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ARTICLE INFO ABSTRACT
Keywords: Objective: To study pyroptosis-related biomarkers that are associated with the prognosis and
Osteosarcoma immune microenvironment characteristics of osteosarcoma (0S). The goal is to establish a

Tumor microenvironment

foundation for the prognosis and treatment of OS.
Immune system

Pyroptosis Methods: We retrieved transcriptome and clinical data from The Cancer Genome Atlas (TCGA)

IncRNA database for 88 OS patients. Using this data, we constructed a prognostic model to identify

ceRNA pyroptosis-related genes (PRGs) associated with OS prognosis. To further explore the biological
function of these PRGs, we performed enrichment analysis. To identify pyroptosis-related long
non-coding RNAs (PRLncs) associated with the prognosis of OS, we performed co-expression
analysis. Subsequently, a risk prognostic model was constructed using these PRLncs to generate
a risk score, termed as PRLncs-score, thereby obtaining PRLncs associated with the prognosis of
OS. The accuracy of the prognostic model was verified through survival analysis, risk curve,
independent prognostic analysis, receiver operating characteristic (ROC) curve, difference anal-
ysis between high- and low-risk groups, and clinical correlation analysis. And to determine
whether PRLncs-score is independent prognostic factor for OS. In addition, we further conducted
external and internal validation for the risk prognosis model. Further analyses of immune cell
infiltration and tumor microenvironment were performed. A pyroptosis-related competitive
endogenous RNA (PRceRNA) network was constructed to obtain PRceRNAs associated with the
prognosis of OS and performed gene set enrichment analysis (GSEA) on PRceRNA genes.
Results: We obtained five PRGs (CHMP4C, BAK1, GSDMA, CASP1, and CASP6) that predicted OS
prognosis and seven PRLncs (AC090559.1, AP003119.2, CARD8-AS1, AL390728.4, SATB2-AS1,
AL133215.2, and AC009495.3) and one PRceRNA (CARD8-AS1-hsa-miR-21-5p-IL1B) that pre-
dicted OS prognosis and indicated characteristics of the OS immune microenvironment. The
PRLncs-score, in combination with other clinical features, was established as an independent
prognostic factor for OS patients. Subsequent scrutiny of the tumor microenvironment and im-
mune infiltration indicated that patients with low-PRLncs-scores were associated with reduced
metastatic risk, improved survival rates, heightened levels of immune cells and stroma, and
increased immune activity compared to those with high-PRLncs-scores.
Conclusion: The study’s findings offer insight into the prognosis of OS and its immune microen-
vironment, and hold promise for improving early diagnosis and immunotherapy.
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1. Introduction

As most frequent primary bone cancer, osteosarcoma (OS), develops from mesenchymal cells and is characterized by a tumor that
generates an osteoid matrix. Common symptoms of OS include localized pain, swelling, and limited joint mobility. OS typically affects
long bones, with the distal femur, proximal tibia, and proximal humerus being the most commonly affected sites. Nevertheless, other
bones can also be affected. Although OS is more prevalent in children and adolescents, it can also occur in people over the age of 50,
resulting in a second peak incidence [1,2]. OS affects 2-3 individuals per million each year in the general population. However, in the
15-19 age range, the annual incidence increases to 8-11 per million each year. Furthermore, OS constitutes about 15 % of all
extracranial solid tumors in this age range, and is approximately 1.4 times more prevalent in males than in females [3]. Furthermore,
OS can locally invade and metastasize early, most often to the lungs but also to bones and rarely to the lymph nodes; 30-50 % of the
affected population develops recurrent disease [4]. The majority of cancer hospitals currently use neoadjuvant chemotherapy,
extensive tumor resection, and further adjuvant chemotherapy to treat high-grade OS. Low-grade OS is usually treated only with
surgical excision [1]. Localized disease in children and young adults boasts a five-year survival rate of 78 %. However, the same cannot
be said for patients with recurrent and metastatic OS, whose five-year survival rate is a mere 20 % [2,5]. Over the past few decades,
there has been a significant improvement in the survival rates of patients diagnosed with non-metastatic OS. However, the same cannot
be said for patients diagnosed with metastatic OS, as their survival rates have not shown a similar level of improvement [6]. OS re-
mains a significant health hazard, and additional research on its pathogenesis is necessary to establish novel therapeutic approaches
that can enhance the overall survival rate among OS patients.

