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Background: In recent years, immunogenic cell death (ICD) and long non-coding RNAs (lncRNAs) have 
been implicated in tumor invasion and growth. However, the role of ICD-associated lncRNAs in pancreatic 
adenocarcinoma (PAAD) remains unclear. Therefore, this study aimed to develop and validate a prognostic 
signature based on ICD-associated lncRNAs for PAAD patients and to explore its potential associations with 
immune processes.
Methods: We identified ICD-associated genes from the GeneCards database and obtained transcriptomic 
data and sample information for PAAD from The Cancer Genome Atlas (TCGA). Using these datasets, 
we primarily aimed to develop and validate a prognostic signature based on ICD-associated lncRNAs. A 
prognostic signature and nomogram were constructed to predict patient outcomes. To preliminarily explore 
potential underlying mechanisms related to immunity, we performed enrichment analysis [Gene Ontology 
(GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG)], tumor mutational burden (TMB) assessment, 
comprehensive immune correlate analysis, and pharmacosensitivity profiling. Additionally, to explore the 
functional role of a key lncRNA (LINC00705) in PAAD, we modulated its expression in PANC-1 and 
MIAPaCa-2 cell lines through knockdown and overexpression strategies.
Results: We identified six ICD-associated lncRNAs (ZEB2-AS1, AC099792.1, LINC01091, LINC02613, 
AC005304.3, and LINC00705) and constructed a prognostic signature. Survival analyses, univariate and 
multivariate Cox regression, and receiver operating characteristic (ROC) curve analysis and dynamic 
nomogram demonstrated the robust accuracy of this six-lncRNA signature in predicting PAAD patient 
prognosis. Pathway enrichment analysis of the low-risk cohort suggested a potential link to immune-related 
processes, providing preliminary insights into possible mechanisms. Patients exhibiting a higher risk score 
were significantly associated with elevated TMB (P=0.001). Immune-related analyses of the low-risk cohort 
revealed higher immune cell infiltration, improved immune function scores, and elevated expression of immune 
checkpoints. Pharmacosensitivity profiling identified 15 drugs with differential sensitivity. In vitro experiments 
showed that LINC00705 significantly affected the biological behaviors of pancreatic cancer cells.
Conclusions: We developed and validated a prognostic signature based on six ICD-associated lncRNAs, 
demonstrating its significant accuracy in predicting outcomes for PAAD patients. This signature holds 
potential for providing more precise clinical guidance. Furthermore, our preliminary bioinformatic 
analyses suggest associations between the signature and immune processes, warranting future mechanistic 
investigation. Additionally, modulating LINC00705 expression may offer a promising strategy to inhibit 
cancer cell growth and metastasis.
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Introduction

Pancreatic adenocarcinoma (PAAD) is an aggressive 
malignancy of the digestive system with a dismal prognosis, 
and it contributes significantly to the global tally of cancer-
related deaths (1). According to estimates, approximately 
128,000 individuals in Europe succumb to PAAD annually (2).  
Due to late-stage diagnosis, when surgical options are 
often no longer feasible, the median survival time is less 
than a year (3). Pancreaticoduodenectomy remains the 
mainstay of treatment for PAAD (4). However, even with 
combined surgical and chemotherapy treatments, the long-
term survival rate at 5 years only modestly increases from 
5% to 25% (5). During the last few years, immunotherapy 
has gained prominence as a key therapeutic approach in 
oncology. This approach activates the body’s immune 
system, thereby disrupting the advancement and systemic 
spread of malignancies. Monoclonal antibodies targeting 
programmed cell death protein-1 (PD-1) and cytotoxic 
T-lymphocyte-associated antigen 4 (CTLA-4) to modulate 
immune checkpoint pathways have shown promising results 

in inhibiting tumor progression. These effective strategies 
have revolutionized cancer treatment (6). Nevertheless, 
precise prognosis prediction in PAAD remains challenged 
by high intertumoral heterogeneity and scarce validated 
biomarkers, with over 40% of resected patients recurring 
within 12 months (1). Immunotherapy achieves less 
than 10% response rates in PAAD due to its profoundly 
immunosuppressive tumor microenvironment (TME) 
characterized by dense fibrosis, deficient T-cell infiltration, 
and abundant immunosuppressive cells (7). Therefore, 
discovering biomarkers that can predict individual patient 
outcomes and serve as targets for immunotherapeutic 
interventions is crucial for advancing PAAD treatment 
strategies.

Immunogenic cell death (ICD) refers to a regulated 
form of cellular demise triggered by a range of therapeutic 
approaches, including pharmacological chemotherapy, 
physical and chemical therapies, and photodynamic 
therapy (8). During the ICD process, a variety of damage-
associated molecular patterns (DAMPs), such as adenosine 
triphosphate (ATP), troponin, and type I interferons (IFNs), 
are released through active secretion or passive diffusion. 
These DAMPs act as “trigger points” for immune response 
activation, engaging with specific pattern recognition 
receptors (PRRs) found on dendritic cells (DCs). This 
initiates a molecular cascade that orchestrates the innate 
and learned immune response systems to target tumor cells, 
eliciting a specific anti-tumor response (9-11). Additionally, 
ICD enhances immune responses within the TME by 
promoting the aggregation and activation of antigen-
presenting cells (12). While ICD induction combined 
with checkpoint inhibitors (e.g., anti-PD-1 antibodies) 
has shown encouraging outcomes in breast cancer and 
small cell lung cancer (13,14), its broader application 
faces two fundamental challenges. On one hand, reliable 
biomarkers for predicting ICD efficacy across diverse 
tumor types remain elusive, limiting clinical translation. 
On the other hand, current ICD strategies predominantly 
rely on external stimuli like chemotherapy or radiation, 
overlooking endogenous regulators such as lncRNAs that 
may orchestrate ICD pathways. Therefore, therapeutic 
strategies inducing ICD to suppress tumor progression 
require deeper investigation.

Highlight box

Key findings
•	 This study identified a six-immunogenic cell death (ICD)-

associated long non-coding RNA (lncRNA) prognostic signature 
for pancreatic adenocarcinoma (PAAD), demonstrating its 
predictive value for survival, immune infiltration, and therapy 
response. Experimental validation highlighted LINC00705 as a 
functional regulator of pancreatic cancer cell behavior, suggesting 
its therapeutic potential.

What is known and what is new? 
•	 In recent years, ICD and lncRNAs have been implicated in 

tumor invasion and growth. However, the role of ICD-associated 
lncRNAs in PAAD remains unclear.

•	 The identification of ICD-associated lncRNAs as biomarkers in 
PAAD patients holds significant prognostic value. LINC00705 
expression may offer a promising strategy to inhibit cancer cell 
growth and metastasis.

What is the implication, and what should change now? 
•	 LINC00705 may serve as both a predictive biomarker for 

immunotherapy response and a potential therapeutic target in 
PAAD patients.
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Long non-coding RNAs (lncRNAs), which are RNA 
molecules longer than 200 nucleotides and devoid of 
protein-coding capacity, constitute a crucial category 
of functional elements within the genome (15). These 
molecules are involved in a wide array of cellular processes 
such as metabolism, cell cycle regulation, and differentiation 
by interacting with DNA and other RNA molecules, thereby 
modulating protein/RNA stability, transcription, translation, 
and post-translational modifications (16,17). Furthermore, 
lncRNAs have been implicated in regulating cancer 
progression by targeting specific signaling cascades (18).  
For example, the lncRNA DUXAP8 has been shown 
to enhance the aggressiveness and metastatic potential 
of pancreatic cancer through the miR-448/WTAP/Fak 
signaling pathway (19). Currently, lncRNA-based signatures 
associated with ICD have demonstrated high predictive 
accuracy in several malignancies—notably a thyroid cancer 
signature by Wang et al. [area under the curve (AUC) 
=0.811] and an ICD-related lncRNA model in lung cancer 
developed by Shu et al. (AUC =0.727) (20,21). However, 
two critical gaps impede progress: most existing lncRNA 
signatures lack experimental validation of their immune-
modulatory functions, and the potential crosstalk between 
ICD pathways and lncRNA networks in PAAD remains 
completely unexplored.

