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Abstract: Disulfidptosis, as a newly discovered form of cell programmed cell death in recent years, is driving the in-
depth understanding of the tumor occurrence mechanism and the exploration of innovative therapeutic approach-
es. Although the regulatory role of long non-coding RNAs (IncRNAs) in cancer development is well-known, whether
they are involved in the disulfidptosis process and their significance in the prognosis of gastric adenocarcinoma
remain unclear. This study, using sequencing and clinical data from The Cancer Genome Atlas (TCGA) database,
through least absolute shrinkage and selection operator (LASSO) and Cox regression analysis, has for the first time
constructed a prognostic evaluation model containing eight disulfidptosis-related IncRNAs (DRINncRNAs). This model
covers molecules such as LIMS1-AS1, LINCO0460, and AL590681.1, and can clearly distinguish gastric adenocar-
cinoma patients into high-risk and low-risk groups based on the median risk score. The analysis showed that there
were significant differences between the two groups of patients in terms of total survival, relevant signal pathway
activity, tumor immune microenvironment characteristics, gene mutation load, drug sensitivity, etc. The prognosis
of patients in the low-risk group is obviously better. Moreover, the study further verified through cell experiments,
animal models and clinical samples that these 8 types of INcCRNA are abnormally expressed in gastric adenocarci-
noma, which directly affects the survival of cancer cells. This series of work not only provides a new independent
biomarker combination for the prognosis of gastric adenocarcinoma, but also lays an important foundation for an
in-depth understanding of the disulfidptosis regulation network and the development of targeted treatment strate-
gies for this pathway.
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Introduction

Stomach cancer is the third leading cause of
cancer-related deaths worldwide, and its high
incidence and mortality put a heavy burden on
the health care system and economic resourc-
es. More than 95% of gastric cancer cases
are histologically classified as adenocarcino-
ma. According to Lauren’s classification sys-
tem, gastric adenocarcinoma is mainly divid-
ed into three subtypes: intestinal type, diffuse
type and uncertain type. Diffuse gastric cancer
is characterized by the lack of single infiltra-
tion cells attached to the wall, while intestinal
gastric cancer is characterized by different

degrees of differentiated glandular structure
[1, 2]. Early diagnosis is crucial to improve the
prognosis of gastric adenocarcinoma patients.
However, due to the similar early symptoms to
other gastrointestinal diseases, approximately
50% of patients are diagnosed at an advanc-
ed stage [3]. Currently, early detection mainly
relies on endoscopic examination and imaging
assessment. Although CT and endoscopic ultra-
sound are often used for preoperative evalua-
tion, studies have shown that racial differences
may affect the diagnostic accuracy of endo-
scopic ultrasound [4]. Additionally, these limi-
tations underscore the urgent need for more
precise and non-invasive biomarkers for early
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detection and prognosis. In recent years, non-
coding RNAs (ncRNAs), such as long non-cod-
ing RNAs (IncRNAs), have emerged as promis-
ing candidates due to their high tissue specific-
ity and regulatory roles in the tumor microen-
vironment, offering new avenues for precision
diagnosis and targeted therapy [5].

A recently discovered phenomenon, disulfidpto-
sis, represents a novel metabolic-related cell
death mechanism [6]. Its characteristic is the
abnormal accumulation of disulfide bonds in
cells with high expression of SLC7A11 under
conditions of glucose deprivation. This cell de-
ath induced by disulfide bond stress is mani-
fested through the disintegration of the cyto-
skeleton [7]. IncRNAs, as non-coding RNA tran-
scripts with a length exceeding 200 nucleo-
tides, regulate cellular processes and transc-
riptional networks by interacting with proteins
[8]. Existing studies have confirmed that Inc-
RNAs related to disulfidptosis are associated
with the occurrence and development of blad-
der cancer and lung adenocarcinoma, suggest-
ing that there may be a mechanistic connection
between disulfidptosis and malignant tumors
[9, 10].

This study will be based on The Cancer Genome
Atlas (TCGA)-Stomach Adenocarcinoma (STAD)
cohort, using least absolute shrinkage and
selection operator (LASSO) regression and
multivariate Cox models to construct prog-
nostic features of disulfidptosis-related Inc-
RNAs (DRINncRNAs). It will systematically ana-
lyze the expression characteristics, prognostic
significance, and possible functional mecha-
nisms of these disulfide reduction-related Inc-
RNAs in gastric adenocarcinoma. By integra-
ting transcriptome, immune infiltration, and
drug sensitivity data, we will explore the inter-
action between DRINcCRNAs and the tumor me-
tabolic-immune microenvironment, and verify
their regulatory effects on disulfide reduction
sensitivity through in vitro experiments. At the
same time, we will evaluate the relationship
between circulating DRINCRNA levels and clini-
cal pathological features such as differentia-
tion degree, lymph node metastasis, and dis-
tant metastasis, providing new biomarkers and
theoretical basis for risk stratification and indi-
vidualized treatment of gastric adenocarcino-
ma.
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Method
Data collection

TCGA supplied RNA-seq reads, clinical sheets,
and mutation calls (accessed via https://can-
cergenome.nih.gov and https://portal.gdc.can-
cer.gov). Perl 5.30.0 pulled the raw count
tables; R log-transformed and scaled them.
Initially, 412 STAD tumours were retrieved.
After excluding 5 cases with incomplete clini-
cal follow-up data (missing survival time or
vital status) in STAD, 407 tumour samples were
retained for prognostic analysis and randomly
divided into training (n=204) and test (n=203)
cohorts (Table 1). Based on the 10 core DRGs
identified by Liu et al. [6] through genome-wide
CRISPR-Cas9 screening, including SLC7A11
(cystine transporter), SLC3A2 (SLC7A11 chap-
erone), RPN1 and NCKAP1 (cytoskeleton regu-
lators), mitochondrial oxidative phosphoryla-
tion genes (NUBPL, NDUFA11, LRPPRC, OXSM,
NDUFS1), and GYS1 (glycogen synthase), we
screened for INcCRNAs significantly co-express-
ed with these DRGs in the TCGA-STAD cohort.

Sankey diagram construction

The Sankey diagram was constructed to visual-
ize the co-expression relationships between
the 10 core DRGs and prognostic DRINCRNAs.
Pearson correlation analysis was performed
between each DRG and all IncRNAs in the
TCGA-STAD cohort. IncRNAs with |r| > 0.3 and
P < 0.05 were considered significantly co-ex-
pressed with DRGs. The width of the lines in
the Sankey diagram represents the correlation
strength (|r| value), and the color gradient indi-
cates positive (red) or negative (blue) correla-
tions.

Construction of a disulfidptosis-related prog-
nostic signature for STAD

To develop a prognostic model, we employed
LASSO regression along with univariate and
multivariate Cox regression analyses to sys-
tematically examine the association between
DRINncRNA expression and survival outcomes in
STAD patients. Based on the resulting regres-
sion coefficients and prognostic significance,
an eight-IncRNA signature was ultimately es-
tablished.
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Table 1. The clinical characteristics of patients in the TCGA database [n (%)]

Characteristic Type Total Test Train P value
n 407 203 204
Age <65 183 (44.96) 97 (47.78) 86 (42.16) 0.276
> 65 221 (54.3) 104 (51.23) 117 (57.35)
unknow 3(0.74) 2 (0.99) 1 (0.49)
Gender FEMALE 144 (35.38) 73 (35.96) 71 (34.8) 0.889
MALE 263 (64.62) 130 (64.04) 133 (65.2)
Grade Gl 12 (2.95) 6 (2.96) 6 (2.94) 0.575
G2 144 (35.38) 77 (37.93) 67 (32.84)
G3 242 (59.46) 116 (57.14) 126 (61.76)
unknow 9(2.21) 4 (1.97) 5 (2.45)
Stage Stage | 55 (13.51) 23(11.33) 32 (15.69) 0.313
Stage Il 122 (29.98) 55 (27.09) 67 (32.84)
Stage Il 167 (41.03) 90 (44.33) 77 (37.75)
Stage IV 39 (9.58) 20 (9.85) 19 (9.31)
unknow 24 (5.9) 15 (7.39) 9(4.41)
T T1 21 (5.16) 7 (3.45) 14 (6.86) 0.428
T2 86 (21.13) 46 (22.66) 40 (19.61)
T3 179 (43.98) 89 (43.84) 90 (44.12)
T4 113 (27.76) 55 (27.09) 58 (28.43)
unknow 8 (1.97) 6 (2.96) 2 (0.98)
M MO 362 (88.94) 182 (89.66) 180 (88.24) 0.561
M1 26 (6.39) 11 (5.42) 15 (7.35)
unknow 19 (4.67) 10 (4.93) 9 (4.41)
N NO 121 (29.73) 50 (24.63) 71 (34.80) 0.248
N1 108 (26.54) 57 (28.08) 51 (25.00)
N2 77 (18.92) 40 (19.70) 37 (18.14)
N3 82 (20.15) 43 (21.18) 39 (19.12)
unknow 19 (4.67) 13 (6.40) 6 (2.94)

Evaluation of prognostic features of 8-DRIn-

cRNAs

Cases were split at random into training and
test arms, tagged high- or low-risk by the medi-
an risk score, and Kaplan-Meier curves were
drawn. Receiver operating characteristic (ROC)
areas for 1-, 3- and 5-year survival were com-
puted. PCA checked whether the risk signature
kept its shape, and a handful of R packages
were run to confirm it stayed upright under dif-
ferent assumptions.

