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Purpose: Ferroptosis and long non-coding RNA (IncRNA) expression signatures have been
associated with the clinical progression and immune-contexture of different solid tumors.
The study aimed to identify a prognostic signature of ferroptosis-related IncRNAs
(falncRNAs) to forecast the immune scenery and immunotherapy response in esophageal
cancer (EC).

Patients and Methods: Gene expression profiles of EC were extracted from The Cancer
Genome Atlas (TCGA) database, and ferroptosis-related genes were downloaded from the
FerrDb database, which identified differentially expressed falncRNAs (DEfalncRNAs) via
differential analysis. DEfalncRNA pairs associated with prognosis were identified by con-
structing a matrix, univariate and least absolute shrinkage and selection operator (LASSO)
analysis. The prognostic signature was constructed by multivariate analysis. We appraised
the forecasting capability of prognostic signature in survival, clinicopathological features,
immune landscape, efficacy of immunotherapy, and drug sensitivity. The potential molecular
mechanism of signature was investigated by gene set enrichment analysis (GSEA).
Results: We obtained 18 DEfalncRNA pairs to define a novel prognostic signature that was
determined on a discovery cohort of 158 tumor samples and 11 adjacent normal tissues from
TCGA and internally validated, with the definition of high- vs low-risk groups based on 3
years overall survival. We demonstrated that the high- vs low-risk groups differed for clinical
parameters and computationally predicted drug sensitivity and tumor immune contexture,
with the high-risk group having worse survival, more aggressive disease (node involvement,
metastasis), reduced drug sensitivity, higher tumor mutation load, and gene signatures of
infiltration of pro-tumoral immune cell subsets. The GSEA results revealed that ferroptosis
and immunoregulatory pathways were significantly enriched in the high-risk group.
Conclusion: The prognostic signature based on falncRNAs has the potential to forecast the
survival, immune scenery, efficacy of immunotherapy, and drug sensitivity of EC, which is
helpful for clinical prediction and individualized treatment.
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Introduction

Esophageal cancer (EC) is not only one of the most life-threatening gastrointestinal
tumors but also one of the primary causes of cancer death worldwide.'” In the
cancer statistics of the United States in 2021, the number of new invasive EC cases
is approximated to be 19,260 and 15,530 deaths from EC.’ Almost half of EC
patients worldwide are in China.* The morbidity and mortality of EC in Asia are
expected to increase in the coming years.” By the high degree of malignancy, the
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S-year relative survival rate of patients with EC is only
20%.> Prognostic risk factors for EC include smoking,
alcohol consumption, obesity, age, tumor staging, and
pathological type.®® At present, surgery, chemotherapy,
radiotherapy, immunotherapy, and molecular targeted ther-
apy are the chief treatments for cancer in the world.” "' It
has been found that ferroptosis is closely correlated with
tumor cell growth inhibition.'>"'® Therefore, targeting fer-
roptosis has become a promising cancer therapeutic
strategy.

Ferroptosis is distinguished from the novel mode of
programmed cell death of apoptosis, necrosis, and autop-
hagy, which is chiefly characterized by cell death induced
by iron-dependent phospholipid peroxide damage occur-
ring within mitochondria.'"*'® Interferon-gamma (IFN-y)
released by CDS8'T cells activated by immunotherapy
downregulated the expression of SLC3A2 and SLC7A1l
(two subunits of the glutamate-cystine reversal protein
SystemXc-), contributing to the promotion of tumor cell
peroxidation and ferroptosis.'” It has been found that fer-
roptosis of tumor cells is generated by synergistic inhibi-
tion of SLC7AI11
immunotherapy.'® Ferroptosis plays a consequential role

expression by radiotherapy and

in emerging immunotherapy and provides a theoretical
basis for combination therapy.

Long non-coding RNAs (IncRNAs) generally refer to
a class of RNA molecules greater than 200 nucleotides in
length and without protein-coding capacity.'® With the
continuous deepening of research in recent years,
IncRNAs have engaged much attention. LncRNA AFAPI-
ASI facilitated the migration, descent, and lung metastasis
of EC cells by downregulating miR-26a.? In addition,
IncRNAs have been reported to be involved in the regula-
tion of ferroptosis and immunity in tumor cells.?' >
LncRNAs play a vital role in the development and head-
way of tumors, which envisages that they may be targets
for treatment.** The only ferroptosis-based prognostic sig-
natures in EC published so far are based on mRNA abso-
lute gene expression levels.>>*® Prognostic signatures
based on the absolute gene expression level of ferroptosis-
related IncRNAs (falncRNAs) have been recently defined
for other solid tumors.”’ ?° Remarkably, studies on the
relationship between EC and falncRNAs are particularly
which still needs to be further elucidated.
Accordingly, the identification of falncRNAs to predict

scarce,

the prognosis and immune landscape and immunotherapy
response of EC is helpful for the individualized treatment
of patients.

