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Summary. Grin2d is an ionotropic NMDA receptor, a
subunit of glutamate-dependent, and a facilitator of
cellular calcium influx in neuronal tissue. In this study,
we found that Grin2d expression was higher in
esophageal cancer than in normal mucosa at both the
mRNA and protein level using RT-PCR, bioinformatics
analysis, and western blotting (p<0.05). Grin2d mRNA
expression was positively correlated with old age, white
race, heavy weight, distal location, adenocarcinoma,
cancer with Barrett’s lesion, or high-grade columnar
dysplasia (p<0.05). The differential genes associated
with Grin2d mRNA were involved in fat digestion and
absorption, cholesterol metabolism, lipid transfer,
lipoproteins, synaptic membranes, and ABC transporters
(p<0.05). The Grin2d-related genes were classified into
the following categories: metabolism of glycerolipids,
galactose, and O-glycan, cell adhesion binding, actin
binding, cadherin binding, the Hippo signaling pathway,
cell-cell junctions, desmosomes, DNA-transcription
activator binding, and skin development and
differentiation (p<0.05). Grin2d immunoreactivity was
positively correlated with distal metastasis and
unfavorable overall survival in esophageal cancer
(p<0.05). Grin2d overexpression promoted proliferation,
migration, and invasion in esophageal cancer cells but
blocked apoptosis (p<0.05) and increased the expression
of PI3K, Akt and p-mTOR. Grin2d knockout caused the
opposite effects. These findings indicated that
upregulated Grin2d expression played an important role
in esophageal carcinogenesis via the PI3K/Akt/mTOR
pathway and might be a biological marker for aggressive
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tumor behavior and poor prognosis. Its silencing might
represent a targeted therapy approach against esophageal
cancer.
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Introduction

The glutamate (Glu) system is a very complicated
bioregulatory pathway composed of several ionotropic
Glu receptors (iGlu.Rs), Glu transporters (EAATS),
metabotropic Glu receptors (mGlu.Rs), and glutamine
synthetase (GS) to metabolize glutamate into glutamine.
N-methyl-D-aspartate receptors (NMDAR) are
ionotropic glutamate receptors that include the kainate
and AMPA receptors and serve as heterotetrameric,
ligand-gated ion channels with high calcium
permeability and voltage-dependent sensitivity to
magnesium. The binding of the neurotransmitter Glu to
the epsilon subunit and glycine to the zeta subunit
coupled with membrane depolarization to eliminate
channel inhibition by Mg?" can activate these channels.
The channels are heteromers consisting of the core
receptor subunit NMDAR1 (GRIN1 or NR1) and one or
more of the NMDAR2 (GRIN2 or NR2 or GluN2) A-D,
or NR3 (A-B) subunits. NMDAR are cationic channels
mainly permeable to Ca?* (Camp and Yuan, 2020;
Palasz and Krzystanek, 2022). Hajdu et al. (2018)
demonstrated that the NR1 and NR3 subunits can bind
glycine, whereas the NR2 subunits bound glutamate to
achieve full activation. NR1 may be involved in
recognizing the nuclear localization signal (NLS) of
importin-o.

NMDARs are essential for learning, memory, and
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neuron development. Genetic variants of the Grin2d gene
cause early-onset neurological disorders, particularly
developmental and epileptic encephalopathy (DEE) and
non-specific early-onset epileptic encephalopathy
(Wollmuth et al., 2021). Andrews et al. (2020) reported
that GluN2D”~ mice had an increase in PC and a decrease
in DG, indicating reduced free fatty acids caused by brain
ischemia. They also found that the GluN2D”~ mice had
higher neurorecovery and neuroprotection rates from
ischemic strokes than the wild-type mice. Sharma et al.
identified novel, recurrent regulatory mutations affecting
known cancer genes, such as NKX2-1 and Grin2d, in
multiple cancer types. Zarei et al. (2021) found that
specific dysregulated genes, including Grin2d, were
involved in adult T-cell Leukemia/Lymphoma. Ma et al.
(2021) found that Grin2d was a key exosomal hub mRNA
for colorectal cancer.

