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Background: Lung adenocarcinoma (LUAD), which is the most common type of non-small cell lung 
cancer (NSCLC), is one of the most aggressive and fatal tumors. Therefore, the identification of key 
biomarkers affecting prognosis is important to improving the prognosis of patients with LUAD. Cell 
membranes have long been understood; however, few studies have focused on the role of membrane tension 
in LUAD. The present study aimed to construct a prognostic model associated with membrane-tension-
related genes (MRGs) and explore its prognostic value in LUAD patients. 
Methods: RNA sequencing data and the corresponding clinical characteristics data of LUAD were obtained 
from The Cancer Genome Atlas (TCGA) database. Five membrane-tension prognosis-related genes (5-
MRG) were screened by univariate and multifactorial COX regression and least absolute shrinkage and 
selection operator (LASSO) regression analyses. The data were then divided into testing, training, and all 
groups to build a prognostic model, and Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes 
(KEGG), copy number variations (CNV), tumor mutation burden (TMB), and tumor microenvironment 
(TME) analyses were performed to explore the potential mechanisms of MRGs. Finally, single-cell data from 
the GSE200972 dataset in the Gene Expression Omnibus (GEO) database were obtained to determine the 
distribution of prognostic MRGs. 
Results: Construction and validation of the prognostic risk models were conducted using 5-MRG in the 
trial, test, and all data sets. Patients in the low-risk group had a better prognosis than those in the high-risk 
group, and the Kaplan-Meier survival curve and receiver operating characteristic curve (ROC) confirmed 
that the model had a better predictive value for LUAD patients. GO and KEGG analyses of differential 
genes in the high- and low-risk groups were significantly enriched in immune-related pathways. Immune 
checkpoint (ICP) differential genes differed significantly in the high- and low-risk groups. By analyzing 
the single-cell sequencing data, the cells were divided into nine subpopulations and cell subpopulation 
localization through 5-MRG.
Conclusions: The results of this study suggest that a prognostic model based on prognosis-associated 
MRGs can be used to predict the prognosis of LUAD patients. Therefore, prognosis-related MRGs could be 
potential prognostic biomarkers and therapeutic targets.
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Introduction

According to global cancer statistics, lung cancer is the 
most frequently diagnosed cancer (11.6% of total cases) 
and the leading cause of cancer deaths (18.4% of total 
cancer deaths) (1). Lung cancer is divided into small cell 
lung cancer and non-small cell lung cancer (NSCLC). The 
most common type of NSCLC is lung adenocarcinoma 
(LUAD), accounting for 40% of lung cancer cases. LUAD 
is one of the most aggressive and lethal tumors, with an 
overall survival (OS) of less than 5 years (2), whereas 
the average survival of patients who do not receive any 
treatment is typically only 2–4 months (3). Great advances 
have been made in the treatment of NSCLC over the past 
decade, with tyrosine kinase inhibitors (TKIs) for patients 
with EGFR, ALK, ROS1, and NTRK mutations, immune 
checkpoint inhibitors (ICIs), and a revolution in molecular 
testing that has dramatically changed the landscape of 
NSCLC treatment (4). Despite significant changes in 
treatment strategy, including TKI-based therapies, the 
5-year OS rate for LUAD remains only 16% (5,6). With 
the increasing number of new drugs for the treatment of 
NSCLC (7), the traditional prognostic prediction system, 
including tumor staging and histological grading, make it 

difficult to accurately cover the clinical features of LUAD. 
Moreover, LUAD is a complex process involving multiple 
factors and genes, and various factors lead to different 
prognoses. Therefore, it is important to further understand 
the molecular mechanisms of LUAD occurrence and 
development for the prognosis and treatment of LUAD 
patients. 

Although cell membranes and related structures have 
long been understood, the understanding of their roles in 
cancer treatment is lacking. Tumor cells have been compared 
to normal cells to determine the differences in lipid 
composition and membrane function (8). Tumors are usually 
stiffer than normal tissues and have an abnormally rapid 
glucose metabolism. Cellular tension regulates processes 
including cell growth, migration, and differentiation; these 
processes require a high level of energy, highlighting the 
role of cell tension in regulating cell metabolism (9). It 
has long been thought that cell mechanics are related to 
invasion and metastasis; however, the disruption of steady-
state cytoplasmic membrane tension has been shown to 
be a common mechanical property of malignant cells and 
may be associated with cancer progression, with metastatic 
cells exhibiting significantly lower cytoplasmic membrane 
tension than epithelial cells. Furthermore, it has also been 
shown that reduced tension based on membrane-to-cortex 
attachment (MCA) promotes cancer cell migration and 
invasion through the self-assembly of Bin/amphiphysin/
Rvs domain proteins (BAR proteins) into Arp2/3 complex-
dependent actin polymerization and that the deletion of 
ezrin, radixin, moesin (ERM) proteins in less invasive breast 
cancer cells leads to a dramatic increase in breast cancer cell 
invasion (10). 

