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Background: Pancreatic adenocarcinoma (PAAD) is a highly malignant tumor with an extremely poor prognosis. Pyroptosis has been
demonstrated to play an important role in tumor prognosis. However, the expression of pyroptosis-related genes in PAAD and their
correlations with prognosis remains unclear.
Methods: In this study, the 36 pyroptosis-related genes that were differentially expressed between normal pancreatic tissues and
PAAD tissues were identified via the “limma” R package. Based on these differentially expressed genes (DEGs), a five-gene signature
was established by applying the least absolute shrinkage and selection operator Cox regression in the TCGA cohort and was validated
in the GEO cohort. The Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses of DEGs based on the risk model
indicated that immune-associated biological processes and pathways were enriched. In vivo, we detected the expressions of CASP4
and CHMP4C by immunohistochemistry in tumor tissues and adjacent normal tissues. In vitro, we silenced CASP4 and CHMP4C to
explore their effects on pancreatic cancer cells.
Results: PAAD patients in the low-risk group showed significantly higher survival possibilities than those in the high-risk group. The
expressions of CASP4 and CHMP4C in tumor tissue were higher than those in the adjacent normal tissues in vivo. The knockdown of
CASP4 significantly inhibited the invasion and migration but not the proliferation of PANC-1 cells. The knockdown of CHMP4C
obviously inhibited the proliferation, migration, and invasion of PANC-1 cells.
Conclusion: Pyroptosis-related genes play important roles in predicting the prognosis of PAAD, and CASP4 and CHMP4C affect the
metastasis of PAAD.
Keywords: pancreatic adenocarcinoma, pyroptosis, signature, prognosis, CASP4, CHMP4C

Introduction
Pancreatic adenocarcinoma (PAAD) is one of the most lethal malignant tumors, which is characterized by late diagnosis,
limited treatment success, and dismal prognosis.1 The incidence and mortality rate of PAAD patients has continued to
increase in recent years.2 The five-year survival rate (merely 10%) which is much lower than that of other tumors reveals
the serious treatment challenges associated with pancreatic cancer. Approximately 80–85% of patients cannot undergo
resection because of local invasion and early metastasis of PAAD at the time of definitive diagnosis. Another small
proportion of patients who are diagnosed with a localized, resectable tumor still have a poor prognosis, and the five-year
survival rate is only 20% after surgery.3 Furthermore, immunotherapeutic strategies concluding immune-checkpoint
inhibition have yielded limited effect in treating PAAD owing to its distinctive tumor microenvironment (TME) with
high heterogeneity, which shows crosstalks with the subpopulations of neoplastic cells that include cancer stem cells.4,5

Therefore, it is important to identify potential therapeutic targets for PAAD treatment, and bioinformatics-based therapy
may play a major role in this.

Pyroptosis—a novel non-apoptotic form of programmed cell death primarily triggered by inflammasomes and
executed by caspases (caspase-1/-3/-4/-5/-8/-11) and the gasdermin protein family—is the outcome of complete
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apoptosis; hence, it is also called secondary necrosis.6–9 In the canonical pathways of pyroptosis, a series of pathogen-
associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) overactive the inflammasome
to activate caspase 1 that, in turn, promotes the maturation of interleukin-1 beta (IL-1β) and interleukin-18 (IL-18) and
simultaneously cleaves the gasdermin D (GSDMD) protein into two fragments (N-terminal domain and C-terminal
domain).10,11 Moreover, the N-terminal-induced membrane pores further promote the release of inflammatory factors and
cell membrane rupture and ultimately lead to pyroptosis.12,13 In the noncanonical pathways of pyroptosis, caspase-4/5
(caspase 11 in mice) activated by lipopolysaccharide (LPS) cleaves the GSDMD and further induces membrane pore
formation, IL-1β maturation and release, cell membrane rupture, and eventually pyroptosis.14,15

Recently, many researchers have highlighted the correlation between pyroptosis and its role in the modulation of
cancer progression. Gao et al showed that upregulation of GSDMD in nonsmall-cell lung cancer (NSCLC) promotes
aggressive traits including larger tumor size and more advanced tumor-node-metastasis (TNM) stages, which indicate
a poor prognosis.16 However, pyrolysis induced by NOD-like receptor family pyrin domain-containing 3 (NLRP3)
significantly inhibits tumor metastasis and proliferation in hepatocellular carcinoma.17 Pyroptosis plays the role of
a double-edged sword in tumors and had hence gained increasing attention. Researchers have found that pyrolysis-
associated genes are closely related to prognostic progress in glioblastoma, renal cell carcinoma, breast cancer, head, and
neck squamous cell carcinoma, and lung adenocarcinoma.18–22 While pyroptosis-associated genes play a significantly
important role in oncogenesis and prognostic processes, there is limited data on the importance of pyroptosis in PAAD.
Hence, we developed a risk score model for predicting prognosis via least absolute shrinkage and selection operator
(LASSO) Cox analysis.