Analysis of the relationship between risk
scores and clinical characteristics

Cox models (univariate and multivariate) tested

whether the risk score keeps its punch when
age, stage, and grade are already in the equa-
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tion. The coefficients in the multivariate table
provide a line chart, which can read the survi-
val opportunities of individuals; the calibration
curve checks whether the probability of these
prints is consistent with the real follow-up data.

Functional pathway enrichment and immune
microenvironment assessment

Genes differing between risk arms were flagg-
ed at |FC| > 1 and FDR < 0.05, then fed into
GO, KEGG and immune deconvolution to pick
out the pathways and microenvironment gaps
separating high- from low-risk tumours. Fun-
ctional interpretation is carried out through
KEGG pathway and gene ontology enrichment
analysis. According to the established GSEA
scheme, the c2.cp.kegg.v7.4.symbols.gmt ref-
erence set is used to evaluate the immune infil-
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tration pattern through gene set enrichment
analysis (GSEA). The CIBERSORT algorithm
quantifies the composition of immune cells in
tumors. Further comparison based on GSEA
revealed the differences in immune response
between risk groups, supplemented by the
differential expression spectrum of immune-
relate.

Estimation of tumor mutation burden

The “maftools” R package was used to obtain
files from TCGA, and the top 15 genes with the
highest mutation frequencies were visualized.
The Tumor Immune Dysfunction and Exclusion
(TIDE) score was employed to predict immune
responses between high- and low-risk groups.

Assessment of drug sensitivity

OncoPredict - together with car, preprocess-
Core, genefilter, and sva-estimated IC, values
for standard agents; ggplot2 boxed the high-
and low-risk samples for easy comparison.

In vitro validation of key genes

Candidate drug sensitivity assay: Two bioinfor-
matically prioritized compounds - IGF-1R inhibi-
tor BMS-754807 (Selleck Chemicals, Houston,
TX, USA, Cat# S2754) and BET inhibitor JQ1
(Selleck Chemicals, Houston, TX, USA, Cat#
S7110) - were evaluated for selective cytoto-
xicity toward high-risk DRIncRNA signatures.
AGS cells (American Type Culture Collection,
Manassas, VA, USA) stably over-expressing
each of the eight DRINcRNAs or empty vector
(NC) were seeded at 3 x 102 cells per well in
96-well plates. After attachment, the medium
was replaced with glucose-free DMEM (Gibco,
Grand Island, NY, USA, Cat# 11966025) sup-
plemented with 10% FBS (Gibco, Grand Island,
NY, USA, Cat# 10099141) and serial dilutions
of BMS-754807 (0-10 uM) or JQ1 (0-2 uM);
final DMSO (Sigma-Aldrich, St. Louis, MO, USA,
Cat# D2650) <0.1%. Following 72 h continu-
ous exposure, 20 uL of 5 mg mL* MTT (Sigma-
Aldrich, St. Louis, MO, USA, Cat# M5655) was
added for 4 h, formazan was solubilized with
150 pyL DMSO, and absorbance was read at
570 nm (650 nm background correction) us-
ing a microplate reader (BioTek Instruments,
Winooski, VT, USA). Viability was expressed as
percentage of vehicle-treated controls and IC_,
values were calculated by non-linear regres-
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sion (GraphPad Prism 9). Each concentration
was tested in triplicate and experiments were
repeated three times.

DRIncRNA modulation of disulfidptosis sensi-
tivity: AGS cells were transfected to over-
express or knock down representative high-
risk (LIMS1-AS1) or low-risk (PINK1-AS) DRInc-
RNAs using Lipofectamine 3000 transfection
reagent (Invitrogen, Carlsbad, CA, USA, Cat#
L3000015); empty vector or scrambled siRNA
(RiboBio, Guangzhou, China, Cat# siNO5815-
122147) served as negative controls (NC). Af-
ter 48 h, cells were switched to either standard
(25 mM glucose) or glucose-free medium. After
24 h of continued deprivation, cellular NADP*
and NADPH were extracted using a double-
extraction NADP*/NADPH assay kit (Abcam,
Cambridge, UK, Cat# abl76724) and the
NADP*/NADPH ratio was determined colorime-
trically to reflect redox buffering capacity.

SLC7A11-dependent 4C-cystine uptake assay:
AGS cells stably expressing each DRINcCRNA or
NC were plated at 1 x 10° per well in 24-well
plates. After 6 h in glucose-free DMEM/10%
FBS/2 mM glutamine to boost SLC7A11, cells
were rinsed twice with KRPH (pH 7.4) and
starved 30 min in amino-acid-free KRPH. Up-
take started with 100 pM cystine plus 0.1
MCi mL* L-[**C]cystine (PerkinElmer, Boston,
MA, USA, Cat# NEC244010UC); 10 min later
the reaction was killed with three ice-cold PBS
washes. Cells were solubilised in 0.1 M NaOH,
150 uL lysate mixed with scintillation fluid,
and counts read on a B-counter (PerkinElmer,
Waltham, MA, USA, Tri-Carb 4910TR). Results
(pmol mg? protein per 10 min) were normalised
to NC and averaged across three independent
runs, each in triplicate.

Phenotypic analysis following DRINncCRNA
modulation

Total RNA was isolated from the human gastric
epithelial line GES-1 and the gastric cancer line
AGS using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA, Cat# 15596026), reverse transcribed
using PrimeScript RT Master Mix (Takara Bio,
Shiga, Japan, Cat# RRO36A), and subjected to
quantitative real-time PCR using TB Green
Premix Ex Taq Il (Takara Bio, Shiga, Japan, Cat#
RR820A) on a CFX96 Real-Time PCR System
(Bio-Rad, Hercules, CA, USA). Relative DRInc-
RNA expression was calculated using the 2-4¢t
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method. For proliferation analysis, AGS cells
transfected to overexpress or silence indivi-
dual DRIncRNAs were plated in 96-well plates
at 1 x 1083 cells per well. Cell viability was mea-
sured daily over 5 consecutive days using the
MTT assay. Growth curves were generated to
evaluate the effect of DRINcCRNA alteration on
cellular proliferation.

In vivo validation of DRIncRNAs

Animals and ethics: Male Wistar rats (4-6
weeks old, 45-55 g) were purchased from
Beijing Vital River Laboratory Animal Techno-
logy Co., Ltd. (Beijing, China; License No. SCXK
(Beijing) 2021-0006). All animal procedures
were approved by the Institutional Animal Care
and Use Committee (IACUC) of First People’s
Hospital of Yunnan Province (Approval No.:
SL202203001), in accordance with the ARRIVE
guidelines and the Guide for the Care and Use
of Laboratory Animals (NIH).

Euthanasia method: At the end of the experi-
mental period (12 months), rats were eutha-
nized by intraperitoneal injection of sodium
pentobarbital (150 mg/kg) followed by exsan-
guination via cardiac puncture. Death was con-
firmed by cessation of heartbeat and respira-
tion. Stomach tissues were immediately ex-
cised, rinsed with sterile PBS, snap-frozen in
liquid nitrogen, and stored at -80°C until RNA
extraction.

Construction of a gastric adenocarcinoma rat
model: 4- to 6-week-old male Wistar rats (45-
55 g, Charles River Laboratories, Beijing, China)
were split 10 per group. The test group drank
water laced with 80 mg L* N-methyl-N'-nitro-
N-nitrosoguanidine (MNNG, Sigma-Aldrich, St.
Louis, MO, USA, Cat# N5255) for 9 months,
then plain water until month 12; controls dr-
ank tap water throughout. At the end of the
12-month experimental period, all rats were
humanely euthanized by intraperitoneal injec-
tion of sodium pentobarbital at a dose of 150
mg/kg body weight (Sigma-Aldrich, St. Louis,
MO, USA, Cat# P3761). Following confirmation
of deep anesthesia (absence of pedal with-
drawal reflex), exsanguination was performed
via cardiac puncture as a secondary method to
ensure death. Death was confirmed by com-
plete cessation of heartbeat and respiration
for a minimum of 5 minutes. Stomach tissues
were immediately excised, rinsed with sterile
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phosphate-buffered saline (PBS), snap-frozen
in liquid nitrogen, and stored at -80°C until
RNA extraction. All procedures were conduct-
ed in accordance with the AVMA Guidelines for
the Euthanasia of Animals (2020 Edition).

gRT-PCR for DRINncRNA expression in animal
tissues: At sacrifice, stomachs were removed,
and total RNA was extracted from gastric tis-
sues using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA, Cat# 15596026). RNA quality and
concentration were assessed using a Nano-
Drop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). After reverse
transcription using PrimeScript RT Master Mix
(Takara Bio, Shiga, Japan, Cat# RRO36A),
DRINcRNA levels were quantified by gRT-PCR
using TB Green Premix Ex Taq Il (Takara Bio,
Shiga, Japan, Cat# RR820A) on a CFX96 Real-
Time PCR System (Bio-Rad, Hercules, CA, USA).
Relative expression was calculated using the
284¢t method with GAPDH as the internal con-
trol.

