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Background: Effective prognostic assessment and appropriate drug selection are important for the clinical management of pancreatic 
cancer (PaC). Here, we aimed to establish a pyroptosis-associated genes (PRGs) signature to predict the prognostic outcomes of PaC 
and guide clinical drug therapy.
Methods: We identified the differentially expressed PRGs between pancreatic adenocarcinoma (n = 178) and control pancreas 
samples (n = 171) obtained from different databases, and performed Lasso and Cox regression analysis to create a prognosis signature. 
Kaplan–Meier (K-M) survival curves and time-dependent receiver operating characteristics were further constructed to assess the 
utility of the risk model. The International Cancer Genome Consortium (ICGC) PACA-AU cohort (n = 95) was used as a validation 
dataset to examine the validity of this prognostic model. The correlations of risk score (RS) with clinical features, immune cell 
infiltration, tumor mutation burden and half-maximal inhibitory concentrations (IC50) of chemotherapeutic drugs were analyzed, and 
the expression levels of PRGs in cell lines were detected.
Results: A prognostic signature was constructed, which consisted of 4 PRGs (AIM2, IL18, GSMDC and PLCG1). K-M analysis 
demonstrated a remarkable difference in overall survival (OS) time between low-risk (LR) and high-risk (HR) groups (P < 0.001). The 
RS contributed to the progression of PaC, and could be a significant independent factor for prognostic prediction. The validation of the 
ICGC cohort confirmed the effectiveness of the proposed signature. The patients with a HR score in the TCGA cohort had higher 
tumor mutation burden and more sensitivity to paclitaxel, gemcitabine, 5-fluorouracil and cisplatin than those with a LR score. The 
differential expression levels of signature genes were verified in vitro.
Conclusion: The PRGs signature can be applied for predicting the prognosis of PaC, and may provide useful information for 
selection of therapeutic drugs.
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Introduction
Pancreatic cancer (PaC) is one of the deadliest cancers with insidious onset, rapid progression and poor prognosis. Based 
on the data reported by the National Cancer Society in 2020,1 PaC is the 4th most common cause of death, and the 5-year 
survival rate is only 9%. It is estimated to become the second leading cause of cancer-related death in the United States 
until 2030.2 More than 80% of PaC patients show a locally advanced or distant metastasis at diagnosis, and lose the 
chance of radical surgery.3 For resectable PaC, even after surgical resection, the prognosis of those patients is still poor, 
with a 5-year overall survival (OS) of 10–20%.4 Despite the use of surgery, chemotherapeutic drugs and immunotherapy 
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for PaC, the prognosis of this disease has not improved significantly over recent decades. Therefore, it is crucial to detect 
PaC earlier, monitor the prognostic outcomes, and select precise and personal treatment for patients with PaC.

Pyroptosis is a form of necrotic cell death, which was first proposed by Cookson et al5 in 2001. The cell death 
signaling pathways, including caspase-1, −4, −5 and −11,6 are involved in the production of N-terminal and 
C-terminal by cleaving Gasdermin D (GSDMD). The N-terminal domain of GSDMD binds to phosphoinositides in 
the cell membrane, and generate many small membrane pores, which causes a disruption of osmotic potential, and 
eventually leads to membrane rupture, cell swelling, cell content release, and inflammatory responses.7 A growing 
body of evidence indicates that chemotherapeutic drugs can stimulate pyroptotic cell death via caspase-3 cleavage of 
gasdermin E (GSDME) to inhibit the malignant progression of several cancers.8–10 Pyroptosis is closely associated 
with tumorigenesis, metastasis and chemotherapeutic drug treatment, and can serve a new therapeutic target for 
tumors.11,12 However, the prognostic effect of pyroptosis-related genes (PRGs) on PaC remains largely unclarified.

Herein, bioinformatics analysis was conducted to identify a novel PRGs signature for predicting the prognostic 
outcomes of PaC according to the Genotype-Tissue Expression project (GTEx) and The Cancer Genome Atlas 
(TCGA) databases. This signature was further validated by the International Cancer Genome Consortium (ICGC) 
cohort. Additionally, we assessed the predictive value of the risk score (RS) model, and determined the correlations 
among RS, tumor immune cell infiltration (ICI), tumor mutation burden (TMB) and chemotherapy sensitivity. This 
study may provide useful information to predict the prognostic outcomes of PaC and guide the precise treatment.

