 24, 72, 
and 96 h at 37°C, viable cells were detected 
with CellTiter-Glo Luminescent Cell Viability As- 
say (Promega), according to the manufacturer’s 
instructions.

siRNA transfection

The siRNA-mediated knockdown experiments 
were carried out with Stealth RNAi siRNA (10 
nM for SNU-16 and 40 nM for MKN28; Ther- 
mo Fisher Scientific). The sequence of ASCT2 
siRNA was as follows: 5’-GGUCCUGUACCGUC- 
CUCAAUGUAGA-3’. The Stealth RNAi siRNA neg-
ative control duplex was used as the control 
siRNA. The cells were transfected with the an- 
nealed siRNAs for 48 to 144 h using Lipofect- 
amine RNAi MAX reagent (Invitrogen), accord-
ing to the manufacturer’s protocol.

Quantitative RT-PCR analysis

Total RNA was extracted from the cultured cells 
using Maxwell 16 LEV simply RNA Cells Kit 
(Promega) and was subjected to quantitative 

RT-PCR analysis. Taqman RT-PCR assays were 
conducted using a 7500 Fast Real-Time PCR 
System (Applied Biosystems). The probe-pri- 
mer mixes specific for human ASCT2 and β- 
actin were purchased from Applied Biosyste- 
ms. Twenty microliter reactions containing 10 
μL 10 × TaqmanTM Universal PCR Master Mix 
(Applied Biosystems), a probe-primer mix, and 
5 μL of cDNA (diluted 10-1 in water) were pre-
pared in triplicate. A probe-primer mix specific 
for β-actin was used as an internal control.

Glutamine uptake assay 

The cells were plated at 1 × 105 cells/well in  
a 96-well round-bottomed plates and were  
preincubated in HBSS/HEPES for 15 min at 
37°C. Thereafter, 14C-glutamine (PerkinElmer) 
was added to the cells and the cells were in- 
cubated for 15 min at 37°C. After the excess 
14C-glutamine was washed out, the cells were 
lysed in 0.1% NP-40-buffer (Invitrogen) and  
the amount of 14C-glutamine taken into the 
cells was measured by microplate scintillation 
counter, TopCount NXT (PerkinElmer).

Cell growth assay

The cells were plated at 2 × 103 cells/well in 
96-well flat-bottomed plates and were cultur- 
ed in DMEM high glucose supplemented with 
10% dialyzed-FBS and 0.2 mM glutamine (Na- 
calai). After incubation for 24 h at 37°C, KM- 
8094 or KM8047 was added at 100 μg/mL  
to the cells. Some experiments were carried 
out in the presence of 5 mM N-acetylcysteine 
(NAC) (Sigma-Aldrich). After incubation for 72 h 
at 37°C, viable cells were detected with Cell- 
Titer-Glo Luminescent Cell Viability Assay (Pro- 
mega) or Cell Counting Kit-8 (Dojindo Molecu- 
lar Technologies) according to the manufactur-
er’s instructions. The cell growth was calculat-
ed from sample counts (value) as follows: % cell 
growth = 100 × [(A72-B72) - (A0-B0)/(C72-B72) 
- (A0-B0)] (A72, value for KM8094-treated cells 
for 72 h; B72, value of blank at 72 h; A0, value 
for non-treated cells at 0 h; B0, value of blank 
at 0 h; C72, value for KM8047-treated cells at 
72 h).

Analysis of cell cycle distribution by flow cytom-
etry

The SNU-16 cells were treated with 10 μg/mL 
KM8094 or vehicle (10 mM sodium L-glutamate, 
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262 mM D-sorbitol, 0.05 mg/mL polysorbate 
80, pH 5.7) in 0.2 mM glutamine medium for  
24 h. The cells were then harvested, fixed, and 
stained with PI/RNase (BD PharmingenTM). The 
cellular DNA content was analyzed using flow 
cytometry (FACS Calibur, BD Bioscience, USA) 
and was displayed as histogram. The DNA con-
tent at each cell cycle phase was analyzed 
using ModFit software (Verity Software House).