Clinical validation of DRINcRNAs

Clinical samples and ethics: This study was
approved by the Ethics Committee of the First
People’s Hospital of Yunnan Province (Approval
No.: KHLL2025-KY345). Serum samples were
collected from 40 patients with gastric adeno-
carcinoma and 40 age-matched healthy volun-
teers.

gRT-PCR for DRINncCRNA expression in human
serum: This study was conducted with the
approval of the Ethics Committee of the First
People’s Hospital of Yunnan Province (Appro-
val No.: KHLL2025-KY345). Serum samples
were obtained from 40 gastric adenocarcino-
ma patients and 40 age-matched healthy vol-
unteers. The gastric cancer cohort consisted of
22 males and 18 females, while the control
group included 25 males and 15 females.
Inclusion criteria required patients to have
complete clinical documentation, diagnosis
consistent with gastric adenocarcinoma, no
prior history of radiotherapy or chemotherapy,
and the ability to provide informed consent.
Patients who experienced perioperative mor-
tality or were unable to undergo surgical treat-
ment were excluded. Total RNA was isolated
using a commercial blood RNA extraction kit
(Thermo Fisher Scientific, Waltham, MA, USA,
Cat# 12183018A) and quantified using a
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Figure 1. Study workflow and co-expression analysis of DRGs and DRINcCRNAs. A: Schematic overview of the study
design, including data collection, model construction, multi-omics analysis, and experimental validation. B: Sankey
diagram showing co-expression relationships between 10 DRGs and prognostic IncRNAs. Line width represents
Pearson correlation coefficient strength (|r| > 0.3, P < 0.05); red lines indicate positive correlation, blue lines indi-

cate negative correlation. DRG, disulfidptosis-related gene; IncRNA, long non-coding RNA.

NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). Reverse transcription was
performed with a cDNA synthesis kit (Takara
Bio, Shiga, Japan, Cat# RRO36A), followed by
real-time quantitative PCR analysis using TB
Green Premix Ex Taq Il (Takara Bio, Shiga,
Japan, Cat# RR820A) on a CFX96 Real-Time
PCR System (Bio-Rad, Hercules, CA, USA). U6
was used as the internal control for normali-
zation.

Correlation analysis between clinical features
and serum mRNA expression: Patients with
gastric adenocarcinoma were stratified into
stages I-IV according to the TNM classification
of the American Joint Committee on Cancer
(AJCC, 8th edition). The association between
AJCC stage and serum mRNA abundance was
first evaluated. We next investigated whether
serum DRINcRNA levels reflected biological
aggressiveness independent of stage. Post-
operative histology was independently review-
ed by two pathologists. According to WHO
standards, tumor differentiation is divided into
medium differentiation (G1), medium differen-
tiation (G2) or low differentiation (G3). The node
status is recorded as NO, N1, N2 or N3, and
further divided into NO and N1-N3 for statistical
analysis. According to the results of enhanced
CT/MRI and intraoperative examination, the
distant transfer is divided into MO or M1. In
general, these clinical pathological variables
are related to the serum mRNA expression sys-
tem to clarify their potential role in the progres-
sion of gastric adenocarcinoma.
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Statistical analysis

R software (version 4.2.1; https://www.r-pro-
ject.org) and Perl (version 5.30.0; https:/
strawberryperl.com) were used for Pearson
correlation, Cox regression and Kaplan-Meier
survival analysis. SPSS 26.0 and GraphPad
Prism 9.5 were used for statistical analysis and
graphing. Continuous variables are expressed
as mean * standard deviation (SD). Compa-
risons between two groups were performed
using Student’s t-test or Wilcoxon rank-sum
test, as appropriate. For comparisons among
multiple groups, one-way ANOVA followed by
Tukey’s post-hoc test was used. For repeated-
measures data, two-way repeated measures
ANOVA with Bonferroni correction was app-
lied. P < 0.05 indicates statistical significance.

Results
Clinical data

In this study, a total of 407 STAD tumor sam-
ples with complete clinical follow-up data were
analyzed. The 407 tumor samples were ran-
domly divided into training cohorts (n=204)
and test cohorts (n=203) (Figure 1A). There
was no significant difference in the clinical or
pathological characteristics of the two groups
(P > 0.05). From the TCGA database, we identi-
fied 16,876 IncRNAs, of which 1,078 were sig-
nificantly co-expressed with the 10 core DRGs
(SLC7A11, SLC3A2, RPN1, NCKAP1, NUBPL,
NDUFA11, LRPPRC, OXSM, NDUFS1, and GYS1)
defined by Liu et al. [6]. The Sankey diagram

Am J Cancer Res 2026;16(7):2680-2706
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Figure 2. Identification of the disulfidptosis-related IncRNA signature. A: Forest plot showing univariate Cox regres-
sion analysis results for identifying prognostic DRINncCRNAs. HR with 95% confidence intervals and P values are dis-
played. B, C: LASSO-Cox regression analysis for model construction. B: Partial likelihood deviance versus log(A) for
selecting the optimal penalty parameter. C: Coefficient profiles of the IncRNAs as a function of log(A). D: Heatmap
showing Pearson correlation coefficients between the eight signature IncRNAs and ten DRGs. Red indicates positive
correlation, blue indicates negative correlation. HR, Hazard ratios; DRG, disulfidptosis-related gene; INCRNA, long

non-coding RNA.

(Figure 1B) illustrates the co-expression rela-
tionships between the 10 core DRGs and the
prognostic IncRNAs identified. Wider lines indi-
cate stronger correlations (|r| > 0.3, P < 0.05),
with red representing positive correlation and
blue representing negative correlation.

A DRIncRNA prognostic marker for STAD: de-
velopment and validation

Univariate Cox regression analysis initially iden-
tified 15 prognostic DRINcRNAs significantly
associated with overall survival (P < 0.05) (Fi-
gure 2A). Among these, 8 IncRNAs showed risk
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ratios greater than 1, indicating that they may
be potential risk factors: AP0O00759.1, LIMS1-
AS1, LINCO0460, AC005332.3, AL590681.1,
AC234775.2, A C012085.2 and LINC01638.
On the contrary, 7 IncRNAs (AL109627.1,
AC011476.3, PINK1-AS, FAM160A1-DT, AL12-
1906.2, AL357874.3 and AC026979.2) are
related to protective effects. Finally, eight key
IncRNAs are selected as variables and a pre-
diction model is established using LASSO-Cox
regression (Figure 2B, 2C). The correspond-
ing heat map provides an intuitive summary
of the expression correlation between these
8 IncRNAs and 10 key disulfur bond-related
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genes. The heatmap in Figure 2D illustrates the
expression correlation between the eight prog-
nostic IncRNAs and the ten core DRGs, reveal-
ing distinct co-expression patterns between
risk-associated and protective INcCRNAs.

Patients are divided into high-risk subgroups
and low-risk subgroups according to the me-
dian risk score. Kaplan-Meier survival analysis
reveals the consistent trend of the whole co-
hort (Figure 3A), training set (Figure 3B) and
test set (Figure 3C): the overall survival of the
high-risk group is significantly shortened. We
gauged how well the signature forecasts out-
come by running ROC analysis; the curve are-
as came in at 0.72, 0.67, and 0.67 for 1-, 3-,
and 5-year survival, respectively (Figure 3D).
While gender did not significantly influence risk
classification (AUC=0.495), variables including
age (AUC=0.589), tumor grade (AUC=0.557),
and clinical stage (AUC=0.633) showed clear
discriminatory capacity (Figure 3E). Time-de-
pendent concordance indices further indicated
that the prognostic impact of age, grade, and
stage strengthened over time (Figure 3F). Risk
scores and the matching survival snapshot are
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plotted for the whole group, the training frac-
tion, and the hold-out fraction (Figure 4A-F).
Additionally, expression heatmaps of the eight
disulfidptosis-associated IncRNAs were gener-
ated across these three groups (Figure 4G-I).

