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A cuproptosis-related IncRNAs risk model to predict prognosis
and guide immunotherapy for lung adenocarcinoma
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Background: Cuproptosis, one of the newest forms of cell death induction, is attracting mounting
attention. However, the role of cuproptosis in lung cancer is currently unclear. In this study, we constructed
a prognostic signature utilizing cuproptosis-related long noncoding RNAs (CRL) in lung adenocarcinoma
(LUAD) and researched its clinical and molecular function.

Methods: RNA-related and clinical data were downloaded from The Cancer Genome Atlas (TCGA)
database. Differentially expressed CRLs were screened using the ‘limma’ package of R software. We used
coexpression analysis and univariate Cox analysis to further identify prognostic CRLs. Applying least
absolute shrinkage and selection operator (LASSO) regression and Cox regression models, a prognostic risk
model based on 16 prognostic CRLs was constructed. To validate prognostic CRL function in LUAD, vitro
experiments were conducted to explore the expression of GLIS2-AS1, LINCO01230, and LINCO00592 in
LUAD. Subsequently, according to a formula, patients in the training, test, and overall groups were split into
high- and low-risk groups. Kaplan-Meier and receiver operating characteristic (ROC) analyses were applied
to assess the predictability of the risk model. Finally, the associations between risk signature and immunity-
related analysis, somatic mutation, principal component analysis (PCA), enriched molecular pathways, and
drug sensitivity was investigated.

Results: A cuproptosis-related long noncoding RNAs (IncRNAs) signature was constructed. Using
quantitative polymerase chain reaction (qPCR) trial, we verified that the expressions of GLIS2-AS1,
LINC01230, and LINC00592 in LUAD cell lines and tissues were consistent with the above screening
results. Based on this signature, a total of 471 LUAD samples from TCGA data set were split into two risk
groups based on the computed risk score. The risk model showed a better capacity in predicting prognosis
than traditional clinicopathological features. Moreover, significant differences were found in immune cell
infiltration, drug sensitivity, and immune checkpoint expression between the two risk groups.
Conclusions: The CRLs signature was shown to be a prospective biomarker to forecast prognosis in
patients with LUAD and presents new insights for personalized treatment of LUAD.
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Introduction

As the leading cause of cancer death, lung cancer has one of
the highest incidence rates among cancers, second only to
breast cancer (1,2). As one of the main pathological types of
lung cancer, lung adenocarcinoma (LUAD) has significantly
increased in incidence over the last 10 years, yet that of
lung squamous cell carcinoma has decreased (3,4). Due to
the application of targeted therapy and immunotherapy
in LUAD, there has been significant progress in cancer
therapy (5). However, the overall mortality of LUAD
remains high (6).

Long noncoding RNA (IncRNA) is a type of nonprotein-
coding RNA of at least 200 nucleotides in length (7). In
the recent five years, an increasing amount of research
has focused on the role of IncRNAs in different cancers
including pancreatic, hepatocellular, colon, and lung (8-12).
As a novel cancer biomarker, IncRNAs has been noted for
its diagnostic ability and survival prediction. For example,
LINCO00472 has been shown to inhibit the invasion
and migration of LUAD cells by binding to YBX1 (13).
Similarly, IncRNA UPLALI can be a prognostic marker of
the progression of LUAD (14). A close relationship has been
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found between IncRNA and immunotherapy in LUAD.
By enhancing the activity of c-Myc, programmed death
ligand-1 (PD-L1) can promote the progression of LUAD
by generating IncRNAs (15). Cuproptosis is a recently
discovered cell death pathway, which is caused by the direct
reaction of copper with the fatty acylated components of the
tricarboxylic acid (T'CA) cycle (16). LUAD is closely related
to the TCA cycle (17). When the TCA cycle downregulates
energy production, tumor cells can survive despite nutrient
deficiency and hypoxia and escape the immune system (18).
Utilizing the pathophysiological role of copper, cuproptosis
provides a new pathway for anticancer treatments (19).
Since cuproptosis has only recently been discovered as a
form of cell death, insufficient information is currently
available about its effect in LUAD. Therefore, screening
of cuproptosis-related IncRNAs in clinical samples may be
useful to forecast prognosis and enable direct treatment of
LUAD. Diagnosis at an advanced stage, which may lead to
the failure in treatment, is one of the main reasons for the
poor prognosis of LUAD patients. Since genetic alterations
may precede obvious histopathological alterations in cancer
detection, the construction of a novel biomarker which can
stratify patients with LUAD at an early stage, and direct
treatment for LUAD is urgently needed. In recent years,
for LUAD and non-small cell lung cancer, constructing new
tumor biomarkers is a trend and has achieved significant
results (20-23).

