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a b s t r a c t

Gastric cancer is highly malignant and recalcitrant to first line chemotherapies that include 5-fluorouracil
(5-FU). Cancer cells are addicted to methionine for their proliferation and survival. Methionine addiction
of cancer is known as the Hoffman effect. Methionine restriction with recombinant methioninase
(rMETase) has been shown to selectively starve cancer cells and has shown synergy with cytotoxic
chemotherapy including 5-FU. The present study aimed to investigate the efficacy of rMETase alone and
the combination with 5-FU on poorly differentiated human gastric cancer cell lines (MKN45, NUGC3, and
NUGC4) in vitro and vivo. rMETase suppressed the tumor growth of 3 kinds of poorly differentiated
gastric cancer cells in vitro. The fluorescence ubiquitination-based cell cycle indicator (FUCCI) demon-
strated cancer cells treated with rMETase were selectively trapped in the S/G2 phase of the cell cycle. In
the present study, subcutaneous MKN45 gastric cancer models were randomized into four groups when
the tumor volume reached 100 mm3: G1: untreated control; G2: 5-FU (i.p., 50 mg/kg, weekly, three
weeks); G3: oral-rMETase (o-rMETase) (p.o., 100 units/body, daily, three weeks); G4: 5-FU with o-
rMETase (5-FU; i.p., 50 mg/kg, weekly, three weeks o-rMETase; p.o., 100 units/body, daily, three weeks).
All mice were sacrificed on day 22. Body weight and estimated tumor volume were measured twice a
week. 5-FU and o-rMETase suppressed tumor growth as monotherapies on day 18 (p ¼ 0.044 and
p ¼ 0.044). However, 5-FU combined with o-rMETase was significantly superior to each monotherapy
(p < 0.001 and p < 0.001, respectively) and induced extensive necrosis compared to other groups. The
combination of 5-FU and o-rMETase shows promise for transformative therapy for poorly differentiated
gastric cancer in the clinic.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

The prognosis of gastric cancer is improving with advances in
endoscopic therapy and the advent of new treatment options such
rological Surgery, Yokohama
a, Japan.

University of California, San
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. Hoffman).
as immune-checkpoint inhibitors [1]. However, gastric cancer re-
mains one of the leading causes of death worldwide and devel-
oping new and effective treatments is imperative [2]. In particular,
poorly-differentiated gastric cancer has a worse prognosis than
highly differentiated tumors and is recalcitrant to first-line
chemotherapy, including 5-FU [3].

We discovered that cancer cells are addicted to methionine
(MET), an essential amino acid in humans [4e6]. All cancers have
been shown to be methionine addicted due to methionine overuse
for high levels of aberrant transmethylation [7]. This fundamental
and general hallmark of cancer is termed the “Hoffman effect” [8].
Methionine restriction (MR) arrests the cell cycle of cancer cells in
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the S/G2 phase and suppresses tumor growth [9,10]. In addition,
MR enhances the efficacy of cytotoxic chemotherapy drugs due to
the S/G2-phase cell cycle trap of the cancer cells [11e15]. However,
methionine is contained in all foods and is difficult to limit by
diet alone.

Thus, we developed recombinant methioninase (rMETase), a
methionine-degrading enzyme, and reported the anti-tumor effi-
cacy of methioninase in many malignant cancers in vitro and
in vivo [16e21]. Furthermore, we found that rMETase exhibits anti-
tumor efficacy when administered orally (oral-rMETase [o-
rMETase]) [21e27].

In the present study, we tested the efficacy of o-rMETase on
poorly differentiated gastric cancer cell lines in vitro and in vivo,
focusing on oral administration, and combination with 5-FU.

2. Materials and methods

2.1. Cell lines and cell culture

MKN45, NUGC3 and NUGC4, human poorly differentiated
gastric cancer cell lines were used for in vitro experiments. Cells
were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS) and 100 IU/ml penicillin/streptomycin in a
humidified atmosphere (5% CO2 at 37 �C).

2.2. Recombinant methioninase (rMETase) production

We cloned recombinant L-methionine a-deamino-g-mercapto-
methane lyase (recombinant methionase, [rMETase]) [EC 4.4.1.11]
from Pseudomonas putida. rMETase was produced in Escherichia
coli (AntiCancer, Inc., San Diego, CA), as described previously
[16,28,29].

