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Abstract: Lung cancer has been identified as one of the deadliest malignant tumors worldwide. Mounting evidence 
suggests that ferroptosis is a well-known non-apoptotic cell death process that participates in pathological mecha-
nisms and is a new cancer treatment strategy. Aberrantly expressed long non-coding RNAs (lncRNAs) that drive lung 
cancer progression have attracted increasing attention. Herein, we explored the prognostic significance of ferrop-
tosis-related lncRNAs in lung cancer patients. LUAD gene expression patterns and clinicopathological data were 
downloaded from The Cancer Genome Atlas (TCGA) database. Based on LASSO-Cox regression, A 14 ferroptosis-
related differentially expressed lncRNAs (FRDELs) signature was constructed. Subsequently, a nomogram model for 
predicting the prognosis of LUAD patients was constructed based on clinicopathological data and the 14 - FRDELs 
signature. The signature was shown to be correlated with tumor mutational burden (TMB) and immune cell infiltra-
tion within the tumor microenvironment. Furthermore, Gene Set Enrichment Analysis (GSEA) confirmed that the 
signature was correlated with LUAD-related biological functions such as the P53 signaling pathway, DNA replica-
tion, and cell cycle. The roles and mechanisms of PACERR in the signature were explored by si-lncRNA-mediated 
knockdown and transfection-mediated overexpression via in vitro experiments in A549 and H1299 cells. PACERR 
was significantly upregulated in A549 and H1299 cells, and higher expression promoted LUAD cell proliferation, 
migration, and invasion via in vitro experiments, while knockdown of PACERR presented the opposite effects. In 
conclusion, our study provided information regarding ferroptosis-related lncRNA expression and established a prog-
nostic nomogram based on 14 FRDELs to predict overall survival in LUAD accurately. Additionally, our results in vitro 
revealed that PACERR played an oncogenic role in LUAD proliferation and metastasis, which provides mechanistic 
insights into the roles of ferroptosis-related lncRNA in LUAD progression and that it may be a potential biomarker 
for LUAD treatment.
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Introduction

Lung cancer is among the most prevalent life-
threatening malignant tumor worldwide, with a 
significant morbidity and mortality rate [1]. 
There were 2.1 million new diagnoses of lung 
cancer recorded; leading to approximately 1.8 
million lung cancer related fatalities thus put-
ting human health and lives at risk [2]. In the 
case of lung cancer, adenocarcinoma (LUAD) is 
a frequent pathological subcategory that 
accounts for around 45 percent of all instances 
of the disease. Despite significant advances in 
the treatment and management of LUAD, such 
as molecular targeting, chemotherapy, and 

radiation therapy, the prognosis remains dis-
mal, with only an 18% five-year overall survival 
rate [3]. Therefore, novel and effective screen-
ing approaches are urgently required to increase 
diagnostic accuracy and treatment efficiency, 
enhancing LUAD patients’ prognoses.

Ferroptosis is a well-known non-apoptotic cell 
death process induced primarily by increased 
lipid peroxidation and iron catalytic activity in 
the cell and is characterized by the build-up of 
reactive oxygen species [4, 5]. It participates in 
pathological mechanisms such as human 
growth, immunity, and aging and is critical to 
normal tissues and cells [6]. The cancer occur-
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rence and progression are associated with fer-
roptosis, and ferroptosis activation in cancer 
cells is a new cancer treatment strategy [7, 8].

Long non-coding RNAs (lncRNAs) are defined 
as RNAs that exceed 200 nucleotides in length. 
Even though lncRNA does not participate in 
protein translation, it is necessary for gene reg-
ulation. lncRNA can affect gene expression in 
various biological, physiological, and pathologi-
cal environments by modulating the function of 
chromatin as well as the function and assembly 
of nucleosomes that are membrane-less, thus 
altering the translation and stability of cytoplas-
mic mRNA and influencing signaling pathways 
[9]. The aberrant lncRNA expression or func-
tion, in particular, could be correlated with a 
variety of biological events such as ferroptosis 
[10]. For instance, the lncRNA LINC00336 
reduces lung cancer ferroptosis via competitive 
endogenous RNA activity [11]. The lncRNA 
P53RRA induces tumor suppression through 
nuclear isolation of p53 and promotes ferropto-
sis and apoptosis in cancer [12]. Therefore, 
identifying important prognostic ferroptosis-
related lncRNAs in LUAD is critical for develop-
ing accurate prognostic assessment and treat-
ment methods.

In this study, we constructed a ferroptosis-relat-
ed differentially expressed lncRNAs (FRDELs) 
signature to predict the prognosis of patients 
with LUAD accurately and analyzed the relation-
ship between the signatures and tumor muta-
tional burden (TMB) and immune cell infiltra-
tion. We further carried out GSEA to explore the 
signature mechanisms. Most importantly, we 
explored the effects of PACERR on the prolifera-
tion, migration, and invasion of LUAD cells.

This study provides reference data for improv-
ing current diagnosis, treatment, follow-up, and 
prevention strategies.

Materials and methods

Acquiring data on gene expression and clinico-
pathology

The Cancer Genome Atlas (TCGA) database 
(https://portal.gdc.cancer.gov/) was utilized to 
obtain clinicopathological data (age, gender, 
stage, and follow-up data) as well as gene 
expression profiles (fragments per kilobase of 
transcript per million reads) of LUAD patients 
(downloaded on 2 June 2021; platform: Illumina 

HiSeq 2000 RNA Sequencing). Subsequently, 
54 normal and 497 LUAD tissues were 
obtained. GENCODE Release 29 (GRCh38.p12) 
was used to extract the matrix of mRNA and 
lncRNA expression. Patients having insufficient 
data on survival were not included in the pres-
ent study. Eventually, 468 patients with LUAD 
were included and divided at random into the 
training (n=312), and validation (n=156) sets 
utilizing the R package ‘caret’.

Detection of ferroptosis-related differentially 
expressed lncRNAs (FRDELs)

A sum of 259 genes associated with ferroptosis 
was acquired from FerrDb (http://www.zhou-
nan.org/ferrdb) [13], a newly available hand-
curated repository for ferroptosis indicators 
and modulators launched in January 2020. The 
TCGA database was retrieved independently for 
the mRNA and lncRNA expression profiles. 
Subsequently, ferroptosis-related lncRNAs 
were identified via a correlation analysis 
between the expression levels of lncRNAs and 
ferroptosis-related genes utilizing Pearson’s 
correlation coefficient to determine the rela-
tionship between the two expression levels 
(correlation coefficient >0.40 and P<0.001). 
Furthermore, we employed the R package 
‘limma’ to discover FRDELs in 54 normal and 
497 LUAD tissues, with cut-off criteria of 
P<0.05 and |log2 (fold change)| >1.

Construction of a FRDELs signature

We used the R package ‘survival’ and ‘glmnet’ 
to perform univariate Cox regression, Least 
absolute shrinkage and selection operator 
(LASSO), and multivariate Cox regression analy-
ses on the training set (n=312) to construct the 
FRDEL Signature. We computed the risk score 
of each patient sample according to the expres-
sion of lncRNAs and the corresponding coeffi-
cient using the following equation: ∑i coeffi-
cient (lncRNA1) × expression (lncRNA1) + coef-
ficient (lncRNA2) × expression (lncRNA2) + …… + 
coefficient (lncRNAn) × expression (lncRNAn). 
Finally, patients in the training, validation and 
whole sets were classified into two low- and 
high-risk groups according to their median risk 
score values.

Predictive ability of the FRDELs signature

Receiver operating characteristic (ROC) curve 
analysis was carried out in the training, valida-
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tion, and whole sets utilizing the R package 
‘timeROC’ to thoroughly examine the prediction 
performance of the FRDELs signature. The 
FRDELs signature and corresponding clinico-
pathological data were used to identify the 
independence through univariate and multivari-
ate Cox regression analyses on the whole set.

