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Cuproptosis-related gene DLAT is a biomarker of the
prognosis and immune microenvironment of gastric cancer
and affects the invasion and migration of cells
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Results: DLAT expression was upregulated in GC tissues and cells and correlated
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1 | INTRODUCTION

Although there have been significant advancements in
the early diagnosis and targeted treatments of gastric
cancer (GC) in recent years, the prevention and treat-
ment of GC remain a pressing global public health
issue.!? The China Guidelines for Gastric Cancer
Screening and Early Diagnosis and Treatment (2022,
Beijing)® emphasize that screening, early diagnosis, and
treatment among high-risk individuals can effectively
reduce morbidity and mortality. Geographical differ-
ences also play a role in the incidence of GC worldwide.*
However, due to its hidden onset and atypical symptoms,
early diagnosis and treatment are crucial for improving
survival rates.’

Copper is a vital trace element in the human body
and is involved in several physiological processes, such
as iron transport, mitochondrial respiration, and detox-
ification of oxygen-free radicals.® The body maintains
intracellular copper levels within physiological ranges
through active homeostatic mechanisms using trans-
concentration gradients to prevent free copper overload,
which can damage cells. In 2022, Peter et al.’ presented
cuproptosis as a copper-dependent cell death dependent
on mitochondrial respiration. They identified seven
genes (FDX1 and six genes involved in proteolipoylation
LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB) as the key
genes promoting cellular cuproptosis. The primary tar-
get of cuproptosis-induced cell death was mitochondrial
dysfunction. In cells where oxidative phosphorylation
was the main energy metabolism, the FDX1/LIAS-
mediated lipoic acid pathway induced excess copper ions
bound to dihydrolipoamide S-acetyltransferase (DLAT)
to form oligomerized DLAT proteins, which affected
the tricarboxylic acid (TCA) cycle, triggered proteotoxic
stress, and induced cell death. Therefore, mitochondria
were the main target for inducing cellular cuproptosis,
and cellular aerobic respiratory energy metabolism was
necessary for cuproptosis.® In addition, these genes also
served as key regulators of copper-carrier-induced cell
death. Changes in cellular copper content affected the
onset and progression of tumors.” The role of DLAT in
cancer may be involved in metabolic reprogramming
and affects tumor growth and survival.'!'! Furthermore,
it has been reported that copper carriers may have an
anticancer effect in breast cancer'? and melanocytoma'’
by inducing cellular copper death in tumor cells with
excess copper. These carriers utilized the abundance of
copper in tumor tissues to increase the susceptibility of
tumor cells to oxidative stress. Additionally, the cupro-
ptosis properties of these carriers may aid in predicting
the prognosis and immune microenvironment (IME) of
patients with breast cancer."*

The tumor microenvironment (TME) of GC involves
complex interactions between cancer cells and immune
cells. Immune cells infiltrate tumors and can either sup-
port or inhibit tumor progression. The composition of
immune cells (such as T cells, macrophages, and natural
killer cells) and their activation status can be influenced
by metabolic changes within the TME.'® The changes
in metabolite levels (such as lactate and ketones) could
modulate immune cell behavior either promoting an
immunosuppressive environment favorable to cancer
or stimulating an immune response against the tumor.'
Altered energy metabolism, particularly glycolysis as
the dominant energy metabolism, was one of the hall-
marks of GC cells. As part of the pyruvate dehydroge-
nase (PDC) complex, DLAT catalyzes critical reactions
in cellular metabolism by converting pyruvate to acetyl
coenzyme A (acetyl-CoA), linking glycolysis and the
TCA cycle. The role of DLAT in cancer may be involved
in metabolic reprogramming and affects tumor growth
and survival.'®™ The copper content was significantly
increased in tumor tissues compared to normal tissues,
which affected the biological behavior of tumors.'”™"
The cuproenzyme LOX was involved in the invasion
and migration of tumor cells,”® and the copper sulfate
(CuS04) was demonstrated to promote the growth of
breast cancer in rats.?! Therefore, cuproptosis-related
genes may provide and guide the development of new
treatment programs.*> However, the role of DLAT in GC
is unknown, and it is uncertain whether it has the po-
tential to broaden therapeutic strategies for tumors by
relying on its importance in cuproptosis. In this study,
we investigated the expression of the cuproptosis-related
gene DLAT in GC and its value in assessing survival,
which may provide new ideas for the treatment and
prognostic assessment of GC. Furthermore, this study
observed the effects of DLAT on the biological behav-
ior of GC cells, as well as analyzed the relationship be-
tween DLAT and immune cell infiltration and immune
checkpoint genes. The role of DLAT in TME was also
explored in depth. The relationship between the induc-
tion of tumor cell death, copper, DLAT, and cuproptosis
was also discussed deeply, with the potential to provide
new ideas and identify new therapeutic targets for fu-
ture specific therapies.

2 | METHODS

2.1 | Dataand processing methods

RNAseq data was downloaded from the TCGA for the
STAR (https://portal.gdc.cancer.gov/) process of the
TCGA-STAD project and extracted in TPM format,
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including 32 cases of paracancer and 375 cases of GC tis-
sues. The data were processed using the log2 (value+1)
method. Normal tissue sequencing data from the UCSC
XENA database (https://xenabrowser.net/datapages/) of
174 GTEX cases was uniformly processed using the Toil
process.”> The TNMplot (www.tnmplot.com) is a tool for
comparing gene expression in normal, tumor, and meta-
static tissues across various databases, including TCGA,
GEO, GTEXx, and TARGET. The data set included 56,090
unique samples 15,648 normal and 40,442 tumor samples,
respectively, from the TCGA, GEO, GTEx, and TARGET
databases.**

2.2 | Gene expression and prognostic
correlation analysis

The analysis of differential expression of DLAT among
various tissue samples was conducted using R software
(version 4.2.1) and Deseq225 and stats (version 4.2.1)and
car packages. Visualization was performed using the gg-
plot2 package (version 3.3.3).%° The GC node was selected
in the KM plotter (www.kmplot.com), and DLAT expres-
sion was grouped according to the automatically selected
best cutoff value, and survival curves for OS (overall sur-
vival) and PFS (progression-free survival) were plotted.27
Area under the curve (AUC) receiver operating charac-
teristic (ROC) analysis was performed on the data using
the pROC package. Univariate Cox analysis with R soft-
ware was used to assess risk ratios (HR) and p-values for
clinical factors. Clinical factors with p<0.1 were selected
for multivariate Cox regression analysis. Prognostic OS
nomographs were constructed using the rms package
(version 6.2-0) and the survival package (version 3.2-10).%
The constructs’ parameters were set as follows: a sam-
ple size of 40 cases per group of repeated calculations, a
frequency of 200 repeated calculations, and the method
was chosen as boot. The plots were visualized using the
ggplot2 package.