Detection of apoptosis by Annexin V-FITC/PI 
double staining

The SNU-16 cells were treated with 10 μg/mL 
KM8094 or vehicle (10 mM sodium L-glutama- 
te, 262 mM D-sorbitol, 0.05 mg/mL polysor-
bate 80, pH 5.7) in 0.2 mM glutamine medium 
for 72 h. The cells were harvested and stained 
with propidium iodide (ThermoFisher Scientific) 
and FITC Annexin V (BD PharmingenTM) for 15 
min and examined by flow cytometry. The per-
centages of early apoptotic cells (Annexin V+, 
PI-) and late apoptotic cells (Annexin V+, PI+) 
were analyzed using Flowjo (Tree Star, USA).

Metabolomics analysis

The SNU-16 cells were cultured at 2 × 104  
cells/mL in DMEM high glucose supplemented 
with 10% dialyzed-FBS and 0.2 mM glutamine 
(Nacalai). After incubation for 24 h at 37°C, 
KM8094 or vehicle was added at 10 μg/mL to 
the cells and incubated for 8 h. The cells were 
harvested and washed with 5% D(-)- Mannitol 
(FUJIFILM Wako Pure Chemical Corporation). 
Thereafter, 1 mL methanol (LC/MS) (FUJIFILM 
Wako Pure Chemical Corporation) containing 
the internal standard solution (HMT) was added 
to the cells. The metabolome measurements 
were carried out a facility provided by Human 
Metabolome Technologies (HMT, Japan).  

LC-MS/MS measurement of stable isotope la-
beled glutamine (13C-Gln)

Glutamine, labeled with 13C5, was purchased 
from Cambridge Isotope Labs. In this experi-
ment, HBSS/HEPES containing 10% dialyzed-
FBS and 4.5 g/L glucose (Sigma-Aldrich) was 
used as an assay buffer. The cells were cul-
tured in DMEM high glucose supplemented 
with 10% dialyzed-FBS and 0.2 mM glutamine 
(Nacalai). The following day, the cells were har-
vested, plated at 3 × 105 cells/well in a 96-well 
round-bottomed plate, and preincubated in the 

assay buffer with 0.2 mM glutamine for 15 min 
at 37°C. After the incubation, the medium was 
exchanged with the assay buffer containing 0.3 
mg/mL KM8094 and 0.2 mM 13C5 glutamine. 
The cells were then incubated for 10 and 90 
min at 37°C. After incubation, the medium was 
removed and the cells were washed with ice-
cold HBSS for five times. The cells were collect-
ed and metabolite fractions were extracted us- 
ing 5% trichloroacetic acid (Nacalai) and ana-
lyzed by LC-MS/MS. The LC-MS/MS system 
consisted of an Acquity UPLC (Waters) coupled 
to a triple quadrupole tandem mass spectrom-
eter API4000 (Applied Biosystems/MDS SCI- 
EX) with an electrospray ionization ion source 
operating in positive mode. The concentration 
of each metabolite was normalized on the ba- 
sis of total number of viable cells.

ROS measurement

The reactive oxygen species (ROS) was mea-
sured using ROS-GloTM H2O2 Assay kit (Prome- 
ga), according to the manufacturer’s instruc-
tions. The cells were plated at 2.4 × 103 cells/
well in 96-well white plates in DMEM high  
glucose containing 10% dialyzed-FBS and 0.2 
mM glutamine. After overnight incubation at 
37°C, KM8094 or KM8047 was added at 10, 
100, and 1000 μg/mL with or without 5 mM 
N-acetylcysteine (Sigma-Aldrich) to the cells for 
24 h at 37°C. H2O2 substrate was added at 25 
µM to the cells, 6 h before the end of the incu-
bation. After incubation, ROS-GloTM Detection 
Solution was added to the wells for 20 min at 
room temperature and luminescence was mea-
sured by Top Count. 

