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their potential to distinguish
between cold and hot tumors
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and JianJun Xie*
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Background: Prostate cancer (PCa) is frequently associated with poor prognosis,
and immunotherapy has shown limited efficacy. This study aimed to identify
novel necroptosis-related long non-coding RNAs (IncRNAs) that could predict
patient outcomes and guide personalized treatment.

Methods: Transcriptomic data from The Cancer Genome Atlas (TCGA) were
analyzed using co-expression analysis and univariate Cox regression to identify
INncRNAs associated with PCa progression. A necroptosis-related IncRNA
prognostic model was constructed using Least Absolute Shrinkage and
Selection Operator (LASSO) and validated via Kaplan-Meier survival analysis,
time-dependent receiver operating characteristic (ROC) curves, Cox
regression, and calibration plots. Functional analyses included Gene set
enrichment analysis (GSEA), principal component analysis (PCA), immune
profiling, and half-maximal inhibitory concentration (IC50) predictions to
explore therapeutic implications.

Results: We established a nine-IncRNA necroptosis-related signature with strong
prognostic performance. Among these, NR2F1-AS1 was identified as a core
oncogenic IncRNA, showing marked upregulation in PCa tissues and
promoting proliferation, invasion, and migration in vitro. The two inferred risk
groups demonstrated distinct immune characteristics: hot tumors (Cluster 2)
exhibited higher infiltration of activated immune cells, increased immune
checkpoint expression, and greater predicted sensitivity to immunotherapy,
whereas cold tumors showed immunosuppressive infiltration patterns and
lower checkpoint levels. These features allowed the model to robustly
distinguish cold from hot tumor phenotypes.

Conclusion: Necroptosis-related IncRNAs, particularly NR2F1-AS1, may serve as
prognostic biomarkers and inform immune-based stratification, supporting more
precise personalized treatment strategies for PCa.

cold-hot tumors, immune profiling, immunotherapy, necroptosis, prostate
adenocarcinoma
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1 Introduction

Prostate cancer is a malignant epithelial tumor of the prostate
and one of the most common cancers of the male genitourinary
system. According to global cancer statistics, PCa accounted for
14.1% of all newly diagnosed cancers and 6.8% of cancer-related
deaths among men in 2020 (Sung et al, 2021). Although the
incidence of PCa in China is relatively low, it has been rising
steadily due to population aging,
improvements in diagnostic strategies, making it an increasingly
significant threat to male health (Chen et al, 2016). Due to
substantial tumor heterogeneity, personalized and precision

lifestyle changes, and

therapy has become a central focus in PCa management. Current
therapeutic ~ strategies include active surveillance, radical
prostatectomy or radiotherapy for localized disease and hormonal
deprivation therapy and other systemic therapies in metastatic cases
(Mattes, 2024; Azad et al., 2025).

Nonetheless, given all standard care, progression to
castration-resistant prostate cancer (CRPC) is inevitable is
some cases and the tumoral resistance to apoptosis necessitated
other pathways to be investigated as a potential therapeutic
approach (Tang et al., 2020). Unlike apoptosis, necroptosis is a
programmed inflammatory form of cell death that can activate the
tumor microenvironment and enhance CD8" T cell-mediated
antitumor immunity (Galon and Bruni, 2019). For instance,
necroptotic tumor-mimicking nanoparticle vaccines have been
shown to expand CD8" T cells and potentiate antitumor responses
in mouse models (Snyder et al., 2019). In gastric cancer,
researchers have identified that necroptotic pyroptosis can
generate an immune-suppressive tumor microenvironment
(TME), promoting the malignant progression of gastric cancer
and suggesting it as a potential immunotherapeutic target (Gong
et al., 2019). However, the role and underlying mechanisms of
necroptosis in PCa remain poorly understood.

LncRNAs regulate gene expression through interactions with
proteins and other RNA molecules (Quinn and Chang, 2016). In
hepatocellular carcinoma, IncRNAs have been shown to induce
necroptosis by modulating microRNA-targeted mRNAs, while
also protecting cancer cells from external stress via inhibition of
the NF-«kB necroptotic signaling pathway (Dragomir et al., 2020;
Jiang et al., 2021). Additionally, IncRNAs may promote tumor-
associated inflammation, facilitating immune evasion and disease
progression. Despite these insights, the roles of necroptosis-related
IncRNAs in PCa remain largely unexplored. Given their potential to
modulate necroptotic pathways and the tumor microenvironment,
necroptosis-related IncRNAs may influence immune cell infiltration
and tumor immunogenicity, thereby associating with cold and hot
tumor phenotypes.

Differentiating between cold and hot tumors is crucial for
improving immunotherapy efficacy, as converting cold tumors
into hot tumors can substantially enhance treatment responses.
However, effective tumor classification methods remain limited
in clinical practice. Recently, circulating IncRNAs have emerged
as promising cancer biomarkers. Therefore, this study aims to
reclassify PCa patients based on necroptosis-related IncRNAs,
enabling the identification of hot tumors and facilitating more
precise prognostic assessment and personalized therapeutic
strategies (Yuan et al., 2020).
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2 Materials and methods

2.1 Retrieval of basic information of PCa
patients from public databases

We obtained expression matrices of prostate adenocarcinoma
and normal tissues from TCGA (TCGA-PRAD, https://portal.gdc.
cancer.gov/). The mRNA transcriptome data and relevant clinical
information were downloaded, and the data were converted from
FPKM to TPM format. To mitigate statistical biases, we excluded
patients with missing overall survival (OS) values or OS less than
30 days. In total, 588 patients were included. Using Strawberry Perl
and the R package “caret” (version 6.0-93) (Yavorska and Burgess,
2017), these patients were randomly allocated into train and test risk
groups with an equal ratio.

