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Purpose: Hepatocellular carcinoma (HCC) is a prevalent form of cancer that is distributed globally. Disulfidptosis, characterized by 
the fragility of the actin cytoskeleton, represents a distinct type of cell death and holds promise for novel cancer therapies. 
Nevertheless, the connection among disulfidptosis-associated long non-coding RNAs (lncRNAs) and HCC is still unexplored. This 
study uses an in silico approach to provide the novel biomarkers of disulfidptosis-associated lncRNAs for predicting the immune 
response and prognosis with HCC.
Methods: In order to address this gap, we integrated transcriptomic data of HCC from The Cancer Genome Atlas (TCGA) and 
identified genes that exhibit differential expression with disulfidptosis and lncRNAs. Through co-expression analysis, we identified 
disulfidptosis-related lncRNAs. Afterwards, by employing univariate Cox regression analysis and the least absolute shrinkage and 
selection operator (LASSO), a model for disulfidptosis-associated lncRNA was constructed. The risk model underwent assessment 
through the utilization of diverse analytical methodologies, including functional enrichment annotation, Kaplan-Meier analysis, 
principal component analysis (PCA), immune infiltration and immune status analysis, as well as tumor mutation analysis. 
Furthermore, we discussed the implications of the model in predicting drug sensitivity.
Results: Our study culminated in the construction of a disulfidptosis-related lncRNA model comprising four prognostic disulfidptosis- 
related lncRNAs (ACYTOR, NRAV, AL080248.1, and AC069307.1). This model demonstrates exceptional diagnostic value for HCC 
patients and holds practical implications for guiding clinicians in personalizing immunotherapy and drug selection based on individual 
variations.
Conclusion: In summary, our research introduces a novel predictive tool utilizing disulfidptosis-related lncRNAs, offering potential 
guidance for the therapeutic management of HCC.
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Introduction
Liver malignancy is recognized as the sixth most commonly occurring malignant tumor globally and holds the position of 
the 4th primary reason for cancer-associated mortality.1,2 Liver cancer comprises largely of two primary histologic types: 
hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA), with HCC constituting nearly 80% of cases 
worldwide.3 The majority of cases of primary liver cancer are attributed to HCC and can be attributed to various factors 
such as chronic viral hepatitis, alcoholism, non-alcoholic fatty liver disorders, and food toxins exposure like aflatoxins.4 
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In addition to surgery, immunotherapy, immune checkpoint blockers (ICBs), and transcatheter arterial chemoemboliza-
tion (TACE) are used in the clinical management of HCC patients with different stages.5 Despite advancements in the 
diagnosis and management of HCC, the prognosis of HCC patients, especially those with advanced HCC, is still poor due 
to high rates of recurrence and drug resistance. Hence, it is crucial to investigate the underlying processes of 
tumorigenesis and proliferation, enabling the development of prognostic models and targeted therapies.

Numerous studies have linked different forms of cell death to cancer prevention. For instance, in genetically 
modified mice, increased vulnerability to tumor-selective ferroptosis has been shown to impede the development and 
spread of pancreatic cancer.6,7 Recently, a study published in Nature Cell Biology introduced the concept of 
“disulfidptosis”, a type of cell apoptosis induced via disulfide stress.8 Disulfide stress occurs due to an abnormal 
accumulation of intracellular disulfides, particularly cystine, which can be highly toxic to cells.9,10 To counter 
disulfide stress and maintain cell viability, reduced nicotinamide adenine dinucleotide phosphate (NADPH) offers 
essential redox capabilityT.8 The cytoplasmic NADPH pool is produced through the pentose phosphate pathway, 
primarily fueled by glucose.8 The overexpression of solute carrier family 7 member 11 (SLC7A11; frequently 
denoted as xCT), is commonly observed in cancer cells, a cysteine transporter that enhances the uptake of cystine 
and diminishes its conversion into cysteine. When combined with glucose deprivation, this leads to NADPH 
depletion, resulting in an intracellular disulfide compound excessive buildup and prompt cell apoptosis.9,10 

Disulfidoptosis refers to a type of cellular death that was previously unrecognized, is a result of abnormal 
intracellular disulfides accumulation within cells with elevated levels of SLC7A11, when subjected to conditions 
of glucose deprivation.8 The recognition and classification of cellular death pathways not only improve our 
comprehension of intracellular homeostasis but also provide pivotal perspectives into the management of many 
different diseases, including cancer.11 However, the connection among disulfidptosis and HCC is still demonstrating 
poor comprehension.

