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Abstract
Cervical cancer (CC) remains a prevalent gynecological malignancy, posing a significant health burden among women world-
wide. With the remarkable discoveries of cellular pyroptosis and cuproptosis, there has been a growing focus on exploring the 
intricate relationship between these two forms of cell death and their impact on tumor progression. In recent years, alternative 
splicing has emerged as a significant field in cancer research. Thus, the integration of alternative splicing, pyroptosis, and 
cuproptosis holds immense value in studying their collective impact on the occurrence and progression of cervical cancer. 
In this study, alternative splicing data of pyroptosis- and cuproptosis-associated genes were integrated with public databases, 
including TCGA, to establish a prognostic model for cervical cancer based on COX regression modeling. Subsequently, 
the tumor microenvironment (TME) phenotypes in the high-risk and low-risk patient groups were characterized through a 
comprehensive bioinformatics analysis. The findings of this study revealed that the low-risk group exhibited a predominant 
immune-active TME phenotype, while the high-risk group displayed a tumor-favoring metabolic phenotype. These results 
indicate that the alternative splicing of pyroptosis- and cuproptosis-associated genes plays a pivotal role in remodeling the 
phenotypic landscape of the cervical cancer TME by modulating immune responses and metabolic pathways. This study 
provides valuable insights into the interplay between alternative splicing variants involved in pyroptosis and cuproptosis 
and the TME, contributing to a deeper understanding of cervical cancer pathogenesis and potential therapeutic avenues.

Keywords  Cervical cancer · Phenotype remodeling of tumor microenvironment · Alternative splicing · Pyroptosis · 
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Introduction

Cervical cancer (CC) is one of the most common female 
malignancies, continuing to be a significant health burden 
for women, responsible for nearly 8% of all female cancer-
related mortality globally [1, 2]. Despite advancements 
in the understanding of CC pathogenesis, the intricate 

molecular mechanisms underlying this disease remain 
incompletely elucidated. While human papillomavirus 
(HPV) is the primary etiological factor for cervical cancer 
(CC), it is noteworthy that approximately 5% of cases are 
unrelated to HPV infection, indicating the complexity of the 
phenotype, particularly the immune phenotype, in CC [1].

As the advancing of biomedicine, multiple newfound 
cell death modalities have been discovered and become 
the spotlights in cancer immunotherapy including pyrop-
tosis and cuproptosis [3-7]. Pyroptosis is an inflammatory 
form of regulated cell death characterized by the activation 
of inflammatory caspases and the subsequent release of 
pro-inflammatory cytokines. It plays a critical role in host 
defense against microbial infections and is also implicated in 
cancer development. Recent studies have demonstrated dys-
regulation of pyroptosis-related genes and proteins was asso-
ciated with CC [8-12]. However, with respect to the roles of 
pyroptosis playing during the tumorigenesis and progression 
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of tumors, it seems to be a bit of intricate because some-
times, it showed an entirely opposite effect.

On one hand, pyroptosis acts as an inflammatory cell 
death mechanism that restricts tumor progression. On the 
other hand, tumors can hijack pyroptosis to orchestrate the 
release of inflammatory factors, thereby promoting their own 
overgrowth [13]. Cuproptosis, another form of cell death, is 
induced by cellular copper overload and subsequent copper-
induced toxicity. Copper homeostasis is tightly regulated by 
various transporters and chaperones, and disturbances in this 
equilibrium have been associated with CC [14, 15]. Similar 
to pyroptosis, the influence of cuproptosis on tumors also 
remains enigmatic, coexisting of tumor-inhibited and -pro-
moting roles [16]. As an essential metallic element to cel-
lular metabolism, copper is a double-edged sword, the dys-
regulation of which results in serious diseases, CC included 
[17, 18]. Since the discovery of cuproptosis, emerging stud-
ies unveiled the correlation between cuproptosis-related fac-
tors and clinical patients’ prognosis of tumors [19-22]. It is 
reported that intratumoral copper facilitates PD-L1-driven 
tumor immune evasion, implying the correlation between 
copper-death-related participants and immune elusion [23].

Alternative splicing (AS) is a distinctive process that 
occurs in eukaryotes and is prevalent in the majority of 
genes. It provides a mechanism for generating multiple 
transcript variants from a single gene, thereby expanding 
the functional diversity of the gene [24, 25]. Alternative 
splicing events affecting these genes may influence the 
regulation of pyroptosis and cuproptosis, which contribute 
to CC progression. The relationship between gene alterna-
tive splicing and cell death processes, including pyroptosis 
and cuproptosis, in CC is an emerging area of research. 
Several studies have highlighted the impact of alterna-
tive splicing events on the expression and function of key 
genes involved in these cell death pathways. For example, 
alternative splicing isoforms of GSDMD have been iden-
tified, exhibiting distinct effects on pyroptosis induction 
[26]. Similarly, alternative splicing events affecting copper 
transporters can alter their cellular localization or activity, 
ultimately influencing cuproptosis susceptibility [27]. In 
conclusion, gene alternative splicing plays a critical role 
in regulating cell death processes such as pyroptosis and 
cuproptosis in CC. Dysregulation of alternative splicing 
events affecting genes involved in these pathways may 
contribute to CC development and progression. Elucidat-
ing the precise mechanisms underlying the relationship 
between gene alternative splicing and cell death processes 
in CC holds promise for identifying novel therapeutic tar-
gets and improving patient outcomes. In recent years, some 
research exploring the influence of alternative splicing to 
the prognosis of patients bearing cervical cancer were per-
formed [28, 29]. Yet few studies exploit the underlying 