Considering these findings, the role of membrane 
tension in tumor development has become known; however, 
whether membrane tension genes are associated with 
the prognosis of LUAD patients is unclear. The present 
study aimed to clarify the prognostic value of membrane-
tension-related genes (MRGs) in LUAD and explore the 
correlation between membrane tension genes and various 
factors. In recent years, single-cell sequencing by second-
generation sequencing has developed rapidly and its efficacy 
is significantly better than previous sequencing counts, 
allowing us to explore the heterogeneity of the cellular 
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and tumor microenvironments (TME) at the single-
cell level. This greatly improved our ability to study the 
transcriptional, genetic, and metabolic characteristics of 
thousands of individual cells, thereby deepening our analysis 
of the cells within tumor lesions (11). Single-cell technology 
provides the tools needed to differentiate solid tumors by 
analyzing intra-tumor heterogeneity (ITH), revealing the 
mechanisms of tumor metastasis and epigenetic changes, 
and ultimately guiding individualized treatment strategies. 

Tumor  ce l l s  o f t en  cons i s t  o f  mul t ip l e  c lona l 
subpopulations, even in a single lesion, and single-cell 
technology provides the tools needed to differentiate ITH 
in solid tumors, which provides better diagnosis at the 
molecular level, superior disease prognosis prediction, 
and effective treatment planning (12). By integrating 
clinicopathological information with single-cell sequencing 
data, new diagnostic and prognostic biomarkers and 
potential treatment-related cell types or states can be 
identified (13). 

In this study, the messenger RNA (mRNA) expression 
profiles of LUAD and the corresponding clinical data 
were extracted from public databases, membrane tension 
genes associated with prognosis were identified, prognostic 
models were constructed to predict the prognosis of LUAD 
patients, and other analyses were performed to explore 
other potential mechanisms. We extracted LUAD-associated 
single-cell sequencing data and annotated them into 
descending, cellular subpopulations, and finally projected 
the prognosis-associated membrane tension genes into 
cellular subpopulations to explore the role of cells in the 
development and progression of LUAD and further validate 
the significance of prognosis-associated membrane tension 
genes. We present the following article in accordance with 
the TRIPOD reporting checklist (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-23-396/rc).

Methods

Data source and processing

The RNA sequencing and corresponding cl inical 
characteristics data of LUAD were obtained from The 
Cancer Genome Atlas (TCGA) database. Clinical 
parameters including age, sex, grade, stage, and survival 
status were also evaluated. The downloaded data were 
processed into matrix files using the Perl programming 
language, and clinical information was extracted using 
the “XML::Simple” package. In addition, genes related 

to cell membrane tension were obtained from previous 
reports and literature. Single-cell RNA sequencing data 
were downloaded from the Gene Expression Omnibus 
(GEO) database (GSE200972) and then two tumor and 
normal tissue samples were respectively selected for each 
analysis. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013).

Identification of prognosis-related membrane tension genes 
and construction of a prognostic model

First, LUAD patients in TCGA database were randomly 
divided into three groups: a trial group, a test group, and 
all groups. To identify the potential prognosis-associated 
membrane tension genes, we first performed univariate Cox 
regression analysis on the trial cohort using the “survival” R 
package of the R programming language to initially screen 
for membrane tension-associated genes. Next, we employed 
the “glmnet” R package to perform least absolute shrinkage 
and selection operator (LASSO) cox regression analysis to 
screen for the best prognosis-associated membrane tension 
genes. Finally, we performed a multivariate cox regression 
analysis to identify five prognosis-associated membrane 
tension genes. 

In the trial, test, and all sets, we calculated the risk score 
of patients based on the regression coefficient of each 
membrane tension and the expression value of its genes. 
The risk score of genes involved in the construction of the 
prognostic model was calculated according to the following 
equation:

( ) ( ) ( )
( ) ( )

Risk score 3.041 0.410 0.656

0.287 0.247

FLG SLK CFL1

PECAM 1 ITGB1

= × + × + ×

+ ×− + ×

 
[1]

Patients were divided into low- and high-risk groups 
based on the median risk scores. The risk scores and 
survival status for each sample were displayed using risk 
curves and scatter plots, and Kaplan-Meier survival curves 
were applied to demonstrate prognostic differences between 
the three groups. P<0.05 was selected as the significant 
cut-off value. To assess the accuracy of the prognostic 
model, the all and test groups were used to validate the 
trial group results. To further explore the functional and 
prognostic value of membrane tension genes, we used the 
“ConsesusClusterPlus” package to consistently cluster data 
from LUAD patients based on membrane tension gene 
expression, and Kaplan-Meier curves to visualize the OS 
and progression-free survival (PFS) subgroups.

