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Abstract

Introduction Lung adenocarcinoma (LUAD) is the most prevalent form of lung cancer worldwide. Long non-coding RNA
(IncRNAs) are non-protein coding RNAs that are involved in lung cancer. This study aimed to develop a IncRNA-based
risk assessment model based on RNA methylation to evaluate the prognosis of patients with LUAD.

Method The TCGA-LUAD dataset consisted of 524 primary tumor samples and 59 normal samples, and the validation
set (GSE3121011), which included 246 patients with LUAD, was used for this analysis.Pearson’s correlation analysis was
used to identify IncRNAs associated with RNA methylation in LUAD. Univariate, least absolute shrinkage and selection
operators, and multivariate Cox analyses were used to construct the prognostic model. Gene oncology (GO) functional
annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were used to identify
enriched biological processes. Gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA) were used
to visualize the dataset and gene set variation analyses. Kaplan—-Meier and decision curve analyses were used to assess
the accuracy. qRT-PCR was used to verify the expression of IncRNAs. Invasion and cell scratch assays were conducted to
evaluate migration capacity, and colony formation experiments were performed to assess proliferation ability.

Result Ten RNA methylation-associated IncRNAs were identified to construct risk features. According to the risk model,
the patients were categorized into low- and high-risk groups, with the latter exhibiting a less favorable prognosis. The
expression levels of the INcRNAs exceeded those in lung epithelial cells. After siRNA transfection, the proliferation and
migration abilities of the tumor cells were significantly reduced. The risk-scoring model may be a potential indicator for
predicting the sensitivity of patients with LUAD to immunotherapy.

Conclusion The model constructed in this study can accurately predict the prognosis of patients with LUAD, and holds
promise for future immunotherapies.
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1 Introduction

Lung cancer, originating from the bronchial mucosal epithelium and alveoli, has the highest mortality rate worldwide. An
overall 5-year survival rate of approximately 16% poses a serious threat to human health [1]. Lung cancer is broadly cat-
egorized into two types, viz., small and non-small cell lung cancer. Among these, non-small cell lung cancer accounts for
approximately 85% of all cases, with adenocarcinoma accounting for 60%, squamous cell carcinoma for 30%, and other
subtypes constituting the remaining 10%. Lung adenocarcinoma (LUAD) has the highest incidence among all lung cancers,
and its onset and progression are influenced by numerous factors.

Gene expression is closely related to various mammalian developmental processes, including stem cell self-renewal and
differentiation, embryonic development, and cancer susceptibility. In recent years, substantial progress has been made in
the study of epigenetic mechanisms such as DNA methylation, histone covalent modification, chromatin remodeling, non-
coding RNA activity, and RNA chemical modification. These mechanisms are associated with different forms of tumorigenesis,
malignancies, and resistance to therapeutic drugs [2, 3]. To date, more than 170 RNA modifications have been identified,
including N6 adenylate methylation (m6A), N7 methylguanosine (m7G), N1 adenylate methylation (m1A), and cytosine
hydroxylation (m5C) [4-6]. Abnormal RNA modification has emerged as a crucial research avenue for regulating the growth
of various malignant tumors; for example, the m5C- and m6A-modified long non-coding RNA (IncRNA) NKILA accelerates the
progression of cholangiocarcinoma through the miR-582-3p-YAP1 axis [7]. In gastric cancer, IncRNA DIAPH2-AS1 enhances
the m5C modification of NTN1 by stabilizing NSUN2, thus promoting neural invasion in gastric cancer [8]. These findings
offer new insights into cancer from the perspective of RNA modifications and the exploration of novel treatment methods.

LncRNAs represent a class of single-stranded RNA that lack protein-coding functionality. They exert regulatory control
over diverse biological processes, including histone processing and transcriptional regulation, thereby promoting cancer cell
proliferation, metastasis, and invasion [9, 10]. Numerous studies have demonstrated a close association between m5C-and
m6A-related IncRNAs and cancer progression and patient prognosis across various cancer types, including breast, liver, and
prostate cancer, as well as glioma. However, the RNA modifications associated with LUAD prognosis and their associated
IncRNAs remain unclear.

Therefore, the aim of this study is to identify RNA-modifying genes associated with LUAD prognosis and construct a risk
assessment model based on IncRNAs associated with key RNA-modifying genes. Additionally, it also intends to investigate
their potential underlying mechanisms and predictive abilities.