In the present study, the relationship between
falncRNAs and the prognosis of patients with EC was
explored by analyzing gene expression profiles in The
Cancer Genome Atlas (TCGA) database and a prognostic
signature was established to predict survival, clinicopatho-
logical features, immune landscape, response to immu-

notherapy, and drug sensitivity of patients with EC.

Patients and Methods

Acquisition of EC Data

The transcriptome profiling data (RNA-Sep) and corre-
sponding clinical data of EC were acquired from TCGA
database (https:/portal.gdc.cancer.gov/). The sequencing

results of 160 EC tissues and 11 adjacent normal tissues
were included in this study, and a total of 185 samples had
clinical data including gender, age, ethnicity, Body Mass
Index (BMI), alcohol status, pathological stage, histological
grade, radiotherapy, survival status, and survival time. By
matching 160 tumor samples with clinical data and deleting
the case with the survival time of 0, a total of 158 tumor
samples with transcriptome profiling data and clinical data
were finally obtained for subsequent analysis. Owing to the
freely accessible resource TCGA database, the study let off
the institutional review board approval.

Identification of Ferroptosis-Associated
IncRNAs

Human GTF explanation files were downloaded from
Ensembl (http://asia.ensembl.org), a total of 19,604 mRNAs
and 14,086 IncRNAs were distinguished and extracted by
manipulating Strawberry Perl software. A total of 259 ferrop-

tosis-related genes contained driver, suppressor, and marker
that were extracted from the FerrDb database (http://www.
zhounan.org/ferrdb),
Supplementary Table S1.*° The correlation between ferropto-

and they were presented in

sis-related genes and all IncRNAs was analyzed via the R cor.
test function. To obtain falncRNAs, the filter criteria correla-
tion coefficient and P-value were set to 0.4 and 0.001, respec-
tively. Differentially expressed falncRNAs (DEfalncRNAs)
were attained by the R limma package, which was confirmed
to both P-value less than 0.05 and [logFC| more than 1 and was
used to draw the heatmap and volcano plot.

Establishment of the Ferroptosis-Related
IncRNA-mRNA Coexpression Network

Prognostically relevant DEfalncRNAs were obtained by
univariate analysis, and the results were visualized as
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a forest plot. To investigate the relationship between the
falncRNA and ferroptosis-associated mRNA (famRNA), it
was extremely important for us to construct the falncRNA-
famRNA coexpression network by Cytoscape software
(version 3.6.0, https://cytoscape.org/), which was visua-

lized as the Sankey diagram by the R ggplot2 and ggallu-
vial packages. Gene Ontology (GO) enrichment analysis
was performed by the R GOplot package.*'

Construction of DEfalncRNA Pairs

For the model of the constructed transcriptome data to be
applied in the clinic, DEfalncRNAs were paired, which
only needed to take into account the internal comparison
of the data without considering batch correction. If the
expression of IncRNA-X was lower than that of
IncRNA-Y, the DEfalncRNA pair would be considered as
1, and otherwise 0, which was performed to construct the
matrix.*?> When the proportion of DEfalncRNA pairs was
between 20% and 80% of the total pairs, DEfalncRNA
pairs were regarded as a valid match.

Construction and Verification of the

Prognostic Signature

Univariate Cox regression was carried out on DEfalncRNA
pairs, and the least absolute shrinkage and selection operator
(LASSO) regression analysis was harnessed to further pick
representative DEfalncRNA pairs associated with prognosis.
Multivariate Cox regression analysis was utilized to calcu-
late the correlation coefficient and construct a prognostic
hazard model and draw a forest plot. The patient’s risk
score was computed by the following equation.