2.3. Cell viability assay

Cell viability of gastric cancer cell lines was assessed by the Cell
Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Each gastric
cancer cell line was treated with rMETase at concentrations be-
tween 0 and 30 units/ml, and 5-FU at concentrations between 0 and
300 mg/ml. Absorption at 450 nm was measured by a
microprocessor-controlled microplate reader (Sunrise™; TECAN,
San Jose, CA, USA) to determine cell viability with the CCK-8, as
previously reported [27].

2.4. Establishment of FUCCI-expressing MKN-45 cells

Previously, two plasmids were utilized for establishment of
FUCCI-expressing MKN-45 cells:

mKO2-hCdt1 containing an orange-red fluorescent protein and
mAG-hGem, containing a green fluorescent protein (Medical and
Biological Laboratory, Nagoya, Japan) which were sequentially
transfected into MKN-45 cells with the use of Lipofectamine™ LTX
(Invitrogen, Carlsbad, CA) [30]. After transfection with each
plasmid, the cells were cultured for appropriate periods of time and
sorted for the fluorescence color corresponding to plasmids used as
described before [31].

2.5. Imaging of FUCCI-MKN45 cells

After seeding FUCCI-MKN45 cells on 35 mm glass dishes and
cultured overnight, cells were treated with rMETase, at 0, 0.25, and
49
0,50 units/ml for 48 h. The FV1000 confocal laser scanning micro-
scope (Olympus TOKYO, Japan) which contains 473 nm and 559 nm
lasers, was used to visualize the cell cycle of single FUCCI-
expressing MKN-45 cells [32].
2.6. Animal studies

Athymic nu/nu female nude mice (AntiCancer, Inc., San Diego,
CA) which were 4e6 weeks old, were used in this study. All mice
were maintained in a barrier facility on a high efficiency particulate
arrestance (HEPA)-filtered rack under standard conditions of 12-h
light/dark cycles. The animals were fed an autoclaved laboratory
rodent diet. All animal experiments were conducted with an
AntiCancer Institutional Animal Care and Use Committee (IACUC)-
protocol specifically approved for this study and in accordancewith
the principals and procedures outlined in the National Institutes of
Health Guide for the Care and Use of Animals under Assurance
Number A3873-1. Subcutaneous injection of an anesthesia mixture
(a 0.02 ml solution of 20 mg/kg ketamine, 15.2 mg/kg xylazine, and
0.48 mg/kg acepromazine maleate) was used for all mice to avoid
suffering of the mice as previously reported [33].
2.7. In vivo study using the MKN45 subcutaneous model

MKN45 (2 � 106 cells) were injected subcutaneously into the
flanks of nude mice.

After 3e4 weeks harvest, the grown subcutaneous tumor was
cut into 2e3 mm tumor pieces and implanted under the right
flanks of nude mice. The subcutaneous models were divided
randomly into 4 groups below when tumor volume reached
100 mm3; G1: Control group; G2: 5-FU group (50 mg/kg, i.p.,
weekly, 3 weeks); G3: o-rMETase group (50 U, p.o., twice a day, 3
weeks); G4: Combination group (5-FU: 50 mg/kg, i.p., weekly, 3
weeks, o-rMETase: 50 U, p.o., twice a day, 3 weeks). Each group
consisted of 6 nude mice (Fig. 1). We determined these dosages
from previous reports [25,34]. Tumor size and body weight were
evaluated twice aweek. Estimated tumor volumewas calculated by
the following predictive formula: tumor volume (mm3) ¼ length
(mm) � width (mm) � width (mm) � 1/2. All mice were humanly
sacrificed after 3 weeks, or the estimated tumor volume exceed
2000 mm3.
2.8. H & E staining and immunohistochemistry

Hematoxylin and eosin (H&E) staining and immunohisto-
chemical staining were performed as previously described. In in-
stances where therewere discrepancies, a multiheadedmicroscope
was used for consensus among researchers.
2.9. Statistical analysis

All statistical analyses were analyzed by free statistical software
EZR (Saitama Medical Center, Jichi Medical University), which is a
graphical user interface for R (The R Foundation for Statistical
Computing, version 3. 4.1.). It is a modified version of R commander
(version 2. 4-0) including statistical functions for biostatistics.
Kruskal-Wallis with Steel-Dwass for post hoc analysis was used for
a non-parametric test to compare intragroup. A probability value of
P < 0.05 was defined as statistical significance.