https://jtd.amegroups.com/article/view/10.21037/jtd-23-396/rc
https://jtd.amegroups.com/article/view/10.21037/jtd-23-396/rc
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Prediction and analysis of independent prognostic factors

Clinical data, including gender, age, and stage, were 
extracted from TCGA cohort and analyzed using univariate 
and multivariate Cox regression models and by combining 
the risk scores of the variables in the regression models. 
The “regplot” R package was used to plot column line plots 
and calibration plots to provide further comprehensive 
clinicopathological factors for LUAD prognosis. Receiver 
operating characteristic (ROC) curves were plotted 
using the “survminer” and “timeROC” R packages, and 
the prognostic value of the risk model associated with 
membrane tension genes was assessed by ROC curves and 
the area under the curve (AUC) values.

Gene Ontology (GO) functional enrichment analysis and 
gene set enrichment analysis (GSEA) enrichment analysis

Firstly, the “limma” R package was used to analyze the 
correlation between high- and low-risk differential genes in 
TCGA cohort, and the “clusterProfiler” package was used 
to conduct GO enrichment analysis of the high- and low-
risk differential genes. We then performed a correlation 
analysis of the prognosis-related membrane tension genes 
with patient risk scores. Finally, gene enrichment analysis 
was performed on all genes in the high- and low-risk groups 
of TCGA cohort to explore possible biological functions or 
pathways. c2.cp.kegg.v7.5.1.symbols.gmt from the MSigDB 
database was used in the GSEA for pathway enrichment 
analysis. 

Analysis of membrane tension genes with related variables 
and classification

We downloaded LUAD gene copy data from the 
University of California Santa Cruz (UCSC) Xena (https://
xenabrowser.net/datapages/) database, then extracted the 
gene copy data related to membrane tension genes to show 
their copy number variation (CNV) frequencies, and used 
the “RCircos” package to plot the distribution of gene copy 
number chromosomes. In addition, we also examined the 
correlation between membrane tension gene risk scores, 
tumor mutation burden (TMB) scores, and cancer stem cell 
(CSC) scores and performed a survival analysis of the TMB 
versus patient risk groups.

TME and related immunity

The level of infiltration of 16 immune cells and 13 

immune-related pathways between the two risk groups was 
quantified by performing single-sample gene set enrichment 
analysis (ssGSEA) using the “GSVA” package. Using the 
inverse convolution CIBERSORT algorithm, the relative 
proportions of 22 infiltrating immune cells in the high- 
and low-risk groups of the membrane tension genes used 
to construct the prognostic model were determined, and 
differences in the expression of immune checkpoint (ICP) 
genes in the high- and low-risk groups were investigated 
by screening for differential ICP genes (using P<0.05 as the 
threshold).

Clustering and reduced dimensionality of single cell RNA 
Seq (scRNA-seq) data and distribution of the prognosis-
related membrane tension genes

First, the selected four-sample data were merged, and 
the expression data was normalized with “Seurat” and 
“NormalizeData” R packages. We identified the top 1,000 
highly variable genes using the “FindVariableFeatures” 
function, scaled all genes using the “ScaleData” function, 
and performed principal-component-analysis (PCA) 
downscaling on the screened 1,000 highly variable genes 
using the PCA function. The cells were clustered by the 
“FindNeighbors” and “FindClusters” functions, and the data 
were downscaled using uniform manifold approximation 
and projection (UMAP), which is an algorithm that maps 
high-dimensional space to low-dimensional space to achieve 
a final dimensionality reduction. The “FindAllMarkers” 
function was utilized to set the parameters. The Wilcoxon 
rank sum test was applied to determine the differentially 
expressed genes between different groups of cells, classify 
different groups of cells according to the gene expression 
values, and filter the genes with LogFC =0.25 (difference 
multiplicity). The cells were finally divided into nine 
subpopulations, and the CellMarker (http://biocc.hrbmu.
edu.cn/CellMarker/) human cell marker genes were 
referenced and the cell subpopulations were annotated 
with reference to the relevant literature. P<0.05 was used 
to screen the marker genes and determine the prognosis-
related membrane tension genes in the cell subpopulations’ 
distribution.

Statistical analysis

The R software (version 4.2.1) and various R packages 
were used for conducting the data analysis and visualizing 
the data. The results of the analysis were made statistically 

https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
http://biocc.hrbmu.edu.cn/CellMarker/
http://biocc.hrbmu.edu.cn/CellMarker/
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significant at P<0.05.