Pyroptosis, also referred to as cytoinflammatory necrosis, is a recently identified type of programmed cell death [7]. Unlike
apoptosis, pyroptosis can lead to the activation and release of various danger-signal molecules and cytokines, this results in a robust
inflammatory response and immune system activation [8]. Pyroptotic cells form numerous vesicles that form stomata in the cell
membrane. These facilitate the release of inflammatory cytokines, specifically IL-1f and IL-18. Furthermore, the formation of stomata
in the plasma membrane typically leads to membrane lysis, and thus the release of cytoplasmic components into the extracellular
space, which causes nuclear condensation and cell enlargement [9,10]. Initially identified as a key mechanism of anti-infection,
pyroptosis has now been found to play a significant role in tumors [9]. Inflammatory vesicles, gasdermin proteins, and
pro-inflammatory cytokines, which are related to the occurrence, invasion, and metastasis of tumors, are key components of pyroptosis
[11]. Huaier extract can promote pyroptosis that is mediated by NLRP3 and prevent the growth of non-small cell lung cancer [12].
Breast cancer tumor grade, tumor size, clinical stage, and risk of mortality are all adversely linked with the expression of
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Fig. 1. Flow chart of this study.
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pyroptosis-related proteins (CASP1, IL-1, and GSDMD) [13]. Pyroptosis and OS are tightly connected, according to earlier studies. The
OS prognosis may be aided by pyroptosis-related long non-coding RNAs (PRLncs) associated with the OS microenvironment, includes
RPARP-AS1, AC009159.3, and AC124312.3 [14]. By stress-activating the endoplasmic reticulum, physcion 8-O-beta-glucopyranoside
causes NLRP3-related pyroptosis and promotes cell metastasis in human OS cells [15]. While studies have established a correlation
between pyroptosis and OS, the precise role of this process in the development of OS is yet to be fully understood. Conducting
additional research to explore the potential significance of pyroptosis in OS could be crucial in enhancing the survival rates of in-
dividuals affected by this condition.

Transcriptome and microarray analyses have proven to be valuable tools in the study of various diseases, such as tumors. These
methods are utilized to identify novel biomarkers that can aid in the diagnosis, treatment, and prognosis of the disease [16,17]. In
recent years, the use of bioinformatics in data mining has greatly advanced our understanding of the molecular mechanisms of disease,
particularly in the field of cancer research. By identifying potential biomarkers, this analysis has also opened up new avenues for
designing effective treatment strategies [18,19]. According to bioinformatics analysis, OLFML2B overexpression may serve as a
promising diagnostic and prognostic marker for gastric cancer [20]. In a study aimed at developing a prognostic model for colon
cancer, researchers have identified three autophagy markers (MAP1LC3C, WIPI2, and RAB7A) that are associated with the prognosis of
colon cancer patients [21]. In addition to its role as an independent prognostic factor of OS patients, KIF21B has been shown to regulate
tumor formation in vivo by modulating the PI3K/AKT pathway, specifically, downregulation of KIF21B has been found to inhibit cell
proliferation and reduce tumor growth [22].

The transcriptome and clinical information of 88 OS patients from the Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.
gov/) were utilized in this work to examine the association of pyroptosis-related genes (PRGs) and PRLncs in OS prognosis. Using
this data, risk prognostic model was developed, and the risk score was calculated to predict OS survival. Additionally, investigating the
association between the PRLncs-score and the tumor microenvironment and immunity may offer insights into the link between
pyroptosis and immunotherapy response of OS patients. Fig. 1 presents a workflow chart of this study.

2. Materials and methods
2.1. Data download and arrangement

The transcriptome and clinical information for 88 OS cases was retrieved from the TCGA database. The clinical information
comprised the following: the futime, fustat, gender, age at diagnosis in days, the disease at diagnosis (whether it was metastatic or not),
the primary tumor site, and the specific tumor site. Two samples were removed because of incomplete survival data, and the remaining
86 samples were used for subsequent analysis.

2.2. PRGs related to OS prognosis

The OS transcriptome data contained both genes and IncRNAs. We identified 52 potential PRGs from previous reviews and
intersected them with genes from the OS transcriptome data [9,23-27]. This process resulted in an OS-related PRGs expression matrix.
Using Perl, we merged this matrix with survival data and performed univariate Cox regression analysis with the “survival” package in
R. This allowed us to identify statistically significant PRGs that related to the OS prognosis [28].

2.3. Risk prognostic model of OS prognostic PRGs

A risk prognostic model of OS prognostic PRGs was built and optimized using “survival” package in R through multivariate stepwise
Cox regression analysis. The risk score was determined: Risk score = > ; (geneexp; x coef;), where n denotes the total number of OS
prognostic PRGs, i denotes the ith gene, and coef denotes the regression coefficient. The sample risk score (PRGs-score) was calculated
by multiplying the expression of OS prognostic PRGs by the regression coefficient and added them. Based on the median, the samples
were split into high- and low-risk groups.