Based on The Cancer Genome Atlas (TCGA) database,
this study aimed to construct a cuproptosis-related IncRINA
(CRL) prognostic model to forecast prognosis of patients
with LUAD. The CRL model was analyzed to investigate
its latent predictive value and immune-related functions.
In addition, we also preliminarily verified the expression
of three CRLs in LUAD cell lines and tissues using
quantitative polymerase chain reaction (QPCR).

Our findings are helpful to forecasting the prognosis
of patients with LUAD and direct clinical chemotherapy
and immunotherapy, which may facilitate early diagnosis
and increase the overall survival (OS) of patients with
LUAD. We present the following article in accordance
with the TRIPOD reporting checklist (available at
https://atm.amegroups.com/article/view/10.21037/atm-
22-3195/rc).
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Methods
Data capture and preprocessing

RNA sequence data and mutation data were obtained from
TCGA-LUAD data set. Clinical information, including
age, gender, stage, and tumor (T), node (N), and metastasis
(M) classification, were also downloaded from TCGA-
LUAD data set. Unqualified data were deleted. All data
were processed and log2 converted uniformly. A total of
16,876 IncRNAs were identified from the TCGA-LUAD
datebase. Using the ‘limma’ R package, IncRNAs, which
had a significant correlation with cuproptosis-related
genes, were identified (lcorFilter! >0.4, P<0.001). Data
analysis was performed with R software version 4.2.0 (The
R Foundation for Statistical Computing, Indianapolis, IN,
USA) was used for data analysis.

Construction of the cuproptosis-related prognostic risk model

Combining the survival information of patients with LUAD
in the TCGA data set, we used univariate Cox regression
analysis of screened cuproptosis-related difflncRNAs. A
cuproptosis-related IncRNA model was constructed based
on the screened prognostic CRLs. A total of 471 patients
with LUAD were randomly and equally divided into the test
and training groups. Then, using the R package ‘glmnet’,
least absolute shrinkage and selection operator (LASSO)
Cox regression analysis was applied, and 60 cuproptosis-
related IncRNAs were found to be significantly associated
with LUAD OS. Applying multivariate Cox regression
analysis, we assessed factors independently related to
prognosis and identified 16 cuproptosis-related IncRNAs
as prognostic factors. Samples were separated into low- and
high-risk groups based on the median risk score.
The risk score was calculated as follows:

Risk score = exp (IncRNA1)x coef (IncRNA1)
+exp(IncRNA2)x coef (IncRNA2) [1]
+-+-+exp(IncRNAn ) x coef (IncRNAn)

where coef is the coefficient and expr is the expression level
of IncRNA.

Clinical information analysis and model validation

Using the ‘survminer’ R package, Kaplan-Meier (KM) curves
were generated with log rank tests to analyze differences
in OS between the high- and low-risk groups. Receiver
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operating characteristic (ROC) curves (24) were drawn
to assess the forecast accuracy of the risk model via the
‘timeROC’ R package and to validate the variables for each
group. According to the TCGA database, univariate and
multivariate Cox regression analyses were applied using the
survival package in R, and risk score, age, gender, stage, and T,
N, and M classification were included.

Application of gene set variation analysis (GSVA)

GSVA is a method which has been applied to evaluate
transcriptome gene set enrichment (25). With the aim of
analyzing the differences in gene set enrichment between
high- and low-risk groups, we used GSVA to identify
related pathways.

Functional enrichment analysis

Using the ‘edgeR’ R package (26), genes differentially
expressed between the high- and low-risk groups were
identified (IlogFCfilter| >1 and fdrFilter <0.05). Using the
‘clusterProfiler’ package in R (27), Gene Ontology (GO) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
were used based on the identified genes (P value <0.05).

Analysis of cuproptosis-related prognostic signature in
immunity

Single sample gene set enrichment analysis (ssGSEA) was
used to identify immunological differences in the infiltration
of immune cells in tumors between the high- and low-risk
groups. The R package ‘corrplot’ was employed to assess
the correlation of risk score and immune cells. Then, using
potential immune checkpoints analysis, PD-L1 and LAG-3
were found to have statistical significance (P<0.05).

Drug sensitivity prediction

Using the R package ‘pRRophetic’, we explored potential
clinical drugs for the treatment of LUAD by predicting the
half-maximal inhibitory concentration (IC;;) values of the
drugs according to data in the TCGA-LUAD database.