In this study, we leveraged PAAD transcriptomic 
data from The Cancer Genome Atlas (TCGA) database 
to identify ICD-associated lncRNAs and construct a 
prognostic signature. Our work aimed to rigorously 
establish the predictive accuracy of this signature for PAAD 
patient outcomes. Employing a comprehensive suite of 
bioinformatics methods, we identified six lncRNAs and 
constructed the prognostic model. Subsequently, we divided 
PAAD patients into risk cohorts based on the signature and 
performed extensive validation analyses, including survival 
assessment, receiver operating characteristic (ROC) curve 
evaluation, and Cox regression modeling, to quantify its 
prognostic power. Furthermore, to explore the biological 
relevance and potential immune mechanisms underpinning 
the signature, we characterized the identified risk subgroups 
in terms of tumor mutational burden (TMB), immune 
cell infiltration, immune checkpoint modulation, and 
drug responsiveness, and conducted pathway enrichment 
analysis [Gene Ontology (GO)/Kyoto Encyclopedia of 
Genes and Genomes (KEGG)]. Finally, to functionally 
investigate a key component of the signature, we performed 
in vitro experiments to assess the effects of LINC00705 on 
pancreatic cancer cell behaviors. We present this article 

in accordance with the TRIPOD and MDAR reporting 
checklists (available at https://tcr.amegroups.com/article/
view/10.21037/tcr-2025-582/rc).

Methods

Data collection

We accessed the GeneCards database (https://www.
genecards.org/) and identified 177 genes associated 
with ICD with a score greater than 35. Transcriptome 
expression profiles, single nucleotide mutation data, clinical 
characteristic data, and survival information for patients 
diagnosed with PAAD were retrieved from TCGA (https://
portal.gdc.cancer.gov/). Among the 185 samples, 181 were 
tumor tissues and 4 were normal tissues. After excluding 3 
samples lacking survival information, the remaining samples 
were allocated into the training and testing sets through 
random assignment, with an equal distribution maintained 
at a 1:1 ratio. The study was conducted in accordance with 
the Declaration of Helsinki and its subsequent amendments. 
Ethical approval was obtained from the Ethics Committee 
of the First Affiliated Hospital of Soochow University (No. 
2025742). Informed consent was exempted as all patient 
data were derived from deidentified public databases where 
original ethical compliance had been established. Clinical 
data for patients in each cohort are presented in Table 1. 
Figure 1 illustrates the data processing workflow.

Identification of ICD-associated lncRNA and construction 
of a prognostic signature

To examine lncRNAs significantly associated with ICD, 
Pearson correlation analysis was performed with a threshold 
of |correlation coefficient| >0.3 and P<0.001. Subsequently, 
differential expression analysis (22) was conducted to 
identify lncRNAs with differential expression between 
tumor and normal samples [ICD-related differentially 
expressed lncRNAs (DElncRNAs), |log2fold change (FC)| 
>1, P<0.05]. To enhance the overall performance of the 
prognostic signature in predicting outcomes for PAAD, a 
series of algorithmic combinations was performed using 
survival information from the training cohort. These 
procedures encompassed univariate Cox regression, least 
absolute shrinkage and selection operator (LASSO) analysis, 
followed by multivariate Cox regression. This process 
culminated in the identification of six ICD-associated 
lncRNAs. Ultimately, the prognostic signature was 

https://tcr.amegroups.com/article/view/10.21037/tcr-2025-582/rc
https://tcr.amegroups.com/article/view/10.21037/tcr-2025-582/rc
https://www.genecards.org/
https://www.genecards.org/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
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developed by integrating expression levels and correlation 
coefficients across various samples, with the formula as 
follows: risk score = (genecoef1 × gene1 expression) + 
(genecoef2 × gene2 expression) +…+ (genecoefN × geneN 
expression).

Evaluation of the prognostic signature’s predictive 
performance

The optimal cutoff point for classifying PAAD patients into 

high- and low-risk groups was determined using the median 
risk score (20). Survival analysis was performed on three 
cohorts using Kaplan-Meier curves to assess the correlation 
between risk scores and patient survival time. The accuracy 
of the predictive model across these cohorts was evaluated 
by calculating the AUC for ROC (23) at 1-, 3-, and 5-year 
time points using the “timeROC” package. Survival analyses 
were then performed within subgroups defined by different 
clinical features to assess the generalizability of our model 
algorithm.

Exploring the clinical significance of predictive model

Univariate and multivariate Cox regression analyses (24), 
commonly used to assess the impact of multiple variables 
on a certain outcome, were performed to evaluate the 
independence of the risk scores derived from the predictive 
model. The univariate analysis first assessed the individual 
effect of each factor on survival, including age, gender, 
tumor staging, tumor (T)-stage, and node (N)-stage. The 
multivariate analysis, which accounts for the potential 
interrelationships between these variables, was then applied 
to evaluate whether the calculated risk scores remained an 
independent prognostic factor. A nomogram (25) for PAAD 
was then developed utilizing the ‘nomogramEx’ package, 
allowing for a more objective estimation of patient survival 
at various time points based on these clinical factors. ROC 
curves were generated for the risk scores and various 
clinical features, with the AUC calculated and compared to 
evaluate their respective predictive capabilities for patient 
outcomes. Calibration curves (26) were plotted to visualize 
the agreement between observed survival outcomes and the 
probabilities estimated by the nomogram. The accuracy of 
the nomogram in predicting patient survival probabilities 
was assessed by examining the fit of these calibration curves.

Enrichment analysis

In order to gain a deeper understanding of the underlying 
mechanisms of gene function in biology, GO and KEGG 
pathway analyses (27) were performed on genes that were 
differentially expressed between the high- and low-risk 
patient groups. Enrichment was deemed significant if false 
discovery rate (FDR) and P<0.05. Subsequently, genes were 
ranked based on their differential expression levels across 
two risk cohorts. Gene set enrichment analysis (GSEA) (28) 
was then conducted using the KEGG gene sets to identify 
pathways enriched at the top or bottom of the risk groups.

