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Background: Lung adenocarcinoma (LUAD) is responsible for majority cases of
lung cancer and considered to be the primary cause of cancer-related mortality.
The imbalance of cellular proliferation and apoptosis is critically implicated
in the pathogenesis and progression of LUAD. Sphingomyelin, a vital lipid
component, is integral to the regulation of tumor cell growth and apoptosis,
and has garnered significant attention as a target in novel anticancer therapies.
The pivotal molecules involved in sphingomyelin metabolism are crucial in
modulating tumor cell behavior, thereby influencing clinical outcomes.

Methods: A comprehensive consensus clustering analysis was conducted
by collecting clinical LUAD figures from the TCGA and GEO databases. By
employing Cox regression and Lasso regression analysis, a prognostic model for
LUAD patients was established by identifying seven sphingolipid-related genes
(SRGs), and validated in the GEO database. The study also delved into the clinical
relevance, functional capabilities, and immune implications of prognostic signals
associated with sphingolipid metabolism. Finally, experiments conducted in vitro
confirmed the imbalance of sphingolipid-associated genes in LUAD.

Results: Using the prognostic model, lung adenocarcinoma (LUAD) patients
can be divided into high-risk and low-risk groups. Meanwhile, we can observe
marked disparities in survival times among these groups. Additionally, the model
demonstrates high predictive accuracy in external validation cohorts. Research
on the immune microenvironment and immunotherapy points to this risk
stratification as a useful reference for immunotherapeutic strategies in LUAD.
Finally, our hypothesis was corroborated through in vitro experiments.

Conclusion: This study demonstrates that sphingolipid-related gene prognostic
characteristics correlate with tumor progression and recurrence, long-term
prognosis, and immune infiltration in LUAD patients. The outcomes of our
study could help shape innovative strategies for early intervention and prognosis
prediction in lung adenocarcinoma.
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1 Introduction

Lung cancer ranks first among cancers all year round, while
the 5-year survival rate is only 26% (Bray et al, 2024). Lung
adenocarcinoma (LUAD), as the most common form of NSCLC,
comprises approximately 40% of lung cancer cases (Leiter et al,
2023). Traditional lung cancer treatments primarily include surgery,
chemotherapy, and radiotherapy (Miller et al., 2022). Although
these techniques have made rapid progress in these years, patients
with lung adenocarcinoma have an unsatisfactory prognosis.
Recent advancements in immunotherapy and targeted therapy have
introduced a novel approach to precise treatment for lung cancer
patients. For example, some targeted drugs like EGFR tyrosine
kinase inhibitors, including gefitinib and erlotinib, are extensively
utilized in patients with certain gene mutations (Roviello, 2015;
Lo Sardo et al,, 2018). The use of immune checkpoint inhibitors
(ICIs) leads to a marked improvement in survival rates for
those with locally advanced or metastatic NSCLC (Forde et al,
2022). Nevertheless, few patients have experienced the anticipated
advantages of ICI therapy (Sharma et al, 2017). Identifying
potential biomarkers to predict lung adenocarcinoma’s response
to chemotherapy, targeted therapy, and immunotherapy holds
significant clinical importance. Traditional clinical models forecast
LUAD prognosis using tumor extension, performance status,
pathological staging, and TNM staging indicators. However, these
models have struggled to produce satisfactory outcomes due to
the heterogeneity in LUAD (Zuo et al., 2019). Consequently, novel
models must be developed for LUAD treatment and prognosis.

Metabonomics has recently been acknowledged for its
substantial influence on lung cancer development and progression
(Kerk et al., 2021; Brock Malcolm et al., 2008; Wang et al., 2019).
Sphingolipids, a crucial class of lipids, have emerged as a focal
point of research. Sphingolipid metabolism is closely associated
with cellular processes like proliferation, apoptosis, necrosis,
and autophagy, supporting the study of various physiological
and pathological conditions (Ogretmen, 2018; Breslow and
2010; Kraft, 2016).
constitutes a vital component of cellular signal transduction

Weissman, Sphingolipid metabonomics
plays a pivotal role in Immune cell recruitment and function
regulation in tumor microenvironment (Ogretmen, 2018). The key
components of sphingolipids are Ceramide, SM (Sphingomyelin),
(S1P),glycosphingolipid  (GSL)
various sphingolipids, including simple or complex gangliosides

sphingosine-1-phosphate and
(Mu et al., 2024). Ceramide (Cer) is known to regulate cell aging,
apoptosis and induce cell cycle arrest (Obeid et al., 1993), whereas
S1P is associated with promoting proliferation and exhibiting
anti-apoptotic properties (Lee et al, 1998). Sphingolipids with
biological activity have become essential regulators in cancer
cell biology. S1P is associated with cell survival, angiogenesis,
chemotherapy resistance, and cancer cell invasion. Conversely,
ceramides are linked to apoptosis induction, growth inhibition,
enhanced sensitivity to chemotherapy, and the promotion of
senescence in cancer cells (Hannun et al., 2015; Morad and Cabot,
2013). Furthermore, ceramides and S1P are crucial signaling
molecules involved in fundamental cellular processes, including
Cell inflammation, proliferation, vascular endothelial barrier,
cell transport, stress, autophagy, death and so on (Dany and
Ogretmen, 2015; Pettus et al., 2005).
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Sphingolipid metabolites have been shown in recent research
to be key components of immunotherapy for NSCLC (Wang et al.,
2023; Zhang et al, 2023) and can influence the initiation and
progression of lung adenocarcinoma via autophagy and apoptosis
mechanisms (Shweta et al., 2022). Research by Gokhan Unlu
etal. suggests that sphingolipid synthesis may allow tumor cells
to escape immune detection by NK and CD8" T cells and resist
IFNy signaling effects (Soula et al, 2024). Nonetheless, the
association between sphingolipid metabolism and the biological and
clinical outcomes of lung adenocarcinoma remains insufficiently
elucidated. Therefore, identifying the precise mechanisms and
targeted therapies is necessary for the diagnosis and treatment of
lung adenocarcinoma. Further research is necessary to understand
how sphingolipid-related genes (SRGs) can predict the therapeutic
and long-term prognosis for patients.

In this research, we obtained publicly available lung
adenocarcinoma datasets from the TCGA and GEO databases. We
created a novel prognostic model incorporating seven sphingolipid-
related genes utilizing comprehensive bioinformatics analyses. Based
on risk stratification, patients with lung adenocarcinoma were
categorized into high and low-risk groups. Furthermore, the alterations
in immune infiltration and immune checkpoint expression in these
patients were assessed through the sphingolipid metabolism spectrum.
Ultimately, we performed in vitro experiments and confirmed the
prognostic significance of the key genes in our model using the
Nantong Cohort. Our study introduces an innovative method for
diagnosing and treating lung adenocarcinoma (LUAD).