2 Materials and methods
2.1 Data acquisition

The gene expression profile data related to LUAD was downloaded from The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/) in FPKM-UQ format. The TCGA-LUAD dataset contains transcriptome data from 585 samples, com-
prising 524 primary tumor samples (01A) and 59 normal samples (11A), which were used in this analysis. Additionally, the
clinical data (phenotype) of the patients from the dataset was obtained from the UCSC Xena database (Supplementary
Table 1). The clinical data included age, survival status [including overall survival (OS), progression-free survival (PFS), disease-
specific survival (DSS), and disease-free survival (DFS)], follow-up time, and cancer stage. The gene expression profile data
of patients with LUAD were matched with their clinical information, using 511 patients as the training set for the prognosis
model. The LUAD-related dataset, GSE31210 [11], was obtained from the GEO database to serve as a validation set for the
prognosis model. The GSE31210 dataset, derived from the GPL570 sequencing platform, included 246 patients with LUAD
(species source: Homo Sapiens).

Here, 81 RNA modification-related genes [6] from the literature, including those related to m1A, m5C, m6A, and m7G
modifications were extracted (Supplementary Table 2). The intersection of these genes with the gene expression profile data
of patients with LUAD resulted in the identification of 75 RNA modification-related genes.

2.2 Identification of RNA-modified genes
To analyze the impact of the expression levels of RNA modification-related genes on the occurrence and development

of LUAD, the R package limma [12] was used to identify RNA modified differentially expressed genes (DEGs) between
LUAD tumors and control tissues. A p-value < 0.05 was considered significantly different.
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Subsequently, to evaluate the prognostic value of RNA-modified genes in LUAD, the 511 patients with OS information
were divided into high- and low-expression groups based on the best cutoff value for RNA-modified gene expression
levels. Key RNA-modifying genes associated with LUAD were identified by determining the intersection between the
RNA-modifying DEGs and those related to LUAD prognosis. The R package maftools [13] was used to depict the mutation
landscape of the RNA-modified genes in patients with LUAD.

2.3 ldentification and construction of IncRNA models

Using the R package Hmisc, a Pearson’s correlation analysis was used to identify IncRNAs related to key RNA-modifying
genes in the entire dataset. The criteria used for selection were |Pearson R |>0.3 and p < 0.05.

To analyze the influence of the expression levels of key RNA-modifying gene-related IncRNAs on LUAD prognosis, a
prognostic scoring system was established. Univariate Cox regression analysis was used to screen candidate genes from
the IncRNAs. Subsequently, the least absolute shrinkage and selection operator (LASSO-Cox) method was used to further
screen candidate genes obtained from the univariate Cox regression. This was accomplished using the R package glmnet
[14], with the optimal lambda value selected. Following regression analyses, only ten characteristic genes were retained
and a prognostic model based on these selected genes was constructed. An optimal prognosis model was constructed
using ten-fold cross-validation screening. A risk-scoring formula was established for each normalized gene expression
value weighted by the penalty coefficient of the characteristic gene to predict the OS rate of patients with LUAD.

riskScore = 2 Coefficient (gene;) * mRNA Expression (gene;)
i

Kaplan-Meier analysis was conducted using the R packages survival [15] and surviver [16], with a log-rank test to
evaluate the prognostic value of the risk score. The expression data of characteristic genes in the GSE31210 dataset and
their corresponding prognostic data were used for verification.

2.4 ldentification of biological characteristics related to risk score

The R package limma [12] was used to screen DEGs associated with the risk score. These genes were defined by an
absolute value of log2 fold change (log2FC) > 1 and a threshold value of p <0.05. Genes with FC> 1.5 and p < 0.05 were
upregulated, whereas those with FC<— 1.5 and p < 0.05 were downregulated. For the gene oncology (GO) function [17]
annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway [18] enrichment analysis, the R package
clusterProfiler [19, 20] was used to identify significantly enriched biological processes, with statistical significance set
at p<0.05. Based on the gene expression profile dataset of LUAD samples, the reference gene sets "c5.go.v7.4. entrez.
gmt" and "c2.cp.kegg.v7.4. entrez.gmt” were obtained from the MSigDB database [21]. Enrichment analysis and dataset
visualization were conducted using the gene set enrichment analysis (GSEA) [22] method in the R package clusterProfiler.
Statistical significance was set at an adjusted p-value < 0.05. Gene set variation analysis (GSVA) was performed using the
R package "GSVA" [23]. Fifty landmark pathways were downloaded from the reference gene set "h.all.v7.4. symbols.gmt"
in the MSigDB database [21]. For each sample in the dataset, the enrichment score for each hallmark was calculated and
Kaplan-Meier analysis was performed to assess the prognostic value of these carcinogenic marker pathways. Statistical
significance was set at p <0.05.