2.4. Validation of the risk prognostic model of OS prognostic PRGs

In order to determine the survival difference in the high- and low-risk groups of the model, survival curves were created using the R
“survival” and “survminer” packages. The variations in risk score, survival time, and OS prognostic PRGs in the high- and low-risk
groups can then be observed by creating the risk curve, survival status map, and risk heatmap by R [29]. Clinical data and risk
values are combined in Perl, and the “survival” package performed independent prognosis tests through Cox regression analyses both
univariate and multivariate, to verify the model’s independent prognostic ability [30]. The “survival,” “survminer,” and “timeROC”
packages plot both receiver operating characteristic (ROC) curves of the risk score and clinical traits, as well as time-dependent ROC
curves [21,29]. The accuracy of the model was evaluated using the area under the curve (AUC).

2.5. Enrichment analysis of OS prognostic PRGs

Enrichment analyses of OS prognostic PRGs in risk prognostic model were conducted using the R package “clusterProfiler”, include
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses [21]. GO enrichment was assessed
based on three dimensions: biological process (BP), cellular component (CC), and molecular function (MF).

2.6. OS-related PRLncs

To identify OS-related PRLncs, we utilized the “limma” package for co-expression analysis of OS prognostic PRGs in risk prognostic
model and IncRNA in OS transcriptome data. The screening criteria consisted of a Pearson correlation coefficient > 0.5 and P < 0.001
[31].

2.7. PRLncs related to OS prognosis

After the expression matrix of OS-related PRLncs was obtained via co-expression analysis, Perl was used to merge it with the
survival data. The “survival” package afforded the statistically significant PRLncs connected to OS prognosis via univariate Cox
regression analysis [28].

2.8. Risk prognostic model of OS prognostic PRLncs

A risk prognostic model of OS prognostic PRLncs was built and optimized using “survival” package in R through multivariate
stepwise Cox regression analysis. The risk score was determined: Risk score = Y 7 ; (Incrnaexp; x coef;), where n denotes the total
number of OS prognostic PRLncs, i denotes the ith PRLncs, and coef denotes the regression coefficient. The sample risk score (PRLncs-
score) was calculated by multiplying the expression of OS prognostic PRLncs by the regression coefficient and added them. Based on
the median, the samples were split into high- and low-PRLncs-score groups.

2.9. Validation of the risk prognostic model of OS prognostic PRLncs

In order to determine the survival difference in the high- and low- PRLncs-score groups of the model, survival curves were created
using the R “survival” and “survminer” packages. In order to determine the difference in the high- and low-PRLncs-score groups,
differential analysis was performed using the R the “reshape2” and “ggpubr” packages. The variations in risk score, survival time, and
OS prognostic PRLncs between the high- and low-PRLncs-score groups can then be observed by creating the risk curve, survival status
map, and risk heatmap in R. Clinical data and PRLncs-score are combined in Perl, and the “survival” package performed independent
prognosis tests through Cox regression analyses both univariate and multivariate, to verify the model’s independent prognostic ability.
The “survival,” “survminer,” and “timeROC” packages plot both time-dependent ROC curves, as well as ROC curves for the PRLncs-
score and clinical traits. The clinical traits were grouped as follows: gender was divided into female and male, age at diagnosis in
days was divided into <5245 (14 years old) and >5245 (14 years old); the disease at diagnosis was divided into metastatic and non-
metastatic; the primary tumor site was categorized into two regions, namely upper limb and lower limb + pelvis. Moreover, the
specific tumor site was also sub-divided into upper limb and lower limb + pelvis. Perl was used to merge the grouped clinical data and
PRLncs-score, and the “beeswarm” package to detect whether the PRLncs involved in the PRLncs-score and clinical traits were
correlated [21].

2.10. Further validation for the risk prognostic model

We constructed risk prognostic models for OS prognostic PRGs and PRLncs. To ascertain the prognostic efficacy of the risk
prognostic model concerning OS in patient cohorts, we performed supplementary validation analyses. Initially, we acquired the
GSE21257 dataset from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). This dataset encom-
passed 53 cases of OS, upon which we externally validated the prognostic PRGs-driven risk prognostic model for OS. Subsequently,
employing the risk prognostic model established on OS prognostic PRLncs, we partitioned a cohort of 86 OS patients sourced from
TCGA database into distinct training and testing subsets, thus executing an internal validation procedure. The computation of the risk
score and the demarcation of subjects into high and low-risk categories were upheld in congruence with the aforementioned
methodology.

