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ABSTRACT 

Lung adenocarcinoma (LUAD), the predominant form of lung malignancy, is associated with unfavorable clinical 

outcomes. Disulfidptosis, a recently described programmed cell-death mechanism, arises from excessive disulfide 

accumulation and disruption of the actin cytoskeleton. This work sought to pinpoint lncRNAs linked to 

disulfidptosis and to construct a disulfidptosis-associated lncRNA signature capable of forecasting LUAD 

prognosis and therapeutic responsiveness. RNA-seq profiles and clinical characteristics for LUAD cases were 

extracted from the TCGA database. Disulfidptosis-related lncRNAs connected to overall survival were screened 

through Pearson correlation together with Cox regression. A prognostic signature was produced via LASSO 

analysis. GO, KEGG, and GSEA functional annotations were applied to determine biological pathways enriched 

in the model. Immune infiltration was quantified using ESTIMATE and CIBERSORT. Simple nucleotide 

variation data were utilized to evaluate tumor mutational burden (TMB) and its relationship to the risk score. 

Patients’ sensitivity to immunotherapy and antitumor agents was estimated via the TIDE algorithm and the GDSC 

platform. 

A total of 127 lncRNAs associated with disulfidptosis were identified, and a prognostic panel containing eight of 

them (KTN1-AS1, AL365181.3, MANCR, LINC01352, AC090559.1, AC093673.1, AP001094.3, MHENCR) 

was constructed and validated. This model separated LUAD individuals into two distinct risk categories. Elevated 

risk scores independently predicted unfavorable overall survival and were linked to diminished immune 

infiltration, increased TMB, and weaker antitumor immune activation. High-risk cases were more likely to derive 

benefit from immune checkpoint blockade, whereas low-risk counterparts showed higher predicted 

responsiveness to targeted agents and multiple kinase inhibitors. We developed a disulfidptosis-associated 

lncRNA signature that may aid in forecasting survival, mutation burden, immune infiltration patterns, and likely 

responses to immunotherapy and targeted treatment in LUAD. 
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Introduction 

Lung cancer continues to rank among the most common and lethal malignancies worldwide [1, 2]. 

Adenocarcinoma represents the predominant subtype of non-small cell lung cancer (NSCLC), making up roughly 

40% of diagnosed lung tumors [3]. Early recognition is critical for therapeutic success, and delays often eliminate 

the best treatment window. For stage I–II disease, surgery is the primary approach. In advanced NSCLC, systemic 

options—including targeted agents and immune-based treatments—can supplement radiotherapy and 

chemotherapy depending on genomic alterations (such as EGFR mutations and ALK rearrangements) and PD-L1 

expression levels [3]. LUAD demonstrates extensive molecular and phenotypic heterogeneity, with nearly 60% 

carrying at least one driver mutation, many of which correlate with clinical characteristics and treatment outcomes 

[4, 5]. Among these, KRAS and KEAP1 are frequently altered. In KRAS-mutant LUAD, KEAP1 mutations are 

associated with markedly reduced overall survival under anti-PD-(L)1 therapy (median OS (95% CI): 4.8 months 
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(4.0–8.0) for KEAP1-mutant vs. 18.4 months (14.9–221.7) for wild-type), an effect absent in KRAS wild-type 

disease [6]. Another LUAD cohort treated with immune checkpoint inhibitors demonstrated that KEAP1 loss-of-

function—through somatic mutations and loss of heterozygosity—relates to poorer outcomes and an immune-

excluded phenotype [7]. Despite progress in molecular diagnostics and targeted strategies, survival rates remain 

unsatisfactory [8]. A deeper understanding of LUAD-related molecular mechanisms is therefore essential for 

improving disease management. 

Resisting regulated cell death is recognized as a core cancer characteristic [9]. A rapidly expanding body of work 

indicates that multiple regulated cell death modalities influence tumor behavior and treatment outcomes [10]. 