Fig. 1. Treatment protocol. G1: Control group; G2: 5-FU group (50 mg/kg, i.p., weekly, 3 weeks); G3: rMETase group (50 U, p.o., twice a day, 3 weeks); G4: Combination group (5-FU:
50 mg/kg, i.p., weekly, 3 weeks, o-rMETase: 50 U, p.o., twice a day, 3 weeks). Each group consisted of 6 mice. Tumor size and body weight were measured 2 times per week. All mice
were sacrificed on day 22.

Fig. 2. rMETase and 5-FU IC50 for the poorly-differentiated gastric cancer cells. A: Dose response curve of rMETase for each poorly-differentiated gastric cancer cells (MKN45,
NUGC3, and NUGC4). B: Dose response curve of 5-FU for each poorly-differentiated gastric cancer cell line. C: IC50 of rMETase and 5-FU for each gastric cancer cell line.
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3. Results

3.1. IC50 values for rMETase and 5-FU on gastric cancer cell lines

We first evaluated the efficacy of rMETase and 5-FU, which is a
first-line drug for gastric cancer on three poorly-differentiated
gastric cancer cell lines: MKN45, NUGC3, and NUGC4. Fig. 2-A, B
show the dose response curve of rMETase and 5-FU for each gastric
cancer cell line. The IC50 value of rMETase for MKN45 was
0.25 ± 0.07 units/ml, for NUGC3 was 0.24 ± 0.05 units/ml, for
NUGC4 was 0.19 ± 0.06 units/ml. The IC50 value of 5-FU for MKN45
was 1.33 ± 0.22 mmol, for NUGC3 was 2.21 ± 0.53 mmol, and NUGC4
was 1.18 ± 0.21 mmol (Fig. 2-C).

3.2. FUCCI imaging shows rMETase traps MKN45 cancer cells in S/
G2 phase of the cell cycle

We chose MKN45 to demonstrate the cell cycle trap by rMETase.
50
FUCCI imaging after 48 h revealed a large shift of cancer-cell pop-
ulation from G0/G1 (red color) to S/G2/M (green color) (Fig. 3-A).
There was a significant cell cycle trap effected by rMETase. The
control had approximately 40% of the cells in S/G2, and the
rMETase-treated cells had approximately 80% in the S/G2 phase
(Fig. 3-B).

3.3. Synergy of o-rMETase and 5-FU on MKN45 tumor growth

We tested the efficacy of 5-FU and o-rMETase alone, and their
combination on MKN45 grown in nude mice. 5-FU and o-rMETase
significantly suppressed the tumor growth at day 18 (p < 0.05)
(Fig. 4). All mice in the control group were humanly sacrificed on
day 18 due to tumor size over 2000 mm3. The combination of o-
rMETase with 5-FU was more effective compared to each mono-
therapy (p < 0.001, respectively). The final estimated tumor volume
(mm3) was as follows: the untreated control group (G1)
(2319 ± 812) (day 18); 5-FU-treated (G2) (1332 ± 455); o-rMETase-



Fig. 3. FUCCI cell-cycle imaging of rMETase treated MKN45 gastric cancer cell line. A: Representative images of MK45NeFUCCI cells treated with rMETase at the indicated doses. The
histogram shows the percentages of cells in G1 (red), early S (yellow), or late G2/M (green). FUCCI imaging after 48 h showed that rMETase induced a significant shift in the cancer-
cell population from G0/G1 to S/G2/M period. Experiments were repeated 5 times. Scale bars: 50 mm. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. Efficacy of o-rMETase and 5-FU alone and in combination on MKN45 tumors in
nude mice. Line graphs show the tumor volume (mm3) throughout the treatment
protocol. 5-FU and o-rMETase inhibited tumor growth significantly compared with the
untreated group respectively on day18 (P < 0.05). 5-FU combined with o-rMETase was
more effective treatment than either monotherapy on day 22 (P < 0.001). Error bars:
±SD. *P < 0.05, **P < 0.001.
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treated (G3) (1399 ± 284); combination of 5-FU and rMETase (G4)
(642 ± 340). There was no significant decrease in body weight in
any groups, and no statistical difference in body weight between
each group (Supplemental Figure).
3.4. Synergy of o-rMETase and 5-FU to induce necrosis of MKN45

5-FU resulted in slight necrosis compared to the untreated
group (p < 0.001) (Fig. 5). o-rMETase did not induce significant
necrosis compared to the control group. The combination of
51
rMETase and 5-FU showed extent necrosis compared to 5-FU or
rMETase treatment alone (p < 0.001).