correlation between TME phenotype with AS and cellular 
death modalities. Therefore, exploiting the influence of 
alternative splicings involved in pyroptosis and cuprop-
tosis to the TME phenotype and survival of patients with 
CC would be of great benefit not only for the development 
of targetable immunotherapy drugs and immunotherapy 
strategies, but also for expanding comprehension to CC.

To address this objective, the present study utilized two 
publicly available datasets on alternative splicing, focusing 
on genes associated with cuproptosis and pyroptosis. Vari-
ous regression methods, including univariate COX, lasso, 
and multivariate COX, were applied to identify a model 
comprising five alternative splicing variants involved in 
pyroptosis and cuproptosis. The analysis involved transcrip-
tome RNA-seq data obtained from cervical cancer patients 
sourced from the TCGA database. The findings indicated 
that specific alternative splicing variants related to pyrop-
tosis and cuproptosis played a role in remodeling the tumor 
microenvironment, thereby influencing immune evasion.

Materials and Methods

Data for Alternative Splicing Model Construction

The survival information and transcriptome data of patients 
bearing cervical cancer were accessed from the TCGA data-
base (https://​portal.​gdc.​cancer.​gov/). Eventually, the data 
of altogether 185 patients after quality control was applied 
to construct the model (Supplementary Table 1). The cor-
responding alternative splicing data of these patients was 
accessed from the website of TCGA SpliceSeq (https://​
bioin​forma​tics.​mdand​erson.​org/​TCGAS​plice​Seq/). Genes 
involved in pyroptosis and cuproptosis were listed in Sup-
plementary Datasheet 1.

Model Construction

A total of 185 patients were randomly and equally divided 
into two groups, training and testing cohorts, comprising 
93 and 92 patients respectively. The data from the training 
group was utilized to develop the model, while the data 
from the testing group was used to evaluate it. Alterna-
tive splicings of genes in Supplementary Datasheet 1 were 
input into the univariate COX regression, setting a p-value 
less than 0.05 as the filtering condition. Regressions of 
LASSO and multivariate COX were applied to the alterna-
tive splicing variants filtered by the univariate COX, which 
finally established the model comprising five alternative-
splicing variants.

https://portal.gdc.cancer.gov/
https://bioinformatics.mdanderson.org/TCGASpliceSeq/
https://bioinformatics.mdanderson.org/TCGASpliceSeq/
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Survival Analysis

The Kaplan–Meier method was used to plot the survival 
curves, and log-rank was used as the statistical significance 
test; p < 0.05 was considered significant. Patients were 
scored by the model and labeled with high risk or low risk 
depending on the comparison to the median score in respec-
tive cohorts.

Correlation Analysis of the Alternative Splicing 
Variants and the Associated Factors

Splicing factors were listed in Supplementary Datasheet 
2. In the correlation test, Spearman was chosen as the test 
method, with a p-value less than 0.05 and the correlation 
index larger than 0.4 as the filtering threshold.

Correlation Network Construction

The results of correlation between alternative splicing vari-
ants and the corresponding splicing factors were constructed 
with the software Cytoscape.

ESTIMATE

The ESTIMATE (Estimation of STromal and Immune cells 
in MAlignant Tumor tissues using Expression data) algo-
rithm provided in the R package of estimate was used to 
assess the composition of tumor microenvironment. ESTI-
MATE calculates two scores: the StromalScore and the 
ImmuneScore. The StromalScore reflects the extent of stro-
mal cell infiltration in the tumor tissue, while the Immune-
Score represents the level of immune cell infiltration. These 
scores are obtained by examining the expression levels of 
specific genes associated with stromal and immune cell pop-
ulations. The ESTIMATE algorithm offers a valuable tool 
for evaluating the tumor microenvironment by estimating 
the abundance of stromal and immune cells based on gene 
expression data. Its application facilitates a better under-
standing of the TME’s role in cancer biology and aids in the 
identification of potential prognostic markers and therapeu-
tic strategies.