Ferroptosis, for instance—defined by iron-driven accumulation of lipid hydroperoxides—has been linked to T-

cell–dependent antitumor immunity and contributes to the impact of immunotherapies [11]. Disulfidptosis, a 

newly delineated form of regulated cell death, arises when intracellular disulfides accumulate excessively in 

SLC7A11-high cells experiencing glucose deprivation [12]. Elevated SLC7A11-dependent cystine transport 

combined with glucose shortage triggers pronounced disulfide stress, promoting abnormal disulfide crosslinking 

of actin-associated proteins, which ultimately drives actin fiber contraction and detachment from the plasma 

membrane [12]. Recent findings by Chen et al. suggest that disulfidptosis influences bladder cancer biology and 

therapeutic response [13]. Nevertheless, its contribution to LUAD development and patient prognosis is still 

unknown. 

Long non-coding RNAs (lncRNAs) are transcripts exceeding 200 nucleotides that lack protein-coding capability. 

Genomic loci encoding lncRNAs constitute one of the most abundant functional categories within the non-coding 

genome [14]. They modulate gene expression and protein activity via interactions with nucleic acids and proteins 

alike [15–17]. Because of their regulatory involvement in pathological contexts, lncRNAs have been associated 

with numerous diseases. In LUAD, accumulating evidence shows that specific lncRNAs can accelerate tumor 

progression (such as UPLA1 and LINC00628), enhance immune escape (e.g., SChLAP1), and function as 

biomarkers or potential therapeutic targets [18–20]. 

In this project, we sought to characterize disulfidptosis-linked lncRNAs relevant to LUAD prognosis. We 

generated and validated a prognostic signature centered on these lncRNAs, demonstrating strong predictive 

performance for survival (AUC for 1-year survival: 0.703). Furthermore, the risk score derived from the signature 

enabled assessment of immune microenvironment features as well as predicted sensitivity to immunotherapies 

and chemotherapeutic agents. Apart from tumor stage, the risk score served as an independent prognostic indicator 

capable of distinguishing high-risk cases (HR: 1.245, 95% CI: 1.167–1.328, p < 0.001). These results highlight 

crucial regulatory contributions of disulfidptosis-associated lncRNAs to LUAD and point toward possible 

therapeutic intervention strategies. 

Materials and Methods  

Data acquisition 

RNA-seq–based transcriptomic data, clinical characteristics, and somatic mutation information for over 500 

LUAD patients were obtained from the TCGA dataset. Normal controls were excluded prior to downstream 

processing. LUAD samples lacking essential details such as survival time, age, or tumor stage were also removed. 

Screening for disulfidptosis-related lncRNAs 

A panel of 25 disulfidptosis-associated genes was collected from earlier literature [12, 21, 22]. Pearson correlation 

analysis was then applied to pinpoint lncRNAs co-expressed with these genes, using |correlation coefficient| > 0.4 

and p < 0.001 as filtering conditions. lncRNAs meeting these criteria were defined as disulfidptosis-related. 

Establishment and validation of a disulfidptosis-related lncRNA prognostic model 

A total of 507 LUAD cases with survival records were randomly split into a training cohort (n = 254) and a testing 

cohort (n = 253). Within the training cohort, univariate Cox regression was used to identify survival-associated 

disulfidptosis-related lncRNAs. After applying LASSO to select lncRNAs with minimal model penalty, eight 

lncRNAs were incorporated into a multivariate Cox-based prognostic model. The risk score was computed as the 

weighted sum of each lncRNA’s expression and its regression coefficient, risk score = ∑_(i=0)^n (β_i × Exp_i) 

[23]. Patients were divided into high- and low-risk groups according to the median score, and overall survival was 

compared to assess prognostic effectiveness. The testing cohort was used to verify model stability. Multivariate 
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Cox regression was also performed to determine whether the model-derived risk score functions as an independent 

predictor for LUAD outcomes. 

Functional enrichment analysis of differentially expressed genes 

To distinguish transcriptomic differences between the two risk categories, we identified differentially expressed 

genes (DEGs) using the cutoffs |log2 fold change| > 1 and FDR < 0.05. After compiling the DEG list, we 

performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses 

to reveal biological distinctions separating high- and low-risk groups. Any GO term or KEGG pathway with an 

FDR < 0.05 was regarded as significantly enriched. We additionally applied gene set enrichment analysis (GSEA) 

using GO gene sets to compare global expression patterns; enrichment was assigned when the p-value < 0.05 and 

FDR < 0.25. 