LncRNAs are a class of RNA molecules that possess a length exceeding 200 nucleotides and are known to exert 
significant influence on the occurrence of numerous diseases.12–14 In cancer, lncRNAs participate in a wide range of 
biological pathways, including DNA damage, epigenetic regulation, metabolic disorders, chemoresistance, immune 
evasion, epithelial-mesenchymal transition (EMT), and cell stemness, as evidenced by numerous studies.15 These 
findings emphasize the prospective utility of lncRNAs as novel indicators and targets for therapeutic intervention in 
the management of cancer. Although the abundance of research conducted on the function of lncRNAs in HCC 
progression, recurrence, immunotherapy response, and various biological processes including m6A methylation, hypoxia, 
ferroptosis, autophagy, and energy metabolism,16–20 fewer investigations have explored the involvement of lncRNAs in 
disulfidptosis. Thus, investigating the properties of disulfidptosis-related lncRNAs and their implications for HCC 
diagnosis and treatment would be valuable.

In this study, our objective was to develop a disulfidptosis-related lncRNA model with the capability to predict 
prognosis, Kaplan-Meier analysis, PCA, tumor immune infiltration, and tumor mutation burden (TMB) in HCC. In order 
to accomplish this, the expression profiles of 16,876 lncRNAs and 10 disulfidptosis-related genes were provided by the 
TCGA dataset. Through Pearson correlation analysis, we successfully identified lncRNAs related to disulfidptosis. 
Subsequently, a novel prognostic model has been established for disulfidptosis to anticipate OS in HCC individuals. 
Lastly, by leveraging publicly accessible drug sensitivity databases, we identified potential drug candidates that 
specifically target the lncRNA signature associated with disulfidptosis.

Materials and Methods
Information Gathering About HCC Patients
On 17 March 2023, we obtained clinical data and RNA sequencing information related to HCC patients using the TCGA 
database, containing 50 normal tissues and 374 HCC tissues (https://portal.gdc.cancer.gov/). We then screened 10 genes 
associated with disulfidptosis from previous literature, including NDUFS1, GYS1, LRPPRC, OXSM, NDUFA11, NUBPL, 
NCKAP1, RPN1, SLC3A2, and SLC7A11. Clinical data on patients with HCC was also extracted as well, which included 
variables such as gender, age, stage, tumor-node-metastasis (TNM) stage, tumor differentiation grade, survival status, and 
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survival time. To ensure statistical integrity, HCC patients without available overall OS data were not included in the 
investigation. We summarized the clinical characteristics of 371 individuals (Table 1). Consequently, we processed the dataset 
using the Strawberry Perl software and ultimately extracted 19,938 mRNAs and 16,876 lncRNAs.

Table 1 The Clinical Characteristics 
of HCC Patients in the TCGA 
Dataset

Character N=371

Age Median 61

Range 16–90
Gender Male 251

Female 120

Grade G1 55
G2 178

G3 120

G4 13
NA 5

Stage Stage I 174

Stage II 85
Stage III 84

Stage IV 4

NA 24
T stage T1 184

T2 92

T3 79
T4 13

NA 3

M stage M0 269
M1 3

NA 99

N stage N0 253
N1 4

NA 114

Vital status Alive 239
Dead 132

Note: NA: unknown. 
Abbreviations: HCC, hepatocellular carci-
noma; lncRNAs, long non-coding RNAs; 
LASSO, least absolute shrinkage and selection 
operator; PCA, principal component analysis; 
ICBs, immune checkpoint blockers; TACE, trans-
catheter arterial chemoembolization; NADPH, 
nicotinamide adenine dinucleotide phosphate; 
SLC7A11, solute carrier family 7 member 11; 
EMT, epithelial-mesenchymal transition; TMB, 
tumor mutation burden; OS, overall survival; 
TNM, tumor-node-metastasis; DEGs, differen-
tially expressed genes; GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and 
Genomes; GSEA, gene set enrichment analysis; 
TIDE, Tumor Immune Dysfunction and 
Exclusion; ROC, receiver operating characteris-
tic; AUC, area under the curve; PFS, progres-
sion-free survival; HR, hazard ratio; BP, biological 
processes; CC, cellular components; MF, mole-
cular functions; NA, unknown.
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Selection of Genes and lncRNAs Associated with Disulfidptosis
Based on a comprehensive review of relevant literature, we identified 10 genes known to be associated with disulfidp-
tosis, namely NDUFS1, GYS1, LRPPRC, OXSM, NDUFA11, NUBPL, NCKAP1, RPN1, SLC3A2, and SLC7A11. To 
identify disulfidptosis-associated lncRNAs, we performed Pearson correlation analysis with specific parameters: correla-
tion coefficient = 0.4 and p-value< 0.001. Visualization of the relationship between disulfidptosis-associated genes and 
lncRNAs was accomplished utilizing the “dplyr”, “ggalluvial”, and “ggplot2” packages, which allowed us to generate 
Sankey diagrams for clear representation.