Results

Screening for prognosis-related membrane tension genes 
and classification of samples based on membrane tension 
genes

The flow chart of this study is shown in Figure 1. To 
construct the prognostic model, we performed univariate 
Cox regression analysis, LASSO cox regression analysis, 
and multivariate cox regression analysis on the experimental 
group (Figure 2A,2B). Finally, five prognosis-related 
membrane tension genes (FLG, SLK, CFL1, PECAM1, and 
ITGB1) were screened. To further explore the association 
between the membrane tension genes and the sample data 
from LUAD patients, we performed consensus cluster 
analysis on all samples from the TCGA cohort and found 

the highest intra-group correlation and low inter-group 
correlation when k=2, indicating that LUAD patients can be 
divided into two groups based on membrane tension genes. 
We also noted that the PFS (P<0.004) and OS (P<0.001) 
were longer in cluster 1 than in cluster 2 (Figure 2C-2E).  
We then predicted the prognosis of LUAD patients 
according to the high and low expression of prognostic 
genes and found that patients with low expression of SLK, 
ITGB1, and CFL1 had a better prognosis (Figures S1-S5).

Construction and validation of the prognostic risk model

Patients were divided into high- and low-risk groups based 
on the median risk values. Heat maps were used to display 
the expression levels of five prognosis-related membrane 
tension genes in the high- and low-risk groups (Figure S6), 
and the prognostic risk scores for each LUAD patient in the 
three groups were calculated. The risk score and survival 

RNAseq data of LUAD patients from TCGA

Membrane tension related genes

LUAD clinical informationTraining set

LASSO cox

Multi cox

Survival analysis Prognostic nomogram GO/KEGG analysis

CNV and TMB

Immune-related function and scoring

Analysis of prognostic factors

GSE200972 Classification and annotation of
cell subsets

Distribution and expression of
membrane tension genes

Uni cox

Testing set

Whole set

Consensus clustering analysis

Two clusters were associated with prognosis

5 membrane tension related prognosis

Figure 1 Brief flow chart of this study. LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; LASSO, least absolute shrinkage 
and selection operator; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CNV, copy number variation; TMB, 
tumor mutation burden.

https://cdn.amegroups.cn/static/public/JTD-23-396-supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-23-396-supplementary.pdf
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status of membrane tension-related gene expression levels 
in test, train, and all groups were visualized (Figure 3A-3F).  
The survival time of patients in the low-risk group was 
significantly higher than that in the high-risk group. To 
assess the prognostic impact of high and low risk scores, 
we evaluated the likelihood of survival of patients in the 
three groups using Kaplan-Meier curves (Figure 3G-3I), 
and the prognosis of low-risk patients was better than that 
of patients in the high-risk group. Overall, the results, 
validated by the test group and all groups, showed that 
the prognostic risk model based on prognosis-related 
membrane tension genes had good accuracy in predicting 
survival and prognosis in LUAD.

Independent prognostic value of risk scores

Univariate and multivariate cox regression analyses 
were performed in this study to explore whether the risk 
score was an independent prognostic factor. Multivariate 
cox regression analysis of the risk score (P<0.001, HR 
=1.054, 95% CI: 1.034–1.075) also showed that it could 
be used as an independent prognostic factor (Figure 4A). 
Furthermore, univariate analysis demonstrated that the risk 
score (P<0.001, HR =1.060, 95% CI: 1.040–1.080) showed 
a statistical difference (Figure 4B). Given the marked 
correlation between risk score and patient prognosis, we 
combined the relevant clinical parameters to construct a 
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column line plot, which was used to assess LUAD patient 
survival rates at 1, 3, and 5 years (Figure 4C). Similarly, 
tumor staging can also serve as an independent prognostic 
factor for predicting the prognosis of LUAD patients. 
Therefore, we assessed the correlation between the five 
membrane-tension prognosis-related genes (5-MRG) 
risk score and TNM staging, and our results showed a 
significant correlation between the 5-MRG signature and 
TNM staging (P<0.05), indicating a statistical difference 
(Figure S7). As the risk score increased, the probability 
of progressing to an advanced tumor gradually increased, 
suggesting that our MRG signature may play a pivotal role 
in the progression of LUAD. The calibration curve of the 
column line plot showed high accuracy between the actual 
and predicted incidence (Figure 4D). Subsequently, ROC 
analysis was performed to evaluate the predictive value of 
the risk score model. The AUC for the risk score model was 

0.699, which was relatively better than the other variables 
(Figure 4E). Finally, regarding the survival times at 1, 2, and 
3 years, the AUC values of the risk score model were 0.699, 
0.656, and 0.657, respectively (Figure 4F).