. [ Coefficient(IncRNAi)
Risk score = -y < x Expression(IncRNAi)

According to the R survivalROC package, the receiver
operating characteristic (ROC) curves were plotted and the
area under the curve (AUC) of the 1-year, 2-year, and 3-year
survival was calculated to weigh up the accuracy of the
prognostic signature.®> The optimal cutoff value of the risk
score was calculated based on the ROC curve for 3-year
survival, which split EC patients into high-risk and low-risk
groups. To ensure the predictive power of the prognostic
model, we plotted the calibration graphs by the
riskRegression package.** Additionally, the risk model was
internally validated using the Bootstrap method with 1000
equal numbers of put-back repeated samples. Comparison of
survival differences between high-risk and low-risk groups

was performed by the Kaplan-Meier method.*> The

relationship between the risk score and survival status of
patients was observed by plotting the risk curves.

Clinical Influence of Prognostic Signature

and Enrichment Analysis

To demonstrate whether the prognostic hazard model
could be assumed as a standalone prognostic factor, uni-
variate and multivariate Cox regression analyses were
implemented by combining the risk score with clinico-
pathological variables, and the results were drawn in forest
plots. Compared to clinicopathological variables, the prop-
erty of the prognostic hazard model was appraised by
plotting multi-indicator ROC curves. We compared
whether there were differences in risk score between clin-
ical variables and the results were drawn plot boxplots.
The relationship between the prognostic hazard model and
clinical variables was measured by the Wilcoxon rank-sum
test, and the results were visualized as a clinical relevance
heatmap. Additionally, **and * represented P-value < 0.01
and 0.05, respectively. The results of the clinical role of
the prognostic model were generated by the
R survivalROC, limma, ggpubr, and ComplexHeatmap
packages. We performed gene set enrichment analysis
(GSEA) between high-risk and low-risk groups based on
the GO (v7.4) and Hallmark (v7.4) gene set collections by

the R clusterProfiler package.*®

Condition of Tumor-Infiltrating Immune

Cells in Prognostic Signature
The file of tumor-infiltrating immune cells was downloaded
in TIMER2.0 (http://timer.cistrome.org/).>” Spearman corre-

lation analysis was implemented between the prognostic
signature and tumor-infiltrating immune cells to calculate
the correlation coefficient, and the results were visualized
as bubble charts using different software including XCELL,
QUANTISEQ, MCPCOUNTER, EPIC, CIBERSORT-ABS,
and CIBERSORT.*® The Wilcoxon rank-sum test was imple-
mented to determine which immune cells were distinction in
the high-risk and low-risk groups, and the results were pre-
sented in box graphs. These operations were done by the
R ggplot2, ggtext, limma, and ggpubr packages.

Efficacy of Immunotherapy in Prognostic
Signature

To assess the efficacy of immunotherapy, we compared
whether the expression of immune checkpoints differen-
tiated between the high-risk and low-risk groups, which
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were used to draw violin plots by R limma and ggpubr
packages, including PD-L1 (programmed cell death pro-
tein Ligand-1), PD-1 (programmed cell death 1), CTLA-4
(cytotoxic T-lymphocyte associated protein 4), TIM-3
(T-cell immunoglobulin mucin 3), LAG-3 (Lymphocyte-
activation gene 3) and TIGIT (T-cell immunoreceptor with
immunoglobulin and ITIM domain). Furthermore, tumor
mutation load (TMB) is an emerging and quantifiable
biomarker that reflects the number of mutations contained
in tumor cells.”* We downloaded data on mutations in EC
from TCGA database and visualized somatic mutations in
the high-risk and low-risk groups using the maftools pack-
age in R software.*’

Drug Sensitivity Analysis of Prognostic

Signature

To appraise the application of the prognostic model in che-
motherapy and targeted therapy for EC, the Wilcoxon rank-
sum test was implemented to compare whether there were
discriminations in half-inhibitory concentration (IC50)
between high-risk and low-risk groups, which the results
were visualized as boxplots. The chemical and targeted
drugs of paclitaxel, vinorelbine, cisplatin, gefitinib, lapatinib,
and erlotinib were used in clinical practice for EC, which
were selected for sensitivity analysis. The analysis processes
were realized by R packages pRRophetic and ggplot2, and
IC50 was estimated by the Genomics of Drug Sensitivity in
Cancer (GDSC, https://www.cancerrxgene.org/).*!

Statistical Analysis

Univariate, LASSO, and multivariate regression analyses
were implemented to qualitatively investigate the appro-
priate molecules and variables. The survival curve was
plotted using the Kaplan-Meier method, and the Log
rank test was implemented for differences between groups.
Wilcoxon rank-sum test was adopted to investigate the
differences between high-risk and low-risk groups. All
statistical analyses and visualization of results were per-
formed with R software (version 4.0.3, http://www.r-pro
ject.org/). P < 0.05 was regarded as statistically significant.