Materials and Methods
Data Sources
The RNA-seq data of TCGA pancreatic adenocarcinoma (PAAD) cohort (n = 182, involving 178 tumor and 4 control 
specimens) and GTEx normal pancreas samples (n = 167) were retrieved using the UCSC XENA browser (https:// 
xenabrowser.net/datapages/).13 The FPKM (Fragments Per Kilobase of exon-model per Million reads mapped) gene 
expression values were log2 (FPKM+1) transformed for further analysis. The corresponding clinical information and marked 
somatic mutation of TCGA PAAD patients were retrieved from TCGA GDC data portal (https://portal.gdc.cancer.gov/). The 
RNA-seq data and corresponding clinical data of ICGC-PACA-AU (n = 96), as a validation set, were also download form 
UCSC XENA. In total, 35 PRGs were selected based on the latest studies,14,15 which are shown in Supplementary Table S1. 
All information is publicly available and does not require ethics committee approval. The flow chart is presented in Figure 1.

Differentially Expressed and Prognosis-Associated Genes
The differential expression levels of 35 PRGs between the PAAD and normal pancreas specimens were analyzed by 
“limma” R package, with the cut-off false discovery rate (FDR) of <0.05. To explore the associations between these 
differential expressed genes (DEGs), the protein–protein interaction (PPI) network was achieved with STRING v11.0 
(https://www.string-db.org/), and correlation network was performed by “igraph” and “reshape2” R packages. Univariate 
Cox regression (CR) was employed to discriminate the prognosis-associated genes of PRGs, and P-values <0.05 was 
deemed statistically significant.

Establishment of a PRGs Signature in TCGA PAAD Cohort
The PRGs were used for construction of a prognosis signature. To further narrow the range and remove overfitting 
between genes, we performed lasso regression with “glmnet” R package, selected 1000 times ten-fold cross validation, 
and then applied multivariate CR to build the risk model. The RS was calculated as follows: Σ(coefficienti × gene 
expressioni). The TCGA PAAD tumor samples (train set) were categorized into high-risk (HR) and low-risk (LR) groups 
based on the median RS. The differences in OS time between LR and HR groups were compared using the Kaplan–Meier 
(K-M) plots and Log rank test. Time-dependent Receiver Operating Characteristic (ROC) curves and Area Under the 
Curve (AUC) for 12-, 24- and 36-month OS were constructed using the “survival”, “timeROC” and “survminer” 
R packages. Uni- and multi-variate CR analyses were utilized to determine the significant independent factors for 
predicting the prognosis of PaC.
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Validation of the Signature in ICGC PACA-AU Cohort
ICGC-PACA-AU was used as validation set for evaluating the application of the signature. First, the RS was estimated 
based on the formula provided by TCGA cohort. Then, the samples were categorized into LR and HR groups based on 
the median RS of the ICGC cohort. Time-dependent ROC and K-M survival curves were constructed to verify the 
predictive values of the RS model. Uni- and multi-variate CR analyses were carried out to determine the independent 
prognostic significance of the model.

Correlation Analysis of the Signature with Clinicopathological Features in TCGA and 
ICGC Cohorts
The correlations between RS and clinicopathological features (eg, age, gender, grade and stage) were analyzed. Then, 
boxplot and heatmap were established using the “ggpubr” and “ComplexHeatmap” packages in R. To further assess the 
stability of the risk model, stratified survival analysis was conducted by dividing the patients into different subgroups 
according to their clinicopathological features.

Construction of Survival Predictive Nomogram
We incorporated the RS and clinicopathological factors into a nomogram to determine the 12-, 24- and 36-month OS of PaC. 
The benefit of the nomogram is that it can accurately assess the OS rate of each patient and guide clinical management. The 
accuracy of the risk model was evaluated by “rms” R package according to the calibration plots of the nomogram.

Principal Component Analysis and Enrichment Analysis of the Signature
To determine whether the PRGs signature can differentiate LR and HR groups, t-distributed Stochastic Neighbor 
Embedding (t-SNE) plots and principal component analysis (PCA) were conducted using the “Rtsne” R package. The 

Figure 1 Flow diagram of the research.
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significant DEGs between the LR and HR groups were detected by the cut-off filter of |log2FC| > 1 and FDR < 0.05. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and Gene ontology (GO) analysis were carried out using 
the “cluster Profiler” and “enrich plot” with FDR < 0.05 and p < 0.05, and the result was visualized by “ggplot2” and 
“GOplot” packages in R.