GO functional enrichment analysis and GSEA

To explore the biological functions and pathways leading 
to differences between the high- and low-risk groups, GO 
enrichment analysis was performed based on the differential 
genes between these two groups in the TCGA-LUAD 
cohort. We found that the differential genes between the 
high- and low-risk groups are significantly enriched in the 
biological process of humoral immune response (Figure 5A).  
Analysis of the correlation between prognosis-related 
membrane tension genes and patient risk scores showed a 
significant positive correlation between FLG and patient 
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risk scores (Figure 5B). 
Subsequently, we conducted GSEA on all genes in 

the high- and low-risk groups of the TCGA cohort, and 
found two pathways enriched in the high-risk group  
( F i g u r e  5 C , 5 D ) :  “ A M I N O A C Y L _ T R N A _
BIOSYNTHESIS” and “ADHERENS_JUNCTION”, 
and two pathways enriched in the low-risk group: 
“ A R A C H I D O N I C _ A C I D _ M E TA B O L I S M ”  a n d 
“ALLOGRAFT_REJECTION” (Figure 5E,5F).

Association between membrane tension genes and CNV, 
TMB, and CSC scores

First, we explored the incidence of CNV mutations, 
which showed that 44 MRGs exhibited significant CNV 
alterations (Figure 6A). The circle diagram displays the 
CNV alteration loci of 44 membrane tension-related 
genes on the chromosome (Figure 6B). Therefore, we 
concluded that CNVs may play a regulatory role in the 
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expression of membrane tension genes. According to 
the risk score, the mutant genes were divided into high- 
and low-risk groups, and the top 20 mutant genes were 
selected. We found that the mutation frequency of the 
high-risk group was higher than that of the low-risk 
group (Figure 6C,6D). 

Previous study has shown that TMB is a valuable 

predictor of tumor immune response, and high TMB can 
benefit from ICIs (14). We analyzed the high and low TMB 
of patients in the high- and low-risk groups, and the results 
showed that patients with a high TMB in the low-risk group 
had better prognoses and longer survival times (Figure 6E),  
indicating that patients with a high TMB in the low-risk 
group may benefit from immunotherapy.
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TME and immune activity between the subgroups

The risk and immune scores differed between the high- and 
low-risk groups (P<0.001), and immune cells were more 
abundant in the low-risk group (Figure 7A). The differences 
in the infiltration levels of 22 immune cells between the 
high- and low-risk groups were assessed by CIBERSORT. 
Among the LUAD patients, the levels of activated CD4 
memory T cells (P<0.001), resting natural killer (NK) cells 
(P<0.01), and M0 macrophages (P<0.001) were higher 
in the high-risk group than in the low-risk group, while 
patients in the low-risk group exhibited higher levels of 
resting dendritic cells (P<0.001) and resting mast cells 
(P<0.001) than those in the high-risk group (Figure 7B). 

Next, we further compared the enrichment fraction of 
16 immune cells and the activity of 13 immune-related 
pathways among subgroups in TCGA cohort by ssGSEA. 
Among the 13 immune-related pathways, the activity of 
human leukocyte antigen (HLA) and type II interferon 
(IFN) response pathways was higher in the low-risk group 

relative to that in the high-risk group (Figure 7C). In terms 
of immune cell infiltration, the high-risk group was mostly 
lower than the low-risk group (Figure 7D), especially in 
activated dendritic cells (ADCs), B cells, DCs, iDCs, mast 
cells, neutrophils, T helper cells, and tumor-infiltrating 
lymphocytes (TILs). We then performed a differential 
analysis of the ICP in the high- and low-risk groups 
(Figure 7E), which showed that 24 ICPs, such as LGALS9, 
TNFRSF14, CD276, etc., performed differently in both risk 
subgroups.

Cell subpopulation annotation and distribution of 
prognosis-related membrane tension genes

In this study, single-cell sequencing data from two lung 
cancer tissue samples and two normal tissue samples were 
analyzed, and the sample data were further normalized after 
quality control. A total of 1,000 highly variable genes were 
screened out and the top 10 most changed genes (Figure S8)  
were used for the follow-up study. By downscaling the 
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cellular data of the four samples and selecting a principal 
component (PC) of 20 as the clustering parameter  
(Figure S9), nine cellular clusters were finally identified 
(Figure 8A). After annotation, we observed the distribution 
of prognosis-related membrane tension genes in these nine 
cell clusters (Figure 8B). It can be seen from that ITGB1 
expression was higher in endothelial cells and fibroblasts, 
PECAM1 expression was higher in endothelial cells, CFL1 
was expressed in all subpopulations of cells but was most 

highly expressed in NK cells, and SLK expression was 
relatively higher in endothelial cells. These findings were 
corroborated in the bubble plots (Figure 8C,8D).

