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ABSTRACT

LungadenocarcinomgLUAD)is the most commontype of lung cancerwhich accountsfor about 40%of all lung
cancers.Early detection, risk stratification and treatment are important for improving outcomes for LUAD
Recentstudies have found that abnormal accumulationof cystine and other disulfide occursin the cell under
glucose starvation, which induces disulfide stress and increasesthe content of disulfide bond in actin
cytoskeleton,resultingin cell death, which is defined as disulfidptosis. Becausehe study of disulfidptosisis in
its infancy, its role in diseaseprogressionis still unclear.In this study, we detectedthe expressionand mutation
of disulfidptosis genesin LUADusing a public database.Clusteringanalysisbasedon disulfidptosis gene was
performed and differential genesof disulfidptosis subtype were analyzed.7 differential genesof disulfidptosis
subtype were used to construct a prognostic risk model, and the causesof prognostic differences were
investigatedby immune-infiltration analysis,immune checkpointanalysis,and drug sensitivity analysis.qPCI
was usedto verify the expressionof 7 key genesin lung cancercell line (A549)and normal bronchial epithelial
cell line (BEAS2B). Since G6PDhad the highestrisk factor of lung cancer,we further verified the protein
expressionof G6PDIn lung cancercells by western blot, and confirmed through colony formation experiment
that interference with G6PDwas able to significantlyinhibit the proliferation ability of lung cancercells. Our
results provide evidence for the role of disulfidptosis in LUAD and provide new ideas for individualizec
precisiontherapy of LUAD

INTRODUCTION smoking, exposure to secondhand smoke, exposure to
certain chemicals or substances, a family history of lung

Lung adenocarcinoma (LUAD) is a type of lung cancer cancer, and certain genetic mutatid2$. Treatment

that begins in the cells lining the lungs and typically  options for LUAD depend on the stage of the cancer,

develops in the outer regions. It is the most common the patiends overall health, andther factors. Treatment

type of lung cancer which accounts for about 40% of all may include surgery, radiation therapy, chemotherapy,

lung cancers[l]. Risk factors for LUAD include targeted therapy, or a combination of these approaches
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[3]. Concerning the fact that there may be no symptoms
in the early stages in many cases, early detection and
treatment ee important to improve outcomes for LUAD

[4].

Recent studies have found that in highly SLC7A11
expressed cells, abnormal accumulation of cystine and
other disulfide occurs in the cell under glucose
starvation, which induces disulfide stress and increases
the content of disulfide bond in actin cytosieh,
resulting in actin filament contraction, destruction of
cytoskeleton structure, and cell deaff]. Unlike
apoptosis and ferroptosis, this novel mode of cell death
defined as disulfidptosis is not mitigated by other
inhibitors of cell death, nor doed# result from
intracellular ATP depletion, but is enhanced by thiol
oxidation reagents such as diamifg]. Metabolic
treatment of glucose transporter (GLUT) inhibitors can
trigger disulfidptosis and inhibit the growth of cancers
such as renal cell carmma. By inhibiting glucose
uptake of cancer cells, GLUT inhibitors lead to
decreased NADPH production and increased NADP+/
NADPH ratio, which in turn leads to abnormal
formation of actircytoskeletal protein disulfide bond
and collapse of factin network,ultimately promoting
the occurrence of disulfidptos[®]. Additionally, the
tumor microenvironment plays a major role in tumor
formation and immune escape in lung cancer and
influences the therapeutic responsiveness of LUBD
Disulfidptosis has alsoden shown to have the potential
to affect immune infiltratiof{7]. Because the study of
disulfidptosis is in its infancy, its role in disease
progression is still unclear.