2.5 Protein—protein interaction (PPI)
From the STRING database [24], a comprehensive score of 700 was selected as the cutoff value for constructing the PPI
network. Subsequently, Cytoscape [25] software was used for further analysis. The MCODE [26] and Cytohubba [27]

plug-ins were used to identify hub genes. Hub nodes related to LUAD risk score were determined by considering the
intersection of these results.

2.6 Mutation analysis

To explore somatic mutations in LUAD samples related to risk scores, “Masked Somatic Mutation” data was retrieved from
TCGA GDC official website (https://portal.gdc.cancer.gov/). Somatic mutation data from TCGA-LUAD were downloaded
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and the R package maftools [13] was used to visualize the mutation landscape of patients with both high- and low-risk
scores.

2.7 Evaluation of immune infiltration

The ssGSEA algorithm was used to calculate 28 reported immune cell types [28], and the immune cell compositions
of patients in the high- and low-scoring LUAD groups were visualized using a box plot. The differences in immune cell
proportions were determined using the Wilcoxon test and the correlation between immune cell infiltration levels were
plotted using the R package corrplot [29]. Furthermore, Spearman’s correlation analysis helped establish an association
between the risk score and immune cells. To assess the prognostic value of these immune cells, a Kaplan-Meier survival
analysis was conducted. Finally, the difference in immune scores between patients with LUAD in the high- and low-score
groups were estimated using the R package ESTIMATE [30]. Statistical significance was set at p <0.05.

2.8 Construction of nomogram model

By incorporating the risk score and clinicopathological features into the model, a clinical predictive line map (nomogram)
was constructed using the R-packet rms [31]. To evaluate the consistency between the predicted values and actual
observations, calibration curves were used. Additionally, the R package ggDCA [32] was used to analyze the decision
curve and draw clinical impact curves to evaluate whether model-based decision-making benefits patient prognosis.

2.9 Prediction of treatment response

The Wilcoxon test was used to explore the correlation between risk score and potential immunotherapy markers, includ-
ing immune checkpoint blockade (ICB)-related genes [33-35] and interferon-gamma (IFN-y) pathway markers [36].

The LUAD cell-drug action dataset was obtained from the Genomics of Drug Sensitivity in Cancer (GDSC) database [37].
The expression data of patients with LUAD were analyzed using the R-packet oncoPredict [38], enabling a comparison
of drug sensitivity between high- and low-risk patients.

2.10 Cell culture

A549(ATCC CCL-185™),NCI-H1299(ATCC CRL-5803),PC9(SCSP-5085), NCI-H1915(ATCC CRL-5904) and HBE(ATCC CRL-
2741 ™) cell lines were provided by the Shanghai Cell Bank of the Chinese Academy of Sciences. The cells were cultured
in RPMI 1640 medium(Gibco BRL,Grand Island,NY,USA) supplemented with 10% FBS (Gibco BRL,Grand Island,NY,USA) and
incubated at 37 “C in a 5% CO, incubator. The cells were then seeded in a 6-well culture plate at a density of 4 x 10° cells
per well and cultured overnight for subsequent experiments.

2.11 qRT-PCR

RNA was prepared using TRIzol reagent (Seven Biotech,Beijing,China). For reverse transcription, RNA (1 pg) was used
with a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Basel, Switzerland) according to the manufac-
turer’s instructions. qRT-PCR was performed using a LightCycler 480 instrument (Roche Diagnostics) and SYBR Premix
Ex Taq Il kit (Takara, Shiga, Japan). The primer sequences used for PCR are listed in Supplementary Table 3. Housekeep-
ing genes, GAPDH and U6, were used for normalization, and RNA expression was normalized against GAPDH using the
278 method.

2.12 Colony formation

In six-well plates, 1000 LUAD cells were cultured for two weeks. Cell colonies were fixed with 4% formaldehyde and stained
with 1% crystal violet (Sigma-Aldrich, St. Louis, MO, USA). The number of visible colonies on each plate was counted.
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2.13 Cell scratch assay

Cells (5% 10°) were cultured in 6-well plates. After being cultured overnight, cell monolayers were scraped using a
100 pL pipette tip. The wounds were photographed at 0 and 24 h, and the percentage of migration was calculated
using Image J software.

2.14 Invasion assay

Cells (1x 10°) were suspended in FBS-free medium and plated in the upper trans-well chamber (Millipore, Braun-
schweig, Germany) pre-coated with Matrigel (BD Bioscience, San Jose, CA, USA). The lower chamber was filled with
500 pL of culture medium (20% FBS). The number of invading cells were counted after staining with 1% crystal violet.