Tumor-infiltrating immune cells analysis 

The ESTIMATE algorithm [24] was utilized to infer stromal and immune cell levels in LUAD specimens based 

on expression data. It produces three indices—stromal, immune, and estimate scores—derived through single-

sample GSEA, and these scores were contrasted between the high- and low-risk categories. 

To obtain a more detailed immune landscape, we applied the CIBERSORT approach [25], which quantifies 22 

immune cell populations per sample. Immune-related signatures were also evaluated via single-sample GSEA, 

and differences in the activity of these immune functions were assessed across the two risk groups. 

Tumor mutational burden analysis 

Tumor mutational burden (TMB) and mutation rates for each patient were computed by counting all somatic base 

substitutions. TMB levels were then compared between high- and low-risk groups. By splitting patients at the 

median TMB, we conducted survival analyses to determine its effect on overall survival. We also examined how 

TMB interacts with the risk score to shape prognosis. 

Immunotherapy response and drug sensitivity prediction 

To predict the likelihood of response to anti-PD-1 and anti-CTLA4 therapies, we used the TIDE framework [26]. 

Since lower TIDE scores correspond to greater expected benefit from immunotherapy, we compared TIDE outputs 

between the two risk groups. Drug-response prediction was carried out using the oncoPredict R package, which 

leverages expression data and training models from the GDSC database. These models, obtained through 

oncoPredict’s Open Science Framework (https://osf.io/c6tfx/) [27], were applied using the calcPhenotype function 

to derive sensitivity scores for each patient. These drug-specific scores were then compared across the two risk 

categories. 

Statistical analysis 

All computational work was performed using R (4.2.2). Evaluations of two-group differences were performed 

using two-tailed Student’s t-tests. Kaplan–Meier curves with log-rank tests were used for survival assessment. A 

p-value < 0.05 was taken as the significance threshold unless stated otherwise. 

Results and Discussion 

Identification of disulfidptosis-related lncRNAs 

LUAD RNA-seq data were obtained from TCGA, and transcripts were categorized into protein-coding mRNAs 

and lncRNAs based on genomic annotations. To identify lncRNAs connected to disulfidptosis, we conducted 

Pearson correlation analysis between all lncRNA expression profiles and a set of 25 disulfidptosis-associated 

genes. Using stringent criteria of |Pearson R| > 0.4 and p < 0.001, we identified 127 lncRNAs, each showing 

correlation with 20 out of the 25 disulfidptosis-related genes (Figure 1a).  
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a) b) 

   

c) d) e) 

Figure 1. Screening of lncRNAs related to disulfidptosis and development of a survival prediction model in 

LUAD. 

(a) A Sankey plot illustrating significant expression associations between disulfidptosis-associated genes and 

127 lncRNAs. (b) Univariate Cox regression identifies disulfidptosis-linked lncRNAs that influence overall 

survival in LUAD patients. (c) LASSO coefficient profiles for 14 survival-related lncRNAs. (d) LASSO 

cross-validation results; dashed lines mark the optimal log(λ). (e) Heatmap demonstrating the expression 

relationships between the eight model-selected lncRNAs and disulfidptosis-associated genes. *, p < 0.05; **, 

p < 0.01; ***, p < 0.001. 

Construction of a prognostic model based on disulfidptosis-related lncRNAs 

A total of 507 LUAD patients with available survival outcomes were randomly assigned into a training set for 

model formulation and a test set for validation. From the initial 127 lncRNAs, only those linked to patient 

prognosis were retained. Univariate Cox analysis eliminated lncRNAs without significant prognostic influence, 

leaving 14 associated lncRNAs. Among these, three were linked to better prognosis, and eleven were associated 

with poorer outcomes (Figure 1b). Using these 14 survival-related lncRNAs, a LASSO Cox model incorporating 

8 of them was generated (Figures 1c and 1d). Each patient received a risk score calculated as follows: 

risk score = (0.433 × KTN1-AS1 expression value (EV)) + (0.099 × AL365181.3 EV) + (0.274 × MANCR EV) 

− (0.604 × LINC01352 EV) − (0.404 × AC090559.1 EV) + (0.425 × AC093673.1 EV) + (0.374 × AP001094.3 

EV) − (0.340 × MHENCR EV). 

Figure 1e presents the correlations between the eight selected lncRNAs and 25 disulfidptosis-related genes. 