2.2 Selection of necroptosis-related genes
and LncRNAs

We downloaded the necroptosis-related necroptosis gene set
M24779.GMT, containing 8 genes, from GSEA (http://www.gsea-
msigdb.org/gsea/index.jsp). Based on previously reported
information on necroptosis, we curated a map of 67 necroptosis-
related genes (Raza et al,, 2004). Using Strawberry Perl and the
“limma” package (Chen et al., 2022b), we screened for differentially
expressed genes and identified a total of 5022 differentially expressed
IncRNAs, applying criteria of Log2 fold change (FC) > 1, false
discovery rate (FDR) < 0.05, and p < 0.05 (Chen et al., 2022a).
Subsequently, we performed a correlation analysis between the
67 necroptosis-related genes and the differentially expressed
IncRNAs, identifying 387 IncRNAs significantly correlated with
necroptosis-related apoptosis. Criteria for selecting necroptosis-
related IncRNAs included a Pearson correlation coefficient >0.

4 and P < 0.001.

2.3 Establishment of risk model and
independent prognostic analysis

Clinical information of patients was retrieved from the TCGA
database, and necroptosis-related IncRNAs were selected through
univariate and multivariate Cox regression analyses. A prognostic
model was then constructed using LASSO regression with 10-fold
cross-validation, 1000 iterations, and a significance threshold of P <
0.05. The risk score for each patient was calculated using the
following formula:

risk score = Zn:coef (lncRNAk )*expr(lncRN A* ),
k=1

where coef (IncRNA_n) represents the coefficient of the IncRNA
associated with survival, and expr (IncRNA_n) represents the
expression level of the IncRNA. Patients were categorized into
low- and high-risk groups based on the median risk score (Chen
et al,, 2024). Time-dependent ROC curves at 1, 2, and 3 years were
used to evaluate the prognostic performance of the model. Finally,
univariate and multivariate Cox regression analyses were performed
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to determine whether the risk score served as an independent
prognostic factor beyond clinicopathological variables, and ROC
analysis was used to compare the prognostic value of the risk score
with traditional pathological features.

2.4 Forest plot analysis

We constructed nomograms for 1-year, 2-year, and 3-year OS
based on age, tumor stage, and risk score. The forest plots were
generated using the “rms” package (Shao et al., 2023) to facilitate
multi-index joint diagnosis or prediction of disease risk or
prognosis. Nomograms provide a precise, digital probability of
survival or risk for each patient.

2.5 Enrichment analysis

We utilized the KEGG gene set (kegg.v7.4.symbols.gmt) and
GSEA software (https://www.gsea-msigdb.org/gsea/login.jsp) to
distinguish significantly enriched pathways between low and
high-risk groups. Pathways were considered significantly enriched
based on a cutoff of P < 0.05 and false discovery rate (FDR) < 0.25.

2.6 Exploration of TME and immune
checkpoints

Based on the GSEA analysis results mentioned above, we further
explored the immune factors of patients. Initially, we assessed the
immune cell infiltration status of PCa patients in the TCGA database
using TIMER2.0  (http://timer.cistrome.org/).  Additionally,
infiltration data of TCGA-PRAD tumors were downloaded, and
differences in immune cell infiltration were analyzed using the
Mann-Whitney U test, limma (version 3.52.2), ggplot2 (version
3.3.6), and other R packages (Hashemi Sheikhshabani et al., 2023).
Furthermore, we utilized the “ggpubr” package (Chen et al., 2021) to
explore TME scores and immune checkpoint status between low and
high-risk groups.

2.7 Application of disease models in clinical
drug therapy

We evaluated the sensitivity analysis of each PCa patient in the
CancerRxGene (GDSC) database (https://www.cancerrxgene.org/)
to determine their treatment response based on IC50. The
“pRRophetic” R package was instrumental in this analysis.

2.8 Clustering analysis of 9 independent
prognostic LncRNAs

To explore the response of PCa to immune therapy, we
performed clustering analysis using the “ConsensusClusterPlus”
(Version 0.5) R package (Li et al, 2021a) to identify potential
molecular subgroups based on the expression profiles of
prognostic IncRNAs. PCA, t-distributed Stochastic Neighbor
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TABLE 1 Primer sequences.

Amplicons Sequences

NR2F1-AS1 Forward primer: CATGCCGTGATGTAAGCTGC
Reverse primer: TCTGTCCCAGTCCTAGAGGC
GAPDH Forward primer: GAATGGGCAGCCGTTAGGAA

Reverse primer: GAGGGATCTCGCTCCTGGAA

Embedding (t-SNE), and Kaplan-Meier survival analysis were
conducted using the “Rtsne” package (version 0.15) (Li et al,
2022). Additionally, we utilized the “pRRophetic” package (Wang
et al., 2024) to compare drug sensitivity analysis.

2.9 Cell culture and transfection

PCa cell lines (LNCap and PC3) were obtained from the Cell
Bank of the Chinese Academy of Sciences (Beijing, China). Both cell
lines were cultured in DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 2% penicillin-streptomycin in a humidified
incubator with 5% CO, at 37 °C. Transfections of siRNA and
overexpression plasmids were performed using Lipofectamine
2000 (Invitrogen, Carlsbad, California, United States) following
the manufacturer’s instructions in LNCap and PC3 cells.

2.10 Real-time quantitative reverse
transcription polymerase chain reaction
(qRT-PCR)

To assess the expression levels of NR2F1-AS1 mRNA in cells
and evaluate the efficiency of siRNA and overexpression
transfections, total RNA was extracted from harvested cells using
a PCR extraction kit (Cusabio, Shanghai, China, CAT: 19231ES50)
according to the manufacturer’s instructions. PCR primers were
purchased from Sengen Biotech Co., Ltd. Primer sequences are listed
in Table 1.

2.11 Cell counting Kit-8 (CCK-8),
clonogenic, and scratch assays

Cell proliferation assay: LNCap and PC3 cells were seeded in 96-
well plates at a density of 2 x 10> cells per well under different lipid
transfection conditions and cultured at 37 °C with 5% CO,. At 24, 48,
72, and 96 h, 10 pL of CCK-8 solution (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) was added to each well,
and absorbance was measured at 450 nm to plot cell growth
curves and analyze the data.

Clonogenic assay: LNCap and PC3 cells were seeded in 6-well
plates at a density of 10° cells per well under different treatment
conditions and cultured at 37 °C with 5% CO, for 10-14 days. Cells
were then fixed with 4% paraformaldehyde, stained with crystal
violet, and observed for colony formation under a microscope.