2.15 Statistical analysis

Statistical analysis was performed using R software (version 4.1.1). The independent Student’s t-test was used to
compare normally distributed continuous variables, whereas differences between non-normally distributed continu-
ous variables were assessed using the Mann-Whitney U test (Wilcoxon'’s rank-sum test). Categorical variables were
analyzed using either the chi-squared or Fisher’s exact test. Survival analysis was conducted using the R survival
package, with the Kaplan-Meier survival curve illustrating survival differences. The log-rank test was used to evalu-
ate the significance of these differences in survival time between the two groups. Both univariate and multivariate
Cox analyses were based on survival R packages, and the LASSO analysis was based on the R package glmnet. For all
analyses, statistical significance was set at p < 0.05.

3 Results
3.1 Identification of key RNA modification genes

Sixty-eight RNA-modifying DEGs were identified in the RNA-seq dataset from patients with LUAD (Fig. 1A). Thirty-nine
RNA-modifying genes related to prognosis were identified based on prognostic data (Supplementary Fig. 2). It was
determined that RNA-modifying genes exhibited a higher mutation frequency in patients (Fig. 1B-E), particularly
m5C- and m6A-related genes. The somatic mutations in patients with LUAD (Fig. 1F) were also analyzed. The most
common mutation type was missense mutations, characterized by frequent single nucleotide mutations and C> A
substitutions.

3.2 Shared genes of OS and LUAD

Thirty-five key RNA-modifying genes associated with LUAD were identified through the intersection of DEGs and prog-
nosis-related genes. One thousand five hundred and eighty-nine IncRNAs associated with key RNA modification genes
through Pearson correlation analysis (|R |> 0.3 and p <0.05, Supplementary Table 4) was determined. These were included
in univariate Cox regression analysis, and 493 IncRNAs were identified to significantly affect the prognosis of patients
with LUAD. Subsequently, ten IncRNAs and their penalty coefficients were obtained through LASSO Cox regression
analysis (AC092168.2, SATB2-AS1, PP2672, FOCAD-AS1, DSG2-AS1, HIF1A-AS1, OGFRP1, WW(C2-AS2, TMPO-AS1, and
LINCO1117). These IncRNAs were included in the risk-scoring model to predict the prognosis of patients with LUAD.
Analysis of the expression levels of the ten prognostic genes demonstrated a significant positive correlation (p < 0.05;
Fig. 2A). A correlation map of the risk factors was developed based on the risk scores of patients with LUAD, which
revealed significantly higher mortality rates and shorter survival times in the high-risk group than that of the low-risk
group (Fig. 2B). Kaplan-Meier analysis also showed significant differences between the low- and high-risk group in terms
of OS (p <0.0001; Fig. 2C), PFI (p <0.0001; Fig. 2D), DSS (p <0.0001; Fig. 2E), and DFI (p <0.0001; Fig. 2F). Subsequently,
the GSE31210 dataset was used to further evaluate and validate the impact of risk scores on patients with LUAD and
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Fig. 1 Identification of RNA-modified genes. A Heatmap of the expression levels of m1A, m5C, m6A, and m7G related genes in LUAD (sky »
blue) and normal tissues (pink), with the horizontal and vertical axes representing genes and samples, respectively. Red and blue represent
high and low gene expressions, respectively. Mutation waterfall plot of B m1A, € m7G, D m6A, and E m5C related genes in LUAD. F Over-
view of gene mutations in LUAD samples

determine their prognosis. The results indicated significant differences in OS and DSS between the low- and high-risk
groups (p <0.05; Fig. 2G, H).

3.3 Potential molecular mechanisms of risk scoring

Differential analysis of the gene expression profiles of the two patient groups resulted in the identification of 586 differ-
entially expressed coding genes. GO functional annotations revealed their involvement in various biological processes.
These processes were primarily associated with chromosome segregation, nuclear division, mitotic nuclear division, and
organelle fission (p <0.05; Fig. 3A). Additionally, they were enriched in cellular components such as chromosomal regions,
centromeric regions, condensed chromosomes, and kinetochores (p <0.05, Fig. 3B). Molecular functions, such as DNA
helicase activity, microtubule binding, single-stranded DNA helicase activity, and ATPase activity, were also enriched
(p<0.05; Fig. 3C). Furthermore, these genes were enriched in KEGG pathways such as the cell cycle, DNA replication,
oocyte meiosis, Fanconi anemia pathway, and p53 signaling pathway (p < 0.05, Fig. 3D).

Subsequently, the GSEA analysis revealed that biological processes such as GO ATPase activity and catalytic activity
acting on DNA were upregulated (Fig. 3E), and immune-related biological processes such as GO lamellar body and leukot-
riene biosynthetic process involved in ventricular cardiac muscle cell action potential repolarization were downregulated
in the high-risk group (Supplementary Table 5). Pathway activity analysis indicated that the KEGG pathways related to
alpha-linolenic acid metabolism and asthma were inhibited in the high-risk patient group (Fig. 3F). Conversely, KEGG
pathways associated with cell cycle, DNA replication, spliceosomes, p53 signaling, and homologous recombination were
upregulated (Supplementary Table 6).