Antibody-dependent cellular cytotoxicity assay

The antibody-dependent cellular cytotoxicity 
(ADCC) of KM8094 against the ASCT2-posi- 
tive human gastric cancer cell line (SNU-16) 
was examined using human PBMCs, either 
from gastric cancer patients or healthy con-
trols, as effector cells. The cytotoxicity induced 
by KM8094 was measured by the calcein-AM 
release assay as mentioned below. The target 
SNU-16 cells were labeled with 25 µg/mL cal-
cein-AM (Life Technologies), washed, and plat-
ed in triplicate at 104 cells/well in round-bot-
tomed 96-well plates. 100 ng/mL of KM8094 
and effector cells were added at effector-to-
target ratios (E/T) of 10:1 and 20:1, in a final 
volume of 150 μL/well and incubated for 4 h at 
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37°C in 5% CO2. The cells were also plated in 
triplicate wells for spontaneous (SPON) and 
maximum release (MAX). The cell lysis buffer 
was added to the target cells, 45 min before 
the end of the 4-h incubation period to obtain 
the maximum release of calcein-AM. After 4 h, 
50 μL of the culture supernatant was trans-
ferred to a 96-well Perkin Elmer Optiplate and 
fluorescence was read on a Varioskan Flash 
reader (Thermo Scientific, at 490 nm excita-
tion/515 nm emission) as fluorescent units 
(FU). The percentage of cytotoxicity (CTX) was 

The first day of drug administration was set as 
day 0. KM8094 (10 mg/kg) or saline (vehicle 
control) (Otsuka) was administered from tail 
vein twice weekly for 2 weeks for SNU-16 xeno-
graft model or once weekly for 2 weeks for the 
other xenograft models. For experiments of 
KM8094 combination therapy with docetaxel, 
tumors were propagated to about 600 mm3 
before therapy and 40 mice were selected and 
divided into eight groups such that the mean 
tumor volume in each group was comparable 
(five mice per group). KM8094 (10 mg/kg) or 

Figure 1. ASCT2 expression in gastric cancer tumors and gastric cancer cell 
lines. A. Gastric cancer tumor sections from patients were subjected to im-
munohistochemical staining with biotinylated KM8094 or KM8047 (control 
antibody) and its secondary antibody. Scale bars, 300 μm. B. Seventeen lines 
of human gastric cancer cells were subjected to flow cytometric analysis with 
KM8094 or KM8047. The MFI ratio was calculated according to the following 
formula: MFI ratio = (S/C, where S is MFI of cells stained by KM8094, C is the 
MFI of cells stained by KM8047 (MFI: mean fluorescent intensity).

calculated according to the 
formula mentioned below. 
ADCC (%) was calculated as 
CTX with KM8094 (%) - CTX 
without KM8094 (%). The CTX 
was calculated as follows: 
CTX (%) = 100 × [FU (sample) 
- (FU (effector SPON) + FU (tar-
get SPON))]/[FU (target MAX) 
- FU (target SPON)].

In vivo anti-tumor effects on 
xenograft transplantation

Animal experiments in this 
study were conducted in ac- 
cordance with the approval  
of Institutional Animal Care 
and Use Committee (IACUC) in 
Kyowa Hakko Kirin Co., Ltd. 
C.B-17/Icr-scid/scidJcl male 
mice were purchased from 
CLEA Japan, Inc. Anti-asialo 
GM1 (FUJIFILM Wako Pure 
Chemical Corporation) was 
injected intraperitoneally into 
6-14-week-old mice (0.3 mg/
head), following which, 5 × 
106 or 10 × 106 cells suspe- 
nded in DPBS with or without 
50% Matrigel (BD Bioscience) 
were implanted subcutane-
ously into the right flank  
of the mice. For experiments 
of KM8094 monotherapy, tu- 
mors were propagated to ab- 
out 100 mm3 before therapy 
and 10 mice were selected 
and divided into two groups 
such that the mean tumor vol-
ume in each group was com-
parable (five mice per group). 
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saline was administered from tail vein on day 0 
and 8. Docetaxel (5 or 10 mg/kg) was adminis-
tered through vein on day 0. The dosing volume 
was 5 mL/kg body weight. The body weight and 
tumor volume of the mice were measured twice 
a week. 

The tumor volume was calculated as follows: 
tumor volume = DL × DS × DS × 1/2 (DL, long 
diameter; DS, short diameter). The areas un- 
der the curves (AUC) were calculated for each 
tumor growth curve and statistically analyzed 
using the SAS software program (Release  
9.2, SAS Institute). The significant differences 
between the KM8094-treated group and the 
vehicle-treated group were analyzed by Stu- 
dent’s t-test or Aspin-Welch t-test. In this test, 
P<0.05 was considered to be significant.