2.11. Tumor microenvironment analysis

The “limma” and “estimate” packages were employed to compute the immune, stromal, and total scores of each OS patient (28). To
investigate the potential difference in the tumor microenvironment scores between high- and low-PRLncs-score groups, the “limma”
and “ggpubr” packages were utilized [32]. The patient samples were stratified into high- and low-score groups according to the median
value of tumor microenvironment scores. The “limma,” “survival,” and “survminer” packages were employed to compare the dif-
ference in survival rates between the high- and low-score groups.
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2.12. Immune-related analysis

Data on the 22 infiltrating immune cell-matrix of the OS transcriptome were obtained using the CIBERSORT software (“e1071,”
“parallel,” and “preprocessCore” packages) in R [33]. Samples demonstrating a statistically significant difference (P < 0.05) in the
immune cell-matrix were retained. The “barplot” function of R draws the expression histogram of the 22 immune cells in the high- and
low-PRLncs-score groups, the “pheatmap” package draws the expression heatmap, and the “vioplot” package draws the violin diagram.
The samples were segregated into two groups, namely high- and low-expression, according to the median value of immune cells, and
the “limma,” “survival,” and “survminer” packages were used to compare whether immune cells had survival differences in the high-
and low-expression groups. The “ggcorrplot™ and “psych” packages were used to analyze the correlation of OS prognostic PRGs and
PRLncs with 22 immune cells. The present study utilized the single-sample gene set enrichment analysis (ssGSEA) approach imple-
mented in the “GSVA,” “limma,” and “GSEABase” packages to calculate enrichment scores of immune cell populations and functional
categories in the OS transcriptome data. To analyze potential differences in immune cell type and function between the high- and
low-PRLncs-score groups, we utilized the “limma,” “reshape2,” and “ggpubr” packages [32].
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Fig. 2. Risk prognostic model of OS prognosis PRGs. (A) PRGs related to OS prognosis. (B) Survival curves in high- and low-risk groups. (C) Risk
curves in high- and low-risk groups. (D) Survival status map in high- and low-risk groups. (E) Risk heatmap in high- and low-risk groups. (F)
Univariate COX regression analysis. (G) Multivariate COX regression analysis. (H) Time-dependent ROC curves as well as ROC curves for risk score
and clinical traits.
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2.13. Construction of pyroptosis-related competitive endogenous RNAs (PRceRNAs) network related to OS prognosis

The ceRNA network was assembled utilizing the OS prognostic PRLncs in risk prognostic model. This method was employed to
identify potential ceRNA interactions among the PRLncs. The starBase database predicted targeted microRNAs (miRNAs) of PRLncs.
The TargetScan, miRTarBase, and miRDB databases predicted the target genes of miRNAs, the intersection of prediction results from
three distinct databases was determined. The software tool Cytoscape was utilized to establish a ceRNA network. The genes in the
ceRNA network were intersected with 52 PRGs, and PRceRNAs associated with the prognosis of OS were obtained based on the
corresponding miRNAs and PRLncs of the intersected genes in the ceRNA network.

2.14. Gene set enrichment analysis (GSEA)

Genes in the OS prognosis-related PRceRNAs were further analyzed via GSEA, and P < 0.05 was established as the threshold for
determining the statistical significance of the results. This analysis aimed to explore the biological pathways associated with OS
prognosis and pyroptosis.

2.15. Statistical analysis

The statistical analyses were performed using R software version 4.0.5. The level of statistical significance was set at P < 0.05 unless
otherwise specified.

3. Results
3.1. PRGs related to OS prognosis

Genes of the OS transcriptome data were intersected with the 52 PRGs, obtain the expression matrix of 52 OS-related PRGs. After
merging with the survival data, six PRGs with statistical significance associated with the prognosis of OS were obtained via univariate
Cox regression analysis. CASP5 and CHMP4C were identified as high-risk genes, whereas BAK1, GSDMA, CASP1, and CASP6 were low-
risk genes (Fig. 2A).

3.2. Risk prognostic model of OS prognostic PRGs

A risk prognostic model of OS prognostic PRGs was constructed, and five OS prognostic PRGs (CHMP4C, BAK1, GSDMA, CASP1,
and CASP6) were obtained after model optimization. After computing the sample’s risk score using the established model formula, the
sample was stratified into two groups: high-risk (N = 43) and low-risk (N = 43), according to the median values.