Tumor mutational burden (TMB), gene set 
enrichment analysis (GSEA), and immune cell 
infiltration

After normalizing the transcriptome data, we 
utilized the CIBERSORT algorithm to measure 
the proportion of 22 different kinds of immune 
cells in each patient [14]. The differences in the 
proportion of invading immune cells between 
the whole set’s low- and high-risk groups were 
compared.

Furthermore, the TMB data were downloaded 
from the TCGA database and analyzed using 
the R package ‘maftools’ in the low- and high-
risk groups of the whole set, and the TMB of 
each patient (mutations per million bases) was 
calculated. Then, we subjected RNA-seq pro-
files to GSEA to screen for the gene - related 
signaling pathways with differential expression 
in the low- and high-risk groups. Statistical sig-
nificance was set at false discovery rate (FDR) 
<0.25 and nominal (NOM) P<0.05.

Establishment and validation of a nomogram

Based on the multivariate Cox regression anal-
ysis of the whole set’s risk score and clinico-
pathological data, a nomogram was developed 
to anticipate the one-, three-, and five-year sur-
vival probability of LUAD patients utilizing the R 
package rms’. Furthermore, we employed the R 
package ‘survivalROC’ to examine the predic-
tion performance of the nomogram. Subse- 
quently, DCA was conducted to evaluate the 
clinical applicability of the nomogram [15].

Cell culture and transfection

Three human LUAD cell lines (A549, H1792, 
and H1299) and normal human lung epithelial 
cells (MRC-5) were purchased from the Bluef 
Biotechnology Development (Shanghai, China). 
LUAD cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Gibco, BRL, USA) sup-
plemented with 10% fetal bovine serum 
(Hyclone, Logan, USA) at 37°C and were main-

tained in a humidified cell incubator with 5% 
CO2 and 99% relative humidity. MRC-5 cells 
were cultured in the Minimum Eagle medium 
(MEM, Gibco, BRL, USA) with 10% fetal bovine 
serum.

A549 and H1299 cells were seeded in 6-well 
plates 24 h before transfection and were incu-
bated overnight. The si-lncRNA PACERR, pcD-
NA-lncRNA PACERR, and NC were purchased 
from YUNZHOU Biotech (Guangzhou, China). 
Subsequently, 4 μg of each of these three plas-
mids were added to 250 mL of DMEM, and 
transfection was performed using the Lipo- 
fectamine™ 2000 transfection kit (Invitrogen 
Life Technologies) according to the manufac-
turer’s instructions. siPACER: 5’-CAUAGGAGA- 
UACUGGUAAAUU-3’ and pcDNA-lncRNA PACE- 
RR: 5’-CTCCACGGGTCACCAATATAAA-3’. NC: 5’- 
UUCUCCGAACGUGUCACGUUU-3’. After 24 h, 
transfection efficiency in A549 and H1299 
cells was verified using real-time reverse tran-
scription polymerase chain reaction (qRT-PCR), 
and the cells were used for subsequent 
experiments.

RNA extraction and qRT-PCR

To extract total RNA, we employed the TRIzol 
reagent (Invitrogen, K0732). The PrimeScriptTM 
RT reagent Kit with a gDNA Eraser (Invitrogen, 
4368813) was utilized to perform reverse tran-
scription in line with the instructions provided 
by the manufacturer. qRT-PCR Master Mix 
(Invitrogen, 11762500) was used for the quan-
titative analysis of the PACERR. β-actin was 
used as an internal reference. The primer 
sequences for qRT-PCR are shown in Table 1.

The qRT-PCR reaction system: cDNA (1 μL), for-
ward and reverse primers (0.5 μL each), SYBR 
Premix Ex Taq (10 μL), and ddH2O (8 μL). 
Reaction conditions: 95°C/2 min (initial dena-
turation) followed by 40 cycles of 95°C (15 s) 
and 60°C (60 s). GAPDH gene was used as an 
internal control. The results were presented as 
the relative expression value using the 2-∆∆Ct 
method. The experiment was repeated three 
times in each set.

Cell proliferation assay

The detection of the vitality of A549 and H1299 
cells was accomplished using Cell Counting 
Kit-8 (CCK-8). After being seeded onto 96-well 
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plates at a density of 5000 cells/well in a com-
plete medium for 2 hours, the cells were sub-
jected to subsequent analyses. A total of 10 μL 
of CCK-8 solution were introduced into each 
well after incubation, and then the cells were 
left to incubate for another 2 hours. Every 24 h 
after transfection, the proliferation rate was 
determined, and optical density was quantified 
at 450 nm on a spectrophotometer. All experi-
ments were performed in triplicates.

Colony formation assay

A549 and H1299 cells were plated in 6-well 
plates at a density of 1000 cells/well in a com-
plete medium and cultured for 14 d. 
Subsequently, the cells were washed twice with 
10 mL of PBS, immobilized with 2 mL of 4% 
methanol for 10 minutes, then stained with 
crystal violet, followed by washing with water 
and drying overnight. Finally, visible colonies in 
randomly selected fields were subjected to 
count, and we computed the rate of cell clone 
formation.

Transwell invasion assay

A549 and H1299 cells were digested utilizing 
trypsin and centrifugated for 5 minutes and at 
1500 rpm, and the supernatant was discarded. 
Subsequently, 200 μL of the serum-free medi-
um was used to prepare cell suspensions (2.5 
× 104 cells), and the cells were placed in the 
upper transwell chamber coated with Matrigel 
matrix and the medium. Twenty-four hours after 
migration, the cells were fixed with 4% parafor-
maldehyde (PFA), followed by subsequent stain-
ing with 0.1% crystal violet. Five random fields 
of vision were chosen for observation and 
counting of cells.

Wound healing assay

A549 and H1299 cells in the logarithmic growth 
stage were digested with trypsin, seeded in 
6-well plates, and cultured at 5% CO2 and 37°C. 

After the cells achieved confluency of approxi-
mately 90%, a horizontal line was drawn in the 
cell monolayer with a pipette tip. Following 48 
hours of culture in a medium containing 2% 
FBS, the cells were washed using PBS to elimi-
nate non-adherent cells from the plates. The 
wounds were observed under an inverted 
microscope (magnification, 40×), and images of 
the scratches were taken at 0 h and 48 h.

Flow cytometry analysis

A549 and H1299 cells were digested and  
centrifugated for 5 minutes at 1500 rpm. 
Subsequently, the cells were suspended in PBS 
pre-cooled at 4°C and centrifugated for 5 min-
utes at 1500 rpm. Incubation of the cells was 
carried out with 10 μL of PI for 10 min at ambi-
ent temperature, followed by staining with 
annexin V-FITC. After 1 h, cell apoptosis was 
analyzed using flow cytometry. The excitation 
and emission wavelengths were 488 nm and 
530 nm, respectively.

Western blot assay

Total proteins were extracted from A549 and 
H1299 cells with the mixed liquor of RIPA lysis 
buffer. The protein concentration was deter-
mined using a BCA protein assay kit (Abcam, 
ab102536). Then 30 μg/lane of the extracted 
protein was isolated by 12% SDS-PAGE at a 
110-V constant current for 2 h, and then trans-
ferred to polyvinylidene difluoride membranes. 
After that, the membrane was immersed in a 
TBST inhibiting solution prepared by adding 5% 
skim milk powder for 1 hour and overnight culti-
vation with 5 mL of the following primary anti-
bodies: Bcl-2 (CST-15071, 1:1000), Bax (CST-
5023, 1:1000), caspase-3 (CST-9662, 1:1000) 
and β-actin (CST-3700, 1:1000), which were all 
from Cell Signaling Technology (Beverly, MA, 
USA).

Immunoreactive bands were visualized using 
the enhanced chemiluminescence (ECL) kit 
(Thermo Scientific™, USA) and integrated den-
sity of the bands was quantified by Quantity 
One software (Bio-Rad).