2.3 | Analysis of protein expression and
immunohistochemistry

The protein expression data of DLAT from TCGA-STAD
provided by UALCAN (https://ualcan.path.uab.edu/)
were utilized for quantitative analysis.”*° The quali-
tative protein expression of DLAT (antibody number
CABO003782) was analyzed by GC and normal gastric
mucosa tissues in the Human Protein Atlas (HPA) on-
line database (https://www.proteinatlas.org/). The HPA
was established to create a comprehensive map of the
human proteome through the integration of various
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omics technologies. This enables the exploration of
tissue-specific proteomes in various tissues and organs
and the analysis of tissue profiles for specific protein
classes.>! As stated in the HPA introduction, the anti-
body was employed to generate tissue-based immu-
nohistochemistry images, which were subsequently
annotated (shown on the website) by pathologists for all
sampled tissues. All data can be downloaded and cross-
referenced upon request.

2.4 | Celllines and cell culture

The following GC cell lines were used in the experi-
ments: HGC-27, MKN-45, MGC-803, AGS, and SNU-1,
along with human gastric mucosal epithelial cells GES-1
(Servicebio, Immocell, China). The cell lines confirmed
using short tandem repeat analysis were utilized in this
study. They were cultured in RPMI 1640 medium (Gibco,
USA) supplemented with 10% fetal bovine serum (FBS,
Clark Bioscience), 100U/mL penicillin, and 100 pg/mL
streptomycin. The cultures were maintained at 37°C with
5% CO,.

2.5 | Total RNA extraction and real-time
quantitative PCR (qQRT-PCR)

RNA was extracted using the RNA Easy Fast Tissue/Cell
Kit (Tiangen, China) following the provided protocol.
Reverse transcription was performed using the prime-
Script RT Master Mix Kit (Takara, China). The relative
expression of mRNA was detected using the SYBR Green
Master Mix Kit (Takara, China). The primer sequences
are the following:

DLAT Fsequence (5'-3"): ACTCCCCAGCCTTTAGCTC;

DLAT R sequence (5-3’): CAATCCCTTTCTCTACT
GCCAAC.

GAPDH F sequence (5'-3’): GAGTCAACGGGATTTGG
TCGT;

GAPDH R sequence (5'-3"): TTGATTTTGGAGGGAT
CTCG.

The tested genes were normalized with GAPDH. Each
sample assay was run in 7500Fast (ABI, USA) and re-
peated three times.

2.6 | SiRNA transfection

Target-specific siRNA (si-DLAT) and negative control (si-
NC) were provided by GenePharma (China) and trans-
fected into AGS cells cultured in six-well plates. The AGS
cells were transfected with 20nM siRNA using Lipo 6000
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(Beyotime, China) transfection reagent. The silencing ef-
ficiency was assessed by qRT-PCR after 48 h.

2.7 | CCKS proliferation assay

The CCK8 kit (MCE, USA) was used to detect cell prolifer-
ation. 2 x 10°/well cells were seeded in 96-well plates with
100 pL and incubated at 37°C with 5% CO,. At 0, 24, 48, 72,
and 96 h, the CCK8 solution was diluted 1:10 with RPMI-
1640 medium containing 10% FBS, and 100 pL of the dilu-
tion solution was added to each well to be detected. The
cells were incubated for 2h. The OD value at 450nM was
read using the enzyme-labeled instrument (Molecular
Devices, USA). The assay was in triplicate and repeated at
least three times.

2.8 | Wound healing assay

The wound healing assay was performed to assess the abil-
ity of the cells to migrate. Cells were cultured at 13x10%/
well in 12-well plates. After 90% cell fusion, the cell-free
area was scratched with a 200 uL pipette tip, washed 2-3
times with PBS, and the cells were incubated in 5% low-
serum medium, and the scratches were photographed
under a microscope at 0, 24, and 48h. The assay was in
triplicate and repeated at least three times.

2.9 | Transwell assay

The Transwell migration assay was performed with cells
in the logarithmic growth phase. When the cell concen-
tration was about 3x10°/well in serum-free medium,
200 pL of cell suspension was added to the upper cham-
ber of the transwell, and 500 pL. of RPMI-1640 medium
containing 20% FBS was added to the lower chamber,
and the cells were incubated for 48h at 37°C with 5%
CO,. For the Transwell invasion assay, the Matrigel gel
should be diluted with serum-free medium: Matrigel
gel=7:1, and 50pL of the dilution was added to the
upper chamber of the transwell and incubated at 37°C
for 1h. After resuspending the cells into single cell
suspension with the serum-free medium at a concen-
tration of about 4 x 10°/well, 200 pL of cell suspension
was added to the upper chamber of the transwell, and
500 pL of RPMI-1640 medium containing 20% FBS was
added to the lower chamber. The cells were incubated
at 37°C under 5% CO, for 48 h. After washing with PBS,
the cells on the surface of the chamber were fixed with
4% paraformaldehyde for 15min, then stained with 0.1%
crystal violet for 20min, and then photographed with

an inverted microscope and counted the migrated cells,
and the average of cell counts of the three fields of view
was recorded for analysis. The assay was in triplicate
and repeated at least three times.

2.10 | Flow cytometry

The cell cycle was detected by flow cytometry. Cultured ex-
perimental cells were stained with propidium iodide (PI,
Beyotime, China) for cell cycle detection. Cells from each
group of logarithmic growth phase (about 6x10°/well)
were collected in EP tubes, washed three times with PBS,
precooled, fixed in 70% alcohol, and kept at 4°C overnight.
The treated cells were stained with PI for 30 min at 37°C.
Flow cytometry analysis was performed using a FACSCanto
IT flow cytometer (FACSCalibur BD, USA). Experiments
were repeated three times and data were processed using
Flow Jo software (Verity Software House, Topsham, ME).

211 | Analysis of protein-protein
interactions (PPI)

The STRING database was used to analyze proteins that in-
teracted with the DLAT protein.*> When searching for re-
ciprocal proteins of DLAT, the species was limited to homo
sapiens, and the parameter setting of the minimum required
interaction score item confidence was selected: 0.3. The
GEPIA2 website was searched for DLAT similar genes, the
cancer species was selected as STAD, and the quantity was
limited to 100. Using the plug-in cytoHubba of Cytoscape
(version 3.8.0),” the top 15 hub genes were selected at Hubba
nodes by the degree calculation method to get the final
PPI network graph. The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analyses were undertaken by the clusterProfiler
package [3.14.3 version]. The conditions of P.adj <0.05 and q
value < 0.2 were met and visualized by the ggplot2 package.