The incidence of esophageal cancer (EC) has been
increasing with changes in the environment and diet.
The main types of EC are adenocarcinoma and
squamous cell carcinoma, which develop in diverse
locations in the esophagus and are driven by different
genetic mutations. Squamous cell carcinoma is the most
common type of EC. Its risk factors include older age,
male gender, smoking, alcohol use, polycyclic aromatic
hydrocarbons (PAHs), gastroesophageal reflux disease
(GERD), dysplasia, and tooth loss. Nonsteroidal anti-
inflammatory drugs, vitamins, vegetables, green tea, and
fruit intake can prevent esophageal carcinogenesis.
Management of EC depends on patient fitness and tumor
stage. Endoscopic removal is used for early-stage
tumors, while chemotherapy, chemo-radiotherapy,
surgical resection, or a combination of these approaches
are used for advanced tumors (Musa et al., 2021;
Mwachiro et al., 2021; Zhao et al., 2021). Despite
improvements in the management and treatment of EC,
the general outcome remains very poor. Therefore, it is
crucial to identify biomarkers and molecular targets.

Materials and methods
Cell culture and transfection

Esophageal squamous cancer cells (KYSE-150)
were obtained from the Cell Bank of the Chinese
Academy of Sciences, Shanghai, China. The cells were
cultured in RPMI 1640 medium containing 10% fetal
bovine serum (FBS), 100 units/mL penicillin, and 100
pg/mL streptomycin, in a humid environment of 5%
CO, at 37°C. Plasmid pcDNA3.1-Grin2d-3xFlag was
used to ectopically overexpress Grin2d, and
pGPU6/GFP-shGrin2d was used to knockdown Grin2d.
shGrin2d targeted the sequence 5’- AGGGTTTCTGCA
TCGACATTC -3’. The KYSE-150 cells with a density
of 2.0x10° per well were seeded in a 6-well plate to
reach 60-80% confluency before transfection. After
replacing RPMI 1640 medium lacking serum and
antibiotic, the cells were treated with a plasmid DNA-
lipid complex composed of 250 pl serum-free medium

Opti-MEM, 2.5ug plasmid DNA, 5ul P3000™ Rergent
(Invitrogen, USA), and 7.5 pl lipofectamine 3000™
Rergent (Invitrogen, USA). Cells were incubated for 48h
at 37°C in a humid environment of 5% CO,. Then,
transfected cells were analyzed.

Proliferation assay

The number of viable cells was determined using
Cell Counting Kit-8 (CCK-8, ReportBio, China). Briefly,
2.0x103 cells/well were seeded in a 96-well plate. At
different time points, the CCK-8 solution (10 puL) was
added to each well. The plates were incubated for 3h in a
humid environment of 5% CO, at 37°C, and then
measured at 450 nm using a micro-plate reader
(Multiskan FC microplate photometer, USA).

Apoptosis assay

Flow cytometry with 7-amino-actinomycin (7-AAD)
and phycoerythrin (PE)-labeled annexin V (BD
Pharmingen, USA) was used to detect phosphatidyl-
serine externalization, an indicator of early apoptosis
(REF). KYSE-150 cells were collected by trypsinization,
washed with 1 xPBS, and centrifuged to harvest the
cells. The cells were resuspended in 1x Binding Buffer at
a density of 8.0x 103 cells/ml. 100 ul of the binding
buffer, 5 pl of PE-labeled annexin V and 5 pl of 7-AAD
were incubated in a 5 ml culture tube for 15 min at 25°C
in the dark. Then, cells were analyzed by flow cytometer
(Navios, USA).

Wound healing assay

KYSE-150 cells (1.0x10° cells/well) were seeded in
6-well culture plates. When the cells reached 80-90%
confluence, the monolayer was scratched with a 200 pl
pipette tip, washed three times with 1xPBS, and cultured
in FBS-free medium. After 24h, the cells were
photographed, and the scratch area was measured using
Image J software (v1.8.0, National Institutes of Health,
USA).