Statistical analysis

All statistical analyses were performed using R 
software (version: 3.6.3). Pearson correlation 
analysis was performed to evaluate the associ-

Table 1. Primer Sequences for qRT-PCR
Gene Primer Sequence
PACEER Forward: 5’-AGAGAAACCATGGGCAGAAG-3’

reverse: 5’-CAAGCCATGAAACAGCATCT-3’
β-actin forward: 5’-AATCGTGCGTGACATTAAGGAG-3’

reverse: 5’-TGACAGGATGCAGAAGGAGA-3’
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ation of lncRNAs with ferroptosis-related genes. 
Wilcoxon rank-sum test was used to compare 
the differences between the two groups. 
Kruskal-Wallis test was utilized to analyze dif-
ferences among three groups. Kaplan-Meier 
method was used to generate survival curves 
and the Log-rank test to compare the survival 
curves of two groups. Univariate Cox regression 
with LASSO and multivariate Cox regression 
analyses was utilized to estimate the 14 - 
FRDELs Signature. The independent prognostic 
significance of the 14 - FRDELs Signature was 
assessed through univariate and multivariate 
Cox regression. P-values less than 0.05 (P< 
0.05) were considered statistically significant.

Results

Data processing

Bioinformatic analysis was performed as 
described in the flow chart (Figure 1A). First, 
the RNA-sequencing and clinicopathological 
data of patients with LUAD were obtained from 
the TCGA database. Second, the expression 
data of 259 ferroptosis-related genes were 
extracted. According to co-expression and dif-
ferential expression analyses, ferroptosis-relat-
ed lncRNA profiles were obtained from ferropto-
sis-related genes and used to construct the 
profiles. Third, the entire set of patients (n=468) 
was divided into the training group (n=312) and 
verification group (n=156), and the R package 
“limma” was used to identify FRDELs. Then, the 
FRDELs were screened by univariate Cox 
regression, LASSO, and multivariate Cox regres-
sion in the training set.

Risk scores were calculated based on the 
FRDELs signature constructed in stepwise 
regression analysis, consisting of FRDELs and 
corresponding coefficients. Fourth, the risk 
score was verified using survival analysis in the 
training, validation, and whole sets. In addition, 
the association of risk score with TMB, immune 
cell infiltration, and GSEA was analyzed in the 
whole set, and a nomogram was subsequently 
constructed. Eventually, the PACERR of the 
FRDELs signature was validated in A549 and 
H1299 cells.

Identification of FRDELs

We first screened 259 ferroptosis-related 
genes (mRNAs) and obtained the available 

expression data of 247 genes in the TCGA-
LUAD set. Subsequently, 2634 ferroptosis-
related lncRNAs were identified by Pearson cor-
relation analysis (Table S1). Furthermore, 497 
LUAD and 54 non-tumor tissues from the TCGA 
set were used for analyzing differential expres-
sion. A total of 909 FRDELs with adjusted 
P<0.05 and |log2 (fold change)| >1 were identi-
fied (Figure 1B; Table S2).

Development of the 14 - FRDELs signature

The whole set (n=468) of patients was random-
ly classified according to a ratio of 3:1 into  
the training (n=312) and validation (n=156) 
sets. In the training set, 76 FRDELs were 
detected via a univariate Cox regression (P< 
0.05). LASSO–Cox regression analysis was fur-
ther performed (Figure 2A and 2B), and 14 
FRDELs were identified (Table 2). AP001610.2, 
AC004832.5, AL355472.3, PACERR, AC0077- 
73.1, AC116552.1, AC108451.2, LINC00941 
and LINC01638 were identified as risk fac- 
tors with hazard ratio (HR) > 1. AC034102.8, 
AF131215.5, AC026355.2, MIR223HG and 
AC246787.2 were identified as protective fac-
tors with HR < 1.

The risk score regarding each sample was  
computed according to the coefficient of  
each lncRNA as follows: (0.795370936 × 
Exp(AP001610.2)) + (-1.617288949 × Exp(AC034102.8)) 
+ (1.039294008 × Exp(AC004832.5)) + 
(0.779997231 × Exp(AL355472.3)) + (0.430000161 
× Exp(PACERR)) + (-0.454120663 × Exp(AF131215.5)) 
+ (-0.323628834 × Exp(AC026355.2)) + 
(0.477651612 × Exp(AC007773.1)) + (-0.545276812 
× Exp(MIR223HG)) + (0.82781487 × Exp(AC116552.1)) + 
(0.262514833 × Exp(AC108451.2)) + 
(-0.691589978 × Exp(AC246787.2)) + (0.41179945 
× Exp(LINC00941)) + (1.257207435 × Exp(LINC01638)).

Validation of the 14 - FRDELs signature

The risk score was further used to verify its 
prognostic significance in the training, valida-
tion, and whole sets. The patients who belonged 
to the training (Figure 2C and 2D), validation 
(Figure 2F and 2G), and whole (Figure 2I and 
2J) sets were classified into two sets, namely 
the low- and high-risk groups based on the risk 
score for median value. The survival curves of 
the low- and high-risk groups differed substan-
tially; nevertheless, the low-risk group exhibited 
a longer survival duration in the training (Figure 

http://www.ajtr.org/files/ajtr0142648suppltab1.xls
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2E), validation (Figure 2H), and whole (Figure 
2K) sets.

Furthermore, ROC curves were constructed 
according to the risk score to evaluate prognos-
tic efficiency. As demonstrated in Figure 3A, 
the AUC of the training, validation and whole 
sets were 0.733, 0.717, and 0.751. These 
results indicated that the 14 - FRDELs signa-
ture had acceptable sensitivity and specificity 
in predicting the individual survival of patients 
with LUAD.

To assess the independence of the signature, 
447 patients with LUAD in the whole set with 
complete clinicopathological data (including 
age, gender, and stage) were included for uni-
variate (Figure 3B) and multivariate (Figure 3C) 
Cox regression analyses. The result illustrated 
that the risk score might serve as a prognostic 
factor (P<0.05) independent of age, gender, 
and stage. Therefore, the signature was verified 
as an independent predictor of good prognosis, 
irrespective of clinicopathological characte- 
ristics.

Figure 1. The fl ow chart regarding the present study and identification of FRDELs. A. Flow chart for data collection 
and analysis. B. Volcano plot of downregulated and upregulated differentially expressed ferroptosis-related lncR-
NAs. The ‘limma’ package was utilized to detect FRDELs in 54 normal and 497 LUAD tissues, with cut-off criteria of 
adjusted P<0.05 and |log2 (fold change)| >1. Red dots represent ferroptosis-related lncRNAs with high expression, 
and blue dots represent ferroptosis-related lncRNAs with low expression. LUAD, lung adenocarcinoma; TCGA, The 
Cancer Genome Atlas; FRDELs, ferroptosis-related differentially expressed lncRNAs; LASSO, least absolute shrink-
age, and selection operator; TMB, tumor mutational burden; GSEA, gene set enrichment analysis.
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Association of the 14 - FRDELs signature with 
TMB and immune cell infiltration

We used the R package ‘maftools’ to sum-
marise and analyze the mutational data of 
TCGA datasets and compared the 20 topmost 

mutated genes in the high- (Figure 4A) and low-
risk (Figure 4B) groups. KRAS, TP53, TTN, 
MUC16, FLG, and ADAMTS12 were the most 
frequently mutated genes. When comparing 
the high- and low-risk groups, the number of 
patients with TP53 mutations was considerably 