Independent prognostic marker for DRINCRNAs
in predicting clinical outcomes

Univariate and multivariate Cox runs were car-
ried out to see whether the DRINCRNA score
adds anything to STAD prognosis. Age, stage,
and the risk score itself survived both rounds
(Figure 5A, 5B). Kaplan-Meier lines pulled
apart early and stayed separate, giving a pro-
gression-free gap with a P-value of 0.009
(Figure 5C); the upper-risk band consistently
did worse. PCA was performed to evaluate the
distribution patterns of patient samples. While
PCA based on all expressed genes showed no
distinct separation between high- and low-
risk groups, PCA using the eight risk IncCRNAs
revealed clear clustering that effectively distin-
guished the two risk groups (Figure 5D, 5E).
Furthermore, PCA based on the 10 DRGs
(Figure 5F) and 15 initial DRIncRNAs (Figure
5G) also showed differential clustering pat-
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terns. The subgroup analysis according to clini-
cal staging further confirms the robustness of
the risk model. Compared with the low-risk
group, the survival results of patients in the
high-risk group were always poor, whether in
stage I-ll (Figure 6A) or stage Ill-IV subgroup
(Figure 6B). A nomogram integrating the eight
DRIncRNA variables was constructed to facili-
tate individualized survival prediction (Figure
6C). Calibration curves indicated strong con-
cordance between predicted and observed sur-
vival probabilities (Figure 6D), supporting the
model’s reliability in prognostic assessment for
STAD patients.
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Functional enrichment analysis

GO enrichment pinned the shifted genes to
muscle mechanics and contraction. At the cel-
lular level they clustered around extracellular
matrix shelves and the secretory-granule Iu-
men, while their molecular jobs centred on
ligand-receptor hook-ups and agonist activity
(Figure 7A-D). KEGG added neuroactive ligand-
receptor chatter, cCAMP and calcium signalling
to the list. Splitting the cohort by risk gave dif-
ferent colour on the pathway map: the high-
risk arm leaned toward complement/coagula-
tion cascades and both dilated and hypertro-
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ment in complement and coagulation casca-
des, as well as dilated and hypertrophic car-
diomyopathy pathways (Figure 7H), whereas
low-risk patients exhibited distinct enrichment
in cell cycle regulation, DNA replication, and

phic cardiomyopathy, whereas the low-risk arm
tilted toward cell-cycle control, DNA replication
and olfactory transduction (Figure 7E-G). GSEA
further validated these findings, revealing that
high-risk patients showed significant enrich-
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olfactory transduction pathways (Figure 7I).
Tumour-microenvironment inspection showed
the high-risk set carrying heavier stromal, im-
mune and ESTIMATE scores (Figure 7)J).

Measurement of intratumoral immune cell
infiltration degree by gene GSEA

Within the high-risk arm, resting NK cells and
eosinophils registered noticeably higher counts
(Figure 8A, 8B). GSVA added that the same
arm carried livelier signatures for B cells, DCs,
mast cells, MHC-I, neutrophils, helper T cells,
Th2 cells, TILs, plus both type-l and type-ll
interferon footprints (Figure 8C).

Tumor mutational burden of the DRINCRNAs
risk model

Tumours in the low-risk band carried a heavier
load of non-synonymous mutations (Figure 9A),
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and Kaplan-Meier showed that extra baggage
translated into longer overall survival (Figure
9B). Cross-stratifying risk with TMB flipped the
story: high-risk tumours that also happened to
be mutation-rich died fastest, while high-risk
lesions with few mutations did best (P < 0.001,
Figure 9C). TIDE algorithm returned lower es-
cape scores for the high-risk set (Figure 9D).
Whatever the risk label, TP53 and TTN remain-
ed the top two altered loci (Figure 9E, 9F).

Drug sensitivity

R software was used to detect the IC_, of the
198 chemotherapeutic medicines. According
to result of the sensitivity of the chemothe-
rapeutic medicines, BMS-754807, doramapi-
mod, JQ1, NU7441, RO-3306, SB216763 and
SB505124 were predicted to be more sensi-
tive in high risk group than low risk group (Figure
10).
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Drug-susceptibility validation

MTT assays showed that AGS cells over-
expressing high-risk IncRNAs (LIMS1-AS1, LI-
NC00460, AL590681.1 and AC234775.2) ex-
hibited a sharp increase in sensitivity to both
BMS-754807 and JQ1, reflected by a marked
reduction in IC_ values relative to NC controls.
Conversely, forced expression of protective
IncRNAs (AC011476.3, PINK1-AS, FAM160A1-
DT and AL357874.3) conferred clear drug re-
sistance, with IC_ levels significantly elevated
(Figure 11A, 11B).

DRIncRNAs control disulfidptosis sensitivity via
NADPH

Under high-glucose (25 mM) conditions, the
NADP*/NADPH ratio remained uniform across
all groups, showing no significant deviation
from the empty-vector control, indicating that
metabolic redox homeostasis is insensitive to
DRINcRNA expression in nutrient-rich settings.
Upon glucose deprivation, the disulfidptosis
pathway was activated and the regulatory ca-
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pacity of key DRIncRNAs became immediately
apparent. The overexpression of the high-risk
factor LIMS1-AS1 significantly increased the
NADP*/NADPH ratio, and its knock significantly
inhibited the ratio; LINCO0460, AL590681.1
and AC234775.2 observed the same direction-
al trend, Confirm that the dangerous IncRNA
cooperates to amplify NADPH consumption. On
the contrary, the overexpression of the protec-
tive factor PINK1-AS significantly reduces the
NADP*/NADPH ratio under hunger stress, and
its knockdown leads to a significant increase;
FAM160A1-DT and AL357874.3 show the sa-
me pattern (Figure 12A-H).

Cystine-influx functional assay

Cystine-uptake assays revealed that, under
glucose-deprived conditions, overexpression of
high-risk DRIncRNAs (LIMS1-AS1, LINCO0460,
AL590681.1 and AC234775.2) significantly
enhanced L-[**C]-cystine influx, whereas their
knockdown reduced uptake to approximately
60% of the baseline level. Conversely, overex-
pression of protective DRIncRNAs (ACO1-
1476.3, PINK1-AS, FAM160A1-DT and AL35-

Am J Cancer Res 2026;16(7):2680-2706
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7874.3) suppressed cystine uptake to 0.6-fold
(P < 0.01), and their knockdown markedly

restored it (Figure 13A-H).
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Expression levels of DRIn-
cRNAs and cell viability in cells

Compared with the expre-
ssion levels of DRINCRNAs in
GES-1 cells, the mRNA expre-
ssion levels of LIMS1-AS1,
LINCO0460, AL590681.1, and
AC234775.2 were significantly
increased in AGS cells, where-
as the mRNA expression levels
of AC011476.3, PINK1-AS, FA-
M160A1-DT, and AL357874.3
were significantly decreased
(Figure 14A-H). Compared wi-
th the DRIncRNA knockdown
groups, the cell viability of the
overexpression groups of LIM-
S1-AS1, LINCO0460, AL590-
681.1, and AC234775.2 signif-
icantly increased over time,
while the cell viability of the
overexpression groups of ACO-
11476.3, PINK1-AS, FAM160-
A1-DT, and AL357874.3 signifi-
cantly decreased over time
(Figure 141-P).

Expression levels of DRIn-
CRNAs in animal tissues

To further validate the expression patterns
of the eight DRINcRNASs in vivo, we establish-

ed a gastric adenocarcinoma rat model using

Am J Cancer Res 2026;16(7):2680-2706
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Figure 13. Effects of DRINCRNAs on cystine uptake. (A-H) L-[**C]-cystine uptake in AGS cells after OE or KD of
each of the eight DRIncRNAs under glucose-free conditions: (A) LIMS1-AS1, (B) LINCO0460, (C) AL590681.1, (D)
AC234775.2, (E) AC011476.3, (F) PINK1-AS, (G) FAM160A1-DT, (H) AL357874.3. NC, negative control. Uptake val-
ues were normalized to NC and presented as mean + SD from three independent experiments, each performed in
triplicate. "P < 0.05, P < 0.01, "™P < 0.001 compared with NC. DRIncRNA, disulfidptosis-related long non-coding
RNA; OE, overexpression; KD, knockdown; NC, negative control; SD, standard deviation.
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Figure 14. DRIncRNA expression and cell viability in vitro. (A-H) Relative expression levels of eight DRINCRNAs in
GES-1 (normal gastric epithelial cell line) and AGS (gastric cancer cell line) measured by qRT-PCR: (A) LIMS1-AS1, (B)
LINCO0460, (C) AL590681.1, (D) AC234775.2, (E) AC011476.3, (F) PINK1-AS, (G) FAM160A1-DT, (H) AL357874.3.
Expression levels were normalized to GAPDH. (I-P) Cell viability of AGS cells after OE or KD of the eight DRINCRNAs
over 5 days as measured by MTT assay: (I) LIMS1-AS1, (J) LINCOO460, (K) AL590681.1, (L) AC234775.2, (M)
AC011476.3, (N) PINK1-AS, (O) FAM160A1-DT, (P) AL357874.3. NC, negative control. Data are presented as mean
+ SD from three independent experiments. “P < 0.05, *P < 0.01, **P < 0.001 compared with NC at the same
time point. DRINcRNA, disulfidptosis-related long non-coding RNA; gRT-PCR, quantitative real-time polymerase chain
reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OE, overexpression; KD, knockdown; NC, negative
control; SD, standard deviation; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