Results

ASCT2 is highly expressed in gastric cancer 
tissues

To assess the expression of ASCT2 in gastric 
cancer, we conducted immunohistochemical 
analysis of gastric cancer tissues diagnosed 
with different histologic subtypes using KM- 
8094 as an anti-human ASCT2 antibody. The 
specificity of KM8094 for ASCT2 was previ- 
ously described [34]. In 9 out of 10 (90%) gas-
tric cancer tissues, the ASCT2 signals were 
detected along the plasma membrane and/or 
in the cytoplasm (Figure 1A). Whereas ASCT2 
signals were also detected in tumor adjacent 
normal stomach tissues, the intensity and sig-
nal frequency in the cancer tissues tended to 

be higher than those in the normal tissues 
(Table 1). This result showed that ASCT2 is 
highly expressed in gastric cancer tissues. 
Similarly, we found that ASCT2 was expressed 
on the cell-surface in several human gastric 
cancer cell lines by flow cytometry (Figure 1B).  

KM8094 inhibits glutamine dependent cell 
growth in gastric cancer cells expressing 
ASCT2

To investigate the effect of glutamine avail- 
ability on the growth of gastric cancer cells 
expressing ASCT2, we cultured seven gastric 
cancer cell lines (HSC-39, MKN-1, SNU-16, 
HSC-40A, MKN28, 60As6, and HSC-60) expre- 
ssing ASCT2 in media supplemented with dif-
ferent concentrations of glutamine for 96 h. 
While the cell growth was induced in the pres-
ence of 0.2 or 2 mM glutamine, it was clearly 
decreased under glutamine-deprived condition 
(Figure 2A). This result suggests that glutami- 
ne is necessary for cell growth in these gastric 
cancer cell lines. 

Because previous studies have demonstrated 
that blockade of ASCT2 in ASCT2-expressing 
cancer cells reduces the glutamine uptake and 
cell growth in various cancer cell lines [21, 24, 
25, 27, 28], we assessed whether the down-
regulation of ASCT2 in gastric cancer cells co- 
uld repress glutamine uptake and cell growth 
by using siRNA. As expected, the down-regula-
tion of ASCT2 resulted in the inhibition of glu- 
tamine uptake and cell growth in the gastric 
cancer cells (Figure 2B-E). These results sug-
gest that glutamine transported by ASCT2 is 

Table 1. Immunoreactivity of KM8094 on human gastric cancer and normal tissues
Specimen 
No. Tumor type

Cell location
Tumor cell Non-tumor cell*

1 Papillary adenocarcinoma 2+ M, C Frequent + C Frequent

2 Papillary adenocarcinoma, Tubular adenocarcinoma 2+ M, C Frequent + C Frequent

3 Moderately differentiated > well differentiated tubular adenocarcinoma + M, C Frequent + C Frequent

4 Moderately differentiated tubular adenocarcinoma + M, C Frequent + C Frequent

5 Poorly differentiated adenocarcinoma (non-solid type) + C Frequent + C Frequent

6 Poorly differentiated adenocarcinoma (solid type) 2+ C Frequent MV

7 Poorly differentiated adenocarcinoma (solid type > non-solid type), signet ring cell 
carcinoma ,well differentiated tubular adenocarcinoma

+ C Frequent 2+ C Frequent

8 Signet ring cell carcinoma - + C Frequent

9 Poorly differentiated adenocarcinoma (non-solid type), signet ring cell carcinoma ± C Frequent + C Frequent

10 Poorly differentiated adenocarcinoma (non-solid type) 2+ C Frequent + C Frequent
Criteria of intensity: -; negative, ±; very faint, +; light, 2+; light-medium, 3+; moderate, 4+; dark. Site of staining: M; membranous, C; cytoplasmic. Criteria of staining 
frequency: Negative; no labeled cell, Very rare; <25%, Rare; ≥25% and <50%, Occasional; ≥50% and <75%, Frequent; ≥75%. MV: Missing Value. *Tumor adjacent normal 
mucosa, basal side.
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necessary for the growth of gastric cancer 
cells. Next, to examine whether KM8094 can 
suppress the growth of gastric cancer cells,  
we treated the ASCT2-expressing gastric can-
cer cell lines, which grew in glutamine-depen-
dent manner as shown in Figure 2A, with KM- 
8094 for 72 h. We observed that KM8094 sup-
pressed the cell growth in MKN28, HSC-39, 
HSC-40A, 60As6, SNU-16, and HSC-60 cells 
whereas the suppression activity was not ob- 
served in MKN1 (Figure 2F). These results indi-
cate that KM8094 exerts inhibitory activity on 
in vitro cell growth in some of the human gas-
tric cancer cells expressing ASCT2.