Figure 2. Development and Verification of the 14 - FRDELs signature. (A) LASSO regression for constructing the 
FRDELs signature based on the optimal parameter (lambda). (B) The LASSO coefficient profiles regarding the 14 
FRDELs. The risk score distribution in the training (C), validation (F), and whole (I) sets. The scatter dot plot shows 
the survival status of LUAD patients in the training (D), validation (G), and whole (J) sets. Kaplan-Meier survival anal-
ysis demonstrates better overall survival in the training (E), validation (H), and whole (K) sets in the low-risk group 
as opposed to the high-risk group. LUAD, lung adenocarcinoma; FRDELs, ferroptosis-related differentially expressed 
lncRNAs; LASSO, least absolute shrinkage, and selection operator.
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greater in the high-risk group (P=0.047). The 
chi-square test revealed that mutations 
occurred more frequently in the high-risk group 

in contrast with those in the low-risk group 
(91.53% versus 75.89%, respectively, P= 
0.002). In addition, the Wilcoxon rank-sum test 

Table 2. Construction of the 14 - FRDELs Signature based on LASSO-Cox regression analysis
ID Coeff HR HR.95L HR.95H P-value
AP001610.2 0.795370936 2.215262564 0.957799521 5.123606893 0.063001836
AC034102.8 -1.617288949 0.19843594 0.069489858 0.566655673 0.002519917
AC004832.5 1.039294008 2.827220313 1.437467398 5.560595469 0.002600028
AL355472.3 0.779997231 2.181466225 1.143234469 4.162571214 0.017980743
PACERR 0.430000161 1.537257771 1.032019417 2.289842047 0.034431239
AF131215.5 -0.454120663 0.635006107 0.401099121 1.00531947 0.052704937
AC026355.2 -0.323628834 0.723518738 0.54310619 0.963861901 0.027002455
AC007773.1 0.477651612 1.612283686 1.178811574 2.205151987 0.002793366
MIR223HG -0.545276812 0.579681298 0.364648681 0.921518232 0.021135932
AC116552.1 0.82781487 2.288313013 1.167008883 4.487006499 0.015974387
AC108451.2 0.262514833 1.300195754 0.982915813 1.719891954 0.065880729
AC246787.2 -0.691589978 0.500779208 0.27363052 0.916490655 0.02491257
LINC00941 0.41179945 1.50953167 1.146624643 1.987298875 0.003333334
LINC01638 1.257207435 3.515590251 1.72230935 7.176048142 0.000553748
Abbreviations: HR, hazard ratio; Coeff, coefficient; L, low; H, high.

Figure 3. Prediction accuracy of the 14 - FRDELs Signature. (A) ROC curve demonstrated the signature’s feasibility 
to predict prognosis in the training, validation, and whole sets. Forest plot of univariate (B) and multivariate (C) Cox 
regression analyses involving 447 patients with LUAD with complete clinicopathological data (including age, gender, 
and stage). FRDELs, ferroptosis-related differentially expressed lncRNAs; ROC, receiver operating characteristic; 
LUAD, lung adenocarcinoma.
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Figure 4. Relationship between the 14 - FRDELs Signature and TMB levels and immune cell infiltration. A, B. The top 
twenty most frequently mutated genes in low- and high-risk groups are shown in a waterfall plot. The chi-square test 
revealed that mutations occurred more frequently in the high-risk group than in the low-risk group (91.53% versus 
75.89% P=0.002). The number of patients with TP53 mutations was substantially elevated in the high-risk group 
compared to the low-risk group (P=0.047). C. The Wilcoxon rank-sum test revealed that the TMB level of the high-risk 
group was more significant in contrast with the level in the low-risk group (P<0.001). D. The plot showed the differ-
ence among the infiltration of 22 distinct immune cells in the low- and high-risk groups. FRDELs, ferroptosis-related 
differentially expressed lncRNAs; TMB, tumor mutational burden; LUAD, lung adenocarcinoma.
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Table 3. KEGG pathways analysis of the low- and high-risk groups using GSEA

Enriched pathways Size Es NES NOM 
P-value

FDR 
q-value

FWER 
P-valve

High-risk group
    KEGG_CELL_CYCLE 125 0.72 2.37 0.000 0.001 0.001
    KEGG_MISMATCH_REPAIR 23 0.90 2.25 0.000 0.003 0.007
    KEGG_HOMOLOGOUS_RECOMBINATION 28 0.84 2.24 0.000 0.003 0.009
    KEGG_DNA_REPLICATION 36 0.88 2.13 0.000 0.008 0.026
    KEGG_PYRIMIDINE_METABOLISM 98 0.60 1.12 0.000 0.008 0.030
    KEGG_P53_SIGNALING_PATHWAY 68 0.55 2.12 0.000 0.007 0.030
    KEGG_PROTEASOME 46 0.78 2.02 0.002 0.015 0.067
    KEGG_NUCLEOTIDE_EXCISION_REPAIR 44 0.65 2.01 0.004 0.015 0.072
    KEGG_SPLICEOSOME 127 0.64 2.00 0.018 0.014 0.079
    KEGG_AMINOACYL_TRNA_BIOSYNTHESIS 41 0.70 1.98 0.004 0.016 0.097
Low-risk group
    KEGG_HEMATOPOIETIC_CELL_LINEAGE 85 -0.67 -2.11 0.004 0.038 0.031
    KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION 46 -0.77 -2.03 0.002 0.044 0.063
    KEGG_ALDOSTERONE_REGULATED_SODIUM_REABSORPTION 42 -0.58 -2.00 0.000 0.042 0.084
    KEGG_ASTHMA 28 -0.80 -1.98 0.006 0.037 0.099
    KEGG_FC_EPSILON_RI_SIGNALING_PATHWAY 79 -0.51 -1.97 0.002 0.033 0.106
    KEGG_FATTY_ACID_METABOLISM 42 -0.60 -1.92 0.004 0.047 0.163
    KEGG_AUTOIMMUNE_THYROID_DISEASE 50 -0.67 -1.90 0.006 0.045 0.177
    KEGG_GRAFT_VERSUS_HOST_DISEASE 37 -0.76 -1.86 0.012 0.059 0.227
    KEGG_LEISHMANIA_INFECTION 70 -0.61 -1.84 0.022 0.064 0.256
    KEGG_ALLOGRAFT_REJECTION 35 -0.78 -1.84 0.012 0.062 0.267
Abbreviations: ES, enrichment score; NES, normalized enrichment score; NOM P-value, nominal P-value; FDR q-value, false 
discovery rate q-value; FWER P-value, familywise error rate P-value.

suggested that the TMB level of the high-risk 
group was elevated in contrast with that of the 
low-risk group (Figure 4C).

Furthermore, we used 22 immune cell types to 
investigate the potential of the 14 - FRDELs sig-
nature to reflect the state of the immunological 
microenvironment in LUAD (Figure 4D). The 
number of activated resting mast cells, CD4 
memory T cells, and resting NK cells was ele-
vated in the high-risk group as opposed to the 
low-risk group (P<0.05). However, the number 
of monocytes, M0 and M1 macrophages, acti-
vated mast cells, and resting dendritic cells 
was substantially reduced in the high-risk group 
in contrast with the low-risk group (P<0.05). 
These findings demonstrated that the 14 - 
FRDELs signature was related to immune cell 
infiltration in the LUAD.

Pathway enrichment analysis of the 14 - 
FRDELs signature

GSEA was performed in the low- and high-risk 
groups to examine the prospective molecular 

mechanisms of the 14 - FRDELs signature in 
LUAD, and 80 enriched Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways were 
identified. The top 10 pathways in both sets are 
summarised in Table 3 and Figure 5.

Establishment of a new predictive nomogram

We developed a nomogram to anticipate the 
individualized survival probability of LUAD 
patients according to independent prediction 
parameters generated from the multivariate 
Cox regression analysis (Figure 6A). The AUC 
values predicted by our nomogram for the one-, 
three-, and five-year overall survival probability 
were 0.783, 0.761, and 0.774 (Figure 6B). 
Generally, an AUC value of 0.5 suggests no dis-
crimination, an AUC value of 0.7-0.8 suggests 
acceptable sensitivity and sensitivity, an AUC 
value of 0.8-0.9 suggests excellent sensitivity 
and sensitivity, and an AUC value higher than 
0.9 suggests outstanding sensitivity and speci-
ficity. The results of the ROC analysis indicated 
that the nomogram was an acceptable predic-
tion model.
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Furthermore, DCA demonstrated that the 
nomogram model was optimal for predicting 
one-, three- and five-year overall survival (Figure 
6C). These data indicate that using the con-
structed nomogram to predict prognosis is of a 
more significant benefit than using a single 
parameter for prediction. Nomograms integrat-
ing clinicopathological data and risk score 
could enhance clinical management, decision-
making, and patient counselling.