LUAD cell culture and tissue sample collection

Human LUAD cell lines A549, HCC827, and H1650 were
purchased from the Shanghai Cell Bank of the Chinese
Academy of Medical Sciences (CAMS; Beijing, China).
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Normal human pulmonary epithelial cell lines BEAS-2B
were purchased from the American Type Culture Collection
(ATCC; Rockville, MD, USA). All cell lines were cultured
in a medium consisting of Roswell Park Memorial Institute
(RPMI)-1640 (Gibco, Waltham, MA, USA), 10% fetal
bovine serum (Gibco), 0.1 mg/mL streptomycin (Gibco),
and 100 U/mL penicillin (Gibco) and were maintained at
37 °C at 5% CO, atmosphere. Some 20 pairs of LUAD
tissue samples were obtained from the Affiliated Hospital
of Nantong University between January 2021 and April
2022. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the Ethics Committee of the Affiliated
Hospital of Nantong University (No. 2022-L165) and

informed consent was taken from all the patients.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from tissue and LUAD cells
using TRIzol Reagent (Invitrogen, Waltham, MA, USA).
Utilizing the real-time (RT) Reagent kit (Thermo Fisher,
Waltham, MA, USA), complementary DNA (cDNA) of
tissue and LUAD cells were obtained according to the
manufacture’s protocol. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was chosen as the internal
reference for normalization. The primer sequences were as
follows: GADPH: 5'-GAC CTG ACC TGC CGT CTA-
3" (forward) and 5'-AGG AGT GGG TGT CGC TGT-
3" (reverse). LINC01230: 5'-CAGTCCCTCTTCCCCTC
AAT-3" (forward) and 5'-GGGTGGTGGTAAGGAGAT
GA-3' (reverse). LINC00592: 5'-GCCCTCAGAAAGAC
TTGTCG-3' (forward) and 5'-GGAACCCATTTCTTC
CCATT-3' (reverse). GLIS2-AS1: 5'-GCTCAGGGGAGT
GAAGTGAC-3' (forward) and 5'-AGCACTGCATTGG
TTTCTCC-3' (reverse).

The procedures of quantitative real-time PCR (QRT-PCR)
were: 95 °C for 5 minutes and the subsequent step comprised
40 cycles, during which qRT-PCR was applied in SYBR
Premix Ex Taq II on a Lightcycler 96 system (Roche, Basel,
Switzerland). Data were analyzed using the 27" method.

Statistical analysis

The Wilcoxon rank sum test was used to compare the
groups. We used the KM method and log-rank tests to
conduct survival analysis. P<0.05 was considered to indicate
statistical significance. R software version 4.1.2 was used to
analyze the data.
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Results

Identification of prognostic cuproptosis-velated IncRNAs in
LUAD and validation using gPCR

The research process of this study is shown in Figure I.
In all, 522 LUAD samples were obtained from the
TCGA-LUAD cohort. A total of 16,876 IncRNAs were
identified, and 19 cuproptosis-related genes were selected
based on previous research. Using the ‘limma’ R package,
the IncRNAs which had a significant correlation with
cuproptosis-related genes were identified, and 2,244
cuproptosis-related IncRNAs were found (Figure 2A). To
research the prognostic potential of these cuproptosis-
related IncRNAs, univariate Cox analysis was employed
to assess prognostic potential using the clinical data of the
TCGA-LUAD database. Finally, 50 prognostic cuproptosis-
related IncRNAs in LUAD were ascertained. Among them,
31 IncRNAs were identified as low-risk factors [hazard
ratio (HR) <1], and 19 IncRNAs were identified as high-
risk factors (HR >1) (Figure 2B). Then, 16 IncRNAs were
identified from the above 50 prognostic cuproptosis-
related IncRNAs using multivariate Cox analysis. The
16 IncRNAs details are shown in the Table 1. To further
assess the relationship between the 16 IncRNAs and 19
cuproptosis-related genes, a gene-IncRNA coexpression
network was mapped (Figure 2C). o verify the screened 16
IncRNAs, three prognostic cuproptosis-related IncRNAs,
namely GLIS2-AS1, LINCO01230, and LINC00592, were
selected using a significance level of P<0.01, and these
were considered to be closely related to LUAD prognosis.
Using the qPCR experiment, the expression levels of these
three prognostic CRLs in LUAD cell lines were detected.
As shown in Figure 2D-2F, consistent with the result of the
above analysis, LINC01230 and LINC00592 had significant
higher levels of expression in A549, HCC827, and H1650
cell lines. By contrast, as a protective factor, GLIS2-AS1 had
a lower expression in the three cell lines. Subsequently, we
validated messenger RNA (mRINA) expression level of the
three IncRNAs in 20 sample pairs of patients with LUAD.
Similar to the cell expression trend, significantly higher
mRNA expression levels in tumor tissues than in normal
tissues were found in LINCO01230 and LINC00592, and
GLIS2-AS1 exhibited the opposite trend (Figure 2G-21).