2.12 | Immune cell infiltration and
immune checkpoint co-expression analysis

The immune infiltration analysis was performed using
ssGSEA (single sample gene set enrichment analysis)
(built-in algorithm in GSVA package [version 1.34.0]),**
and markers for 24 immune cells were obtained from pub-
lished literature.*® The median value of DLAT expression
in GC was divided into low and high expression groups,
and co-expression correlation heatmaps were plotted with
79 immune checkpoint genes,*® which were visualized
with the ggplot2 package.
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2.13 | Statistical analysis

Parametric comparisons were performed using t-tests,
and data were statistically analyzed by mean +standard
deviation (SD). Nonparametric tests for two independ-
ent samples were performed with the Mann-Whitney U
test. The Kaplan-Meier analysis for survival, the log-rank
test for comparing survival between groups, univariate
and multivariate Cox regression analyses for evaluating
independent risk factors, and correlation analyses were
performed using Spearman's method. All statistical
analyses were performed by GraphPad Prism 7.0, SPSS
(version 22.0), or R software (version 4.1.2). p<0.05 was
the threshold of significance. The statistical significance
was described as follows ns, not significant; * p <0.05;
* p<0.01; *** p<0.001.

3 | RESULTS

3.1 | DLAT expression is dysregulated
in Pan-cancer and upregulated in gastric
cancer

The pan-cancer analysis displayed the expression range
for the DLAT gene across all tissues in all available nor-
mal and tumor RNA-Seq data. The pan-cancer analysis
tool also compared normal and tumor samples across
22 tissue types simultaneously, but only 17 tumor types
showed significant differences (Figure 1A). For expres-
sion analysis, firstly, unpaired samples of TCGA-STAD
were selected. The results indicate that the average ex-
pression of DLAT at the tissue level was higher in the
tumor group than in the normal group, and the differ-
ence between the two groups was statistically significant
(p<0.001; Figure 1B). Additionally, the analysis com-
bined TCGA-STAD RNA-seq data with GTEx normal
samples. The results showed a statistically significant
difference (p<0.001) in expression levels between the
tumor and normal groups, with the tumor group exhibit-
ing significantly higher expression levels (Figure 1C). The
analysis of paired TCGA-STAD samples revealed that the
expression levels in the tumor group were significantly
higher than those in the Normal group, and the differ-
ence between the two groups was statistically significant
(p=0.003; Figure 1D). DLAT expression was detected in
GC cell lines. The results showed significant upregula-
tion of DLAT expression in MGC-803, SNU-1, HGC-27,
and AGS cell lines compared to the GES-1 (Figure 1E).
Taken together, these results demonstrated that DLAT
expression was dysregulated in tumors and significantly
upregulated in GC tissues and cells.
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3.2 | Association of DLAT expression
with clinicopathologic parameters

The relationship between DLAT expression and clinico-
pathological features of GC patients in TCGA data was
analyzed. The results showed that DLAT expression was
upregulated in primary tumors compared to the normal
group (Figure 2A), and there were significant differences
in DLAT expression among different pathological factors,
such as pathological stage, race, age, gender, N stage, his-
tological grade, and histological subtype (Figure 2B-H).
That is, the higher the subgroups of males over 40years
of age, African Americans, pathological stage, histological
grade, and number of lymph node metastases, the higher
the DLAT expression. However, there were no significant
differences in age less than 40 years and histologic subtype
of the Int Adeno Papillary subgroup compared to the nor-
mal group.

3.3 | The high expression of DLAT
in gastric cancer is associated with
poorer prognosis

To assess the relationship between DLAT expression
and the prognosis of GC with OS (Figure 3A) and PPS
(Figure 3B). The KM Plotter displayed that patients with
high DLAT expression had significantly shorter survival
and poorer prognoses than those with low expression. The
ROC curve was used to analyze the TCGA-STAD data to
evaluate the diagnostic value of DLAT (Figure 3C). The
study found that DLAT could help the diagnosis of GC.
The above results indicated that the high expression of
DLAT in GC was significantly correlated with the poor
prognosis of the patients. In addition, DLAT had a higher
diagnostic value for GC.

3.4 | Univariate/Multivariate Cox
regression analysis and prognostic analysis

The regression analysis was used to evaluate the predictive
value of DLAT expression and clinicopathologic features
on the prognosis of GC patients. Univariate and multivari-
ate Cox risk regression models of OS in GC patients were
constructed, and the results are presented in Table 1. The
multivariate regression analyses included variables that
were significant in univariate Cox analyses. The results
showed that age (>65years old), female, histologic type,
lymph node metastasis (N3), and distant metastasis (M1)
were the independent prognostic predictive factors affect-
ing the OS of patients with GC (p <0.05). The consistency
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C-index was 0.691 (95% CI 0.667-0.716). Additionally, a
nomogram plot was constructed (Figure 3D) by identi-
fying variables from the Cox regression to confirm that

DLAT was a good predictor of patient prognosis at 1 and
3years. The calibration curves (Figure 3E) also verified
that the 1- and 3-year trends were close to the ideal line,



PENG ET AL.

Open Access,

- 7 of 20
Cancer Medicine —WI LEYJ—

(A) Expression of DLAT in STAD based on Sample types (B) Expression of DLAT in STAD based on individual cancer

50 ** stages
! — 80—
g 0] - - *hk
S 2 Hkk Hkk T
E T a0 *k - T i
g i T | |
30 | H
§ 20 - D = H H
o H B
2 @ 20|
'g 10 lg -+ | |
. R 4
0 0
rimary r N | Stage1 Stage2 Staga3 Staged
Normat Frviay samo (=) (no1) 123 (n-18) Rt
TCGA samples TCGA samples
(C) Expression of DLAT in STAD based on patient's race (D) Expression of DLAT in STAD based on patient's age
60 €0
ekl **kk
50 50
s *kk 5 pak
Z a0 i piiy 2 w0- folail | Hokk
30 i | 30 o ! i
=3 H i a2 ns i
% 3 ns
= g - —
£ H
= 10 | 'g * i i i
- | — 10~ ! : 4
i 4 1 i
0 0
Normal C: i Afri Asian Normal 21-40Yrs 41-80Yrs 61-80Yrs B1- 100 Yrs
(n=34) (n=260, (n=12) (n=87) (n=34) (n=4) (n=128) (n=253) (n=25)