PACERR enhanced the migration and invasive-
ness of LUAD cells

PACERR is a recently discovered lncRNA that 
regulates cyclooxygenase 2 (COX-2) gene ex- 
pression and promotes inflammation in primary 
human mammary cells and macrophagocytes. 
The association between COX-2 overexpression 
and survival in patients with lung cancer has 
been under investigation for more than a 
decade and is reported to be a poor prognostic 
indicator [16-18]. Therefore, the function of 
PACERR in LUAD was investigated further. First, 
PACERR was substantially up-modulated in 
A549, H1792, and H1299 cells compared to 
human normal lung fibroblast MRC-5 cells 
(P<0.05, Figure 7A).

The results showed that cell viability was signifi-
cantly enhanced after PACERR overexpression 
but decreased after PACERR inhibition in A549 
and H1299 cells compared with the NC set 
(P<0.01, Figure 7B and 7C). Simultaneously, 
comparable findings were discovered in the cell 
proliferation assay (Figure 7D), and the ability 
of A549 and H1299 cells to form colonies was 
enhanced following the overexpression of 

PACERR decreased apoptosis of LUAD cells

We used flow cytometry to evaluate the effects 
of PACERR on the apoptosis of A549 and 
H1299 cells. As illustrated in Figure 8A, the 
apoptosis rate of A549 and H1299 cells was 
significantly decreased after PACERR overex-
pression as opposed to the NC set (P<0.01) but 
increased after PACERR inhibition (P<0.01, 
Figure 8A). Moreover, we found that PACERR 
overexpression substantially enhanced Bcl-2 
expression and suppressed Bax and caspase-3 
expressions in A549 and H1299 cells (P<0.01, 
Figure 8B). However, PACERR inhibition signifi-
cantly enhanced Bax and caspase-3 expres-
sions and suppressed the expression of Bcl-2 
(P<0.01, Figure 8C). Caspase-3 and Bcl-2 are 
pro-apoptotic proteins, while Bax is an anti-
apoptotic protein [19]. Therefore, PACERR 
inhibited LUAD cell apoptosis, indicating that 
PACERR-targeted drugs may be a novel thera-
peutic strategy for LUAD.

Discussion

Despite optimistic advances in the testing, 
diagnosis, and therapy of LUAD in the past few 
years, this disease remains among the most 
lethal malignancies due to the complexity of its 
molecular and genetic processes [20]. 
Ferroptosis is a recently recognized regulatory 
cell death that is triggered by an excess build-
up of iron-dependent reactive oxygen species 
and lipid peroxides. It is strongly correlated with 
the pathological process of LUAD and has been 
described before [1]. As emerging biomarkers, 
lncRNAs perform a fundamental role in the inci-
dence and progression of distinct tumors such 

Figure 5. The top 10 KEGG signaling pathways in the low- and high-risk 
groups were assessed via GSEA with FDR <0.25 and NOM P-value <0.05. 
GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; NOM, nominal; FDR, false discovery rate.

PACERR (P<0.01) but sup-
pressed after PACERR inhibi-
tion (P<0.01).

We found that the cell migra-
tion ability as well as the inva-
siveness of A549 and H1299 
cells were substantially en- 
hanced after PACERR overex-
pression (P<0.01) but sup-
pressed after PACERR inhibi-
tion (P<0.01, Figure 7E and 
7F). These results indicated 
that PACERR significantly 
enhanced the migration abili-
ty and invasiveness of A549 
and H1299 cells in vitro.
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as LUAD [21]. In addition, many lncRNAs are 
involved in the occurrence, progression, and 
medication resistance of malignant tumors and 
have been identified as novel biomarkers and 
treatment targets for diagnosing and treating 
tumors [22, 23]. Nonetheless, it is yet uncer-
tain if ferroptosis-related lncRNAs could be 
used to anticipate the prognosis of LUAD 
patients. Given this, we developed a predictive 
model for LUAD and predicted the survival 
probability of patients by screening for lncRNAs 
associated with ferroptosis.

In the present study, we identified 14 FRDELs 
including AP001610.2, AC034102.8, AC004- 
832.5, AL355472.3, PACERR, AF131215.5, 
AC026355.2, AC007773.1, MIR223HG, AC11- 
6552.1, AC108451.2, AC246787.2, LINC00- 
941 and LINC01638. LINC00941 increases 
colorectal cancer metastasis through the TGF/
SMAD2/3 axis [24]. In addition, LINC01638 
expression is upregulated in LUAD tissues and 
cells and promotes proliferation but represses 
apoptosis via the PTEN/AKT signaling pathway 
[25]. In a LUAD prognosis model [26-28], 

Figure 6. Development and Verification of a nomogram integrating the 14 - FRDELs signature and clinicopathologi-
cal data. A. A nomogram was constructed by integrating the 14 - FRDELs signature and clinicopathological data to 
anticipate the one-, three-, and five-year overall survival of LUAD patients. B. Time-dependent ROC curves of the 
nomogram to anticipate the one-, three-, and five-year overall survival of LUAD patients. C. Time-dependent DCA for 
determining the net benefits of the nomogram, age, and stage to anticipate the one-, three-, and five-year overall 
survival of LUAD patients.
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AF131215.5, AC026355.2, and MIR223HG 
have been identified as indicators that can 

accurately predict prognosis. In this study, 
PACERR was overexpressed in LUAD cell lines. 

Figure 7. PACERR promoted the proliferation, migration, and invasion of A549 and H1299 cells. A. Assessment of 
PACERR upregulation in H1299, A549, and H1299 cells via qRT-PCR. B, C. Evaluation of the viability of A549 and 
H1299 cells via MTT assay after transfection for 24 h, 48 h, 72 h, and 96 h. D. Assessment of colony formation 
in A549 and H1299 cells via a colony formation assay. E. Assessment of the migration of A549 and H1299 cells 
via wound healing assay. Scale: 100 µM; magnification: 100 ×. F. Assessment of the invasion of A549 and H1299 
cells via transwell assay. Scale: 100 µM; magnification: 100 ×. All the data are shown as mean ± SD; **P<0.01, 
**P<0.001.



Ferroptosis-related lncRNAs signature in lung adenocarcinoma

3711 Am J Transl Res 2022;14(6):3698-3715

It was found that PACERR might be a poor pre-
dictor of prognosis in LUAD, as it enhances cell 
proliferation, invasion, and migration, and is 
anti-apoptotic, suggesting that PACEER has 
potential value for the diagnosis and treatment 
of LUAD. Previous studies demonstrated that 
PACERR might facilitate the metastasis of pan-
creatic ductal adenocarcinoma via the non-
classical M1-M2 polarization [29]. As far as we 
know, this is the first research report on the 
functions of PACEER in LUAD. Although little is 
known about other FRDELs, their importance 
should not be underestimated.