2 Materials and methods

2.1 Data collection of LUAD patients

All mRNA transcriptome data, survival information, and
clinical characteristics were obtained from The Cancer Genome
Atlas (TCGA) database through the UCSC Xena platform (http://
www.genome.ucsc.edu/). Following the process of data screening
and removal of irrelevant information, a total of 501 cancerous
tissues and 59 adjacent non-cancerous tissues were included in
the study. A combined dataset of 331 patients, including mRNA
expression data and survival time, was sourced from the Gene
Expression Omnibus (GEO) database, specifically from GSE31210
(n =246) and GSE30219 (n = 85).

2.2 Acquisition of genes related to
sphingolipids

GeneCards were selected as the source of genes related to
sphingolipid metabolism, 721 SRGS with correlation scores greater
than the median (3.8464) were selected for follow-up studies.
2.3 Consensus clustering

The “Consensus ClusterPlus” R package was utilized for

unsupervised clustering. A consensus clustering method using the
K-means algorithm with Euclidean distance was executed 1,000
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times, employing an 80% resampling rate. The ideal number of
clusters was ascertained by employing an empirical cumulative
distribution function diagram.

2.4 Establishment of a risk signature
associated with sphingolipid

Sphingolipid-related genes with prognostic significance were
initially identified by us through a univariate Cox analysis. The
LASSO algorithm was subsequently utilized in the SRGs in the
TCGA-LUAD cohort. Finally, through the stepwise Cox regression
algorithm, a sphingolipid-related signature was established.
Consequently, the algorithm can assign a risk score to each LUAD.
Patients within the TCGA-LUAD cohort were divided into groups
with high and low-risk levels by using the optimal truncation value.
Subsequently, we examined the prognostic disparities between the
two groups and evaluated the accuracy of the model.

2.5 Determination of genes with
differential expression

Toidentify differentially expressed genes, the cutoff was established
atanabsolutelog2 fold change ([log2FC]|) greater than 1 and an adjusted
P < 0.05. The stepwise-Cox analysis employed a P < 0.1 to determine
the final SRGs. Paired samples from TCGA, which consisted of cancer
and paraneoplastic tissues from the same individual, were employed
to explore spatial differences in gene expression.

2.6 Analysis of immune infiltration

The infiltration of 22 immune cells was evaluated using the
“CIBERSORT” algorithm. The robustness of the CIBERSORT
algorithm was validated using four additional algorithms: xCell,
ESTIMATE, GSVA, and MCP-counter. The immune checkpoints
were derived from established research (Wang et al., 2021).

2.7 Analysis of SRG gene networks and
enrichment

A gene network analysis using GENEMANIA (http://genemania.
org/) was conducted to examine potential interactions between these
genes. To investigate the mechanisms linking riskscore clusters,
functional enrichment analyses, including Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Set
Enrichment Analysis (GSEA), and Gene Set Variation Analysis
(GSVA), were performed on differentially expressed genes using R

» «

packages such as “clusterProfiler;” “enrichplot,” “limma” and “ggplot2”

2.8 Clinical specimens
The study was approved by the Ethics Committee of

Affiliated Hospital of Nantong University. All participants/patients
participating in this study have informed consent.
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2.8.1 Tissue microarray construction and
immunohistochemistry

Four sets of microarrays of tumor and paracancer tissues
provided by the Department of Pathology, Affiliated Hospital of
Nantong University, aiming to verify the accuracy of the prognosis
model. The immunotissue microarrays included cancer tissues and
adjacent tissues from 127 patients with lung adenocarcinoma,
including 64 males and 63 females, 68 patients <65 years old,
59 patients =65 years old, 60 patients died, and 67 patients
were still alive. Due to the loss during the chip production
process, some samples fell off, so 118 LDHA chip samples, 106
CDKN3 chip samples, 112 SHC1 chip samples, and 108 BTK chip
samples were finally obtained. Primary Anti-LDHA antibody (1:150;
No: A18574, ABclonal, China), Anti-CDKN3 antibody (1:150;
No: A2061, ABclonal, China), Anti-SHC1 antibody (1:150; No:
A7725, ABclonal, China), Anti-BTK antibody (1:400; No: A19002,
ABclonal, China) were used for the immunohistochemical (IHC)
staining. Immunohistochemistry sections were scanned using a slide
scanning system (TEKSQRAY, China). Image] software was used
to measure the density of positive staining and the percentage of
positive immunostaining cells. Two experienced pathologists were
invited to verify the accuracy of the data. The final score (IHC score)
was determined by multiplying the immunostaining intensity by the
percentage of positive immunostaining cells.

2.9 Statistical analysis

All the data processing and analysis described in this article
were performed utilizing R 4.0.3 software. The unpaired Student’s
t-test was used for data that were normally distributed, and the
Wilcoxon test was employed for data that were not normally
distributed. Univariate and multivariate Cox regression analyses
were employed to assess the impact of factors on LUAD prognosis.
Kaplan-Meier (K-M) survival curves were constructed to evaluate
survival differences, and the log-rank test was applied to determine
the statistical significance of the survival time differences between
the two patient cohorts. P < 0.05 was set as the threshold for
statistical significance.

3 Results

3.1 Screening and analysis of
sphingolipid-related genes

An analysis of the TCGA LUAD database revealed significant
differential expression of 5,066 genes between tumor and normal
tissues, and there were 2,850 genes that were upregulated and
2,216 genes that were downregulated in lung adenocarcinoma
(Figure 1A). A total of 721 sphingolipid metabolism related genes
were obtained through GENECARDS website. 181 genes were
obtained by intersecting 5,066 differentially expressed genes in
lung adenocarcinoma with 721 sphingolipid metabolism related
genes obtained from GENECARDS. These genes are not only
closely related to sphingolipid metabolism, but also show different
expression levels between lung cancer and paraneoplastic tissue
(Figure 1B). Univariate COX regression analysis was utilized for
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identifying 51 genes associated with sphingolipid metabolism
(Figure 1C) (Figure 1C only listed the first 20 genes). Figure 1D
illustrates the protein-protein interaction network among 51 genes
related to sphingolipid metabolism. The heatmap described the
expression patterns and characteristics of 51 differentially expressed
genes (DEGs) in sphingolipid metabolism family, including 29
sphingolipid metabolism family genes downregulated and 22
sphingolipid metabolism family genes upregulated (Figure 1E). We
investigated the primary enrichment pathways of these DEGs
by analyzing the enrichment of 51 genes using KEGG and
GO pathways. These results demonstrated that these genes were
enriched in small molecule metabolic process, lipid metabolic
process, endoplasmic reticulum and phosphorus metabolic process
pathways by GO analysis. KEGG analysis primarily focused on
pathways including AGE-RAGE signaling in diabetic complications,
TNF signaling, Cholesterol metabolism, PPAR signaling, Choline
metabolism in cancer, HIF-1 signaling, IL-17 signaling, and Th17
cell differentiation (Figures 1F, G).