KM8094 induces cell cycle arrest and apop-
tosis

To assess the effect of KM8094 on cell-cycle 
progression and apoptosis in gastric cancer 
cells, we treated the SNU-16 cell line, which 
expresses ASCT2 and is moderately sensitive 
to KM8094 in cell growth inhibition, with KM- 
8094. In the cell cycle analysis, we observed an 
increased percentage of cells in the G1-phase 
and decreased percentage of cells at S- and 
G2/M-phases after 24 h of the KM8094 treat-
ment, when compared to the vehicle treatment 
(Figure 3A). The apoptosis of cells was detect-

Figure 2. KM8094 suppresses glutamine dependent cell growth in gastric cancer cells. (A) Seven lines of gastric 
cancer cells (HSC-39, MKN-1, SNU-16, HSC-40A, MKN28, 60As6, and HSC-60) were incubated in the medium con-
taining of 0, 0.2, or 2 mM Gln for 96 h. Time course of growth for each cell line was assessed. Data are presented 
as means + SD of triplicate readings. (B-E) Effect of ASCT2 knockdown on SNU-16 and MKN28 cells. Cells were 
transfected with ASCT2 siRNA or nonspecific siRNA control. (B, C) Expression of ASCT2 mRNA (B) and protein (C) in 
SNU-16 and MKN28 cells after 48, 72, and 144 h of siRNA treatment. (D) After 72 and 144 h of siRNA treatment, 
the transfected cells were harvested and incubated with 14C-Glutamine for 15 min. The intracellular 14C-Glutamine 
level was assessed. Data are presented as means + SD of triplicate measurements. (E) After 48 h of siRNA treat-
ment, the transfected cells were incubated in the medium containing 0.2 mM Gln for 72 h and the cell growth was 
assessed. Data are presented as means + SD of triplicate measurements. (F) Cells were incubated with 10 μg/mL 
KM8094 or KM8047 (control antibody) in the medium containing of 0.2 mM Gln for 72 h, after which the cell growth 
was assessed. Data are means + SD from three independent experiments.
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ed by Annexin V-FITC/PI staining after treat-
ment of SNU-16 cells with KM8094 for 72 h. 
The percentage of apoptotic cells was increas- 
ed upon treatment with KM8094 compared to 
that in the control cells treated with the vehicle 
(Figure 3B). 

Inhibitory activity of KM8094 on cell growth is 
mediated by oxidative stress

To investigate the mechanism of action of 
KM8094 in the gastric cancer cells, we first 
quantified the intracellular metabolites in the 
SNU-16 cells after 8-h treatment with KM80- 
94. The results of our shotgun metabolic data 
revealed that the contents of glutamate and 
glutathione (GSH), as well as glutamine, in the 
cells were reduced by the KM8094 treatment 
(Figure 4A). GSH, a tripeptide of Glu, Cys, and 
Gly, is a major anti-oxidant molecule that neu-

tralizes ROS. Glutamine is imported into cells 
and is converted to glutamate, which is conse-
quently used to synthesize GSH. Thus, gluta-
mine regulates ROS homeostasis to maintain 
cell survival [3]. We, therefore, examined whe- 
ther KM8094 can affect the oxidative and re- 
ductive pathways in gastric cancer cells. The 
SNU-16 cells were treated with KM8094 in  
the presence of 13C-Glutamine for 90 min and 
the isotopic label present in the intracellular 
glutamine, glutamate, and GSH was quantified. 
KM8094 decreased the glutamine-derived 13C 
label in glutamate and GSH compared with that 
in the cells treated with the negative control 
antibody, indicating that KM8094 inhibits glu-
tamine uptake followed by suppression of GSH 
production (Figure 4B). 

To assess whether KM8094 directly increase 
the intracellular ROS, we treated SNU-16 cells 
with KM8094 for 24 h and measured the intra-
cellular ROS levels. The SNU-16 cells treated 
with KM8094 exhibited an increase in intracel-
lular ROS level in a concentration-dependent 
manner (Figure 4C). Notably, this increase in 
intracellular ROS level by KM8094 was rescu- 
ed by supplementing with the antioxidant, NAC 
[35]. In addition, supplementation with NAC ab- 
rogated the inhibition of cell growth by KM80- 
94 in SNU-16 cells (Figure 4D). These results 
indicate that the inhibition of cell growth by 
KM8094 in gastric cancer cells is mediated by 
oxidative stress.