AC093673.1 and AL365181.3 demonstrated positive expression relationships with most targets, whereas 

AP001094.3 and MHENCR showed predominantly negative associations. Patients in the training cohort were 

separated into high- and low-risk groups based on the median risk score. As expected, individuals with higher 

scores showed shorter overall survival, confirming the predictive value of the eight-lncRNA panel (Figure 2a). 

Comparable findings occurred within the test cohort and the combined dataset (Figures 2b and 2c), supporting 

the robustness of the model. Additionally, expression trends of the eight lncRNAs relative to risk scores were 

consistent in both patient groups (Figure 2d). 
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d) e) f) 

 
g) 

Figure 2. Validation and assessment of the prognostic significance of the disulfidptosis-lncRNA signature. 

(a, b) Kaplan–Meier curves showing differences in overall survival between low- and high-risk categories in 

the training (a) and test (b) datasets. (c, d) Kaplan–Meier curves illustrating differences in overall survival (c) 

and progression-free survival (d) in the merged LUAD cohort categorized by risk level. (e) Ordered 

distribution of patient risk scores. (f) Survival states of patients ranked by increasing risk score. (g) Heatmap 

comparing expression of the eight lncRNAs in high- versus low-risk patients. 

After merging the two cohorts and re-stratifying them, each patient’s score and outcome are displayed in Figures 

2e and 2f. Higher risk scores corresponded to an increased likelihood of mortality. Additionally, elevated risk 

scores also signaled poorer progression-free survival (Figure 2g). 

The disulfidptosis-related lncRNA signature functions as an independent prognostic factor 

To determine whether clinical characteristics influenced model performance, four LUAD clinical parameters—

age, sex, tumor stage, and risk score—were evaluated via Cox regression. Univariate results showed that both 

tumor stage (HR: 1.639, 95% CI: 1.426–1.884, p < 0.001) and the eight-lncRNA risk score (HR: 1.225, 95% CI: 

1.155–1.299, p < 0.001) were significant adverse predictors (Figure 3a). Multivariate analysis further 

demonstrated that the risk score (HR: 1.245, 95% CI: 1.167–1.328, p < 0.001) and tumor stage (HR: 1.647, 95% 

CI: 1.428–1.900, p < 0.001) remained independent determinants of outcome (Figure 3b). ROC analysis revealed 

AUC values of 0.703, 0.673, and 0.654 for 1-, 3-, and 5-year survival, confirming strong predictive accuracy 

(Figure 3c). Notably, the prognostic performance of the model was close to that of tumor stage itself (AUCs: 

0.673 vs. 0.687) (Figure 3d). Overall, these results highlight that the disulfidptosis-associated lncRNA model 

provides a reliable and independent survival predictor. 
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a) b) 

  
c) d) 

  
e) f) 

Figure 3. The eight-lncRNA disulfidptosis model serves as a highly accurate and independent prognostic 

factor. 

(a) Forest chart illustrating the prognostic influence of age, sex, tumor stage, and risk score according to 

univariate Cox analysis. (b) Forest chart demonstrating that both tumor stage and the risk score derived from 

our model remain independent predictors in multivariate regression. (c) Predictive efficiency of the risk score 

in estimating 1-, 3-, and 5-year survival outcomes. (d) Comparative performance of risk score, stage, age, and 

gender in forecasting LUAD patient survival. (e, f) Kaplan–Meier curves presenting overall survival 

differences between high- and low-risk groups among early-stage patients (e) and advanced-stage patients (f). 

Practical utility of the lncRNA model in patients at the same disease stage 

Tumor stage and the constructed model both demonstrated strong predictive potential, leading us to evaluate how 

the model performs relative to staging alone. LUAD patients were stratified into early stages (I–II) and advanced 

stages (III–IV). Within both categories, individuals with elevated risk scores had significantly poorer overall 

survival compared with low-risk patients (Figures 3e and 3f). Thus, the model can effectively distinguish risk 

levels among patients even when their tumor stages are the same. 
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Functional relevance of the disulfidptosis-related lncRNA profile in immune regulation 