3.2 Consensus clustering analysis of
prognostic genes related to sphingolipids

A consistent cluster analysis involved in 501 cancer samples from
the TCGA cohort were conducted for examining the relationship
between 51 sphingolipid metabolism-related genes and LUAD
subtypes. K = 2 is determined as the optimal number established
on the cumulative distribution function (CDF) curve of the
consensus score matrix (Figures 2A-C) and the proportion of
ambiguous clustering (PAC) statistics (Figures 2D-F). Samples
with high consistency scores are more likely to be repeatedly
clustered together. Therefore, 442 patients were organized into
two groups, with 265 in group 1 and 248 in group 2. Following
this, a marked difference in OS was detected between the two
groups (Figure 2G). The heatmap illustrates the correlation
between different genes expression and clinical characteristics
(Figure 2H). Between the two clusters, there were 851 upregulated
genes and 1,414 downregulated genes, with the volcano plot
depicting the logFC and FDR values of these genes (Figure 2I).
According to GO enrichment analysis, we can find that these
genes were connected with different molecular processes such
as leukotriene metabolism, extracellular matrix, receptor-ligand
interaction, and hormone activity (Figures 3A-C). The analysis of
KEGG enrichment highlighted significant enrichment in pathways
such as Nitrogen metabolism, Transcriptional misregulation in
cancer, Neuroactive ligand-receptor interaction, alpha-Linolenic
acid metabolism and Cytokine-cytokine receptor interaction
(Figure 3D). GSEA enrichment analysis identified that pathways
like SPLICEOSOME, CELL CYCLE, MISMATCH REPAIR, and
DNA REPLICATION were enriched with differentially expressed
genes in the two clusters (Figure 3E).

3.3 Construction and verification of the
SRGs prognostic model
For model

developing a prognostic

associated with sphingolipid metabolism. In COX univariate

utilizing  genes
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51
linked to overall

analysis, metabolism-related genes were significantly
(OS) in LUAD patients. Then
we performed lasso analysis on the 51 genes, twelve genes
identified

(Figures 4A, B). To construct the model, seven genes were

survival

associated with sphingolipid metabolism were
identified through stepwise regression (Figure 4C). To establish
a risk-scoring model, the subsequent algorithms are utilized: =
LDHA"0.289328503921739+SHC1%0.256323270897663+CDKN3*

0.123076351124556+PCSK9*0.101300068657929+CAV2*0.152654
94282098+PDGFB*0.165967594013992+BTK* (-0.2191057373115

87). The survival curve in Figure 4D represents the prognosis for
lung adenocarcinoma patients with varying expression levels of
7 SRGs. Except for the prognosis curve of CAV2, the other OS
curves were significantly different (p < 0.05). Among them, LDHA,
SHC1, CDKN3 were all associated with poor prognosis, while BTK
was well correlated with prognosis (Figure 4D). Analysis of mRNA
expression in TCGA paired samples revealed notably enhanced
levels of LDHA, SHC1 and CDKN3 in cancer tissues compared
to adjacent tissues, whereas PCSK9, BTK, CAV2 and PDGFB
showed significantly reduced expression (Figure 4E). Figure 4F
illustrates the protein-protein interaction network analysis for
seven molecules. For further analysis, TCGA-LUAD patients were
categorized into high risk score (n = 187) and low risk score (n =
381) subgroups determined by the optimal cutoff. The seven SRGs’
coefficients are illustrated in Figure 4G.

The distribution of risk scores and the living condition of
patients in the TCGA database’s high and low risk groups are
depicted in Figure 5A. The survival time of patients gradually
diminishes as the risk score increases, whereas the risk of death
becomes higher. The Kaplan-Meier analysis indicated a notably
lower survival rate for the high-risk group compared to the low-
risk group (Figure 5B). The training dataset was utilized to perform
ROC curve analysis, evaluating the predictive accuracy of SRGs for
LUAD patient outcomes. The results indicated the AUC value of the
TCGA training cohort exceeded 0.69 for 1, 3, 5 years (Figure 5C).
Subsequently, GEO databases GSE30219 and GSE31210 were
employed as validation sets to assess the risk model (Figures 5D-1).
Similar results are observed in GSE30219 and GSE31210 as in TCGA
databases (Figures 5D, E). Figures 5EF G illustrate that in GSE30219
and GSE31210, compared to the low-risk group, the high-risk group
had a much lower survival rate. Additionally, ROC curve analysis
revealed the AUC value of GEO test cohort exceeded 0.68 at 1,
3, 5years (Figures 5H, I). The sphingolipid-associated prognostic
model demonstrates high accuracy in predicting outcomes of lung
adenocarcinoma patient.

3.4 Prognostic risk score distribution and
stratification by clinical characteristics

The K-M curve revealed that high-risk samples exhibited
poorer overall survival compared to the low-risk category in
gender-stratified subgroups (Figures 6A, B). In both age subgroups,
those over 65 and those 65 or younger, the high-risk group
showed a markedly decreased overall survival rate when compared
with the low-risk group (Figures 6C, D). Pathological staging and
stratification revealed that in stage I and II subgroups, the prognosis
of high-risk sample is worse (Figure 6E). While no significant
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FIGURE 1
Screening and analysis of sphingolipid-related genes. (A) The differentially expressed genes of lung adenocarcinoma were screened through the TCGA
database. (B) 181 sphingolipid-related genes identified by intersecting 5066 TCGA-LUAD genes and 721 GeneCards database genes. (C) Through
univariate Cox regression analysis, 51 SRGs (P < 0.05) were identified. (D) Interconnection of the 51 SRGs. (E) Heatmap analysis about
sphingolipid-related genes in LUAD versus normal tissues. (F) GO analysis of sphingolipid-related genes was performed. (G) KEGG analysis of SRGs was
performed.

OS difference was observed between two groups in stage IV
and its subgroups, the overall OS trend remained consistent with
pre-stratification results (Figure 6F). The reason why no obvious
difference in OS is observed is that smaller sample size post-
stratification and the decline in calculation efficiency, we speculate.
The survival probability of LUAD patients in the high-risk group
was consistently lower than that of the low-risk group across various
clinical subgroups (Figures 6A-F). The K-m clustering subgroup
shows notable distinctions in risk score distribution, confirming

Frontiers in Molecular Biosciences

the consistency between K-m clustering signature results and
sphingolipid metabolism (Figures 6A-F). In general, gender affects
risk scores, while the female patients’ risk score is lower than that
of male patients (Figure 6G). The risk score distribution did not
significantly differ between the subgroups of age =65 and <65,
indicating that age does not influence the risk score distribution
(Figure 6H). The risk score increases with tumor progression and
changes in pathological stage (Figure 61). The findings indicate
that, after stratifying clinical features, our risk score distribution
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significantly influences LUAD patient prognosis, demonstrating
high specificity and sensitivity in prognostic prediction.