The Risk Signature Development and Verification
We randomly divided the complete TCGA dataset into a training set and a test set and used both sets of data to develop 
and validate a model for disulfidptosis-associated lncRNAs. There were no statistically significant variations detected in 
the clinical features among the training and testing groups (p > 0.05). We used Cox regression analyses, including 
univariate Cox regression analyses for the assessment of prognostic significance, and the R software packages “survival”, 
“caret”, “survminer”, and “timeROC” for analyses utilizing On the TCGA dataset, we used univariate Cox regression to 
analyze the predictive relevance of 317 disulfidptosis-associated lncRNAs (p < 0.05). We also used the “glmnet” package 
in R to do LASSO Cox regression analysis and found that the four lncRNAs related to disulfide were strongly linked to 
OS in people who had been diagnosed with HCC (calculated using penalty parameters from 10-fold cross-validation). By 
multifactorial Cox regression analysis, we analysed the relationship between four disulfidptosis-associated lncRNAs and 
OS. We calculate the risk score using the following formula:

Coef (i) and Expr (i) demonstrate the regression coefficient and a specific level of lncRNA expression, respectively. 
Based on the median risk score derived from the lncRNA model, we categorised the study participants into two groups: 
low and high risk.

PCA and Kaplan-Meier Survival Analysis
We reduced the dimensionality of the gene expression profiles using the PCA method, which included the full set of gene 
expression data, 10 disulfide genes, and 317 disulfidptosis-associated lncRNAs, and the risk model relied on the 317 
lncRNAs expression patterns. We compared the OS of patients in the high-risk group with those in the low-risk group 
using Kaplan-Meier analysis and performed it using the R software packages “survMiner” and “survival”.

Functional Analysis
For greater understanding, the study conducted pathway analysis and functional annotation on a set of differentially 
expressed genes (DEGs) utilizing various tools such as Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and gene set enrichment analysis (GSEA). GO analysis was performed to recognize DEGs in the 
high- and low-risk groups utilizing packages as “clusterProfiler”, “org.Hs.eg.db”, “enrichplot”, “ggplot2”, “circlize”, 
“RColorBrewer”, “dplyr”, “ComplexHeatmap”, and “ggpubr”. The study conducted KEGG analysis to determine the 
pathways linked to the high- and low-risk groups utilizing packages such as “clusterProfiler”, “org.Hs.eg.db”, “enrich-
plot”, “ggplot2”, “circlize”, “RColorBrewer”, and “dplyr”. Using programs such as “limma”, “org.Hs.eg.db”, 
“clusterProfiler”, and “enrichplot”, We performed GSEA analyses to identify the top 5 pathways in different gene sets. 
P-value: statistically significant level of enrichment analysis; in general, p-value < 0.05 change function to p-value 
corrected for enrichment term p.adjust. Q-value: q-value for a statistical test of p-value.

Analysing the Model in Immunotherapeutic Therapy
We used the R package “maftools” to analyse and summarise the mutation data and calculate the TMB by analysing the 
genes specifically altered in tumor cells. We used the Tumor Immune Dysfunction and Exclusion (TIDE) approach to 
assess the likelihood of response to immunotherapeutic drugs and visualised the results using software packages such as 
“ggpubr” and “limma”.
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Independence of the lncRNA Model Connected to Disulfidptosis
The study conducted both univariate and multivariate Cox regression analyses to assess the autonomy of the lncRNA 
model in the context of diverse clinical features, including age, gender, grade, and stage, in individuals suffering from 
HCC. Through the establishment of nomograms and calibration, we assessed the accuracy of the models in predicting 
prognosis using the software packages “survival”, “regplot”, “rms”, and “survcomp”. To identify potential drugs for the 
treatment of HCC patients using the disulfidptosis-related lncRNAs model, we determined the half-maximal inhibitory 
concentration (IC50) of compounds downloaded from the GDSC website using the TCGA HCC dataset. We used 
R packages such as “limma”, “ggplot2”, and “ggpubr” to predict IC50 data in patients diagnosed with HCC downloaded 
from the GDSC website.