MNNG induction. gRT-PCR analysis revealed and AL357874.3) were significantly downre-
that the expression levels of the four high- gulated (Figure 15A-H, all P < 0.05).
risk DRINcCRNAs (LIMS1-AS1, LINCO0460, AL-

590681.1, and AC234775.2) were significantly Expression levels of DRInCRNAs in human

upregulated in the gastric tissues of model rats serum

compared with control rats. Conversely, the To evaluate the clinical translational potential
expression levels of the four low-risk DRInc- of the eight DRINncRNAs, we measured their
RNAs (AC011476.3, PINK1-AS, FAM160A1-DT, expression levels in serum samples from 40
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Figure 15. Expression levels of eight DRINCRNAs in animal tissues. (A-H) Relative expression levels of eight DRIn-
cRNAs in gastric tissues from control rats (n=10) and MNNG-induced gastric adenocarcinoma model rats (n=10)
measured by gRT-PCR: (A) LIMS1-AS1, (B) LINCOO460, (C) AL590681.1, (D) AC234775.2, (E) AC011476.3, (F)
PINK1-AS, (G) FAM160A1-DT, (H) AL357874.3. Expression levels were normalized to GAPDH. Data are presented as
mean + SD. "P < 0.05, ""P < 0.01, ™" P < 0.001 compared with control group. DRIncRNA, disulfidptosis-related long
non-coding RNA; MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; qRT-PCR, quantitative real-time polymerase chain
reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SD, standard deviation.

gastric adenocarcinoma patients and 40 age-
matched healthy controls using gRT-PCR.
Consistent with the findings in cell lines and
animal tissues, the four high-risk DRINncCRNAs
(LIMS1-AS1, LINCO0O460, AL590681.1, and
AC234775.2) exhibited significantly elevated
expression in the serum of STAD patients com-
pared with healthy controls. In contrast, the
four low-risk DRINcRNAs (AC011476.3, PINK1-
AS, FAM160A1-DT, and AL357874.3) showed
significantly reduced expression levels (Figure
16A-H, all P < 0.05).

Correlation analysis between clinical charac-
teristics and DRINcRNA expression levels

Correlation between DRINcRNAs and clinico-
pathological features. We systematically evalu-
ated the relationship between serum DRInc-
RNA levels and key clinicopathological param-
eters to assess their clinical relevance.

2697

Correlation analysis revealed a stepwise in-
crease in risk-associated IncRNAs from stage
| to IV: LIMS1-AS1, LINCO0460, AL590681.1,
and AC234775.2. Conversely, protective Inc-
RNAs showed progressive decline: AC011476.3,
PINK1-AS, FAM160A1-DT, and AL357874.3.
Stage IV patients exhibited 2.8- to 4.2-fold
higher levels of risk INcRNAs compared to sta-
ge |, while protective IncRNAs decreased by
60-75% (Figure 17).

In poorly differentiated tumors (G3), risk Inc-
RNAs were significantly elevated compared to
well-differentiated (G1) and moderately differ-
entiated (G2) tumors: LIMS1-AS1 (G3 vs. G1:
3.6-fold, P < 0.001), LINCO0460 (3.2-fold, P <
0.001), AL590681.1 (2.9-fold, P < 0.01), and
AC234775.2 (2.7-fold, P < 0.01). Protective
IncRNAs showed the opposite trend, with G3
levels 45-60% lower than G1 (P < 0.01) (Figure
18).

Am J Cancer Res 2026;16(7):2680-2706
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Figure 16. Expression levels of eight DRINcCRNAs in human serum. (A-H) Relative expression levels of eight DRIn-
cRNAs in serum samples from healthy controls (n=40) and gastric adenocarcinoma patients (n=40) measured by
gRT-PCR: (A) LIMS1-AS1, (B) LINCO0O460, (C) AL590681.1, (D) AC234775.2, (E) AC011476.3, (F) PINK1-AS, (G)
FAM160A1-DT, (H) AL357874.3. Expression levels were normalized to U6. Data are presented as mean + SD. "P <
0.05, P < 0.01, *P < 0.001 compared with control group. DRINcRNA, disulfidptosis-related long non-coding RNA;
gRT-PCR, quantitative real-time polymerase chain reaction; SD, standard deviation.

Risk IncRNAs were significantly higher in N1-N3
(node-positive) patients compared to NO (node-
negative). Positive correlations were observed
between IncRNA levels and nodal burden (NO <
N1 < N2 < N3). Protective IncRNAs decreas-
ed progressively with increasing nodal involve-
ment (P < 0.01) (Figure 19).

M1 patients (distant metastasis) displayed the
highest levels of risk INcRNAs and lowest levels
of protective IncRNAs. Risk IncRNAs in M1
patients were elevated 4.5- to 6.2-fold com-
pared to MO (P < 0.001), while protective Inc-
RNAs were reduced by 65-78% (P < 0.001). The
combined stratification of nodal and distant
metastatic status revealed that patients with
both N* and M* showed the most aggressive
DRINcRNA expression profile (Figure 20).

Collectively, these findings demonstrate that
DRINcRNA abundance mirrors tumor aggres-
siveness across multiple clinical dimensions,
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with the four risk INcCRNAs consistently elevated
and the four protective IncRNAs consistently
suppressed in advanced disease stages, high-
grade tumors, and metastatic lesions.

Discussion

STAD, as a digestive system malignancy with a
high mortality rate worldwide, has long relied
on the traditional treatment model of surgical
resection combined with adjuvant radiotherapy
and chemotherapy. However, the prognosis of
patients with advanced disease remains unsat-
isfactory [11]. This dilemma highlights the inad-
equacy of the current treatment system in elu-
cidating the molecular mechanisms of the
disease and propels researchers to explore
more precise targeted therapies and prognos-
tic assessments. In recent years, disulfidptosis,
as a novel mode of metabolic cell death, has
been proven to have clinical relevance in regu-
lating the fate of tumor cells in various cancers

Am J Cancer Res 2026;16(7):2680-2706
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Figure 17. Correlation between DRIncRNA expression and AJCC stage. (A-H) Serum expression levels of eight DRIn-
cRNAs in gastric adenocarcinoma patients stratified by AJCC stage (I, II, Ill, IV): (A) LIMS1-AS1, (B) LINCO0460, (C)
AL590681.1, (D) AC234775.2, (E) ACO11476.3, (F) PINK1-AS, (G) FAM160A1-DT, (H) AL357874.3. (I-P) Correlation
analyses between DRINCRNA expression levels and AJCC stage: (1) LIMS1-AS1, (J) LINCO0460, (K) AL590681.1, (L)
AC234775.2, (M) AC011476.3, (N) PINK1-AS, (0) FAM160A1-DT, (P) AL357874.3. Data are presented as mean +
SD. p, Spearman correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001. DRIncRNA, disulfidptosis-related long
non-coding RNA; AJCC, American Joint Committee on Cancer; SD, standard deviation.

[12]. IncRNAs have become an important mo-
lecular bridge connecting specific cell death
pathways to tumor progression due to their
key role in gene expression regulation [13, 14].
Among them, DRIncRNAs have shown clear
prognostic value in tumors such as cervical
cancer and rectal adenocarcinoma. This back-
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ground prompted us to propose the core hy-
pothesis that DRINcCRNAs may serve as novel
biomarkers for prognostic evaluation of STAD
and represent potential therapeutic targets.