To uncover biological variations between high- and low-risk groups, differentially expressed gene (DEG) analysis 

was conducted, revealing 643 DEGs. GO analysis indicated associations with processes including microtubule-

based movement, humoral immune activity, and ciliary motion (Figure 4a). KEGG pathway mapping showed 

enrichment in systemic lupus erythematosus and neutrophil extracellular trap formation (Figure 4b). In addition, 

GSEA using transcriptomic data revealed that nucleosome assembly, DNA packaging structures, protein-DNA 

complexes, and chromatin structural components were dominant in the high-risk group. Conversely, pathways 

such as B-cell receptor signaling, complement activation, immunoglobulin complexes, T-cell receptor complexes, 

and immunoglobulin-receptor binding were preferentially enriched in the low-risk group (Figures 4c and 4d). 

 
a) 

   

b) c) d) 

Figure 4. Functional enrichment differences between LUAD patients classified as high or low risk. 

(a, b) GO (a) and KEGG (b) analyses of DEGs between the two groups. (c, d) GSEA results highlighting 

enriched processes in high-risk LUAD (c) and low-risk LUAD (d). 

Given the critical role of the tumor immune microenvironment in cancer progression, and considering that GSEA 

pointed to immune enrichment in low-risk patients, we examined immune differences between groups. Based on 

ESTIMATE, immune scores were markedly lower in the high-risk cohort (Figure 5a), suggesting reduced 

immune cell presence. CIBERSORT analysis further revealed that high-risk tumors contained fewer monocytes, 

resting dendritic cells, and resting mast cells, while showing increased M0 macrophage infiltration (Figure 5b). 

Examination of immune functions demonstrated that 25 of 29 immune activities—such as B-cell involvement, 

CD8+ T-cell response, and cytolytic potential—were significantly weaker in high-risk LUAD cases compared 

with low-risk patients (Figure 5c). Overall, these findings imply that high-risk tumors defined by the eight-

lncRNA model may exhibit impaired antitumor immunity, contributing to disease advancement and reduced 

survival. 
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a) 

 
b) 

 
c) 

Figure 5. Distinct immune infiltration signatures in high- versus low-risk LUAD. 

(a) Violin plots showing stromal and immune score differences between groups. (b) Comparison of 

infiltration levels for 22 immune cell types within the tumor microenvironment. (c) Differences in 29 immune 

functional categories between high- and low-risk cases. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

Mutational characteristics of LUAD subgroups defined by the disulfidptosis-related lncRNA signature 

Tumor mutational burden (TMB)—referring to the total number of somatic variants per megabase—is widely 

regarded as a predictive biomarker in multiple cancers [28]. We compared TMB levels and mutation profiles 

between the two LUAD subgroups. High-risk tumors showed notably elevated TMB relative to low-risk tumors 
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(Figure 6a). TMB scores for individual samples and the 20 genes with the highest mutation prevalence, along 

with mutation categories, are presented in Figures 6b and 6c. Nearly all of these genes demonstrated higher 

mutation rates in high-risk cases, with TP53 and TTN altered in over 50% of this subgroup. Elevated TMB was 

associated with improved survival, as patients with high TMB had significantly better overall outcomes compared 

with those with low TMB (Figure 6d). We further assessed the combined impact of TMB classification and 

model-derived risk score by dividing patients into four categories. Individuals with high TMB and low risk scores 

had the most favorable outcomes, with a 10-year survival close to 60%. Conversely, those with low TMB and 

high risk scores showed the worst results, with only about 25% surviving beyond five years. Patients classified as 

high TMB/high risk or low TMB/low risk demonstrated intermediate outcomes without significant differences 

between the two groups (Figure 6e). 

   

a) b) c) 

  

d) e) 

Figure 6. Variations in TMB and somatic mutation frequency between LUAD high- and low-risk groups. 

(a) Violin plot with embedded boxplot comparing overall TMB between the two groups. (b, c) Waterfall plots 

illustrating mutation rates of the top 20 most frequently altered genes in high-risk (b) and low-risk (c) LUAD 

samples. The upper histograms display TMB per sample, while different mutation types are color-coded, with 

right-side histograms showing the number of samples harboring each mutation type. (d) Kaplan–Meier curves 

depicting survival differences between high- and low-TMB patients. (e) Kaplan–Meier analysis of patient 

outcomes across four combined TMB–risk subgroups defined by the lncRNA model. 