Table 1 Clinical information of PAAD patients in the training, test, 
and entire groups

Feature
Train (n=89),  

n (%)
Test (n=89),  

n (%)
Entire (n=178),  

n (%)

Age (years)

<65 38 (42.7) 44 (49.4) 82 (46.1)

≥65 51 (53.7) 45 (50.6) 96 (53.9)

Gender

Female 40 (44.9) 40 (44.9) 80 (44.9)

Male 49 (55.1) 49 (55.1) 98 (55.1)

Stage

Stage I 11 (12.4) 10 (11.2) 21 (11.8)

Stage II 72 (80.9) 75 (84.4) 147 (82.6)

Stage III 2 (2.2) 1 (1.1) 3 (1.7)

Stage IV 3 (3.4) 1 (1.1) 4 (2.2)

Unknown 1 (1.1) 2 (2.2) 3 (1.7)

T

T1 4 (4.5) 3 (3.4) 7 (3.9)

T2 10 (11.2) 14 (15.7) 24 (13.5)

T3 72 (81) 70 (78.7) 142 (79.8)

T4 2 (2.2) 1 (1.1) 3 (1.7)

Unknown 1 (1.1) 1 (1.1) 2 (1.1)

N

N0 34 (38.2) 15 (16.9) 49 (27.5)

N1 53 (59.6) 71 (79.7) 124 (69.7)

Unknown 2 (2.2) 3 (3.4) 5 (2.8)

Status

Alive 42 (47.2) 43 (48.3) 85 (47.8)

Dead 47 (52.8) 46 (51.7) 93 (52.2)

N, node; PAAD, pancreatic adenocarcinoma; T, tumor.
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177 ICD-related gene

PAAD data from TCGA
(tumor =181, normal =4)

Training cohort
(n=89)

Univariate Cox
regression analysis

LASSO analysis

Multivariate Cox 
regression analyses

6 ICD-related lncRNA 
signature

Survival analysis

Testing cohort
(n=89)

Entire cohort
(n=178)

3 PAAD patients 
without survival 

data were excluded

Nomogram and 
assessment

1,138 ICD-related 
DElncRNA

Validation of 
the signature

GO, KEGG 
and GSEA

PCA
Immune 

infiltration 
analysis

Immune 
checkpoint 

analysis

Drug sensitivity 
analysis

TMB analysis

Figure 1 Study flowchart. DElncRNA, differentially expressed lncRNAs; GO, Gene Ontology; GSEA, gene set enrichment analysis; ICD, 
immunogenic cell death; KEGG, Kyoto Encyclopedia of Genes and Genomes; LASSO, least absolute shrinkage and selection operator; 
lncRNA, long non-coding RNAs; PAAD, pancreatic adenocarcinoma; PCA, principal component analysis; TCGA, The Cancer Genome 
Atlas; TMB, tumor mutational burden.

Mutation analysis of DElncRNAs 

The TMB (29) score for each PAAD sample was calculated. 
To identify somatic mutations that distinguish low-risk 
and high-risk populations, we used box plots to visualize 
mutational differences among PAAD patients. A waterfall 
plot displaying the mutational profiles of both groups was 
generated using the ‘maftools’ package. Finally, Kaplan-
Meier survival analysis was performed on high- and low-
TMB, and risk score-defined subgroups to investigate the 
potential prognostic impact of TMB in combination with 
risk scores.

Principal component analysis (PCA)

We employed the ‘scatterplot3d’ package in R to perform 
PCA (30) on the ICD genes, all lncRNAs, ICD-related 
DElncRNAs, and the six ICD-related lncRNAs.

Immune cell infiltration and immune checkpoint analysis

Single-sample gene set enrichment analysis (ssGSEA) (31),  
an extension of traditional GSEA, was applied for analyzing 
individual gene expression samples,  inferring the 
enrichment levels of gene sets within each sample. This 
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approach was used to compare differences in immune cells 
and immune regulatory mechanisms between the two risk 
groups. Furthermore, the CIBERSORT algorithm (31), 
which relies on gene expression data and a specific immune 
cell signature matrix, calculates the fraction of immune cells 
infiltrating the tumor by detecting the expression of marker 
genes. We employed this algorithm for immune infiltration 
analysis and to plot scatter plots correlating risk scores with 
various immune cells. Finally, based on known immune 
checkpoint information, we used the ‘reshape2’ package 
to conduct a comparative analysis of immune checkpoints 
between the two risk groups.

Exploration of chemotherapeutic drugs for PAAD in 
clinical settings

The responsiveness of the two risk groups to chemotherapeutic 
agents was assessed based on half-maximal inhibitory 
concentration (IC50) values. We selected 138 compounds 
from the Genomics of Drug Sensitivity in Cancer database 
(GDSC, release 8.4), encompassing FDA-approved and 
clinically trialed oncology drugs. Sensitivity was evaluated 
using statistically significant inter-group IC50 differences 
(P<0.05), where lower IC50 values indicated higher drug 
sensitivity. This analysis identified potential therapeutic 
agents for PAAD patients stratified by the ICD-lncRNA-
derived risk signature.

Mechanistic prediction of LINC00705 regulatory networks

To elucidate the molecular mechanisms underlying 
LINC00705-mediated regulation, potential miRNA 
interactors were screened using three independent 
prediction software tools under stringent criteria: miRanda 
(version 3.3a) required a sequence complementarity score 
≥140 and minimum free energy (MFE) ≤−15 kcal/mol; 
RNAhybrid (version 2.1.2) applied an MFE threshold of 
≤−15 kcal/mol (P<0.05); and Predicted Interaction Targets 
from Array and Annotations (PITA) (version 6) used a 
binding energy cutoff of ≤−10 kcal/mol. High-confidence 
miRNA candidates were defined as those predicted by 
all three tools. Experimentally validated miRNA-mRNA 
interactions were extracted from the Encyclopedia of 
RNA Interactomes (ENCORI) database (2023-01 release), 
with target verification performed using its integrated 
computational modules (microT-CDS, miRmap, PITA, 
and TargetScan). Consensus target genes were identified 
through Venn analysis using the R package VennDiagram 

(version 1.7.3), followed by KEGG pathway enrichment 
analysis with clusterProfiler (version 4.0) at an adjusted P 
value threshold of <0.05.

Cultivation of pancreatic cancer cells

PANC-1 and MIAPaCa-2 cells (sourced from Zhongqiao 
Xinzhou Biotechnology Co., Ltd., Shanghai, China) were 
cultivated in DMEM/F12 medium (Gibco, New York, USA) 
supplemented with 10% fetal bovine serum and 100 U/mL 
penicillin/streptomycin solution. The cellular cultures were 
placed in an incubator set at 37 ℃ and supplied with 5% 
CO2 for optimal growth conditions.

LINC00705 cell transfection

The LINC00705 overexpression plasmid was designed 
and custom-made by Suzhou Jima Gene Co. Ltd. 
(Suzhou, China). The siRNA targeting LINC00705 
was manufactured by Siran Biotech Co., Ltd. (Suzhou, 
China). When the two types of PAAD cells reached 70% 
confluence, the LINC00705 overexpression plasmid and 
siRNA were transfected into the two types of PAAD cells 
separately with Lipofectamine 3000 (Invitrogen, Shanghai, 
China), following the recommended protocol.

Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from transfected MIAPaCa-2 
and PANC-1 cells using Trizol reagent (Beyotime, 
Shanghai, China). Subsequently, complementary DNA 
(cDNA) was synthesized using SuperScript II reverse 
transcriptase (Thermo Fisher Scientific, Carlsbad, USA). 
qPCR was performed using a mixture containing cDNA 
template, SYBR Green I mix, and custom-specific primers 
for the LINC00705 gene. The GAPDH gene served as 
the endogenous standard for data normalization, primer 
information is shown in Table S1. The qPCR MIX from 
ABClonal (Wuhan, China) was employed, and each 
experiment was performed in triplicate. The expression 
levels of the LINC00705 gene were graphically represented 
as bar charts using GraphPad Prism software (version 9.5.1).

Cell Counting Kit-8 (CCK-8) assay

Forty-eight hours post-transfection, PANC-1 and 
MIAPaCa-2 cells were individually seeded into 96-well plates 
at a density of 2,000 cells per well. To reduce experimental 

https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
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variability, three replicate wells were established for each 
cell group. The cells were then cultured for 12 hours until 
they were fully adherent. Subsequently, at 0, 24, 48, 72, and 
96 h time points, 10 μL of CCK-8 solution was added to 
90 μL of DMEM in each well. The plates were incubated 
for an additional 3 hours. An automated plate reader was 
then utilized to measure the absorbance at 450 nm, thereby 
determining the optical density (OD) values. These OD 
values were used to assess the proliferation kinetics of the 
cells over the specified time intervals.