TCGA samples

(E) Expression of DLAT in STAD based on patient's gender

TCGA samples

(F) Expression of DLAT in STAD based on nodal metastasis

60— *kk status
r ! 50
’ **xk *
e I T — 50 Hokk
o *xk F*xk T
= i I i
E E 5 40 | *kk
5 | T ! |
] H 5 i
..c:.._ 30 ! ?Z: 30 i
Q - é i
" e T = B
S
10 i i 10 i {
— I —— 4 4 i . ——
0 0
Normal Male Female Normal NO N1 N2 N;
(n=34) (n=268) (n=147) (n=34) (n=123) (n=112) (n=79) (n=82)
TCGA samples TCGA samples
G Expression of DLAT in STAD based on tumor grade H . . . .
(@) 0 P N (H) Expression of DLAT in STAD based on histological
subtypes
50 *kk 60
8 ’ ekl s fkatd *hk ey
= 04 i = ! T il ns
E * | £ H | ] T
= i 40 | | ! * i
2. T ! g | Rk ! | T {
=3 i H a i T % i i
5 3 LT |
= g N al
—_ ! - ; Co z
T PO A 4 l £ A i i 4
. i
& . =] 5 <
e o wm o & S g g T So g Fo
) oty ol o8 8 ‘{&”Pa & & §
TCGA samples o ¥
b & S

TCGA samples

FIGURE 2 Association of DLAT expression with clinicopathologic parameters (A). The expression of DLAT in the Normal group and
tumor group was analyzed by TCGA (B) Individual cancer stages (C). Race (D), Age (E), Gender (F), N (G), Grade (H). Histological subtypes.
*p <0.05, ¥p < 0.01, ***p < 0.001.



MWI LEY—Cancer Medicine

( A) DLAT (211150_s_at)
o
- HR=1.53(1.02 - 2.31)
logrank P = 0.039
@ |
=]
2 g
3
3
g = |
oo
o
o
=]
© T T T T T
0 10 20 30 40
Time (months)
Number 8t risk
low B 4 2 8 ]
hgh 87 15 4 1 o
(D)
(] 20 40 £0 80 100
Points. t $ 1
>65
e <=5
Male
Gender
Femak:
N . Tubular Type | Papilaty Type
Histological type r e D Tye
N1aNZ
N stage Pt e——
N2 N3
M stage n'u—.m
Tolal Points
0 40 0 120 160 20
Linear Predictor

1-year Survival Probabiity

3-year Survival Probabisty

(G)

——r—
08 06 04 02

—
08 08 04 02

Open Access,

Nomogram predicted survival probability

PENG ET AL.
(B) DLAT (211150_s_at) (c)
o 1.0
- HR=1.78 (1.2 - 2.64)
1 logrank P = 0.0036
2 0.8 A
el &
F° = 06
=
£ £
'% 0.4 4
8 (%]
o 0.2 1 DLAT
° L T r T AUC: 0.880
0 5 10 15 00 Cl: 0.864-0.915
" B L T T T
—— Time (monthe) 00 02 04 06 08 10
1 P s,
nor tH by 7 1-Specificity (FPR)
(E) (F)
Expression of DLAT in STAD based on Sample types
z "
g N
@
£
g 5“7
® =
H i
3 597
% b
2
2 5] i
% | ==
< ©
8 # 104 1
g — 1-Year —_
— 3-Year —
0.0- Ideal line
T T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0 Norml Primary humor
(n=34) {n=415)

TCGA samples

Cancer

- )

Cancer

Antibody: CAB003782

FIGURE 3 Prognostic analysis and protein expression analysis of DLAT in gastric cancer (A). Kaplan-Meier prognosis analysis of OS
and PFS of GC patients (B). Kaplan-Meier prognosis analysis of PFS of GC patients (C). ROC curve. Nomograms (D) and calibration (E)
curves predicting 1-and 3-year OS of GC patients (F). DLAT protein expression analysis (G). The expression of DLAT protein in GC was
analyzed by immunohistochemistry. *p <0.05, **p <0.01, ***p <0.001.



PENG ET AL.

.. 9 of 20
Cancer Medicine - WI LEYJ—

TABLE 1 Univariate and multivariate cox regression analyses of DLAT.

Univariate analysis

Multivariate analysis

Characteristics Total (N) Hazard ratio (95% CI)*
Age 367

<65 163

>65 204 1.620 (1.154-2.276)
Gender 370

Male 237

Female 133 0.789 (0.554-1.123)
Histological type 369

Papillary type 5

Tubular type 69 0.559 (0.169-1.847)

Mucinous type 19 0.169 (0.034-0.838)

Signet ring type 11 1.425(0.378-5.375)

Diffuse type 63 0.586 (0.177-1.947)

Not otherwise 202 0.691 (0.218-2.192)

specified
Histologic grade 361

Gl 10

G2 134 1.648 (0.400-6.787)

G3 217 2.174 (0.535-8.832)
T stage 362

T1+T2 96

T3 167 1.713 (1.103-2.660)

T4 99 1.729 (1.061-2.819)
N stage 352

NO 107

N1+N2 171 1.640 (1.051-2.557)

N3 74 2.709 (1.669-4.396)
M stage 352

MO 327

M1 25 2.254 (1.295-3.924)
Pathologic stage 347

Stage [+ 11 160

Stage 111+ 1V 187 1.947 (1.358-2.793)

DLAT 370 0.785 (0.577-1.069)

*Hazard ratio (95% Cl): the first group as the reference.

and the survival probability of more samples was concen-
trated between 0.6 and 0.8. These findings demonstrated
that DLAT expression has a value as an independent pre-
dictor of prognosis in GC patients.