Results

Clinical Characteristics of Patients with EC
All clinicopathological characteristics were shown in
Table 1. A total of 158 patients with EC were incorporated

Table | Clinicopathological Characteristics of 158 Patients with EC

Variables N Percentage (%)
Age

<65 98 62.0

>65 60 38.0
Gender

Female 22 13.9

Male 136 86.1
Ethnicity

Asian 38 24.1

African 5 3.1

Caucasian 97 61.4

Unknown 18 1.4
BMI

<25 83 52.5

225 66 41.8

Unknown 9 57
Alcohol

No 45 28.5

Yes 110 69.6

Unknown 3 1.9

Histological type

Adenocarcinoma 79 50.0
Squamous cell carcinoma 79 50.0
Grade
Gl 15 9.5
G2 66 41.8
G3 4?2 26.6
Unknown 35 22.1
T
TO | 0.7
Tl 27 17.1
T2 37 234
T3 74 46.8
T4 4 2.5
Unknown 15 9.5
N
NO 63 39.9
NI 63 39.9
N2 9 57
N3 6 3.8
Unknown 17 10.7
M
MO 119 75.3
Ml 8 5.1
Unknown 31 19.6
(Continued)
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Table | (Continued).

Variables N Percentage (%)
Stage
| 16 10.1
1l 66 41.8
I} 49 31.0
v 8 5.1
Unknown 19 12.0
Radiation
No 113 71.5
Yes 16 18.4
Unknown 29 10.1
State
Dead 63 60.1
Alive 95 39.9

in this study, including 98 patients (62.0%) aged less than
or equal to 65 and 60 patients (38.0%) aged more than 65.
Of all patients with EC, 136 (86.1%) patients were male
and 22 (13.9%) patients were female. We found that the
majority of patients with EC were Caucasian (61.4%).
BMI < 25 kg/m? accounted for 52.5% and > 25 kg/m*
for 41.8% of all patients with EC. There were 110 EC
patients with a history of alcohol consumption, which
accounted for 69.6%. The pathological types of adenocar-
cinoma and squamous cell carcinoma accounted for half
each. In addition, 42 (26.6%) patients with EC had poorly
differentiated (G3). T3 (46.8%), NO (39.9%), N1 (39.9%),
and MO (75.3%) were relatively common in tumor staging.
The majority of patients (71.5%) did not accept alternative
radiotherapy at presentation. Among the survival status of
patients, alive and death accounted for 60.1% and 39.9%,
respectively. The median survival time was 13.3 months
(7.7-22.8).

Identification of Valid DEfalncRNA Pairs
and Construction of the
falncRNA-famRNA Coexpression

Network

The screening was performed as shown in the flow chart
(Figure 1). A total of 1229 falncRNAs were identified in
the study. A total of 258 DEfalncRNAs were obtained by
differential analysis, of which 233 were upregulated and
25 were downregulated respectively (Table S2, Figure 2).
By constructing the 0 and 1 matrix, among the 258

DEfalncRNAs, we acquired 22,249 valid DEfalncRNA
pairs.

By univariate analysis, we obtained prognostically rele-
vant DEfalncRNAs including AL035461.3, LINC02154,
CASCS8, LINC00942, AC108673.2, PRANCR,
ACO008669.1 (Figure S1A). To investigate the relationship
DEfalncRNAs and the corresponding mRNAs, we finally
found that the coexpression network consisted of 26
falncRNA-famRNA pairs (Figure S1B and C). AL035461.3
and AC108673.2 each had three genes with coexpression
relationship (HMGBI1, STMNI, and HELLS; MAPKS,
CXCL2, and AURKA, respectively). The ferroptosis-
associated gene TMBIM4 was coexpressed with PRANCR
and AC008669.1. In addition, LINC00942 had
a coexpression relationship with 16 ferroptosis-associated
genes (G6PD, PGD, KEAP1, ABCC1, TXNRDI1, SRXNI,
SLC7A11, KLHL24, MAFG, PRDX1, AKR1C1, AKR1C2,
AKRI1C3, GCLC NQOI, and PRDX6). Enrichment analysis
showed that LINC00942 involved reactive oxygen species

and

metabolism, which regulated ferroptosis in tumor cells
(Figure S1D).** The falncRNA-famRNA coexpression and
enrichment analysis illustrated that ferroptosis had a complex
and significant relationship with IncRNAs.