Discussion

At present, lung cancer still has high incidence and 
mortality rates (15). LUAD, the main form of lung 
cancer, is the deadliest cancer worldwide because of its 
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late diagnosis and high heterogeneity (16). More accurate 
prognostic prediction and exploration of new therapeutic 
targets are urgently needed clinical treatment. Due to 
the heterogeneity of LUAD patients in terms of their 
clinical, molecular, and pathological aspects, it is difficult 
to customize individualized treatment and predict the 
outcomes of LUAD patients (17). Considering that the 
immune environment plays an important role in cancer 
progression, the search for new immune biomarkers 
is also important for the prognosis of LUAD patients. 
Previous study has found that ERM proteins, which 
maintain membrane-actin adhesion in cancer cells, can be 
dissociated from the cell membrane, thereby making the 
cancer cell membrane more flexible, while cancer cells with 
hard membrane structures lose their ability to spread and 
metastasize (18). In metastatic cells, the process of tumor 
invasion and metastasis is inhibited by manipulating the 
membrane cortex to increase plasma membrane tension and 
impair BAR protein-mediated signaling (19).

In this study, five membrane tension genes (FLG, SLK, 
CFL1, PECAM1, and ITGB1) associated with LUAD 
prognosis were screened, and a risk model was established 
to predict the prognosis of LUAD. Patients were divided 
into high- and low-risk groups according to the median risk 
score, and the prognosis of patients in the high-risk group 
was significantly worse. ROC curve analysis showed that the 
prognostic model had good predictive ability.

SLK, a member of the Ste20 family, is located in 
the nucleus, cytoplasmic lysosomes, microtubules, and 
centrosomes, and is associated with a variety of biological 
processes, such as growth, proliferation, survival, and cell 
migration (20). It has been shown that SLK is a novel adhesion 
dissociation signal that is activated and recruited downstream 
of FAK/Src, and its dependent signal is required to mediate 
microtubule-dependent focal adhesion channels (21).  
SLK negatively regulates RhoA-dependent function by 
phosphorylating RhoA at Ser188.15. These findings 
suggest that SLK is a novel relaxation signal involved in 
cytoskeleton remodeling and cell migration (22). In a breast 
cancer study, SLK was shown to be activated downstream of 
HRGb stimulation in 4T1 breast cancers, and negative SLK 
expression or siRNA-mediated knockdown of expression 
leads to impaired motility and invasion, suggesting SLK as a 
potential therapeutic target (23).

Members of the integrin beta superfamily (ITGB) have 
been documented to play important roles in a variety of 
biological processes, and there is growing evidence linking 
ITGB to the oncogenic effects of several malignancies (24).  

ITGB1 exerts a biological function in cell migration and 
invasion and is abnormally expressed in several cancer 
types, including breast, lung, stomach, prostate, pancreatic, 
colorectal, and laryngeal cancers, mediating cell migration, 
invasion, survival, and promoting the malignant phenotype 
of tumors. It was shown that ITGB1 knockdown significantly 
increased the expression of the epithelial marker, E-cadherin, 
and decreased the expression of the mesenchymal cell 
markers wave protein and fibronectin by polymerase chain 
reaction (PCR) and protein blotting assays, confirming 
the role of ITGB1 in promoting epithelial-mesenchymal 
transition (EMT) progression. Meanwhile, ITGB1 
knockdown inhibited cell proliferation, invasion, EMT, and 
cancer stem cell (CSC)-like properties (25). 

In a study of pancreatic ductal adenocarcinoma 
(PDAC), ITGB1 expression was significantly increased 
in PDAC compared to normal pancreatic tissue and was 
associated with transforming growth factor (TGF)-β, EMT, 
inflammation, stemness, and angiogenic pathways. It was 
concluded that PDAC had worse outcomes in tumors 
with high ITGB1 expression (26). Similarly, CFL1 plays an 
important role in cytoplasmic division, cell motility, and 
morphogenesis (27). It has been reported to be associated 
with the ability of cancer cells to metastasize and invade, 
which is an important feature of tumor cells in solid tumor 
tissues (27,28). In a study related to the role of CFL1 in 
vulvar squamous cell carcinoma (VSCC), it was noted that 
CFL1 silencing decreased the protein expression of MMP2 
and MMP9, implying that CFL1 silencing inhibits tumor 
invasion and metastasis by suppressing the degradation of 
the extracellular matrix (29). In a study on LUAD, it was 
noted that enhanced expression of CFL1 was correlated 
with the severity of epithelial dysplasia and a relatively poor 
prognosis. The expression of CFL1 shRNA significantly 
inhibited tumor metastasis and prolonged survival in an 
LL/2 (Lewis lung carcinoma cell line) metastasis model (30).  
These studies suggest that CFL1 could be used as a potential 
diagnostic and prognostic biomarker.