Although the number of disulfidptosis associated genes
(DAGs) explored is small, é&ence of a potential
relationship between DAGs and LUAD development
exists. As a cystine/glutamate antiporter with cystine
uptake specificity, SLC7A11l is a key acting molecule
of disulfidptosis process. We note that high SLC7A11
expression in LUAD has bee reported to be
significantly increased and predicted an advanced
clinical progression[8]. In KRASmutant LUAD,
suppression of the SLC7All/glutathione axis causes
synthetic lethality[9]. In addition, the regulation of
m6A methylation has been reportedoe closely related

to the action of SLC7Al1l in LUAD. METTL3
promoted LUAD tumor growth by stabilizing SLC7A11
m6A modification [10]. Inhibition of m6A reader
YTHDC2 promoted SLC7A11 expression and cystine
uptake and its downstream antioxidant prograros th
promoting LUAD tumorigenesis[11]. The above
evidence suggests that SLC7A11 plays an important
role in the development of LUAD tumors. In addition,
significant correlations between SLC7A11 and a variety
of cancetinfiltrating immune cells were reported,

showing potential causality of SLC7A11 in regulation
of T cell function in LUAD [8]. However, the role of
disulfidptosis in LUAD involving SLC7A11 has not
been reported.

In this study, we detected the expression and mutation
of DAGs in LUAD using a pubd database. Cluster
typing based on disulfidptosis gene was performed and
differential genes of disulfidptosis subtype were
analyzed. Subsequently, 7 differential genes of
disulfidptosis subtype were used to construct a
prognostic risk model, and the casisef prognostic
differences were investigated bynmuneinfiltration
analysis, immune checkpoint analysis, and drug
sensitivity analysis. qPCR was used to verify the
expression of 7 key genes in lung cancer cell line
(A549) and normal bronchial epitheliell line (BEAS

2B). Since G6PD had the highest risk factor of LUAD,
we further verified the protein expression of G6PD in
LUAD cells by western blot, and confirmed through
colony formation experiment that interference with
G6PD can significantly inhibithie proliferation ability

of lung cancer cells. Our results provide evidence for
the role of disulfidptosis in LUAD and provide new
ideas for individualized precision therapy of LUAD.

MATERIALS AND METHODS
Acquisition and preprocessing of the LUAD dataset

The gene microarray and clinical information of LUAD
were acquired from the publicly available Gene
Expression Omnibus (GEO) and The Cancer Genome
Atlas (TCGA) datasets. Following exclusion of LUAD
samples with incomplete information regarding survival
time, a total of 397 LUAD samples and 567 samples
(comprising 507 LUAD samples and 60 normal
samples) were selected from the GSE72094 and TCGA
LUAD datasets, respectively. To convert the trans
criptome matrix of TCGALUAD from fragments per
kilobase million (FPKM) to transcripts per million
(TPM), the flimmad script was utilized. Theisvad
package was employed to address the batch effect and
normalize the transcriptome matrix of LUAD samples
from both the GSE72094 and TCQAJAD datasets.
Copy number variatio (CNV) at the gene level for
LUAD was obtained from the UCSC Xena database.

Molecular subtype characterization identification

In the present investigation, we have identified 16 genes
associated with disulfidptosis (DAG) from previously
published reseah (Supplementary Table [)2]. The R
script limmad was employed to extract the expression
profiles of these genes. Subsequently, the mutation file
of LUAD samples was downloaded from the TCGA
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LUAD dataset, and thBmaftool® script was utilized to
explae the mutation frequency of the 16 DAG. We
calculated the hazard ratio (HR) of DAG using the
univariate Cox algorithm, and established a network
to visualize the relationship between prognosis and
DAG using the figraphd script. We employed the
fiConsensusClusterPlus script to classify LUAD
samples into different molecular subtypes based on the
expression levels of the 16 DAG, using the best
classification of K = P9 [13i15]. We evaluated the
clinical survival outcome of UAD samples in DAG
based molecular subtypes using ftfsurvivab script
and logrank method. Principal component analysis
(PCA) was utilized to investigate the distribution
pattern of DAGbased molecular subtypes using the
figgplotd script. Finally, we Llized the fipHeatmap
script to visualize the relationship between DAG
expression profiles, clinical survival status, and clinical
variables.

