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Abstract Glutamate-ammonia ligase (GLUL, also known as glutamine synthetase) is a crucial enzyme

that catalyzes ammonium and glutamate into glutamine in the ATP-dependent condensation. Although

GLUL plays a critical role in multiple cancers, the expression and function of GLUL in gastric cancer

remain unclear. In the present study, we have found that the expression level of GLUL was significantly

lower in gastric cancer tissues compared with adjacent normal tissues, and correlated with N stage and

TNM stage, and low GLUL expression predicted poor survival for gastric cancer patients. Knockdown
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Protein-protein
interaction;

Protein stability;

Ubiquitination
of GLUL promoted the growth, migration, invasion and metastasis of gastric cancer cells in vitro and

in vivo, and vice versa, which was independent of its enzyme activity. Mechanistically, GLUL competed

with b-Catenin to bind to N-Cadherin, increased the stability of N-Cadherin and decreased the stability of

b-Catenin by alerting their ubiquitination. Furthermore, there were lower N-Cadherin and higher b-Ca-

tenin expression levels in gastric cancer tissues compared with adjacent normal tissues. GLUL protein

expression was correlated with that of N-Cadherin, and could be the independent prognostic factor in

gastric cancer. Our findings reveal that GLUL stabilizes N-Cadherin by antagonizing b-Catenin to inhibit

the progress of gastric cancer.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of

MateriaMedica,ChineseAcademyofMedicalSciences.This is anopen access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gastric cancer is not only the most common cancer in the
digestive system, but also one of the highest morbidity and mor-
tality in the world, which displays poor prognosis due to lack of
early detection and effective therapy1,2. Extensive invasion and
metastasis are the major causes of treatment failure and death in
advanced gastric cancer patients3,4. Although lots of important
factors participated in the regulation of cancer proliferation, in-
vasion and metastasis through multiple signaling pathways5,6, the
main molecular mechanism remains unclear. Therefore, a better
elucidation of the molecular mechanism contributing to gastric
cancer invasion and metastasis is warranted with the hope of
improving early diagnosis and therapy efficacy.

Glutamine is a remarkable amino acid in the human body, it
plays a predominant role in nitrogen metabolism for many cell
systems, especially for glutamine-addicted cancer cells7.
Glutamate-ammonia ligase (GLUL, also known as glutamine
synthetase) is a crucial enzyme involved in the process of nitrogen
metabolism8. It catalyzes the synthesis of glutamine from gluta-
mate and ammonia in an ATP-dependent reaction9. Mutation or
deregulation of GLUL has been linked to several human diseases,
including congenital glutamine deficiency10, neurological disor-
ders11, as well as cancers12. GLUL is overexpressed and promotes
the progress in various cancers, including liver cancer13,14, lung
cancer15,16, breast cancer17,18, pancreas cancer19,20, ovarian can-
cer21 and colon cancer22. Thus, high expression of GLUL con-
tributes to the progress of these cancers, which is partially due to
the reasons that these types of cancers belong to glutamine-
dependent. However, it has been reported that GLUL expression
is downregulated in the gastric cancer tissues, possibly because
gastric cancer is so aggressive that it takes an amount of glutamine
from the external environment, resulting in there is no need for
self-synthesis of glutamine7. Additionally, in astrocytes, down-
regulation of GLUL expression significantly increases the
migratory and invasive capacity23. Furthermore, GLUL over-
expression in C6 glioma cells results in growth suppression,
motility spreading and attachment inhibition24.

Accumulating data of how GLUL participated in regulating
cancer progression are gradually reported.YAP1 can directly bind to
the transcriptional start site of the GLUL promoter and elevates
GLUL activity and expression. Thus, the knockdown of YAP1 re-
duces GLUL expression and then inhibits liver cancer cell growth25.
Oncogenic c-Myc upregulates GLUL activity and expression by
directly activating GLUL promoter demethylation26. Increased
GLUL expression promotes the biosynthesis of ribonucleotides and
asparagine, as well as amino acid transport in breast cancer cells.
And inhibition of GLUL expression suppresses cell survival,
proliferation and oncogenesis in c-Myc-driven cancers27. However,
the role of GLUL in gastric cancer remains unclear.

In this study, we investigated the expression and function of
GLUL in gastric cancer, and demonstrated a novel function of
GLUL in gastric cancer.

2. Materials and methods

2.1. Patients and specimens

Specimens including 97 pairs of gastric cancer and matched
adjacent normal tissues were obtained from patients who received
curative surgery in the Department of Gastrointestinal Surgery &
General Surgery, Guangdong General Hospital, Guangdong
Academy of Medical Sciences (Guangzhou, China). Signed
informed consent was obtained from all patients or their relatives.
The study was approved by the ethics committee of Guangdong
General Hospital (Guangzhou, China).