Statistical Analysis
For statistical analyses, we used the R programming language version 4.2.2 and Strawberry Perl version 5.30.0. 
A p-value of less than 0.05 is considered statistically significant, unless we state otherwise.

Results
Determination of HCC-Associated IncRNAs with Variable Disulfidptosis Expression
Flow chart illustrating the process of establishing the risk model and conducting further analysis (Figure 1). To identify 
HCC-related lncRNAs with variable expression related to disulfidptosis, a Pearson correlation analysis was conducted, 
utilizing a correlation coefficient threshold of 0.4 and a p-value threshold of 0.001. This examination led to the discovery 
of 317 disulfidptosis-related lncRNAs. The Sankey diagram visualizes the co-expression patterns between the genes 
connected to disulfidptosis and the disulfidptosis-associated lncRNAs (Figure 2A).

Creation of a lncRNA Predictive Signature Associated to Disulfidptosis
To develop a prognostic signature for disulfidptosis, the TCGA training set was employed to perform a univariate Cox 
regression analysis on 317 disulfidptosis-associated lncRNAs. Among them, 17 lncRNAs showed significant association 
towards OS. LASSO-penalized Cox analysis was then employed in order to refine the model, considering regularization 
and variable selection (Figures 2B and C). Based on this analysis, a risk model was constructed using four key 
disulfidptosis-related lncRNAs: CYTOR, NRAV, AL080248.1, and AC069307.1. Figure 2D illustrates the correlation 

Figure 1 Flow chart of this study.
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between these four lncRNAs and the ten genes connected with disulfidptosis. The forest plot displays the confidence 
intervals and hazard ratios for the association between the 17 disulfidptosis-related lncRNAs and OS within the TCGA 
dataset (Figure 2E).

Evaluation of the HCC lncRNA Signature Associated with Disulfidptosis
A chi-square test was utilized in order to make a comparison of the clinical features within the training and test groups. 
The outcomes indicated that there were no significant variations identified among the two groups (p > 0.05). The 
outcomes suggest that individuals categorized as low-risk group exhibited a notably superior OS outcome in comparison 
to their high-risk counterparts within the high-risk group. This outcome was consistent across those of the training, 
testing, and combined sets (p<0.001, p=0.005, p<0.001; Figure 3J–L). The dot plots displayed the risk scores of 
individuals with HCC within the training, test, and combined sets, along with their corresponding survival status 
(Figure 3A–F). The investigation revealed that the results of the high-risk group exhibited a significantly elevated 
incidence of mortality. The four key disulfidptosis-associated lncRNAs expression levels (CYTOR, NRAV, AL080248.1, 
and AC069307.1) were examined within the high- and low-risk groups. The study demonstrated that the outcomes of the 
high-risk group indicated increased levels of CYTOR and NRAV expression, indicating that these lncRNAs could 
potentially function as unfavorable prognostic indicators. Conversely, the high-risk group findings exhibited decreased 
AL080248.1 and AC069307.1 expression levels, indicating their potential as protective markers (Figure 3G–I).

Receiver operating characteristic (ROC) curves were established to compare the prognostic performance of the risk 
score with clinicopathological features. The area under the curve (AUC) for the risk score at 1-, 3-, and 5-year survival 
times were 0.669, 0.660, and 0.711, independently, demonstrating the prognostic performance of the lncRNA signature 
(Figure 4A). The risk and stage scores showed larger AUC values compared to other clinicopathological features 
(Figure 4B). The risk score’s concordance index exhibited consistent superiority over other clinical indicators, demon-
strating its better prognostic accuracy (Figure 4C). Furthermore, individuals who exhibited greater risk scores demon-
strated poorer progression-free survival (PFS) in comparison to individuals with lower risk scores (p < 0.001; Figure 4D). 