Correlation Analysis Between Immune Infiltration and RS
The ICI estimation for TCGA samples were downloaded from TIMER v2.0 (http://timer.comp-genomics.org/),16 which were 
executed by TIMER,17 CIBERSORT,18 quanTIseq,19 xCell,20 MCP-counter21 and EPIC22 algorithms. We explored the 
relationships between immune infiltration and RS, and compared the immune cell expression between LR and HR groups.

Tumor Mutation Burden Between the Two Risk Groups
The TMB values were calculated, and then compared between LR and HR groups. The PRG somatic mutations of the 
two groups were visualized with “maftools” package in R.

Chemotherapy Drug Sensitive of the Two Risk Groups
The half-maximal inhibitory concentrations (IC50) of drugs were derived from the Genomics of Drug Sensitivity in 
Cancer (GDSC, https://www.cancerrxgene.org/),23 and then the IC50 of drugs in each PAAD specimen was calculated by 
ridge regression using the “pRRophetic” R package.24 Then, we compared the IC50 values of paclitaxel, gemcitabine, 
5-fluorouracil and cisplatin between LR and HR groups, in order to explore the sensitivity of each drug.

Cell Culture
Human PaC cell cDNA chip was supplied by Shanghai Outdo Biotech Co., Ltd. (CGt No: MecDNA-HPanC007Ce01; 
Lot No: 8*R100-M-20181128**-**), which contained the cDNA of seven human PaC cells: CFPAC-1, BxPC-3, Aspc-1, 
HPAF-2, MIAPaCa, SW1990 and Panc-1. Human pancreatic ductal epithelial (hTERT-HPNE) cell line was procured 
from Meisen CTCC, and then cultured in DMEM containing 10% fetal bovine serum, 100 μg/mL streptomycin and 100 
U/mL penicillin at 37°C and 5% CO2.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was isolated using the TRIzol reagent, and then reverse-transcribed into cDNA using the cDNA Reverse 
Transcription Kit. SYBR Green-based real-time PCR analysis was conducted to assess the expression levels of the 
signature genes. B-actin was employed as an internal control for normalization, and the relative expression was 
calculated by 2-ΔΔCt method. The primers of each gene are shown in Supplementary Table S2. All assays were repeated 
3 times.

Statistical Analysis
Statistical tests were performed through R v4.0.2 and the corresponding R packages. Mann–Whitney U-test was applied 
for different group comparisons, and the correlation analysis was conducted by Pearson’s correlation analysis. A two- 
tailed p-value of <0.05 was deemed statistically significant.

Results
Differentially Expressed and Prognosis-Associated Genes
We identified 29 differentially expressed PRGs between the 178 tumor and 171 control specimens of pooled TCGA 
PAAD cohort and GTEx normal pancreas. Among them, 22 genes (GZMA, GZMB, AIM2, CASP1, CASP3, CASP5, 
CASP6, CASP8, IL6, IL18, IL1B, NOD1, NOD2, NLRP3, NLRC4, NLRC7, GSDMA, GSDMC, GSDME, TNF, GPX4 
and PYCARD) were upregulated, while 7 genes (PLCG1, SCAF11, CASP9, PJVK, GSDMD, CASP4 and TIRAP) were 
downregulated (Figure 2A). To examine the relationship of these genes, PPI network and correlation analyses were 
conducted (Figure 2B and C, respectively). A total of 176 tumor samples with complete survival information were 
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obtained, and the baseline information of those patients is presented in Supplementary Table S3. The univariate CR 
results demonstrated that 9 PRGs could predict the prognostic outcomes of PaC (Figure 2D).