3.5. Synergy of o-rMETase and 5-FU to inhibit gastric cancer cell
proliferation in vivo

Ki-67 immunohistochemical staining for evaluation of the pro-
liferative capacity of MKN45 cells showed that tumors treated with
combination therapy of 5-FU and o-rMETase had a significantly
lower Ki-67 index than the control or 5-FU treated tumors
(p < 0.001, respectively) (Fig. 6). The Ki-67 labelling index (%) in
each group was as follows: the untreated control group (G1)
(69.6 ± 10.1); 5-FU-treated (G2) (45.3 ± 6.7); o-rMETase-treated
(G3) (66.7 ± 5.1); combination therapy-treated (G4) (28.3 ± 8.6).

4. Discussion

In the present study, we demonstrated that rMETase suppressed
the proliferation of poorly-differentiated gastric cancer cells in vitro
by trapping them in S/G2 phase of the cell cycle as previously
shown for other cancer cell type [9,10,34]. The S/G2 phase is
generally the most drug-sensitive phase for cancer cells and is the
probable basis of the synergy of the combination therapy of 5-FU
with o-rMETase in the MKN45 subcutaneous tumor mouse model
tested in the present report.

Cancer cells require more methionine for their proliferation
than normal cells [35]. Cancer cells can biosynthesize methionine
from homocysteine but still require extensive methionine for
transmethylation reactions compared to normal cells [4,36,37].
Methionine addiction of cancer cells is termed the “Hoffman effect”
[8]. The Warburg effect of glucose addiction of cancer is less than
the Hoffman effect as [11C]-MET positron emission tomography
(PET) shows a stronger signal than 2-[fluorine-18] fluoro-2- deoxy-
D-glucose-PET in cancer patients [38,39].



Fig. 5. Effect of treatment on tumor histology. A: Control. B: 5-FU. C: o-rMETase. D: combination. E: Necrosis extent of the tumor. The combination of 5FU þ rMETase induced
significant necrosis compared to other groups. Scale bars: 100 mm *P < 0.001. Error bars: ±SD.
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Although its mechanism is not fully understood, methionine
restriction induces apoptosis of cancer cells and reversible arrest of
the cell cycle in S/G2 [7,8]. Since methionine is found in a variety of
foods, it is difficult to limit it completely through diet, which can
lead to a decrease in the patient's quality of life. For this reason, we
have developed an enzyme, rMETase, which degrades methionine.
rMETase inhibits cancer growth by decreasing methionine levels in
blood and tumors [17]. rMETase has synergy with cytotoxic
chemotherapy as originally shown by us in 1986 [7]. Recently, we
reported that combination therapy of rMETase with TNF-related
apoptosis-induced ligand receptor-2 (TRAIL-R2) agonist tigatuzu-
mab, a molecular targeting agent, inhibited pancreatic cancer by
increasing TRAIL-R2 expression [27].

Oral administration of rMETase has been developed recently and
does not induce anaphylaxis. It has been shown to reduce blood
methionine levels for up to 6 h after oral administration, making it
52
more realistic than intraperitoneal administration [23]. o-rMETase
has also shown efficacy in mousemodels of various cancers and has
shown synergy in combination with chemotherapy including
gemcitabine, 5-FU, etc. [25,26,34,40,41].

We have already started to use rMETase in clinical practice:
rMETase was administered every two weeks in combination with
the combination of 5-fluorouracil/leucovorin, irinotecan, and oxa-
liplatinum for Stage IV advanced pancreatic cancer and in combi-
nation with a low methionine diet [42]. As a result, the patient has
maintained tumor shrinkage for 19 months. rMETase was admin-
istered for a case with local recurrence of rectal cancer. rMETase
and methionine restriction with a low methionine diet have
maintained tumor shrinkage and normalization of tumor markers
for 1.5 years [43]. o-rMETase has also shown efficacy in prostate
cancer patients and metastatic breast cancer patients [44e47], and
metastatic breast cancer patient [48].



Fig. 6. Effect of treatment on Ki-67 expression. A: Control. B: 5-FU. C: o-rMETase. D: Combination of 5-FU and rMETase. E: Percentage of ki-67 positive tumor cells in each group.
Scale bars: 50 mm. *P < 0.001. Error bars: ±SD.
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5. Conclusions

The present results indicate that the combination of 5-FU with
o-rMETase is a promising future clinical therapy for poorly differ-
entiated gastric cancer.
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