Figure 2 Creation of a lncRNA predictive signature associated with disulfidptosis. (A)Sankey diagram displaying the co-expression of genes and lncRNAs associated with 
disulfidptosis. (B) LASSO coefficient profiles of the disulfidptosis-related abnormally expressed lncRNAs in HCC samples. (C) Selection of the ideal parameter (λ) in the 
LASSO model. (D) Heatmap showing the co-expression of disulfide death-related genes and bisulfide death survival-related lncRNAs (*p < 0.05, **p<0.01,***p<0.001).(E) 
Forest plots representing the results of the univariate Cox regression analysis of the abnormally expressed lncRNAs linked to disulfidptosis.
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Furthermore, survival curves were plotted for different clinical stages (stages I–II and stages III–IV), showing 
a statistically significant variance among the high- and low-risk groups in both stage categories (p < 0.001 for stages 
I–II; p = 0.029 for stages III–IV). Individuals who were identified as high-risk patients exhibited a greater probability of 
early mortality in contrast with individuals who were categorized as low-risk (Figure 4E and F). Overall, the evaluation 
of the lncRNA signature associated with disulfidptosis demonstrated its reliable and favorable prognostic assessment 
capacity in HCC, even in the earliest and most advanced phases of the disease.

The Independence of the Disulfidptosis-Associated lncRNAs Signature in Terms of 
Prognosis
The investigation conducted both univariate and multivariate Cox regression analyses to evaluate the predicted value of 
the lncRNA signature associated with disulfidptosis in terms of its independence, considering other clinical factors. The 
results confirmed the predictive independence of the lncRNA signature with respect to the OS in the entire dataset. The 
univariate Cox analysis revealed a hazard ratio (HR) of 1.116 (95% CI: 1.060–1.1176), and the multivariate Cox analysis 
revealed that HR results were 1.099 (95% CI: 1.031–1.171), demonstrating a significant correlation between the lncRNA 
signature and OS (Figure 5A and B). Similarly, stage has been recognized as an independent predictive indicator of other 

Figure 3 The predictive value of HCC is being evaluated and validated in testing, training, and all sets. (A–C) Increasing risk scores are shown in the patient distribution. 
(D–F) Patient survival rates and risk levels. (G–I) The heat map shows the expression of four important lncRNAs with rising risk scores. (J–L) OS of HCC patients were 
compared between high- and low-risk sets using the Kaplan-Meier method.
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variables, with an HR of 1.680 (95% CI: 1.369–2.062) in the univariate analysis and an HR of 1.676 (95% CI: 1.359– 
2.066) within the multivariate analysis (Figure 5A and B). A prognostic nomogram has been developed utilizing the 
signature risk score and clinical characteristics of the entire dataset to enable OS quantitative analysis in individuals 
suffering from HCC (Figure 5C). This nomogram provides a visual instrument to anticipate the likelihood of 1-, 3-, and 
5-year OS for each individual (*p<0.05; Figure 5D).

PCA is an unsupervised pattern recognition method for statistical analysis of multivariate data that converts a set of 
potentially correlated variables into a set of linearly uncorrelated variables by orthogonal transformation, and this 
converted variable is called the principal component. The original data is compressed into three principal components 
to characterize the original dataset: PC1 means the most significant feature that can describe the multidimensional data 
matrix; PC2 means the most significant feature that can describe the data matrix other than PC1, PC3, and so on. The 
utilization of PCA was implemented to investigate the variances in distribution among the low- and high-risk groups, 
considering the whole profiles of gene expression, 10 disulfidptosis-associated genes, 317 disulfidptosis-related lncRNAs, 
and the risk model. The PCA findings demonstrated that the risk model in the low- and high-risk groups was well 
separated, demonstrating the strong prognostic significance of the risk model (Figures 6A–D).