Transwell assay: LNCap and PC3 cells at a density of 2 x 10*cells/
mL were seeded into the upper chamber containing serum-free
medium under different treatment conditions. The lower chamber
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FIGURE 1

Identification of necroptosis-related INcRNAs in patients with PCa. (A) Volcano plot showing differentially expressed necroptosis-related genes
between PCa and normal prostate tissues. (B) Co-expression network of necroptosis-related genes and long non-coding RNAs (IncRNAs), illustrating

interactions with correlation coefficient >0.5 and P < 0.001.

contained DMEM supplemented with 10% FBS as a
chemoattractant. After 48 h of incubation at 37 °C with 5% CO,,
non-migrated cells on the upper surface were removed. Cells that
had migrated or invaded to the lower surface were fixed with 4%
paraformaldehyde, stained with crystal violet, and manually counted
for analysis.

Scratch assay: Cells under different treatment conditions were
seeded at a density of 2 x 10° cells per well in 6-well plates until
reaching 80%-90% confluence. A scratch was made swiftly with the
tip of a 10 uL pipette tip. After washing twice with PBS to remove cell
debris, the plate was incubated in a serum-free medium. Scratch
closure was observed using fluorescence microscopy at 0, 24, and
48 h after scratching.

2.12 Statistical analysis

All statistical analyses were conducted using R software (version
4.2.1). Immune infiltration analyses and comparisons between
groups were assessed using the Mann-Whitney U test. For cell-
based assays, statistical significance was determined using one-way
ANOVA. A two-sided P < 0.05 was considered statistically
significant.

3 Results

3.1 ldentification of necroptosis-related
LncRNAs in PCa patients

We obtained 302 tumor samples and 40 normal samples from
the TCGA dataset. Differential expression analysis between normal
and tumor samples revealed 387 necroptosis-associated IncRNAs
based on the expression of 67 necroptosis-related genes (|Log2FC| >
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1, P < 0.05). Among these, 194 were upregulated and 193 were
downregulated (Figure 1A). Figure 1B illustrates the network
interaction between necroptosis-related genes and IncRNAs.

3.2 Construction and validation of
necroptosis-related LncRNA model in PCa

Using univariate Cox regression analysis, we identified
9 necroptosis-related IncRNAs significantly correlated with OS in
PCa patients, as illustrated in a forest plot (Figure 2A) and heatmap
(Figure 2B). To reduce overfitting, these IncRNAs were further
validated using Lasso regression analysis (Figures 2CD). A
Sankey diagram was used to visualize the 9 necroptosis-related
IncRNAs and their associations with patient prognosis
(Figure 2E), highlighting which IncRNAs contributed to higher
or lower risk.

Based on patient characteristics, we computed a risk score for
each patient using the formula: Risk Score = AL355574.1 x
(~0.6096) + AC020913.1 x (-0.9605) + LASTR x (=0.3135) +
AL139147.1 x (2.05953) + CDC42-IT1 x (1.3234) +
AC129507.1 x (1.8770) + NR2F1-ASI x (0.9888) +
ALI121748.1 x (2.3694) + LINC01579 x (0.6252). Patients in the
training set, testing set, and entire cohort were stratified into high-
and low-risk groups based on the median risk score. After adjusting
the risk values for clarity (Figures 3A-C), higher mortality rates were
observed in the high-risk group compared to the low-risk group
within the TCGA-PRAD dataset (Figures 3D-F). Heatmap
visualizations further depicted differential expression patterns of
model-associated IncRNAs between high- and low-risk groups
across datasets (Figures 3G-I). Kaplan-Meier survival analysis
demonstrated significantly lower OS in the high-risk group,
confirming the prognostic utility of the necroptosis-related
ncRNA model (Figures 3]-L).
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FIGURE 2

Extraction of necroptosis-related INncRNAs prognostic signature in PCa. (A) Univariate Cox regression identified necroptosis-related IncRNAs
associated with overall survival in patients with PCa. (B) Expression heatmap showing the profiles of the 30 prognostic necroptosis-related IncRNAs. (C)
Ten-fold cross-validation for variable selection using the LASSO regression model. (D) LASSO coefficient profiles showing the selection of 9 necroptosis-
related IncRNAs that constituted the prognostic signature. (E) Co-expression network diagram of necroptosis-related genes and

corresponding INcRNAs.

3.3 Construction and evaluation of
nomogram and ROC curve

In univariate Cox regression analysis, the hazard ratio (HR) and
95% confidence interval (CI) for the risk score were 1.27
(1.1899-1.3580, P < 0.001). For Age, the HR was 1.02
(1.0082-1.0438, P < 0.005), and for Stage, the HR was 1.53
(1.2404-1.8953, P < 0.001) (Figure 4A). In multivariate Cox
regression analysis, the HR for the risk score was 1.33
(1.2377-1.4302, P < 0.001), for Age 1.05 (1.0266-1.0660, P <
0.001), and for Stage 1.65 (1.3170-2.0664, P < 0.001) (Figure 4B).
These three independent prognostic factors were integrated to
construct a nomogram predicting 1-year, 2-year, and 3-year OS
in PCa patients (Figure 4C).

Calibration plots indicated good agreement between predicted
and observed OS rates at 1, 2, and 3 years (Figure 4D). ROC curve
analysis demonstrated the predictive performance of the nomogram,
with AUC values of 0.705, 0.713, and 0.701 for 1-year, 3-year, and 5-
year OS, respectively (Figure 4E). In comparison, conventional
clinical factors including Age, TNM (pathological stage), Grade,
and Stage (clinical stage) showed lower predictive accuracy, with
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AUC values of 0.596, 0.521, 0.562, and 0.602, respectively
(Figure 4F). These results indicate that the necroptosis-related
IncRNA risk score provides robust prognostic value beyond
traditional clinical parameters.