Cell migration and invasion assays

For the migration assay, KYSE-150 cells (2.5x10°)
were resuspended in serum-free RPMI 1640 and seeded
in the control-membrane insert in the top portion of the
transwell chamber (BD Bioscience, USA). The lower
compartment of the chamber was filled with medium
containing 10% FBS as a chemo-attractant. For the
invasion assay, the membranes were coated with
Matrigel (BD Bioscience, USA) and incubated for 4h at
37°C. The procedures were the same as for the migration
assay, excluding the Matrigel-coated insert. After
incubating at 37°C for 24h, the cells on the membrane
were scrubbed, washed three times with 1xPBS, fixed in
100% methanol for 20 min, and stained with Giemsa dye
for 5 min. The number of migrated and invaded KYSE-
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150 cells was counted under an inverted microscope.
Patients

Paraffin-embedded esophageal cancer tumors
(n=333), paraffin-embedded normal mucosa (n=148),
frozen esophageal cancer tumors and matched normal
mucosa (n=17) were collected to construct a tissue
microarray and for protein extraction from The First
Affiliated Hospital of Jinzhou Medical University
(China) between 2020.1 and 2021.12. Tissue (297 cases
of esophageal cancer tumors and 238 cases of normal
mucosa) and cDNA microarrays (67 cases of esophageal
cancer tumors and 28 cases of normal mucosa) were
purchased from Shanghai Outdo Biotech (Shanghai) and
used for immunohistochemistry and RT-PCR,
respectively. None of the patients received preoperative
chemotherapy, radiotherapy, or adjuvant therapy. All the
patients provided written consent to use tumor tissue for
clinical studies, and the Ethics Committee of the
Affiliated Hospital of Chengde Medical University
approved the study protocol (NO. CYFYLL2020230).
All methods were performed in accordance with the
relevant guidelines and regulations. We had no access to
information that could identify individual participants
during or after data collection.

RT-PCR

The real-time PCR primers were designed using
primer-BLAST in NCBI based on the GenBank
sequences. The primer sequences were forward 5°-
GTCTCCTCTGACTTCAACAGCG-3’ and reverse 5’-
ACCACCCTGTTGCTGTAGCCAA-3’ for GAPDH
(131 bp); forward 5’-CCTCAGTCCTGTTGGTTAC-3’
and reverse 5’-GAAGATGACGGCGAAGAA-3’, for
Grin2d (190 bp). Real-time PCR was carried out with
iTaqTM Universal SYBR® Green Supermix (BIO-RAD,
USA, 172-5121) using the CFX96™ real-time system
(BIO-RAD, Bio-Rad Laboratories, Inc., Singapore).
GAPDH was used as an internal control. After the
cDNA microarray plates were transiently centrifuged, 10
pl gPCR mix (2x) with 1 pl (10 uM) of each primer, and
7 ul of RNase-free ddH20 were added to them. The
protocol was predenaturation at 95°C for 15 min,
followed by 45 cycles of denaturation at 95°C for 10 s,
annealing at 60°C for 20 s, and then extension at 72°C
for 30 s.

Western blotting

Total proteins were obtained from fresh tissue
samples and cells using RIPA lysis buffer and quantified
with the BCA Protein Assay kit (NCM, Suzhou, China,
WB6502). Proteins of equal amounts were separated by
10% SDS-PAGE and then transferred to PVDF
membranes. Non-specific antigen sites were blocked
with 5% skim milk for 1.5h at room temperature and
then incubated with rabbit anti-Grin2d (1:500, Alomone