2.2. Plasmids and antibodies

The shRNA targeting human GLUL mRNA (50-GACAATGCCC-
GACGTCTAA-30) was cloned into pLKO.1-GFP lentiviral vector.
Full-length of GLUL-WT/or R324C, N-Cadherin and deletion
mutants were cloned into pDest27-GST or pCDH-Neo-Venus/Dest
vectors as previously described28. Anti-GLUL (Cat#D122427) and
anti-GFP (Cat#D110008) antibodies were purchased from Sangon
Biotech (Shanghai, China). Anti-N-Cadherin (Cat#610920), anti-b-
Catenin (Cat#610154), anti-c-Myc (Cat#551102) and anti-Cyclin
D1 (Cat#514181) antibodies were purchased from BD Bioscience
(NJ, USA). Anti-Vimentin (Cat#5741) antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA). Anti-GST
(Cat#SC-459) and anti-HA (Cat#SC-7392) antibodies were pur-
chased from Santa Cruz Biotechnology (CA, USA). Anti-Flag
(Cat#F7452) antibody was purchased from SigmaeAldrich (St.
Louis, MO, USA). Anti-GAPDH (Cat#KM9002T), anti-b-actin
(Cat#KM9001T) and anti-Tubulin (Cat#KM9007T) antibodies
were purchased from Sungene Biotech (Tianjin, China).

2.3. Cell culture and lentivirus infection

Human gastric cancer cell lines (AGS, BGC823, MGC803,
MKN45, SGC7901 and KATO III), human gastric epithelium cell
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line GES-1 and human normal embryonic kidney cell line
HEK293T were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Gibco, NY, USA),
penicillin (100 U/mL) and streptomycin (100 ng/mL) (Sangon
Biotech, Shanghai, China) in a humidified incubator at 37 �C with
5% CO2. Lentivirus was packaged in HEK293T cells and
collected from the medium supernatant. Stable cell lines were
established by infecting lentivirus into cells, followed by puro-
mycin or G418 selection (SigmaeAldrich, St. Louis, MO, USA).
2.4. Cell proliferation assay

Cells were firstly seeded into a 96-well plate at a density of
3000 cells/well, and incubated for different times (0, 12, 24, 48, 72
and 96 h). Then methyl thiazolyl tetrazolium was added to each
well at a final concentration of 0.5 mg/mL. After incubation for
4 h, formazan crystals were dissolved in 100 mL of DMSO, and
the absorbance at 570 nm was measured by a plate reader (Mul-
tiskan Sky, Thermo Scientific, 51119670).
2.5. Soft-agar colony formation assay

Cells with a density of 5 � 103 cells/well were resuspended in
DMEM containing 0.3% low-melting agarose and 10% FBS and
seeded onto a coating of 0.5% low-melting agarose in DMEM
containing 10% FBS into 6-well plate. After cultured for 3 weeks,
cell colonies were analyzed microscopically (Olympus, CKX53).
2.6. Wound healing assay

Cells with a density of 5 � 105 cells/well were seeded into a 6-well
plate. Till the cells reached 90% confluence, the cell monolayer was
wounded using a sterilized 10 mL pipette tip and washed with PBS
for two times. Cells were allowed to migrate for 24 and 48 h in
serum-free medium, and the wounds were observed and captured.
The gap lengths were measured from the photomicrographs.
2.7. Transwell assay

The assay was performed in an invasion chamber consisting of a
24-well tissue culture plate with 12 cell culture inserts (Corning).
Cells with a density of 2 � 104 cells/well in serum-free culture
medium were added to the inserts, and each insert was placed in
the lower chamber containing 10% FBS culture medium. After
being cultured for 24 h, cells on the upper surface of the mem-
brane were wiped off, and cells that invaded the bottom surface
were photographed and counted.
2.8. Phalloidin staining assay

Cells were seeded on glass coverslips for 24 h and then fixed in
4% paraformaldehyde for 20 min and permeabilized with 0.1%
Triton X-100 for 15 min at room temperature. The coverslips were
incubated in the dark with 100 nmol/L rhodamine-phalloidin at
room temperature for 30 min. Nuclei were stained with 10 mg/mL
DAPI. The coverslips were rinsed in PBS and inverted on a drop
of anti-fade mounting medium on a glass slide. Then, these slides
were sealed with neutral balsam and viewed under the confocal
microscope (ZEISS LSM880, ZENblue).
2.9. Western blot assay

Proteins were separated on 12% SDS-PAGE gels and transferred to
polyvinylidene difluoride membranes. Membranes were blocked
with 5% BSA and incubated with the indicated primary antibodies.
Corresponding horseradish peroxidase-conjugated secondary anti-
bodies were used against each primary antibody. Signals were
detected with the ChemiDoc XRS chemiluminescent gel imaging
system (Analytik Jena).