Furthermore, we developed a prognostic signa-
ture for LUAD based on 14 FRDELs, which may 
independently serve as a prognostic indicator 
for LUAD. The survival probability of the high-
risk group was shorter than that of the low-risk 
group in the training, validation, and whole 
sets. In addition, the AUC values for the train-
ing, validation, and whole sets were 0.733, 
0.717, and 0.751, respectively. Several evalua-
tion methods have been developed to assess 
the prognosis of patients with LUAD. In a study 
by Li et al., a prognostic model for LUAD  
was constructed based on immune-related 

Figure 8. PACERR decreased the apoptosis of A549 and H1299 cells. A. Evaluation of the apoptosis of A549 and 
H1299 cells using flow cytometry. The apoptosis of A549 and H1299 cells (P<0.001) was induced after PACERR 
knockdown but decreased after PACERR overexpression (P<0.001) as opposed to the NC set. B, C. Evaluation of the 
expression of proteins associated with apoptosis, Bcl-2, Bax, and caspase-3 in A549 and H1299 cells via western 
blot assay, using β-action as an endogenous control. PACERR overexpression substantially elevated Bcl-2 expres-
sion and suppressed caspase-3 and Bax expression in A549 and H1299 cells (P<0.001), whereas PACERR inhibi-
tion significantly enhanced Bax and caspase-3 expression and suppressed the expression of Bcl-2. All the data are 
shown as mean ± SD; **P<0.01, **P<0.001.
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lncRNAs. The AUC value in their study for pre-
dicting 5-year survival rates was 0.702, which 
was lower than that of our model [30]. Therefore, 
the 14 - FRDEL signature developed in our 
study may be an excellent prognostic model for 
LUAD.

One of the significant challenges of immuno-
therapy for patients with LUAD is a lack of 
understanding of tumors’ heterogeneity, com-
plexity, and immune evasion mechanism. 
Furthermore, specific biomarkers for evaluating 
the benefit of tumor immunotherapy treat-
ments are insufficient. The discovery of novel 
immunotherapy targets and prognostic indica-
tors is thus of great significance [31]. Several 
clinicopathological studies have suggested a 
correlation between genetic alternations and 
responsiveness to immunological treatment 
[32, 33]. In the present research, the high-risk 
group exhibited a higher frequency of mutation 
events and a significant increase in TMB levels. 
This finding suggests that patients with LUAD 
can benefit from tumor immunotherapy, such 
as programmed death receptor 1 (PD-1) inhibi-
tor therapy, because the response rate to 
immune checkpoint inhibitors is considerably 
elevated in patients with higher TMB levels in 
contrast with those with lower TMB levels [34, 
35]. Moreover, the efficacy of immunotherapy 
is dependent on the coordinated responses of 
both innate and adaptive immune cells [36]. 
The tumor infiltrating immune cells may be a 
valuable prognostic tool in the treatment  
of cancer [37]. This study employed the 
CIBERSORT algorithm to examine the relative 
proportion of 22 distinct kinds of immune cells 
in tumor tissues in the TCGA set. We found that 
the number of activated CD4 memory T cells, 
resting NK cells, and resting mast cells was 
elevated in the high-risk set, confirming the role 
of the 14 - FRDELs signature in the regulation 
of immune cell infiltration in tumors. Notably, 
these findings were consistent with previous 
studies that LINC00941 [38] and AF131215.5 
[39] served as regulators in tumor immunity. 
These findings illustrated that the signature 
proposed in the present study might anticipate 
the efficacy of immunotherapy in LUAD patients.

Due to the differences in genetic variations 
among patients, targeted treatment is highly 
likely to be a precise and personalized thera-
peutic strategy. Molecular pathways involved in 
LUAD should be identified to discover new treat-

ment targets. Therefore, we used GSEA to 
screen for signaling pathways involved in the 
14 - FRDELs signature related to a range of cell 
life activities. The P53 signaling pathway is 
strongly correlated with the apoptosis and pro-
gression of lung cancer cells and regulates the 
immune response [40]. DNA replication is a 
critical biochemical process in tumor develop-
ment [41]. According to a recent study, ailan-
thuses can delay the progression of LUAD by 
inhibiting DNA replication by decreasing RPA1 
(replication protein A1) expression [42]. These 
findings suggested that the 14 - FRDELs signa-
ture is involved in some cancer-related signal-
ing pathways and associated with the occur-
rence and development of LUAD.

The tumor stage, which is defined using the 
tumor, node, and metastasis (TNM) approach, 
is usually used to evaluate prognosis. With the 
advent of precision medicine, mounting data 
has revealed that lncRNAs may have prognostic 
significance in cancer prognosis [43]. Therefore, 
compared to currently available prognostic 
methods, a prognostic model created by inte-
grating lncRNAs with tumor stage has superior 
predictive accuracy. Nomograms are easy-to-
understand prognostic prediction models that 
are increasingly used in medical research and 
clinical practice [44]. This study constructed a 
nomogram integrating age, TNM stage, and the 
14 - FRDELs signature based on independent 
prediction factors generated from multivariable 
Cox regression analysis. The ROC curve 
revealed that the nomogram predicted a better 
prognosis than that predicted by individual 
prognostic factors, such as the tumor stage. In 
addition, DCA demonstrated that using the 
nomogram to predict prognosis can bring great-
er net clinical benefits. These results indicate 
that the nomogram based on the 14 - FRDELs 
signature may have reliable clinical applica-
tions and improved accuracy to predict 
prognosis.

To the best of our knowledge, a nomogram 
based on the 14 - FRDELs signature still hasn’t 
been previously reported, and they may be 
shown to be practical tools in determining the 
prognosis of patients with LUAD. Targeted 
drugs to develop novel ferroptosis-related ther-
apeutic strategies based on the 14 - FRDELs 
signatures may improve the prognosis of 
patients with LUAD in the near future.
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However, this study has several limitations: 1. 
Because the clinicopathological data of LUAD 
obtained from TCGA were limited and incom-
plete, the nomogram did not contain treatment 
or tumor marker data. 2. More functional exper-
iments on the 14 FRDELs are necessary to fur-
ther elucidate the fundamental molecular 
mechanisms. 3. The nomogram was construct-
ed based on a retrospective research design; 
thus, the model’s performance must be vali-
dated in multi-center, large-scale prospective 
clinical research.

Conclusion

In conclusion, we constructed a 14 - FRDELs 
signature, comprising nine risk factors (AP0- 
01610.2, AC004832.5, AL355472.3, PACERR, 
AC007773.1, AC116552.1, AC108451.2, LIN- 
C00941, and LINC01638) and five protective 
factors (AC034102.8, AF131215.5, AC026- 
355.2, MIR223HG, and AC246787.2), which 
might provide an accurate prediction for the 
prognosis of LUAD patients. The signature is 
closely related to some infiltrating immune cells 
and mutated genes in tumors. Moreover, we 
established a nomogram incorporating the sig-
nature and clinicopathological factors to antici-
pate the survival outcomes of LUAD patients.

Among the 14 FRDELs, PACERR promoted cell 
proliferation in LUAD cells. Therefore, our 
results contribute to a better understanding of 
FRDELs and offer insights into developing novel 
treatment approaches. However, more compre-
hensive molecular mechanisms of PACERR 
involved in LUAD progression should be 
elucidated.

Acknowledgements

The Second Affiliated Hospital of Nanchang 
University approved our study. This study was 
conducted following the Declaration of Helsinki.

Disclosure of conflict of interest

None.

Abbreviations

LUAD, Lung adenocarcinoma; FRDELs, Ferrop- 
tosis-related differentially expressed lncRNAs; 
DCA, Decision curve analysis; PD-1, Program- 
med death receptor 1; PACERR or PACER, 
PTGS2 antisense NFKB1 complex-mediated 

expression regulator RNA; LASSO, Least abso-
lute shrinkage and selection operator; GSEA, 
Gene set enrichment analysis; ROC, Receiver 
operating characteristic; TMB, Tumor mutation-
al burden; CIBERSORT, Cell-type Identification 
by Estimating Relative Subsets of RNA 
Transcripts; NOM, Nominal; FDR, False discov-
ery rate; TCGA, The Cancer Genome Atlas; CCK-
8, Cell Counting Kit-8; ECL, Enhanced chemilu-
minescence; KEGG, Kyoto Encyclopedia of 
Genes and Genomes; TNM, Tumor, node, and 
metastasis.