Materials and Methods
Datasets
The normalized RNA sequencing (RNA-seq) expression data as transcripts per million (TPM) and corresponding clinical
information of 182 PAAD samples were obtained from The Cancer Genome Atlas (TCGA) database (https://xenabrow
ser.net/datapages/, until Sep 01, 2021). Thirty-one samples were rejected from our study based on the merged sample
quality annotations (https://gdc.cancer.gov/about-data/publications/pancanatlas). The normalized RNA-seq data as TPM
of 168 normal pancreas samples were collected from the Genotype-Tissue Expression (GTEx) database (https://xenab
rowser.net/datapages/, until Sep 01, 2021). The RNA-seq data and clinical information of 49 PAAD samples from the
GSE78229 dataset were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo) as a validation cohort.
One patient was rejected from our study based on insufficient clinical data. All RNA-seq data were log2-transformed for
further analysis.

Identification of Pyroptosis-Associated Differentially Expressed Genes
As shown in Table S1, the 52 pyroptosis-associated genes were obtained from GSEA (http://www.gsea-msigdb.org/gsea/
index.jsp) and previous research.22 The DEGs of 168 normal pancreas samples from the GTEx database and 151 PAAD
samples from the TCGA database were identified via the “limma” R package. |Log2FC|>1 and P value <0.05 (the
adjusted p-value via the BH method) were considered statistically significant. The pyroptosis-associated DEGs were
selected through the “VennDiagram” package, and their PPI network was obtained from Search Tool for the Retrieval of
Interacting Genes (STRING) (https://www.string-db.org/, version 11.5). The consensus clustering analysis of 151 PAAD
patients in the TCGA cohort was constructed via the “ConsensusClusterPlus” package.

Constitution and Validation of the Prognostic Model for Pyroptosis-Associated
Differentially Expressed Genes
First, we performed univariate Cox proportional hazards regression analysis to identify which gene was closely
associated with the survival status of PAAD patients in the TCGA-PAAD cohort. The six genes, namely IL18,
CHMP2B, CHMP4A, CHMP4C, CHMP3, and CASP4 with P value <0.2 were identified as the survival-associated
genes. Then, the most suitable number of DEGs was selected via using 10-fold cross-validation of the LASSO-penalized
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Cox regression analysis in the “glmnet” R package. Then, the prognostic model was developed based on the five genes
(IL18, CHMP2B, CHMP4A, CHMP4C, and CASP4) and their coefficients, and the penalty parameter (λ) was decided by
the minimum criteria. The risk score of each patient was calculated according to regression coefficients derived from the
LASSO-Cox regression model multiplied with its gene expression level, as follows: Risk score=∑

5

i
Xi � Yi(X: coeffi-

cients, Y: gene expression level). The 151 patients were divided into low and high pyroptosis risk groups based on the
median risk score, and the overall survival (OS) time was compared between the two groups by using Kaplan–Meier
analysis. The area under the curve (AUC) of the receiver operating characteristic (ROC) curve based on the “survival,”
“survminer,” and “time-ROC” R packages was used to evaluate the performance of the prognostic model. The risk score
of each patient in the GSE79668 cohort was obtained via the same formula used for the TCGA cohort. The Kaplan–
Meier analysis and area under the curve (AUC) of the receiver operating characteristic (ROC) curve were used to verify
the performance of the prognostic model.

Identification of Independent Prognostic Analysis
To identify independent prognostic factors and validate the independent prognostic value of the risk score, the risk score
and the clinicopathological factors including age, sex, TNM stage, smoking and drinking histories, and diabetes in the
TCGA and GSE78229 datasets were analyzed via univariate and multivariate Cox regression models.