3.5 | Protein expression analysis

DLAT protein expression was analyzed using the TCGA-
STAD data on the UALCAN website. We found that DLAT

p value Hazard ratio (95% CI) p value
0.005 2.293 (1.539-3.416) <0.001
0.188 0.658 (0.441-0.982) 0.040
0.340 0.085 (0.023-0.314) <0.001
0.030 0.032 (0.006-0.174) <0.001
0.601 0.158 (0.032-0.771) 0.023
0.383 0.109 (0.028-0.425) 0.001
0.530 0.112 (0.031-0.400) <0.001
0.489 3.010 (0.391-23.196) 0.290
0.278 3.900 (0.506-30.061) 0.191
0.016 1.364 (0.795-2.341) 0.259
0.028 1.437 (0.745-2.773) 0.279
0.029 1.362 (0.730-2.542) 0.331
<0.001 2.199 (1.020-4.740) 0.044
0.004 2.002 (1.013-3.958) 0.046
<0.001 1.092 (0.570-2.094) 0.790
0.124 0.662 (0.464-0.944) 0.023

protein expression was significantly upregulated in the GC
group compared with the normal group. (Figure 3F). Next,
the study analyzed normal gastric mucosa and GC tissues
using the CAB003782 antibody from the HPA database to as-
sess DLAT protein expression through immunohistochemi-
cal (IHC) staining pictures provided by HPA. The results
indicated that the staining intensity of DLAT antibody in
normal gastric mucosa tissue was weak, while the intensity
of DLAT antibody in GC tissue was strong (Figure 3G). This
suggested that DLAT protein was highly expressed in GC
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tissues compared to normal gastric mucosa. The expression
of DLAT protein in GC tissues, as obtained from the HPA
database, was consistent with the mRNA expression tested
by TCGA-STAD RNA-seq data and our RT-qPCR assay.

3.6 | Reduction of gastric cancer cell
viability after silencing DLAT expression
in vitro

To silence the expression of DLAT, we transfected GC cells
with si-DLAT. Two si-DLATs were designed. Firstly, we
transfected AGS cells, which had the highest relative ex-
pression of DLAT among the cell lines, and detected the
expression of DLAT after transfection of si-DLAT using
qRT-PCR. We selected the siRNA with the highest silencing
efficiency after 48h of transfection for subsequent experi-
ments (Figure 4A). The CCKS8 assay was used to assess the
proliferation ability of AGS cells. The results showed that
the transfected Si-DLAT group had a significantly reduced
number of cell proliferation and weakened cell viability at
24,48, and 72h compared to the transfection-treated Si-NC
group (Figure 4B). The result above suggested that DLAT
might affect the proliferation ability of GC cells.

3.7 | Silencing DLAT influences the
migration of gastric cancer in vitro

To determine whether DLAT affected the migration abil-
ity of AGS cells, wound healing and transwell migration
assays were performed. The wound healing assay dis-
played that compared to the control group transfected
with Si-NC, the migration of AGS cells at 24h and 48h
after DLAT silencing was significantly reduced compared
to the initial formation of scratches (0 h), the width of the
scratches was markedly unnarrowed, and the ability of
the scratches to heal was distinctly weakened (Figure 4C).
A Transwell migration assay was performed to investigate
the effect of DLAT on the migration ability of AGS cells.
The results displayed that the number of AGS cells with
silencing DLAT to the bottom chambers was significantly
diminished compared to the Si-NC group (Figure 4D).
The above-mentioned result revealed that the expres-
sion of DLAT affected the migration ability of AGS cells,
which was significantly weakened after silencing DLAT.

3.8 | DLAT probably influences the
invasion of gastric cancer cells in vitro

We conducted a Transwell invasion assay to assess the im-
pact of DLAT on the invasion ability of AGS cells. It was

observed the number of cells transfected with Si-DLAT that
penetrated the gel into the lower chambers was greatly re-
duced compared to the transfected Si-NC group (Figure 4E).
This suggested that DLAT affected the invasion ability of
AGS cells, and after silencing DLAT expression, the inva-
sion ability of AGS cells was markedly weakened.

3.9 | Silencing DLAT could arrest the
G0/G1 stage and reduce the G2/M stage of
gastric cancer in vitro

To evaluate the impact of DLAT on the GC cell cycle, we
utilized flow cytometry to analyze the distribution and
changesin the GC cell cycle after silencing DLAT. The find-
ings indicated that the proportion of cell cycle in the G0/
G1 phase was significantly increased and the proportion
of the G2/M phase was decreased in the Si-DLAT group
compared to the Si-NC group in AGS cells (Figure 4F).
According to the above, silencing DLAT arrested the G0/
G1 phase of the AGS cell cycle, and the proportion of the
G2/M phase was reduced. These changes impacted the di-
vision and proliferation activity of the cells.

3.10 | Analysis of protein-protein
interactions and bioinformatics enrichment
analysis of GO and KEGG pathways

A Venn diagram was created using a set of genes that
provide DLAT-interacting proteins by STRING (exper-
imental validation) and a set of genes providing func-
tional similarity to DLAT in GC supplied by GEPIA2,
and it was found that the intersection of the sets of genes
was NDUFS1 and CS (Figure 5A). The analysis showed
that there was a moderate positive correlation between
the mRNA level expression of DLAT and NDUFS1 in GC
tissues (r=0.627, p <0.001; Figure 5B), as well as a mod-
erate positive correlation between the mRNA expres-
sion of DLAT and CS (r=0.674, p<0.001; Figure 5C).
Cytoscape was used to analyze protein interactions for
the gene sets mentioned above. As shown in Figure 5D,
the top 15 nodal-interacting proteins were listed by rank
order, and NDUFS1 was found to be included. The cor-
relation heatmap, created using TCGA-STAD, analyzed
the correlation between the above node genes and DLAT
(Figure 5E). The results showed that NDUFS1 was also
significantly correlated with DLAT. Subsequently, we
performed GO analysis and KEGG enrichment analysis
on the above gene sets to clarify the potential functions
of DLAT protein, and drew a bubble diagram for visuali-
zation. The GO analysis yielded a total of 247 enriched
biological processes (BP), 41 cytological components
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FIGURE 4 DLAT affected the proliferation, invasion and migration of gastric cancer cells (A). The siRNA silencing efficiency was
detected by qRT-PCR (B). CCK8 assay was performed to assess the proliferative ability of AGS cells after silencing DLAT (C). Wound healing
assay to assess the migration of AGS cells after silencing DLAT (D). Transwell migration assay also to assess the migration ability of AGS
cells after silencing DLAT (E). Transwell invasion assay to assess the invasion of AGS cells after silencing DLAT (F). Flow cytometry to
assess the cycle of AGS cells after silencing DLAT. *p <0.05, **p <0.01, ***p <0.001.
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(CC), and 45 molecular biological functions (MF) under
the requirements of P.adj<0.05 and q value <0.2, and
the bubble diagrams were drawn for the top six of them
(Figure 5F). BPs were mainly enriched in the oxidative

energy acquisition of organic compounds and the process
of cellular respiration; CCs were mainly enriched in the
matrix part of mitochondria; MFs were mainly enriched
in the electron transfer activity and the oxidoreductase
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activity acting on NAD(P)H. A total of 22 pathways were
analyzed using KEGG enrichment under the conditions
of P.adj <0.05 and q value < 0.2 (Figure 5G). Besides neu-
rological specific diseases, the pathways were mainly
enriched in oxidative phosphorylation, citric acid cycle,
and retrograde endorphin signaling. The GO and KEGG
pathway enrichment analyses indicated that DLAT was
involved in the regulation of the biological process of
cell cuproptosis.