3.3. Validation of the risk prognostic model of OS prognostic PRGs

The survival curves indicate significant differences in the survival outcomes of the high-risk and low-risk cohorts, as evidenced by
the five-year survival rates of 0.437 and 0.827, respectively (Fig. 2B). The results from the risk curve analysis indicated a gradual
increase in the risk score of patients from the low-to the high-risk group (Fig. 2C). Based on the survival status chart, it is observed that
there is a gradual decline in the survival rate of patients from the low-to the high-risk group, accompanied by a corresponding increase
in mortality rate (Fig. 2D). The heatmap analysis of the risk assessment revealed a significant upsurge in the expression of CHMP4C
gene in the high-risk group, indicating its classification as a high-risk gene, and a gradual increase in the expression of CHMP4C was
observed from the low-risk to the high-risk group. The expression of BAK1, GSDMA, CASP1, and CASP6, which are low-risk genes,
gradually decreased (Fig. 2E). Univariate independent prognostic analysis showed that the risk score and disease at diagnosis (met-
astatic or non-metastatic) could be used as independent prognostic factors, and they were both high-risk factors (Fig. 2F). Multivariate
independent prognostic analysis showed that the risk score, disease at diagnosis (metastatic or non-metastatic), and the primary tumor
site can serve as independent prognostic indicators and high-risk factors (Fig. 2G). The time-dependent ROC curve analysis demon-
strated superior discriminatory performance of the PRG model in predicting overall survival prognosis at one, three, and five years, as
evidenced by higher AUC, proving that the PRG model can predict the OS prognosis well. The ROC curve demonstrated that the risk
score, disease at diagnosis (metastatic or non-metastatic), and the primary tumor site can serve as a prognostic factor for patient
survival to a certain degree. The AUC for the risk score surpassed that of the overall clinical traits, suggesting that the risk prognostic
model is a more precise predictor of patient survival than the clinical traits (Fig. 2H). The above results illustrate the accuracy of the
PRG risk prognostic model for OS.

3.4. Enrichment analysis of OS prognostic PRGs

Five OS prognostic PRGs (CHMP4C, BAK1, GSDMA, CASP1, and CASP6) were subjected to enrichment analysis. GO enrichment
analysis demonstrated that the OS prognostic PRGs were significantly enriched in the pyroptosis, protein processing, interleukin-1
alpha production, fibroblast apoptosis, and programmed necrotic cell death in BP. Also, they were significantly enriched in the
ESCRT II complex, inflammasome complex, inflammasome complex, multivesicular body, and integral component of the
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mitochondrial membrane in CC, as well as in cysteine-type peptidase activity, peptidase activator activity involved in apoptosis,
phosphatidylserine binding, modified amino acid binding, and heat shock protein binding in MF (Fig. 3A). In terms of signaling
pathways, OS prognostic PRGs were significantly enriched in apoptosis, necroptosis, cytosolic DNA-sensing pathway, melanoma, C-
type lectin receptor signaling pathway, NOD-like receptor signaling pathway, transcriptional misregulation in cancer, Kaposi sarcoma-
associated herpesvirus infection, coronavirus disease, and miRNAs involved in cancer (Fig. 3B).

3.5. OS-related PRLncs

The 44 OS-related PRLncs were determined via co-expression analysis of PRGs in the OS prognostic PRGs model and IncRNAs in the
OS transcriptome data.

3.6. PRLncs related to OS prognosis

The expression matrix of OS-related PRLncs was integrated with survival data. And subjected to univariate Cox regression analysis,
the results revealed that 27 PRLncs exhibited significant association with OS prognosis, comprising of 22 PRLncs classified as high-risk
and 5 PRLncs as low-risk (Fig. 4A).

3.7. Risk prognostic model of OS prognostic PRLncs

A risk prognostic model of PRLncs related to OS prognosis was constructed. After the model was optimized, seven OS-prognosis
PRLncs (AC090559.1, AP003119.2, CARD8-AS1, AL390728.4, SATB2-AS1, AL133215.2, and AC009495.3) were obtained. The
PRLncs-score for the sample was computed using the established model formula. According to the median, two groups were formed: a
high-PRLncs-score group (N = 43) and a low-PRLncs-score group (N = 43).

3.8. Validation of the risk prognostic model of OS prognostic PRLncs

Based on the survival curve analysis, a significant difference in survival was observed between the groups with high- and low-
PRLncs scores, as evidenced by their respective five-year survival rates of 0.403 and 0.858 (Fig. 4B). A total of seven OS prognostic
PRLncs exhibited significant differences in the high- and low-PRLncs-score groups (Fig. 4C). The risk curve indicates a gradual increase
in risk across the PRLncs-score groups, with a noticeable upward trend from the low-to the high-scoring groups (Fig. 4D). The survival
status chart indicates a gradual decline in patient survival rates as the PRLncs-score group increases, accompanied by a corresponding
increase in mortality rates (Fig. 4E). The risk heatmap showed that the expression of AP003119.2, AL390728.4, SATB2-AS1,
AL133215.2, and AC009495.3, which were high-risk PRLncs, gradually increased from the low-to the high-PRLncs-score group.
The expression of AC090559.1 and CARD8-AS1, which were low-risk PRLncs, gradually decreased (Fig. 4F). Based on both univariate
and multivariate independent prognostic analyses, it has been determined that the PRLncs-score and disease status at the time of
diagnosis (metastatic or non-metastatic) are viable independent prognostic factors, with both being deemed high-risk factors (Fig. S5A
and B). The time-dependent ROC curve indicated that the AUC for the one-year, three-year, and five-year was comparatively higher,
proving that the PRLncs-score can predict OS well. The ROC curve showed that the PRLncs-score, disease at diagnosis (metastatic or
non-metastatic), and primary tumor site could predict patient survival to some extent. The AUC of the PRLncs-score was larger than
that of the overall clinical traits, indicating that the PRLncs-score can better predict patient survival than clinical traits (Fig. 5C).
Correlation analysis between PRLncs participating in the PRLncs-score and the clinical traits showed that AC090559.1 was signifi-
cantly correlated with disease at diagnosis (metastatic or non-metastatic), primary tumor site, and specific tumor site, and its
expression was higher in non-metastatic and lower limb + pelvis OS. The PRLncs-score was significantly correlated with disease at
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Fig. 4. Risk prognostic model of OS prognosis PRLncs. The risk score in the model was defined as PRLncs-score to predict OS survival. (A) PRLncs
related to OS prognosis. (B) Survival curves in high- and low-PRLncs-score groups. (C) Risk difference analysis in high- and low-PRLncs-score
groups. (D) Risk curves in high- and low-PRLncs-score groups. (E) Survival status map in high- and low-PRLncs-score groups. (F) Risk heatmap
in high- and low-PRLncs-score groups.