Construction of a cuproptosis-related prognostic model

To further assess the latent prognostic capability of these
cuproptosis-related IncRNAs, patients with LUAD were
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Figure 2 Screening of prognostic cuproptosis-related IncRNAs in LUAD and validation using qPCR. (A) Sankey diagram expressing

the association between CRLs and CRGs. (B) Forest plots showing 50 prognostic CRLs based on Cox univariate regression analysis. (C)

Corplot of the association of 16 prognostic CRLs based on multivariate Cox analysis and 19 CRGs. (D-F) Expression of three cuproptosis-
related IncRNAs in three LUAD cell lines (H1650, HCC827, and A549) with qPCR. (G-I) Expression analysis of GLIS2-AS1, LINC01230,
and LINC00592 in 15 pairs of LUAD tissue samples. *, P<0.05, **, P<0.01, ***, P<0.001, and ****, P<0.0001. IncRNAs, long noncoding
RNAs; LUAD, lung adenocarcinoma; qPCR, quantitative polymerase chain reaction; CRLs, cuproptosis-related long noncoding RINAs;

CRGs, cuproptosis-related genes.

Table 1 Details of 16 prognostic CRLs

ID Coef HR HR.95L HR.95H P value Risk
LY86-AS1 -1.97914 0.080645 0.008394 0.774822 0.029186 Low
AL031600.2 -1.49133 0.539729 0.300403 0.969721 0.039131 Low
AL356608.1 -1.43573 0.182268 0.041011 0.81006 0.025303 Low
AC116913.1 -1.00351 0.575818 0.337518 0.982364 0.042842 Low
AC025569.1 —0.68591 0.491753 0.258425 0.935751 0.030598 Low
AC127024.5 -0.61134 0.658718 0.458231 0.946922 0.024165 Low
GLIS2-AS1 -0.26849 0.624009 0.459168 0.848027 0.002585 Low
LINC00592 0.336788 1.630534 1.125842 2.361469 0.009676 High
CASC15 0.425696 1.458256 1.087476 1.955453 0.011729 High
AC107021.2 0.566379 1.301997 1.037005 1.634703 0.023031 High
STEAP2-AS1 0.642635 1.724756 1.070362 2.779231 0.025136 High
LINC01230 0.662998 2.395525 1.306313 4.392928 0.004748 High
AC009226.1 0.712196 1.6271 1.035613 2.556411 0.034706 High
AC068189.1 0.828096 1.772334 1.018411 3.084379 0.042919 High
AP005136.4 2.395904 2.308989 1.130121 4.717574 0.021703 High
AC084781.1 3.132229 3.268461 1.141748 9.356565 0.027315 High

CRLs, cuproptosis-related long noncoding RNAs; HR, hazard ratio; coef, coefficient; HR.95L, hazard ratio 95% low; HR.95H, hazard ratio

95% high.
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Table 2 Clinical information of the LUAD samples in the test and training groups

. Cuproptosis-related IncRNAs in lung adenocarcinoma

Covariates Total, n (%) Test, n (%) Train, n (%) P value
Age
<65 years 225 (47.77) 111 (47.23) 114 (48.31) 0.888
>65 years 236 (50.11) 119 (50.64) 117 (49.58)
Unknown 10 (2.12) 5(2.13) 5(2.12)
Gender
Female 256 (54.35) 140 (59.57) 116 (49.15) 0.0294
Male 215 (45.65) 95 (40.43) 120 (50.85)
Stage
Stage | 255 (54.14) 127 (54.04) 128 (54.24) 0.8644
Stage Il 108 (22.93) 58 (24.68) 50 (21.19)
Stage Il 75 (15.92) 36 (15.32) 39 (16.53)
Stage IV 25 (5.31) 12 (5.11) 13 (5.51)
Unknown 8(1.70) 2(0.85) 6 (2.54)
T
T 160 (33.97) 78 (33.19) 82 (34.75) 0.0219
T2 250 (53.08) 127 (54.04) 123 (52.12)
T3 39 (8.28) 25 (10.64) 14 (5.93)
T4 19 (4.03) 4(1.70) 15 (6.36)
Unknown 3(0.64) 1(0.43) 2(0.85)
M
MO 318 (67.52) 155 (65.96) 163 (69.07) 1
M1 24 (5.10) 12 (5.11) 12 (5.08)
Unknown 129 (27.39) 68 (28.94) 61 (25.85)
N
NO 304 (64.54) 146 (62.13) 158 (66.95) 0.6015
N1 87 (18.47) 49 (20.85) 38 (16.10)
N2 66 (14.01) 33 (14.04) 33 (13.98)
N3 2 (0.42) 1(0.43) 1(0.42)
Unknown 12 (2.55) 6 (2.55) 6 (2.54)

The percentage in brackets indicated the proportion of the data in the total, test or train group. LUAD, lung adenocarcinoma; T, tumor; M,

metastasis;

divided randomly into the test and training groups. Table 2
shows the clinical information of the LUAD samples in the

N, node.

test and training groups.