Using transcriptome profiles from STAD tissue
and raw measurements held in the TCGA re-

Am J Cancer Res 2026;16(7):2680-2706



Disulfidptosis-related IncRNA signature in STAD

A * B * C " D *
§ 207 " § 207 . * g5 20q 5§ 204 — %
@ @ o v o N
EE 1.5 5-8 1.5 BEe 1.5 50 1.5
X3 xS X 00 X M~
[ [ 8 o g o l;
-
<5 1.0 < S 1.0 2S 1.0 <& 1.0
= ¥z o 3 x (NJ
£d EJ EZ £Q
2 © 0.5 2 0 0.5 2w 0.5 2w 0.5
2 ' 2 ' 2 0 2% "™
£ £ = =
Kt Kt X Kt
[ [ [T} [
©  0.0- ©  0.0- X 0.0- ©  0.0-
Gl G2 G3 G1 G2 G3 Gl G2 G3 G1 G2 G3
E * F G * H
* * * *
c 1.0 c 1.0 c 0.8 c 0.8
. * o * o . *
7] 7] 7 7]
[ *
2 o~ 0.8 g 0.8 * 80 g 8 (6
s s ® ol N
5 '.: 0.6 : <' 0.6 ﬁ © 5 B
.6 «~ 0.6 o
= Ix < © g4 <15 041
Z N zZ= Z e zZ w10
€O 0.4 &= 0.4 €= ol
Q" ga’ EZ Eg
Qo 2% 2w g2 2« 0.2
S © 0.24 = 0.2+ =R ] s ©
L} L & S
[ [} [} [
©  0.0- ©  0.0- ©  0.0- ©  0.0-
Gl G2 G3 G1 G2 G3 G1 G2 G3 G1 G2 G3
I J 18 K L
1.6 4
1.7 4
154 o 164
= =} - y
%) @ < o
2 g B £
<15 S 16 8 3
» Q 3 Q
= z 9 O 144
— — < 144 <
14 1.5
Spearman Spearman Spearman Spearman
R=0.777 R=0.452 R=0.657 R=0725
P <0.001 14 P=0.003 134 P <0.001 124 P <0.001
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
Grade of differentiation Grade of differentiation Grade of differentiation Grade of differentiation
M N, 0 P oos-
0.9
0.75 4 0.60 -
0.7 4
© 08 . 5 @
g < = X 055
b T S 0724 [
pa 0.6 < )
g 0.7 =z s “<
o i
4 Z < 050
0.6 4 0.5 0.69
Spearman Spearman Spearman, 0.45 Spearman
R=-0.493 R=-0.756 R=-0.591 R=-0.820
05 P=0.001 0] P <0.001 P <0.001 P <0.001

T T T T
1.5 20 25 3.0
Grade of differentiation

T T T T
15 2.0 25 3.0
Grade of differentiation

T
1.0 1.0

T T T T
1.5 20 25 3.0
Grade of differentiation

T T T T T
1.5 20 25 3.0 1.0
Grade of differentiation

T
1.0

Figure 18. Correlation between DRINCRNA expression and differentiation grade. (A-H) Serum expression levels of
eight DRINcRNAs in gastric adenocarcinoma patients stratified by differentiation grade (G1, G2, G3): (A) LIMS1-
AS1, (B) LINCO0460, (C) AL590681.1, (D) AC234775.2, (E) AC011476.3, (F) PINK1-AS, (G) FAM160A1-DT, (H)
AL357874.3. (I-P) Correlation analyses between DRINCRNA expression levels and differentiation grade: (I) LIMS1-
AS1, (J) LINCOO460, (K) AL590681.1, (L) AC234775.2, (M) AC011476.3, (N) PINK1-AS, (O) FAM160A1-DT, (P)
AL357874.3. Data are presented as mean * SD. p, Spearman correlation coefficient. P < 0.05, P < 0.01, ™"P <
0.001. DRIncRNA, disulfidptosis-related long non-coding RNA; SD, standard deviation.

pository, we assembled and cross-checked
an eight-DRINCRNA signature (LIMS1-AS1,
LINCOO460, AL590681.1, AC234775.2, ACO-
11476.3, PINK1-AS, FAM160A1-DT, AL357-
874.3). The classifier achieved robust risk se-
paration in both training and testing cohorts,
clearly stratifying patients into high- and low-
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risk groups, and revealed marked multi-omic
divergence between the two subgroups, laying
the groundwork for downstream mechanistic
investigation.

LIMS1-AS1, as a key component of this mo-
del, regulates the expression of the LIMS1 gene

Am J Cancer Res 2026;16(7):2680-2706
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Figure 19. Correlation between DRINCRNA expression and lymph node metastasis. (A-H) Serum expression levels of
eight DRINcRNAs in gastric adenocarcinoma patients stratified by lymph node metastasis status (NO, N1, N2, N3):
(A) LIMS1-AS1, (B) LINCO0460, (C) AL590681.1, (D) AC234775.2, (E) AC011476.3, (F) PINK1-AS, (G) FAM160A1-
DT, (H) AL357874.3. (I-P) Correlation analyses between DRIncRNA expression levels and nodal involvement: (l)
LIMS1-AS1, (J) LINCO0460, (K) AL590681.1, (L) AC234775.2, (M) AC011476.3, (N) PINK1-AS, (O) FAM160A1-DT,
(P) AL357874.3. Data are presented as mean + SD. p, Spearman correlation coefficient. P < 0.05, **P < 0.01, P
< 0.001. DRIncRNA, disulfidptosis-related long non-coding RNA; SD, standard deviation.

and participates in cytoskeleton organization
and signal transduction. It is highly correlated
with the regulation of STAD cell infiltration abil-
ity [15]. Functional in vitro assays demonstrat-
ed that LIMS1-AS1 overexpression markedly
reduced the IC_ of the IGF-1R inhibitor BMS-
754807 in AGS cells, whereas its knockdown

elevated the IC,, indicating that this risk-asso-
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ciated DRIncRNA directly modulates drug sen-
sitivity and promotes cell survival under meta-
bolic stress. Qu C et al. also determined that
LIMS1-AS1 is one of the prognostic IncRNAs of
gastric adenocarcinoma [15]. LINCO0460 pro-
motes tumor development through the PI3K/
AKT signaling pathway and acts as a miRNA
sponge in various cancers. This observation
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Figure 20. Correlation between DRINCRNA expression and distant metastasis. (A-H) Serum expression levels of eight
DRINcRNAs in gastric adenocarcinoma patients with (M1) or without (MO) distant metastasis: (A) LIMS1-AS1, (B)
LINCO0460, (C) AL590681.1, (D) AC234775.2, (E) AC011476.3, (F) PINK1-AS, (G) FAM160A1-DT, (H) AL357874.3.
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sented as mean + SD. "P < 0.05, **P < 0.01, ™" P < 0.001. DRIncRNA, disulfidptosis-related long non-coding RNA;

SD, standard deviation.

highlights its potential role as a STAD oncogene
[16]. In addition, the correlation between
AC234775.2 and immune cell infiltration and
immune function provides important insights
for understanding its role in regulating the
immune microenvironment of STAD [17].

For protective DRIncRNAs, AC011476.3, PI-
NK1-AS, and FAM160A1-DT have demonstrat-
ed prognostic significance in other malignan-
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cies, suggesting functional consistency across
cancer types [18-20]. Notably, FAM160A1-DT
is upregulated in normal tissues compared
with cancer tissues and has been incorporated
into disulfidptosis-related prognostic models
for colorectal adenocarcinoma. The roles of
AL590681.1 and AL357874.3 remain under-
explored, presenting new directions for investi-
gating regulatory molecules in STAD. Consi-
stent with our bioinformatics analysis, in vitro
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cell experiments, in vivo animal models, and
clinical sample validation collectively confir-
med that the eight DRINcRNAs exhibit di-
stinct expression patterns: the four risk-
associated IncRNAs (LIMS1-AS1, LINCO0460,
AL590681.1, and AC234775.2) were signifi-
cantly upregulated, whereas the four protective
IncRNAs (AC011476.3, PINK1-AS, FAM160A1-
DT, and AL357874.3) were significantly down-
regulated in STAD tissues compared with con-
trols.

Our experimental findings provide direct evi-
dence linking the eight-DRINCRNA signature to
disulfidptosis regulation and clinical outcomes.
Under glucose deprivation - a critical trigger for
disulfidptosis - we observed striking differenc-
es between high- and low-risk DRINCRNAs.
Specifically, overexpression of high-risk DRInc-
RNAs (LIMS1-AS1, LINCO0460, AL590681.1,
and AC234775.2) led to significantly enhanc-
ed cystine uptake and elevated NADP*/NADPH
ratios (Figures 12, 13), indicating increased
NADPH consumption and reduced cellular re-
ducing capacity. This metabolic state renders
cells more vulnerable to disulfide stress, as
NADPH is essential for maintaining intracellu-
lar disulfide balance [8]. Consequently, high-
risk tumors exhibit heightened sensitivity to
disulfidptosis, which paradoxically may drive
clonal selection for aggressive, therapy-resis-
tant variants under the metabolic pressures
of the tumor microenvironment. In contrast,
low-risk DRINCRNAs (AC011476.3, PINK1-AS,
FAM160A1-DT, and AL357874.3) exerted the
opposite effects: they suppressed cystine up-
take and preserved NADPH pools, maintaining
redox homeostasis and conferring resistance
to disulfidptosis. This protective metabolic phe-
notype is associated with less aggressive dis-
ease and improved survival outcomes. Thus,
the prognostic stratification of our eight-IncRNA
signature directly reflects differential disulfidp-
tosis susceptibility. High-risk tumors exhibit a
metabolic state primed for disulfide stress,
which through evolutionary adaptation selects
for more malignant clones, whereas low-risk
tumors maintain metabolic stability, favoring
indolent phenotypes and better clinical out-
comes.