Construction of a PRGs Signature in TCGA PAAD Cohort
LASSO and multivariate CR analysis were further conducted on the 9 differentially expressed and prognosis-associated 
genes, and a total of 4 genes were selected for the PRGs signature (Figure 3A–C). The RS was estimated as follows: RS 
= (0.305*AIM2 exp.) + (0.438*GSDMC exp.) + (0.424*IL18 exp.) + (−0.879*PLCG1 exp.). Based on the median RS, 
all specimens were categorized into the LR and HR groups (n = 88 in each group). An obvious difference in OS time was 
observed between LR and HR groups (P < 0.001, Figure 3D). Time-dependent ROC curves indicated that the AUCs for 
12-, 24- and 36-month OS were 0.783, 0.680 and 0.711, respectively (Figure 3E). The survival status and time were 
better in LR group than in HR group (Figure 3F). Uni- and multi-variate CR analyses demonstrated that the RS was 
a significant independent factor for predicting the prognosis of PaC, and N stage was another independent prognostic 
factor (Figure 3G and H).

Figure 2 Differently expressed and prognosis-associated PRGs in TCGA PAAD cohort. (A) Differential expression of PRGs in PAAD and control pancreas tissues, Tumor, 
red; Normal, blue. (B) The PPI network of DEGs (interaction score = 0.4). (C) The correlation network of the DEGs. Blue and red lines indicate negative and positive 
correlations, respectively. (D) Univariate CR analysis of prognosis-associated genes. *** P < 0.001. 
Abbreviations: PRGs, pyroptosis-related genes; PAAD, pancreatic adenocarcinoma; PPI, protein–protein interaction.

International Journal of General Medicine 2022:15                                                                             https://doi.org/10.2147/IJGM.S369209                                                                                                                                                                                                                       

DovePress                                                                                                                       
6391

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=369209.docx
https://www.dovepress.com
https://www.dovepress.com


Validation of the Signatures in ICGC PACA-AU Cohort
A total of 95 ICGC-PACA-AU cohort samples were used as a validation set, and the clinical features of these patients are 
presented in Supplementary Table S4. The TCGA risk model formula was used to calculate RS. According to the median 
RS of the ICGC cohort, 47 and 48 patients were categorized into HR and LR groups, respectively. The OS time of 
patients in LR and HR groups was dramatically different (P < 0.001, Figure 4A). The AUCs for 12-, 24- and 36-month 
OS were 0.711, 0.682 and 0.742, respectively (Figure 4B). The risk plot demonstrated that the survival status and time 
were greater in LR group than in HR group (Figure 4C). Combined with clinicopathological factors, Uni- and multi- 
variate CR analyses revealed that the RS and N stage were significant independent factors for prognostic prediction 
(Figure 4D and E).

The Signature is Associated with Clinicopathological Factors in TCGA and ICGC 
Cohorts
All patients were stratified into various subgroups according to their clinical characteristics, and the stratified survival 
analysis was conducted to examine the stability of the signature. The OS time of the two risk groups was remarkably 
different between subgroups in TCGA PAAD cohort (Figure 5A–H). In addition, we determined the correlations 
between RS and clinicopathological features, and the results indicated that the RS increased with increasing Grade 

Figure 3 Establishment of a PRGs signature in TCGA PAAD cohort. (A) LASSO regression of the 9 prognosis-associated PRGs. (B) Cross-validation for limiting the gene 
selection. (C) Multivariate CR of the PRGs signature. (D) K-M curves for comparing the OS times between LR and HR groups. (E) Time-dependent ROC of risk model to 
estimate the 12-, 24- and 36-month OS. (F) Distribution of RS, patients’ survival status, survival time and signature genes’ expression in the two risk groups. Uni- (G) and 
multi-variate (H) CR analyses of RS and clinicopathological factors.
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values. Moreover, there were significant differences between distinct Grades, of which Grade-1 vs Grade-2, P = 0.0015; 
Grade-1 vs Grade-3, P = 0.00017; Grade-1 vs Grade-4, P = 0.045; Grade-2 vs Grade-3, P = 0.029 (Figure 5I). The 
relationships between RS and clinicopathological features are shown in Figure 5J. As for ICGC AU cohort, 
K-M survival analysis revealed significant differences among distinct subgroups, except for patients in G3-G4 group 
(Figure 6A–F). The AUC value for RS was higher than other clinicopathological factors such as age, gender, grade, 
T and N stage (Figure 6G). Furthermore, the correlation results demonstrated that the RS was markedly related to Grade 
(Figure 6H). This indicates that the RS may contribute to the progression of PaC, and can effectively estimate the 
prognosis of this disease.