3.5 Immune infiltration analysis for
sphingolipid-signature
We analyzed variations in the infiltration of 22 immune cell

types across these SRGs subgroups utilizing the Cibersort database
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(Figures 7A, C). Clinical characteristics and their association with
risk score subgroups are shown on the heatmap (Figure 7B).
The study found that the high-risk group exhibited considerably
higher levels of activated NK cells, resting macrophages MO,
and activated mast cells compared to the low-risk group. On the
contrary, the high-risk group had significantly lower levels of
resting CD4 memory T cells, regulatory T cells (Tregs), resting
dendritic cells, and resting mast cells. A significant positive
association was found between the T_cells_follicular_helper and
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the Riskscore (Figure 7H). Demonstrating that the function of
two subgroups remains unaffected by the analysis algorithm,
we employed the MCP-counter (Figure7D) and ESTIMATE
(Figure 7E) algorithms to verify the accuracy and stability of the
Cibersort results, which were consistent with the Cibersort database
evaluations. As shown in Figure 7F, riskscore is negatively correlated
with both ESTIMATEScore, ImmuneScore and StromalScore
(Figure 7F). We observed a negative correlation (R = —0.4) between
macrophage M2 and Plasma_cells in the lung adenocarcinoma
microenvironment (Figure 5G). In summary, these findings indicate
that high-risk subgroups exhibit considerably reduced immune
infiltration and increased tumor purity, potentially influencing
immunotherapy outcomes of LUAD patients.

3.6 Validation of in vitro experiments

We conducted in vitro experiments for validating the differential
expression of SRGs in cancer and adjacent tissues of LUAD. A cohort
study utilized a tissue microarray from 127 lung adenocarcinoma
patients at Nantong Hospital. Immunohistochemical staining was
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utilized for identifying the expression of LDHA, CDKN3, SHCI,
and BTK in 127 lung cancer samples (Figures 8A-D). The reason
why we chose these four molecules is that they showed obvious
differences in the previous K-M curves (P < 0.001) (Figure 4D). By
immunohistochemical staining, we can find that all four molecules
are expressed in cytoplasm (Figures 8A-D). Immunohistochemical
score (IHC score) of tumor tissue was different in each sample. The
expression of LDHA, CDKN3, and SHCI were significantly raised
in lung adenocarcinoma compared to non-cancer cells, whereas
BTK expression was higher in non-cancer than in cancer cells
(Figures 8A2, B2, C2, D2). The 127 patients were categorized into
two groups attributed to their IHC scores. In Nantong cohort,
patients exhibiting high expression levels of LDHA, CDKN3, and
SHC1 had a significantly poorer prognosis compared to those
with low expression levels of these markers (Figures 8A1, B1, Cl1).
Patients with high BTK expression have a better prognosis compared
to those with low BTK expression (Figure 8D1). Despite the
minor statistical difference in patients’ OS shown in Figure 8D1
(P = 0.013), the general trend aligns with the TCGA database,
possibly due to the limited sample size and varying ethnic groups
in the sample. Crucially, all four SRGs developed nomograms,
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identifying the IHC score as a key independent predictor of patient
prognosis (Figures 8E-H). While age and gender do not seem to be
key prognostic factors, and T and N have some predictive value.
The Harrell C-index values of the nomogram models predicting
overall survival rates are 0.81 for LDHA, 0.79 for CDKN3, 0.75 for
SHCI, and 0.73 for BTK. In a word, our research shows that the
expressions of key genes of sphingolipid metabolism, such as LDHA,
CDKN3, SHC1 and BTK, are obviously different from those of non-
cancerous tissues in lung adenocarcinoma, and can obviously affect
the prognosis of LUAD patients.

4 Discussion

Cancer has consistently posed a significant challenge in modern
medicine worldwide. Lung cancer is the primary cause of death from
cancer in men and ranks as the second leading cause in women,
following breast cancer (Bray et al., 2024). Approximately 40% of
diagnosed cases are lung adenocarcinomas (LUADs) (Leiter et al.,
2023). The invasion of cancer cells into adjacent tissues is primarily
driven by mechanisms of immune evasion and drug resistance,
which are major contributors to cancer mortality. Recent progress
in molecular targeted and immunotherapies has gradually improved
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survival rates for LUAD patients. Despite advancements, drug
resistance and recurrence are key factors in LUAD progression,
primarily driven by immune evasion and resistance to tumor cell
apoptosis (Zhan et al, 2019; Nechiporuk et al.,, 2019; Yu et al,,
2023). The intricate molecular mechanisms of LUAD contribute to
its unfavorable prognosis, suggesting that constructing a predictive
model utilizing multiple genes could be a more efficacious approach
(Laurence et al., 2021; Zhang et al., 2023b). Recently, an increasing
number of prognostic markers for LUAD have been identified
(Zhang et al., 2024a; Zhang et al., 2024b). For example, there may be
potential links between programmed cell death caused by intestinal
microorganisms and mitochondria and LUAD prognosis, diagnosis
and treatment (Fang et al., 2024; Feng et al., 2024; Zhang et al.,
2024c). However, the current paucity of adequate biomarkers
hinders this objective, underscoring the necessity of identifying
additional biomarkers for enhancing the accuracy of early predictive
models in LUAD.

The cell membrane is composed of diverse lipids, among
which sphingolipids are integral in preserving structural integrity
of the membrane and regulating its mobility (Ogretmen, 2018).
Sphingolipids belong to a broader class of lipids. Furthermore,
as secondary messengers in

cellular transduction,

sphingolipids are implicated in the regulation of numerous

signal
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biological processes (Dany and Ogretmen, 2015; Pettus et al,
2005). Recent studies found a strong link between sphingolipid
metabolism and tumor development and progression, influencing
processes such as cell death, senescence, cell cycle arrest, cell
proliferation, and anti-apoptosis (Obeid et al., 1993; Lee et al., 1998;
Hannun et al., 2015; Morad and Cabot, 2013).

We initially screened 51 genes associated with sphingolipid
metabolism in lung adenocarcinoma tissues, comparing them to
normal tissues. Among these, 29 genes exhibited downregulation,
while 22 genes were upregulated. Subsequently, we employed the K-
m algorithm to categorize TCGA samples into two distinct clusters.
Differentially expressed genes in the two LUAD clusters are mainly
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enriched in processes related to phosphorus and lipid metabolism,
small molecule metabolism, and the endoplasmic reticulum. They
are also associated with pathways such as TNF signaling, cholesterol
metabolism, PPAR signaling, choline metabolism in cancer, IL-
17 signaling, HIF-1 signaling, and Th17 cell differentiation. The
overall survival (OS) in cluster 1 was worse than in cluster 2. These
findings indicate that the prognostic differences among clusters
related to sphingolipid metabolism are associated with variations
in immune response. Seven SRGs were identified using univariate
regression, LASSO, and stepwise regression analyses. And these
SRGs were used to create new prognostic risk profiles, enabling the
classification of LUAD patients into high-risk and low-risk groups.
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Prognostic Risk Score Distribution and Stratification by Clinical Characteristics. (A—F) The log-rank test and K-m curves revealed that patients at high
risk had inferior overall survival outcomes compared to those at low risk, across all age and gender subgroups. (G—I) The distribution of risk scores is
analyzed across different genders, age groups, and pathological stages.