2.10. GST pull-down and co-immunoprecipitation assay

Cells were lysed in lysis buffer (1% Nonidet P-40, 150 mmol/L
NaCl, 100 mmol/L HEPES, 5 mmol/L Na4P2O7, 5 mmol/L NaF,
2 mmol/L Na3VO4, 1 mmol/L phenylmethylsulfonylfluoride,
10 mg/L aprotinin, 10 mg/L leupeptin). Cleared cell lysates were
incubated with glutathione or Protein G conjugated sepharose (GE
Healthcare) and the appropriate antibodies for 2 h at 4 �C. Then,
the sepharose was washed three times with lysis buffer and boiled
in 6 � SDS sample buffer for Western blot analysis.

2.11. Immunohistochemistry assay

Tissues were paraffin-embedded, sectioned and stained with anti-
bodies using a microwave-enhanced avidin-biotin staining method
as previously described29. For quantitation of the protein expres-
sion, the following formula was used: Immunohistochemistry
score Z % positive cells � intensity score. The intensity was
scored as follows: 0, negative; 1, weak; 2, moderate; and 3, intense.
An immunohistochemistry score of 100 or greater was considered
as positive.

2.12. GLUL activity assay

GLUL activity was measured using Micro Glutamine Synthetase
Assay Kit (Solarbio, Beijing, China). Briefly, cells were harvested
and washed with PBS for two times, and then extracted with the
extraction buffer. The mixture was sonicated for 20 s and centri-
fuged at 8000 � g at 4 �C for 10 min. The supernatant was
collected, and the absorbance at 520 nm was read for the calcu-
lation of GLUL activity (Multiskan Sky, Thermo Scientific,
51119670).

2.13. Measurements of intracellular glutamine levels

Measurements of intracellular glutamine levels were performed
with Glutamine measurement kit (COIBO BIO, Shanghai, China).
Briefly, cells were harvested and washed with PBS for two times,
repeated freezeethaw cycles. The cells were damaged and intra-
cellular components were released. After centrifugation for
20 min at the speed of 2000e3000 rpm (5420, Eppendorf, Old-
enburg, Germany), the supernatant were collected. Glutamine
levels were then measured by reading ELISA plate at OD450 nm
(Multiskan Sky, Thermo Scientific, 51119670).

2.14. Dual luciferase reporter assay

The TOPflash and FOPflash plasmids were transiently transfected
using Lipofectamine into cells along with Renilla-TK luciferase
vector (pRL-TKRenilla, Promega) as the internal control. Mean-
while, Flag-b-Catenin or GST-GLUL were co-transfected into
cells. Cells were harvested after 48 h, and the luciferase activity
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was determined by the dual-luciferase assay system (Cat. E1910,
Promega) according to the manufacturer’s protocol. The luciferase
activity was normalized to the Renilla luciferase activity, and the
b-Catenin transcription activity was measured as TOP/FOP ratio
(SkanIt Software 6.1, Thermo Scientific). All experiments were
performed three times.
2.15. Nude mice tumorigenesis and lung metastasis assay

The female BALB/c nude mice (5 weeks old, 18.0e20.0 g, pur-
chased from The Shanghai SLAC Laboratory Animal Co.) were
randomly divided into indicated groups. The mice were subcuta-
neously injected with the indicated cells (5 � 106 cells in a volume
of 100 mL DMEM, nZ 7 mice), or injected through lateral tail vein
(2 � 106 cells in a volume of 100 mL PBS, n Z 5 mice). Tumors
and lungs were weighed after mice were anesthetized. Hematoxylin
and eosin staining were used to identify cancer tissue and normal
tissue. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Jinan University.
2.16. Mass spectrometry analyses

For mass spectrometry analysis, anti-Flag immunoprecipitations
were performed with the WCL derived from three 10 cm dishes of
HEK293T cells transfected with Flag-GLUL. The proteins were
resolved by SDS-PAGE, and identified by Coomassie staining. The
bandcontainingGLULwas reducedwith10mmol/LDTT for 30min,
alkylated with 55 mmol/L iodoacetamide for 45 min, and in-gel-
digestedwith trypsin enzymes.The tryptically digested peptideswere
desalted with monospin C18 column (SHIMADZU-GL), and then
analyzed on an Easy-nLC1200 system equipped with a homemade
reverse phase C18 column (75 mm� 300 mm, 1.9 mm). The peptides
were separated with a 120min gradient from 5% to 100% of buffer B
(buffer A: 0.1% formic acid in water; buffer B: 0.1% formic acid in
80% acetonitrile) at 300 nL/min. The eluted peptides were ionized
and directly introduced into a Q-Exactive mass spectrometer
(ThermoScientific, San Jose, CA, USA) using a nano-spray source
with the application of a distal�2.5 kV spray voltage. A cycle of one
full-scanMSspectrum (m/z 300e1500)was acquired followed by top
20MS/MS events, sequentially generated on the first to the twentieth
most intense ions selected from the full MS spectrum at a 30%
normalized collision energy.