Differential expression analysis between DAG
molecular subtypes

To determine the differentially expressed gefi3sGs)
between the subtypes defined by DAG, we employed
the flimmad script and applied d@-value (adjusted)
threshold of < 0.05 for selection. In order to obtain
enriched DEGs, we utilized gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEG
assessment algorithms, which were implemented
through thefclusterProfileé script. The DEGs were
subsequently used to identify geclaster subtypes of
LUAD via thefiConsensusClusterPluscript.

Development of prognostic and
independent pragnosis analysis

signature

Initially, we conducted LASS@nivariate Cox analysis
to identify prognostic variables for LAUD, utilizing a
selection filter ofp < 0.05. Subsequently, based on
multivariate Cox analysis, we identified independent
characteristic prognostic factors, in erdo establish a
prognostic signature for LAUD. The DAG score of each
LUAD sample was then calculated using the
coefficients obtained from multivariate Cox analysis
and the DAG expression profile, using the formula:
DAG score = G6PDx (0.79) + S100Px (0.40) +
CX3CL1 x (1 0.47) + EPS8L3x (0.21) + MS4A15x
(10.25) + GSTA1x (10.48) + KRT6A x (0.27) [13,
14]. By utilizing the ficared script, we classified the
LUAD samples into training and test cohorts, using a
division ratio of 7:3, based on the median DAG score,
into DAG low and highscore group$16]. Finally, we
employed the timelependent ROC curve using the
fisurvivalRO® script to estimate the area under the
curve (AUC) for one, three, and fiwear survival. The

fiComplexHeatmap package was utilized to
demonstrate the variation in DAG score across clinical
variables (age, gender, and stage) for LUAD. To
estimate the clinical pgnosis of LUAD samples under
different clinical variables, we used tlisurvmineo
script based on the median DAG score. We developed a
nomogram for LUAD with théirmsd script, taking into
account the DAG score and clinical features. To assess
the prognotic independence of DAG score and clinical
variables, we performed univariate and multivariate
Cox analysis using thdsurvivab script.

Immune-infiltration characteristics, immune therapy
response, and tumor mutation features

We applied the ESTIMATE mbbd to assess the
immune status of LUAD samples and computed four
parameters, including ESTIMATE, immune and stromal
scores, and tumor purity. We evaluated the immune
infiltration characteristics of LAUD samples by using a
gene set for 23 types of immunells and obtained the
relative percentage of each cell type via ssGSEA
algorithm [15]. To predict the response of LUAD to
CTLA-4 or PD1 immunotherapy, we utilized the
publicly available immunotherapy database TCIA (The
Cancer Immunome Atlashttps://tcia.at/home To
predict the response of LUAD to chemotherapy
drugs based on DAG score subtypes, we used the
fipRRophetid script and the GDSC database
(https://www.cancerrxgene.o)jg/ We obtained the
mutation files (maf) of LUAD from the TCGA database
and evaluated the gene mutation landscape of LUAD in
DAG score subtypes using thmaftool script.

gRT- PCR analysis and Ki67 immunostaining

The cells wvere lysed by using Trizol reagent
(Invitrogen, USA; Cat# 15596)26) in order to extract
the total RNA. RTgPCR was performed as per the
manufacturels instructions. The primer sequences,
synthesized by Sangon Biotech (Shanghai) Co., Ltd.,
were listed in Spplementary Table 2. The amplification
conditions involved a temperature of 42°C for 5
minutes, followed by an initial denaturation at 95°C for
10 seconds. This was followed by 40 cycles of
denaturation at 95°C for 5 seconds and annealing at
60°C for 31 seonds. The obtained results were
analyzed using the RfppCt
serving as the internal control reference. The cells were
then washed with PBS and fixed with 4%
paraformaldehyde for 15 minutes. Subsequently, 500
eL of 1 %-100r salutioo was added and
incubated at room temperature for 30 minutes. After
rinsing with PBS, the cells were incubated with Ki67
antibody (1:200) overnight at 4°C, followed by
incubation with Alexa Fluor 5394onjugated secondary
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antibody (1:200) at room temperagufor 1 hour. After
washingwith PBS, 8 L o f DAPI wor Ki
added and incubated at room temperature for 5 minutes.
Finally, the cells were observed and photographed with
the aid of an Olympus FV1000 microscope.