The high-risk group had a significantly poorer prognosis than the
low-risk group. We evaluated the model’s accuracy by performing
comprehensive ROC curve analyses on the training and test cohorts.
The AUC values surpassed 0.68 at 1, 3, and 5 years, peaking
at 0.74 at 3 years. The differential expression of mRNA related
to sphingolipid metabolism was confirmed using paired samples
from TCGA. Subsequently, the protein expression of sphingolipid
metabolism was further confirmed through immunohistochemical
experiments. The prognostic signals were integrated with 7 SRGs,
including LDHA, SHC1, CDKN3, PCSK9, CAV2, PDGFB and BTK.
Among them, LDHA, SHC1 and CDKN3 were associated with poor
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prognosis, while BTK was well correlated with good prognosis.
Finally, we selected four molecules LDHA, CDKN3, SHC1 and BTK,
which are most significantly impacting the prognosis of patients,
for in vitro experiments. In Nantong cohort, our analysis revealed
that LDHA, SHCI, and CDKN3 are associated with poor prognosis,
whereas BTK is linked to favorable prognosis, aligning with findings
from the TCGA database. We created a nomogram and found
the immunohistochemical (IHC) score to be a key independent
predictor of overall survival.

Prior studies have descripted a negative correlation between
tumor purity and immune response, indicating that tumor purity
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with sphingolipid-related signatures in LUAD. (C) The degrees of immune ce

Analysis of immune infiltration associated with the signature. (A) The immune infiltration analysis in LUAD patients compared the percentage
abundance of tumor-infiltrating immune cells between high and low risk-score groups. (B) Heatmap illustrating differential gene expression associated

(D) Xcell algorithms identified immune cell expression differences between two risk groups. (E, F) Examining the differences in ESTIMATE, stromal, and
immune scores between cluster 1 and cluster 2. (G) Correlation between immune cells. (H) The Riskscore is proportional to the T cells follicular helper.
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[Linfiltration in patients with LUAD were compared across two risk groups.

could be an indicator of immune response levels in the tumor
microenvironment (Liu et al., 2019). Similar to these findings, our
study demonstrated that immune infiltration was lower in the high-
risk group than in the low-risk group. Significant differences were
observed in the abundance of immune cell types, such as activated
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CD4 memory T cells, MO macrophages, resting mast cells, resting
natural killer corpuscles, resting dendritic cells, activated mast
cells and resting CD4 memory T cells between the two groups.
The critical environment for cancer development is composed
of the tumor microenvironment (TME) (Mantovani et al., 2008;
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Engblom et al., 2016) which leading to tumor immune escape
(Li et al., 2024; Wang et al., 2022). And the relationship between
sphingolipid metabolism and signal transduction has received
increasing attention in the tumor microenvironment. Sphingolipids
play a crucial role in regulating inflammation and extracellular
matrix dynamics in the tumor microenvironment. For example,
SIP can activate various signaling pathways in immune cells,
endothelial cells, and fibroblasts, affecting the secretion of cytokines,
chemokines, and growth factors that regulate inflammation
(Mohammed et al., 2023; Weigel et al., 2023). By regulating the
tumor immune microenvironment, S1P affects tumor progression
and the effectiveness of immunotherapy. For example, in breast
cancer, the S1P gradient between peripheral blood and bone marrow
mediates the redistribution of Treg cells (Rathinasamy et al., 2017).
Ceramide is an essential component of T cell immune development.
In mouse models, inhibition of ceramide synthesis has been shown
to promote the differentiation of immunosuppressive Treg cells
and impair the function of cytotoxic T cells (Hose et al., 2022).
Ceramide can activate the T cell receptor (TCR) and co-stimulatory
molecule CD28 on the surface of T cells, thereby enhancing the
activation of CD8" T cells (Vaena et al, 2021). Cumin etal’s
study showed that sphingolipids contribute to the remodeling of
extracellular matrix (ECM) vascular structure, thereby affecting the
proliferation, invasion and metastasis of cancer cells (Cumin et al.,
2022). Current research suggests that innate lymphocytes (ILC) in
the TME could hinder the initiation and advancement of digestive
system tumors and impact the effectiveness of immunotherapy
(Shen et al, 2024). Inflammatory cells and mediators represent
essential elements of the TME, with tumor-associated macrophages
(TAMs) exemplifying the connection between inflammation
and oncogenesis (Mantovani et al., 2017). The primary reason
for mortality from tumors, such as lung cancer, is metastasis
(Ruixin et al., 2024). In most tumors, macrophages aid cancer
progression and metastasis by supporting cancer cell survival
and growth, promoting angiogenesis, and inhibiting innate and
adaptive immune responses (Coussens et al, 2013; Cassetta
and Pollard, 2018; Locati et al., 2020; Murray et al., 2014). Our
analysis demonstrated significantly higher expression levels of
MO macrophages in the high-risk group compared to the low-
risk group, consistent with prior observations in renal clear cell
carcinoma (Farha et al., 2023).

Our study integrates data from two large public databases,
TCGA and GEO, and constructs a prognostic model based on
7 sphingolipid-related genes, breaking through the limitations
of single database analysis and improve the reliability and
generalization capabilities of the model. In addition, we verified
the functions of key genes through in vitro experiments, further
supporting the biological rationality of the model. Immune
infiltration analysis further illustrates that the model is Value
in immunotherapy, the expression level of M0 macrophages in
the high-risk group is significantly increased, so we may be
more effective in using MO macrophage-related immunotherapy
drugs for the treatment of high-risk patients. Our model can
provide clinicians with Prognostic information on patient survival
probability and disease progression helps develop personalized
treatment options. Risk stratification of patients to enable closer
monitoring and more active treatment of high-risk patients while
avoiding overtreatment of low-risk patients, reduces the medical
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costs of patients. As well as provide advice on patient education,
psychological support, and clinical research. However, there are still
some areas that need improvement. In the future, our research
needs to further integrate multi-omics data, use deep learning
algorithms and artificial intelligence technology, and build a more
comprehensive prognostic model to more accurately reflect the
biological characteristics of the tumor and disease progression. And
verify the accuracy and reliability of the prognostic model in more
independent clinical cohorts, and further optimize the model based
on feedback.