3.4 GSEA enrichment analysis

To investigate biological functional differences between high-
and low-risk groups, we conducted a GSEA comparing KEGG
pathways in the entire cohort. The top 5 enriched pathways for
each group were selected. The high-risk group was prominently
associated with pathways related to tumor invasion, drug
metabolism, and lipid metabolism, whereas the low-risk group
was mainly associated with carbohydrate metabolism pathways
(Figure 5A). Notably, the enrichment of drug metabolism
pathways in the high-risk group may reflect altered xenobiotic
processing and chemotherapeutic response, suggesting potential
implications for treatment resistance in PCa.

We further investigated the immune landscape and clinical
treatment correlations within the high-risk group using immune
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FIGURE 3

Prognosis value of the 9necroptosis-related INcRNAs model in the train, test, and all sets. (A—C) Distribution of risk scores based on the necroptosis-
related INncRNA signature in the training, testing, and entire cohorts, respectively. (D—F) Overall survival time and status for patients in low- and high-risk
groups in the training, testing, and entire cohorts, respectively. (G—I) Heatmaps showing the expression patterns of the 9 necroptosis-related IncRNAs in
the three cohorts. (J-L) Kaplan-Meier survival curves comparing overall survival (OS) between the low- and high-risk subgroups in the training,

testing, and entire cohorts.

cell bubble plots. Significant associations (P < 0.05) were observed
between the high-risk group and multiple immune cell types,
including Myeloid dendritic cells (activated, XCELL), CD4"
central memory T cells (XCELL), naive CD8" T cells (XCELL),
M2 macrophages (QUANTISEQ), non-regulatory CD4" T cells
(QUANTISEQ), uncharacterized cells (QUANTISEC), CD8*
T cells (TIMER), neutrophils (TIMER), cancer-associated
fibroblasts (EPIC), endothelial cells (EPIC), macrophages (EPIC),
naive B cells (CIBERSORT), and follicular helper T cells
(CIBERSORT) (Figure 5B).

Additionally, higher risk scores were significantly correlated
with M2 macrophages, monocytes, and resting CD4" memory
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T cells, which are immune cells that play critical roles in PCa
immunotherapy (Figures 5C-E). Compared with the low-risk
group, the high-risk group exhibited higher immune and
microenvironment scores, indicating pronounced differences in
immune infiltration and TME status (Figures 5F-I). Importantly,
multiple immune checkpoints showed stronger activation in the
high-risk group (Figure 5]), suggesting that patients in this group
may benefit more from checkpoint inhibitor therapies.
Collectively, these findings indicate that our necroptosis-related
IncRNA risk model not only reflects differences in tumor biology
and immune infiltration but may also guide the selection of
personalized immunotherapy strategies for PCa patients.
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FIGURE 4

Nomogram and assessment of the risk model. (A,B) Univariate and multivariate Cox regression analyses of clinical factors and risk score with OS. (C)
Nomogram integrating risk score, age, and tumor stage for predicting 1-, 2-, and 3-year OS. (D) Calibration curves for 1-, 2-, and 3-year OS based on the
nomogram. (E) ROC curves at 1, 2, and 3 years in the training, testing, and entire cohorts. (F) Comparison of 3-year ROC curves among the risk score,
nomogram total score, and clinical parameters. We refer to TNM stage as pathological stage, whereas “stage” denotes clinical stage.

3.5 Analysis of PCa tumor immune subtypes

Different clusters or subtypes in tumor research often exhibit
distinct changes in the tumor immune microenvironment, leading
to varied responses to immune therapy [21,22]. In this study, we
identified 9 necroptosis-related IncRNAs and analyzed RNA
sequencing data from TCGA-PRAD, focusing on 67 necroptosis
genes and 342 associated IncRNAs. We set the criteria as correlation
coefficient >0.4 and P < 0.001 and used the “ConsensusClusterPlus”
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package to classify PCa patients into two groups. We found that
t-distributed  stochastic neighbor embedding (tSNE) clearly
distinguished three clusters (Figures 6A-C). Furthermore, we
validated distinct PCA distributions among the two risk groups
and three different clusters (Figures 6D-F). Kaplan-Meier analysis
further revealed that Cluster 2 exhibited better OS (P = 0.005)
(Figure 6G). We also showed the single-sample gene set enrichment
analysis (ssGSEA) scores of immune cells and immune functions in
Clusters in Figures 6H,1.
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FIGURE 5

The investigation of tumor immune factors and immunotherapy. (A) GSEA showing the top 10 pathways significantly enriched in the high-risk
group. (B) Bubble plot depicting the distribution of immune cells across risk groups. (C—E) Correlation analysis between risk score and infiltration levels of
specific immune cell types. (F=1) Comparison of multiple immune-related scores between high- and low-risk groups. (J) Differential expression of
15 immune checkpoints between risk groups, highlighting potential immunotherapy targets.

Finally, our comparative analysis of drug sensitivity
revealed significant differences in the IC50 values of
19 immune therapy drugs such as Bexarotene,
Pazopanib, Roscovitine, and GSK269962A across different
clusters and risk groups, highlighting potential variations
in response to 19 chemotherapeutic or targeted drugs
used for systemic treatment of PCa (Figures 7A-S). In
summary, based on these analyses, we propose further
investigation into personalized immune therapy responses in
PCa patients and exploration of principles for precision
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medicine, laying a solid foundation for personalized

treatment strategies.

3.6 Inhibition of NR2F1-AS1 can suppress the
proliferation, invasion, and migration of
PCa cells

Based on the above research findings, NR2F1-AS1 was
hypothesized to have oncogenic effects in PCa. To validate this, we
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FIGURE 6

Distinction between cold and hot tumors and immunotherapy prediction. (A—C) Patients are divided into two clusters by ConsensusClusterPlus.
(D—F) The t-SNE of two clusters. (G) Kaplan—Meier survival curves of OS in clusters. (H=I) The ssGSEA scores of immune cells and immune functions

in Clusters.

performed a series of in vitro experiments. Knockdown and
overexpression efficiencies of NR2F1-AS1 were confirmed in
LNCap and PC3 cell lines (Figure 8A). CCK-8 assays demonstrated
that silencing NR2F1-AS1 significantly inhibited cell proliferation,
whereas overexpression promoted proliferation (Figure 8B).
Consistently, colony formation and wound healing assays showed
reduced clonogenicity and migration upon NR2F1-AS1 knockdown,
while overexpression enhanced these phenotypes (Figures 8C,D).
Transwell migration and invasion assays further confirmed that
NR2F1-AS1 promotes metastatic capabilities in PCa cells (Figure 8E).