Applying the optimal penalty parameter for the LASSO

model, a prognostic model was constructed utilizing the above

16 prognostic cuproptosis-related IncRINAs. The cvfit and

lambda curves were drawn (Figure 34,3B). For each LUAD sample the following formula was used to calculate a risk score:

Risk score =LY86-AS1 *(—I .979142717)+ AL 031600.2*(—1.491326438) + AL 356608.1+(—1.435730002) + AC116913.1 *(—I .003505529)
+AC025569.1 *(—0685908258) +AC127024.5+(-0.611337388) + GLIS2-AS1%(-0.268485561) + LINC 00592 * 0.336788334
+CASC15%0.425696106 + AC107021.2%0.566379323 + STEAP2-AS1%0.642634705 + LINC01230%0.662998139
+AC009226.1%0.712195801+ AC068189.1%0.828096327 + AP 005136.4+2.39590364 + AC084781.1%3.132228554
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Using Cox univariate and multivariate regression
analyses, we assessed the independent predictive value of
this prognostic model. Cox univariate regression analysis
indicated that the risk score was associated with the OS rates
of patients with LUAD in the TCGA database (Figure 3C).
Moreover, using multivariate Cox regression analysis, we
found that risk score and T stage can be considered as an
independent prognostic factor to forecast OS rate of the
sample (Figure 3D). By adding the scores of many related
factors, the predictive nomogram calculates the survival
probability of these patients with LUAD. Compared with
the ideal prediction model, 1-, 3-, and 5-year OS rates were

accurately predicted (Figure 3E,3F).

Validation of the cuproptosis-related prognostic risk model

With the aim of verifying the reliability of this model, the
LUAD samples were separated into high- and low-risk
groups based on median risk score. Figure 44-4C visualize
the distribution of risk scores and survival status in the
sample. Heatmaps were drawn to exhibit the distribution
of 16 prognostic cuproptosis-related IncRNAs in two risk
groups (Figure 4D-4F). Using KM survival analysis, we
found that LUAD samples in the high-risk group had a
worse survival prognosis compared with those in the low-
risk group (Figure 4G-41). Time-dependent ROC curves
were also drawn in the different groups (Figure 4f-4L).
The ROC curves were depicted to assess the accuracy
of the prognostic model compared with common
clinicopathological characteristics (Figure 4M-40). The
area under the curve (AUC) result of this risk score model
was 0.792 in the overall group, which was the highest
AUC value compared with other clinicopathological
characteristics. The result indicated that the compliance
index of the risk score was greater than those of age, gender,
stage, T, M, and N, which illustrates that the risk score
provided a more accurate prediction of LUAD prognosis.
We validated the total distribution map, heatmap, KM
analysis, and time-dependent ROC analysis in the overall
training and test groups. The LUAD samples of high-
and low-risk scores were found to be reasonably evenly
distributed in the above three groups. The above figure
fully verifies the reliability of risk score associated with the
prognosis of patients with LUAD.

© Annals of Translational Medicine. All rights reserved.
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Cuproptosis-related risk score associated clinicopathological
characteristics in patients with LUAD and cancer-related
gene mutations

In the next study, using KM survival analysis, we further
analyzed clinicopathological characteristics in the two risk
score groups. In terms of age, samples were divided into
an older group (over 65 years old) and a younger group
(less than or equal to 65 years old). The low-risk score
group had a better survival with statistically significance
compared with the high-risk score group (Figure S1A,S1B).
Figure S1C,S1D indicate that both male and female groups
exhibited significant associations with the risk score.
Similarly, regarding tumor staging, T, N, and stage are
compared separately in Figure SIE-S1]. Samples in the
high-risk score group showed worse survival in the above
tumor stage. In summary, stratified analysis confirmed that
the cuproptosis-related risk score signature had prognostic
value for age, gender, T, N, and stage.