Functional Enrichment Analysis of the DEGs Between the Low-Risk and High-Risk
Groups
The DEGs between the low-risk and high-risk groups divided by the median risk score were identified via the “limma”
R package. |Log2FC|>1 and P<0.05 were considered to indicate statistically significant differences. The Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of those DEGs were performed via
the “clusterProfiler” R package.

Evaluation of Immune Cells and Immune Pathways
The PAAD patients in the TCGA cohort were classified according to the median risk score into two groups. The “gsva”
package was used to perform single-sample gene set enrichment analysis (ssGSEA) to calculate the scores of infiltrating
immune cells and evaluate the activity of immune-related pathways. Differences in immune scores for immune cells and
immune pathways in the two groups were calculated by the “limma” package.

CASP4 and CHMP4C siRNA Transfection
PAAD cells (PANC-1) were plated in 6-well plates with complete medium (DMEM containing 10% FPS and 100 U/mL
streptomycin/penicillin) and allowed to reach 50% confluence by the time of transfection. PANC-1 cells were then
infected with CASP4 or CHMP4C small interfering RNA (siRNA) for 4 h in DMEM without serum. In addition, PANC-1
cells were cultured for 48 h after replacing the serum-free medium with complete medium. The CASP4 and CHMP4C
siRNAwere obtained from GenePharma Company Ltd. (Shanghai, China). The primer sequences are shown in Table S2.

Quantitative RT-PCR
An RNA-Quick Purification Kit (YiShan Biotech) was used to extract RNA, the purity and concentration of which were
measured with an ultramicrospectro-photometer. Complementary DNA (cDNA) was synthesized using 1 µg of total
RNA by first-strand cDNA synthesis with RT Master Mix for qPCR (MCE). Reverse transcription-PCR (RT-PCR) was
performed using the CFX 96 qPCR system (Bio-Rad). An SYBR RT-PCR kit (MCE) was used for qRT-PCR analysis. All
samples were normalized according to β-actin expression. The primer sequences are presented in Table S2. The results
were statistically analyzed using the 2−ΔΔCT method.
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Western Blotting
Cells in a Petri dish were washed with PBS three times, after which RIPA lysis buffer and protease and phosphatase
inhibitor cocktails were added to the Petri dish. The cells were collected by scraping and lysed on ice for 20 minutes.
Then, the lysate was centrifuged at 12,000 rpm and 4 °C for 15 minutes. In addition, the supernatant was aspirated and
added to a 1/4 volume of loading buffer. The supernatant was heated at 100 °C for 10 minutes. After the gel had been
equilibrated, samples containing equal amounts of protein were added to each well. The protein samples were electro-
phoresed for 120 minutes at a constant voltage of 80 volts. Then, the protein samples were transferred to a PVDF
membrane at a constant current of 250 mA. Then, the PVDF membrane was blocked with bovine serum albumin (BSA)
for 60 minutes at room temperature. The PVDF membrane was incubated with primary antibody overnight at 4°C and
then washed with PBS for 10 minutes three times. After the excess primary antibody had been washed off, the PVDF
membrane was incubated with the secondary antibody for 1 h at room temperature and washed with PBS for 10 minutes
three times to wash off the excess secondary antibody. Finally, the PVDF membrane was covered with ECL working
solution and analyzed by Image Lab Touch Software upon exposure.

Cell Proliferation
The 2000 PANC-1 cells (purchased from Procell) were seeded into 96-well plates and cultured with complete medium in
5% CO2. Then, we assessed the cell viability of PANC-1 cells on days 1, 2, 3, and 4 after being cocultured with CCK-8
for 2 h. The absorbance at 450 nm was measured via a microplate reader. The CCK-8 kit was obtained from GlpBio
Company Ltd. (Shanghai, China).

Transwell Assay
The transwell assays were performed in Boyden chambers and placed in 24-well cell culture plates, with pore sizes of 8
μm in polycarbonate membranes. Boyden chambers with a pre-coated layer of basement membrane matrix were used for
the invasion assay, and those without a coated matrix were used for the migration assay. After transfection for 48 h,
1×105 PANC-1 cells were added to the upper chamber with 200 μL serum-free medium, and 500 μL 20% FBS-
containing medium used as the chemical attractant was added to the lower chamber. After incubation for 24 h, the
remaining cells in the upper chamber were removed using the cotton swab. Paraformaldehyde (4%) was used to fix the
cells in the bottom membrane, and the 0.1% crystal violet was used for cell staining. The fields were randomly selected
on an inverted light microscope (100× magnification), and the cell numbers were counted using ImageJ software.