Antibody dependent cellular cytotoxicity of 
KM8094 in gastric cancer cells

Because KM8094 is a defucosylated-IgG1 anti-
body, which has enhanced ADCC, we evaluated 
whether KM8094 exerts ADCC in human gas-
tric cancer cells. We cultured the SNU-16 cells 
with PBMCs from healthy controls and gastric 
cancer patients in the presence of KM8094. 
KM8094 exhibited ADCC when PBMCs from 
either healthy controls or gastric cancer pati- 
ents were used, indicating that it exerts not 
only inhibitory activity on the transporter func-
tion of ASCT2 but also causes ADCC in human 
gastric cancer cells (Figure 5). 

KM8094 represses the in vivo tumor growth in 
gastric cancer xenografts and exerts synergis-
tic effect with docetaxel  

Based on our previous report indicating that 
KM8094 suppresses the tumor growth in so- 

Figure 3. KM8094 induces cell cycle arrest in G1 
phase and apoptosis in gastric cancer cells. A. Cell 
cycle analysis of SNU-16 cells treated with 10 μg/mL 
KM8094 or vehicle in the 0.2 mM Gln medium for 
24 h. The cell cycle distribution was determined by 
flow cytometry. Histogram represents the percentage 
of cell populations in each phase of the cell cycle. B. 
Apoptosis analysis of SNU-16 cells treated with 10 
μg/mL KM8094 or vehicle in the 0.2 mM Gln medi-
um for 72 h. The apoptosis of cells was assessed by 
flow cytometry. Histogram represents the percentage 
of early apoptotic (Annexin V+, PI-) and late apoptotic 
(Annexin V+, PI+) cells.
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me gastric cancer patient-derived xenograft 
models expressing ASCT2 [34], we further as- 
sessed the in vivo anti-tumor effect of KM80- 
94 using several gastric cancer xenografts. We 
developed seven gastric cancer xenograft mod-
els, in which HSC-39, MKN-1, SNU-16, HSC-
40A, MKN28, 60As6, and HSC-60 cells were 
subcutaneously injected into the flank of SCID 
mice, respectively, and KM8094 (10 mg/kg, 
i.v.) was administrated twice weekly for 2 we- 
eks for the SNU-16 xenograft model or once 
weekly for 2 weeks for the other xenograft  
models. The subcutaneous tumors of HSC-39, 
HSC-40A, 60As6, SNU-16, MKN28, and HSC-
60 displayed significantly decreased growth 

upon KM8094 treatment whereas those of 
MKN1 did not (Figure 6A). These results sug-
gest that KM8094 exerts inhibitory activity  
not only on in vitro cell growth but also on in 
vivo tumor growth in several gastric cancer  
cell lines. 

Docetaxel is a well-known agent for gastric  
cancer therapy [36]. To acquire more insights 
into the clinical potential of KM8094, we final- 
ly assessed the anti-tumor effect of KM8094  
in combination with docetaxel in the SNU-16 
xenograft model. The combination therapy sh- 
owed enhanced tumor growth inhibition com-
pared with the case when either of the agents 
was used alone (Figure 6B). 

Figure 4. KM8094 represses glutathione (GSH) synthesis and enhances the intracellular ROS level in gastric cancer 
cells. A. Metabolite abundance in SNU-16 cells treated with 10 μg/mL KM8094 or vehicle in the 0.2 mM Gln me-
dium for 8 h. B. Intracellular concentrations of 13C-Gln, 13C-Glu, and 13C-GSH in SNU-16 cells treated with 300 μg/mL 
KM8094 or KM8047 in the 0.2 mM 13C-Gln medium for 10 and 90 min. The 13C-labeled metabolite was measured 
by LC-MS/MS. Each point represents the mean + SD of triplicate experiments. The 13C-GSH concentrations at 0 and 
10 min were below the lower limit of quantification. C. Relative ROS levels in SNU-16 cells treated with 10, 100, and 
1000 μg/mL KM8094 or KM8047 in either the presence or absence of 5 mM NAC for 24 h. Data are presented as 
means + SD of triplicate experiments. D. Relative cell growth of SNU-16 cells treated with 10, 100, and 1000 μg/
mL KM8094 or KM8047 either in the presence or absence of 5 mM NAC for 72 h. Data are presented as means + 
SD of three independent experiments.
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Discussion