CIBERSORT

Loading and running package CIBERSORT with local R 
software, the gene expression data of patients as the input 
file. The CIBERSORT (Cell-type Identification By Estimat-
ing Relative Subsets Of RNA Transcripts) algorithm is a 
computational method that plays a crucial role in assess-
ing the tumor microenvironment (TME). It enables the 
estimation of immune cell populations within complex tis-
sue samples using gene expression data. The CIBERSORT 

algorithm provides a valuable tool for evaluating the tumor 
microenvironment by estimating the relative proportions 
of immune cell subsets based on gene expression data. Its 
application facilitates the characterization of immune cell 
infiltrates and contributes to a deeper understanding of the 
immune landscape in cancer, leading to potential advance-
ments in diagnosis, prognosis, and immunotherapy.

Differentially Expressed Genes (DEGs)

Patients were scored by the model and labeled with high 
risk or low risk based on the comparison to the median 
score. The method of Wilcox was used as the difference 
test for determining the DEGs between the high- and low-
risk patients. False discovery rate (FDR) less than 0.1 and 
log2FC larger than one are the significance filtering con-
ditions. The comparison direction was high risk/low risk, 
which eventually determined 99 DEGs.

Subsets of Enrichment Analysis

GO and KEGG Signaling Pathway Enrichment Analysis

DEGs were input into the GO and KEGG signaling pathway 
enrichment analyses, “BH” as the adjust method, and only 
gene set terms and pathways with q-value less than 0.05 
were regarded as significant.

Gene Set Enrichment Analysis (GSEA) and Gene Set 
Variation Analysis (GSVA)

Gene sets of h.all.v2022.1.Hs.symbols.gmt were down-
loaded from Molecular Signatures Database, and the 
enriched gene sets with a p-value less than 0.05 and the 
absolute value larger than one were considered significant. 
The method of Wilcox was used to determine the difference 
between two groups.

Differential Analysis to the Immune‑Associated 
Gene Sets

The 29 immune-associated gene sets were listed in Supple-
mentary Datasheet 3, which was obtained from the study 
entitled “Classification of triple-negative breast cancers 
based on Immunogenomic profiling.” These immune-asso-
ciated genes, compiled by the authors, are generally appli-
cable and not specific to breast cancer alone. The score of 
each gene set was calculated by GSVA with the parameter 
of the method set to “ssgsea,” which was followed by the 
variation analysis.
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Analyses of Variation and Correlation 
to the Immune‑Related Genes

Immune-associated genes were listed in Supplementary 
Datasheet 4. Wilcox and Spearman were adopted to per-
form the variation and correlation analyses, and a p-value 
less than 0.05 was considered significant.

Tumor Immune Dysfunction and Exclusion (TIDE)

For detailed instructions, please refer to the guidelines 
provided on the website  (http://​tide.​dfci.​harva​rd.​edu). 
Simply put, the gene expression matrix of patients was 
used as the input file. The Wilcox was used to determine 
the significant difference between patients of high risk and 
low risk.

Variation Analysis to Drug Sensitivity

By means of R package pRRophetic, the response to drugs 
of patients was predicted based on the gene expression 
matrix, followed by the variation analysis with Wilcox as 
the significance testing.

Softwares and Packages

R language: version 4.0.1primary packages: caret, survival, 
survminer, glmnet, vioplot, ggplot2, limma, org.Hs.eg.
db, clusterProfiler, pRRophetic, ggpubr, corrplot, GSVA, 
pheatmap, GOplot, enrichplot, estimate, CIBERSORT

Cytoscape: version 3.9.1

Results

Particular Alternative Splicing Variants of Genes 
Involved in Pyroptosis and Cuproptosis Have 
the Potential to Serve as Prognostic Markers 
of Cervical Cancer

It is commonly accepted that distinct splicing variants of the 
same gene can have completely opposing roles in the devel-
opment and progression of diseases. Thus, for determin-
ing the roles of distinct splicing variants of genes involved 
in the pyroptosis and cuproptosis in CC, the prognostic 
model was constructed with the alternative splicing data 
(Percent Spliced In, PSI) of the genes in the Supplementary 
Datasheet 1. The prognostic model consisted of five par-
ticular alternative splicing variants, CDKN2A|86,000|AP, 
NFE2L2|56,128|AP, CASP8|56,831|AD, CASP1|18,519|RI, 
and GSDMD|85,420|AP (Fig. 1 A–C). The risk score of 

patients was calculated by the model in the following 
equation:

where the k represented the total number of model-compris-
ing members, β denoted the coefficient of the corresponding 
alternative splicing variant, and E indicated the PSI level. 
Here is the detailed calculation process:

The receiver operating characteristic (ROC) curve analy-
sis was conducted to evaluate the performance of the model 
separatively across different groups including training, test-
ing, and all patients (Fig. 1D–F). The analysis results of the 
ROC curve demonstrated that the model exhibits relatively 
good performance across different subgroups. It showed good 
predictive ability for 1-year, 3-year, and 5-year prognoses. To 
identify the factors underlying the model-constituting alter-
native splicing variants, correlation analysis was performed. 
The findings showed that three splicing variants were found to 
be correlated with corresponding alternative splicing factors. 
Among them, CDKN2A|86,000|AP and GSDMD|85,420|AP 
had only one splicing-related factor each, namely HSPB1 and 
INTS1, respectively (Fig. 1G). In order to thoroughly assess 
how effective the model is at predicting the prognosis of CC 
patients, we conducted overall and conditional survival analy-
ses. The results showed that patients who were deemed to have 
a higher risk by the model had significantly worse prognoses 
than those who were classified as low risk, regardless of which 
group they were in (Fig. 2). The aforementioned results con-
vincingly indicate that the five alternative splicing variants of 
the model possess the potential to serve as robust prognostic 
indicators for patients diagnosed with CC.

The Model‑Associated Alternative Splicing Variants 
Are Associated with Distinct Immune Compositions 
in Patients with CC

Given the close association between CC and HPV infection, 
the composition of TME plays a pivotal role in the initiation 
and progression of CC. In light of the discovery of novel forms 
of cell death, such as pyroptosis and ferroptosis, it becomes 
crucial to further investigate and pay attention to their potential 
association with alterations in the components of TME. The 
ESTIMATE algorithm enables the estimation of immune and 

risk score =

k∑

i=1

�
i
E
i

the risk score of the patient = 2.88 ∗ CDKN2A|86000|AP − 7.35

∗ NFE2L2|56128|AP + 5.55

∗ CASP8|56831|AD − 2.37

∗ CASP1|18519|RI − 3.89

∗ GSDMD|85420|AP.

http://tide.dfci.harvard.edu
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stromal components within TME, facilitating the evaluation 
of compositional differences in TME between patients clas-
sified as high or low risk by the model. The results demon-
strated a notable increase in the immune composition of the 
tumor microenvironment (TME) among patients with lower 
risk, in contrast to patients with higher risk, where the immune 
composition was comparatively lower. Conversely, these dif-
ferences were reflected in the tumorous content (Fig. 3). The 
results indicated a significant correlation between the expres-
sion level of specific alternative splicing variants of the five 
genes involved in pyroptosis and cuproptosis and the immune 
composition of the TME in patients with CC.

The Alternative Splicing Variants that Constitute 
the Model Were Found to be Associated 
with the Composition of Tumor‑Infiltrating Immune 
Cells (TICs)

Based on the preceding results, it was observed that the 
splicing variants exhibited a correlation with the immune 

composition of the TME in CC. These findings highlight 
the need for further exploration into the characterization of 
tumor-infiltrating immune cells (TICs) in patients stratified 
by varying degrees of risk predicted by the model. There-
fore, the CIBERSORT algorithm was applied to quantify 
the abundance of tumor-infiltrating immune cells (TICs), 
thereby elucidating the correlation between splicing vari-
ants and TICs in patients with CC. The results revealed 
distinct patterns of TIC infiltration within the microenviron-
ment across different patient groups, involving a panel of 
seven immune cell types, namely, B cells naive, CD8 + T 
cells, gamma delta T cells, M0 macrophages, resting den-
dritic cells, resting mast cells, and activated mast cells 
(Fig. 4A). Among these immune cell types, except for M0 
macrophages and activated mast cells, the proportions of 
the remaining cell types showed a significant decrease in 
the high-risk group compared to the low-risk group. To 
further investigate the interplay between different TICs 
and their association with the risk score calculated by the 
model, a correlation analysis was performed. The findings 

Fig. 1   Construction of the 
alternative splicing prognostic 
model and correlation analysis 
to the model-comprising vari-
ants and the associated factors. 
A, B LASSO coefficient profiles 
and determination of the tun-
ing parameter (lambda) in the 
LASSO model established on 
the partial likelihood deviance 
with tenfold cross-validation. C 
Forest plot of multivariate Cox 
regression. D–F Evaluation of 
the model performance separa-
tively across training, testing, 
and all patient groups. G Corre-
lation analysis of model-consti-
tuting splicing variants and the 
associated alternative splicing 
factors. The two hexagons in 
green color indicated the alter-
native splicing variants belong-
ing to the gene set of pyroptosis, 
playing protective roles in the 
hazard model; the circle in red 
color denoted the alternative 
splicing variant grouped in the 
cuproptosis-associated gene set, 
being a harmful hazard factor 
in the model; the diamond 
shape with pink color signified 
the alternative splicing factors 
associated with the model-con-
stituting variants; solid red lines 
linking the variants and associ-
ated splicing factors denoted 
positive correlation, and the 
green dashed lines depicted the 
negative correlation
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revealed significant correlations between the risk score and 
six immune cell types, namely CD8 + T cells, follicular 
helper T cells, M0 macrophages, resting dendritic cells, 
resting mast cells, and activated mast cells (Fig. 4B). To 
obtain a more concise overview, a separate analysis was 
conducted focusing on the six significant immune cell 
types. Subsequently, another correlation analysis was per-
formed. Among these cell types, M0 macrophages and acti-
vated mast cells exhibited a positive correlation with the 
risk score of patients. In contrast, CD8 + T cells, follicular 
helper T cells, resting dendritic cells, and resting mast cells 
displayed a negative correlation with the risk score (Fig. 4C 
and Supplementary Fig. 1).