Immunohistochemical Staining
Paraffin sections were placed in a 60°C oven to melt the paraffin and soaked in xylene and ethanol at different
concentrations to elute the paraffin. Then, the sections were incubated with 3% H2O2 at room temperature for 10
minutes to eliminate endogenous peroxidase activity. The sections were immersed in boiling EDTA repair solution for 10
minutes and allowed to cool naturally. Then, the sections were incubated with 5% BSA blocking solution at 37°C for 30
minutes. The sections were incubated with appropriately diluted CHMP4C (Abcam, ab272638) and CASP4 (ABclonal
Technology, A19305) primary antibody at 4°C overnight. The next day, the sections were washed with PBS for 10
minutes three times. The sections were incubated with secondary antibodies at room temperature for 60 minutes. After
washing with PBS for 10 minutes three times, the tissues were stained with DAB and hematoxylin. Then, the sections
were sequentially immersed in 60%, 75%, 80%, 95%, and 100% ethanol for dehydration. Finally, the sections were
sealed with neutral gum and observed with a light microscope.

Statistical Analysis
The DEGs between the normal pancreas and PAAD tissues were analyzed with Single-factor analysis. The Kaplan–Meier
method with a two-sided Log rank test was utilized to compare the OS of patients between the two groups. The univariate
and multivariate Cox regression models were applied to validate the independent prognostic value of the risk model. All
statistical analyses were completed by R software (v4.1.0). GraphPad Prism was used to test differences between groups
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with normally distributed data using the Student’s t-test, the results of which were shown as mean±SD. P<0.05 was
considered to indicate statistically significant differences.

Results
The Pyroptosis-Associated DEGs in PAAD Patients
The 9192 DEGs (|Log2FC|>1 and P<0.05) that contained 8732 enriched genes and 460 downregulated genes in the tumor
group, between 168 normal and 151 tumor tissues from the pooled GTEx, and TCGA data were identified through the
“limma” package (Table S3). To further explore whether pyrolysis-related genes are differentially expressed in pancreatic
cancer, 52 pyrolysis-related genes downloaded from GSEAwere intersected with the above differential genes through the
“VennDiagram” package. We found that 36 pyroptosis-associated genes (BAK1, BAX, CASP1, CASP3, CASP4, CASP6,
CASP8, CHMP2A, CHMP2B, CHMP3, CHMP4A, CHMP4B, CHMP4C, CHMP6, CHMP7, CYCS, GPX4, GSDMB,
GSDMD, GZMA, GZMB, HMGB1, IL18, IL1B, IL6, IRF1, IRF2, NLRP1, NLRP3, NOD1, NOD2, PLCG1, PRKACA,
PYCARD, SCAF11, and TP53) were differentially expressed in pancreatic cancer. As the heatmaps show (Figure 1A blue:
low expression level; red: high expression level), all of them are up-regulated in the tumor group, which indicates that
pyrolysis occurs at a high rate in pancreatic cancer. We established a protein-protein interaction (PPI) network to
investigate the interactions of these pyroptosis-related genes, as shown in Figure 1B.

The consensus clustering analysis of 151 PAAD patients in the TCGA cohort was constructed to explore the
connections between the expression of the 36 pyroptosis-associated DEGs and PAAD subtypes. As seen in Figure 1C,
the 151 PAAD patients could be well divided into two clusters based on the 36 DEGs.

Figure 1 Expression of the 36 pyroptosis-associated genes and tumor classification based on them. (A) The expression of the pyroptosis-associated genes between the
normal and tumor tissues (blue: low expression level; red: high expression level). (B) The PPI network among the 36 pyroptosis-associated genes (interaction score=0.4).
(C) The tumor classification of 151 PAAD patients based on the consensus clustering matrix (k=2).
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Establishment of the Five-Gene Prognostic Risk Model
To establish a prognostic model of pyroptosis-associated genes, univariate Cox regression analysis was used for primary
screening of the survival-related genes. The six genes—CHMP2B, CHMP4C, CASP4, IL18, CHMP4A, and CHMP3—
were selected for further analysis based on the criteria of P<0.2. Of these, CHMP2B, CHMP4C, CASP4, IL18, and
CHMP3 were associated with increased risk with HRs >1, while the CHMP4A gene was a protective gene with HRs <1
(Figure 2A). In the following LASSO Cox regression analysis, a 5-gene (CHMP2B, CHMP4C, CASP4, IL18, and
CHMP4A) prognostic model was constructed based on the optimum λ value (Figure 2B and C). The risk score was
calculated as follows:

Risk score = (0.111*CHMP2B exp.) + (0.323* CHMP4C exp.) + (0.464*CASP4 exp.) + (0.209* IL18 exp.) +
(−0.639* CHMP4A exp.)