Subsequently, to analyze differences of tumor-related
gene mutations between the high- and low-risk groups,
waterfall plots were prepared to compare tumor somatic
mutations in the two risk score groups separately, and the
top 20 highest mutation frequency genes are shown in
Figure 5A,5B. According to the somatic mutation data in
TCGA, the tumor mutational burden (TMB) score was
calculated. This TMB score in high-risk score group was
significantly higher than that in the low-risk score group
(P<0.001) (Figure 5C). Finally, the impact of TMB on OS
was assessed. As shown in Figure 5D, patients with low
TMB had a worse prognosis. Next, we combined TMB
and cuproptosis-related risk score groups for analysis.
Interestingly, patients with a low TMB in the high- and
low-risk groups had worse OS than patients with a high
TMB in different risk groups. Samples with low TMB
in the high-risk group had the worst prognosis among
compared with the other three groups (Figure SE). Overall,
compared with TMB, the risk model was a more important
factor in predicting prognosis.

Principal component analysis (PCA) of the cuproptosis-
related risk model

Four scatterplots were performed to reveal PCA of the two
risk groups according to genome expression profiles from

Ann Transl Med 2023;11(5):198 | https://dx.doi.org/10.21037/atm-22-3195
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Figure 3 Establishing a CRLs risk model and analysis of independent prognostic factor. (A,B) Cvfit and lambda curves of LASSO regression applied
with minimum criteria. Univariate Cox regression analysis (C) and multivariate Cox regression analysis (D) of clinical features regarding the CRL risk
model. (E) Nomogram predicting 1-, 3-, and 5-year OS rate of LUAD samples. (F) Calibration curve for assessing the accuracy of the nomogram in
predicting 1-, 3-, and 5-year OS rate of LUAD samples. *, P<0.05, and ***, P<0.001. T, tumor; M, metastasis; N, node; CRLs, cuproptosis-related
long noncoding RNAs; LASSO, least absolute shrinkage and selection operator; OS, overall survival; LUAD, lung adenocarcinoma.
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Figure 4 Construction and validation of the CRL risk model in the train, test, and overall groups. (A-C) Distribution of the risk scores and survival status
in the three groups. (D-F) Heatmaps of the distribution of 16 PCRLs in the two risk groups. (G-I) KM curves of OS in the three groups. (J-L) ROC
curves indicate the cuproptosis-related IncRNA signature risk model forcasting the 1-, 3-, and 5-year OS in the three groups. (M-O) ROC curves of clinical
characteristics and risk scores in the three groups. AUC, area under the curve; T, tumor; M, metastasis; N, node; CRLs, cuproptosis-related long noncoding
RNAs; PCRLs, prognostic cuproptosis-related long noncoding RNAs; KM, Kaplan-Meier; OS, overall survival; ROC, receiver operating characteristic.
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Figure 5 Tumor mutation-related analyses were assessed using a CRL signature risk model. (A,B) Waterfall plots indicating TMB

information for genes in low-risk (A) and high-risk groups (B). (C) Significant differences in tumor mutational burden between the two risk
groups. (D) KM curves of OS in the high-TMB and low-TMB groups. (E) KM curves of OS in four groups (high-TMB + high-risk, high-
TMB + low-risk, low-TMB + high-risk, low-TMB + low-risk). TMB, tumor mutation burden; CRL, cuproptosis-related long noncoding

RINA; KM, Kaplan-Meier; OS, overall survival.

the TCGA (Figure S2A), cuproptosis-related encoding
genes (Figure S2B), 16 prognostic cuproptosis-related
IncRNAs (Figure S2C), and cuproptosis-related IncRNAs
(Figure S2D), respectively. The PCA results showed that
the cuproptosis-related risk model can divide patients with

LUAD into high- and low-risk groups.

GSEA, GO, and KEGG analysis

To better understand signal pathways and biological

functions of different risk groups, GSEA was performed
(Figure 6A). As shown in the heatmap, several antitumor
mechanism pathways were found enriching in the low-risk
group, including taurine and hypotaurine metabolism (28)
and alpha linolenic acid metabolism (29). However, for
the high-risk group, several cellular metabolisms were
enriched including cell cycle, DNA replication, amino
sugar and nucleotide sugar metabolism, and pyrimidine
metabolism. To further explore biological metabolism and
functions of differentially expressed genes (DEGs) between
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the two risk groups, log2 | FCI >1 and false discovery rate
(FDR) <0.05 were set as conditions to screening DEGs.
Using the filtered DEGs, GO enrichment analysis was
performed and revealed enrichment of biological process
(BP), molecular function (MF), and cell component (CC)
(Figure 6B,6C). The results of KEGG analysis are shown
in Figure 6D.