Labs, AGC-020), mouse anti-Ki-67 (1:1000,
Proteintech, 39799), rabbit anti-p27 (1:500,
Wanleibio,WL04174), rabbit anti-PI3K (1:1000, CST,
4249s), rabbit anti-Slug (1:1000, Abcam, ab302780),
rabbit anti-Akt (1:1000, Proteintechl] 10176-2-AP),
mouse anti-p-mTOR (1:2000, Proteintech, 67778-1-1g),
mouse anti-PARP-1 (1:500, Santa Cruz, sc-8007), rabbit
anti-XIAP (1:500, Immunoway, YT4913), goat anti-p-
CDC-25c¢ (1:500, Santa Cruz, sc-327), mouse anti-
MMP9 (1:500, Santa Cruz, sc-393859), or mouse anti-
GAPDH (1:2000, Proteintech, 60004-1-Ig) overnight at
4°C. The membranes were washed three times with
1xTBST and then incubated with an anti-rabbit (1:5000,
CST, USA, #7074S), anti-mouse (1:5000, CST, USA,
#7076S), or anti-goat (1:5000, Abcam, UK,
#ab205723S) secondary antibody with horseradish
peroxidase for 2h at room temperature. Protein bands
were captured with the C300 (Azure Biosystems, Inc,
USA) using the WesternBright™ ECL Kit (Advansta,
USA, K-12045-D50), and densitometry was performed
using ImagelJ software (v1.8.0, National Institutes of
Health, USA).

Tissue microarray (TMA)

Tissue samples (esophageal cancer tumors and
normal mucosa) were fixed with 4% paraformaldehyde,
dehydrated in alcohol, dealcoholized in xylene, and
embedded in paraffin. For histological analysis, 4-um-
thick sections were prepared from the paraffin blocks
and stained with hematoxylin and eosin. Representative
regions of the adjacent normal tissue and solid tumors
were observed by microscopy, and corresponding tissue
cores were removed from the paraffin blocks to generate
the TMA.

Immunohistochemistry (IHC)

After baking at 60°C for 2h, the sections were
dewaxed in xylene and rehydrated in graded alcohol
three times. Antigen repair was performed by
microwaving the samples in 0.01M sodium citrate buffer
(pH=6) for 20 min. Endogenous peroxidase activity and
non-specific binding were blocked with 3% hydrogen
peroxide (H,0,) and 5% bovine serum albumin (BSA),
respectively, for 30 min each. The sections were
incubated with rabbit anti-Grin2d antibody (1:500,
Alomone Labs, Israel, AGC-020) for 3h at room
temperature. The sections were washed three times with
1xPBS and then incubated with polyclonal swine anti-
rabbit antibody with horseradish peroxidase (1:200,
DAKO, Japan, P0399) at room temperature for 2h. The
sections were washed three times with 1xXPBS and then
the staining was visualized with diaminobenzidine
(DAB). After staining with hematoxylin, the sections
were dehydrated, dried, sealed, and visualized by
microscopy (Nikon, Nikon Corporation, Japan). The
evaluation of the IHC staining was previously described
(Yu et al., 2007).
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Bioinformatics analysis

The expression of the Grin2d gene was analyzed using
the xiantao platform (https://www.xiantao.love/) and the
UALCAN database (http://ualcan.path.uab.edu/). Grin2d
mRNA expression data (RNA-seqV2) and esophageal
cancer clinicopathological data were extracted using R
software (v3.6.3) from TCGA database (https://portal.gdc.
cancer.gov/). The prognostic significance of Grin2d was
explored using the Kaplan-Meier plotter (https://kmplot.
com/analysis/). In addition, we screened the differential
genes with xiantao platform. The differential genes were
used to construct a PPI network and select important hub
genes using STRING (https://cn.string-db.org/) and
Cytoscape (v3.7.0). These genes were subjected to GO +
KEGG and GSEA analysis with the xiantao platform to
identify signaling pathways.

Statistical analysis

SPSS 23.0 was used to conduct the chi-square test and
cox analysis. Spearman correlation analysis, student t-test,
and log-rank test were employed to compare the different
rates, differences between two groups, and survival
analysis, respectively. Cox’s hazard proportional
regression was used to perform multivariate survival
analysis. p<0.05 was considered statistically significant.