Importantly, in the context of immune stratification, Cluster 2,
which corresponds to hot tumors with higher immune cell infiltration
and elevated immune checkpoint expression, exhibited better OS (P =
0.005). These findings suggest that NR2F1-AS1 may influence both
and the immune microenvironment,

tumor  aggressiveness

Frontiers in Cell and Developmental Biology

highlighting its potential as a therapeutic target and as a biomarker
for guiding immunotherapy in PCa patients.

4 Discussion

PCa remains a clinical challenge due to its heterogeneity and limited
response to immunotherapy. Classified as a “cold” tumor, PCa exhibits
low T-cell infiltration and an immunosuppressive TME, resulting in
limited efficacy of current immune checkpoint inhibitors (ICIs), such as
CTLA-4 and PD-1/PD-L1 blockade in mCRPC (Sena et al., 2021; Tsaur
etal, 2021; Roberts et al., 2022). These challenges highlight the need for
novel biomarkers and combination strategies to enhance immune
responses and guide patient stratification (Handa et al, 2020;
Subudhi et al,, 2021).
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FIGURE 7

Immunotherapeutic drugs showing significant differences in IC50 values. (A=S) Boxplots showing the predicted IC50 values of 19
immunotherapeutic drugs between the low-risk and high-risk groups (left panels) and among different molecular clusters (right panels). Statistical

significance was assessed between groups as indicated.

Existing prognostic models for PCa, based on IncRNAs or
mRNAs, provide limited insight into immune stratification. To
address these limitations, we developed a 9 necroptosis-related
IncRNA model that predicts patient prognosis and distinguishes
cold and hot tumors. Using this model, patients were stratified into
high- and low-risk groups, showing significant differences in
survival outcomes and predicted sensitivity to systemic therapies.
further
microenvironments: Cluster 2 corresponded to hot tumors,

Molecular  clustering revealed distinct immune
characterized by higher immune cell infiltration, elevated
checkpoint expression, and improved overall survival. These
results suggest that our model offers improved prognostic
accuracy and immune-typing specificity, providing a valuable
tool for personalized immunotherapy in PCa.

Among the 9 IncRNAs, NR2F1-AS1 emerged as a key IncRNA
with higher expression in PCa tissues. While its role in PCa has been
underexplored, NR2F1-AS1 has

proliferation, migration,

been reported to regulate

invasion, apoptosis, and metabolic
pathways in various cancers, including HCC, gastric, colorectal,

pancreatic, esophageal, breast, lung, and thyroid cancers (Huang
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et al, 2018; Tarchini et al, 2018; Guo et al, 2019; Zhang et al,
2019; Sanchez Calle et al., 2020; Wang et al., 2020; Yang et al., 2020;
Zhang C. et al., 2020; Zhang Q. et al., 2020; Li et al., 2021b; Liao et al.,
2021; Luo et al,, 2021; Lv et al., 2021). Importantly, necroptosis and
IncRNAs both regulate cell death, though through distinct
mechanisms (Wei et al, 2020). NR2F1-AS1 may interact with
necroptosis pathways to influence tumor cell survival and modulate
the immune microenvironment, potentially affecting sensitivity to
immunotherapy. Our in vitro experiments confirmed that silencing
NR2F1-AS1 inhibits proliferation, migration, and invasion of PCa
cells, indicating its oncogenic function.

For comparison with previous studies, several IncRNA-
based prognostic models have been developed in PCa,
including a 7-IncRNA signature (Ledesma-Bazan et al., 2024)
and a 4-IncRNA signature (Mulati et al., 2024). However, these
models primarily focused on biochemical recurrence-free survival
(BRFS) rather than OS. In addition, currently available genomic
prediction platforms for PCa such as the Oncotype Dx Genomic
Prostate Score® and the Decipher® genomic-clinical classifier
generally report AUCs around 0.63 and 0.69, respectively. In
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proliferation (N = 3). (D,E) Scratch wound healing and transwell assays evaluating the impact of NR2F1-AS1 on PCa cell migration and invasion (N = 3).
Significance in (A—E) was determined by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. Representative images are shown, and all experiments

were independently repeated three times. Scale bar = 100 pm.

comparison, our 9-necroptosis-related IncRNA model showed
superior predictive accuracy for OS (AUC = 0.705) and maintained
discrimination across multiple clinical subgroups. Notably, whereas
most existing models were constructed without considering regulated
cell death pathways, our model integrates necroptosis-related
signatures, thereby providing mechanistic relevance and improving
potential clinical applicability.

Several limitations of this study should be acknowledged. First, our
analyses were based on retrospective TCGA data. External validation
was not available in the present study due to lack of compatible
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datasets, and therefore further validation in independent cohorts such
as GEO prostate cancer datasets will be required in the future. Second,
prostate-specific antigen (PSA) information was not available in the
TCGA dataset, and therefore could not be incorporated into the
multivariate analysis and nomogram construction. This represents
an important limitation and should be addressed in future studies
using datasets with complete clinical variables. Third, although
NR2F1-AS1 was experimentally validated as an oncogenic IncRNA
in PCa, the detailed downstream regulatory mechanisms and its
interactions remain to be fully

with necroptosis pathways
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elucidated. Future studies incorporating multi-center clinical samples
and mechanistic experiments will be essential to validate and extend
these findings.

5 Conclusion

Identification of necroptosis-related IncRNAs provides valuable
insight into prognosis prediction and personalized management of
PCa, with potential benefits for both survival and quality of life.
Targeting necroptosis and IncRNAs may represent a promising
strategy to overcome resistance to current systemic therapies and
enhance the efficacy of immunotherapy. Future studies will further
elucidate their biological roles and therapeutic potential. Finally,
these efforts may enable the translation of necroptosis-related
IncRNA
interventions for PCa.

signatures into precise and effective clinical

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

KZ: Methodology, Writing - original draft, Conceptualization,
Formal Analysis, Validation, Resources. KL: Software, Investigation,
Resources, Validation, Writing - review and editing, Methodology.
JD: Investigation, Formal Analysis, Methodology, Writing — original
draft. CZ: Writing - original draft, Data curation, Formal Analysis,
FW:  Writing draft, Methodology,
Investigation, Data curation, Validation. JX: Conceptualization,

Resources.

original

Project administration, Supervision, Investigation,

Writing - original draft, Writing — review and editing.