The Specific Alternative Splicing Events 
in Pyroptosis‑Associated and Cuproptosis‑Related 
Genes Contribute to the Phenotypic Remodeling 
of the TME in Patients with Cervical Tumors

The phenotype of the TME plays a significant role in indi-
cating the status and progression of tumors, including 
metastasis, proliferation, regression, and drug resistance. 
To investigate the impact of specific variants resulting 
from alternative splicing, particularly those associated with 
pyroptosis or cuproptosis, on the TME phenotype in CC, a 
series of enrichment analyses were conducted. Initially, a 
set of differentially expressed genes (DEGs) was obtained, 

Fig. 2   Overall and conditional 
survival analyses. A–C Overall 
survival analysis with entire 
patients in the training group, 
conditional survival analyses of 
high- and low-risk patients in 
the training group. D–F Overall 
survival analysis to the entire 
patients in the testing group, 
conditional survival analyses of 
high- and low-risk patients in 
the testing cohort. G–I Overall 
survival curves depicting the 
entire patients, conditional 
survival analyses of high- and 
low-risk patients in all patients 
cohort
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comprising a total of 99 genes, with 38 up-regulated and 61 
down-regulated in high-risk patients compared to low-risk 
patients (Fig. 5A). Following that, Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analyses were performed using the set of 99 
DEGs. The GO analysis encompassed three main catego-
ries: biological process, cellular component, and molecular 
function. The results revealed notable enrichments in the 
molecular function (MF) category, particularly in stimu-
lus-related signaling pathways such as cytokine receptor 
binding, chemokine receptor binding, cytokine activity, 
chemokine activity, G protein-coupled receptor binding, 
CXCR chemokine receptor binding, signaling receptor 
activator activity, and receptor-ligand activity, predomi-
nantly observed in the high-risk patient group. In contrast, 
the low-risk patient group exhibited significant enrichments 
in enzymatic reactions, metabolic activities, and immune-
related functions, including oxidoreductase activity, acting 
on single donors with incorporation of molecular oxygen, 
antigen binding, and endopeptidase activity, among others 
(Fig. 5B). These findings highlight the divergent functional 

profiles between high-risk and low-risk patients, shedding 
light on the underlying biological processes associated with 
the distinct phenotypes of the TME in cervical cancer. Simi-
lar findings were observed in the cellular component cat-
egory, revealing enrichments of immune-related activities in 
the low-risk patient group, for example, the T-cell receptor 
complex. In contrast, the gene set associated with the ter-
tiary granule lumen showed significant enrichment in the 
high-risk patient group, suggesting an immunosuppressive 
status. This observation is supported by the fact that com-
pared to secondary granules, tertiary granules have a lower 
concentration of antimicrobial substances and are more read-
ily exocytosed. Thus, tertiary granules serve as a primary 
reservoir for extracellular matrix-degrading enzymes and 
membrane receptors that are crucial for cellular migration 
(Fig. 5B). These findings provide insights into the distinct 
cellular components and their functional implications in the 
TME of cervical cancer patients with varying risk profiles. 
Differences in the cellular activity status of the tumor micro-
environment (TME) in patients with varying risk profiles 
were evident through the enriched terms in the biological 

Fig. 3   ESTIMATE algorithm 
to calculate the ratio of immune 
composition, stromal composi-
tion, and tumor purity. A–D 
ImmuneScore, indicating the 
proportion of immune-associ-
ated components; StromalScore,  
reflecting the amount of 
stromal-related composition; 
ESTIMATEScore, representing 
the comprehensive proportion 
of the immune- and stromal-
associated composition; Tumor-
Purity, showing the relative 
amount of tumors
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process category. Specifically, high-risk patients showed 
enrichments in terms related to cellular migration and adhe-
sion (Fig. 5B). The GO enrichment analysis indicated that 
high-risk patients exhibited a tumor-promoting phenotype 
characterized by enhanced cellular migration, as well as 
dynamic cytokine and chemokine activities. In contrast, the 
TME of low-risk patients exhibited an immune-focused phe-
notype, with significant enrichments in immune activities. 