Construction and Verification of
Prognostic Signature for DEfalncRNA

Pairs

In total, 87 DEfalncRNA pairs were extracted by univari-
ate analysis of which the significance filtering condition
was P < 0.01. We then carried out LASSO regression
analysis to further screen 38 DEfalncRNA pairs, which
were further executed multivariate Cox regression analysis
to finally identified 18 DEfalncRNA pairs strongly asso-
ciated with survival prognosis to construct prognostic sig-
nature (Figure 3). The patient’s risk score was computed
by the expression level of each IncRNA and the correla-
tion coefficient. The optimal cutoff value of the risk score
obtained from the 3-year ROC curve was 1.301, according
to which patients were split into high-risk and low-risk
groups (Figure 4A). By plotting ROC curves multiple
times, we found that AUC values at 1-, 2-, and 3-year
survival rates were all greater than 0.91, which illustrated
the high predictive accuracy of the prognostic model
(Figure 4B). The calibration curves of the original model
and the internal validation of the Bootstrap method pre-
sented the favorable consistency between the predicted
values of the 1-, 2-, and 3-year survival rates derived
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IncRNA-mRNA coexpression network
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clinicopathologic infiltrating
characteristics immune cells

Figure | Flow chart of the prognostic signature in this study.

Immunotherapy

prognostic signature

> Enrichment analysis
A 4 \ 4
Efficacy of Chemical and targeted

drug sensitivity

Abbreviations: TCGA, The Cancer Genome Atlas; ROC, receiver operating characteristic.

from the model and the actual observed values (Figure 4C
and D). According to the Kaplan-Meier survival curve,
patients in the low-risk group had a longer survival time
than those in the high-risk group (P < 0.001, Figure 4E).
The risk curve and survival status scatter plot showed that
as the increase of patient’s risk score, the survival time of
patients decreased and the number of death cases increased
(Figure 4F and G).

Clinical Influence of Prognostic Signature

and Enrichment Analysis

It was well-known that many factors were relevant to the
prognosis of patients. Utilizing ROC curves with multiple
measures, we visualized that the AUC values of risk score
were drastically larger than those of other clinicopathological

variables, which furnished evidence to support that the fore-
telling effect of the prognostic signature had high accuracy
(Figure SA—C). Stage (P < 0.001), M (P = 0.018), N (P <
0.001) and risk score (P < 0.001) obtained by univariate Cox
regression analysis were confirmed to be associated with
survival prognosis of patients (Figure 5D). In multivariate
Cox regression analysis, histology and risk score were asso-
ciated with the prognosis of patients (P = 0.023, P < 0.001,
respectively), while other clinicopathological variables were
not associated with patient survival prognosis (all P > 0.05,
Figure 5SE). We found that the Hazard Ratio (HR) of the risk
score was > 1, which represented that it was a risk factor for
patients with EC. These results demonstrated that the prog-
nostic hazard model could be acted as an independent prog-
nostic factor independent of other clinicopathological
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characteristics by independent prognostic analysis. To
explore the association between the risk score and clinico-
pathological features of EC, We found that there were sig-
between risk score  and
including grade, -ethnicity,

nificant  differences

clinicopathological groups,

histology, N, M, and stage (Figure 6A—L). Moreover, we
also revealed that risk score was significantly associated
with ethnicity, BMI, grade, T, N, M, stage, and radiation by
correlation  analysis

performing  clinicopathological

(Figure 6M).
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Figure 3 Construction of a prognostic signature via DEfalncRNA pairs. (A) Option of the parameter (A) with 10-fold cross-validation. (B) Curves of Lasso coefficients for
38 DEfalncpairs RNAs. (C) Cox regression identified 18 DEfalncRNA pairs visualized as forest plots.
Abbreviation: LASSO, least absolute shrinkage, and selection operator.

The GSEA results revealed that immunoregulatory

organ or tissue-specific immune response, antimicrobial

pathways were significantly enriched in the high-risk  humoral immune response mediated by antimicrobial pep-

group, including innate immune response in mucosa,

tide, humoral immune response, and B cells mediated
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Figure 4 Appraisal of the performance in prognostic signature. (A) The optimal cutoff value for the risk score from the ROC curve for 3-year survival. (B) ROC curves for
I-, 2-, and 3-year survival. (C) Calibration curves of original prognostic signature. (D) Calibration curves for internal validation by the Bootstrap method. (E) Kaplan-Meier
survival analysis for high-risk and low-risk groups. (F) Risk curve for high-risk and low-risk groups. (G) Scatter plot of vital status by risk score.