References

Azad, A. A, Kostos, L., Agarwal, N., Attard, G., Davis, I. D., Dorff, T., et al. (2025).
Combination therapies in locally advanced and metastatic hormone-sensitive prostate
cancer. Eur. Urol. 87, 455-467. doi:10.1016/j.eururo.2025.01.010

Chen, W., Zheng, R., Baade, P. D, Zhang, S., Zeng, H., Bray, F., et al. (2016). Cancer
statistics in China, 2015. CA A Cancer ]. For Clin. 66 (2), 115-132. doi:10.3322/caac.
21338

Chen, S, Li, X,, Guo, L., Zhang, J., Li, L., Wang, X,, et al. (2021). Characterization of
the m6A-related IncRNA signature in predicting prognosis and immune response in
patients with colon cancer. J. B.U.ON, Official ]. Balkan Union Oncol. 26 (5), 1931-1941.

Chen, S., Ben, X., Guo, L., and Li, X. (2022a). Identification of IncRNAs based on
different patterns of immune infiltration in gastric cancer. J. Gastrointest. Oncol. 13 (1),
102-116. doi:10.21037/jgo-21-833

Chen, S, Liu, P., Zhao, L., Han, P,, Liu, J., Yang, H,, et al. (2022b). A novel cuproptosis-

related prognostic IncRNA signature for predicting immune and drug therapy response in
hepatocellular carcinoma. Front. Immunol. 13, 954653. doi:10.3389/fimmu.2022.954653

Chen, S,, Liu, J., Zhang, S., Zhao, L., Zhang, J., Han, P., et al. (2024). Deciphering m6A
signatures in hepatocellular carcinoma: single-cell insights, immune landscape, and the
protective role of IGFBP3. Environ. Toxicol. 40, 367-383. doi:10.1002/tox.24177

Dragomir, M. P, Kopetz, S., Ajani, J. A., and Calin, G. A. (2020). Non-coding RNAs in
GI cancers: from cancer hallmarks to clinical utility. Gut 69 (4), 748-763. doi:10.1136/
gutjnl-2019-318279

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2025.1722671

Funding

The author(s) declared that financial support was received for
this work and/or its publication. The authors acknowledged
receiving financial assistance for conducting, writing, and/or
publishing this article as follows: This research received funding
from the Gusu Health Talent Program of Suzhou (grant no. GSWS
2024165) and the guiding project of suzhou science and technology
development plan (grant no. SKYD2023142).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Galon, J., and Bruni, D. (2019). Approaches to treat immune hot, altered and cold
tumours with combination immunotherapies. Nat. Rev. Drug Discov. 18 (3), 197-218.
doi:10.1038/s41573-018-0007-y

Gong, Y., Fan, Z,, Luo, G, Yang, C., Huang, Q., Fan, K,, et al. (2019). The role of
necroptosis in cancer biology and therapy. Mol. Cancer 18 (1), 100. doi:10.1186/512943-
019-1029-8

Guo, F.,, Fu, Q,, Wang, Y., and Sui, G. (2019). Long non-coding RNA NR2F1-AS1
promoted proliferation and migration yet suppressed apoptosis of thyroid cancer cells
through regulating miRNA-338-3p/CCND1 axis. J. Cell. Mol. Med. 23 (9), 5907-5919.
doi:10.1111/jcmm.14386

Handa, S., Hans, B., Goel, S., Bashorun, H. O., Dovey, Z., and Tewari, A.
(2020). Immunotherapy in prostate cancer: current state and future perspectives.
Ther. Adv. Urology 12, 1756287220951404. doi:10.1177/1756287220951404

Hashemi Sheikhshabani, S., Amini-Farsani, Z., Kazemifard, N., Modarres, P., Amini-
Farsani, Z., Omrani, M. D., et al. (2023). Meta-analysis of microarray data to determine
gene indicators involved in the cisplatin resistance in ovarian cancer. Cancer Rep. Hob.
N.J. 6 (12), e1884. doi:10.1002/cnr2.1884

Huang, H., Chen, J., Ding, C.-M., Jin, X,, Jia, Z.-M., and Peng, J. (2018). LncRNA
NR2F1-AS1 regulates hepatocellular carcinoma oxaliplatin resistance by targeting
ABCCI via miR-363. J. Cell. Mol. Med. 22 (6), 3238-3245. doi:10.1111/jcmm.
13605

frontiersin.org


https://doi.org/10.1016/j.eururo.2025.01.010
https://doi.org/10.3322/caac.21338
https://doi.org/10.3322/caac.21338
https://doi.org/10.21037/jgo-21-833
https://doi.org/10.3389/fimmu.2022.954653
https://doi.org/10.1002/tox.24177
https://doi.org/10.1136/gutjnl-2019-318279
https://doi.org/10.1136/gutjnl-2019-318279
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1111/jcmm.14386
https://doi.org/10.1177/1756287220951404
https://doi.org/10.1002/cnr2.1884
https://doi.org/10.1111/jcmm.13605
https://doi.org/10.1111/jcmm.13605
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1722671

Zhang et al.