To determine the role of membrane tension-related 
signaling pathways in different risk groups, GO and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses 
were performed on the differential genes in the high- 
and low-risk groups. The results showed that biological 
processes, cytological components, and molecular biological 
functions in GO enrichment analysis all played significant 
roles in the regulation of membrane tension, with humoral 
immune responses, collagen-containing extracellular matrix, 
and enzyme inhibitor activity being the most significant 
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roles. In the KEGG enrichment analysis, pathways were 
observed to be enriched in high- and low-risk groups, 
with AMINOACYL_TRNA_BIOSYNTHESIS and 
ADHERENS_JUNCTION enriched in the high-risk 
group and arachidonic acid (AA) enriched in the low-risk 
group. In the “AMINOACYL_TRNA_BIOSYNTHESIS” 
pathway. Aminoacyl-transfer RNA (tRNA) synthetase 
(ARS) is an essential enzyme that participates in protein 
synthesis by catalyzing the activation of amino acids and 
linking them to their homologous tRNA, eight ARSs, and 
three ARS interacting multifunctional proteins (AIMPs) 
to form a multi-tRNA synthetase complex (MSC) (31,32). 
ARS is not only an essential enzyme for the covalent 
attachment of substrate amino acids to homologous tRNA 
for protein synthesis but also acts as a regulator of cellular 
processes by detecting different cellular conditions. Due to 
its catalytic role in protein synthesis and its regulatory role 
in homeostasis in vivo, altered or dysfunctional ARS may be 
pathologically relevant to tumorigenesis (33). 

AIMP2 lacking exon 2 (AIMP2-DX2) could be a 
potential biomarker for lung cancer and may also be 
involved in tumorigenesis. A study has shown that shRNA 
downregulation of AIMP2-DX2 expression inhibits the 
EGFR/MAPK signaling pathway, thereby suppressing 
glucose uptake and cancer cell growth (34). Together, it 
appears that the ARS expression profile could be a useful 
prognostic tool for cancer. High ARS expression is usually 
associated with shorter patient survival. The activity of 
ARS associated with cancer is expected to provide new 
opportunities for the detection, prevention, and treatment 
of cancer (33,35). In the “ADHERENS_JUNCTION” 
pathway, Afadin is positioned at the adhesion junctions (36). 
A study evaluating the effect of Afadin reorientation on 
intercellular adhesion by immunofluorescence-measured 
E-cadherin staining showed that Afadin exhibited definite 
intercellular adhesion, and that Afadin knockout with a 
specific shRNA reduced cell migration (37). The removal 
of Afadin from the adhesion junctions is a system of cell 
migration that has a mechanism of promoting cancer 
progression (38). The AA pathway is a metabolic process 
in which prostaglandin G/H synthase (PGHS) metabolizes 
AA to prostaglandin H2 (PGH2), which are substrates 
for a series of downstream enzymes that produce specific 
prostaglandins (PGs), namely PGE2, PGI2, PGD2, PGF2, 
and TXA2 (39,40). PGE2 has the highest tumorigenic and 
metastatic potential, as it plays a key role in carcinogenesis 
by inhibiting apoptosis and increasing the invasiveness of 
cancer cells as well as promoting angiogenesis in tumors (41).  

Therefore, the AA pathway metabolizing enzymes, 
phospholipases A2s (PLA2s), cyclooxygenases (COXs), 
and lipoxygenases (LOXs), and their metabolites (such as 
prostaglandins and leukotrienes), have been identified as 
novel targets for the prevention and treatment of cancer (42).

ssGSEA showed s igni f icant  d i f ferences  in  the 
infiltration scores of immune cells and immune-related 
pathways in the different risk groups. This study found 
that HLA, type II IFN response pathways, and DCs 
were significantly higher in the low-risk group, where 
HLA-I and HLA-II refer to the major histocompatibility 
complex (MHC) class I and II proteins found in humans, 
with HLA-I molecules being detectable on the surface of 
almost all nucleated cells and essential for the activation 
of CD8+ T cell responses (43). CD8+ T-cell-dependent 
killing of cancer cells requires HLA-I molecules for 
effective tumor antigen presentation, where the presence 
of HLA-1 heterogeneity and tumors carrying a high 
mutational load result in significantly increased survival 
times after checkpoint blockade therapy (44). Type 
II interferon only contains IFN-γ, which is the most 
important antitumor immune cytokine; IFN-γ deficiency 
leads to malignant lung epithelial tumors in mice (45).  
Meanwhile, IFN-γ induces the expression of PD-L1, and 
tumor patients expressing IFN-g and PD-L1 have a better 
prognosis. In LUAD cells, IFN-γ-induced activation of the 
JAK2-STAT1 pathway, which upon activation is responsible 
for the antiproliferative effect of IFN-γ, confirms the anti-
cancer ability of IFN-γ (46). DCs are a rare heterogeneous 
population of leukocytes that play an important role in the 
induction and regulation of innate and adaptive immune 
responses. DCs capture tumor-associated antigens released 
from tumor cells and present them to CD8+ T cells for 
recognition, thereby killing cancer cells (47), which is 
consistent with the above findings.