Similarly, the enrichment analysis of KEGG signaling path-
ways yielded comparable results. Specifically, three signal-
ing pathways, namely antigen processing and presentation, 
neuroactive ligand-receptor interaction, and natural killer 
cell-mediated cytotoxicity, were significantly enriched in 
the TME of low-risk patients (Fig. 5C). In contrast, the 
enrichment analysis revealed that high-risk patients exhib-
ited significant enrichments in several signaling pathways 

Fig. 4   CIBERSORT algorithm to evaluate the composition of tumor-
infiltrating immune cells (TICs). A CIBERSORT algorithm to cal-
culate the relative amount of TICs. B Correlation analysis of TICs 
with the risk score calculated by the prognostic model. The symbol 

of asterisk denoted the significant relationship between two factors, 
and the color symbolized the strength of the correlation. C Detailed 
display of correlation between six significant kinds of TICs and the 
risk score
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associated with disease-related processes and signal trans-
duction. These pathways included bladder cancer, pertussis, 
alcoholic liver disease, NF-kappa B signaling pathway, and 
NOD-like receptor signaling pathway (Fig. 5C).

Based on the enrichment analyses conducted, it is evi-
dent that the TME phenotypes of high-risk and low-risk 
patients exhibit significant differences. High-risk patients 
exhibited an active cellular metabolism, extensive cellular 

interactions, and enhanced cellular motility, indicative of a 
tumor-promoting phenotype. Conversely, low-risk patients 
displayed an immune-preferential phenotype characterized 
by notable immune-related activities. These observations 
emphasize the importance of considering the distinct TME 
phenotypes associated with varying risk profiles in cervical 
cancer patients. To comprehensively investigate the status of 
the microenvironment, we conducted Gene Set Enrichment 

Fig. 5   Generation of differentially expressed genes (DEGs) and 
analyses of enrichment and variation. A DEGs with FDR less than 
0.1 and log2FC larger than 1 were considered significant, and a total 
of 38 upregulated and 61 downregulated DEGs were established in 
high-risk patients compared to the low-risk. B GO enrichment anal-
ysis with the DEGs, molecular function (MF), cellular component 
(CC), and biological process (BP) three categories were enriched 
respectively. Z-score larger than zero suggested the gene sets were 
enriched in high-risk patients, and on the contrary, less than zero 
indicated enriched by the low-risk patients. C KEGG signaling path-

way enrichment analysis with DEGs. Z-score larger than zero denoted 
the signaling pathways were enriched in high-risk patients, and con-
versely, less than zero signified enriched by the low-risk patients. The 
hierarchy structure of signaling pathways was exhibited by three lev-
els. D Gene Set Enrichment Analysis (GSEA) with the HALLMARK 
gene sets downloaded from Molecular Signatures Database; NES, 
normalized enrichment score. E Gene Set Variation Analysis (GSVA) 
with the HALLMARK gene sets accessed from Molecular Signatures 
Database; one symbol of asterisk denoted the p-value less than 0.05, 
two asterisks, less than 0.01, Wilcox as the testing method
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Analysis (GSEA) using HALLMARK gene sets from the 
Molecular Signatures Database. Strikingly, we observed 
significant enrichments of metabolism-related gene sets in 
the high-risk group, including EPITHELIAL_MESENCHY-
MAL_TRANSITION, GLYCOLYSIS, ANGIOGENESIS, 
MYC_TARGETS_V1, and APICAL_JUNCTION, indicat-
ing an active TME that promotes tumor growth and progres-
sion (Fig. 5D). In contrast, the low-risk patients exhibited 
enrichments in two gene sets, ALLOGRAFT_REJECTION 
and INTERFERON_GAMMA_RESPONSE, which are 
indicative of an immune-related response. The results fur-
ther support the immune-preferring status of the TME in the 
low-risk group (Fig. 5D). The findings align with previous 
studies demonstrating that cervical cancer (CC) employs 
energy-efficient metabolic pathways, such as hypoxia and 
glycolysis, to promote rapid proliferation, giving it a com-
petitive advantage over adjacent normal tissue cells. To 
further elucidate the divergent phenotypic characteristics 
of the TME between high- and low-risk patients, Gene Set 
Variation Analysis (GSVA) was performed, employing 
HALLMARK gene sets as the target. Consistent with the 
previously reported GSEA results, significant enrichment of 
tumor-favoring gene sets was observed in high-risk patients, 
including HALLMARK_ANGIOGENESIS, HALLMARK_
APICAL_JUNCTION, HALLMARK_EPITHELIAL_MES-
ENCHYMAL_TRANSITION, and HALLMARK_GLYCO-
LYSIS, HALLMARK_HYPOXIA (Fig. 5E).