The 151 patients were divided into low-risk and high-risk groups based on median risk score, and we found that risk
score was increased with higher patient risk levels (Figure 2D). As seen in Figure 2E, low- and high-risk patient groups
were satisfactorily separated into two clusters based on principal component analysis (PCA). Patients in the low-risk
group had a longer survival time and a higher survival rate than those in the high-risk group (Figure 2F). Then, we
estimated the prognostic value of risk score via Kaplan–Meier analysis, which showed that the survival probability of the

Figure 2 Establishment and prognostic efficacy of the prognostic risk model. (A) The OS time of 36 pyroptosis-associated genes and six genes with P<0.2 was analyzed via
Univariate Cox regression analysis. (B) LASSO regression of the six OS-related genes. (C) Cross-validation for tuning the parameter selection in the LASSO regression. (D)
Distribution of PAAD patients in the TCGA cohort according to the median risk score. (E) PCA plot for PAAD patients according to the risk score. (F) Patient survival
status distribution in the high-risk and low-risk groups (Blue dot: Alive, Red dot: Dead). (G) Kaplan–Meier OS analysis of PAAD patients between the high-risk and low-risk
groups. (H) Prognostic value of the risk score shown via ROC curve.
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high-risk group was remarkably lower than that of the low-risk group (P<0.001, Figure 2G). The sensitivity and
specificity of the prognostic risk model were assessed via time-dependent ROC analysis and the area under the ROC
curve (AUC) was 0.680 for the 1-year, 0.621 for the 3-year, and 0.703 for the 5-year survival (Figure 2H).

External Validation of the Prognostic Risk Model
The GSE78229 dataset including gene expression data and clinical information of 49 patients was utilized as the
validation set. The gene expression data was centralized and standardized by the “Scale” function for further analysis.
The 49 patients were classified into low-risk and high-risk groups based on median risk score from the TCGA cohort, and
the patients of the two groups were well separated into two clusters via PCA (Figure 3A and B). As same as the TCGA
cohort, the patients in the low-risk group had a lower mortality ratio than those in the high-risk group (Figure 3C). In
addition, the significant difference in the survival rate between the two groups was revealed by Kaplan–Meier analysis
(P=0.022, Figure 3D). The sensitivity and specificity of the prognostic risk model were assessed via time-dependent ROC
analysis and the area under the ROC curve (AUC) was 0.596 for 1-year, 0.687 for 3-year, and 0.732 for 5-year survival
(Figure 3E).

Independent Prognostic Value of the Risk Score
Univariate and multivariate Cox regression analyses were used to evaluate whether the risk score could be an
independent prognostic factor for predicting survival in patients with PAAD. The univariate Cox regression analysis
revealed that the T stage, N stage, and risk score were associated with OS in the TCGA cohort (Figure 4A). Then,
multivariate Cox regression analysis showed that both the risk score and N stage were independent prognostic factors in
PAAD (Figure 4B). In the GEO cohort, the univariate Cox regression analysis revealed that the grade and risk score were

Figure 3 External validation of the prognostic risk model. (A) Distribution of PAAD patients in the GEO cohort based on the median risk score from the TCGA cohort.
(B) PCA plot for PAAD patients according to the risk score. (C) Patient survival status distribution in the high-risk and low-risk groups (Blue dot: Alive, Red dot: Dead). (D)
Kaplan–Meier OS analysis of PAAD patients between the high-risk and low-risk groups. (E) Prognostic value of the risk score shown via time-dependent ROC curve.
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associated with OS, and multivariate Cox regression analysis showed that risk score was an independent prognostic
factor in PAAD (Figure 4D and E). The heatmaps with clinical features of the two cohorts showed that the N stage of
patients was diversely distributed between the low-risk and high-risk groups in the TCGA cohort and the grade of
patients was differently distributed between the two groups in the GEO cohort (Figure 4C and F).