Abbreviation: ROC, receiver operating characteristic.

immunity (Figure S2A). Additionally, ferroptosis-related
signaling pathways were significantly enriched in the high-
risk group by hallmark gene set analysis, including bile

acid metabolism, peroxisome, and xenobiotic metabolism
(Figure S2B). The enrichment analysis details were given
in Supplementary Table S3.
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Abbreviation: BMI, Body Mass Index.
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Figure 6 Relationship between prognostic signature and clinicopathological features. (A-L) Distribution of risk score in different clinicopathological groups. (M) Heatmap of

the clinical relevance of risk score. *P<0.05, **P<0.01.

Immune Landscape in Prognostic Signature
The tumor immune microenvironment (TIM) in EC was the
accumulation of a large number of immune cells gathered
within the tumor cells and in the surrounding stroma, which
included effector T cells, T follicular helper (Tth) cells,
natural killer (NK) cells, dendritic cells (DCs), and

macrophages (M1) with antitumor effects, regulatory
T cells (Tregs), macrophages (M2) and myelogenous sup-
pressor cells with tumor induction.**** Notwithstanding the
correlation between falncRNA signature and immune infil-
trate has been published very recently for other solid tumors,

such as in glioma, breast cancer, head, and neck squamous
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cell carcinoma, it has not been elucidated in EC.2"2° As
presented in the bubble diagram, the prognostic signature
was positively correlated with memory CD4'T cells, M2
macrophages, Tregs, and Tth cells, whereas cancer-
associated fibroblasts (CAFs) and NK cells were negatively
correlated with it (Figure 7A, Table S4). Differential analy-
sis of immune cells reported that compared with the low-risk
group, plasma cells, endothelial cells, Tth cells, and Tregs
were upregulated in the high-risk group, whereas downre-
gulated immune cells in the high-risk group included CAFs
and NK cells (Figure 7B—G). We demonstrated that the high-
risk groups had the infiltration of pro-tumoral immune cell
subsets, which differed from low-risk groups in tumor
immune contexture.

Prediction of Efficacy of Immunotherapy

in Prognostic Signature

Presently, immunotherapy of tumors has entered a novel
era due to the advent of immune checkpoint inhibitors
(ICIs).*> In our prognostic signature, although PD-LI,
PD-1, CTLA-4, TIM-3, LAG-3, and TIGIT were down-
regulated in the high-risk group, the results were not
statistically significant (Figure 8A-F). We explore the
relationship between the prognostic signature and TMB,
and the TMB in the high-risk group was higher than that in
the low-risk group, which was not statistically significant
(Figure S3A-D). We employed the mutation data obtained
by VarScan2 software to further visualize the 20 most
frequently mutated genes, and there were differences in
mutant genes and mutation frequencies between the high-
risk and low-risk groups (Figure 8G and H). The mutation
frequency was higher in the high-risk group than in the
low-risk group at TP53 (81% vs 72%), TTN (45%
vs36%), and SYNE1 (25% vs 11%). We sighted that
variant classification and type were dominantly missense
mutation and SNP (Single Nucleotide Polymorphisms),
respectively (Figure S3E and F). The occurrence of C >
T was the highest among single nucleotide variants
(SNVs), followed by C > A (Figure S3G).

Drug Sensitivity Analysis of Prognostic

Signature

Along with ICIs, chemical and targeted drugs were also
considered as a mainstay therapy of EC. It was very
necessary for patients requiring chemotherapy or targeted
therapy to implement drug sensitivity tests. Therefore,
how to avoid ineffective drugs and select effective drugs

for treatment had long been a concern for the tumor com-
munity. We unveiled that chemotherapeutic drugs with
closely related IC50 in low-risk group included paclitaxel
(P <0.001, Figure 9A), vinorelbine (P= 0.012, Figure 9B),
and cisplatin (P = 0.018, Figure 9C). Simultaneously, we
observed that there were significant differences in the IC50
of targeted drugs between high-risk and low-risk groups,
with the low-risk group being more sensitive to targeted
drugs including gefitinib (P = 0.012, Figure 9D), lapatinib
(P = 0.027 Figure 9E), and erlotinib (P = 0.0013,
Figure 9F). These results suggested that it was more sen-
sitive to drugs in the low-risk group, thereby avoiding the
use of ineffective drugs, increasing treatment success, and
reducing treatment risk.