The acquired MS/MS data were analyzed against a homemade
database (including all target proteins) using PEAKS Studio 8.5.
Cysteine alkylation by iodoacetamide was specified as fixed
modification with mass shift 57.02146 and methionine oxidation,
protein N-terminal acetylation as variable. Additionally, phosphor-
ylation was set as dynamic modification with mass shift 79.9663. In
order to accurately estimate peptide probabilities and false dis-
covery rates, we used a decoy database containing the reversed
sequences of all the proteins appended to the target database.
2.17. Statistical analysis

Comparisons between the two groups were performed using
Student’s t-test. Overall survival and disease-free survival curves
were obtained by the KaplaneMeier method, and differences were
compared by the log-rank test. The Chi-Square test was calculated
to show the correlation. P-value of less than 0.05 was considered
statistically significance.
3. Results
3.1. GLUL is downregulated and correlated with poor prognosis
in gastric cancer

To investigate the protein expressions of GLUL in gastric cancer,
we first detected the protein expression of GLUL in human gastric
cancer cell lines and tissues by Western blot. As shown in Fig. 1A,
the protein expressions of GLUL in all human gastric cancer cells
(AGS, BGC823, MGC803, MKN45, SGC7901 and KATOIII)
were lower than that of normal gastric epithelium cells (GES-1).
Moreover, the protein expressions of GLUL in most human gastric
tumor tissues (T) were lower than those of paired adjacent normal
tissues (N) (Fig. 1B and C). Furthermore, the immunohisto-
chemistry results of tissue arrays showed that the protein ex-
pressions of GLUL in human gastric tumor tissues (T) were also
lower than those of paired adjacent normal tissues (N), and
negative GLUL expression was present in 65 (67.01%) out of 97
tumor tissues (Fig. 1D). In addition, GLUL expression was
associated with N stage and TNM stage but not with age, gender,
Lauren type, T stage, lymph node metastasis, differentiation,
tumor diameter longitudinal and vessel carcinoma embolus
(Supporting Information Table S1). KaplaneMeier analysis
revealed that patients with low GLUL expression showed poor
overall survival and disease-free survival (Fig. 1E and F). These
results suggest that GLUL is downregulated in gastric cancer and
correlated with poor prognosis.
3.2. GLUL inhibits the proliferation, migration, invasion and
metastasis of gastric cancer

To explore the effect of GLUL on gastric cancer, we first selected
two cell lines (AGS and MKN45) with relatively high GLUL
expression to generate stable knockdown of endogenous GLUL,
and then these cells were re-expressed exogenous GLUL (Fig. 2A
and C). The MTT and soft-agar colony formation results showed
that GLUL knockdown enhanced cell proliferation, cell sphere
numbers and sizes, and GLUL re-expression weakened cell pro-
liferation, cell sphere numbers and sizes (Fig. 2B and DeF).
Moreover, the subcutaneous tumor models in nude mice revealed
that GLUL knockdown promoted tumor growth, and GLUL re-
expression inhibited tumor growth (Fig. 2G and H). The further
wound healing and trans-well results presented that GLUL
knockdown accelerated cell migration and invasion, and GLUL
re-expression suppressed cell migration and invasion (Fig. 3AeE).
The phalloidin staining results exhibited that GLUL knockdown
promoted the formation of pseudopodia-like membrane pro-
trusions which indicates an epithelial-mesenchymal transition
(EMT) phenotype, and GLUL re-expression blocked the forma-
tion of pseudopodia-like membrane protrusions (Supporting
information Fig. S1A). The results of Western blot displayed
that GLUL knockdown upregulated the expression of EMT bio-
markers such as b-Catenin, as well as the downstream genes
cyclin D1 and c-Myc, and vice versa (Fig. S1B). In addition,
GLUL decreased the b-Catenin transcription activity (Fig. S1C),
which means GLUL may partially participate in Wnt signal
transduction. Furthermore, the model of lung metastasis through
tail vein injection in nude mice demonstrated that GLUL knock-
down increased lung weights and the numbers of lung metastatic
tumors, and GLUL re-expression decreased lung weights and the
numbers of lung metastatic tumors (Fig. 3FeI). Hence, these



Figure 1 GLUL is downregulated and correlated with poor prognosis in gastric cancer. (A) Western blot analysis of GLUL expression in the

indicated cells. (B) Western blot analysis of GLUL expression in 12 pairs of human adjacent normal tissues (N) and gastric cancer (T) tissues. (C)

The quantification of the protein expressions of GLUL relative to GAPDH (B) is shown. (D) GLUL expression in 97 pairs of human adjacent

normal tissues (N) and gastric cancer (T) tissues were examined with immunohistochemistry assay. (E)e(F) KaplaneMeier analysis of overall

and disease-free survival rates of 97 gastric cancer patients based on their expression of GLUL. *P < 0.05.
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findings together suggest that GLUL inhibits the growth and
metastasis of gastric cancer in vitro and in vivo.