Address correspondence to: Jian-Jun Xu, Depart- 
ment of Cardio-Thoracic Surgery, The Second Affi- 
liated Hospital of Nanchang University, Nanchang 
330008, Jiangxi, China. E-mail: xujianjun3526@163.
com

References

[1] Guinart A, Perry HL, Wilton-Ely J and Tetley TD. 
Gold nanomaterials in the management of 
lung cancer. Emerg Top Life Sci 2020; 4: 627-
643.

[2] Ferlay J, Colombet M, Soerjomataram I, 
Mathers C, Parkin DM, Piñeros M, Znaor A and 
Bray F. Estimating the global cancer incidence 
and mortality in 2018: GLOBOCAN sources 
and methods. Int J Cancer 2019; 144: 1941-
1953.

[3] Borghaei H, Paz-Ares L, Horn L, Spigel DR, 
Steins M, Ready NE, Chow LQ, Vokes EE, Felip 
E, Holgado E, Barlesi F, Kohlhäufl M, Arrieta O, 
Burgio MA, Fayette J, Lena H, Poddubskaya E, 
Gerber DE, Gettinger SN, Rudin CM, Rizvi N, 
Crinò L, Blumenschein GR Jr, Antonia SJ, 
Dorange C, Harbison CT, Graf Finckenstein F 
and Brahmer JR. Nivolumab versus docetaxel 
in advanced nonsquamous non-small-cell lung 
cancer. N Engl J Med 2015; 373: 1627-1639.

[4] Stockwell BR, Friedmann Angeli JP, Bayir H, 
Bush AI, Conrad M, Dixon SJ, Fulda S, Gascón 
S, Hatzios SK, Kagan VE, Noel K, Jiang X, 
Linkermann A, Murphy ME, Overholtzer M, 
Oyagi A, Pagnussat GC, Park J, Ran Q, 
Rosenfeld CS, Salnikow K, Tang D, Torti FM, 
Torti SV, Toyokuni S, Woerpel KA and Zhang 
DD. Ferroptosis: a regulated cell death nexus 
linking metabolism, redox biology, and dis-
ease. Cell 2017; 171: 273-285.

[5] Kobayashi S, Harada Y, Homma T, Yokoyama C 
and Fujii J. Characterization of a rat monoclo-
nal antibody raised against ferroptotic cells. J 
Immunol Methods 2021; 489: 112912.

[6] Lei PX, Bai T and Sun YL. Mechanisms of fer-
roptosis and relations with regulated cell 
death: a review. Front Physiol 2019; 10: 139.

mailto:xujianjun3526@163.com
mailto:xujianjun3526@163.com


Ferroptosis-related lncRNAs signature in lung adenocarcinoma

3714 Am J Transl Res 2022;14(6):3698-3715

[7] Hassannia B, Vandenabeele P and Vanden 
Berghe T. Targeting ferroptosis to iron out can-
cer. Cancer Cell 2019; 35: 830-849.

[8] Mou YH, Wang J, Wu JC, He D, Zhang CF, Duan 
CJ and Li B. Ferroptosis, a new form of cell 
death: opportunities and challenges in cancer. 
J Hematol Oncol 2019; 12: 34.

[9] Gil N and Ulitsky I. Regulation of gene expres-
sion by cis-acting long non-coding RNAs. Nat 
Rev Genet 2020; 21: 102-117.

[10] Jiang N, Zhang XY, Gu XJ, Li XZ and Shang L. 
Progress in understanding the role of lncRNA 
in programmed cell death. Cell Death Discov 
2021; 7: 30.

[11] Wang M, Mao C, Ouyang LL, Liu YT, Lai WW, Liu 
N, Shi Y, Chen L, Xiao DS, Yu FL, Wang X, Zhou 
H, Cao Y, Liu S, Yan Q, Tao YG and Zhang B. 
Correction to: long noncoding RNA LINC00336 
inhibits ferroptosis in lung cancer by function-
ing as a competing endogenous RNA. Cell 
Death Differ 2020; 27: 1447

[12] Mao C, Wang X, Liu YT, Wang M, Yan B, Jiang 
YQ, Shi Y, Shen Y, Liu XL, Lai WW, Yang R, Xiao 
DS, Cheng Y, Liu S, Zhou H, Cao Y, Yu WS, 
Muegge K, Yu H and Tao YG. A G3BP1-
interacting lncRNA promotes ferroptosis and 
apoptosis in cancer via nuclear sequestration 
of p53. Cancer Res 2018; 78: 3484-3496.

[13] Zhou N and Bao JK. FerrDb: a manually curat-
ed resource for regulators and markers of fer-
roptosis and ferroptosis-disease associations. 
Database (Oxford) 2020; 2020: baaa021.

[14] Becht E, Giraldo NA, Lacroix L, Buttard B, 
Elarouci N, Petitprez F, Selves J, Laurent-Puig 
P, Sautès-Fridman C, Fridman WH and de 
Reyniès A. Estimating the population abun-
dance of tissue-infiltrating immune and stro-
mal cell populations using gene expression. 
Genome Biol 2016; 17: 218.

[15] Vickers AJ, Van Calster B and Steyerberg EW. 
Net benefit approaches to the evaluation of 
prediction models, molecular markers, and di-
agnostic tests. BMJ 2016; 352: i6.

[16] Gomes M, Teixeira AL, Coelho A, Araújo A and 
Medeiros R. The role of inflammation in lung 
cancer. Adv Exp Med Biol 2014; 816: 1-23.

[17] Wu C, Li XD, Zhang DC, Xu B, Hu WW, Zheng X, 
Zhu DX, Zhou Q, Jiang JT and Wu CP. IL-1β-
mediated up-regulation of WT1D via miR-144-
3p and their synergistic effect with NF-κB/COX-
2/HIF-1α pathway on cell proliferation in LUAD. 
Cell Physiol Biochem 2018; 48: 2493-2502.

[18] Li JX, Lu XC, Zou XW, Jiang YF, Yao J, Liu HT, Ni 
B and Ma HT. COX-2 rs5275 and rs689466 
polymorphism and risk of lung cancer: a 
PRISMA-compliant meta-analysis. Medicine 
(Baltimore) 2018; 97: e11859.

[19] Wong RS. Apoptosis in cancer: from pathogen-
esis to treatment. J Exp Clin Cancer Res 2011; 
30: 87.

[20] Chang C, Sun XY, Wang G, Yu H, Zhao WL, Ge 
YQ, Duan SF, Qian XH, Wang R, Lei B, Wang LH, 
Liu L, Ruan MM, Yan H, Liu CY, Chen J and Xie 
WH. A machine learning model based on PET/
CT Radiomics and clinical characteristics pre-
dicts ALK rearrangement status in lung adeno-
carcinoma. Front Oncol 2021; 11: 603882.

[21] Zhao X, Li XY, Zhou LL, Ni J, Yan WY, Ma R, Wu 
JZ, Feng JF and Chen P. LncRNA HOXA11-AS 
drives cisplatin resistance of human LUAD 
cells via modulating miR-454-3p/Stat3. 
Cancer Sci 2018; 109: 3068-3079.

[22] Wu J, Zheng CL, Wang YZ, Yang ZC, Li C, Fang 
WX, Jin Y, Hou KZ, Cheng Y, Qi JF, Qu XJ, Liu YP, 
Che XF and Hu XJ. LncRNA APCDD1L-AS1 in-
duces icotinib resistance by inhibition of EGFR 
autophagic degradation via the miR-1322/
miR-1972/miR-324-3p-SIRT5 axis in lung ade-
nocarcinoma. Biomark Res 2021; 9: 9.

[23] Huang FT, Chen WY, Gu ZQ, Zhuang YY, Li CQ, 
Wang LY, Peng JF, Zhu Z, Luo X, Li YH, Yao HR 
and Zhang SN. The novel long intergenic non-
coding RNA UCC promotes colorectal cancer 
progression by sponging miR-143. Cell Death 
Dis 2017; 8: e2778.