Cell culture and western blot

The A549 human lung cancer cell line and the BEAS
2B normal bronchial epithelial cell line were obtained
from the Shanghai Cell Bank of the Chinese Academy
of Sciences. The cells were cultured in complete
RPMI-1640 medium supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 mg/L
streptomycin, and passaged in a humidified
atmosphere containing 5% CO2 at 37°C. Total protein
was extracted from the cells using RIPA buffer. The
protein concentration was determined using the BCA
method, and thersubjected to SD®AGE electre
phoresis, followed by transfer, blotting, and blocking.
The membranes were probed overnight at 4°C with a
rabbit antthuman G6PD antibody (1:1000)
(Cat#8866S, CSTUSA). After washing three times
with TBST buffer, the membrasevere incubated with
the secondary antibody (1:20000) at room temperature
for 1 hour. The membranes were then washed three
times with TBST buffer, imaged using Odyssey Clx
(Li-Cor, USA), and analyzed for grayscale values
using Image J software. The intafrcontrol reference

w a sact.

Cell cloning analysis

The cell line A549 in the logarithmic phase was seeded
in a 6well cell culture plate at a density of 800 cells per
well. After an overnight incubation, the experimental
group was treated with G6PMDhibitor G6PDi (0.05

e M)  {NHOY464, MCE, USA) [17], while the
control group received an equivalent volume of
dimethyl sulfoxide (DMSO) solution. The cells were
cultured for 14 days and then stained with crystal violet
solution and photographed.

Statistics analysis

The data for LUAD was obtained and processed using
R (x64, 4.1.0) and Perl programming languages.
Differences between two groups were assessed using
the Wilcoxon test, while statistical significance among
three groups was evaluated using ANQV The
correlation between DAG score and immune infiltration
was analyzed using Spearman correlation analysis. The
log-rank algorithm was employed to compare clinical
survival outcomes among different groups. A
significance level ofP < 0.05 was considerefibr all
comparisons between groups.

ng

RESULTS

solution was

Expression profile, CNV and somatic mutation
identification of disulfidptosis-associated genes
(DAG) in LUAD

We identified 16 disulfidptosiassociated genes (DAG)
and investigated their potentiafunction in the
progression of LUAD. Differential expression analysis
revealed distinct expression profiles of these genes
between normal and tumor tissues (Figure 1A).
Specifically, FLNA, TLN1, MYH9, and ACTB were
downregulated in tumor tissues, while BRI,
SLC7A11, SLC3A2, RPN1, NCKAP1, NUBPL,
NDUFA1l, LRPPRC, OXSM, NDUFS1, and GYS1
were overexpressed. The PPl network analysis
suggested potential interactions among these genes
(Figure 1B). Somatic mutation analysis showed that 139
LUAD samples (22.56%)had mutation frequency
variation in DAG out of 616 samples, with FLNB,
LRPPRC, MYH9, and TLN1 having mutation
frequencies of 6%, 3%, 3%, and 3%, respectively
(Figure 1C). In addition, the CNV analysis revealed
CNV amplification of NUBPL, FLNA, TLN1, ACTB,
PRDX1, LRPPRC, NCKAP1, SLC3A2, NDUFS1, and
RPN1, while SLC7A11, NDUFAl1l, OXSM, GYS1,
and FLNB showed higher CNV deletion (Figure 1D).
These findings indicate a differential landscape of DAG
expression profile, mutation, and CNV, suggesting their
potentialrole in the carcinogenesis of LUAD.