3.4 PPl network analysis

The PPI network related to DEGs between the low- and high-risk samples includes 5263 interactions and 346 DEGs. Key
genes were screened using the CytoHuba and MCODE plugins. Sixty and seventy-six CytoHuba- and MCODE-related
hub nodes were identified, respectively. This intersection was then used to identify 49 hub genes (Fig. 4A). Then, GO
semantic similarity analysis of these hub genes were calculated using the R package "GOSemSim" [33] which revealed
functional associations with several genes, including BIRC5, PLK4, NDC80, ASPM, and CDC6 (Fig. 4B). Further enrichment
analysis indicated their involvement in processes such as mitotic nuclear division, chromosome segregation, nuclear
division, spindle formation, chromosomal regions, kinetochores, DNA replication origin binding, microtubule binding,
and tubulin binding (Fig. 4C-E). These genes also affected cell cycle, oocyte meiosis, progesterone-mediated oocyte
maturation, DNA replication, and the p53 signaling pathway (Fig. 4F).

The GSVA results showed significant enrichment differences between the low- and high-risk samples in most cancer
marker pathways (p < 0.05, Fig. 5A). These included hallmark DNA repair, E2F targets, MYC targets v1, and MYC targets
v2, which were significantly upregulated in the high-risk group and associated with well-known oncogenic pathways. In
addition, patients in the low-risk group showed a stronger correlation between cancer marker pathway GSVA scores and
hub gene expression levels (Fig. 5B, C). Moreover, correlation analysis of the ten characteristic IncRNAs identified TMPO
AS1 as being significantly associated with several well-known oncogenic pathways (Fig. 5D). It exhibited a significant
positive correlation with hallmark G2/M checkpoint (r=0.68, p <0.05) and a significant negative correlation with hallmark
KRAS signaling DN (r=-0.21, p<0.05).

3.5 Genomic differences in distinct risk groups

The overall mutation status in the LUAD dataset as well as the mutation status in high- and low-risk patients were
analyzed. The top five genes with the highest mutation frequencies were RYR2 (36%), MUC16 (40%), TTN (46%), LRP1B
(32%), and CSMD3 (37%). Although the top five genes with the highest mutation frequencies were consistent between
high- and low-risk groups, the mutation types and frequencies of these genes differed. For instance, TP53 exhibited a
63% mutation frequency in the high-risk group (Fig. 6A) compared to that of the low-risk group, which was 44% (Fig. 6B),
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Fig.2 Construction of the risk score. A Correlation analysis of the expression levels of characteristic genes, with numerical values indicating »
the magnitude of the correlation. B Risk factor correlation chart for risk scoring; yellow: high-risk score; horizontal axis: patient risk score
ranking; vertical axis: patient risk score (top); correlation analysis between survival time, survival status of patients, and risk scores. The yel-
low nodes represent deceased patients, horizontal axis represents the ranking of patient risk scores, and vertical axis represents the survival
time of patients (middle). The heat map of characteristic gene expression for risk scoring, with the horizontal axis representing patients and
the vertical axis representing characteristic genes, with blue indicating high gene expression (bottom). C-F Survival curves for the training
set risk scores (OS, PFl, DFI, and DSS). G, H Survival curves for the validation set of risk scores (OS and DSS). The horizontal axis represents
survival time and the vertical axis represents survival rate. Blue and yellow lines represent patients with low- and high-risk scores, respec-
tively

whereas fewer mutation types were observed in the high-risk group. Mutation association in the high-risk group was
significantly lower than that in the low-risk group. In the high-risk group, TP53 was significantly co-mutated with X/IRP2,
ZNF804A, NAV3, ZNF536, MUC17, LRRC7, and USH2A (p < 0.05; Fig. 6C). In the low-risk group, TP53 exhibited co-mutation
relationships with multiple genes including TTN, MUC16, CSMD3, RYR2, LRP1B, USH2A, ZFHX4 and PCLO (p < 0.05; Fig. 6D).
Additionally, COL5A2, RP1L1, and COL22A1 exhibited higher mutation rates in the low-risk group (p <0.05), whereas
BZRAP1, ACSM2B, KIF19, and SP140 exhibited higher mutation rates in the high-risk group (p <0.05; Fig. 6E). At the same
time, we found that the high-risk group had a higher tumor mutation burden (TMB), fewer immune cells, and higher
levels of activated CD4 +T cells (p < 0.05; Fig. 6F).