Transwell assay

Firstly, 50 μL of Matrigel matrix solution was added to 
the upper chamber of each Transwell well to establish 
the invasion experimental environment. The upper 
compartment without Matrigel matrix solution was used 
to create the migration experimental environment. A cell 
suspension of 2×105 cells/mL was formulated using serum-
free Dulbecco’s Modified Eagle’s Medium (DMEM) and 
subsequently introduced into the upper compartment of 
each well. DMEM complete medium containing 10% fetal 
bovine serum (FBS) was added to the lower compartment. 
After 24 hours of culture, the non-invaded cells on the 
upper surface of the membrane were carefully removed 
using a cotton swab. The cells that had invaded through 
the membrane to the lower surface were then fixed with 
4% paraformaldehyde for 30 minutes, followed by staining 
with 0.1% crystal violet solution for 10 minutes at room 
temperature. After staining, the membranes were rinsed 
thoroughly with phosphate-buffered saline (PBS) until the 
background was clear, and were air-dried. The stained cells 
on the membrane were then imaged under a microscope.
The cell counting was performed with ImageJ.

5-ethynyl-2'-deoxyuridine (EdU) immunofluorescence

The EdU assay kit (ApexBio, USA) was employed to 
stain proliferating cells. PANC-1 and MIAPaCa-2 cells 
were seeded into a 24-well plate at a density of 3×104 cells 
per well and incubated at 37 ℃ for 12 hours to facilitate 
adhesion. A working solution of EdU at a concentration of 
10 μM was added to each well. The plate was then returned 
to the incubator at 37 ℃ for an additional 2 hours to allow 
for the incorporation of EdU into newly synthesized 
cellular DNA. Subsequently, the cells were fixed with a 
4% paraformaldehyde solution for 30 minutes, followed 
by permeabilization with a 0.5% Triton X-100 in PBS 

solution for 15 minutes to enhance membrane permeability. 
The fluorescent labeling reaction was initiated by adding 
solution to each well and incubating in the dark at room 
temperature for 30 minutes, followed by the addition of 
diamidino-2-phenylindole (DAPI) solution and a further 
10-minute incubation in darkness. The cell proliferation 
was assessed by counting EdU-positive cells with ImageJ 
software.

Wound scratch assay

When the two cell lines were cultured to full confluence, 
a straight-line scratch was meticulously created within the 
monolayer using a sterile 200 μL pipette tip, resulting in a 
clearly delineated wound region. Following this, the cells 
underwent gentle washing with PBS buffer to remove any 
cellular debris. The culture medium was replaced with 
DMEM supplemented with 1% FBS to minimize cell 
proliferation, which could potentially reduce the wound 
area. Subsequently, the cells were placed in the incubator to 
continue growing. Images of the wound area were captured 
using a microscope at 0 and 24 hours post-wounding.

Statistical analysis

All statistical analyses were conducted utilizing R software 
(Version 4.4.3). A P value threshold of less than 0.05 was 
considered indicative of statistical significance.

Results

Establishment of a prognostic signature for patients with 
PAAD

Pearson correlation analysis and differential expression 
analysis were initially performed among 177 ICD-related 
genes and 16,832 lncRNAs. A rigorous screening process 
identified 1,138 ICD-related DElncRNAs, with 162 showing 
upregulation and 976 exhibiting downregulation (Figure 
2A). Among the 178 PAAD cases with available prognostic 
data, a balanced 1:1 ratio was maintained to randomly 
assign them to training and testing cohorts (Table 1).  
Univariate Cox analysis (P<0.05) identified 89 promising 
ICD-related lncRNAs. Subsequently, LASSO regression 
analysis was conducted, leading to the selection of 29 ICD-
related lncRNAs (Figure 2B,2C). To enhance the precision of 
the selected lncRNAs in constructing a prognostic signature, 
multivariate Cox analysis was further employed, ultimately 



Translational Cancer Research, Vol 14, No 10 October 2025 7263

Copyright © 2025 AME Publishing Company. All rights reserved.   Transl Cancer Res 2025;14(10):7256-7276 | https://dx.doi.org/10.21037/tcr-2025-582

25

20

15

10

5

0

−
lo

g 1
0 

(P
-v

al
ue

)

−5.0       −2.5         0.0          2.5
log2 (Fold change)

Label
Down 

Non 

Up

0.4

0.2

0.0

−0.2

−0.4

−0.6

C
oe

ffi
ci

en
ts

46             34             29             20              5

−3.5           −3.0           −2.5           −2.0           −1.5
Log (λ)

18

16

14

12

10

P
ar

tia
l l

ik
el

ih
oo

d 
de

vi
an

ce

−3.5          −3.0          −2.5          −2.0          −1.5
Log (λ)

46   41   37   34   32   31   31   29   20   19   11 5 0

ZEB2-AS1 

AC099792.1 

AC005304.3 

LINC01091 

LINC02613 

LINC00705

0.01 

0.004 

<0.001 

0.002 

<0.001 

0.001

0.960 (0.930–0.991) 

0.954 (0.924–0.985) 

1.063 (1.037–1.090) 

0.567 (0.398–0.808) 

0.791 (0.694–0.901) 

1.089 (1.035–1.146)

P-value Hazard ratio

0.25          0.5             1             2

Hazard ratio

A B

C D

Figure 2 Selection of ICD-related lncRNAs for constructing a PAAD prognosis model. (A) Volcano plot of differentially expressed 
lncRNAs in PAAD tumor versus normal tissues. (B) LASSO coefficient distribution for 29 ICD-lncRNAs associated with prognosis. (C) 
Cross-validation using LASSO regression analysis. (D) Six ICD-lncRNAs selected for building the prediction model after multivariable Cox 
regression analysis. Red blocks indicate risk factors (HR >1), while green blocks denote protective factors (HR <1) for prognosis. HR, hazard 
ratio; ICD, immunogenic cell death; LASSO, least absolute shrinkage and selection operator; lncRNA, long non-coding RNAs; PAAD, 
pancreatic adenocarcinoma.

identifying four ICD-related lncRNAs with a protective 
effect on prognosis (ZEB2-AS1, AC099792.1, LINC01091, 
LINC02613) and two other lncRNAs as risk factors for 
poor prognosis (AC005304.3, LINC00705) (Figure 2D). 
A prognostic prediction model for PAAD was constructed 
based on the six ICD-associated lncRNAs. The following 
formula was used to calculate the risk score for each patient:

Risk score = (−0.040488881 × ZEB2AS1 expression) + 
(−0.234536765 × LINC02613 expression) + (−0.567345443 
× LINC01091 expression) + (−0.047316955 × AC099792.1 
expression) + (0.061493333 × AC005304.3 expression) + 
(0.085203143 × LINC00705 expression). After calculating 

the risk scores, the cohort of 178 patients was stratified into 
high- (n=89) and low-risk (n=89) groups.