Functional Enrichment Analysis
In order to do functional enrichment analysis and understand the biological processes underlying the risk scores, DEGs 
were utilized. GO analysis revealed that biological processes (BP) correlated with responding to xenobiotic stimuli and 
positively regulating cell adhesion, cellular components (CC) associated with the extracellular matrix, including collagen, 
and molecular functions (MF) primarily involved in peptidase regulator activity and structural components of the 
extracellular matrix (Figure 7A and B). KEGG pathway analysis findings indicated that the DEGs have been primarily 
linked to the human papillomavirus infection, proteoglycans in cancer, the PI3K-Akt signaling pathway, and focal 
adhesion, particularly the NF-kappaB signaling pathway (Figure 7C and D). Analysis of KEGG pathways revealed that 

Figure 4 Evaluation of the disulfidptosis-related lncRNAs’ predictive risk model and the clinical characteristics of HCC in the full TCGA dataset. (A) This prognostic 
model’s sensitivity and specificity are evaluated using a time-dependent ROC analysis. (B) Risk score and clinical characteristics ROC curves. (C) C-index for risk assessment 
and clinical features (D) The progression-free survival for the entire HCC patient population. (E and F) The Kaplan–Meier contours for low- and high-risk HCC patients in 
stages I–II (E) and stages III–IV (F).
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these pathways are mainly associated with tumorigenesis and tumor progression. Additionally, the results obtained from 
the high-risk group demonstrated activity in “cell adhesion molecules” and “cytokine-cytokine receptor interaction”, 
whereas those acquired from the low-risk group demonstrated significant enrichment in “fatty acid metabolism” and 
“drug metabolism cytochrome P450” (Figure 7E and F). The functional enrichment analysis outcomes demonstrated 
a strong association among the immune pathways and metabolic processes. Overall, these outcomes suggest that the 
lncRNA signature linked to disulfidptosis serves as an independent predictive biomarker for HCC individuals and can 
offer significant perspectives into the fundamental biological pathways and mechanisms implicated in the incidence 
of HCC.

Immune Status and Immune Infiltration of Individuals Belonging to Distinct Risk 
Categories
The disulfidptosis-related lncRNA model was also investigated with regard to immune status and immune infiltration in 
individuals diagnosed with HCC. The immune score, representing the immune microenvironment, was found to exhibit 

Figure 5 Nomogram and independent prognostic analysis. (A) Forest plot of independent univariate prognostic analysis. (B) Forest plot of multivariate independent 
prognostic analysis. (C) Nomogram for estimating the OS of HCC patients at different time points. (D) Calibration curves for the nomogram predictions (*p < 0.05).
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a statistically significant variation among the low- and high-risk groups (*p<0.05; Figure 8A). Analysis of 22 immune 
cell types revealed notable distinctions in B cells naive, T cells CD8, monocytes, and macrophages M0 among the two 
risk groups (*p < 0.05,***p<0.001; Figure 8B and C). Furthermore, 19 immune function scores demonstrated statistically 
significant variations among the low- and high-risk groups, with aDCs, CCR, macrophages, MHC class I, Tregs, and type 
II IFN responses being particularly distinct (*p< 0.05, **p<0.01,***p<0.001; Figure 8D).

Tumor Mutation Analysis
Utilization of tumor mutation analysis was employed to assess the number of genetic mutations in HCC specimens. The 
percentage of samples with genetic alterations was similar between the low and high-risk groups, with approximately 
79.89% and 82.49% of samples affected, respectively (Figure 9A and B). The TMB did not significantly differ among the 
low- and high-risk groups (Figure 9C). However, the outcomes of the Kaplan-Meier analysis indicate that the group with 
high TMB exhibited significantly reduced survival rates in comparison with the group of low TMB (p<0.001; Figure 9D). 
Further analysis revealed significant differences in survival rates between the high-TMB + high-risk group, high-TMB + 
low-risk group, low-TMB + high-risk group, and low-TMB + low-risk group (p<0.001; Figure 9E). The current 
investigation outcomes indicate that the integration of the risk model with TMB can enhance predictive accuracy. 
Additionally, the outcomes regarding the high-risk group revealed a greater propensity to benefit from immunotherapy, 

Figure 6 Using principal component analysis, compare the risk groupings at high and low levels depending on. (A–D) all gene expression profiles (A), 10 disulfidptosis- 
related genes (B), 317 disulfidptosis-related lncRNAs (C), and risk model based on the representation profiles of the 317 disulfidptosis-related lncRNAs (D) in the TCGA 
entire set.
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Figure 7 Functional enrichment analysis of DEGs associated with disulfidptosis. (A–D) The TCGA cohort’s most significant GO enrichment (A and B) and KEGG pathways 
(C and D). (E and F) Based on the entire TCGA high-risk (E) and low-risk (F) groups, GSEA revealed the top five pathways with the most significant enrichment.
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indicating that the disulfidptosis-associated lncRNA model could serve as a predictive factor for TIDE (*** p<0.001; 
Figure 9F).