3.6 Analysis of differences in immune cell infiltration levels

Subsequently, ssGSEA was performed on the two sample groups. The results revealed significant differences in the infil-
tration levels of 14 immune cells, including activated dendritic cells, eosinophils, immature B cells, and Myeloid-derived
suppressor cells (MDSCs), between the low- and high-risk samples (p <0.05; Fig. 7A). Except for activated CD4* T cells,
all other immune cells were highly abundant in the low-risk samples. There was a positive correlation between various
immune cells in the high- (Fig. 7B) and low-risk samples (Fig. 7C), but there were significant differences in the clustering
modules between immune cells. In addition, there was a significant negative correlation between the risk score and
immune cells, indicating that patients in the high-risk group had fewer immune cells (r <0, p < 0.05; Fig. 7D). The associa-
tion between OS and TME cell infiltration in patients with LUAD were also analyzed. Survival differences between the
high- and low-infiltration groups were associated with 19 types of TME cells (p < 0.05; Supplementary Fig. 3). Analysis of
the correlation between TME cells and hub genes in the low- and high-risk samples revealed that activated CD4* T cells
were significantly positively correlated with multiple hub genes in the high-risk samples (p < 0.05; Fig. 7E). In contrast,
activated B cells were significantly negatively correlated with multiple hub genes in low-risk samples (p <0.05; Fig. 7F).
By taking the intersection of differentially enriched immune cells, immune cells significantly related to risk scores, and
immune cells that affected the prognosis of patients with LUAD, 11 key TME cells were obtained (Fig. 7G). ESTIMATE
analysis revealed that high-risk samples had lower ESTIMATE scores (p < 0.05, Fig. 7H), lower immune scores (p <0.05,
Fig. 71), higher tumor purity (p < 0.05, Fig. 7J), and lower stromal scores (p < 0.05, Fig. 7K).

3.7 Nomogram model

Univariate and multivariate analyses indicated that the risk score prediction model and Tumor stage were prognostic
factors for LUAD, with HR< 1 and p < 0.05 for a low-risk score, respectively (Fig. 8A). A nomogram model was constructed
based on the patient risk scores and staging to predict the prognosis of patients with LUAD (Fig. 8B). After calibration of
the model, it was found to predict patient survival in general agreement with the actual patient survival (Fig. 8C). At the
same time, the three-year DCA curve of the nomogram model was plotted, and the results showed that the nomogram
model based on the patient’s risk score and tumor stage had a better effect on the prognosis of LUAD patients (Fig. 8D).
Moreover, the time-ROC results also showed that the one- and three-year survival predictive efficacy of the prognostic
model was greater than 70% (Fig. 8E).

3.8 Expression of IncRNA in lung epithelial and LUAD cells
To verify the aforementioned findings, the expression levels of ten IncRNAs (i.e.,, AC092168.2, SATB2-AS1, PP2672, FOCAD-

AS1, DSG2-AS1, HIF1A-AS1, OGFRP1, WWC2-AS2, TMPO-AS1, and LINCO1117) were evaluated in HBE and LUAD cells
(A549, NCI-H1299, PC9, and NCI-H1915). The results indicated that the expression of nine IncRNAs in LUAD cells, except
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Fig. 3 Differences in biological processes between low- and high-risk samples. A-D The BP, CC, MF GO term analysis, and KEGG enrichment
analysis between low- and high-risk samples, where the node color corresponds to the significance of enrichment results, and the node size
represents the number of enriched genes. The horizontal and vertical axes represent — log10 (p-value) and biological process, respectively. E
The top four most significantly enriched GO terms in GSEA-GO analysis. F Top four most significantly enriched KEGG pathways are displayed
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for AC092168.2, was higher than that in HBE cells. The expression of IncRNAs was highest in NCI-H1299 and A549 cells,
with TMPO-AS1 and HIF1A-AS1 being the most highly expressed among the ten IncRNAs (Fig. 9).

3.9 Si-HIF1A-AS1 and si-TMPO-AS1 reduces the metastatic ability of LUAD cells

si-TMPO-AS1 and si-HIF1A-AS1 were subsequently transfected into H1299 and A549 cells to assess LUAD cell proliferation
and migration ability. The results revealed that the silencing of IncRNAs TMPO-AS1 and HIF1A-AS1 significantly reduced
cell migration (Fig. 10A, B) and proliferation (Fig. 10C). No noticeable changes were observed in the si-NC group, sug-
gesting that the IncRNAs TMPO-AS1 and HIF1A-AS1 may influence LUAD metastasis and prognosis.