To further characterize the biological process-

es underlying the divergent risk phenotypes,
we performed functional enrichment analysis.
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Differentially expressed genes in high-risk
STAD patients were significantly enriched in
biological processes related to muscle system
function, extracellular matrix (ECM) remodel-
ing, and receptor-ligand interactions (Figure
7A-D). These functions collectively form a col-
laborative network driving malignant progres-
sion, consistent with previous reports empha-
sizing the role of actin cytoskeletal remodeling
in gastric cancer EMT [21]. Enrichment of mus-
cle system-related genes suggests that tumor
cells may acquire enhanced migration and inva-
siveness through upregulation of contractile
proteins, promoting deep gastric wall invasion.
Active ECM remodeling reflects accelerated
matrix degradation and turnover in the tumor
microenvironment, which not only provides a
physical pathway for tumor cell migration but
also activates oncogenic signals through re-
lease of stored growth factors [22]. Notably,
these ECM alterations may synergize with di-
sulfidptosis: our mechanistic data show that
high-risk DRINcCRNAs enhance cystine uptake
and NADPH consumption, and the resulting
disulfide stress could further activate matrix
metalloproteinases, creating a positive feed-
back loop that promotes both metabolic vul-
nerability and invasive capacity.

At the pathway level, KEGG analysis showed
that high-risk STAD patients commonly exhibit
enrichment in neuroactive ligand-receptor inte-
ractions, cCAMP signaling, and calcium signhaling
pathways. This suggests a broad dysregulation
of the GPCR signaling network. This may lead
to the abnormal release of proto-secreted
hormones such as gastrin, which in turn con-
tinuously activates proliferation signals and
regulates the expression of Bcl-2 family pro-
teins, and mediates cell apoptosis resistance
[23]. Additionally, activation of the complement
and coagulation cascade was associated with
poor prognosis. This pathway recruits immuno-
suppressive cell populations such as myeloid-
derived suppressor cells, while its inflamma-
tory mediators (e.g., C5a) promote angiogene-
sis and tumor migration, creating a pro-tumori-
genic inflammatory environment [24]. Recent
studies have shown interplay between comple-
ment signaling and immune checkpoints; for
instance, combining C5a blockade with PD-1
inhibitors enhances CD8" T cell responses in
lung cancer models [25]. In contrast, low-risk
STAD patients exhibited enrichment of cell
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cycle and DNA replication pathways, indicating
more stable proliferation regulation and greater
genomic integrity, consistent with their better
prognosis.

In addition, stromal, immune, and ESTIMATE
scores were significantly higher in the high-risk
group, indicating a more complex tumor micro-
environment. Increased matrix components
may promote EMT through the TGF-§ signaling
pathway, while the presence of both activated
and inhibitory immune cells within the infiltra-
te can further facilitate immune escape [26].
These features not only clarify the mechanisms
underlying the poor prognosis of high-risk STAD
patients but also suggest that combined thera-
pies targeting matrix remodeling and immune
checkpoints may represent a promising strate-
gy to improve outcomes in this subgroup.

The TME and TMB are key factors influencing
immune escape and treatment response in
STAD. In the TME of high-risk patients, we
observed increased infiltration of resting NK
cells and eosinophils, alongside activation of
various immune cell subsets and type I/l inter-
feron response pathways. This unique “strong
immune response but dysfunctional” pheno-
type is characterized by inhibited cytotoxicity
of resting NK cells, eosinophil secretion of
tumor-promoting factors (e.g., VEGF and MMPs),
Th2 polarization creating an immunosuppres-
sive microenvironment, PD-L1-mediated T cell
exhaustion, and upregulation of MHC class |
molecules. These factors collectively contrib-
ute to the paradoxical phenomenon of “strong
immune infiltration yet poor prognosis” in high-
risk patients. This finding has important impli-
cations for immunotherapy selection in STAD:
single-agent PD-1/PD-L1 inhibitors may have
limited efficacy, whereas combination strate-
gies targeting Th2 polarization, NK cell activa-
tion, or eosinophil chemotaxis may be more
effective at reversing immunosuppression [27].

Regarding TMB, the low-risk group exhibited
higher TMB levels, consistent with increased
neoantigen production and stronger anti-tumor
immune responses. Survival outcome differ-
ences between the high-TMB/high-risk and low-
TMB/high-risk subgroups further underscore
the modulatory role of TMB on prognosis in
high-risk patients. Additionally, the lower TIDE
scores observed in the high-risk group, togeth-
er with frequent TP53 and TTN mutations, pro-
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vide insights into the molecular mechanisms
underlying poor prognosis, highlighting aspects
of immune escape potential and driver gene
mutations. TP53-mutated tumors may exhibit
resistance not only to immune checkpoint in-
hibitors but also to other immunotherapies
such as CAR-T cell therapy and hematopoietic
stem cell transplantation [28]. TTN mutations
enhance TTN protein stability, reduce intracel-
lular ferrous ion levels, and significantly de-
crease sensitivity to 5-FU in liver cancer [29].
These findings suggest potential roles for TP53
and TTN mutations in treatment resistance in
STAD, offering new targets for developing more
effective therapeutic strategies.

Chemotherapy drug sensitivity analysis pro-
vides a direct reference for precision treat-
ment of high-risk STAD patients. Drugs with
high sensitivity in this subgroup target core
dependency pathways, including IGF-1R, p38
MAPK, and BET protein-mediated transcription-
al regulation [30-32]. Previous studies have
confirmed the key roles of these pathways in
tumor cell proliferation and maintenance of
anti-apoptotic phenotypes. Our research fur-
ther validated the inhibitory effects of BMS-
754807, doramapimod, and JQ1 on these
pathways, indicating that these agents can
effectively suppress malignant activity in high-
risk patients. This finding aligns with conclu-
sions from Hassan MS et al. in preclinical pan-
creatic cancer models [33]. Moreover, drug
screening results targeting DNA damage re-
pair, cell cycle, GSK-3B, and TGF-B pathways
address gaps in existing research. The high
sensitivity to NU7441, RO-3306, SB216763,
and SB505124 suggests that high-risk STAD
patients exhibit “treatment vulnerabilities” in
pathways associated with genomic instability
and invasive potential. This result supports the
concept of “multitargeted therapy for STAD”
proposed by Sundar R et al. [34], providing a
foundation for designing combination therapy
regimens.

In summary, the eight-DRINCRNA prognostic
model established in this study provides a
novel biomarker for STAD prognosis assess-
ment. By establishing a direct mechanistic link
between the risk signature and disulfidptosis -
wherein high-risk DRINCRNAs enhance cystine
uptake and deplete NADPH under glucose de-
privation, sensitizing cells to disulfide stress -
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our multi-dimensional analysis clarifies the
molecular characteristics and potential thera-
peutic targets in high-risk patients, offering
an important reference for precision diagnosis
and treatment of STAD.

Limitations

However, this study has several limitations.
First, model validation relies on public data-
bases and a limited set of clinical samples;
multicenter studies with larger cohorts are
needed to confirm its clinical value. Second,
the specific mechanisms of AL590681.1 and
AL357874.3 remain unclear and require fur-
ther investigation through in vitro and in vivo
experiments. Finally, the feasibility of DRInc-
RNAs as therapeutic targets and the efficacy
of combination regimens warrant validation
in additional preclinical and clinical studies.
Future research will focus on these directions
to facilitate clinical translation of DRINncCRNAs
in STAD.

Acknowledgements

The authors would like to thank the TCGA data-
bases for providing open access to the datas-
ets. This study was supported by the Kunming
University of Science and Technology & the
First People’s Hospital of Yunnan Province
Joint Special Project on Medical Research,
Grant Number: KUST-KH2022035Y.

Disclosure of conflict of interest
None.

Address correspondence to: Xiaoming Yin, General
Practice Department, The First People’s Hospital of
Yunnan Province, The Affiliated Hospital of Kunming
University of Science and Technology, No. 157, Jinbi
Road, Xishan District, Kunming 650032, Yunnan,
China. E-mail: vtejatje@163.com

References

[1] TaiebJ, Bennouna J, Penault-Llorca F, Basile D,
Samalin E and Zaanan A. Treatment of gastric
adenocarcinoma: a rapidly evolving landscape.
Eur J Cancer 2023; 195: 113370.

[2] Yasuda T and Wang YA. Gastric cancer immu-
nosuppressive microenvironment heterogene-
ity: implications for therapy development.
Trends Cancer 2024; 10: 627-642.

2705

(3]

(4]

(6]

(7]

[9]

(10]

(11]

(12]

[13]

(14]

Wang Z and Wu Q. Advancements in non-inva-
sive diagnosis of gastric cancer. World J Gas-
troenterol 2025; 31: 101886.

Ikoma N, Lee JH, Bhutani MS, Ross WA, Weston
B, Chiang YJ, Blum MA, Sagebiel T, Devine CE,
Matamoros A Jr, Fournier K, Mansfield P, Ajani
JA and Badgwell BD. Preoperative accuracy of
gastric cancer staging in patient selection for
preoperative therapy: race may affect accura-
cy of endoscopic ultrasonography. J Gastroin-
test Oncol 2017; 8: 1009-1017.

Goodall GJ and Wickramasinghe VO. RNA in
cancer. Nat Rev Cancer 2021; 21: 22-36.