The Discovery of New Potential Drugs That Target the Disulfidptosis-Related 
lncRNAs Model
The pRRophetic method was utilized for discovering potential drugs that target the disulfidptosis-associated lncRNA 
model for the intervention and management of HCC. The findings of the IC50 for 95 compounds available within the 
GDSC database has been calculated by the aforementioned approach.There are four specific drugs that could be further 
explored for potential treatments in individuals with HCC. The IC50 values of Sorafenib, Oxaliplatin, and Gemcitabine 
in the high-risk group are higher than those in the low-risk group, indicating that the anti-tumor efficacy of the low-risk 
group is better than that of the high-risk group, whereas the IC50 values of 5-Fluorouracil in the low-risk group are 
higher than those in the high-risk group, indicating that the anti-tumor efficacy of the high-risk group is better than that of 
the low-risk group (Supplementary Figure 1). Among them, Gemcitabine has the best anti-tumor activity among the four 
drugs because its IC50 value is the lowest. Predicting sensitivity to chemotherapy is important, and adjuvant chemother-
apy is an alternative treatment for HCC that can help clinicians choose the best chemotherapy regimen.

Discussion
The global impact of HCC is significant and exhibits a growing pattern.21,22 Despite the available treatment options such 
as surgery, radiation, and targeted therapies, the 5-year OS rate and quality of life for individuals with HCC have not 
improved significantly. Therefore, there exists a necessity to investigate innovative prognostic biomarkers and indicators 
of therapeutic response, particularly in the context of immunotherapy. The induction of disulfide stress has been found to 

Figure 8 Estimation of the tumor immune microenvironment and cancer immunotherapy response utilizing the disulfidptosis-related lncRNA model in the TCGA complete 
data set. (A) TME score in the patients at high- and low-risk (*p < 0.05). (B and C) Boxplots are used to depict the relative percent and percentage of 22 immune cells (*p < 
0.05, ***p<0.001). (D) Boxplots show the results of 29 immune-related activities (*p < 0.05, **p<0.01, ***p<0.001).
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trigger a regulated cell death process known as disulfidptosis, which has been identified as a prospective therapeutic 
option for the management of metabolic cancer.23 The discovery of disulfidptosis opens the door to novel anticancer 
therapies that target the pathophysiological function of disulfide stress.24 However, the possible impact of disulfidptosis- 
related lncRNA on the prediction of HCC has yet to be explored.

The four disulfidptosis-related lncRNAs involved in the prognostic model are CYTOR, NRAV, AL080248.1, and 
AC069307.1. The research has revealed that CYTOR is capable of providing selective targets to the microRNA-125a-5p/ 
LASP1 axis, thereby facilitating the proliferation of HCC. CYTOR has been found to target the microRNA-125a-5p/ 
LASP1 axis, promoting the growth of HCC. It also controls the miR-125b-5p/KIAA1522 axis, influencing growth, cell 
cycle, and HCC cells death.25 NRAV, another lncRNA, promotes the progression and invasion of HCC cells through 
altering the Wnt/β-catenin signaling pathway.26 On the other hand, AL080248.1 and AC069307.1 require further 
investigation as their roles in HCC have not been extensively studied yet. The aforementioned findings enhance our 
comprehension of the mechanisms that underlie the progression of cancer and provide potential targets for future 
therapeutic interventions.

To gain insights into the biological mechanisms, our findings indicate that the lncRNA signature associated with 
regulatory disulfidptosis could potentially enhance metabolic interactions in HCC. In the age of precision oncology, the 
strategy of selectively eliminating cancer cells by targeting cancer metabolism has gained significant popularity.27 

Several pathways, including fatty acid metabolism, the PI3K-Akt signaling pathway, drug metabolism cytochrome 
P450, and the NF-kappaB signaling pathway, may be contributed to this process. The proper modulation of the PI3K- 
Akt signaling pathway is crucial for fundamental biological activities including cell development, death, survival, and 
metabolism.28 The onset and progression of various malignancies have been linked to the dysregulation of this pathway. 
Genetic polymorphisms of drug-metabolizing enzymes, such as cytochrome P450, may also play a role in 