This linked to
sphingolipid metabolism for predicting survival outcomes in

study aims to identify a biomarker
lung adenocarcinoma (LUAD) patients and to explore the
effects of tumor immune infiltration and immunotherapy on
prognosis. It is anticipated that our findings will offer novel
insights into the precise diagnosis and treatment strategies for

LUAD patients.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbinlm.
nih.gov/, The Cancer Genome Atlas (TCGA) database https://
www.ncbi.nlm.nih.gov/geo/, GSE31210 https://www.ncbi.nlm.nih.
gov/geo/, GSE302109.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Affiliated Hospital of Nantong University. The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included in
this article.

Author contributions

JM: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Software,
Supervision, Validation, Visualization, Writing-original draft,
Writing-review and editing. LL: Data curation, Investigation,
Software, Supervision, Validation, Visualization, Writing-review
and editing. HS: Project administration, Resources, Validation,
JH: Data
Analysis, Investigation, Writing-review and editing. JL: Data

Writing-review and editing. curation, Formal

curation, Investigation, Supervision, Writing-review and editing.

C-SD: Conceptualization, Data curation, Formal Analysis,
Methodology, Resources, Supervision, Writing-review and
editing. HZ: Conceptualization, Data curation, Funding

acquisition, Investigation, Project administration, Resources,
Supervision, Validation, Writing—original draft, Writing-review
and editing.

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1548655
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Mao et al.

Funding

The author(s) declare that financial support was received
for the research, authorship, and/or publication of this article.
This study was supported by Affiliated Hospital of Nantong
University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Bray, E, Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, I., et al.
(2024). Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 74 (3), 229-263.
doi:10.3322/caac.21834

Breslow, D. K., and Weissman, J. S. (2010). Membranes in balance: mechanisms
of sphingolipid homeostasis. Mol. Cell. 40 (2), 267-279. doi:10.1016/j.molcel.
2010.10.005

Brock Malcolm, V., Hooker Craig, M., Ota-Machida, E, Han, Y,
Guo, M., Ames, S, et al. (2008). DNA methylation markers and early
recurrence in stage I lung cancer. NEW Engl. ]. Med. 358 (11), 1118-1128.
doi:10.1056/NEJMo0a0706550

Cassetta, L., and Pollard, J. W. (2018). T argeting macrophages: therapeutic
approaches in cancer. Nat. Rev. Drug Discov. 17, 887-904. doi:10.1038/nrd.2018.169

Coussens, L. M., Zitvogel, L., and Palucka, A. K. (2013). Neutralizing
tumor-promoting chronic inflammation: a magic bullet? Science 339, 286-291.
doi:10.1126/science.1232227

Cumin, C., Huang, Y. L., Rossdam, C., Ruoff, E, Céspedes, S. P,, Liang, C. Y., et al.
(2022). Glycosphingolipids are mediators of cancer plasticity through independent
signaling pathways. Cell. Rep. 40 (7), 111181. doi:10.1016/j.celrep.2022.111181

Dany, M., and Ogretmen, B. (2015).
and tumor suppression.  Biochim.  Biophys.
doi:10.1016/j.bbamcr.2014.12.039

Engblom, C., Pfirschke, C., and Pittet, M. J. (2016). The role of myeloid cells in cancer
therapies. Nat. Rev. Cancer 16, 447-462. doi:10.1038/nrc.2016.54

Fang, Q., Xu, M., Yao, W,, Wy, R, Han, R., Kawakita, S., et al. (2024). The role of
KLF5 in gut microbiota and lung adenocarcinoma: unveiling programmed cell death
pathways and prognostic biomarkers. Discov. Oncol. 15 (1), 408. doi:10.1007/s12672-
024-01257-w

Farha, M., Nallandhighal, S., Vince, R., Cotta, B., Stangl-Kremser, J., Triner, D., et al.
(2023). Analysis of the tumor immune microenvironment (TIME) in clear cell renal
cell carcinoma (ccRCC) reveals an m0 macrophage-enriched subtype: an exploration
of prognostic and biological characteristics of this immune phenotype. Cancers (Basel)
15 (23), 5530. doi:10.3390/cancers15235530

Ceramide
Acta

induced mitophagy
1853,  2834-2845.

Feng, J., Zhang, P, Wang, D., Li, Y., and Tan, J. (2024). New strategies for lung cancer
diagnosis and treatment: applications and advances in nanotechnology. Biomark. Res.
12 (1), 136. doi:10.1186/s40364-024-00686-7

Forde, P. M., Spicer, ., Lu, S., Provencio, M., Mitsudomi, T., Awad, M. M.,, et al. (2022).
Neoadjuvant nivolumab plus chemotherapy in resectable lung cancer. N. Engl. J. Med.
386 (21), 1973-1985. doi:10.1056/NEJM0a2202170

Hannun, Y. A, Luberto, C., Mao, C., and Obeid, L. M. (2015). Bioactive sphingolipids
in cancer biology and therapy. Springer.

Hose, M., Giinther, A., Naser, E., Schumacher, E, Schonberger, T., Falkenstein, J.,
et al. (2022). Cell-intrinsic ceramides determine T cell function during melanoma
progression. Elife 11, 83073. doi:10.7554/eLife.83073

Kerk, S. A, Thales, P, Shah, Y. M., and Lyssiotis, C. A. (2021). Metabolic networks in
mutant KRAS-driven tumours: tissue specificities and the microenvironment. Nat. Rev.
CANCER 21 (8), 510-525. d0i:10.1038/s41568-021-00375-9

Kraft, M. L. (2016). Sphingolipid organization in the plasma membrane and the
mechanisms that influence it. Front. Cell. Dev. Biol. 4, 154. doi:10.3389/fcell.2016.00154

Laurence, Z., Claude, P, Finn, O. ]., and Kroemer, G. (2021). Beneficial autoimmunity
improves cancer prognosis. Nat. Rev. Clin. Oncol. 18 (9), 591-602. d0i:10.1038/s41571-
021-00508-x

Frontiers in Molecular Biosciences

14

10.3389/fmolb.2025.1548655

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Lee, M. J., Van Brocklyn, J. R, Thangada, S., Liu, C. H., Hand, A. R., Menzeleev, R.,
et al. (1998). Sphingosine- 1-Phosphate as a ligand for the G protein-coupled receptor
edg-1. Science 279 (5356), 1552-1555. doi:10.1126/science.279.5356.1552

Leiter, A., Veluswamy, R. R., and Wisnivesky, J. P. (2023). The global burden of
lung cancer: current status and future trends. Nat. Rev. Clin. Oncol. 20 (9), 624-639.
doi:10.1038/s41571-023-00798-3

Li, Z., Li, ], Bai, X., Huang, X., and Wang, Q. (2024). Tumor microenvironment
as a complex milieu driving cancer progression: a mini review. Clin. Transl. Oncol.
doi:10.1007/512094-024-03697-w

Liu, D, Schilling, B., Liu, D., Sucker, A., Livingstone, E., Jerby-Arnon, L., et al. (2019).
Integrative molecular and clinical modeling of clinical outcomes to PD1 blockade in
patients with metastatic melanoma. Nat. Med. 25, 1916-1927. doi:10.1038/s41591-019-
0654-5