4 Discussion

Early diagnosis and treatment are critical for managing malignant tumors. Advances in medical technology have extended
the survival of patients with LUAD. However, the complexity of the mechanisms underlying LUAD onset makes reliable
prognosis prediction challenging using traditional factors such as disease stages and differentiation levels. Hence, inves-
tigating the genetic and epigenetic factors involved in LUAD is crucial for identifying novel therapeutic targets and
diagnostic biomarkers.

The epigenetic transcriptome is complex, with over 170 different types of chemical modifications affecting both cod-
ing and ncRNAs. Currently, research on these modifications are emerging, revealing their significant impact on human
pathology. m6A is the most abundant and characteristic modification of internal mRNA. It regulates the self-renewal of
embryonic stem cells and cancer cells. In addition to its role in mRNA, m6A modification occurs in ncRNAs, such as micro-
RNAs (miRNAs), IncRNAs, and circRNAs. RNA modifications influence numerous finely regulated molecular processes,
including RNA metabolism, decay, splicing, translation, localization, stability, turnover, and interactions with RNA-binding
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Fig.5 GSVA analysis. A Differences in GSVA scores between high- and low-risk samples represented by hallmark coordinates. The vertical
axis represents the GSVA scores, and yellow indicates high-risk scoring samples (*p <0.05, **p <0.01, and ***p <0.001). Correlation analysis
between the GSVA scores of hallmarks and hub gene expression levels in B high- and C low-risk samples. The horizontal axis represents
hub genes and the vertical axis represents hallmarks. The node size corresponds to the significance level and the node color represents the
correlation level. D Correlation map of the most relevant relationships between hallmarks and hub genes, with metabolic hallmarks on the
horizontal axis, hub genes on the vertical axis, and high-risk scoring samples indicated by yellow dots

proteins or other RNAs, thereby diversifying the genetic information. Recent discoveries include N6, m6Am, m5C, hm5C,

pseudouridine, and m1A modifications of mRNA [39].

To explore gene mutations in LUAD, RNA modifications associated with the disease were screened and it was deter-
mined that m5C- and m6A-related genes were more prone to mutations. The most frequent mutations in somatic cells
are missense mutations, single-nucleotide mutations, and C> A substitutions.
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Fig.6 Analysis of mutation mechanism. Mutation waterfall plot for A high- and B low-risk scoring samples. The horizontal and vertical axes
represents the sample and mutated gene, respectively, and the rectangular color represents the type of mutation. Analysis of co-muta-
tions and excluded mutations in € high- and D low-risk scoring samples, with yellow rectangles indicating rejected mutations (*p <0.05,
**p <0.01). E Genes with significant differences in mutation status between high- and low-risk scoring samples (*p <0.05, **p <0.01). F TMB
box chart with the horizontal axis representing high- and low-risk scoring samples and the vertical axis representing TMB

LncRNAs are transcripts of over 200 nucleotides and are predominantly located in the nucleus [40]. Although IncRNAs
do not encode proteins, their tissue-specific expression across different tissues and developmental stages suggests
important biological functions. Thousands of IncRNAs have been discovered using sequencing technology; however,
their biological functions remain unclear. Recent studies have highlighted the close association between IncRNAs and
RNA modifications. For example, H19 IncRNA can inhibit S-adenosyl-L-homocysteine hydrolase (SAHH). Knockdown of
H19 activates SAHH, leading to increased methylation of the IncRNA-encoding gene Nctc1. Genome-wide methylation
mapping revealed that numerous methylation changes at gene loci were related to H19, suggesting that certain IncRNAs
can cause extensive epigenetic changes [40]. This regulatory mechanism may be the foundation of methylation dynamics
and may play a pivotal role in developmental and pathological processes.
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Fig.7 Immuno-infiltration analysis. A Box chart of infiltration scores for TME cells, with yellow representing high-risk scoring samples. The
horizontal axis represents the TME cells and the vertical axis represents the cell content. Correlation analysis between the TME cell content
in B high- and C low-risk scoring samples, with red indicating a negative correlation and blue indicating a positive correlation. D Correlation
between TME cell infiltration and risk scores, with the horizontal axis representing the magnitude of the correlation and the vertical axis rep-
resenting TME cells. The bar color represents the significance level of the correlation. Correlation analysis between TME cells and hub gene
expression levels in E high- and F low-risk scoring samples, with node size indicating significance and node color indicating a correlation.
The horizontal axis represents TME cells, and the vertical axis represents characteristic genes. G Venn plots of differential TME cells (yellow),
TME cells associated with risk scores (green), and TME cells affecting patient prognosis (blue). H-K Immune score, tumor purity, stromal
score, and ESTIMATE score box plots in high-(yellow) and low-risk (blue) scoring samples