Blocking the ICP pathway becomes a treatment against 
cancer (48). In this study, there were significant differences 
in many ICPs between the high- and low-risk groups. 
In the present study, we analyzed the high expression of 
LGALS9 in the low-risk group and the high expression 
of CD276 in the high-risk group. LGALS9 belongs to the 
galactose lectin family of proteins and contains a conserved 
carbohydrate recognition domain (49). It was first identified 
as an eosinophil chemoattractant and activator, regulating 
a variety of biological functions, including cell aggregation 
and adhesion as well as tumor cell apoptosis. Recombinant 
galactoglucan lectin-9 treatment prevents metastatic 
spread in various preclinical cancer models (50). A study 
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on lung cancer showed that LGALS9 was expressed in all 
pathological types of NSCLC, and the level of LGALS9 was 
correlated with the level of other checkpoints, including 
PD-1 and PD-L1. The results showed that higher levels of 
LGALS9 in tumor cells resulted in a higher OS (51). Another 
study indicated that LGALS9 could improve the adhesion 
of cultured cancer cells and prevent the metastasis of tumor 
cells. Patients with LGALS9-positive tumors have a lower 
chance of metastasis compared to patients with LGALS9-
negative tumors (52,53). CD276 is an ICP molecule and a 
co-stimulatory/co-inhibitory immunomodulatory protein 
that plays a dual role in the immune system (54); its 
expression in tumors is associated with poor prognosis. In 
addition to its role in immune regulation, it also promotes 
pro-tumor functions such as tumor migration, invasion, 
metastasis, resistance, and metabolism (55). CD276 is 
closely related to the invasion, metastasis, proliferation, and 
prognosis of NSCLC tumors. A study has reported that the 
expression of CD276 in NSCLC tissues is significantly up-
regulated, and its expression is positively correlated with 
the tumor stage of NSCLC. Silencing CD276 inhibits cell 
invasion and migration by reducing integrin-related protein  
expression (56). This is consistent with the results of our 
ICP difference analysis in the high- and low-risk groups, 
which provides a new perspective on immunotherapy  
in LUAD.

Finally, in this study, the cells were divided into nine 
subpopulations by single-cell sequencing analysis, and the 
expression of five prognosis-related membrane tension 
genes was analyzed in each cell subpopulation. It was 
found that the expression level of PECAM-1 was higher in 
endothelial cells. A previous study showed that PECAM-1 
not only delays endothelial cell migration but also inhibits 
junctional repair (57). PECAM-1-regulated paracrine factors 
drive the lethal progression of advanced tumor metastases, 
and anti-PECAM-1 mAb prevents this progression by 
altering the release of soluble factors that drive proliferation 
within these advanced metastases (58). These studies 
suggest a role in endothelial cells through PECAM-1 as a 
potential targeted therapeutic approach.

This study was based on the currently reported 
relationship between membrane tension genes and 
prognosis in LUAD patients. We analyzed several 
prognosis-related membrane tension genes and constructed 
a novel membrane tension-related prognosis model, and 
also confirmed the good predictive performance of the 
model through relevant data. We hypothesized that analysis 
of membrane tension in relation to LUAD at the single-

cell level might more accurately verify its significance for 
the progression and prognosis of LUAD patients. However, 
our study still has some limitations. Firstly, we used 
retrospective data to establish and validate the prognostic 
signature. Secondly, the potential biological functions of 
prognosis-associated membrane tension genes with their 
cellular subpopulations in single-cell analysis and their 
molecular mechanisms need to be further investigated. In 
summary, we constructed a novel prognostic risk model 
with independent prognostic value to help clinicians provide 
a meaningful reference for the prognosis and treatment of 
LUAD patients.

Conclusions

After a series of analyses and validation, our study showed 
that the prognostic model based on the expression levels 
of five MRGs (FLG, SLK, CFL1, PECAM1, and ITGB1) 
could accurately predict the prognosis of LUAD patients. 
The relevant role of MRGs at the immune level was also 
explored and their significance was elucidated. 
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