diagnosis (metastatic or non-metastatic), and the PRLncs-score was higher in metastatic OS (Fig. 5D).

3.9. Further validation for the risk prognostic model

The prognostic risk model for OS prognostic PRGs consists of a set of five PRGs: CHMP4C, BAK1, GSDMA, CASP1, and CASP6.
However, within the GSE21257 dataset, only four PRGs (CHMP4C, BAK1, CASP1, and CASP6) manifest. Consequently, the external
validation of the OS prognostic PRGs’ risk model encompasses solely these aforementioned four PRGs. The outcomes derived from the
survival analysis distinctly display noteworthy survival disparities between cohorts classified as high risk and low risk (Fig. 6A). This
divergence is further underscored by the risk heatmap, which effectively illustrates variations in PRGs expression patterns between the
high and low risk groups (Fig. 6B). Similarly, the internal validation of the risk prognostic model of OS prognostic PRLncs yields
concordant findings. Survival analyses conducted on both the training and testing subsets distinctly exhibit substantial survival dis-
crepancies (Fig. 6C and E). Correspondingly, the risk heatmap for PRLncs accentuates discernible distinctions in expression patterns
between the high and low risk groups (Fig. 6D and F).

3.10. Tumor microenvironment analysis

There was a statistically significant increase in the scores of stromal and immune cells, as well as the total score of stromal and
immune cells, in the low-PRLncs-score group compared to the high-PRLncs-score group (Fig. 7A). There were observed variations in
survival rates among stromal and immune cells between high- and low-scoring groups; however, the total score of said cells did not
display any significant disparity (Fig. 7B).
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3.11. Immune-related analysis

The present study conducted an analysis of immune infiltrating cells in the high- and low-PRLncs-score groups. Specifically, we
created both an expression histogram (Fig. 8A) and heatmap (Fig. 8B) to visualize, the results indicate that the expression of CD4
memory resting T cells, resting dendritic cells, resting NK cells, memory B cells, and activated dendritic cells was higher in the high-
PRLncs-score group, whereas that of activated CD4 memory T cells was lower. Violin plots indicate that activated CD8 and CD4
memory T cells had significant differences in the high- and low-PRLncs-score groups. CD8 T cells were highly expressed in the high-
PRLncs-score group and were a high-risk factor for OS. Activated CD4 memory T cells were weakly expressed in the high-PRLncs-score
group and were a low-risk factor for OS (Fig. 8C). The samples were categorized into high- and low-expression groups, utilizing the
median value of immune cells as the discriminatory threshold. Survival difference analysis revealed that resting mast cells, monocytes,
plasma cells, and activated CD4 memory T cells showed survival differences of the high- and low-expression groups (Fig. 8D). A
correlation analysis was conducted between OS prognostic PRGs and immune cells; the figure shows only the statistically significant
correlation coefficients. The results of the study demonstrate a positive correlation between Macrophages M1 and M2 and CASP1, as
well as a negative correlation between memory B cells and CHMPA4C (Fig. 9A). Correlation analysis between the PRLncs involved in the
PRLncs-score and immune cells was performed; the figure shows only the correlation coefficients with statistical significance. Mac-
rophages M2 were positively correlated to AC090559.1 and CARD8-AS1, and macrophage MO was negatively correlated to CARDS8-
AS1 (Fig. 9B). Based on the ssGSEA analysis, it was observed that the high-PRLncs-score group of patients exhibited a compara-
tively lower immune cell content in comparison to the low-PRLncs-score group (Fig. 9C), and immune functions were downregulated
(Fig. 9D).