Results

The clinicopathological and prognostic significances of
Grin2d mRNA expression in esophageal cancer

We found a higher Grin2d mRNA expression in
esophageal cancer than in normal mucosa of the

Table 1. The relationship between Grin2d mRNA expression and the clinicopathological characteristics of esophageal cancer.

Characteristic Variable Low expression High expression p

Age, median (IQR) 57 (51, 69) 62 (57, 74) 0.012

Gender, n (%) Female 3 (8%) 10 (6.2%) 0.653
Male 68 (42%) 71 (43.8%)

Race, n (%) Asian 27 (18.8%) 11 (7.6%) 0.007
Black or Afr-Ame 4 (2.8%) 2 (1.4%)
White 43 (29.9%) 57 (39.6%)

Weight, n (%) =70 48 (30%) 28 (17.5%) 0.003
>70 32 (20%) 52 (32.5%)

BMI, n (%) =25 49 (32%) 35 (22.9%) 0.043
>25 28 (18.3%) 41 (26.8%)

Tumor central location, n (%) Distal 49 (30.4%) 64 (39.8%) 0.022
Mid 28 (17.4%) 4 (8.7%)
Proximal 4 (2.5%) 2 (1.2%)

Barrett’s esophagus, n (%) No 57 (43.2%) 49 (37.1%) 0.025
Yes 7 (5.3%) 19 (14.4%)

T stage, n (%) T 11 (7.6%) 16 (11%) 0.173
T2 19 (13.1%) 18 (12.4%)
T3 42 (29%) 35 (24.1%)
T4 4 (2.8%) 0 (0%)

N stage, n (%) NO 38 (26.4%) 28 (19.4%) 0.111
N1 27 (18.8%) 36 (25%)
N2 7 (4.9%) 2 (1.4%)
N3 2 (1.4%) 4 (2.8%)

M stage, n (%) MO 67 (51.9%) 54 (41.9%) 0.468
M1 3 (2.3%) 5 (3.9%)

Pathologic stage, n (%) Stage | 5 (3.5%) 11 (7.7%) 0.134
Stage Il 42 (29.6%) 27 (19%)
Stage llI 25 (17.6%) 24 (16.9%)
Stage IV 3 (2.1%) 5 (3.5%)

Histological type, n (%) Ad 2 (13.6%) 58 (35.8%) < 0.001
Sq 59 (36.4%) 23 (14.2%)

Histologic grade, n (%) G1 9 (7.1%) 7 (5.6%) 0.213
G2 38 (30.2%) 28 (22.2%)
G3 8 (14.3%) 6 (20.6%)

Columnar mucosa dysplasia, n (%) High grade 4 (5.9%) 21 (30.9%) 0.002
Low grade 2 (2.9%) 3 (4.4%)
Negative 22 (32.4%) 16 (23.5%)
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esophagus by real-time RT-PCR, UALCAN and xiantao
databases (Fig. 1A-C, p<0.05). Similarly, there was
higher Grin2d expression in Caucasian cancer patients
compared to Asian cancer patients, in 61-80-year-old
patients than in 41-60 and 21-40-year-old cancer patients
(p<0.05), in extremely obese patients than in extremely
weight patients (extremely weight patients: 25<BMI<30,
p<0.05), and in G3 compared to G2 cancer patients
based on the UALCAN database or real-time RT-PCR
(Fig. 1D, p<0.05). We also observed higher Grin2d
mRNA expression in MO cancer patients than in M1
cancer patients (Fig. 1E, p<0.05) by real-time PCR. As
shown in Table 1, Grin2d mRNA expression was
positively correlated with old age, white race, heavy
weight, distal location, cancer with Barrett’s lesion, and
high-grade columnar dysplasia (p<0.05). Adeno-
carcinoma had higher Grin2d expression than squamous
cell carcinoma (p<0.05). Grin2d mRNA expression was
negatively correlated with a long overall survival time
for the adenocarcinoma patients (p<0.05), but the
converse results were observed for adenocarcinoma and
squamous cell carcinoma patients with a low mutational

burden (Fig. 1F, p<0.05).