Forecasting susceptibility to immunotherapy and additional anticancer agents 

Therapy resistance is a major factor contributing to recurrence and mortality in oncology. Immune checkpoint 

blockade (ICB) has shown substantial benefit in selected NSCLC cases. To examine whether the disulfidptosis-

lncRNA model could help identify LUAD patients likely to benefit from immunotherapy, we assessed correlations 

between the model-based risk score and TIDE values. High-risk patients exhibited significantly reduced TIDE 

scores (Figure 7a), indicating that they may respond more favorably to ICB treatment. Given that our findings 

also showed elevated TMB in high-risk tumors (Figure 6a), these results are consistent with previous evidence 

linking high TMB to improved outcomes following PD-1 inhibition [29]. 

We also evaluated how the model-related risk score corresponds to predicted sensitivity to common anticancer 

drugs. Drug response values were calculated using the calcPhenotype function in the oncoPredict workflow from 

patient gene expression data and reference datasets. Compared with the low-risk subset, high-risk patients showed 

reduced predicted sensitivity to multiple targeted therapies, including: 
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 EGFR tyrosine kinase inhibitors: gefitinib, erlotinib, AZD3759 (Figure 7b) 

 MEK/ERK pathway inhibitors: Trametinib, PD0325901, Ulixertinib, ERK_6604 (Figure 7c) 

 Cell cycle-associated kinase inhibitors: AZD7762, BI-2536, MK-1775 (Figure 7d) 

 MET inhibitors: Savolitinib, Foretinib, Crizotinib (Figure 7e) 

 DNA integrity–disrupting drugs: Talazoparib, AZD6738, VE821, GDC0810 (Figure 7f) 

These observations support that the disulfidptosis-related lncRNA signature may assist in forecasting patient 

response to both ICB and commonly used chemotherapeutic and targeted agents. 

  

a) b) 

 
c) 

 
d) 

 
e) 
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Figure 7. Estimated treatment responses in the two LUAD risk subgroups to ICB and additional antitumor 

medications. 

(a) Violin plot depicting differences in TIDE scores between high- and low-risk tumors. (b–e) Comparison of 

the two groups’ predicted sensitivity to kinase inhibitors, including EGFR-targeting drugs (b), MEK/ERK 

inhibitors (c), cell cycle kinase inhibitors (d), and MET inhibitors (e). (f) Differences in predicted responses 

to agents affecting genome stability. ***, p < 0.001. 

Disulfidptosis is defined as a cell death mechanism triggered by excessive cystine accumulation and depletion of 

NADPH, which results in improper disulfide cross-linking among actin cytoskeleton proteins and eventual 

collapse of the actin framework [12]. Because tumor cells are especially susceptible to this process, exploiting 

disulfidptosis has been proposed as a novel treatment approach in oncology. Signatures based on disulfidptosis 

have already been applied to forecast outcomes in several cancers, such as hepatocellular carcinoma and bladder 

cancer [13, 30]. Long noncoding RNAs are crucial regulators of cancer progression and have been widely reported 

as diagnostic and therapeutic biomarkers [31]. However, lncRNAs involved in disulfidptosis are still largely 

unexplored, and their prognostic relevance in LUAD has not been clarified. In this work, we identified lncRNAs 

correlated with disulfidptosis-related genes and developed an LUAD prognostic model composed of eight such 

lncRNAs. 

We detected 127 lncRNAs associated with disulfidptosis, after which those linked to overall survival in LUAD 

were selected to construct the model. Using LASSO regression, we built a risk scoring system consisting of eight 

prognostic disulfidptosis-related lncRNAs. Its performance was validated in both the training and test datasets, 

which together included more than 500 LUAD cases. A higher risk score generated by the model predicted shorter 

progression-free and overall survival. Tumor stage is a well-acknowledged indicator reflecting tumor 

advancement and clinical severity. As anticipated, our findings confirmed that tumor stage served as an 

independent prognostic variable in LUAD. Likewise, the risk score derived from our lncRNA signature 

demonstrated standalone prognostic value and was comparable to tumor stage in forecasting 3- and 5-year 

survival. Importantly, unlike staging alone, the model can differentiate high- and low-risk patients who share the 

same clinical stage. Therefore, this disulfidptosis-related lncRNA classifier provides a dependable and precise 

tool for outcome prediction in LUAD. 