In this study, RNA-modifying genes and IncRNAs associated with LUAD prognosis were screened. Several IncRNAs,
including AC092168.2, SATB2-AS1, PP2672, FOCAD-AS1, DSG2-AS1, HIF1A-AS1, OGFRP1, WW(C2-AS2, TMPO-AS1, and
LINCO1117, were strongly associated with patient prognosis. Based on this, a risk-scoring model was constructed to
predict the prognosis and potential molecular mechanisms of LUAD. The risk score significantly affected the progno-
sis of patients with LUAD, with significant differences in OS, PFI, DSS, and DFI between the low- and high-risk groups.
Additionally, the stratified analysis demonstrated that the risk score provided valuable predictive information across
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curve. ETime ROC curve of one- and three-year survival prediction for patients with LUAD

subgroups classified by age, sex, race, stage, and grade (p <0.05; Supplementary Fig. 4). These findings underscore the
reliability of the risk score as a prognostic feature. In vitro experiments have also shown that the migratory ability of
LUAD cells is significantly weakened after silencing key IncRNAs.This is similar to the results of Wang et al. who found
that LncRNA-TMPO-AS1 Upregulates STRIP2 Expression and Predicts Poor Prognosis in LUAD [41].

Additionally, research on the differences in drug sensitivity between different risk groups were also conducted
and it was determined that ARRY-520_474, THZ-2-102-1_346, and gemcitabine _135 were highly sensitive in the
high-risk group of patients.It is noteworthy that the IFN-y pathway genes are significantly upregulated in the high-
risk group(p <0.05, Supplementary Fig. 5A, B). While IFN-y signaling can activate anti-tumor immunity, it may also
promote immune escape by inducing PD-L1 expression. This paradoxical phenomenon could be associated with
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the dynamic balance of immune cell subsets within the tumor microenvironment (TME).Xu et al. also found that the
LncRNA HIF1A-AS1 enhances glycolysis and promotes gemcitabine resistance in pancreatic cancer by regulating the
AKT/YB1/HIF1alpha pathway [42]. This is consistent with our findings,suggesting that metabolic reprogramming may
be an important mechanism by which risk scores predict response to chemotherapy.

At the same time, we found that the high-risk group exhibited a significantly elevated tumor mutation burden
(TMB, p < 0.05), along with a unique phenotype characterized by reduced immune cell infiltration but an increased
proportion of activated CD4 +T cells.This phenomenon may reflect the presence of increased neoantigen produc-
tion due to somatic mutations in patients in the high-risk group, which activates CD4 +T cells via MHC-Il molecular
delivery, creating a potentially immunogenic microenvironment. Notably, despite a reduction in the total number
of immune cells in the tumor microenvironment (TME), sustained activation of CD4 +T cells may partially counteract
the immunosuppressive state by facilitating antigen cross-presentation or enhancing CD8 + T-cell function, thereby
enhancing patients’ sensitivity to immune checkpoint blockade (ICB) therapy. In contrast, patients in the low-risk
group have a relatively stable immune cell composition in TME and may be more dependent on the direct antitu-
mor effects of conventional chemotherapy or targeted therapy.According to previous reports, the expression levels
of ICB-related genes are correlated with the therapeutic response to immune checkpoint inhibitors and targeting
checkpoints with ICB has become a promising strategy for treating cancer. This study showed that the expression
of ICB-related genes was significantly correlated with risk scores.And the expression levels of immune phenotype
related genes CXCL1, CXCL10, and CD274 were also significantly positively correlated with risk scores (r >0, p < 0.05,
Supplementary Fig. 5C, D).The upregulation of CXCL10 may reflect the sustained activation of the IFN-y signaling
pathway in the TME of the high-risk group, while the synchronous up regulation of CD274 may form the mechanism
of "adaptive immune resistance”, which provides a theoretical basis for patients in high-risk group to benefit more
from PD-1/PD-L1 inhibitors. These findings indicate that risk scoring has potential in assessing the response of
patients with LUAD to immunotherapy.In the future, the correlation between risk score and the spatial distribution
and functional status of immune cells in TME can be analyzed by polychromatic immunohistochemistry or single
cell sequencing technology.

There are some limitations in this study, we only selected two key LncRNAs for simple validation, we did not use clinical
patient samples to re-validate the predictive efficiency of the risk assessment model, and we did not explore the specific
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mechanism of its role in depth, which will be the focus of the next step of our research, with a view to providing a more
reliable and portable means of prognostic assessment of lung cancer patients.

5 Conclusions

This study provided evidence that IncRNAs related to RNA modification can influence LUAD proliferation, metastasis,
and patient prognosis. Our risk assessment model holds promise as a novel approach for evaluating the prognosis of
patients with LUAD.
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