3.1 | Immune infiltration and immune
checkpoint analysis

In this section, we assessed the correlation between DLAT
expression and the degree of immune cell infiltration in
GC. The findings showed that DLAT was significantly cor-
related with the degree of infiltration of several immune
cells. DLAT was positively correlated with T helper type
2 (Th2) cells and T helper (Th) cells and negatively corre-
lated with immune cells such as pDC (plasmacytoid DC)
cells, mast cells, NK cells, TFH cells (T follicular helper
cells), and B cells (Figure 6A). The DLAT expression from
TCGA-STAD was then ranked by median expression to
perform co-expression analysis with 79 immune check-
point genes to analyze the molecular correlation. DLAT
expression was positively correlated with BTN2A1 expres-
sion in GC (p<0.01) and negatively correlated with the
expression of 78 rest immune checkpoint genes (p <0.05;
Figure 6B). These results demonstrated that DLAT prob-
ably played an important role in immune cell infiltration
and was involved in the regulation of tumor immune es-
cape in GC.

4 | DISCUSSION
As previously mentioned, GC is a complex and hetero-
geneous tumor with multiple risk factors, exhibiting epi-
demiological and histopathological differences among
countries worldwide and showing tendencies for migra-
tion and recurrence.’’ However, conventional treatments
for GC have limited clinical efficacy, posing a significant
challenge to researchers and clinical physicians. With the
increasing understanding of GC pathogenesis and the
identification of tumor-resistant behaviors during tar-
geted therapies, novel therapeutic options are emerging.
These include additional biomarkers for diagnostic and
prognostic purposes, targeted immune checkpoint inhibi-
tors, and cell immunotherapies.38

Copper has been found to induce cell death through
various mechanisms that differ from apoptosis, ferropto-
sis, cell autophagy, or programmed death. This suggests
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that cuproptosis may warrant further investigation as
a potential avenue in tumor therapy. Previous research
has proposed that copper carriers may be used to trans-
port copper ions between cells of different tissues or to
maintain intra- and extracellular copper homeostasis.***
Additionally, they have been suggested as potential anti-
cancer agents to induce copper overload in tumor cells."
The process of cuproptosis, as elucidated by Peter et al.,”
involves the oligomerization of specific key proteins (e.g.,
DLAT) in mitochondria-dependent TCA, resulting in cell
death due to toxic protein stress after protein dysfunction.
Therefore, it was important to comprehend the role of
DLAT in inducing cellular cuproptosis in oxidative phos-
phorylation energy metabolism and its relevance in GC,
where glycolysis serves as the primary way of energy me-
tabolism. Consequently, the present study first aimed to in-
vestigate the involvement of DLAT, a gene associated with
cuproptosis, in GC and its potential diagnostic and thera-
peutic implications. This study investigated the expression
of DLAT in pan-cancer and GC using bioinformatics and
validated the upregulation of DLAT in GC using qRT-PCR.
Survival analysis revealed that GC patients with higher
DLAT expression had a poorer prognosis, suggesting that
DLAT may promote the progression of GC. These findings
were consistent with previous observations linking high
levels of DLAT expression to poor prognosis in pancreatic
cancer,* clear cell renal cell carcinoma,*® hepatocellular
carcinoma,>** and NSCLC.* This indicated that DLAT
has the potential to serve as a prognostic biomarker for the
diagnosis and prognosis assessment in GC, in addition to
our current findings. Furthermore, a series of cellular ex-
periments were conducted to elucidate the specific effects
of DLAT on the biological behavior of GC cells, revealing
that DLAT expression not only affected cell proliferation,
invasion, and migration but also affected the distribution
of the cell cycle. Consistent with previous research by Lu
et al., which demonstrated that OGDH-mediated SIRTS5,
a metabolite of the TCA cycle, inhibited the proliferation
and migration of GC cells,* our findings support the
notion that metabolite of the TCA cycle can impact the
malignant biological behavior. Therefore, it is plausible
that DLAT may function as an oncogene in driving GC
progression. The findings have implications for guiding
future studies on utilizing cuproptosis in precision treat-
ment strategies for GC.