Figure 9 Tumor mutation analysis. (A and B) The distribution of the top 15 commonly mutated genes in patients with HCC in the high-risk (A) and low-risk (B) groups. 
(C) The burden of tumor mutation in the high-risk and low-risk groups. (D) OS of the high- and low-TMB groups. (E) OS of the high-TMB + high-risk group, high-TMB + 
low-risk group, low-TMB + high-risk group, and low-TMB + low-risk group. (F) The difference in TIDE score between the high- and low-risk groups. TIDE, tumor immune 
dysfunction and exclusion (***p<0.001).
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hepatocarcinogenesis related to tobacco use.29 CD147, via the P38/PPAR and Akt/mTOR/SREBP1c pathways, modulates 
the metabolism of fatty acids within HCC cells.30 Liver cell IKK-dependent NF-kappaB signaling prevents the growth of 
liver cancer by enhancing hepatocyte survival.31

This study also measured the enrichment scores of correlations between immune cells and their corresponding 
activities, revealing significant variations between the low and high-risk groups concerning B cells naïve, T cells CD8, 
monocytes, and particularly macrophages M0. The scores for aDCs, CCR, macrophages, MHC class I, Tregs, and type II 
IFN response also showed the greatest statistical variance among the two risk score groups. The high-risk group revealed 
elevated counts of Treg cells and macrophages. Previous research has shown that the enrollment of macrophages and 
T-regulatory cells by tumor-related neutrophils contributes to sorafenib resistance and HCC progression.32 Increased 
tumor-associated macrophages,33 or Treg cells,34 have been connected with a negative prognostic value within HCC as 
a result of their function in immunological evasion. Increased tumor-related macrophages, or Treg cells have been 
connected with a negative prognostic value within HCC due to their role in immunological evasion. Thus, individuals at 
high risk may have compromised antitumor immunity, which could explain their poor prognosis. The utilization of TMB 
as an indicator has gained prominence due to its high sensitivity in predicting the response to immunotherapy across 
various malignancies, including lung cancer,35,36 Advanced Melanoma37 and gastric cancer.38 Throughout the current 
investigation, somatic alterations underwent detection in 79.89% of high-risk individuals and 82.49% of low-risk 
individuals. Similar to various previous research, the presence of genes exhibiting the highest frequency of mutations 
were TP53, CTNNB1, and TTN.39–41 Although there was no clear connection among TMB and the disulfidptosis- 
associated lncRNA signature, an elevated TMB was discovered to be correlated with lower survival rates. Targeting 
elevated TMB in combination with the high-risk disulfidptosis-related lncRNA signature improved patient prognosis. 
Additionally, individuals included in high-risk scores for HCC had a significant score in their TIDE algorithm that was 
statistically greater contrasted with those of the low-risk group, implying that immunotherapy could reveal a viable 
alternative for such individuals.Four drugs identified according to the lncRNAs model targeting disulfidptosis.Sorafenib, 
oxaliplatin, gemcitabine, 5-fluorouracil can be further explored as potential drugs for the treatment of HCC patients. 
Anticipating the responsiveness to chemotherapy is crucial, and adjuvant chemotherapy serves as a viable therapeutic 
option for HCC, aiding doctors in selecting the optimal chemotherapy regimen.

In our study, this unique model was verified in a variety of ways, and we can now choose the most effective 
model and apply it fairly. Without external data validation, we thought that the prediction model was adequate. We 
are also aware that this research has several flaws and restrictions. The complete understanding of the molecular 
mechanism of disulfidptosis-related lncRNAs remains unclear, so external validation by further clinical informa-
tion would confer benefits. Consequently, we will collect a greater number of clinical specimens and increase the 
sample size. Throughout our further study, we will investigate the function of lncRNAs and their interaction with 
the disulfidptosis genes, as well as try to evaluate the correctness of our model through additional external tests.

Conclusion
In conclusion, our study culminated in the construction of a disulfidptosis-related lncRNA model comprising four prognostic 
disulfidptosis-related lncRNAs (ACYTOR, NRAV, AL080248.1, and AC069307.1). We created a prognosis-associated 
lncRNA signature that was strongly prognostic of HCC results and correlated it with functional enrichment pathways, 
immunotherapeutic response, targeted drug sensitivity, and TMB, as well as offering novel perspectives into disulfidptosis- 
associated lncRNAs function. This adds to our understanding of immunotherapy and targeted treatment for HCC.
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