[24] Wu N, Jiang MZ, Liu HM, Chu Y, Wang D, Cao JY, 
Wang ZY, Xie X, Han YY and Xu B. LINC00941 
promotes CRC metastasis through preventing 
SMAD4 protein degradation and activating the 
TGF-β/SMAD2/3 signaling pathway. Cell Death 
Differ 2021; 28: 219-232.

[25] Guo L, Fang L and Liu Y. SP1-regulated 
LINC01638 promotes proliferation and inhibits 
apoptosis in non-small cell lung cancer. Eur 
Rev Med Pharmacol Sci 2019; 23: 8913-8920.

[26] Hou JL and Yao C. Potential prognostic bio-
markers of lung adenocarcinoma based on 
bioinformatic analysis. Biomed Res Int 2021; 
2021: 8859996.

[27] Geng W, Lv ZL, Fan JS, Xu JJ, Mao KM, Yin ZR, 
Qing WL and Jin Y. Identification of the prog-
nostic significance of somatic mutation-de-
rived lncrna signatures of genomic instability 
in lung adenocarcinoma. Front Cell Dev Biol 
2021; 9: 657667.

[28] He CM, Yin H, Zheng JJ, Tang J, Fu YJ and Zhao 
XJ. Identification of immune-associated ln-
cRNAs as a prognostic marker for lung adeno-
carcinoma. Transl Cancer Res 2021; 10: 998-
1012.

[29] Liu YH, Wang XL, Zhu YW, Cao YZ, Wang LW, Li 
FL, Zhang Y, Li Y, Zhang ZQ, Luo JX, Deng XX, 
Peng CH, Wei G, Chen H and Shen BY. The 
CTCF/LncRNA-PACERR complex recruits E1A 
binding protein p300 to induce pro-tumour 
macrophages in pancreatic ductal adenocarci-
noma via directly regulating PTGS2 expres-
sion. Clin Transl Med 2022; 12: e654.

[30] Li JP, Li R, Liu X, Huo C, Liu TT, Yao J and Qu YQ. 
A seven immune-related lncRNAs model to in-



Ferroptosis-related lncRNAs signature in lung adenocarcinoma

3715 Am J Transl Res 2022;14(6):3698-3715

crease the predicted value of lung adenocarci-
noma. Front Oncol 2020; 10: 560779.

[31] Galon J, Mlecnik B, Bindea G, Angell HK, 
Berger A, Lagorce C, Lugli A, Zlobec I, Hartmann 
A, Bifulco C, Nagtegaal ID, Palmqvist R, 
Masucci GV, Botti G, Tatangelo F, Delrio P, Maio 
M, Laghi L, Grizzi F, Asslaber M, D’Arrigo C, 
Vidal-Vanaclocha F, Zavadova E, Chouchane L, 
Ohashi PS, Hafezi-Bakhtiari S, Wouters BG, 
Roehrl M, Nguyen L, Kawakami Y, Hazama S, 
Okuno K, Ogino S, Gibbs P, Waring P, Sato N, 
Torigoe T, Itoh K, Patel PS, Shukla SN, Wang Y, 
Kopetz S, Sinicrope FA, Scripcariu V, Ascierto 
PA, Marincola FM, Fox BA and Pagès F. Towards 
the introduction of the ‘immunoscore’ in the 
classification of malignant tumours. J Pathol 
2014; 232: 199-209.

[32] Burr ML, Sparbier CE, Chan YC, Williamson JC, 
Woods K, Beavis PA, Lam EYN, Henderson MA, 
Bell CC, Stolzenburg S, Gilan O, Bloor S, Noori 
T, Morgens DW, Bassik MC, Neeson PJ, Behren 
A, Darcy PK, Dawson SJ, Voskoboinik I, Trapani 
JA, Cebon J, Lehner PJ and Dawson MA. 
CMTM6 maintains the expression of PD-L1 
and regulates anti-tumour immunity. Nature 
2017; 549: 101-105.

[33] George S, Miao D, Demetri GD, Adeegbe D, 
Rodig SJ, Shukla S, Lipschitz M, Amin-Mansour 
A, Raut CP, Carter SL, Hammerman P, Freeman 
GJ, Wu CJ, Ott PA, Wong KK and Van Allen EM. 
Loss of PTEN is associated with resistance to 
anti-PD-1 checkpoint blockade therapy in met-
astatic uterine leiomyosarcoma. Immunity 
2017; 46: 197-204.

[34] Huemer F, Leisch M, Geisberger R, Melchardt 
T, Rinnerthaler G, Zaborsky N and Greil R. 
Combination strategies for immune-check-
point blockade and response prediction by ar-
tificial intelligence. Int J Mol Sci 2020; 21: 
2856.

[35] Goodman AM, Castro A, Pyke RM, Okamura R, 
Kato S, Riviere P, Frampton G, Sokol E, Zhang 
X, Ball ED, Carter H and Kurzrock R. MHC-I 
genotype and tumor mutational burden predict 
response to immunotherapy. Genome Med 
2020; 12: 45.

[36] Moynihan KD, Opel CF, Szeto GL, Tzeng A, Zhu 
EF, Engreitz JM, Williams RT, Rakhra K, Zhang 
MH, Rothschilds AM, Kumari S, Kelly RL, Kwan 
BH, Abraham W, Hu K, Mehta NK, Kauke MJ, 
Suh H, Cochran JR, Lauffenburger DA, Wittrup 
KD and Irvine DJ. Eradication of large estab-
lished tumors in mice by combination immuno-
therapy that engages innate and adaptive im-
mune responses. Nat Med 2016; 22: 1402-
1410.

[37] Galon J, Costes A, Sanchez-Cabo F, Kirilovsky 
A, Mlecnik B, Lagorce-Pagès C, Tosolini M, 
Camus M, Berger A, Wind P, Zinzindohoué F, 
Bruneval P, Cugnenc PH, Trajanoski Z, Fridman 
WH and Pagès F. Type, density, and location of 
immune cells within human colorectal tumors 
predict clinical outcome. Science 2006; 313: 
1960-1964.

[38] You JB, Fang WT, Zhao QR, Chen LQ, Chen LY 
and Chen FL. Identification of a RNA-Seq 
based prognostic signature with seven im-
mune-related lncRNAs for lung adenocarcino-
ma. Clin Lab 2021; 67.

[39] Wang EH, Li Y, Ming RJ, Wei JH, Du PY, Zhou PY, 
Zong SM and Xiao HJ. The prognostic value 
and immune landscapes of a m(6)A/m(5)
C/m(1)A-related LncRNAs signature in head 
and neck squamous cell carcinoma. Front Cell 
Dev Biol 2021; 9: 718974.

[40] Muñoz-Fontela C, Mandinova A, Aaronson SA 
and Lee SW. Emerging roles of p53 and other 
tumour-suppressor genes in immune regula-
tion. Nat Rev Immunol 2016; 16: 741-750.

[41] Macheret M and Halazonetis TD. DNA replica-
tion stress as a hallmark of cancer. Annu Rev 
Pathol 2015; 10: 425-448.

[42] Ni ZY, Yao C, Zhu XW, Gong CY, Xu ZH, Wang LX, 
Li SY, Zou CP and Zhu SG. Ailanthone inhibits 
non-small cell lung cancer cell growth through 
repressing DNA replication via downregulating 
RPA1. Br J Cancer 2017; 117: 1621-1630.

[43] Bhan A, Soleimani M and Mandal SS. Long 
noncoding RNA and cancer: a new paradigm. 
Cancer Res 2017; 77: 3965-3981.

[44] Balachandran VP, Gonen M, Smith JJ and 
DeMatteo RP. Nomograms in oncology: more 
than meets the eye. Lancet Oncol 2015; 16: 
e173-180.