Functional Enrichment Analyses of the Risk Model
The 1305 DEGs (|Log2FC|>1 and P<0.05) contained 1120 enriched genes and 185 downregulated genes in the high-risk
group, between the high-risk group and low-risk group, were identified via the “limma” package (Table S4). The GO and
KEGG pathway enrichment analyses of these DEGs were performed to investigate the functional differences based on
the risk model. As Figure 5A shows, the biological process of these DEGs mainly focuses on the immune process
including humoral immune response and its regulation, activating cell surface receptor signaling pathway, and B cell-
associated process. The enriched corresponding cellular components (immunoglobulin complex, T cell receptor complex,
and plasma membrane signaling receptor complex) and enriched corresponding molecular function (receptor-ligand
activity, signaling receptor activator activity, and antigen-binding) support these biological processes (Figure 5B and C).
The KEGG of these DEGs mainly focuses on neuroactive ligand-receptor interaction, cytokine-cytokine receptor
interaction, and pancreatic secretion (Figure 5D).

Analyses of Immune Cells and Immune Pathways Between the Two Groups
Based on the functional enrichment analyses of the risk model, we found that the immune-associated biological process
and pathways were enriched. To further explore the differences of immune cell and immune-associated pathways
between the two groups, we studied the enrichment scores of 28 types of immune cells and the activity of 13 immune-
related pathways between the groups by employing the single-sample gene set enrichment analysis (ssGSEA). As shown

Figure 4 Prognostic value of the risk score. (A) The independent prognostic values of the risk score and other clinical features in the TCGA cohort were evaluated by
univariate Cox analysis. (B) The independent prognostic values of the risk score and other clinical features in the TCGA cohort were evaluated by multivariate Cox analysis.
(C) The expression of the five pyroptosis-associated genes and distribution of T stage and N stage in TCGA cohort. (D) The independent prognostic values of the risk score
and other clinical features in the GEO cohort were evaluated by univariate Cox analysis. (E) The independent prognostic values of the risk score and other clinical features
in the TCGA cohort were evaluated by multivariate Cox analysis. (F) The expression of the five pyroptosis-associated genes and distribution of T stage and N stage in the
GEO cohort.
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in Figure 6A, the enrichment scores of immune cells including macrophages, eosinophils, CD8+ T cells, CD4+ T cells,
and type 1 T helper cells in the low-risk group were markedly higher than those in the high-risk group. Simultaneously,
the enrichment scores of immune-associated pathways involving check-point, cytolytic activity, T-cell co-inhibition,
T-cell co-stimulation, and type II IFN response in the low-risk group were significantly higher than these in the high-risk
group (Figure 6B). Then, to further investigate the prognostic values of the differentially expressed immune cells
between the two groups, the univariate Cox proportional hazard regression models were applied. As shown in
Figure 6C, the high abundance of center memory CD4+ T cell, macrophage, eosinophil, and activated dendritic cells
were significantly associated with favorable survival outcomes. We estimated the prognostic value of center memory
CD4+ T cell via Kaplan–Meier analysis, which showed the survival probability of the enriched group was significantly
higher than that in the low expression group (Figure 6D).

Differential Expressions of CASP4 and CHMP4C in Tumor and Adjacent Normal
Tissues
To investigate the effect of the five aforementioned genes in the risk model for PAAD, we established a PPI network to
investigate the interactions of these genes. As shown in Figure 7A, CASP4 and IL18 were closely linked to the main
process of pyroptosis, and CHMP4A, CHMP4C, and CHMP2B were closely linked to the main compositions of the
endosomal sorting complex required for transport-III (ESCRT-III). In addition, we estimated the prognostic value of
these genes via Kaplan–Meier analysis, which showed that the survival probability of CASP4 and CHMP4C in the high-
expression group were remarkably lower than that in the low-expression group (Figure 7B). Then, we used immuno-
histochemical staining to explore the differential expressions of CASP4 and CHMP4C in tumor and adjacent normal

Figure 5 Functional enrichment analyses based on the DEGs from the risk model. (A) The Biological Process (BP) enrichment analysis is based on the DEGs from the risk
model. (B) The Cellular Component (CC) enrichment analysis is based on the DEGs from the risk model. (C) The Molecular Function (MF) enrichment analysis is based on
the DEGs from the risk model. (D) The KEGG enrichment analysis is based on the DEGs from the risk model.
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tissues. We found that the expressions of CASP4 and CHMP4C in tumor tissue were higher than those in the adjacent
normal tissues (Figure 7C and D).