Figure 4 Validation of the signature in ICGC AU cohort. (A) K-M curves for comparing the OS times between LR and HR groups. (B) Time-dependent ROC of risk model. 
(C) Distribution of RS, patients’ survival status, and signature genes’ expression in the two risk groups. Uni- (D) and multi-variate (E) CR analyses of RS and 
clinicopathological factors.
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Construction of a Clinical Risk Nomogram
The predictive values of RS for 12-, 24- and 36-month OS of TCGA PAAD samples were higher than those of other 
clinicopathological factors (Figure 7A–C). The AUC of RS for 1-year OS was higher (0.764) compared with age (AUC = 
0.499), gender (AUC = 0.558), Grade (AUC = 0.596), Stage (AUC = 0.471), T stage (AUC = 0.505) and N stage (AUC = 
0.549). To predict the OS rate of each patient, a nomogram was developed based on the RS and clinicopathological 
factors (Figure 7D). Calibration curves for the nomogram of 12, 24 and 36 months indicated a good prognostic 
significance of the PRGs signature (Figure 7E–G).

PCA, t-SNE and Enrichment Analysis of the Two Risk Groups
The PCA and t-SNE results demonstrated the uneven distribution between LR and HR groups (Figure 8A and B). 
Notably, the clusters of HR group were distinguished from LR group without apparent crossover. To further assess the 
differences between LR and HR groups, a total of 559 DEGs were identified (Figure 8C). GO analysis revealed the 
enrichment of the DEGs in “vesicle-mediated transport in synapse”, “regulation of trans-synaptic signaling”, “modulation 

Figure 5 Subgroup analysis and correlation between RS and clinicopathological features in TCGA PAAD cohort. (A–H) K-M curves for comparing the OS times between 
LR and HR groups stratified by various subgroups: age≤65 (A), age>65 (B), female (C), male (D), G1-G2 (E), G3-G4 (F), stage I–IIA (G), and stage IIB-IV (H). (I) Correlation 
between RS and distinct grade. (J) Relationships among the demographic and clinicopathological characteristics in the two risk groups. ** P < 0.01.
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of chemical synaptic transmission”, “presynapse”, “synaptic membrane”, “metal ion transmembrane transporter activity”, 
“neuronal cell body”, etc. (Figure 8D). KEGG pathway enrichment indicated that the DEGs in “cAMP pathway”, 
“MAPK pathway”, “cGMP-PKG pathway”, “pancreatic and insulin secretion”, etc. (Figure 8E), which were associated 
with tumor genesis, progression and prognosis.

Association Between RS and Immune Infiltration
We analyzed the relationship between RS and ICI through multiple algorithms. The results indicated that RS was 
positively related to activated neutrophils and myeloid dendritic cells, while negatively related to CD4+ T cells, NK cells 
and macrophage M2 cells (Figure 9A). Tregs, NK cells and macrophages were remarkably enriched in LR group 
(Figure 9B–D), suggesting that the patients in LR group may exhibit greater immune responses to attack tumor cells.

Figure 6 Subgroup analysis and correlation between RS and clinicopathological features in ICGC AU cohort. (A–F) K-M curves for comparing the OS times between LR 
and HR groups stratified by various subgroups: age≤65 (A), age>65 (B), female (C), male (D), G1-G2 (E), and G3-G4 (F). G. ROC curves of RS, demographic characteristics 
and clinicopathological factors. H. Relationships among the demographic and clinicopathological characteristics in LR and HR groups. * P < 0.05.
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Tumor Mutation Burden Between the Two Risk Groups
The somatic mutations in TCGA PAAD cohort were obtained and analyzed, and the TMB scores of the two risk groups 
were then calculated. The findings revealed that the TMB scores were remarkably elevated in HR group compared with 
those in LR group (P = 0.044, Figure 10A). For single mutated genes, the mutation frequencies of KRAS, TP53 and 
CDKN2A were markedly different between the two risk groups (Figure 10B). Somatic mutations were found in 72 out of 

Figure 7 Establishment of a risk-clinical nomogram in TCGA PAAD cohort. (A–C) ROC curves of RS, demographic characteristics and clinicopathological factors for the 
prediction of 12-, 24- and 36-month OS. (D) (A) Nomogram was created based on RS, demographic characteristics and clinicopathological factors to estimate the survival 
status of PAAD patients. (E–G) Nomogram calibration curves of 12-, 24- and 36-month OS, respectively.
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78 samples (92.31%) in HR group, while 62 out of 79 (78.48%) samples in LR group. The top 10 altered genes in the two 
groups are presented in Figure 10C and D.