Characterization of DAG-based molecular subtypes
in LUAD

In order to determine the DABased molecular
subtypes of LAUD, we collected 397 LAUD samples
from GSE72094 and 507 LAUD samples from the
TCGA-LUAD dataset. As depicted ifrigure 2A, a
circular plot was used to illustrate the location of the 16
DAGs in thechromosome. The network plot was used
to demonstrate the relationship and prognostic value of
the DAGs in LAUD. 9 prognostic variables were
obtained through univariate Cox analysis, including a
favorable factor (NDUFA11l) and 8 risk factors
(NCKAP1, PRDX1, NDUFS1, LRPPRC, GYSI,
ACTB, SLC7A11, and SLC3A2) (Figure 2B). Based on
the expression profile of the 16 DAGs, two molecular
subtypes of LAUD samples were successfully identified
using an unsupervised consensus clustering algorithm.
Notably, a significantdifference in clinical prognosis
was observed between the two DAG@sed molecular
subtypes, with the clinical prognosis of LAUD samples
in DAG-cluster A being worse compared to those in
DAG-cluster B p=0.017, Figure 2C). Furthermore, the
principal compaent analysis (PCA) diagram could
clearly differentiate the LAUD samples in DAGuster
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A and B into different distribution patterns, indicating
the independence of the DAGased molecular subtypes
(Figure 2D). The heatmap showed the relationship
between he expression of the 16 DAGs and clinical
variables (survival status, age, gender, and stage) in
DAG-cluster A and B. A distinct difference was
observed in the expression profiles of the 16 DAGs
(Figure 2E).

Immune infiltration estimation of DAG -based
molecular subtypes

We also conducted an analysis of immune infiltration
and immunotherapy response in the DA&ed
molecular subtypes of LUAD samples. The results of
immune status estimation revealed that LUAD samples
with better clinical survival prognosis DAG-cluster B

had higher immune status and lower tumor purity
(Figure 3A). Furthermore, the results of immunotherapy
response assessment suggested that LUAD samples in
DAG-cluster B were more responsive to -BDor
CTLA-4 treatment strategies (Figure)3Bhe immune
checkpoint result indicated that the expression of
CTLA-4, LAG3, NRP1, PDCD1, and PDCD1LG2 was
significantly higher in LUAD samples in DAGluster

B (Figure 3C). Additionally, the ssGSEA assessment
revealed a significantly higher proportionf onost
immune cells in LUAD samples in DAGluster B,
indicating a higher immune infiltration status of the
samples in DA&luster B (Figure 3D). Overall, our
findings demonstrate a significant difference in the
immune microenvironment between the DAGsel
molecular subtypes of LUAD, which is related to the
immunotherapy response.
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Comprehensive analysis of DAGelated DEGs in
LUAD

To further investigate the biological functiai DAG
subtypes in LUAD, we conducted a differential analysis

B

NUBPL

to identify differentially expressed genes (DEGS)
among the DAGased subtypes using thHémmao
script. A total of 107 DEGs were identified for the
consensus clustering analysis, and threee geuoster
subtypes were explored, with 255 samples in gene
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cluster A, 387 samples in gene cluster B, and 262
samples in gene cluster C (Figure 4A). The PCA plot also
demonstrated an independent division pattern of LUAD
samples in gene cluster subtypes (Figure 4B). Clinical

outcome analysi indicated a better

probabilityof LUAD samples

in gene cluster

prognostic

B

compared to gene cluster A andp3(0.001, Figure 4C).

As shown in Figure 4D, the heatmap diagram illustrates
the relationship between DEGs expression and
clinicopathological ¢atures. Furthermore, we also

observed a significant difference in DAG expression
among gene cluster subtypes, such as FLNA, TLN1,
PRDX1, and MYH9 (Figure 4E). GO enrichment

analysis suggested that the DEGs were involved in

Figure 3. Immune microenvironment landscape characteristic in B#&Sed molecular subtypes(A) ESTIMATE score
assessment in DARased subtypes.B) Immunotherapy response of LUAD samples in Dl&er A and B.Jj Expression of immune
checkpoints in DA®ased subtypesD) Estimation of immune cells.
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