Jiang, N., Zhang, X., Gu, X,, Li, X, and Shang, L. (2021). Progress in understanding the
role of IncRNA in programmed cell death. Cell Death Discov. 7 (1), 30. doi:10.1038/
541420-021-00407-1

Ledesma-Bazan, S., Cascardo, F., Bizzotto, J., Olszevicki, S., Vazquez, E., Gueron, G.,
et al. (2024). Predicting prostate cancer progression with a Multi-IncRNA expression-
based risk score and nomogram integrating ISUP grading. Non-coding RNA Res. 9 (2),
612-623. doi:10.1016/j.ncrna.2024.01.014

Li, X, Chen, S., Zhu, Y., Fei, J., Song, L., Sun, G., et al. (2021a). Comprehensive
bioinformatics analyses identified homeobox B9 as a potential prognostic biomarker and
therapeutic target for gastric cancer. J. Gastrointest. Oncol. 12 (5), 2132-2149. doi:10.
21037/jgo-21-598

Li, X, Li, Y., Bai, S., Zhang, J., Liu, Z., and Yang, J. (2021b). NR2F1-AS1/miR-140/
HK2 axis regulates hypoxia-induced glycolysis and migration in hepatocellular
carcinoma. Cancer Manag. Res. 13, 427-437. doi:10.2147/CMAR.S266797

Li, M,, Li, X,, Chen, S., Zhang, T., Song, L., Pei, ., et al. (2022). IPO5 mediates EMT
and promotes esophageal cancer development through the RAS-ERK pathway.
Oxidative Med. Cell. Longev. 2022, 6570879. doi:10.1155/2022/6570879

Liao, X., Wen, L., and Luo, L. (2021). The effect and mechanism of IncRNA NR2F1-
As1/miR-493-5p/MAP3K2 axis in the progression of gastric cancer. J. Oncol. 2021,
3881932. doi:10.1155/2021/3881932

Luo, D,, Liu, Y., Li, Z., Zhu, H., and Yu, X. (2021). NR2F1-AS1 promotes pancreatic
ductal adenocarcinoma progression through competing endogenous RNA regulatory
network constructed by sponging miRNA-146a-5p/miRNA-877-5p. Front. Cell Dev.
Biol. 9, 736980. doi:10.3389/fcell.2021.736980

Lv,]J., Zhang, S., Liu, Y., Li, C,, Guo, T., Zhang, S., et al. (2021). NR2F1-AS1/miR-190a/
PHLDB2 induces the epithelial-mesenchymal transformation process in gastric cancer
by promoting phosphorylation of AKT3. Front. Cell Dev. Biol. 9, 688949. doi:10.3389/
fcell.2021.688949

Mattes, M. D. (2024). Overview of radiation therapy in the management of localized
and metastatic prostate cancer. Curr. Urology Reports 25 (8), 181-192. doi:10.1007/
s11934-024-01217-5

Mulati, Y., Lai, C,, Luo, J., Hu, J., Xu, X,, Kong, D,, et al. (2024). Establishment of a
prognostic risk prediction model incorporating disulfidptosis-related IncRNA for
patients with prostate cancer. BMC Cancer 24 (1), 44. doi:10.1186/s12885-023-
11778-2

Quinn, J. J., and Chang, H. Y. (2016). Unique features of long non-coding RNA
biogenesis and function. Nat. Rev. Genet. 17 (1), 47-62. doi:10.1038/nrg.2015.10

Raza, S. M, Fuller, G. N, Rhee, C. H., Huang, S., Hess, K., Zhang, W., et al. (2004).
Identification of necrosis-associated genes in glioblastoma by ¢DNA microarray
analysis. Clin. Cancer Res. An Official ]. Am. Assoc. For Cancer Res. 10 (1 Pt 1),
212-221. doi:10.1158/1078-0432.ccr-0155-3

Roberts, M. E., Contreras-Sanz, A., and Black, P. C. (2022). Establishing a foundation
for studying the immune contexture across the spectrum of bladder cancer. Eur. Urol.
Oncol. 5 (2), 214-215. doi:10.1016/j.eu0.2022.03.001

Sanchez Calle, A., Yamamoto, T., Kawamura, Y., Hironaka-Mitsuhashi, A., Ono, M.,
Tsuda, H., et al. (2020). Long non-coding NR2F1-AS1 is associated with tumor
recurrence in estrogen receptor-positive breast cancers. Mol. Oncol. 14 (9),
2271-2287. doi:10.1002/1878-0261.12704

Sena, L. A,, Denmeade, S. R., and Antonarakis, E. S. (2021). Targeting the spectrum of
immune checkpoints in prostate cancer. Expert Rev. Clin. Pharmacol. 14 (10),
1253-1266. doi:10.1080/17512433.2021.1949287

Shao, K., Zhang, F., Li, Y., Cai, H., Paul Maswikiti, E., Li, M,, et al. (2023). A nomogram
for predicting the recurrence of acute non-cardioembolic ischemic stroke: a retrospective
hospital-based cohort analysis. Brain Sci. 13 (7), 1051. doi:10.3390/brainscil13071051

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2025.1722671

Snyder, A. G., Hubbard, N. W., Messmer, M. N., Kofman, S. B., Hagan, C. E., Orozco,
S. L., et al. (2019). Intratumoral activation of the necroptotic pathway components
RIPK1 and RIPK3 potentiates antitumor immunity. Sci. Immunol. 4 (36), eaaw2004.
doi:10.1126/sciimmunol.aaw2004

Subudhi, S. K., Siddiqui, B. A., Aparicio, A. M., Yadav, S. S., Basu, S., Chen, H., et al.
(2021). Combined CTLA-4 and PD-L1 blockade in patients with chemotherapy-naive
metastatic castration-resistant prostate cancer is associated with increased myeloid and
neutrophil immune subsets in the bone microenvironment. J. For Immunother. Cancer 9
(10), €002919. doi:10.1136/jitc-2021-002919

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A., et al.
(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA A Cancer J. For Clin. 71 (3), 209-249.
doi:10.3322/caac.21660

Tang, R, Xu, J., Zhang, B., Liu, J., Liang, C., Hua, J., et al. (2020). Ferroptosis,
necroptosis, and pyroptosis in anticancer immunity. J. Hematol. and Oncol. 13 (1), 110.
doi:10.1186/s13045-020-00946-7

Tarchini, B., Longo-Guess, C., Tian, C., Tadenev, A. L. D., Devanney, N., and Johnson,
K. R. (2018). A spontaneous mouse deletion in Mctpl uncovers a long-range cis-
regulatory region crucial for NR2F1 function during inner ear development. Dev. Biol.
443 (2), 153-164. doi:10.1016/j.ydbio.2018.09.011