Validation of the predictive performance of the signature 

To rigorously validate the stability and effectiveness of the 
signature, extensive confirmatory analyses were conducted 
from various aspects. Survival analysis using Kaplan-Meier 
curves across the training, testing, and entire cohorts 
demonstrated that individuals in the high-risk group 
showed markedly poorer overall survival (OS) than those 
in the low-risk group (Figure 3A-3C). Moreover, the areas 



Zhu et al. ICD-lncRNA signature and LINC00705 in PAAD prognosis7264

Copyright © 2025 AME Publishing Company. All rights reserved.   Transl Cancer Res 2025;14(10):7256-7276 | https://dx.doi.org/10.21037/tcr-2025-582

1.00

0.75

0.50

0.25

0.00

Train

S
ur

vi
va

l p
ro

ba
bi

lit
y

High risk 
Low riskR

is
k

0           1           2           3           4           5           6
Time, years

44
45

17
40

2
13

1
7

0
4

0
3

0
0

0           1           2           3           4           5           6
Time, years

0           1           2           3           4           5           6
Time, years

2
1
0

n.
ce

ns
or

P<0.001

Risk High risk Low risk

1.00

0.75

0.50

0.25

0.00

S
ur

vi
va

l p
ro

ba
bi

lit
y

High risk 
Low riskR

is
k

0        1       2        3        4        5       6        7        8
Time, years

46
43

29
29

5
16

3
9

1
4

0
1

0
0

0        1       2        3        4        5       6        7        8
Time, years

0        1       2        3        4        5       6        7        8
Time, years

2
1
0

n.
ce

ns
or

P=0.001

Risk High risk Low risk

2
5

0
2

1.00

0.75

0.50

0.25

0.00

S
ur

vi
va

l p
ro

ba
bi

lit
y

High risk 
Low riskR

is
k

0        1       2        3        4        5       6        7        8
Time, years

90
88

46
69

7
29

4
16

1
7

0
1

0
0

0        1       2        3        4        5       6        7        8
Time, years

0        1       2        3        4        5       6        7        8
Time, years

2
1
0

n.
ce

ns
or

P<0.001

Risk High risk Low risk

2
9

0
2

Test Entire

1.0

0.8

0.6

0.4

0.2

0.0

0.0      0.2      0.4      0.6      0.8      1.0

S
en

si
tiv

ity

1–Specificity

AUC at 1-year :0.898 
AUC at 3-year: 0.906 
AUC at 5-year: 0.830

1.0

0.8

0.6

0.4

0.2

0.0

0.0      0.2      0.4      0.6      0.8      1.0

S
en

si
tiv

ity

1–Specificity

AUC at 1-year :0.726 
AUC at 3-year: 0.793 
AUC at 5-year: 0.929

1.0

0.8

0.6

0.4

0.2

0.0

0.0      0.2      0.4      0.6      0.8      1.0

S
en

si
tiv

ity

1–Specificity

AUC at 1-year :0.768 
AUC at 3-year: 0.858 
AUC at 5-year: 0.890

A B C

D E F

G H I

Figure 3 Validation and evaluation of the PAAD prognosis model. (A-C) Kaplan-Meier survival curves for high- and low-risk PAAD patients 
in the training cohort (A), validation cohort (B), and entire cohort (C). (D-F) Time-dependent ROC curves evaluating prediction accuracy 
in the training set (D), test set (E), and combined cohort (F). (G-I) Expression heatmaps of six prognostic lncRNAs across training (G), test 
(H), and full cohorts (I). AUC, area under the curve; PAAD, pancreatic adenocarcinoma; ROC, receiver operating characteristic.

under the time-dependent ROC curves for the 1-, 3-, and 
5-year OS predictions of the signature confirmed its robust 
predictive capacity (training cohort 1-, 3-, 5-year AUC: 
0.898, 0.906, 0.830; testing cohort 1-, 3-, 5-year AUC: 
0.726, 0.793, 0.929; entire cohort: 1-, 3-, 5-year AUC: 
0.768, 0.858, 0.890) (Figure 3D-3F). The distribution of 
risk scores across the three cohorts (Figure S1A-S1C), 
coupled with the scatter plots reflecting patient survival 
status (Figure S1D-S1F), indicated that the low-risk group 
predominantly enjoyed more favorable prognoses. The 
consistency of these findings across cohorts attests to the 
robust fit of the signature. The expression heatmaps of the 
six lncRNAs revealed that AC005304.3 and LINC00705 
were predominantly highly expressed, while ZEB2-

AS1, AC099792.1, LINC01091, and LINC02613 were 
predominantly lowly expressed within tumor samples (Figure 
3G-3I), corroborating the findings from the multivariate 
analysis (Figure 2D). PCA demonstrated that, after a series 
of screenings, the six ICD-associated lncRNAs effectively 
discriminated between the two risk subgroups, resulting 
in a clear separation between the groups (Figure S2A-
S2D). Finally, KM analysis was conducted across various 
clinical subgroups (Figure S3A-S3J). Except for the limited 
number of stage III–IV patients, which did not allow for 
a true reflection of the situation, the consistency of the 
results indicated that high-risk score patients experienced a 
substantially dismal prognosis across all clinical subgroups, 
suggesting the broad applicability of this predictive model.

https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
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Clinical significance of the predictive models 

We performed a comprehensive set of algorithmic analyses 
to evaluate the accuracy of the risk scores calculated 
by the predictive model in actual clinical applications. 
Initially, univariate and multivariate analyses identified N 

staging and risk scores as independent predictors of OS in 
patients (Figure 4A,4B). The other variables did not exhibit 
significant correlations. ROC curves for patient clinical 
characteristics and risk scores demonstrated that the risk 
scores had a significantly higher predictive power compared 

Figure 4 Clinical value of the prediction model. (A,B) Univariate and multivariate Cox regression analysis of six factors associated with 
prognosis. (C) ROC curves reflecting the predictive accuracy of five clinical characteristics and risk scores. (D) Dynamic nomogram 
integrating risk scores with gender, age, stage, T, and N to predict the OS of PAAD patients. (E) Calibration curves for survival rate 
prediction. (F) Decision curve for risk scores and five clinical characteristics. *, P<0.05; ***, P<0.001. AUC, area under the curve; N, node; 
OS, overall survival; PAAD, pancreatic adenocarcinoma; ROC, receiver operating characteristic; T, tumor.
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to other factors (Figure 4C). To offer a more straightforward 
and visual tool for estimating the 1-, 3-, and 5-year survival 
rates of patients, a dynamic nomogram was developed that 
integrated these characteristics (Figure 4D). The calibration 
curve showed that this Nomogram was highly accurate in 
forecasting survival probabilities (Figure 4E). Furthermore, 
decision curve analysis (DCA) confirmed that the risk 
score significantly contributed to improving the predictive 
accuracy of the survival model (Figure 4F). 

Enrichment analysis to explore the biological significance 
of genes

To gain deeper insight into the functional mechanisms 
driving pancreatic cancer progression, we conducted 
functional enrichment analysis on the genes that were 
differentially expressed between the two risk subgroups, 
with the majority being downregulated (Figure 5A). As 
depicted in Figure 5B, GO analysis indicated that the top 
three biological processes were regulation of membrane 
potential, signal release and modulation of chemical 
synaptic transmission. In the cellular component category, 
the highest enrichment levels were detected in the neuronal 
cell body, synaptic membrane, and transporter complex. 
Regarding molecular function, the differentially expressed 
genes were notably enriched in monoatomic ion channel 
activity, metal ion transmembrane transporter activity, and 
monoatomic ion-gated channel activity. KEGG pathway 
analysis of these genes revealed significant enrichment in 
pathways such as neuroactive ligand-receptor interaction, 
cyclic adenosine monophosphate (cAMP) signaling pathway, 
and retrograde endocannabinoid signaling (Figure 5C). 
Subsequent GSEA highlighted significant enrichment 
in the high-risk group for processes including folate 
transport and metabolism, NF-κB signaling pathway and 
systemic lupus erythematosus (Figure 5D). Conversely, 
the low-risk group exhibited predominant enrichment in 
amphetamine addiction, dopaminergic synapse, nicotine 
addiction, Parkinson’s disease, and pathways associated with 
neurodegeneration across multiple diseases (Figure 5E). This 
comprehensive suite of enrichment analyses from various 
perspectives underscores the substantial involvement of 
differentially expressed genes in the progression of PAAD 
through a multitude of mechanisms.