Immune-related analysis of the cuproptosis-related risk
model

To further assess the correlation between the cuproptosis-
related risk model and antitumour immunity, the infiltration
of 23 kinds of immune cells was analyzed, and 12 kinds of
immune cells were found to exhibit statistically significant
differences in the two groups (Figure 74). Compared with
the high-risk group, eosinophil, immature dendritic cell,
mast cell, plasmacytoid dendritic cell, and T follicular
helper cells had a higher degree of infiltration in the low-
risk group. By contrast, activated CD4 T cell, CD56bright
natural killer cell, CD56dim natural killer cell, gamma
delta T cell, natural killer T cell, neutrophil, and type
2 T helper cell were more numerous in the high-risk
group. The connection of the cuproptosis-related risk
score and tumor microenvironment (TME) infiltrating
immune cells in LUAD was analyzed to investigate the
immune characteristics of the risk score (Figure 7B).
Applying the ‘GSVA’ R package, a heatmap of immune
functions was performed (Figure 7C). Targeted therapy
has attracted increased research attention in recent years.
Therefore, we analyzed the therapeutic targets of the two
risk groups. Interestingly, LAG-3 and PD-L1 were found
to be significantly different in the expression of immune
checkpoint between the two risk groups (Figure 7D,7E). In
conclusion, our findings showed that the cuproptosis-related
risk model was closely associated with immune response
and immunotherapy, which have advantages compared with
other clinically conventional markers.

Potential drugs analysis by targeting the cuproptosis-
related risk model

With the help of drug sensitivity analysis, we screened
potential drugs, which target the cuproptosis metabolism
to treat patients with LUAD. Using the pRRophetic
algorithm, we assessed treatment outcome according to
the half-maximal inhibitory concentration (ICyy) of each
patient with LUAD. A total of 15 types of drugs were
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screened comparing the I1C;, levels of the two different
risk groups. Among these, except for nine types of drugs,
which have been shown to have an effect on lung cancer
including paclitaxel, saracatinib, and cyclopamine (Figure
S2E-2M), we also found A-770041, BMS-509744, CGP-
60474, VX-680, WH-4-023, and WZ-1-84 had better
drug sensitivity in the low-risk group similar to the above
nine types of drugs (Figure 8A4-8F). Overall, through
drug sensitivity analysis, the low-risk group was revealed
to have better drug sensitivity than the high-risk group,
which further demonstrates that the low-risk group has
a better prognosis, and that cuproptosis-related IncRNA
models are reliable as a biological marker. In addition, six
newly discovered drugs can be used as latent drugs for the
treatment of LUAD.

Discussion

With the development of immunotherapy and
targeted therapy, the 5-year survival rate of LUAD has
improved significantly (30). However, owing to the high
heterogeneity, LUAD is still the main cause of cancer-
related deaths amongst all cancer types (31). Therefore,
a new classification for LUAD is urgently needed. As
a novel cell death pathway, cuproptosis is based on the
metabolism of copper in mitochondria (32). The discovery
of cuproptosis provides a novel approach to anticancer
treatment and is a potential candidate for clinical
application (19). However, research about cuproptosis in
LUAD remains limited. Because gene changes may precede
obvious histopathological changes, the establishment of
biomarkers is helpful for early diagnosis and treatment
of cancer and plays an important role in improving the
survival rate of cancer. Therefore, based on cuproptosis-
related IncRNAs, we constructed a risk score model for the
forecasts of prognosis in LUAD. Moreover, we focused on
the role of this cuproptosis-related risk model in immune
characteristics and immunotherapy.

In this study, we searched for research related to
cuproptosis, identified 19 genes related to cuproptosis, and
screened CRLs using coexpression analysis. Subsequently,
based on the analysis of the prognosis of each sample and
the expression data of these CRLs, 50 prognostic CRLs in
LUAD were screened. Using multivariate Cox analysis, 16
IncRNA were selected to construct the cuproptosis-related
risk signature. Previous studies have shown that some of
the 16 IncRNAs are associated with the prognosis and
progression of LUAD: CASC15 has a high expression in
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non-small cell lung cancer and boosts cell proliferation and
metastasis (33); LY86-AS1 and STEAP2-AS1 correlate with
prognosis of LUAD (34,35); GLIS2-AS1, LINC01230, and
LINCO00592 were identified as having a close relationship
with the prognosis of LUAD in the above analysis (P<0.01).
To verify the accuracy of the above analysis, gPCR was
applied to analyze the expression level of GLIS2-AS1,
LINCO01230, and LINC00592 in LUAD cells and tissues.
As a low-risk factor, GLIS2-AS1 was confirmed to be
underexpressed in LUAD. However, as high-risk factors,
LINCO01230 and LINC00592 were highly expressed in
LUAD. These results validate the accuracy of the above

© Annals of Translational Medicine. All rights reserved.

analysis.