Locati, M., Curtale, G., and Mantovani, A. (2020). Diversity, mechanisms,
and significance of macrophage plasticity. Annu. Rev. Pathol. 15, 123-147.
doi:10.1146/annurev-pathmechdis-012418-012718

Lo Sardo, E, Strano, S., and Blandino, G. (2018). YAP and TAZ in lung
cancer: oncogenic role and clinical targeting. Cancers (Basel) 10 (5), 137.
doi:10.3390/cancers10050137

Mantovani, A., Allavena, P, Sica, A., and Balkwill, E (2008). Cancer-related
inflammation. Nature 454, 436-444. doi:10.1038/nature07205

Mantovani, A., Marchesi, F, Malesci, A., Laghi, L., and Allavena, P. (2017). Tumour-
associated macrophages as treatment targets in oncology. Nat. Rev. Clin. Oncol. 14,
399-416. doi:10.1038/nrclinonc.2016.217

Miller, K. D., Nogueira, L., Theresa, D., Mariotto, A. B., Yabroff, K. R., Jemal, A, et al.
(2022). Cancer treatment and survivorship statistics, 2022. CA-CANCER J. Clin. 72 (5),
409-436. doi:10.3322/caac.21731

Mohammed, S., Bindu, A., Viswanathan, A. and Harikumar, K. B. (2023).
Sphingosine 1-phosphate signaling during infection and immunity. Prog. Lipid Res. 92,
101251. doi:10.1016/j.plipres.2023.101251

Morad, S. A., and Cabot, M. C. (2013). Ceramide-orchestrated signalling in cancer
cells. Nat. Rev. Cancer 13, 51-65. doi:10.1038/nrc3398

Mu, J,, Lam, S. M., and Shui, G. (2024). Emerging roles and therapeutic potentials
of sphingolipids in pathophysiology: emphasis on fatty acyl heterogeneity. J. Genet.
Genomics 51 (3), 268-278. doi:10.1016/j.jgg.2023.06.006

Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W, Goerdt, S.,

et al. (2014). Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity 41, 14-20. doi:10.1016/j.immuni.2014.06.008

Nechiporuk, T., Kurtz, S. E., Nikolova, O., Liu, T., Jones, C. L., D’alessandro, A.,
et al. (2019). The TP53 apoptotic network is a primary mediator of resistance to BCL2
inhibition in AML cells. Cancer Discov. 9,910-925. d0i:10.1158/2159-8290.CD-19-0125

Obeid, L. M., Linardic, C. M., Karolak, L. A., and Hannun, Y. A. (1993).
Programmed cell death induced by ceramide. Science 259 (5102), 1769-1771.
doi:10.1126/science.8456305

Ogretmen, B. (2018). Sphingolipid metabolism in cancer signalling and therapy. Nat.
Rev. CANCER 18 (1), 33-50. d0i:10.1038/nrc.2017.96

Pettus, B. J., Kitatani, K., Chalfant, C. E., Taha, T. A., Kawamori, T., Bielawski,
J., et al. (2005). The coordination of prostaglandin E2 production by sphingosine-
1-phosphate and ceramide-1- phosphate. Mol. Pharmacol. 68 (2), 330-335.
doi:10.1124/mol.104.008722

Rathinasamy, A., Domschke, C., Ge, Y., Béhm, H. H,, Dettling, S., Jansen, D., et al.
(2017). Tumor specific regulatory T cells in the bone marrow of breast cancer patients

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1548655
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/j.molcel.2010.10.005
https://doi.org/10.1016/j.molcel.2010.10.005
https://doi.org/10.1056/NEJMoa0706550
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1126/science.1232227
https://doi.org/10.1016/j.celrep.2022.111181
https://doi.org/10.1016/j.bbamcr.2014.12.039
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1007/s12672-024-01257-w
https://doi.org/10.1007/s12672-024-01257-w
https://doi.org/10.3390/cancers15235530
https://doi.org/10.1186/s40364-024-00686-7
https://doi.org/10.1056/NEJMoa2202170
https://doi.org/10.7554/eLife.83073
https://doi.org/10.1038/s41568-021-00375-9
https://doi.org/10.3389/fcell.2016.00154
https://doi.org/10.1038/s41571-021-00508-x
https://doi.org/10.1038/s41571-021-00508-x
https://doi.org/10.1126/science.279.5356.1552
https://doi.org/10.1038/s41571-023-00798-3
https://doi.org/10.1007/s12094-024-03697-w
https://doi.org/10.1038/s41591-019-0654-5
https://doi.org/10.1038/s41591-019-0654-5
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.3390/cancers10050137
https://doi.org/10.1038/nature07205
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.3322/caac.21731
https://doi.org/10.1016/j.plipres.2023.101251
https://doi.org/10.1038/nrc3398
https://doi.org/10.1016/j.jgg.2023.06.006
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1158/2159-8290.CD-19-0125
https://doi.org/10.1126/science.8456305
https://doi.org/10.1038/nrc.2017.96
https://doi.org/10.1124/mol.104.008722
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Mao et al.

selectively upregulate the emigration receptor S1P1. Cancer Immunol. Immunother. 66
(5), 593-603. doi:10.1007/500262-017-1964-4

Roviello, G. (2015). The distinctive nature of adenocarcinoma of the lung. Onco
Targets Ther. 8, 2399-2406. doi:10.2147/OTT.S89225

Ruixin, W. U,, Qingliang, E, Sisi, G., Xianglong, W., Mengjun, S., Zhujun, M., et al.
(2024). A pilot study of precision treatment for patients with lung cancer pain by
Longteng Tongluo recipe using serum genomics. J. Tradit. Chin. Med. 44 (5),1006-1016.
doi:10.19852/j.cnki.jtcm.20240828.005

Sharma, P, Hu-Lieskovan, S., Wargo, J. A., and Ribas, A. (2017). Primary,
adaptive, and acquired resistance to cancer immunotherapy. Cell. 168 (4), 707-723.
doi:10.1016/j.cell.2017.01.017

Shen, G., Wang, Q,, Li, Z., Xie, J., Han, X., Wei, Z., et al. (2024). Bridging chronic
inflammation and digestive cancer: the critical role of innate lymphoid cells in tumor
microenvironments. Int. J. Biol. Sci. 20 (12), 4799-4818. doi:10.7150/ijbs.96338

Shweta, A., Singh, P, Gulnaz, T., Dohare, R, and Syed, M. A. (2022). miR-
495-3p regulates sphingolipid metabolic reprogramming to induce Sphkl/ceramide
mediated mitophagy and apoptosis in NSCLC. FREE Radic. BIO Med. 189, 71-84.
doi:10.1016/j.freeradbiomed.2022.07.001