The relationship between TMB, risk score, and prognosis

TMB reflects the stability, proliferative capacity, and 

differentiation level of tumor cells by calculating the 
number of gene mutations within them. As depicted in 
Figure 6A,6B, a significant disparity in TMB was found 
between the two risk subgroups (P=0.001), with a positive 
correlation between TMB and risk scores. Notably, the genes 
KRAS, TP53, SMAD4, CDKN2A, and TTN harbor a higher 
frequency of mutations across both groups, with KRAS 
mutations being especially pronounced (Figure 6C,6D). 
To further investigate the association between TMB and 
patient prognosis, PAAD patients were divided into high- 
and low-TMB groups, followed by Kaplan-Meier survival 
analysis. The results, as shown in Figure 6E, reveal a 
significant disparity in OS between these groups (P=0.01). 
Upon integrating the risk scores into our analysis, it was 
found that patients with both high TMB and high-risk scores 
exhibited the poorest prognosis, whereas those with low 
TMB and low-risk scores experienced better OS (Figure 6F, 
P<0.001). The study highlights that individuals classified 
within the high-risk group tend to have an elevated TMB, 
and this increased TMB is correlated with a poor prognosis 
for patients suffering from PAAD.

Analysis of immune-related characteristics in the two 
groups

Bar plots evaluated the distribution of various immune 
cell types within PAAD patients (Figure S4A). Correlation 
heatmaps illustrated the relationships among different 
immune cell populations (Figure S4B). ssGSEA revealed 
pronounced differences in the enrichment scores for CD8+ 
T cells, Mast cells, T helper cells, and tumor-infiltrating 
lymphocytes (TILs), with higher scores predominantly 
observed in the low-risk group (Figure 7A). It is noteworthy 
that, among the scores for 13 immune mechanisms, 
the low-risk group consistently showed higher scores, 
particularly in chemokine receptor (CCR) signaling, 
human leukocyte antigen (HLA) presentation, T cell co-
stimulation, and type II IFN response (Figure 7B). Analysis 
of immune cell infiltration indicated significant differences 
in the levels of seven immune cell types between the 
two risk subgroups. In the high-risk group, there was an 
increased expression of M0 and M1 macrophages, whereas 
the low-risk group exhibited a higher prevalence of CD8+ T 
cells and resting CD4+ memory T cells (Figure 7C). Bubble 
plots depicted the relationship between risk scores and 
immune cell infiltration using various algorithms (Figure 
S4C). The analysis revealed that most immune checkpoint 
proteins were markedly upregulated in the low-risk group, 

https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
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Figure 7 Immune-related analysis. (A,B) ssGSEA analysis of immune cell types and functions. (C) Comparison of immune cell infiltration 
between two risk subgroups. (D) Expression of immune checkpoints. *, P<0.05; **, P<0.01; ***, P<0.001. ssGSEA, single-sample gene set 
enrichment analysis.

with TNFSF14 showing the most significant increase in 
expression (Figure 7D). Collectively, these findings suggest 
that the low-risk group exhibits a more vigorous immune 
activity within the TME, and immunotherapies targeting 
immune checkpoints, such as immune checkpoint inhibitors 
(ICIs), may be particularly effective for this cohort.

Assessment of chemotherapeutic drug efficacy

During the analysis of IC50 values for different subgroups 
of PAAD patients treated with reported clinical drugs, the 
high-risk group demonstrated greater sensitivity to drugs 
such as cisplatin and paclitaxel (Figure S5A-S5E), while the 
low-risk group showed lower IC50 values for drugs including 
Axitinib, Camptothecin, Sunitinib, and Temsirolimus 
(Figure S5F-S5O). Some of these agents have exhibited 
tumor-inhibiting properties in clinical trials, suggesting that 
their combination with existing chemotherapy regimens 
may potentially enhance therapeutic sensitivity.

Deciphering LINC00705-centered regulatory networks

To delineate the molecular mechanisms underpinning 
LINC00705-driven pancreatic cancer progression, we 
established a comprehensive miRNA-mRNA regulatory 
network through multi-stage bioinformatic interrogation. 
Intersection analysis of predictions from three independent 
software tools (miRanda, RNAhybrid, and PITA) identified 
47 high-confidence miRNAs potentially interacting with 
LINC00705, as cataloged in Table S2 and visualized 
through Venn analysis in Figure S6A. Subsequent validation 
using four computational modules (microT-CDS, miRmap, 
PITA, and TargetScan) within the ENCORI database 
revealed 367 consensus target genes regulated by these 
miRNAs, with intersection patterns detailed in https://
cdn.amegroups.cn/static/public/tcr-2025-582-1.xlsx and 
Figure S6B. KEGG pathway enrichment analysis of these 
target genes demonstrated significant enrichment in key 
oncogenic pathways, dominated by pathways in cancer, 
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PI3K-Akt signaling, microRNAs in cancer, MAPK signaling 
and mTOR signaling, collectively illustrated in Figure S6C. 
These findings position LINC00705 as a pivotal regulator 
that orchestrates cancer-associated signaling axes through 
miRNA-mediated mRNA targeting, potentially modulating 
critical cellular processes in PAAD pathogenesis.

Validation of the oncogenic role of LINC00705

Previously, LINC00705 has been implicated in the 
construction of a gastric cancer-related predictive signature 
as a disulfidptosis-related lncRNA, achieving good 
predictive results (32). This suggests that LINC00705 may 
serve as a potential biomarker for prognostic prediction 
in gastric cancer. As the TCGA database includes a 
limited set of normal tissue samples (n=4), which may not 
accurately reflect the contrast in LINC00705 expression 
between tumor and normal tissues, we accessed the Gene 
Expression Profiling Interactive Analysis (GEPIA) platform 
in an attempt to enhance the reliability of our conclusions 
by integrating normal tissue samples (n=167) from the 
Genotype-Tissue Expression Project (GTEx) database 
for pancreatic cancer to observe the expression levels 
of LINC00705. We were surprised to find a significant 
statistical difference in the expression levels of LINC00705 
between the two tissues (Figure 8A). More importantly, 
elevated expression levels of LINC00705 were associated 
with shorter OS (Figure 8B). Consequently, we speculated 
that the overexpression of LINC00705 may contribute 
positively to the occurrence and metastasis of PAAD. 
Further investigation into this gene could pave the way for 
novel therapeutic approaches in treating pancreatic cancer.

Through cellular transfection, we successfully knocked 
down and overexpressed LINC00705 in pancreatic cancer 
cell lines PANC-1 and MIAPaCa-2, and the efficiency was 
confirmed by qRT-PCR (Figure 8C). Subsequent EdU 
(Figure 8D) and CCK-8 (Figure 8E) assays demonstrated 
that overexpression of LINC00705 significantly promoted 
the proliferation of both PANC-1 and MIAPaCa-2 cells, 
likely through its involvement in cell cycle regulation. 
Moreover, Transwell assays indicated that LINC00705 
enhanced cell migration and invasion (Figure 8F), a finding 
important for understanding the mechanisms of tumor 
metastasis. Scratch wound assays further supported the 
promotive role of LINC00705 in cell migration (Figure 8G).  
Corresponding statistical graphs showed significant 
differences (P<0.05) in EdU incorporation (Figure 8H,8I) as 
well as in migration and invasion capabilities measured by 

Transwell assays (Figure 8J-8M) between the two cell lines 
with knockdown and overexpression of LINC00705.