3.12. Construction of PRceRNAs network related to OS prognosis

Among the seven PRLncs involved in the PRLncs-score, three (CARD8-AS1, SATB2-AS1, and AL133215.2) predicted a total of 22
miRNAs in the starBase database. A total of 306 target genes were predicted from the 22 miRNAs. The software tool, Cytoscape, was
employed to build a ceRNA network (Fig. 10A). The 306 target genes in the ceRNA network were intersected with 52 PRGs to obtain
one gene (IL1B) (Fig. 10B). Based on the corresponding miRNAs and IncRNAs of IL1B in the ceRNA network, we identified a PRceRNA
associated with the prognosis of OS (CARD8-AS1-hsa-miR-21-5p-IL1B).
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Fig. 8. Immune cells infiltrating. The risk score in the model was defined as PRLncs-score to predict OS survival. (A) Expression histogram of the
immune cells in the high- and low-PRLncs-score groups. (B) Expression heatmap of the immune cells in the high- and low-PRLncs-score groups. (C)
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3.13. GSEA

GSEA enrichment analysis of IL1B showed that it was enriched in the calcium, ERBB, Hedgehog, JAK-STAT, MAPK, p53, trans-
forming growth factor-f (TGF-B), and Wnt signaling pathways (Fig. 11). These biological pathways may be closely associated with the
prognosis and pyroptosis of OS patients.

4. Discussion

We used OS transcriptome and clinical data obtained from the TCGA database, a PRG prognostic model for OS was constructed
through bioinformatics analysis. Based on the PRGs in the OS PRG prognostic model, the OS PRLncs were obtained via the co-
expression method, the prognostic model for OS PRLncs was constructed, resulting in the PRLncs-score. Finally, we obtained five
PRGs (CHMP4C, BAK1, GSDMA, CASP1, and CASP6) that could predict OS survival and seven PRLncs (AC090559.1, AP003119.2,
CARDS8-AS1, AL390728.4, SATB2-AS1, AL133215.2, and AC009495.3) that could predict OS prognosis and indicate immune
microenvironmental characteristics. The verification process was conducted to assess the accuracy of the model via survival analysis,
risk curve, independent prognostic analysis, ROC curve, difference analysis in the high- and low-PRLncs-score groups, and clinical
correlation analysis; our investigation yielded that the PRLncs-score holds potential as an independent prognostic factor of the OS
patient. More importantly, we further determined the prognostic value of the risk prognostic models of PRG and PRLncs for patients
with OS through external and internal validation. After conducting a detailed analysis to the tumor microenvironment, as well as
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Fig. 11. GSEA enrichment analysis of the gene in OS prognosis-related PRceRNAs.

immune infiltration, we have identified that patients with a low PRLncs-score demonstrate a significantly lower risk of metastasis, a
higher survival rate, and greater levels of immune cell and stromal content, as well as a more active immune function, in comparison to
those with a high PRLncs-score. Furthermore, the analysis of immune cell infiltration indicated that the presence of CD8 T cells was
strongly associated with a high risk of OS prognosis. Conversely, activated CD4 memory T cells were identified as a low-risk factor.
Moreover, survival difference analysis demonstrated that the expression levels of resting mast cells, monocytes, plasma cells, and
activated CD4 memory T cells differed significantly in the high- and low-expression groups, with implications for survival outcomes.
By constructing a ceRNA network, we identified a PRceRNA related to OS prognosis (CARD8-AS1-hsa-miR-21-5p-IL1B).

A high-level transcriptome correlation study identified CHMP4C as a novel susceptibility gene and splice variant in serous
epithelial ovarian cancer [34]. CHMP4C plays a crucial role in the promotion of cervical cancer cell viability by regulating the process
of epithelial-mesenchymal transition, and CHMP4C could potentially serve as a novel biomarker for the early detection and diagnosis
of cervical cancer [35]. The prognostic risk model utilizing autophagy-related genes has revealed that CHMPA4C is a significant pre-
dictor of the prognosis of patients diagnosed with cervical cancer [30]. BAK1 is not only associated with apoptosis but also with
pyroptosis [36]. The pathophysiology of heart failure involves complex molecular mechanisms, one of which is the inhibition of
cardiomyocyte apoptosis by miR-125b through targeting BAK1 [37]. BAK1 is an autophagy-related gene that can predict OS prognosis
[38]. In this study, we found that BAK1 may be a PRG for the prognosis of OS, which further confirmed the prognostic value of BAK1 in
0OS. GSDMA is expressed in epithelial cells and is associated with autoimmune diseases and cancer [39]. Furthermore, GSDMA initiates
apoptosis (TGF-p), and transcription factor LMO1 upregulates GSDMA to promote apoptosis, resulting in decreased cell growth in
gastric cancer [40,41]. As a PRG, GSDMA has been shown to have predictive value in assessing the prognosis of individuals with
cutaneous melanoma [42]. CASP1 plays a pivotal role in facilitating the maturation and secretion of pro-inflammatory cytokines,
namely IL-1p and IL-18, while simultaneously eliciting pyroptosis [24]. Diabetic retinopathy involves the dysregulation of IncRNA
MIAT, which is known to modulate pyroptosis in primary human retinal cells, specifically, MIAT exerts its influence through regulating
miR-342-3p that target CASP1 [43]. PRMTS5 regulates pyroptosis in multiple myeloma cells by silencing CASP1 [44]. NOTCH3 and
CASP1 have been identified as specific interaction pairs in OS, and are believed to potentially play a significant role in the pathogenesis
and progression of the disease [45]. CASP6 is not only an apoptosis-related gene in hepatocellular carcinoma that predicts overall
survival and response to immunotherapy [46], but also a pyroptosis-related prognostic gene in lung adenocarcinoma and glioma [47,
48]. Cisplatin specifically induces apoptosis in OS cells by activating CASP8, CASP3, and CASP6 [49]. Previous studies have shown that
CHMP4C, BAK1, and CASP6 are PRGs for the prognosis of OS [32]. After careful analysis, it can be affirmed that the identified PRGs
exhibit promising prognostic implications in terms of overall survival of OS. GSDMA and CASP1 were the other two PRGs associated
with OS prognosis.