3.3. Inhibition of the proliferation and migration of gastric
cancer is independent of GLUL enzyme activity

To examine whether the above effects of GLUL on gastric cancer
are dependent on its enzyme activity, we first detected the cell
proliferation level under the conditions with or without glutamine,
and found that the AGS and MKN45 cells could still grow but just
slow down in the absence of glutamate (Supporting information
Fig. S2A and S2B). Then we treated AGS and MKN45 cells
with l-methioninesulfoximine (MSO), a specificity enzyme in-
hibitor of GLUL. Results showed that MSO indeed decreased the
GLUL activity and intracellular glutamine levels (Figs. S2C and
S2E), but did not affect the proliferation and migration of AGS
and MKN45 cells (Fig. 4A and C). Furthermore, MSO also did not
cause changes in the b-Catenin and vimentin expression (Fig. 4B).
In addition, GLUL inactive mutant R324C re-expression inhibited
the proliferation and migration of AGS/shGLUL and MKN45/
shGLUL cells as GLUL-WT re-expression did (Figs. 4DeG,
S2D and S2F). These results suggest that inhibition of the pro-
liferation and migration of gastric cancer is independent of GLUL
enzyme activity.

3.4. GLUL competes with b-Catenin to bind to N-Cadherin

To investigate the mechanism of GLUL inhibiting the prolifera-
tion, migration, invasion and metastasis of gastric cancer, we
performed mass spectrometry analysis of GLUL immunoprecipi-
tation complex and found that N-Cadherin was a potential binding
protein of GLUL (Supporting information Fig. S3A). To validate
the binding of GLUL and N-Cadherin, we co-transfected GST or
GST-GLUL and Venus-N-Cadherin into HEK293T cells and
performed GST pull-down assay. As shown in Fig. 5A, Venus-N-
Cadherin was only detectable in the GST-GLUL complex but not
in the GST complex. We also reversed the fusions and co-
transfected GST or GST-N-Cadherin and Venus-GLUL into
HEK293T cells. Venus-GLUL was only detectable in the GST-N-
Cadherin complex, but not in the GST complex (Fig. 5B).
Moreover, endogenous GLUL and N-Cadherin were separately
immunoprecipitated from AGS cells, and reciprocal protein



Figure 2 GLUL inhibits gastric cancer cell proliferation in vitro and in vivo. (A, C) Western blot analysis of GLUL expression in the indicated

cells. (B, D) Cell proliferation of indicated cells were determined with MTT assay. Data are presented as mean � SD. (E) The representative

images and (F) quantification of the indicated cells colony numbers and colony volume were determined with soft-agar formation assay. (G) The

indicated subcutaneous tumors and (H) quantification of tumor weight and volume are shown. n Z 7 mice. *P < 0.05 and **P < 0.01.
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detection was performed. Both GLUL and N-Cadherin were
detectable in their immunoprecipitated complexes, but not in the
control immunoglobulin G complexes (Fig. 5C and D).

To determine the binding specificity and explorewhich regions in
N-Cadherin mediate the binding of GLUL and N-Cadherin, we
overexpressed GST, GST-N-Cadherin truncations 1e123, 124e710,
711e906, full-length and Venus-GLUL in HEK293T cells and per-
formed GST pull-down assay. Venus-GLUL was detectable in the
complexes for GST-N-Cadherin truncations 124e710, 711e906 and
full-length but not in theGST-N-Cadherin truncation 1e123andGST
complexes (Fig. 5E and G). This result indicates that the regions of
N-Cadherin responsible for its bindingwithGLULare located in both
N-Cadherin truncations 124e710 and 711e906. To map the regions
ofGLUL that bindwithN-Cadherin,wegeneratedGLUL truncations
1e109, 110e373 and examined their interactionwithN-Cadherin by
detecting Venus-N-Cadherin levels in the GST-GLUL truncation
complexes from overexpressing lysates. Venus-N-Cadherin was
detectable only in the complexes forGST-GLULfull-lengthbut not in
the truncations 1e109, 110e373 and GST complexes (Fig. 5F and
H). This data suggests that the regions of GLUL responsible for its
interaction with N-Cadherin are located in both GLUL truncations
1e109 and 110e373.