Effects of CASP4 and CHMP4C Knockdown on PANC-1 Growth and Metastasis
Next, we constructed the siRNA group by transfecting the siRNA of CASP4 and CHMP4C to PANC-1 cells. The
silencing effect of siRNA was verified by qPCR and Western blotting, and the groups with the better silence effect were
used for further analyses (Figure 8A-D). As shown in Figure 8E, the proliferation of PANC-1 cells among the three
groups showed no obvious difference. Next, the transwell assay was performed to assess cell migration and invasion. As
shown in Figure 8F and G, the CASP4 knockdown obviously reduced migration and invasion of PANC-1 cells.
Meanwhile, the proliferation of the si-NC group was significantly higher than that of the si-CHMP4C1 and si-
CHMP4C2 groups (Figure 8H). The CHMP4C knockdown also reduced migration and invasion of PANC-1 cells
(Figure 8I and J). In conclusion, both the CASP4 and CHMP4C knockdown significantly inhibited the metastasis of
PANC-1 cells, and silencing CHMP4C also inhibited the proliferation of PANC-1 cells.

Discussion
There are still some controversies in the inhibition or promotion effect of pyroptosis-associated genes on tumors. Peng
et al reported that overexpression of GSDMD promoted tumor proliferation and demonstrated a significantly poorer
prognosis and overall survival rate in bladder cancer.23 However, Cui et al showed that caspase-1-induced pyroptosis
activated by MST1 promoted PAAD cell death and inhibited the proliferation, migration, invasion, and cell spheroid
formation of PAAD.24

Figure 6 Analyses of immune cells and immune pathways between two groups. (A) The enrichment scores of 28 immune cells between low-risk and high-risk groups. (B)
The enrichment scores of immune-associated pathways between low-risk and high-risk groups. (C) The OS time of immune cells was analyzed via univariate Cox regression
analysis. (D) Kaplan–Meier OS analysis of center memory CD4+ T cells. *P<0.05, **P<0.01, ***P<0.001.
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To investigate the function of pyroptosis-associated genes in PAAD, we intersected the 52 currently known
pyroptosis-related genes and DEGs between PAAD tissues to obtain 36 pyroptosis-associated DEGs and found that all
of them were highly expressed in PAAD. To further explore the prognostic value of these pyroptosis-related DEGs,
a five-gene risk model was constructed via univariate Cox analysis and LASSO Cox regression analysis, which was fully
and effectively verified in the external dataset.

Our studies indicated that out of the five genes including CHMP2B, CHMP4C, CASP4, IL18, and CHMP4A,
CHMP2B, CHMP4C, CASP4, and IL18 were negative prognostic factors, while only CHMP4A was a favorable
prognostic factor for PAAD. The expressions of CHMP2B, CHMP4C, CASP4, and IL18 in the high-risk group were
significantly higher than those in the low-risk group and the expression of CHMP4A in the high-risk group was
significantly lower than that in the low-risk group, both in the TCGA and GEO cohorts. The CASP4 can cleave
GSDMD through the non-classical pathways of pyroptosis to promote the release of IL18.25 Upregulation of CASP4
affects the prognosis of clear cell renal cell carcinoma by regulating tumor drug resistance.26 The CHMP4A, CHMP4C,
and CHMP2B subunits are particularly important building blocks of the ESCRT-III, because all the known ESCRT-III-
associated membrane fission processes require them.27 The sorting of transmembrane proteins such as cell surface
receptors into the multivesicular body pathway to the lysosomal/vacuolar lumen requires the function of the ESCRT