Discussion

Due to unique tissue specificity, the differential expression
of IncRNAs can be regarded as biomarkers of cancer.*
Recently, the occurrence and development of cancer are
closely related to IncRNAs, ferroptosis, and infiltration of
immune cells. LncRNAs and ferroptosis are considered to
be potential targets for cancer therapy, and the specific
relationship between them and the immune is intricate
and not fully clear. However, a novel prognostic signature
of falncRNAs in EC has not been defined yet.

In our study, we investigated whether falncRNAs had
a potentially insightful effect on EC. To clarify the effect
of falncRNAs on EC, we identified available DEfalncRNA
pairs performed by constructing 0 or 1 matrix, which was
performed by univariate and LASSO regression analysis to
determine prognostically relevant DEfalncRNA pairs that
were established prognostic signature by multivariate ana-
lysis. Collectively, our study was the first to demonstrate
that prognostic signature had predictive value for survival
prognosis, tumor-infiltrating immune cells, immunother-
apy response, and drug sensitivity of EC.

LncRNAs exerted functions in numerous ways, and an
increasing number of studies confirmed that they could
regulate ferroptosis in tumor cells. LINC00336 promoted
the growth of lung cancer cells, accelerated tumor forma-
tion, and inhibited ferroptosis in lung cancer cells.*’ It was
previously reported that LINC00618 promoted ferroptosis
in leukemia cells by increasing the content of reactive
oxygen species (ROS) and iron, which intriguingly impli-
cated that IncRNAs associated with ferroptosis were essen-
tial for the development and treatment of leukemia.*® Weng
et al revealed that the seven-IncRNA signature was an
independent factor in esophageal squamous cell carcinoma
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Figure 7 Immune landscape in prognostic signature. (A) Correlation analysis of tumor-infiltrating immune cells in prognostic signature, the correlation coefficient greater
than 0 represented a positive correlation and less than 0 mean negative correlation. (B—G) Differential analysis of tumor-infiltrating immune cells in high-and low-risk groups.

(ESCC), which was more predictive of patient survival than  low-risk group, which was consistent with the result of the
the TNM stage alone.*” In our prognostic signature, the IncRNAs signature.*’ In our study, multivariate analysis
high-risk group had a worse survival time compared to the revealed that prognostically relevant DEirlncRNAs pairs
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Figure 8 The foresight of immunotherapy response in prognostic signature. (A—F) Differential analysis of the expression of immune checkpoints between high-risk and low-
risk groups. (G and H) Waterfall plots of the mutant landscape with and low-risk and high-risk groups, presenting the 20 genes with the highest mutation frequency.
Abbreviations: CTLA-4, cytotoxic T-lymphocyte associated protein 4; PD-LI, programmed cell death protein Ligand-1; PD-I, programmed cell death |; TIM-3, T-cell
immunoglobulin mucin 3; LAG-3, Lymphocyte-activation gene 3; TIGIT, T-cell immunoreceptor with immunoglobulin and ITIM domain.

played a far-reaching role, especially in EC, such as
AL033384.1, LINCO01503, ACO007128.1, TMPO—-ASI,
U62317.4, LINC02195, AL109615.3, and AC023043.1.
Correlative studies that were close to our results, uncovered
that LINC01503 and AC007128.1 were highly expressed in
EC compared to non-tumor tissues and facilitated malignant
behavior in EC, with patients with high expression of them

having worse survival.”*' Gao et al disclosed that TMPO-
AS1 facilitated the migration and invasion of EC cells by
suppressing miR-498, which was reversed by propofol.*
Most notably, this evidence strongly suggested that
IncRNAs were tightly associated with the prognosis of EC
patients, and thus prognostic signature might provide
further novel therapeutic targets for EC patients.
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Figure 9 Prediction of drug sensitivity in prognostic signature. (A—C) Comparison of chemosensitivity in high-risk and low-risk groups. (D-F) Differential analysis of

susceptibility to targeted drugs in high-risk and low-risk groups.