Due to the degradation of N-Cadherin is sensitive to extra-
cellular calcium30, whether the interaction with GLUL renders



Figure 3 GLUL inhibits gastric cancer cell migration, invasion and metastasis in vitro and in vivo. (A, B) The representative images and

(C) quantification of the indicated cells migration was determined with wound healing assay. (D) The representative images and (E) quantification

of the indicated cells invasion were determined with Transwell assay. (F) The indicated images of lung, (G) quantification of lung weight and

(H) numbers of lung metastasis are shown. n Z 5 mice. (I) The representative images of lung metastasis in the indicated lung sections were

determined with H&E staining. Data are presented as mean � SD. *P < 0.05 and **P < 0.01.
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N-Cadherin resistant to extracellular calcium. Our results show
that calcium reduced N-Cadherin expression, while the down-
regulated of N-Cadherin induced by calcium was reversed by
adding GLUL (Fig. S3B). In addition, calcium inhibited the
interaction between GLUL and N-Cadherin (Fig. 3C). It has
demonstrated that the cytoplasmic domain (truncation 711e906)
of N-Cadherin mediated its binding with b-Catenin31. To explore
whether GLUL and b-Catenin competitively bind to N-Cadherin
because both can bind with the cytoplasmic domain of N-Cad
herin, we co-transfected Flag-b-Catenin, GST-N-Cadherin and
Venus-GLUL into HEK293T cells and performed a GST pull-
down assay. The level of Venus-GLUL in the GST-N-Cadherin
complex gradually decreased when the expression of Flag-b-
Catenin was dose-dependently increased, and vice versa (Fig. 5I
and J). Additionally, knockdown of GLUL increased the interac-
tion between b-Catenin and N-Cadherin (Fig. S3D). These results
indicate that GLUL and b-Catenin competitively bind to N-
Cadherin.



Figure 4 Inhibition of the proliferation and migration of gastric cancer is independent of GLUL enzyme activity. (A) Cell proliferations of the

indicated cells treated with or without l-methionine sulfoximine (MSO, 5 mmol/L) were determined with MTT assay. Data are presented as

mean � SD. (B) Western blot analysis of the indicated protein expression in the indicated cells treated with or without MSO (5 mmol/L, 48 h). (C)

The representative images and quantification of the indicated cell migration treated with or without MSO (5 mmol/L, 48 h) were determined with

wound healing assay. (D) Western blot analysis of GLUL expression in the indicated cells. (E) Cell proliferations of the indicated cells were

determined with MTT assay. Data are presented as mean � SD. (F) The representative images and (G) quantification of the indicated cells

migration were determined with wound healing assay. *P < 0.05 and **P < 0.01, and NS, no statistical significance.
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3.5. GLUL affects N-Cadherin and b-Catenin stability by
alerting their ubiquitination

To investigate the effect of GLUL on N-Cadherin and b-Catenin, the
proteasome inhibitor MG132 was used to treat AGS and
MKN45 cells with or without GLUL knockdown. As shown in
Fig. 6A, MG132 could reverse the decrease of N-Cadherin and pro-
mote the increase of b-Catenin in GLUL knockdown cells. To
address whether GLUL directly affects the protein stability of
N-Cadherin and b-Catenin, we compared the half-life of endogenous
N-Cadherin and b-Catenin proteins inAGS andMKN45 cells with or
without GLUL knockdown. After treatment with the protein syn-
thesis inhibitor cycloheximide (CHX) at the indicated timepoints, the
half-life values of N-Cadherin and b-Catenin were shorter and longer
respectively in GLUL knockdown cells than those in the scramble
control cells (Fig. 6BeE). These results indicate that GLUL can



Figure 5 GLUL competes with b-Catenin to bind to N-Cadherin. (A, B) Exogenous GLUL interacts with N-Cadherin. (C, D) Endogenous

GLUL interacts with N-Cadherin. Endogenous GLUL and N-Cadherin were immunoprecipitated (IP) from AGS cells and detected reciprocally.

(E, F) The interacting regions of GLUL with N-Cadherin were mapped. (G) N-Cadherin truncation mutants interact with GLUL. (H) GLUL

truncation mutants interact with N-Cadherin. (I, J) GLUL and b-Catenin competitively interact with N-Cadherin. HEK293T cells were co-

transfected with the indicated vectors for 48 h. GST pull-down and Western blot were performed.
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increase the stability of N-Cadherin and decrease the stability of
b-Catenin.

To examine whether GLUL alerts the stability of N-Cadherin and
b-Catenin by affecting their ubiquitination,we co-transfectedHA-Ub
and Venus-N-Cadherin or Flag-b-Catenin with or without GST-
GLUL into HEK293T cells and performed GFP or Flag immuno-
precipitation assays. The results showed that GLUL decreased
N-Cadherin ubiquitylation and increased b-Catenin ubiquitylation
(Fig. 6F and G). These data suggest that GLUL affects N-Cadherin
and b-Catenin stability by alerting their ubiquitination.