The Grin2d-related genes and signaling pathways in
esophageal cancer

Using the xiantao platform, we found differentially
expressed genes between the low and high Grin2d mRNA
expression groups in esophageal cancer and built a volcano
map (Fig. 2A). KEGG analysis showed that the top
signaling pathways included fat digestion and absorption,
cholesterol metabolism, lipid transfer, lipoproteins,
synaptic membranes, and ABC transporters (Fig. 2B,
p<0.05). Among the top differentially expressed genes,
NANOS3, ABCGS, SOST, PAX1, NBAAT, and FOXI3
expression levels were higher in esophageal cancer than in
normal tissue (Fig. 2C, p<0.05). Moreover, we obtained
PPI pairs using STRING (Fig. 3A) and used Cytoscape to
determine the top ten nodes ranked by degree (Fig. 3B).
According to the xiantao database, the GALNT12 and
MUCSAC expression levels were lower in esophageal
cancer than in normal tissue (Fig. 3C, p<0.05), whereas
MUCLI expression levels were higher (Fig. 3C, p<0.05).
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Fig. 1. The clinicopathological and prognostic significance of Grin2d mRNA expression according to bioinformatics analysis. Grin2d mRNA expression
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The genes positively correlated with Grin2d in
esophageal cancer based on the xiantao database are
shown in Figure 4A (p<0.05). These genes are involved in
the metabolism of glycerolipids, galactose, and O-glycan,
cell adhesion binding, actin binding, and cadherin binding
(Fig. 4B). The genes negatively correlated with Grin2d in
esophageal cancer are shown in Figure 4C (p<0.05). They
are involved in the Hippo signaling pathway, cell-cell
junctions, desmosomes, DNA-transcription activator
binding, and skin development and differentiation (Fig.
4D). The Grin2d-correlated genes (FCHO1, AGMAT,

Table 2. Grin2d protein expression in normal tissue and esophageal cancer.

PRAPI1, FZD10, DLXS and S1PRS) were expressed at
higher levels in esophageal cancer compared to normal
tissue (Fig. 4E, p<0.05).

The clinicopathological and prognostic significances of
Grin2d protein expression in esophageal cancer

Based on the western blotting analysis, Grin2d
protein levels were higher in esophageal cancer than in
the matched normal tissue (Fig. 5A, p<0.05).
Immunohistochemically, Grin2d protein was not

Groups n Grin2d expression
- + ++ +++ PR (%)
Normal tissue vs primary cancer Normal tissue 386 227 126 29 4 41.2
Primary cancer 502 169 208 90 35 66.3
Primary cancer vs lymph node metastatic cancer Primary cancer 502 169 208 90 35 66.3
Lymph node metastatic cancer 128 53 51 18 6 58.6
PR, positive rate.
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Fig. 2. The differential genes and related signaling pathways between low and high Grin2d expression in esophageal cancer. A volcano map of the
differential genes between low and high Grin2d expression in esophageal cancer is shown (A). These genes were subjected to signaling pathway
analysis using KEGG (B). The expression profiles and prognostic significance of these differential genes were studied using the xiantao platform (C). N,

normal; T, tumor; *, p<0.05; **, p<0.01.
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expressed in esophageal squamous epithelial cells but
strongly expressed in well-differentiated esophageal
adenocarcinoma and metastatic cancer in the lymph
nodes (Fig. 5B). The Grin2d positive staining rates were
41.2% (159/386), 66.3% (333/502), and 58.6% (75/128)
for normal esophageal mucosa, primary carcinoma, and
lymph node metastasis, respectively (Table 2). Based on
the frequency and density of the staining, Grin2d protein
levels were higher in esophageal cancer than in normal
mucosa (Table 2, p<0.05) and positively correlated with
distal metastasis (Table 3, p<0.05). Kaplan-Meier
analysis showed that Grin2d expression was associated
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with an unfavorable overall survival for esophageal
carcinoma patients (Figure 5C, p<0.05); however, it was
not an independent factor (Table 4, p>0.05)

The effects of Grin2d expression on the malignant
phenotype of esophageal cancer cells