Discussion

Currently, most anticancer drugs exert their tumor-
suppressive effects by inducing apoptosis. However, the 
continuous clonal replication and the emergence of drug 
resistance in cancer cells confer resistance to apoptosis, 
leading to suboptimal therapeutic outcomes (33). Necroptosis, 
a form of inflammatory cell death, can alert immune cells by 
releasing secondary messengers, not only activating immune 
responses to eliminate cancer cells but also enhancing 
immune memory capacity, thereby providing patients 
with long-term antitumor efficacy (34). Consequently, 
immunology-related research based on this cellular process 
has been increasingly conducted. It is now understood that, 
within the TME of pancreatic cancer, the abnormally dense 
stroma, scarcity of effector T cells, and multiple immune-
suppressive characteristics render pancreatic cancer less 
responsive to a significant portion of immunotherapies (35).  
Previously, a study has quantified and analyzed the extent of 
ICD following chemotherapy in pancreatic cancer, suggesting 
that modulation of immunogenic cells could suppress the 
progression of PAAD (36). Therefore, exploring the role of 
ICD in pancreatic cancer has become a highly promising 
direction. In recent years, the abnormal expression levels 
of numerous lncRNAs documented during cancer cell 
proliferation and migration suggest their potential involvement 
in cancer progression through diverse mechanisms (37). 
Currently, according to the TNM classification of tumors, 
the American Joint Committee on Cancer (AJCC) categorizes 
pancreatic cancer into five stages (38). However, the rapid 
progression of pancreatic cancer limits the specificity of 
this staging system in reflecting the TME and prognostic 
outcomes for patients. Therefore, there is an urgent need 
for more precise biomarkers to guide the clinical treatment 
of pancreatic cancer, and lncRNAs associated with ICD may 
become a better choice.

In this study, we identified six lncRNAs: ZEB2-AS1, 
AC099792.1, LINC01091, LINC02613, AC005304.3, 
and LINC00705, and constructed a risk signature for 
pancreatic cancer. This signature exhibited high accuracy 
in evaluating patient outcomes. Our nomogram, which 
integrated five clinical parameters with the risk score, 
significantly improved the precision of personalized 
prognostic predictions. The ROC curve analysis of the risk 
score demonstrated its predictive capability, significantly 

https://cdn.amegroups.cn/static/public/TCR-2025-582-Supplementary.pdf
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Figure 8 Evaluation and validation of the oncogenic role of LINC00705. (A) Boxplot of LINC00705 expression in PAAD tumor (TCGA, 
n=179) vs. non-tumor tissues [TCGA (n=4) + GTEx (n=167)]. (B) Kaplan-Meier survival curves comparing high/low LINC00705 expression 
groups. (C) qPCR analysis of LINC00705 in transfected PANC-1 and MIAPaCa-2 cell lines. (D) Representative EdU staining images. (E) 
CCK-8 assay proliferation curves. (F) Representative Transwell migration assay images. (G) Representative wound healing assay images. (H) 
Quantitative analysis of EdU+ cells in PANC-1. (I) Quantitative analysis of EdU+ cells in MIAPaCa-2. (J) Transwell migration quantitation 
in PANC-1. (K) Transwell migration quantitation in MIAPaCa-2. (L) Wound closure rate quantitation in PANC-1. (M) Wound closure 
rate quantitation in MIAPaCa-2. *, P<0.05; **, P<0.01; ***, P<0.001. CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2'-deoxyuridine; GTEx, 
Genotype-Tissue Expression Project; NC, negative control; OE, overexpression; PAAD, pancreatic adenocarcinoma; qPCR, quantitative 
polymerase chain reaction; Scr, scrambled control; Si, small interfering; TCGA, The Cancer Genome Atlas.
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outperforming other clinical features. The scientific validity 
of this signature was further substantiated by the results of 
Kaplan-Meier survival analysis, PCA, and time-dependent 
ROC curve analysis. Besides, we characterized LINC00705, 
which has been previously implicated as a potential 
prognostic biomarker for gastric cancer and is positively 
correlated with tumorigenesis (32). Our findings further 
support LINC00705 as a promising candidate for guiding 
treatment strategies in PAAD.

Moreover, GSEA was utilized to uncover the molecular 
processes involved in the progression of pancreatic cancer. 
Interestingly, the high-risk group exhibited significant 
activation of the NF-κB signaling pathway, suggesting 
a potential oncogenic mechanism. Prior research has 
reported that NF-κB pathway activation can enhance 
the expression of cell cycle regulators, such as cyclin D1, 
thereby promoting pancreatic cancer cell proliferation (39). 
Concurrently, the team has posited that aberrant activation 
of the NF-κB pathway may suppress the function of T 
cells. Consistent with the immune cell infiltration analysis 
in this study, the TME in the high-risk group had lower 
infiltration levels of CD8+ T cells, which play a primary 
cytotoxic role in immune responses, significantly different 
from the low-risk group. Furthermore, Shang et al. (40) 
suggested that Th cells can assist in the stimulation and 
growth of immune cells, including CD8+ T cells, through 
the secretion of cytokines like IFN-γ and interleukin-2 
(IL-2). They also create an environment conducive to the 
activation and function of immune cells by promoting 
inflammatory responses. Interestingly, compared to the 
high-risk group, ssGSEA analysis revealed a higher Th cell 
and CD8+ T cell infiltration in the low-risk group, aligning 
with previous findings. These observations suggest that 
the inferior survival outcomes of high-risk patients may be 
linked to aberrant NF-κB pathway activation. By impairing 
the function of critical cytotoxic T cells, this physiological 
process may predominantly weaken the immune response 
against tumors. Additionally, the functional efficacy of Th 
cells, CD8+ T cells, and their synergistic anti-tumor effects 
may be compromised in high-risk patients, hindering 
their ability to induce ICD and limiting the effectiveness 
of immunotherapy strategies that rely on autoimmunity. 
Critically, the ICD-associated lncRNA signature remodels 
the immunosuppressive PAAD microenvironment through 
coordinated regulation of cytokine networks and signaling 
cascades. The enhanced CCR signaling and type II IFN 
response in low-risk patients are mechanistically linked to 
lncRNA-mediated upregulation of chemokine axes (e.g., 

CXCL9/10-CXCR3), which facilitate spatial navigation of 
cytotoxic lymphocytes through dense stromal barriers—
a process essential for T-cell infiltration and tumor 
antigen recognition (41). Concurrently, attenuation of 
transforming growth factor-β (TGF-β) signaling pathways 
disrupts immunosuppressive circuitry by inhibiting Treg 
differentiation and M2 macrophage polarization, thereby 
preserving effector T-cell functionality (42). This aligns 
with the observed reduction in immunosuppressive cells and 
elevated CD8+ T-cell fractions. Notably, the dysregulated 
NF-κB activation in high-risk patients contrasts with 
lncRNA-guided optimization of non-canonical NF-κB 
pathways in low-risk group, which promotes co-stimulatory 
molecule expression (e.g., TNFSF14) to balance immune 
checkpoint activity (43). Such coordinated regulation of 
chemokine gradients, immunosuppressive pathways, and 
checkpoint signals establishes an immunogenic niche that 
enhances ICD induction. The superior immunotherapy 
response in low-risk patients likely stems from this lncRNA-
orchestrated immune remodeling, where synchronized 
cytokine networks (particularly IL-2/IFN-γ) sustain T-cell 
proliferation and NK cell activation—ultimately overcoming 
the autoimmune resistance characteristic of PAAD (44).