Glutamine is a critical amino acid for growth 
and survival of cancer cells [3]. Several studies 
have indicated that ASCT2 is a primary gluta-
mine transporter in cancer cells and its expres-
sion is upregulated in a variety of cancer types 
[13]. Therefore, targeting of ASCT2 to inhibit 
the cellular glutamine uptake could be a pote- 
nt therapy for prevention of tumor cell growth. 
Gastric cancer is one of major causes of can- 
cer death, worldwide [30, 31]. Because the th- 
erapeutic effects of current chemotherapeutic 
regimens are limited, there is an unmet need 
for cancer therapy [32]. A novel anti-ASCT2 
monoclonal antibody with a neutralizing activity 
against glutamine uptake has been reported 
[33]. In addition, we previously demonstrated 
that the humanized derivative (defucosylated-
IgG1) of this antibody, KM8094, has antitumor 
efficacy in gastric cancer patient-derived xeno-
graft (PDX) mouse models [34]. However, the 
molecular mechanism underlying the action of 
KM8094 in gastric cancer cells has not been 
fully elucidated. In this study, we evaluated the 
anti-tumor efficacy of KM8094 in vitro and in 
vivo using several gastric cancer cells and in- 
vestigated the underlying molecular mecha-
nism. KM8094 inhibited the growth of gastric 
cancer cells, mediated by ASCT2-dependent 
glutamine uptake in vitro. KM8094 suppressed 

the glutamine uptake and GSH synthesis, ele-
vated oxidative stress, and induced apoptosis 
and cell cycle arrest. In addition, we found that 
KM8094 exerted ADCC activity against the 
SNU-16 cells. These results indicate that the 
molecular mechanisms underlying the action of 
KM8094 involves the inhibition of glutamine 
uptake followed by induction of oxidative stre- 
ss and ADCC activity. Furthermore, we observ- 
ed that KM8094 enhanced the in vivo antitu-
mor efficacy of docetaxel, a conventional che-
motherapeutic agent in gastric cancer xeno-
graft models. Altogether, our findings suggest 
that KM8094 can be a potent therapeutic 
agent for gastric cancer by blocking cellular glu-
tamine metabolism and ADCC activity.

In the immunohistochemistry experiments, AS- 
CT2 expression was observed in the gastric 
cancer tissues (Figure 1A). Based on compari-
son of the staining intensity and frequency, the 
expression tended to be higher in gastric can-
cer tissues than in normal gastric tissues. Se- 
veral studies have reported that ASCT2 is up- 
regulated in multiple cancer types, and some  
of them have also reported that the expression 
of ASCT2 is correlated with poor prognosis. We 
showed that inhibition of ASCT2-mediated glu-
tamine uptake by knockdown of ASCT2 in SNU-
16 and MKN28 cells suppressed the cell grow- 
th (Figure 2B-E). These results indicate that 
ASCT2 can be a potential therapeutic target in 
gastric cancer.

KM8094 inhibited the in vitro growth of several 
ASCT2-expressing gastric cancer cells (Figure 
2F). It has been reported that expression level 
of ASCT2 in NSCLC correlates with the sensi- 
tivity to ASCT2 blockade [27]. However, we did 
not observe any correlation between the AS- 
CT2 expression levels and KM8094 sensiti- 
vity. Because there are several glutamine tr- 
ansporters functioning in cancer cells, such as 
SLC6A14, SLC38A1, and SLC38A2 [37, 38], 
our results indicate that KM8094-resistant 
gastric cancer cells may prefer such transport-
ers in glutamine uptake rather than ASCT2. 
Otherwise, it can be considered that the ex- 
pression patterns of enzymes related to gluta-
minolysis, such as glutaminase (GLS) and glu-
tamine synthetase (GS), are different between 
the KM8094-sensitive and resistant cells. Glu- 
tamine is intracellularly converted into gluta-
mate by GLS and is synthesized by GS in the 
cell [39, 40]. Therefore, the expression levels  
of these enzymes can affect the glutamine de- 
pendence. Indeed, a recent study reported that 