Specific Alternative Splicing Events in Pyroptosis 
and Cuproptosis Are Linked to Immune Evasion 
and Chemotherapy Sensitivity

Based on the preceding series of enrichment analyses, it 
can be safely concluded that a remodeling occurred in the 
phenotype of the TME, contributed by the variants involved 
in two kinds of cellular death modalities, pyroptosis and 
cuproptosis, generated by particular alternative splicings. 
Collectively, this observation represents a plasticity in the 
TME phenotype, characterized by a transition between a 

tumor-favoring phenotype and an immune-preferring phe-
notype, which is comprehensively influenced by alternative 
splicing variants. Although some patients have shown posi-
tive responses to immunotherapy, a significant proportion of 
tumor patients fail to respond to immune-based treatments. 
This lack of response may be closely associated with the 
immune phenotype of the TME, specifically the immune-
related characteristics of the TME. To further investigate 
the impact of alternative splicing variants on the immune 
phenotype of the TME, Gene Set Variation Analysis (GSVA) 
was conducted, targeting 29 gene sets that are relevant to the 
immune system. These gene sets encompass a wide range 
of immune cells, immune-related signaling pathways, and 
immune-associated functions. The analysis revealed nota-
ble differences in various immune-related functions and 
cell types between high-risk and low-risk patients, includ-
ing B cells, antigen-presenting cell (APC) co-stimulation, 
CD8 + T cells, natural killer (NK) cells, immune checkpoint 
pathways, dendritic cells (DCs), tumor-infiltrating lympho-
cytes (TILs), and T helper cells (Fig. 6A). High-risk patients 
exhibited weaker expression levels in all of the immune-
associated gene sets analyzed, compared to low-risk patients. 
These findings are consistent with the earlier observation 
that patients with lower risk scores tend to have an immune-
preferring phenotype in the TME, and to some extent, this 
may explain why low-risk patients have better prognoses 
than high-risk patients who adopt a tumor-favoring pheno-
type in the TME. Additionally, an analysis of the expression 
of immune-related genes was conducted, which revealed that 
high-risk patients had significantly lower expression levels 
of these genes than low-risk patients (Fig. 6B). Correla-
tion analysis supported this observation, as the risk score 
was found to be negatively correlated with the expression 
of immune-related genes, with the exception of CD276 
(Fig. 6C and Supplementary Fig. 2). To further investigate 
the influence of different TME phenotypes on immune eva-
sion and to evaluate the underlying mechanism used by 
tumors to evade immune surveillance, we utilized the web 
platform TIDE (http://​tide.​dfci.​harva​rd.​edu) to calculate 
patient scores with respect to T-cell exclusion and associated 
cells, such as myeloid-derived suppressor cells (MDSCs) 
and cancer-associated fibroblasts (CAFs). Our results 
demonstrated that, except for interferon-gamma (IFNG), 
high-risk patients had higher scores for T-cell exclusion, 
MDSCs, and CAFs compared to low-risk patients. These 
findings further support our earlier conclusion that the TME 
in high-risk patients exhibits a tumor-favoring phenotype 
that is immune-suppressive, characterized by T-cell exclu-
sion, and that this may also correlate with MDSCs and CAFs 
(Fig. 6D, E, F, and G). Since chemotherapy remains a major 
treatment option in clinical practice, we explored the influ-
ence of TME phenotype remodeling on tumor sensitivity to 
chemotherapy drugs. Using the R package, we predicted the 

Fig. 6   Immune-associated variation and correlation analyses. A The 
immune-associated gene sets were scored by GSVA, followed by var-
iation analysis. One symbol of asterisk denoted a p-value less than 
0.05, two representing 0.01, and three signifying 0.001. B Differen-
tial analysis of immune checkpoint-related genes, one asterisk symbol 
denoting a p-value less than 0.05, two representing 0.01, three indi-
cating 0.001, and Wilcox as the significance testing method. C Cor-
relation analysis of immune checkpoint-associated genes, the asterisk 
signifying a p-value less than 0.05, and the color filled in the circle 
represented the strength of the correlation between two factors. D–G 
Analysis of Tumor Immune Dysfunction and Exclusion (TIDE). Vari-
ation analyses regarding aspects of T-cell exclusion, myeloid-derived 
suppressor cells (MDSCs), cancer-associated fibroblasts (CAFs), 
and interferon-gamma (IFNG). H Variation analysis of the predicted 
drugs response

◂

http://tide.dfci.harvard.edu
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sensitivities of patients to various chemotherapy drugs. The 
results clearly showed that patients with higher risk scores 
were more vulnerable to many chemotherapy drugs, with 
lower IC50 values compared to low-risk patients (Fig. 6H). 
These findings highlight the significance of TME phenotype 
in clinical treatment with chemotherapy drugs and provide 
clinicians with additional treatment options.

Discussion

The results of this study suggested that the occurrence of par-
ticular alternative splicing events in genes involved in pyropto-
sis and cuproptosis was implicated in the phenotypic remode-
ling of TME. The role of pyroptosis- and cuproptosis-associated 
alternative splicing in remodeling the TME of cervical cancer 
was explored from three aspects in this study. First, TME com-
position analyses and a series of enrichment analyses revealed 
distinct TME characteristics between the high- and low-risk 
groups, particularly the tumor-favoring phenotype in high-risk 
patients. Second, differences in immune-related gene sets and 
immune-related genes between the two groups, as well as their 
risk associations, indicated differential immune phenotypes 
of the TME. Third, differences in immune escape and drug 
sensitivity between the two groups further suggested distinct 
immune phenotypes of the TME, with a TME phenotype in 
high-risk patients promoting immune evasion of tumor cells.