Currently, regulated cell death (RCD) processes such
as apoptosis, autophagy, and ferroptosis have been impli-
cated in tumorigenesis. These RCD processes are typically
regulated by signaling molecules with specific biochem-
ical, morphological, and immunological features.”’ Peter
et al.” proposed that cuproptosis-related genes, including
DLAT, play a role in biological processes related to oxi-
dative phosphorylation energy metabolism that regulate
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cellular copper metabolism. These genes are vital for mi-
tochondrial aerobic respiration and the regulation of cell
death induced by copper carriers. Metabolites of the TCA
cycle SUCNRI1 were found to be aberrantly expressed in GC
and inhibited mitochondrial respiration.*® Our analysis of
DLAT functional enrichment from GC RNA-seq data sug-
gested that its primary function was enriched in oxidative
phosphorylation and the TCA cycle signaling pathways.
Several studies have reported elevated copper levels in
malignant tissues, including prostate cancer, lung cancer,
glioblastoma and melanoma, breast cancer, and liver can-
cer.” The dysregulation of copper metabolism is closely
associated with tumourigenesis and progression.”® Copper
as a transition metal in the signal transduction pathway,
plays a crucial role in regulating the proliferation of can-
cer cells and tumor growth. Based on this, we hypothe-
sized that copper overload disrupted the TCA cycle and
subsequent mitochondrial respiration, which would pro-
mote the proliferation of GC cells and contribute to tumor
growth. Given that solid tumors, including GC, often de-
velop in low-oxygen and low-glucose environments due
to inadequate vascular development, they primarily rely
on glycolysis as their main metabolic pathway (Warburg
effect) rather than oxidative phosphorylation. Glycolysis
is a process whereby glucose is converted into lactic acid,
which provides an efficient source of energy in glucose-
deficient conditions.” It is well established that tumor
cells predominantly utilize glycolysis over oxidative phos-
phorylation.>* Therefore, it would be beneficial to discuss
the relationship between copper, DLAT, and cuproptosis.
Unlike normal cells, which use oxidative phosphorylation
in mitochondria for energy, GC cells also predominantly
use the glycolytic pathway.”® However, other studies have
also proposed that mitochondrial respiration and glycoly-
sis pathways significantly influence the proliferation,>**
invasion,”®*” and metabolic reprogramming® behaviors
of GC cells. DLAT, as part of the PDC complex, regulates
the production of acetyl-CoA linking glycolysis with the
TCA cycle. This enzyme played a critical role in the met-
abolic reprogramming of cells,” promoting rapid cell
proliferation, invasion, and migration in tumor cells by
enhancing energy production.®® In the context of GC cells,
which are highly dependent on glycolysis, disruption of
these pathways could indirectly lead to cell death. The
cells were more dependent on mitochondrial respiration,
copper ion overload can induce cuproptosis. Although
the Warburg effect suggested a preference for glycolysis
in GC cells, they were not completely incapable of using
oxidative phosphorylation.®* Strategies to induce tumor
cell death may include inhibition of their major metabolic
pathways, and targeting glycolysis has been suggested to
have significant antitumor effects. Research has shown
that inhibiting key metabolic pathways, such as glycolysis,
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can induce tumor cell death.'® This could be achieved
through the use of chemical inhibitors that block glyco-
lytic processes within cells, potentially inhibiting tumor
growth and progression.®® GC cells were primarily depen-
dent on glycolysis, and interfering with their metabolic
pathways could potentially indirectly lead to cell death.
But how could this be used to induce tumor cell death?
In addition, glycolysis was the process by which glucose
was converted to lactic acid, which was an efficient source
of energy under glucose-deficient conditions.” Impairing
the conversion of pyruvate to lactate by reducing LDH-A
activity may enhance mitochondrial respiration. This not
only impaired tumor cell proliferation under hypoxic con-
ditions but may also increase their susceptibility to apop-
tosis by reducing the activation of BAX and BAD proteins.
In our study, we found that the expression of DLAT was
upregulated in GC cells and tissues, and the biological
behaviors of GC cells, such as proliferation, invasion, and
migration, were attenuated by silencing DLAT, reflecting
its role as an oncogene. However, DLAT-related cupro-
ptosis requires the utilization of the oxidative phosphor-
ylation pathway, whereas the Warburg effect in GC cells
prevented the preferential utilization of the upregulated
DLAT in GC cells. As mentioned above, GC cells were not
completely incapable of using oxidative phosphorylation;
it was just that glycolysis dominated their energy metab-
olism. Therefore, taking advantage of the upregulated ex-
pression of DLAT, supported by glycolysis inhibitors, and
using copper carriers to induce cuproptosis in GC cells
may become a potentially promising tumor therapeutic
strategy. In addition, a multifaceted approach involving
the improvement of mitochondrial function, regulation of
metabolic homeostasis, substrate, and oxygen supply, in-
hibition of oxidative stress, and targeted pharmacological
interventions could significantly enhance oxidative phos-
phorylation in GC cells and provide a potential avenue for
effective treatment.

The tumor IME of GC is a complex interaction be-
tween cancer cells and immune cells that can either pro-
mote or inhibit tumor progression. The IME has become a
popular area of research in tumor studies. The infiltration
of various immune cells exhibited a high correlation with
both tumor progression and prognosis. The high hetero-
geneity of the TME was an important feature of GC,** and
the infiltration of immune cells in the tumor was an im-
portant indicator for prognostic judgment and evaluation
of therapeutic effectiveness in GC. Bian et al."’ found that
the expression of the cuproptosis-related gene CDKN2A
was negatively correlated with macrophage infiltration
in renal clear cell carcinoma. Feng et al.** demonstrated
a positive correlation between the cuproptosis-related
gene SERPINEI] and the infiltration level of NK cells and
mast cells. Furthermore, plasma cells and B cells were
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negatively correlated with SERPINE1 in GC. Therefore,
upregulation of SERPINE1 expression may result in the
promotion of an inhibitory IME in GC. DLAT's metabolic
role influenced the composition and activation of immune
cells, including T cells, macrophages, and natural killer
cells. Changes in metabolites such as lactate and ketones,
influenced by DLAT, could modulate immune behavior,
fostering either an immunosuppressive environment that
benefited the cancer or stimulating an antitumor immune
response. The changes in metabolite levels (such as lac-
tate and ketones) could modulate immune cell behavior
either promoting an immunosuppressive environment
favorable to cancer or stimulating an immune response
against the tumor. Consequently, it was imperative to
investigate the relationship between DLAT and immune
cells. As immunotherapy has emerged as a promising
approach for cancer treatment, the role of T helper (Th)
cells in antitumor immune responses has gained signif-
icant attention.®> The immunotherapeutic relevance of
TH1 and TH2 subsets of Th cells, which were involved in
molecular interactions with a variety of immune signaling
pathways, have been investigated in cancer. Breast can-
cer patients with a poorer prognosis were found to have
increased Th2 cytokines (IL-4, IL-10) and decreased Th1
cytokines (IFN-y, IL-2, IL-12).66 Th2 effector cells were
dependent on IL-4 production and stimulated the STAT6
signaling pathway to upregulate the GATA3 transcrip-
tion factor.®”®® The cytokines and chemokines secreted
by Th2 cells have a tumor-promoting effect.”® Boosting
immunosuppressive Th2 and Treg cell activity promoted
tumor immune responses and induced tumor growth.” In
our study, we investigated the correlation between DLAT
expression and various normal immune cells within the
TME of GC, providing critical insights into how metabolic
pathways may influence immune responses in cancer.
There was a complex interaction between metabolic en-
zymes, such as DLAT, and immune cell modulation.”* We
found that the expression of DLAT in GC was positively
correlated with T helper (Th) and Th2 cells. Th cells were
critical in orchestrating immune responses.”” A positive
correlation with DLAT indicated that as DLAT expression
increases, so did the activity or presence of Th cells, po-
tentially enhancing certain immune responses within the
TME. Th2 cells have typically been associated with pro-
moting humoral immunity and may contribute to an anti-
inflammatory environment.” The association of Th2 cells
with higher levels of DLAT may suggest that metabolic
changes associated with DLAT may favor a Th2-involved
immune response. The expression of Th and Th2 cells was
crucial for orchestrating adaptive immune responses and
may promote a tumor-favorable microenvironment. They
could also promote tumor growth by affecting the TME. In
addition, we found that DLAT expression was negatively