AC090559.1 is not only autophagy-related IncRNA that can predict lung adenocarcinoma survival [50] but also prognostic IncRNA
associated with ferroptosis in the tumor microenvironment of lung adenocarcinoma [51]. Furthermore, in vitro metastatic capacity of
glioma cell lines can be modulated by CARD8-AS1 [52], and Furthermore, in vitro metastatic capacity of glioma cell lines can be
modulated by CARD8-AS1 [52], and CARD8-AS1 also can predict the survival prognosis of ovarian cancer [53]. SATB2-AS1 can act as
a ferroptosis-related IncRNA and immune-related IncRNA with important prognostic value in lung adenocarcinoma [54,55]. Also,
ATB2-AS1 is overexpressed in OS to promote cell proliferation and growth, and it is a new clinical feature that predicts OS recurrence
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[56,57]. AP003119.2, AL390728.4, AL133215.2, and AC009495.3 have not been reported thus far; they may be PRLncs that predict
OS prognosis, which can lead to a new research direction. miRNAs also play important roles in OS, and miR-191 and miR-195 are
potential serum biomarkers for OS diagnosis, as well as prognosis [58,59]. The present study demonstrates that PWRN1 exhibits
inhibitory effects on the proliferation and migration of glioblastoma cancer cells by regulating miR-21-5p expression in an inverse
manner [60]. MiR-21-5p is also associated with tumor prognosis, and ceRNA (SNHG1-hsa-miR-21-5p-RALGPS2) may be a promising
biomarker for predicting the prognosis and guiding treatment decisions for patients with lung adenocarcinoma [61]. Research in the
field has demonstrated that IL1B exhibits differential expression in cases of metastatic OS [62], and IL1B gene polymorphisms are
associated with OS risk [63]. Macrophages reduce OS sensitivity to neoadjuvant chemotherapeutics by secreting IL1B [64]. In this
study, we discovered PRceRNA (CARD8-AS1-hsa-miR-21-5p-IL1B) associated with OS prognosis, which is greatly significant of the
treatment and prognosis for parients with OS.

Prior research has investigated the relevant features that can predict OS survival from multiple perspectives. An autophagy-related
clinical prognostic model identified autophagy-related genes associated with OS prognosis [65]. Key prognostic indicators for OS that
can direct clinical decisions regarding OS treatment have been shown to be autophagy-related genes [38]. An OS prognostic model of
hypoxia-related genes revealed that hypoxia in OS triggers immune cell death and improves the treatment [66]. A risk prognostic
model of OS based on immune characteristics showed that TYROBP is a key immunomodulatory gene, which has important impli-
cations for the prognosis and immunotherapy of OS patients [67]. In the present study, we found PRGs that are associated with OS
prognosis and derived PRLncs and PRceRNAs that predict OS prognosis and indicate immune microenvironment characteristics.

This study is subject to certain limitations. Firstly, the sample size was somewhat modest compared to those in other tumor studies.
Secondly, the study’s findings have not been experimentally validated, and the specific mechanisms in OS prognosis require further
research.

5. Conclusion

In the present study, we identified five PRGs related to prognosis of OS patients, seven PRLncs, and one PRceRNA that can predict
OS prognosis and indicate immune microenvironment characteristics via bioinformatics analysis. The obtained findings establish a
basis for future investigations regarding the interplay between OS pyroptosis-associated indicators and immunity. Additionally, these
results hold promising implications for enhancing the OS survival rate.
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