The interactions between tumor cells and immune components in the microenvironment significantly influence 

cancer development. The prevalence and function of infiltrating immune cells are recognized predictors of clinical 

outcomes and treatment responses across many malignancies, including oral squamous cell carcinoma, HER2-

enriched breast cancer, and epithelial ovarian carcinoma [32–35]. In our analysis, LUAD patients with high and 

low risk scores exhibited distinct levels of immune infiltration and immune-associated activity. Elevated risk 

scores showed strong negative correlations with pathways involving the T cell receptor complex, B cell receptor 

signaling, and immunoglobulin formation. T cell receptors are essential for tumor antigen recognition and the 

activation of T cell–mediated antitumor responses [36], while B cells contribute to humoral immunity and may 

suppress tumor progression through antibody secretion [37]. These observations point to weakened antitumor 

immunity in high-risk tumors. Furthermore, ESTIMATE analysis revealed that high-risk LUAD presented lower 

immune scores, indicating fewer immune cells occupying the tumor niche. Except for NK cells, which 

demonstrated slightly higher activity, most immune cell types—such as CD8+ T cells, macrophages, Dendritic 

cells, and B cells—displayed substantially reduced functional scores in the high-risk group. Collectively, the data 

suggest that diminished immune infiltration and immune response capacity likely contribute to the poorer 
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prognosis of high-risk LUAD patients, and these individuals can be effectively stratified using our disulfidptosis-

associated lncRNA model. 

Despite immune checkpoint inhibitors offering notable survival improvements in NSCLC, only a limited subset 

of patients shows a positive clinical response [38, 39]. Therefore, we examined whether the disulfidptosis-

associated lncRNA signature could be applied to estimate treatment response to immune checkpoint blockade 

(ICB) in LUAD. Our results demonstrated that individuals categorized as high-risk exhibited reduced TIDE 

scores, implying a greater likelihood of benefiting from ICB therapy. This observation may be linked to the higher 

TMB seen in these patients, as elevated TMB has been regarded as a marker for improved immunotherapy 

effectiveness [29, 40]. Conversely, high-risk cases appeared less responsive to additional anticancer strategies, 

including EGFR tyrosine kinase inhibitors, MEK/ERK pathway inhibitors, MET-targeted drugs, and agents that 

interfere with genome maintenance or cell cycle progression. 

Since somatic driver alterations play a key role in cancer initiation and advancement, and because high-risk 

LUADs showed higher TMB, we further assessed the genes most frequently mutated and compared the two patient 

risk groups. Among the 20 genes with the highest mutation incidence, 19 showed increased mutation rates in the 

high-risk cohort. Moreover, the high-risk group contained 10 genes with mutation frequencies of at least 30%, 

whereas the low-risk group contained only 5. TTN displayed the greatest mutation prevalence at 54% in high-risk 

LUAD and may contribute to elevated TMB, as TTN alterations are considered markers of high mutational burden 

[41]. Mutations in the tumor suppressor TP53, among the most widespread genetic events in cancer, were 

identified in 53% of high-risk cases. Additionally, oncogenic mutations, including those in MUC16 [42] and 

KRAS [43], were more common in the high-risk population, which may further explain their poorer outcomes 

beyond reduced immune infiltration and activity. 

Conclusion 

In summary, we identified disulfidptosis-related lncRNAs and used eight of them to develop and validate a 

prognostic model capable of independently predicting overall survival in LUAD patients, indicating immune 

characteristics of the tumor environment, and estimating the likelihood of response to immunotherapy, targeted 

agents, and chemotherapy. This work offers initial evidence linking disulfidptosis to immune responses in cancer. 

Nevertheless, certain limitations exist. Although the model’s prognostic ability was confirmed in over 500 LUAD 

samples, the analysis relied exclusively on TCGA RNA-seq datasets. Validation with transcriptomic data from 

additional independent LUAD cohorts is necessary, and its applicability to results derived from other platforms 

remains unknown. Furthermore, although the eight lncRNAs correlate in expression with disulfidptosis-associated 

genes, their precise functions in regulating disulfidptosis have yet to be defined. The detailed molecular pathways 

through which these lncRNAs influence LUAD prognosis and therapeutic responses require further experimental 

investigation. 
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