Soula, M., Unlu, G., Welch, R., Chudnovskiy, A., Uygur, B., Shah, V., et al. (2024).
Glycosphingolipid synthesis mediates immune evasion in KRAS-driven cancer. Nature
633 (8029), 451-458. d0i:10.1038/s41586-024-07787-1

Vaena, S., Chakraborty, P, Lee, H. G., Janneh, A. H., Kassir, M. E, Beeson,
G., et al. (2021). Aging-dependent mitochondrial dysfunction mediated by
ceramide signaling inhibits antitumor T cell response. Cell. Rep. 35 (5), 109076.
doi:10.1016/j.celrep.2021.109076

Wang, J., Li, R.-Z, Wang, W.-],, Pan, H. D,, Xie, C,, Yau, L. E, et al. (2023). CERS4
predicts positive anti-PD-1 response and promotes immunomodulation through Rhob-
mediated suppression of CD8+Tim3+ exhausted T cells in non-small cell lung cancer.
Pharmacol. Res. 194, 106850. doi:10.1016/j.phrs.2023.106850

Wang, Q., Wang, H., Ding, Y., Wan, M., and Xu, M. (2022). The role of
adipokines in pancreatic cancer. Front. Oncol. 12, 926230. doi:10.3389/fonc.2022.
926230

Wang, X., Liu, R., Zhu, W,, Chu, H,, Yu, H., Wei, P, et al. (2019). UDP-glucose
accelerates SNAI1 mRNA decay and impairs lung cancer metastasis. NATURE 571
(7763), 127-131. doi:10.1038/541586-019-1340-y

Frontiers in Molecular Biosciences

15

10.3389/fmolb.2025.1548655

Wang, X., Wu, S, Liu, E, Ke, D, Wang, X, Pan, D, et al. (2021). An
immunogenic cell death-related classification predicts prognosis and response to
immunotherapy in head and neck squamous cell carcinoma. Front. Immunol. 12,
781466. doi:10.3389/fimmu.2021.781466

Weigel, C., Bellaci, J., and Spiegel, S. (2023). Sphingosine-1-phosphate and its
receptors in vascular endothelial and lymphatic barrier function. J. Biol. Chem. 299 (6),
104775. doi:10.1016/j.jbc.2023.104775

Yu, Z., Tang, H., Chen, S., Xie, Y,, Shi, L., Xia, S., et al. (2023). Exosomal LOC85009
inhibits docetaxel resistance in lung adenocarcinoma through regulating ATG5-
induced autophagy. Drug Resist Updat 67, 100915. doi:10.1016/j.drup.2022.100915

Zhan, J., Wang, P, Li, S., Song, J., He, H., Wang, Y., et al. (2019). HOXB13 networking
with ABCG1/EZH2/Slug mediates metastasis and confers resistance to cisplatin in lung
adenocarcinoma patients. Theranostics 9, 2084-2099. doi:10.7150/thno.29463

Zhang, L., Cui, Y., Zhou, G., Zhang, Z., and Zhang, P. (2024c). Leveraging
mitochondrial-programmed cell death dynamics to enhance prognostic accuracy and
immunotherapy efficacy in lung adenocarcinoma. J. Immunother. Cancer 12 (10),
€010008. doi:10.1136/jitc-2024-010008

Zhang, N., Zhang, H., Liu, Z., Dai, Z., Wu, W,, Zhou, R,, et al. (2023b). An artificial
intelligence network-guided signature for predicting outcome and immunotherapy
response in lung adenocarcinoma patients based on 26 machine learning algorithms.
Cell. Prolif. 56 (4), €13409. doi:10.1111/cpr.13409

Zhang, P, Feng, J., Rui, M., Xie, J., Zhang, L., and Zhang, Z. (2024a). Integrating
machine learning and single-cell analysis to uncover lung adenocarcinoma progression
and prognostic biomarkers. J. Cell. Mol. Med. 28 (13), €18516. doi:10.1111/jcmm.18516

Zhang, P, Pei, S., Gong, Z., Feng, Y., Zhang, X., Yang, E, et al. (2023a). By integrating
single-cell RNA-seq and bulk RNA-seq in sphingolipid metabolism, CACYBP was
identified as a potential therapeutic target in lung adenocarcinoma. Front. Immunol.
14, 1115272. doi:10.3389/fimmu.2023.1115272

Zhang, P, Yang, Z., Liu, Z., Zhang, G., Zhang, L., Zhang, Z., et al. (2024b).
Deciphering lung adenocarcinoma evolution: integrative single-cell genomics identifies
the prognostic lung progression associated signature. J. Cell. Mol. Med. 28 (11), e18408.
doi:10.1111/jcmm. 18408

Zuo, S., Wei, M., Zhang, H., Chen, A., Wu, J., Wei, J., et al. (2019). A robust six-gene
prognostic signature for prediction of both disease-free and overall survival in nonsmall
cell lung cancer. J. Transl. Med. 17, 152. doi:10.1186/s12967-019-1899-y

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1548655
https://doi.org/10.1007/s00262-017-1964-4
https://doi.org/10.2147/OTT.S89225
https://doi.org/10.19852/j.cnki.jtcm.20240828.005
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.7150/ijbs.96338
https://doi.org/10.1016/j.freeradbiomed.2022.07.001
https://doi.org/10.1038/s41586-024-07787-1
https://doi.org/10.1016/j.celrep.2021.109076
https://doi.org/10.1016/j.phrs.2023.106850
https://doi.org/10.3389/fonc.2022.926230
https://doi.org/10.3389/fonc.2022.926230
https://doi.org/10.1038/s41586-019-1340-y
https://doi.org/10.3389/fimmu.2021.781466
https://doi.org/10.1016/j.jbc.2023.104775
https://doi.org/10.1016/j.drup.2022.100915
https://doi.org/10.7150/thno.29463
https://doi.org/10.1136/jitc-2024-010008
https://doi.org/10.1111/cpr.13409
https://doi.org/10.1111/jcmm.18516
https://doi.org/10.3389/fimmu.2023.1115272
https://doi.org/10.1111/jcmm.18408
https://doi.org/10.1186/s12967-019-1899-y
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Data collection of LUAD patients
	2.2 Acquisition of genes related to sphingolipids
	2.3 Consensus clustering
	2.4 Establishment of a risk signature associated with sphingolipid
	2.5 Determination of genes with differential expression
	2.6 Analysis of immune infiltration
	2.7 Analysis of SRG gene networks and enrichment
	2.8 Clinical specimens
	2.8.1 Tissue microarray construction and immunohistochemistry

	2.9 Statistical analysis

	3 Results
	3.1 Screening and analysis of sphingolipid-related genes
	3.2 Consensus clustering analysis of prognostic genes related to sphingolipids
	3.3 Construction and verification of the SRGs prognostic model
	3.4 Prognostic risk score distribution and stratification by clinical characteristics
	3.5 Immune infiltration analysis for sphingolipid-signature
	3.6 Validation of in vitro experiments

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