At present, immunotherapy with ICIs has set off an
upsurge, which has completely reversed the traditional
treatment of EC. Clinical trials of ATTRACTION-1 and
KEYNOTE-180 have signified the benefit of nivolumab
and pembrolizumab in patients with metastatic or recurrent
EC.>*>* The results of prognostic signature with infiltra-
tion of immune cells were positively correlated with mem-
ory CD4'T cells, M2 macrophages, Tregs, and Tth cells,
and negatively correlated with CAFs and NK cells, found
in our study by integrated summary analysis. Consistent
with our results was the prognostic value found in
a prognostic model established by immune genes asso-
ciated with memory CD4'T cells, Tth cells for patients
with EC.>° Furthermore, plasma cells, endothelial cells,
Tth cells, and Tregs were upregulated, while CAFs and
NK cells were downregulated in the high-risk group com-
pared with the low-risk group in our model. M2
Macrophages induced enhanced the process of epithelial-

mesenchymal transition and immune escape through the
PD-1 signaling pathway, promoting the ESCC exacerba-
tion which let ESCC patients have a poor prognosis.”®>’
Tumor-infiltrating endothelial cells were found to augment
descent, migration, and metastasis of EC cells by
Epiregulin.®® Tregs inhibited effector T cells to mediate
tumor immune escape by producing TGF-B, IL-10, and IL-
35,5969 CCL22 and CCL20 recruited Tregs to promote the
progression of EC and the infiltration of Tregs was inver-
sely correlated with the survival of patients.’** NK cells
were the first line of defense against tumors, and dysfunc-
tional NK cells were accompanied by progression and
poor prognosis in EC.°**> CAFs played an indispensable
role in the progression of EC, which mediated immune
escape through IL6 and brought on radioresistance by
promoting IncRNA DNM30S expression.®*** Although
our study reported higher expression of immune check-
points in the low-risk group than in the high-risk group,
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there was no statistical significance, presumably due to
TMB, microsatellite instability (MSI), IFN-y, and tumor-
infiltrating lymphocytes concerning the response to immu-
notherapy. In our prognostic signature, TMB was higher in
the high-risk group than in the low-risk group. The more
genetic mutations in tumor cells, the more likely TMB was
to produce more neoantigens, which helped the immune
system identify the tumors and benefited patients after
immunotherapy.®’

Although the surgery was the main treatment for EC,
the prognosis of EC remained very poor. Simultaneously,
chemotherapy, radiotherapy, and targeted therapy have
been turned out to have therapeutic benefits for EC.”°
Since the efficacy of drugs was related to the degree of
drug sensitivity of patients and individual differences, it
was essential to detect the drug sensitivity for patients
requiring chemotherapy and targeted therapy. With the
deepening of the understanding of the molecular mechan-
ism of malignant tumors, drugs targeting epidermal growth
factor receptor (EGFR) have been continuously introduced
to provide a basis for the precise treatment of EC. Our
study illustrated that patients in the low-risk group were
more sensitive to paclitaxel, vinorelbine, cisplatin, gefiti-
nib, lapatinib, and erlotinib than those in the high-risk
group, which signified that patients in the low-risk group
had better survival. Predicting the drug sensitivity enabled
avoidance of ineffective drugs, reduced blindness, and
increased treatment success. Notwithstanding the prognos-
tic signature was only a bioinformatics analysis result that
needs further confirmation.

It was undeniable that there were some shortcomings
and limitations in this study. First of all, all patient data
were obtained from TCGA database that had certain
defects, chiefly due to limited sample size, sequencing
technology, or quality control differences, which could
affect the accuracy of the data. In order not to chew over
batch correction and utilize the information of the data
effectively, we used an innovative approach to overcome
the problem of data standardization that referred to estab-
lishing 0 or 1 matrix to identify effective DEfalncRNA
pairs in EC.>* For good measure, it was worth mentioning
that we only carried out the validation of internal data and
lacked a large sample of external data for model evaluation
in the verification of the prognostic signature. We lacked
experiments to validate the underlying molecular mechan-
isms regarding the relationship of IncRNAs, ferroptosis,
and infiltration of immune cells. Last but not least, our
current study is retrospective and should be further

validated by prospective studies in multicenter clinical
trials. Therefore, more functional studies and in vitro and
in vivo experiments should be implemented subsequently
to verify the accuracy of prognostic signature for better
clinical application.

Conclusion

The prognostic signature based on ferroptosis-associated
IncRNAs has the potential to predict the survival, tumor-
infiltrating immune cells, efficacy of Immunotherapy, and
drug sensitivity of EC, which may be regarded as
a newfangled biomarker and therapeutic target in the future,
and thus has promising and significant value in achieving
clinical diagnosis and individualized treatment of patients.
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