Both ROC curves and nomograms have been used
extensively to detect and predict the prognosis of cancer
(36-38). In our analysis, we found that the risk model was
significant in forecasting the survival and prognosis of
patients. Compared with other routinely used markers,
the risk model has the best prognostic accuracy. Moreover,
the cuproptosis-related risk model had prognostic value in
relation to age, gender, T, N, and stage. In summary, the
cuproptosis-related risk signature was found to have the
potential to become a marker to forecast the prognosis of

patients with LUAD.
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The TMB is considered the number of somatic
mutations in the interrogated genome sequence per
megagram of matrix, and it can be used as a predictive
biomarker for immunotherapy of many kinds of tumors (39).
Recent research has shown that TMB is consistent with
the expression of PD-L1 (40). Compared with the low-risk
group, significant high expression of TMB was found in
the high-risk group. Similarly, patients with LUAD in the
TCGA with high TMB had a better OS. In view of the close
association between TMB and tumor immunity, immunity-
related analysis was performed to investigate characteristics
of the cuproptosis-related risk model in immunity. First,
the correlation of two risk groups and TME cell infiltration
was assessed. According to previous research, different
types of immune cells have different functions in tumor
immunity. For examples, CD4 T cells have been shown
to play a negative effect in tumor immunity (41,42).
Eosinophil infiltration in tumors was associated with a good
prognosis in most cases (43). Neutrophils have been found
to play a role in tumorigenesis, growth, proliferation, and
metastasis (44,45). The T follicular helper cells have been
demonstrated to participate in the antitumor immunity of
patients with non-small cell lung cancer (46). In this study,
activated CD4 T cells, CD56bright/dim natural killer cells,
gamma delta T cells, natural killer T cells, neutrophils, and
type 2 T helper cells showed higher immune infiltration in
the high-risk group. Most of these indicate a promotion of
tumor progression and inhibition of antitumor immunity,
which lead to poor prognosis. Eosinophils, immature
dendritic cells, mast cells, plasmacytoid dendritic cells,
and T follicular helper cells, which represent immune
activation, had a higher degree of infiltration in the low-
risk group. Lastly, we found a close connection between the
cuproptosis-related risk model and immunotherapy. We
found that the cuproptosis-related risk score was negatively
correlated with immune cell infiltration and expression of
immune checkpoint, which indicates that the risk score
has potential in predicting the results of immunotherapy.
Moreover, patients with LUAD can benefit from immune
checkpoint action, which may improve the prognosis
of high-risk patients by enhancing immune response or
inducing cuproptosis. Finally, based on ICy), we screened
out six new drugs targeting the cuproptosis-related risk
signature, which may a provide a reference for clinical
drug treatment in the future. To sum up, compared
with other clinically conventional markers, cuproptosis-
related IncRNAs risk model has better prediction accuracy
and closely association with immune response and

© Annals of Translational Medicine. All rights reserved.
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immunotherapy.

This study also had some shortcomings. First, more
LUAD samples are required to check the stability and
reliability of the risk signature. Second, although three
prognostic cuproptosis-related IncRNAs were detected in
20 pairs of clinical LUAD tissues and three types of LUAD
cells, more samples and cell lines are needed to assess
which could make the results more dependable. Third, we
analyzed only 471 patients with LUAD from the TCGA
database but did not incorporate samples from healthy
patients. Finally, because research on cuproptosis is limited,
further research on the correlation between IncRNAs and
cuproptosis-related genes (CRGs) as prognostic indicators
is significant.

Conclusions

This research constructed a novel prognostic predictive
model based on 16 cuproptosis-related IncRNAs, which
demonstrated accurate predictive ability for patients
with LUAD. The correlation between the risk model
and immune environment was analyzed. The results
of this study provide the basis for a novel approach to
predicting prognosis of patients with LUAD, including
reference data for clinical drug treatment of patients
with LUAD.
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Figure S1 KM curves of OS regarding different clinical features. KM, Kaplan-Meier; OS, overall survival.
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Figure S2 PCA of the high- and low-risk groups according to whole genome expression profiles (A), CRGs (B), 16 prognostic CRLs, (C)
and CRLs (D). (E-M) Boxplots of significant differences in estimated ICs, values of nine types of drugs, which have been proven to have an
effect on lung cancer. PCA, principal component analysis; CRGs, cuproptosis-related genes; CRLs, cuproptosis-related IncRINAs; ICs, half-

maximal inhibitory concentration.
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