Figure 6 GLUL affects N-Cadherin and b-Catenin stability by alerting their ubiquitination. (A) Western blot analysis of indicated protein

expression in the indicated cells that were treated with or without MG132 (20 mmol/L, 4 h). (B, C) The indicated cells were treated with

cycloheximide (CHX, 100 mg/mL), and collected at the indicated times for Western blot. (D, E) The quantification of N-Cadherin and b-Catenin

levels relative to GAPDH is shown. Data are presented as mean � SD. (F) GLUL inhibits N-Cadherin ubiquitination. (G) GLUL promotes

b-Catenin ubiquitination. HEK293T cells were co-transfected with the indicated vectors for 48 h. Immunoprecipitation with anti-GFP or anti-Flag

antibodies and Western blot were performed. *P < 0.05 and **P < 0.01.
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3.6. GLUL protein expression is correlated with that of
N-Cadherin and the independent prognostic factor in gastric
cancer

To analyze the correlation of GLUL, N-Cadherin and b-Catenin in
gastric cancer, we further detected the protein expressions of
N-Cadherin and b-Catenin in gastric cancer patient tumor tissues
by immunohistochemistry assay. The protein expressions of
N-Cadherin in human gastric cancer tissues (T) were lower than
those of paired adjacent normal tissues (N), and negative
N-Cadherin expression was present in 62 (63.92%) out of 97
tumor tissues (Fig. 7A). The protein expression of b-Catenin in
human gastric cancer tissues (T) was higher than those of paired
adjacent normal tissues (N), and positive b-Catenin staining was
present in 61 (62.89%) out of 97 tumor tissues (Fig. 7B). The
expression of N-Cadherin was positively correlated with the
expression of GLUL and negatively correlated with the expression
of b-Catenin, and there was no correlation between the expres-
sions of GLUL and b-Catenin (Fig. 7CeE). Furthermore, statis-
tical analysis showed that N-Cadherin expression was associated
with TNM stage and tumor diameter longitudinal but not with age,
Figure 7 GLUL protein expression is correlated with that of N-Cadh

N-Cadherin and b-Catenin expressions in 97 pairs of human adjacent no

immunohistochemistry assay. (C)e(E) Correlation among GLUL, N-Cadh

Schematic of GLUL inhibiting gastric cancer progress.
gender, Lauren type, T stage, N stage, lymph node metastasis,
differentiation and vessel carcinoma embolus (Table S1). b-Cat-
enin expression was only associated with differentiation but not
with age, gender, Lauren type, T stage, N stage, TNM stage,
lymph node metastasis, tumor diameter longitudinal and vessel
carcinoma embolus (Table S1). KaplaneMeier analysis revealed
that there were no significant differences between N-Cadherin or
b-Catenin expression and patient overall survival or disease-free
survival (Supporting information Fig. S4). Additionally, univari-
ate Cox regression analysis indicated that GLUL expression, T
stage, N stage, TNM stage and lymph node metastasis were the
independent prognostic factors for overall survival (Table S2).
Collectively, these data suggest that GLUL protein expression is
correlated with that of N-Cadherin and the independent prognostic
factor in gastric cancer.

4. Discussion

In the current study, we have found that the expression level of
GLUL is significantly lower in gastric cancer tissues compared
with adjacent normal tissues, and correlated with N stage and
erin and the independent prognostic factor in gastric cancer. (A, B)

rmal tissues (N) and gastric cancer (T) tissues were examined with

erin and b-Catenin protein levels in human gastric cancer tissues. (F)
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TNM stage. KaplaneMeier analysis indicates that low GLUL
expression predicts poor survival for gastric cancer patients.
Recent studies have revealed that the expression of GLUL is
regulated both at the mRNA and protein levels. For instance, Yes-
associated protein 1 elevates GLUL expression by directly binding
to GLUL promoter, and knockdown of YAP1 reduces GLUL
expression and inhibits liver cancer cell growth25. Besides, GATA
binding protein 3 can upregulate GLUL expression through direct
binding to GLUL promoter and promote the synthesis of gluta-
mine for the growth of breast cancer cells18. The forkhead box O
also transcriptionally enhances GLUL expression and glutamine
production, resulting in the inhibition of mTOR and increased
autophagy22. Moreover, thymine-DNA glycosylase causes the
GLUL promoter to enhance GLUL expression, and c-Myc indi-
rectly upregulates GLUL transcription by binding to the E boxes
of TDG to increase TDG expression26. Additionally, GLUL pro-
tein is acetylated by histone acetyltransferases p300/CBP, and
acetylated GLUL is ubiquitinated by E3 ubiquitin ligase cereblon
to degrade in the proteasome. This degradation of GLUL is pro-
moted by valosin-containing protein p9732. Furthermore,
ubiquitin-specific peptidase 15 can antagonize cereblon-mediated
ubiquitylation of GLUL to inhibit proteasomal degradation33.
Another E3 ubiquitin ligase zinc and ring finger 1 can also
ubiquitinate GLUL to facilitate proteasomal degradation34. How-
ever, the reasons for the low GLUL expression in gastric cancer,
possibly regulated by the above factors, need to be investigated in
the future.