We successfully overexpressed and silenced Grin2d
in KYSE-150 cells by transfecting a Grin2d
overexpression or silencing vector, respectively (Fig.
6A). Grin2d overexpression promoted cellular
proliferation, migration, and invasion while blocking

B

Glycerolipid metabolism - ®
Maturity onset diabetes of the young - ®
Galactose metabolism 4 ® p.adjust
cell adhesion molecule binding g%%&
actin binding 4 L‘-."0:03
cadherin binding 4 igg%
apical part of cell cgusnts
apical plasma membrane Q15
microvillu 1 @ Oz
neutrophil degranulation 4 [ ]
O-glycan processing { @
galactose metabolic process He

002 004 006 0.08

GeneRatio
Hippo signaling pathway el
Melanogenesis 4 ®
Basal cell carcinoma 1 ® diust
DNA-binding transcription activator activity, | ° padjus
RNA polymerase lI-specific E0.0S
beta-catenin binding { @ io.oz
structural constituent of epidermis 4« 0.01
cell-cell junction 1 @ c%unts
cornified envelope { @ 022
desmosome 1@ Ose
epidermis development - @
skin development A @
keratinocyte differentiation 1 @
002 006 0.12
GeneRatio

FZD10

*kk

Fig. 4. The Grin2d-related genes and signaling pathways in esophageal cancer. The positively-related (A, B) and negatively-related (C, D) genes of
Grin2d were screened and classified into signaling pathways using the xiantao database. The expression profiles and prognostic significance of these
genes were also studied using the xiantao platform (E). N, normal; T, tumor; *, p<0.05; **, p<0.01; ***, p<0.001.
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apoptosis (Fig. 6B-E, p<0.05). Grin2d knockdown had
the opposite effects on the KYSE-150 cells (Fig. 6B-E,

Table 4. Multivariate survival analysis of esophageal cancer patients.

p<0.05). Western blotting revealed that Grin2d Clinicopathological parameters Relative risk (95%Cl) P
overexpression increased Ki-67, PI3K, Akt, p-mTOR, p-
CDC-25¢, XIAP, Slug, and MMP-9 levels but decreased ‘S\gi ((;‘?;E’aﬁ;’“s) g'ggg Eg'ggg:?'jgg;z"%) 8'322
the expression of p27 and PARP-1 in these cells (Fig. C ' : ' :
. . " N = Depth of invasion (T3-4) 1.031 (0.673-1.578) 0.890
6F). Grin2d sﬂer_lcmg had the opposite effects on this Venous invasion (+) 1.152 (0.696-1.906) 0.582
panel of genes (Fig. 6F). Lymph node metastasis (+) 0.191 (0.021-1.760) 0.144
Distant metastasis (+) 1.639 (0.682-3.939) 0.270
Discussion TNM staging (I1I-1V) 0.560 (0.249-1.263) 0.163
Differentiation (poorly differentiated) 0.089 (0.027-0.292) <0.001
. . . . Tissue type(Adenocarcinoma) 0.374 (0.088-1.588) 0.182
Grin2d expression is low and downregulated during Grin2d expression (+~+++) 0.746 (0.518-1.076) 0.117
the second week after birth. However, there is
continuous Grin2d expression in the interneurons of Cl, confidence interval.
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juvenile mice. In transgenic Grin2d mice, GFP-tagged
Grin2d was found in the hippocampal interneurons, most
of which were also positive for parvalbumin or
somatostatin. According to electrophysiological and
morphological analysis, Grin2d mainly exists in the fast-
spiking basket and axo-axonic cells. Moreover, Grin2d
knockout mice showed that Grin2d-containing
NMDARs could mediate synaptic currents in the
hippocampal interneurons of young and juvenile mice
and the CA1 pyramidal neurons of newborn mice (Von
Engelhardt et al., 2015). These findings indicated that
Grin2d might be involved in hippocampal memory.
Grin2d mRNA is steadily expressed in PC-3 and
LNCAP human prostate cancer cells (Pissimissis et al.,
2009), MG-63 human osteoblast-like osteosarcoma cells