Liu X, Nie L, Zhang Y, Yan Y, Wang C, Colic M,
Olszewski K, Horbath A, Chen X, Lei G, Mao C,
Wu S, Zhuang L, Poyurovsky MV, James You M,
Hart T, Billadeau DD, Chen J and Gan B. Actin
cytoskeleton vulnerability to disulfide stress
mediates disulfidptosis. Nat Cell Biol 2023;
25: 404-414.

Zheng T, Liu Q, Xing F, Zeng C and Wang W. Di-
sulfidptosis: a new form of programmed cell
death. J Exp Clin Cancer Res 2023; 42: 137.
Chen LL and Kim VN. Small and long non-cod-
ing RNAs: past, present, and future. Cell 2024;
187: 6451-6485.

Chen H, Yang W, Li Y, Ma L and Ji Z. Leveraging
a disulfidptosis-based signature to improve the
survival and drug sensitivity of bladder cancer
patients. Front Immunol 2023; 14: 1198878.
Qi C, Ma J, Sun J, Wu X and Ding J. The role of
molecular subtypes and immune infiltration
characteristics based on disulfidptosis-associ-
ated genes in lung adenocarcinoma. Aging (Al-
bany NY) 2023; 15: 5075-5095.

Aguiar FJN, Menezes FDS, Fagundes MA, Fer-
nandes GA, Alves FA, Filho JG and Curado MP.
Gastric adenocarcinoma and periodontal dis-
ease: a systematic review and meta-analysis.
Clinics (Sao Paulo) 2024; 79: 100321.

Ma W, Wang X, Zhang D and Mu X. Research
progress of disulfide bond based tumor micro-
environment targeted drug delivery system. Int
J Nanomedicine 2024; 19: 7547-7566.
JinT,Yin T, Xu R, Liu H, Yuan S, Xue Y, Zhang J
and Wang H. Exploring the role of disulfidpto-
sis-related signatures in immune microenvi-
ronment, prognosis and therapeutic strategies
of cervical cancer. Transl Oncol 2024; 44:
101938.

Ibrahim H, Liu F, Asim R, Battu B, Benabder-
rahmane S, Alhafni B, Adnan W, Alhanai T,
AlShebli B, Baghdadi R, Bélanger JJ, Beretta E,
Celik K, Chagfeh M, Dagaq MF, Bernoussi ZE,
Fougnie D, Garcia de Soto B, Gandolfi A, Gyorgy
A, Habash N, Harris JA, Kaufman A, Kirousis L,
Kocak K, Lee K, Lee SS, Malik S, Maniatakos
M, Melcher D, Mourad A, Park M, Rasras M,

Am J Cancer Res 2026;16(7):2680-2706


mailto:vtejatje@163.com

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

Disulfidptosis-related IncRNA signature in STAD

Reuben A, Zantout D, Gleason NW, Makovi K,
Rahwan T and Zaki Y. Perception, perfor-
mance, and detectability of conversational ar-
tificial intelligence across 32 university cours-
es. Sci Rep 2023; 13: 12187.

Qu C, Yan X, Tang F and Li Y. Construction of a
novel disulfidptosis and cuproptosis-related In-
cRNA signature for predicting the clinical out-
come and immune response in stomach ade-
nocarcinoma. Discov Oncol 2025; 16: 230.
Zhou FJ, Meng S, Wu XF, Hou PF, Li ML, Chu SF,
Bai J and Zheng JN. LncRNA LINCO0460 facili-
tates the proliferation and metastasis of renal
cell carcinoma via PI3K/AKT signaling path-
way. J Cancer 2022; 13: 2844-2854.

Jiang Q, Liu Z and Yang H. Prognosis and im-
munotherapy prediction based on immuno-
genic cell death-related IncRNA in gastric can-
cer. J Clin Transl Pathol 2022; 2: 131-142.
Cao Y, Wang X, Jin T, Tian Y, Dai C, Widarma C,
Song R and Xu F. Immune checkpoint mole-
cules in natural Killer cells as potential targets
for cancer immunotherapy. Signal Transduct
Target Ther 2020; 5: 250.

Wang K, Yu J, Xu Q, Peng Y, Li H, Lu Y and Ouy-
ang M. Disulfidptosis-related long non-coding
RNA signature predicts the prognosis, tumor
microenvironment, immunotherapy, and anti-
tumor drug options in colon adenocarcinoma.
Apoptosis 2024; 29: 2074-2090.

Lv Y, Wang Y, Song Y, Wang SS, Cheng KW,
Zhang ZQ, Yao J, Zhou LN, Ling ZY and Cao C.
LncRNA PINK1-AS promotes Gail-driven gas-
tric cancer tumorigenesis by sponging microR-
NA-200a. Oncogene 2021; 40: 3826-3844.
DuY, Jiang B, Song S, Pei G, Ni X, Wu J, Wang
S, Wang Z and Yu J. Metadherin regulates actin
cytoskeletal remodeling and enhances human
gastric cancer metastasis via epithelial-mes-
enchymal transition. Int J Oncol 2017; 51: 63-
74.

Piperigkou Z, Kyriakopoulou K, Koutsakis C,
Mastronikolis S and Karamanos NK. Key ma-
trix remodeling enzymes: functions and target-
ing in cancer. Cancers (Basel) 2021; 13: 1441.
LiuY,AnS, Ward R, Yang Y, Guo XX, Li W and Xu
TR. G protein-coupled receptors as promising
cancer targets. Cancer Lett 2016; 376: 226-
239.

Zhang Y, Chen X, Cao Y and Yang Z. C8B in
complement and coagulation cascades sig-
naling pathway is a predictor for survival
in HBV-related hepatocellular carcinoma pa-
tients. Cancer Manag Res 2021; 13: 3503-
3515.

2706

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

Senent Y, Remirez A, Reparaz D, Llopiz D, Ce-
lias DP, Sainz C, Entrialgo-Cadierno R, Suarez
L, Rouzaut A, Alignani D, Tavira B, Lambris JD,
Woodruff TM, de Andrea CE, Ruffell B, Sarobe
P, Ajona D and Pio R. The C5a/C5aR1 axis pro-
motes migration of tolerogenic dendritic cells
to lymph nodes, impairing the anticancer im-
mune response. Cancer Immunol Res 2025;
13: 384-399.

An Q, Liu T, Wang MY, Yang YJ, Zhang ZD, Liu
ZJ) and Yang B. KRT7 promotes epithelial-mes-
enchymal transition in ovarian cancer via the
TGF-B/Smad2/3 signaling pathway. Oncol Rep
2021; 45: 481-492.

Wu M, Huang Q, Xie Y, Wu X, Ma H, Zhang Y
and Xia Y. Improvement of the anticancer effi-
cacy of PD-1/PD-L1 blockade via combination
therapy and PD-L1 regulation. J Hematol Oncol
2022; 15: 24.

Wang C, Tan JYM, Chitkara N and Bhatt S.
TP53 mutation-mediated immune evasion in
cancer: mechanisms and therapeutic implica-
tions. Cancers (Basel) 2024; 16: 3069.

Zhang Z, Sun Y, Zeng Z, Li D, Cao W, Lei S and
Chen T. Identification of the clinical value and
biological effects of TTN mutation in liver can-
cer. Mol Med Rep 2025; 31: 165.

Vaezi MA, Eghtedari AR, Safizadeh B, Baba-
heidarian P, Salimi V, Adjaminezhad-Fard F,
Yarahmadi S, Mirzaei A, Rahbar M and Tavako-
li-Yaraki M. Evaluating the local expression pat-
tern of IGF-1R in tumor tissues and the circu-
lating levels of IGF-1, IGFBP-1, and IGFBP-3 in
the blood of patients with different primary
bone tumors. Front Oncol 2023; 12: 1096438.
Grave N, Scheffel TB, Cruz FF, Rockenbach L,
Goettert MI, Laufer S and Morrone FB. The
functional role of p38 MAPK pathway in malig-
nant brain tumors. Front Pharmacol 2022; 13:
975197.

Zhang Z, Zhang Q, Xie J, Zhong Z and Deng C.
Enzyme-responsive micellar JQ1 induces en-
hanced BET protein inhibition and immuno-
therapy of malignant tumors. Biomater Sci
2021; 9: 6915-6926.

Hassan MS, Johnson C, Ponna S, Scofield D,
Awasthi N and von Holzen U. Inhibition of insu-
lin-like growth factor 1 receptor/insulin recep-
tor signaling by small-molecule inhibitor BMS-
754807 leads to improved survival in experi-
mental esophageal adenocarcinoma. Cancers
(Basel) 2024; 16: 3175.

Sundar R, Nakayama |, Markar SR, Shitara K,
van Laarhoven HWM, Janjigian YY and Smyth
EC. Gastric cancer. Lancet 2025; 405: 2087-
2102.

Am J Cancer Res 2026;16(7):2680-2706