Figure 5. KM8094 exerts in vitro ADCC against gas-
tric cancer cells with human peripheral blood mono-
nuclear cells from healthy control donors or gastric 
cancer patients. The graph represents individual 
data points from 13 healthy control donors and 10 
gastric cancer donors. SNU-16 cells and human 
PBMCs from either healthy controls or gastric can-
cer (GC) patients were incubated with 100 ng/ml 
KM8094, at E/T ratios of 10:1 and 20:1. ADCC was 
determined as described in Materials and Methods. 
All the experiments were performed in triplicate and 
the percentage of cytotoxicity is presented as the 
mean. The black bars represent the mean ADCC (%) 
in each group. 
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high expression of GS causes resistance of an 
ASCT2 inhibitor, benzylserine, in cultured gas-
tric cancer cells and the ASCT2 expression 
level is not associated with the sensitivity [41]. 
Oncogenes and tumor suppressors, such as 
c-myc and retinoblastoma protein (Rb), regulate 
glutamine metabolism [42, 43]. C-myc facili-
tates GLS1 expression to maintain TCA cycle 
and ROS homeostasis in cancer cells. Rb, a 
tumor suppressor protein, has been reported 
to suppress GLS1 expression. Thus, the expres-
sion or functional status of these molecules 
affects glutamine metabolism and sensitivity 
against ASCT2 inhibitor. Further studies are 
needed to elucidate the factors affecting 
KM8094 sensitivity in gastric cancer.

We identified that KM8094 has anti-tumor effi-
cacy against several gastric cancer cells in vitro 
and/or in vivo, but there was no clear correla-
tion between the in vitro and in vivo sensitivity 
to KM8094 in the gastric cancer cells tested. 
Since KM8094 is a potelligent antibody which 
has been shown to exert ADCC in SCID mice 
[44-46], ADCC as well as the neutralizing activ-
ity might contribute to the anti-tumor efficacy of 
KM8094 in vivo. Considering that sensitivities 
to ADCC might be different among cell lines, it 
is, therefore, not surprising that the KM8094-
sensitivity observed in vivo did not correlate 
with that in vitro. 

As a consequence of the inhibition of glutamine 
uptake by KM8094, intracellular levels of gluta-
mate and GSH, which were derived from gluta-
mine, were suppressed. Considering that GSH 
is an antioxidant, the elevation of ROS level 
observed in the KM8094 treated-SNU16 cells 
may be resulted from the reduction of GSH 
(Figure 4). Because KM8094 induced apopto-
sis and cell cycle arrest in the SNU-16 cells 
(Figure 3), it can be considered that the in vitro 
anti-tumor effect of KM8094 is due to apopto-
sis or cell cycle arrest in response to elevated 
intracellular oxidative stress. Indeed, KM8094-
induced inhibition of cell growth was canceled 
by treatment with a ROS scavenger, NAC. The 

induction of cell death and oxidative stress 
upon inhibition of ASCT2 transporter is consis-
tent with the findings in NSCLC and CRC [21, 
27, 47]. 

Given the fact that KM8094 is a potelligent 
antibody, we evaluated the ADCC activity of 
KM8094 against SNU-16 cells with PBMCs 
from healthy volunteers and gastric cancer pa- 
tients. KM8094 showed ADCC activity against 
the SNU-16 cells (Figure 5). Thus, in addition to 
the inhibitory activity of glutamine uptake, it is 
expected that ADCC can further contribute to 
the anti-tumor efficacy of KM8094. The ASCT2-
targeting agents, benzylserine, γ-L-glutamyl-p-
nitroanilide (GPNA), and V-9302 have preclini-
cally been shown to inhibit ASCT2-mediated 
glutamine uptake and suppress tumor growth 
[25, 27, 47]. Whereas the compounds men-
tioned above can only inhibit the function of 
ASCT2 transporter, KM8094 can not only inhib-
it the ASCT2 function but can also exert ADCC. 

In summary, we demonstrated that KM8094 
might be a potent therapeutic agent against 
gastric cancer for blocking cellular glutamine 
metabolism and ADCC.
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grafts from the gastric cancer cell lines (HSC-39, MKN-1, SNU-16, HSC-40A, MKN28, 60As6, and HSC-60) were 
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