(Kalariti et al., 2004), giant cells (White et al., 2001),
and human Y79 clonal retinoblastoma cells (Takeda et
al., 2000). Brocke et al. (2010) found that Grin2d
expression was higher in high- and low-grade
astrocytomas compared to the normal human brain.
Ferguson et al. (2016) found that Grin2d was
specifically expressed in colorectal cancer vessels. Here,
we observed Grin2d overexpression in esophageal
cancer compared to normal mucosa. These data
indicated that upregulated Grin2d expression levels
might be involved in esophageal carcinogenesis.
Additionally, Grin2d mRNA expression levels were
positively correlated with histological grading and the M
stage of esophageal cancer. Grin2d protein levels were
also positively related to remote metastasis and
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unfavorable prognosis in this disease. Grin2d expression
is predictive of improved survival in colorectal cancer
(Ferguson et al., 2016). These analyses demonstrated
that Grin2d expression can indicate aggressive behavior
and poor prognosis in esophageal cancer, although it was
not an independent factor.

Yuan et al. (2016) found that downregulated miR-
128 levels in low-grade glioma were closely related to
glioma-associated epilepsy by targeting Grin2d. Li et al.
(2020, 2022) found that miR-129-1-3p repressed the
proliferation and migration of triple-negative breast
cancer and prevented cardiomyocytes against
pirarubicin-induced apoptosis by targeting Grin2d.
Targeted knockdown and vaccination against the
extracellular region of Grin2d reduced vascularization in
the subcutaneous sponge angiogenesis assay. Immune-
targeting of Grin2d in colorectal cancer has been
demonstrated in mice; vaccination was able to inhibit
colorectal tumor growth and vascularization (Ferguson
et al., 2016). In the present study, Grin2d overexpression
increased the proliferation, migration, and invasion and
decreased apoptosis of esophageal cancer cells, whereas
Grin2d knockdown had the opposite effects. These data
indicated that Grin2d might promote the aggressive
phenotype of esophageal cancer cells and be associated
with the progression of esophageal cancer. According to
our bioinformatics analysis, the Grin2d-related pathways
included the metabolism of cholesterol, lipids,
glycerolipids, galactose, and O-glycan, ABC
transporters, cell adhesion binding, actin binding,
cadherin binding, the Hippo signaling pathway, cell-cell
junctions, desmosomes, and DNA-transcription activator
binding, which might account for the influence of
Grin2d on the aggressiveness of this disease.

Reportedly, p27 functions as a CDK inhibitor to
arrest G1, and CDC-25c¢ pushes cells into M phase (He
et al., 2022). The PTEN/PI3K/Akt/mTOR pathway is
one of the most frequently overactivated intracellular
pathways involved in cell proliferation and the blocking
of apoptosis in various cancers (Sanaei et al., 2022).
XIAP can bind to and competitively suppress Caspase-3,
7, and 9, thereby inhibiting PARP1-mediated apoptosis
(He et al., 2022). In esophageal cancer cells, Grin2d
aggravated proliferation, disrupted the cell cycle, and
weakened apoptosis by activating PTEN/PI3K/Akt/
mTOR, up-regulating p-DC-25¢ and XIAP expression
and suppressing p27 expression. Slug can promote
migration, invasion, and the epithelial-mesenchymal
transition (Fedele et al., 2022), and the MMPs are well
known for breaking down the extracellular matrix and
promoting metastasis (Wieczorek et al., 2015).
Therefore, Grin2d might promote the migration and
invasion of esophageal cancer cells by increasing Slug
and MMP-9.

In summary, Grin2d appears to be involved in the
pathogenesis and subsequent progression of esophageal
cancer by enhancing proliferation, migration, and
invasion and inhibiting apoptosis. Its aberrant expression
might be employed as a biomarker to forecast the

aggressive behaviors and unfavorable prognosis of
esophageal cancer. It also might represent a novel
therapeutic target.
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