The results that the expressions of many immune-related 
genes were significantly higher in the low-risk group com-
pared to the high-risk group provide important insights into 
the immune landscape and potential prognostic implications 
in cervical cancer. One possible explanation for the higher 
expression of immune-related genes in the low-risk group 
compared to the high-risk group of cervical cancer patients 
is the presence of an active and responsive immune system in 
the low-risk group. It is known that the immune system plays 
a crucial role in recognizing and eliminating cancer cells. 
In the context of cervical cancer, a robust immune response 
is associated with improved prognosis and better treatment 
outcomes. The higher expression of immune-related genes 
in the low-risk group could reflect enhanced immune cell 
activation and infiltration within the tumor microenviron-
ment. This immune activation may be driven by the presence 
of specific immune cell populations, such as B cells naive, 
CD8 + T cells, gamma delta T cells, resting dendritic cells, 
and resting mast cells, which were found to be significantly 
enriched in the tumor tissue of the low-risk group. These 
immune cells are known to play important roles in orches-
trating anti-tumor immune responses, including the recogni-
tion and killing of cancer cells. Furthermore, the enrichment 
analysis results indicated that the low-risk group exhibited 
a significant enrichment in immune-related activities. This 
enrichment may signify the activation of pathways involved 

in immune surveillance, antigen presentation, T-cell activa-
tion, and cytokine signaling, among others. These processes 
collectively contribute to an effective anti-tumor immune 
response. It is important to note that the higher expression of 
immune-related genes in the low-risk group does not neces-
sarily indicate that these genes are promoting tumor develop-
ment. Instead, it suggests that the immune system in the low-
risk group is actively engaged in recognizing and responding 
to the tumor, potentially leading to better control of tumor 
growth and improved patient outcomes. In contrast, the high-
risk group exhibited a lower expression of immune-related 
genes, which may indicate a compromised or suppressed 
immune response. This impaired immune activity could 
contribute to a less effective tumor immune surveillance and 
clearance, allowing the tumor to evade immune recognition 
and potentially progress more aggressively. In summary, the 
higher expression of immune-related genes in the low-risk 
group compared to the high-risk group of cervical cancer 
patients suggests an activated and responsive immune system 
in the low-risk group. This enhanced immune response, char-
acterized by specific immune cell populations and immune-
related pathway enrichment, may contribute to better prog-
nosis and improved patient outcomes by effectively targeting 
and eliminating cancer cells.

In this study, it was explicitly stated that the stratification of 
patients into high-risk and low-risk groups was based on a model 
established using alternative splicing data related to pyropto-
sis and cuproptosis. The distinct characteristics observed in the 
TME of the two risk groups, as assessed by a set of enrich-
ment analyses, and the algorithms of ESTIMATE and CIB-
ERSORT, provided evidence supporting the role of pyroptosis 
and cuproptosis in remodeling the TME in cervical cancer. The 
higher ImmuneScore observed in the low-risk group suggests 
an increased presence of immune cells and heightened immune 
activity within their TME. This finding aligns with previous 
studies demonstrating that pyroptosis can trigger the release of 
pro-inflammatory cytokines, leading to an enhanced immune 
response against tumor cells. Additionally, the enrichment of 
immune cell populations, such as B cells naive, CD8 + T cells, 
gamma delta T cells, resting dendritic cells, and resting mast 
cells, in the tumor tissue of the low-risk group further sup-
ports the notion that the alternative splicing variants involved 
in pyroptosis and cuproptosis play a role in shaping the immune 
landscape of the TME. Furthermore, the enrichment analysis 
results revealed that the low-risk group exhibited enrichment 
in immune-related activities, while the high-risk group showed 
enrichment in processes associated with hypoxia, glycolysis, and 
epithelial-mesenchymal transition (EMT). These observations 
align with existing knowledge that pyroptosis-induced release 
of pro-inflammatory cytokines can promote an immune-active 
TME and cuproptosis-associated alterations in cellular copper 
levels may affect metabolic reprogramming and EMT, contribut-
ing to a more aggressive tumor phenotype.
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Therefore, based on the significant differences observed 
in the TME phenotype of the high-risk and low-risk groups, 
which were stratified using a model built on alternative splicing 
variants involved in pyroptosis and cuproptosis, these findings 
this study suggested that particular alternative splicing variants 
involved in pyroptosis and cuproptosis contribute to the remod-
eling of the TME in cervical cancer by modulating immune 
responses and metabolic pathways. These findings highlight 
the importance of considering the impact of these cell death 
pathways on the TME phenotype and provide insights into the 
potential mechanisms by which pyroptosis and cuproptosis 
influence tumor progression and patient prognosis.
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