In the therapeutic management of cancer, the selection 
of drug regimens constitutes an essential component 
of a comprehensive treatment strategy. The higher 
expression of immune checkpoints in the low-risk group 
suggests they may derive more significant benefit from 
treatment with ICIs. Within the armamentarium of first-
line chemotherapeutic agents for PAAD, paclitaxel and 
cisplatin have demonstrated heightened sensitivity in the 
high-risk patient cohort. Yang et al. have documented 
that paclitaxel facilitates antigen presentation by DCs and 
induces ICD, thereby augmenting the potency of immune 
responses by promoting DAMPs release (e.g., ATP and 
calreticulin) and enhancing phagocytic activity of antigen-
presenting cells (45). Notably, a recent phase Ib trial 
(PANTAX, NCT04652205) further demonstrated that 
nab-paclitaxel synergizes with DNA-damaging agents like 
cisplatin by amplifying endoplasmic reticulum stress and 
surface exposure of calreticulin, key hallmarks of ICD, in 
pancreatic cancer models (46). The differential sensitivity 
to these ICD-inducing agents in our high-risk group may 
be attributed to the regulatory role of ICD-associated 
lncRNAs (e.g., modulating ER stress sensors such as PERK 
or DAMPs trafficking), thereby potentiating chemotherapy-
induced immunogenicity. Additionally, paclitaxel has 
been shown to upregulate the expression of the immune 
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checkpoint protein programmed death-ligand 1 (PD-L1), 
potentially dampening the immune response within the 
patient (47). These insights lay the theoretical groundwork 
for the clinical benefits of combining paclitaxel with ICIs 
and suggest that the meticulous adjustment of dosages and 
administration schedules for this combinatorial therapy 
could be instrumental in treating a broader spectrum 
of cancer types and stages. In the low-risk group, Bcl-
2 inhibitors ABT-263 and TW.37 have displayed lower 
IC50 values. Although these compounds have not yet been 
incorporated into standard clinical oncological practice, 
evidence from a study indicates that taxane drugs can 
inhibit the CXCR2/BCL-2 axis, enhancing the sensitivity of 
prostate cancer (PC) to cisplatin (48). Critically, the synergy 
between Bcl-2 inhibitors and ICD-associated lncRNAs may 
originate from their shared modulation of mitochondrial 
apoptosis pathways. As demonstrated by Cheng et al. 
(2023), Bcl-2 inhibition in low-immune-risk PAAD subsets 
promotes cytochrome c release, which not only triggers 
caspase activation but also synergizes with ICD-lncRNAs to 
amplify DAMPs release (e.g., HMGB1), thereby converting 
apoptotic cell death into ICD (49). Consequently, we posit 
that the synergistic administration of Bcl-2 inhibitors, 
Paclitaxel, and Cisplatin may offer a promising therapeutic 
combination in oncology, expanding the repertoire of 
treatment options for pancreatic cancer.

Our mechanistic dissection of the LINC00705-centered 
regulatory network revealed significant enrichment of its 
target genes in fundamental oncogenic pathways, most 
notably pathways in cancer, underscoring its broad relevance 
to carcinogenesis. Notably, three well-characterized 
signaling axes—PI3K-Akt, MAPK, and mTOR—emerged 
as the most significantly enriched pathways. The PI3K-Akt 
pathway, serving as a pivotal hub governing cell survival, 
proliferation, and metabolism, exhibits >60% frequency of 
aberrant activation in PAAD. It confers chemoresistance 
by suppressing pro-apoptotic Bim and upregulating anti-
apoptotic molecules (e.g., BCL-2), thereby attenuating 
chemotherapy-induced cell death. A previous study further 
demonstrated that circRNA cFAM124A potentiates 
gemcitabine resistance in the AG regimen (nab-paclitaxel/
gemcitabine) through cathepsin L (CTSL)-mediated 
generation of truncated tRXRα, which hyperactivates 
PI3K/Akt signaling (50). Concurrently, the MAPK pathway 
regulates cell differentiation and proliferation across 
multiple malignancies (e.g., colorectal cancer, melanoma) 
(51,52). In PAAD, single-agent inhibition of KRAS-MAPK 
signaling triggers compensatory HER2 phosphorylation 

and drug resistance. Strikingly, combinatorial therapy with 
MAPK inhibitors (ulixertinib or trametinib) and the HER2-
targeting antibody-drug conjugate trastuzumab deruxtecan 
(DS-8201a) achieves near-complete tumor regression (>90% 
volume reduction) in patient-derived xenograft (PDX) 
models with favorable tolerability (53), establishing MAPK’s 
central role in adaptive resistance. As a key downstream 
effector of PI3K-Akt, mTORC1 orchestrates metabolic 
reprogramming by integrating nutrient signals. mTORC1 
activation induces SREBP1-dependent transcription of 
stearoyl-CoA desaturase-1 (SCD1), promoting fatty acid 
desaturation and lipid droplet accumulation to sustain 
anabolic metabolism while inhibiting ferroptosis in PAAD 
cells (50). Consequently, LINC00705 may synergistically 
amplify oncogenic signaling flux through coordinated 
targeting of critical nodes, ultimately potentiating metabolic 
plasticity, therapy resistance, and metastatic competence in 
pancreatic cancer.

In this investigation, we pioneered the development 
of a novel prognostic signature based on lncRNAs 
associated with ICD. The efficacy and reliability of this 
signature were rigorously validated by correlating it with 
the survival data of a cohort of pancreatic cancer patients. 
Subsequently, we integrated the risk scores derived from 
this signature with the clinical parameters of pancreatic 
cancer patients to construct ROC curves and nomograms. 
Our findings are particularly noteworthy considering the 
aggressive nature of pancreatic cancer and the limitations of 
traditional staging methods in accurately predicting patient 
outcomes. The rapid progression of cancer cells often 
outpaces the discriminatory power of clinical staging (AUC 
=0.492), necessitating a more comprehensive approach to 
prognostic assessment. Furthermore, our comprehensive 
analysis of TMB and immune-related factors revealed 
that patients classified as low-risk based on our signature 
exhibit heightened immune responsiveness, suggesting 
potential targets for immunotherapeutic interventions. 
The predictive capabilities of our signature extend to the 
anticipation of chemotherapeutic drug sensitivity, offering a 
valuable tool for optimizing multimodal treatment strategies 
for pancreatic cancer. A series of in vitro experiments 
have highlighted the pivotal role of LINC00705 as a 
key regulatory molecule in cellular behavior, particularly 
within the context of oncology. These findings suggest that 
LINC00705 may emerge as a promising therapeutic target 
for pancreatic cancer. However, this study is not without 
limitations. Initially, the availability of comprehensive 
clinical data for pancreatic cancer patients across various 
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databases is limited, and even within the TCGA database, 
the number of normal tissue samples remains relatively 
small. This poses a challenge to the stability of our 
predictive model and its external validation. Additionally, 
the sample size for patients in stage III and stage IV is 
relatively small, which may compromise the scoring 
accuracy for the ‘Stage’ factor during the construction of 
the nomogram. Lastly, while our in vitro experiments have 
implicated the overexpression of LINC00705 as a potential 
adverse prognostic indicator in pancreatic cancer patients, 
the underlying molecular mechanisms remain to be fully 
elucidated.

Conclusions

The prognostic signature constructed based on six 
ICD-associated lncRNAs demonstrates a high degree 
of predictive accuracy. Within the low-risk cohort, the 
mechanisms underlying immunotherapy are intricately 
linked to T cells and the T cell receptor signaling pathways 
they initiate. Our analysis suggests that Bcl-2 inhibitors 
may hold substantial promise in the advancement of future 
therapeutics. Additionally, LINC00705’s facilitative role 
in various biological behaviors of pancreatic cancer cells 
positions it as a viable target for pancreatic cancer.
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