Apart from its canonical glutamine-synthesis function, GLUL
harbors non-canonical functions by palmitoylation ras homolog
family member J to maintain its membrane localization and acti-
vation35. GLUL abolishment resulted in a gain of function pheno-
type with induced drug resistance in lung cancer, in which GLUL
ablation suppressed cell apoptosis and promoted cell colony for-
mation36. Additionally, MSO alone barely affected cell prolifera-
tion, colony formation, as well as xenograft tumor growth7. And
combination treatment with MSO and BenSer, an inhibitor of
glutamine transporter-ASCT2, showed potent antitumor activity in
gastric cancer7. Similarly, our data presented that GLUL harbored
another non-canonical function. Our findings have shown that
knockdown of GLUL promotes the growth, migration, invasion and
metastasis of gastric cancer cells in vitro and in vivo, and vice versa,
which is independent of its enzyme activity.

We have further found that GLUL competes with b-Catenin to
bind to N-Cadherin, increases the stability of N-Cadherin and
decreases the stability of b-Catenin by alerting their ubiquitina-
tion. Moreover, our results have presented that there are lower
N-cadherin and higher b-Catenin expression levels in gastric
cancer tissues compared with adjacent normal tissues. GLUL
protein expression is correlated with that of N-Cadherin and is the
independent prognostic factor in gastric cancer. The complexes of
N-Cadherin and b-Catenin play a key role in mediating cell
adhesion that is involved in the regulation of migration, invasion
and metastasis37. b-Catenin proteins are controlled by the multi-
protein destruction complex which includes adenomatous polyp-
osis coli, Axin and the kinases glycogen synthase kinase 3 and
casein kinase 138. b-Catenin is recruited into this multiprotein
destruction complex through binding APC or Axin and sequen-
tially phosphorylated by CK1 and GSK3b, which generates a
binding site for the E3 ubiquitin ligase b-transducin repeat-
containing protein and b-Catenin is ubiquitinated and
destroyed38,39. N-Cadherin can stabilize b-Catenin by competing
with APC or Axin to bind to b-Catenin38,40, therefore the binding
of GLUL to N-Cadherin not only stabilizes N-Cadherin but also
releases b-Catenin for degradation. However, since GLUL is not
an E3 ubiquitin ligase, it cannot directly mediate the ubiquitina-
tion and degradation of N-cadherin. Although E3 ubiquitin ligase
Fbxo45 blocks calcium-sensitive proteolysis of N-cadherin30, the
ubiquitination and degradation of N-cadherin need to be further
investigated.

The relationship between GLUL and b-Catenin has been well-
studied in liver cancer. b-Catenin is a GLUL upstream regulator,
and the promoter of GLUL can be activated by b-Catenin41.
Therefore, the expression of GLUL is increased by activation of
b-Catenin, and the expressions of GLUL and b-Catenin show a
positive correlation in human liver cancer tissues41. Moreover,
activating b-Catenin mutations are usually found in GLUL-
positive liver cancer tissues42, cause metabolic changes and
autophagy to alert the sorafenib sensitivity of liver cancer cells43,
and activate the mechanistic target of rapamycin complex 1 to
promote liver cancer cell proliferation by upregulating GLUL
expression44. In this study, we have demonstrated that GLUL is
also a b-Catenin upstream regulator, and GLUL can decrease the
expression and stability of b-Catenin protein by affecting its
ubiquitination in gastric cancer, suggesting that there is a regu-
lation feedback loop between GLUL and b-Catenin.

5. Conclusions

Our study has demonstrated that GLUL inhibits the proliferation,
migration, invasion and metastasis of gastric cancer, which is in-
dependent of its enzyme activity. GLUL competes with b-Catenin
to bind to N-Cadherin, affecting the stability of N-Cadherin and
b-Catenin by alerting their ubiquitination (Fig. 7F). Moreover,
GLUL protein expression is correlated with that of N-Cadherin
and the independent prognostic factor in gastric cancer. These
findings reveal that GLUL stabilizes N-Cadherin by antagonizing
b-Catenin to inhibit the progress of gastric cancer.
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