Chemotherapy Sensitive of the Two Risk Groups
Chemotherapeutic drug responses were estimated based on the drug sensitivity (IC50) and gene expression profiles of 
each cancer cell line.25 The IC50 values of gemcitabine, 5-fluorouracil, cisplatin and paclitaxel were obtained to assess 
the chemotherapeutic drug sensitive of the two risk groups. The results demonstrated that the IC50 values of these four 
drugs were lower in HR group than in LR group (Figure 11A–D). This indicates that the patients in HR group are more 
susceptible to these drugs.

Expression Patterns of the 4 Signature Genes in Different Cell Lines
The expression levels of IL18, AIM2, and GSDMC were higher in most of the human PaC cell lines compared to 
hTERT-HPNE cell line (Figure 12A–C). On the contrary, the expression of PLCG1 was lower in most of the human PaC 

Figure 8 PCA, t-SNE and DEG enrichment of the two risk groups in TCGA PAAD cohort. (A) PCA plot for clustering the RS of PAAD patients. (B) t-SNE plot for 
analyzing the RS of PAAD patients. (C) DEGs of the LR and HR groups. Red: upregulation, green: downregulation, black: NS. (D) Bar plot graph for GO enrichment. The 
longer bars indicate more gene enrichment and the darker red indicates more pronounced differences, q-value: the adjusted p-value. (E) Circle plot graph for KEGG 
pathway. The inner circle denotes the prominence of KEGG terms (log10-adjusted P-value). The outer circle denotes the expression (log FC) of DEGs in each enriched 
pathway; blue and red dots denote the downregulation and upregulation of DEGs enriched in the pathway, respectively. The table on the right of the circle plot shows the 
top-fifteen most prominent KEGG pathways and their annotations.
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cells (Figure 12D). These qPCR results are consistent with the differential expression levels of the signature genes in our 
study.

Discussion
PaC is still a deadly disease with extremely poor prognosis. With the rapid development of next-generation sequencing 
technologies and bioinformatics tools, several molecular signatures were constructed to improve the prognostic predic-
tion and clinical management of PaC.26–28 Recently, PRGs signatures have been established to predict the prognostic 
outcomes of gastric, ovarian and lung cancers.14,15,29 These signatures not only can predict the prognostic outcomes but 
also guide the clinical therapy. However, the functional and prognostic roles of PRGs in PaC have not been investigated. 

Figure 9 Correlation between immune infiltration and RS. (A) RS was negatively related to NK cells, Tregs, macrophage M2 and CD4+ T cells, while positively associated 
with myeloid dendritic cells, activated neutrophils and CD8+ T cells. (B–D) Significant enrichment of Tregs, macrophages and NK cells in LR group.

https://doi.org/10.2147/IJGM.S369209                                                                                                                                                                                                                                 

DovePress                                                                                                                                   

International Journal of General Medicine 2022:15 6398

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Thus, we conducted bioinformatics analysis to construct a novel PRGs signature and explore its prognostic potential 
in PaC.

Based on the 35 PRGs reported in previous literature, we first identified 29 DEGs in PaC, and 9 prognosis-associated 
DEGs were used to construct the signature. Through LASSO and multivariate Cox analysis, we developed the signature 
consisting of four genes (AIM2, IL18, PLCG1 and GSDMC), and the RS model was then established. All samples were 
categorized into LR and HR groups based on the median RS. The OS time of LR group was markedly improved 
compared with HR group. Time-dependent ROC curves demonstrated that the signature had a promising prognostic value 
in PaC. Uni- and multi-variate Cox analyses further confirmed that RS was a significant independent prognostic factor. 
To evaluate the stability and effectiveness of the signature, we performed stratified survival analysis of RS in various 
subgroups according to the clinical features. A significant difference was observed in the OS time between LR and HR 
groups. Correlation analysis of different clinicopathological factors indicated that the RS was positively related to the 
grade of PaC. In addition, the RS had a greater AUC value compared with age, gender, grade, AJCC stage, N and T stage. 
Furthermore, we established a nomogram combined with RS and clinicopathological factors, which demonstrated a good 
prognostic significance. The predictive values of the signature were validated in ICGC PACA-AU cohort. The differential 