Tsaur, I, Brandt, M. P., Juengel, E., Manceau, C., and Ploussard, G. (2021).
Immunotherapy in prostate cancer: new horizon of hurdles and hopes. World
J. Urology 39 (5), 1387-1403. doi:10.1007/s00345-020-03497-1

Wang, J., Dong, S., Zhang, J., Jing, D., Wang, W., Dong, L., et al. (2020). LncRNA
NR2F1-AS1 regulates miR-371a-3p/TOBI axis to suppress proliferation of colorectal
cancer cells. Cancer Biotherapy and Radiopharm. 35 (10), 760-764. doi:10.1089/cbr.
2019.3237

Wang, Q., Zheng, C., Hou, H,, Bao, X, Tai, H., Huang, X,, et al. (2024). Interplay of
sphingolipid metabolism in predicting prognosis of GBM patients: towards precision
immunotherapy. J. Cancer 15 (1), 275-292. doi:10.7150/jca.89338

Wei, L., Sun, J., Zhang, N., Zheng, Y., Wang, X, Lv, L,, et al. (2020). Noncoding RNAs
in gastric cancer: implications for drug resistance. Mol. Cancer 19 (1), 62. doi:10.1186/
512943-020-01185-7

Yang, C, Liu, Z., Chang, X., Xu, W., Gong, J., Chai, F,, et al. (2020). NR2F1-AS1
regulated miR-423-5p/SOX12 to promote proliferation and invasion of papillary thyroid
carcinoma. J. Cell. Biochem. 121 (2), 2009-2018. doi:10.1002/jcb.29435

Yavorska, O. O., and Burgess, S. (2017). MendelianRandomization: an R package for
performing Mendelian randomization analyses using summarized data. Int.
J. Epidemiol. 46 (6), 1734-1739. doi:10.1093/ije/dyx034

Yuan, L., Xu, Z.-Y., Ruan, S.-M., Mo, S., Qin, J.-J., and Cheng, X.-D. (2020). Long
non-coding RNAs towards precision medicine in gastric cancer: early diagnosis,
treatment, and drug resistance. Mol. Cancer 19 (1), 96. doi:10.1186/s12943-020-
01219-0

Zhang, Y., Zheng, A., Xu, R, Zhou, F., Hao, A., Yang, H., et al. (2019). NR2F1-induced
NR2F1-AS1 promotes esophageal squamous cell carcinoma progression via activating
hedgehog signaling pathway. Biochem. Biophysical Res. Commun. 519 (3), 497-504.
doi:10.1016/j.bbrc.2019.09.015

Zhang, C., Wu, S., Song, R., and Liu, C. (2020). Long noncoding RNA NR2F1-
AS1 promotes the malignancy of non-small cell lung cancer via sponging

microRNA-493-5p and thereby increasing ITGB1 expression. Aging 13 (5),
7660-7675. doi:10.18632/aging.103564

Zhang, Q. Li, T., Wang, Z., Kuang, X., Shao, N,, and Lin, Y. (2020). IncRNA NR2F1-
AS1 promotes breast cancer angiogenesis through activating IGF-1/IGF-1R/ERK
pathway. J. Cell. Mol. Med. 24 (14), 8236-8247. doi:10.1111/jcmm.15499

frontiersin.org


https://doi.org/10.1038/s41420-021-00407-1
https://doi.org/10.1038/s41420-021-00407-1
https://doi.org/10.1016/j.ncrna.2024.01.014
https://doi.org/10.21037/jgo-21-598
https://doi.org/10.21037/jgo-21-598
https://doi.org/10.2147/CMAR.S266797
https://doi.org/10.1155/2022/6570879
https://doi.org/10.1155/2021/3881932
https://doi.org/10.3389/fcell.2021.736980
https://doi.org/10.3389/fcell.2021.688949
https://doi.org/10.3389/fcell.2021.688949
https://doi.org/10.1007/s11934-024-01217-5
https://doi.org/10.1007/s11934-024-01217-5
https://doi.org/10.1186/s12885-023-11778-2
https://doi.org/10.1186/s12885-023-11778-2
https://doi.org/10.1038/nrg.2015.10
https://doi.org/10.1158/1078-0432.ccr-0155-3
https://doi.org/10.1016/j.euo.2022.03.001
https://doi.org/10.1002/1878-0261.12704
https://doi.org/10.1080/17512433.2021.1949287
https://doi.org/10.3390/brainsci13071051
https://doi.org/10.1126/sciimmunol.aaw2004
https://doi.org/10.1136/jitc-2021-002919
https://doi.org/10.3322/caac.21660
https://doi.org/10.1186/s13045-020-00946-7
https://doi.org/10.1016/j.ydbio.2018.09.011
https://doi.org/10.1007/s00345-020-03497-1
https://doi.org/10.1089/cbr.2019.3237
https://doi.org/10.1089/cbr.2019.3237
https://doi.org/10.7150/jca.89338
https://doi.org/10.1186/s12943-020-01185-7
https://doi.org/10.1186/s12943-020-01185-7
https://doi.org/10.1002/jcb.29435
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1186/s12943-020-01219-0
https://doi.org/10.1186/s12943-020-01219-0
https://doi.org/10.1016/j.bbrc.2019.09.015
https://doi.org/10.18632/aging.103564
https://doi.org/10.1111/jcmm.15499
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1722671

	The predictive value of necroptosis-related lncRNAs in prostate cancer prognosis and their potential to distinguish between ...
	1 Introduction
	2 Materials and methods
	2.1 Retrieval of basic information of PCa patients from public databases
	2.2 Selection of necroptosis-related genes and LncRNAs
	2.3 Establishment of risk model and independent prognostic analysis
	2.4 Forest plot analysis
	2.5 Enrichment analysis

	3 Results
	3.1 Identification of necroptosis-related LncRNAs in PCa patients
	3.2 Construction and validation of necroptosis-related LncRNA model in PCa
	3.3 Construction and evaluation of nomogram and ROC curve
	3.4 GSEA enrichment analysis
	3.5 Analysis of PCa tumor immune subtypes
	3.6 Inhibition of NR2F1-AS1 can suppress the proliferation, invasion, and migration of PCa cells

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