Figure 7 Expressions of CASP4 and CHMP4C in tumor and adjacent normal tissues. (A) The PPI network among the five pyroptosis-associated genes of the risk model
(interaction score=0.4). (B) Kaplan–Meier OS analysis of PAAD patients based on the expression of CASP4 and CHMP4C. (C) The expressions of CHMP4C in tumor and
adjacent normal tissues. (D) The expressions of CASP4 in tumor and adjacent normal tissues.
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Figure 8 Effects of CASP4 and CHMP4C knockdown on PANC-1 cells’ growth and metastasis. (A and B) The relative mRNA expression levels of CASP4 and CHMP4C in
PANC-1 cells were evaluated by real-time PCR. (C and D), The levels of CASP4 and CHMP4C in PANC-1 cells were detected via WB (E), The Cell Counting Kit-8 assay was
performed to assess the proliferation of PANC-1 cells with knockdown of CASP4. (F and G), The migratory and invasive abilities of PANC-1 cells with knockdown of CASP4
were detected using transwell assays (the scale bar values: 100nm). (H) The Cell Counting Kit-8 assay was performed to assess the proliferation of PANC-1 cells with
knockdown of CHMP4C. (I and J) The migratory and invasive abilities of PANC-1 cells with knockdown of CHMP4C were detected using transwell assays (the scale bar
values: 50μm). All data shown are the averages of three independent experiments (mean ± SD). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns: no significance.
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protein complexes. On the one hand, they are necessary for the process of transmembrane proteins such as cell surface
receptors into the multivesicular body of the lysosome/vacuolar lumen. On the other hand, the ESCRT system is essential
for membrane abscission in cytokinesis and the budding of enveloped viruses like human immunodeficiency virus 1.28,29

Moreover, Morita et al reported that ESCRT-III proteins function at centrosomes to help regulate cell proliferation,
thereby helping to ensure the ordered progression through the different stages of cell division.30

Next, we knocked down CASP4 and CHMP4C to further investigate their effects on PANC-1 cells in vitro. The
results demonstrated that both of them remarkably impaired the migration and invasion of PANC-1 cells and CHMP4C
also impaired the proliferation of PANC-1 cells. In addition, Papoff et al reported that CASP4 can regulate cell migration
through actin remodeling and uncovered a novel role of CASP4 in cancer cell behavior.31 Moreover, CHMP4C can be
used as a potential diagnostic and prognostic biomarker for lung squamous cell carcinoma because of its regulatory
function on the proliferation of tumor cells through the cell cycle.32 Lin et al reported that CHMP4C facilitates malignant
development including cell proliferation, migration, and invasion of cervical cancer cells, by modulating epithelial-
mesenchymal transition.33

Functional analyses of the DEGs between the low- and high-risk groups were completed and the result indicated that
DEGs were mainly enriched in immune-related pathways. We found that immune cell infiltration (CD8+ T cell, CD4+ T cell,
and type-1 T helper cell) and immune-associated pathways (check-point, cytolytic activity, T-cell co-inhibition, T-cell co-
stimulation, type-II IFN) in the low-risk group were universally increased compared to those in the high-risk group. The anti-
tumor immune response requires processes including dendritic cells-associated tumor recognition, cytotoxic and helper T-cell
activation, tumor bed infiltration, and T-cell–mediated tumor cell killing. The immune cells including activated dendritic cell,
type 2 T helper cell, type 1 T helper cell, activated CD8 T cell and natural killer cell, and immune-associated pathways
closely related to the anti-tumor immune process in the low-risk group are highly expressed, which may be why the low-risk
group has a favorable prognosis. However, PAAD has successfully evaded immune surveillance and suppressing immune
response based on the low tumor antigenicity, immune activation deficiency, and unique suppressive tumor
microenvironment.34 Although CTLA-4 and PD-L1 T-cell checkpoint inhibitors constitute the cornerstone of modern
immunotherapy, neither of them has satisfactory effects in the treatment of PAAD.35,36 The distinctive microenvironment
of PDAC is composed of increased desmoplasia and the presence of several noncellular components, various cell types, such
as cancer-associated fibroblasts (CAFs), pancreatic stellate cells (PSCs), and immune cells.37 The extracellular matrix of
PAAD is produced by the PSC and CAF components, which results in elevated tumor pressure, diminished vascularization,
attenuated drug delivery, and failure of immunotherapy.38 Identifying new immune checkpoints and immunotherapy is the
direction for the treatment of PAAD, which needs further research.

Conclusions
In summary, we systematically analyzed pyroptosis-associated DEGs between normal and PAAD tissues and calculated
the risk score, which was an independent risk factor for predicting PAAD in both the TCGA and GEO cohorts, based on
five pyroptosis-related genes. Silencing the two main genes CASP4 and CHMP4C significantly inhibited the metastasis
of PANC-1 cells. The DEGs based on the low-risk and high-risk groups were enriched in immune cells and immune
related-pathways. Our research put forward a new view on the effect of pyroptosis on the TME of PAAD. In conclusion,
our prognostic model showed potential clinical applicability to improve the survival rate and find the potential
therapeutic targets for PAAD patients.
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