Figure 10 Tumor mutation burden of the two risk groups. (A) TMB scores in the two risk groups. (B) KRAS, TP53 and CDKN2A with significantly different mutations in LR 
and HR groups, ***P < 0.001, *P < 0.05. (C) Top 10 mutated genes in the high risk group. (D) Top 10 mutated genes in the low risk group.
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expression of signature genes between pancreatic tumor cell lines and pancreatic ductal epithelial cells was verified by 
qPCR experiments.

Pyroptosis is a form of necrotic cell death regulated by GSDMs.7 GSDMs consist of GSDMA, GSDMB, GSDMC, 
GSDMD, GSDME and PJVK in humans, which play a crucial role in regulating immune responses30,31 and are associated 
with the development of autoimmune diseases and certain cancers.32,33 In our study, GSDMC was enrolled to be one of the 

Figure 11 Chemotherapy drugs sensitivity of the two risk groups. Patients with lower IC50 of chemotherapeutic drugs such as gemcitabine (A), 5-fluorouracil (B), cisplatin 
(C) and paclitaxel (D) in HR group.

Figure 12 The relative expression level of signature genes in cell lines. The relative expression level of IL18 (A), AIM2 (B), GSDMC (C) and PLCG1 (D) in human pancreatic 
ductal epithelial cell hTERT-HPNE and human PaC cells: MIAPaCa, Aspc-1, HPAF-2, Panc-1, SW1990, CFPAC-1 and BxPC-3 (***P < 0.001, **P < 0.01, *P < 0.05).
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gene signatures. Previous research has focused mainly on GSDMB and GSDME, while the molecular mechanism of 
GSDMC and related diseases are less studied. In recent years, few studies34,35 reported that the activated caspase-8 could 
mediate cleavage of GSDMC to induce pyroptosis, and the overexpression of GSDMC was correlated with poor survival in 
breast cancer. In a hypoxic state, PD-L1 could upregulate the expression of GSDMC, and subsequently cleaved by 
macrophage-derived TNFα-activated caspase-8, thereby leading to pyroptosis and tumor necrosis.34 More importantly, the 
study identified that four antibiotics (ie, actinomycin-D, epirubicin, doxorubicin and daunorubicin) could activate caspase-8 
and regulate GDSMC-induced pyroptosis cell death, suggesting that those drugs are involved in the antitumor immunity and 
prognosis of GSDMC+ cancer patients. Our bioinformatics analysis demonstrated that GSDMC was upregulated in PaC 
tissues compared to healthy pancreas tissues, and was related to poor prognosis in PaC patients.

Another critical finding in this study was that the signature may guide the selection of appropriate treatments for 
patients with PaC. Previous research has shown that TMB is associated with response to immunotherapy in many 
cancers,36,37 including PaC.38 In our study, the TMB scores were remarkably higher in HR group than in LR group, 
suggesting that patients with high RS may benefit from immunotherapy. At present, cisplatin, gemcitabine, 5-fluorouracil 
and paclitaxel are considered as the first-line chemotherapeutic drugs for PaC patients.39 We compared the IC50 values of 
these four drugs between the two risk groups, and found that the patients in HR group had lower IC50 values, suggesting 
that the patients in HR groups are more sensitive to these drugs. Collectively, these findings may provide useful 
information for selecting chemotherapeutic drugs in PaC patients.

Nevertheless, this study has inevitable limitations. Bioinformatics analysis was conducted based on public databases, 
of which the limited geographic variability of the samples analyzed, and more clinical samples are still needed to validate 
the usefulness of the signature. Thus, the expression of PRGs enrolled in the signature, and their roles in the progression 
of PaC, should be verified by further experimental studies.

Conclusion
In summary, a PRGs signature was established to predict the prognostic outcome of PaC, and the signature performed 
well in TCGA PAAD and ICGC PACA-AU cohorts. Further analysis indicated that the signature could contribute to the 
progression of PaC, TMB score and chemotherapy sensitivity. Additionally, the signature could provide useful informa-
tion for the selection of personal therapy in PaC patients.
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