correlated with plasmacytoid dendritic cells (pDCs), mast
cells, natural killer cells (NK cells), TFH cells, and B cells.
The pDCs are critical in antiviral responses and can stimu-
late antitumor immunity. A negative correlation between
DLAT and other immune cells may indicate that increased
DLAT expression may reduce the efficacy of antitumor
immune responses. Mast cells are also associated with
immunity and inflammation. Their negative correlation
with DLAT could reflect a shift in the inflammatory state
of the TME that either favors tumor growth or dampens
effective immune surveillance. The decrease in NK cell ac-
tivity or number associated with higher DLAT expression
could facilitate tumor escape from immune surveillance.
A negative correlation between TFH and DLAT could
potentially affect the effectiveness of B-cell responses
within the TME. Essential for humoral immunity, the
negative association with B cells may indicate that higher
DLAT expression was associated with reduced antibody-
mediated immune responses, which could impact the
control of tumor growth. We are reasonable to believe that
targeting DLAT could potentially alter the immune envi-
ronment by shifting the balance of immune cells toward
more effective antitumor types. Thus, this suggested that
increased DLAT expression might impair these cells’ anti-
tumor functions, facilitating immune evasion and tumor
progression.

Metabolic reprogramming in tumor cells not only sup-
ported their proliferation but also reshaped the immune
landscape and immune evasion mechanisms to favor
tumor survival. Furthermore, tumor cells may activate the
immune checkpoint pathway to prevent recognition by
the immune system and inhibit the immune response.”*”
Given that the tumor phenotype can be influenced by
alterations to the components of the TME through the
modulation of immune checkpoints,’® the search for new
therapeutic strategies in GC will necessitate a comprehen-
sive understanding of the tumor cells and the microenvi-
ronment. Despite the progress in tumor immunotherapy,
most patients still failed to respond to or benefited from
immune checkpoint blockade (ICB) therapy.’® Only a
small proportion of patients demonstrated a response to
this treatment.”’ Therefore, biomarkers predicting patient
response to ICB immunotherapy could be employed to
evaluate the choice of therapeutic strategies and to iden-
tify potential targets for ICB treatment. BTN2A1 was an
immune checkpoint gene that played a role in immune
regulation.78 Additionally, it modulated immune evasion
or activation in cancer.” Cano et al.*® demonstrated that
BTN2A1 was a target for Vy9V32 T cell cytotoxicity against
malignant cells. This finding suggested that BTN2A1 may
be a potential target for immunotherapy. In our study,
correlation analysis with a large number of immune
checkpoint genes revealed a moderate positive correlation
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only between DLAT and BTN2A1, suggesting DLAT has
a potential relationship with BTN2A1 in the immune
landscape of GC. This hypothesis suggested that DLAT
may influence GC cells to participate in immune evasion
by regulating the expression of the immune checkpoint
gene BTN2A1. This indicated that when DLAT expression
affected energy metabolism, the expression of BTN2A1
and DLAT1 was accompanied by a consistent change or
functional alteration. This demonstrated a complex rela-
tionship in which altered energy metabolism influenced
immune regulation. This interaction could modulate
immune checkpoints, potentially altering the efficacy of
immune checkpoint inhibitors used in cancer therapy.
Moreover, an understanding of the impact of DLAT on
BTN2A1 and other immune checkpoints may facilitate
the development of novel combination therapies that tar-
get both metabolic pathways and immune checkpoints.
Further studies could investigate the mechanisms by
which DLAT expression affected different immune cells,
with the potential to identify biomarkers for predicting
treatment response or tailoring immunotherapies based
on the metabolic and immune status of GC. The pres-
ent study underscored the significance of investigating
metabolic enzymes related to cuproptosis in the context
of GC. It suggested that alterations in energy metabo-
lism were not only essential for cancer cell survival but
also profoundly influenced the immune landscape within
the TME. Thus, changes in energy metabolic enzymes
were not only integral to cancer progression but also to
the shaping of immune responses in cancer. The impact
of the mitochondria-dependent energy metabolizing en-
zyme DLAT, which related cuproptosis, on the energy
metabolism of tumor cells and its potential involvement
as a therapeutic target in the immunotherapy of tumors
remained to be elucidated. Additionally, it was demon-
strated that intracellular copper levels could be controlled
to selectively eliminate tumor cells.'® The next generation
of selective copper carriers should use targeting sites that
only be recognized by specific receptors. Additionally,
these receptors should be present only in specific types of
cancer cells, allowing the next generation of copper carri-
ers to attain a more precise targeting effect. Our findings
will also provide new insights into pharmacological thera-
peutic strategies for tumor treatments.

Immunonutrition was designed to enhance immune
function and nutritional status in patients undergoing
special treatments. Pusceddu et al.*! proposed a protocol
to study the effects of immunonutrition supplementation
on patients with resectable GC undergoing neoadjuvant
chemotherapy with the FLOT (fluorouracil, leucovorin,
oxaliplatin, and docetaxel) regimen. The study assessed
the feasibility and safety of modifying dietary copper
intake or adding copper supplements to the treatment
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regimen. Copper and immunonutrition were conducted in
clinical trials to assess their combined impact on chemo-
therapy efficacy. This integrated strategy could improve
the effectiveness of neoadjuvant chemotherapy in GC by
increasing the susceptibility of cancer cells to treatment.
However, the potential risks of copper supplementation,
such as toxicity and the necessity of maintaining a delicate
balance to avoid adverse effects, will also be critically eval-
uated. Regular monitoring of copper levels in patients will
be crucial. Additionally, we could propose investigating
DLAT and other cuproptosis-related genes as biomarkers
to predict responses to treatments modulated by copper.
Ultimately, further research and clinical trials are essen-
tial to validate these concepts and refine treatment pro-
tocols for improved patient outcomes. Nevertheless, the
precise role of induced tumor cell cuproptosis in cancer
treatment remained unclear, and a large number of high-
quality basic studies would be required to prove the rela-
tionship between cuproptosis-related genes and tumors.

5 | CONCLUSION

This study analyzed the cuproptosis-related gene DLAT
expression profile and its prognostic risk assessment value
in GC. DLAT may play an important role in the prognostic
assessment of GC. The expression of DLAT could affect
the biological behaviors of GC cell proliferation, invasion,
and migration. Thus, taking advantage of the energy me-
tabolism pathway of cuproptosis could hold promise for
targeting tumor cell death through combination therapy.
Additionally, it may be associated with tumor immune
cell infiltration and involved in tumor immune escape by
interfering with immune checkpoints. These findings sug-
gested that cuproptosis-related gene research may provide
new treatment options for cancer.
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