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Abstract 

Background: The role of ferroptosis in esophageal squamous cell carcinoma (ESCC) is still unclear. 
Methods: The association of iron metabolism and ferroptosis-related genes with the prognosis, copy 
number variation (CNV), TMB, and immune cell infiltration of ESCC was explored using data from the 
GEO and TCGA database and validated by immunofluorescence in 112 ESCC patients from our center. 
The potential anti-cancer drugs and compounds from the GDSC and the Connectivity Map database 
were also screened. 
Results: A total of 117 iron metabolism and ferroptosis-related genes were identified. We found the 
expressions of PRNP, SLC3A2, SLC39A8, and SLC39A14 negatively related to the prognosis of ESCC 
patients, while ATP6V0A1 and LCN2 were opposite, which was validated in 112 ESCC samples from our 
center. And a prognostic signature was constructed based on their expressions and Cox regression 
coefficient (β). The low-score group exhibited a significantly worse OS. Besides, analysis of 179 ESCC 
samples from GSE53625 revealed that patients of poorly differentiation, more than 60 years, T4 stage, 
advanced N stage, advanced stage, and adjuvant therapy also exhibited a significantly shorter OS, based on 
which a nomogram to predict the OS was established. Moreover, the low-score group exhibited 
significantly higher CNV and TMB and more frequent mutations of TP53, MUC16, and NOTCH1. Higher 
proportion of Macrophages M2, and lower proportion of T cells follicular helper were observed in the 
low-score group. We discovered that AZD7762, Sunitinib, Cytarabine, Docetaxel, Vinblastine, and 
Elesclomol exhibited lower IC50 in the low-score group. And 20 potential compounds were identified 
from the CMap database. 
Conclusions: Six iron metabolism and ferroptosis-related genes were associated with the prognosis, 
CNV, TMB, and immune cell infiltration of ESCC. Some potential anti-cancer drugs and compounds may 
be helpful for OS. 

Key words: esophageal squamous cell carcinoma, GEO database, TCGA database, TMB, GDSC database, 
Connectivity Map database 

Introduction 
The esophagus is responsible for transporting 

food from the pharynx to the stomach. Esophageal 
cancer, often leading to stenosis, greatly affects the 
quality of patients’ life with an estimated 450,000 
deaths per year and quite low 5-year-survival-rate 

which is less than 20% worldwide [1]. It can be 
principally classified into two different histological 
subtypes: esophageal squamous cell carcinoma 
(ESCC) and esophageal adenocarcinoma (EAC), 
exhibiting distinct epidemiological features and risk 
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factors. ESCC accounts for approximately 90% of all 
esophageal cancer cases, especially in the East Asia 
and the Middle East, with tobacco smoking and 
alcohol use as risk factors. Whereas, EAC is prevalent 
in developed countries with acid or bile reflux and 
Barrett esophagus as risk factors [2]. Most ESCC 
patients were initially diagnosed at advanced stage, 
who require adjunctive therapy to prolong their 
survival. Therefore, it is an urgent to discover novel 
biomarkers to predict prognosis, radiosensitivity, and 
drug sensitivity of ESCC patients. 

As an iron-dependent form of nonapoptotic cell 
death, ferroptosis was first proposed by Dixon et al in 
2012, induced by peroxidation of phospholipids [3]. 
Many articles revealed the tumor suppression and 
immune surveillance role of ferroptosis. It has been 
demonstrated that the inhibition of SLC7A11 by p53 
resulted in the reduction of glutathione (GSH), which 
promoted the ferroptosis and tumor suppression both 
in vitro and in vivo [4-6]. Besides, Wang et al have 
reported that interferon-γ secreted by CD8+ T cells 
enhanced the sensitivity of tumor cells to ferroptosis 
through the suppression of SLC3A2 and SLC7A11 [7]. 
The ferroptosis-inducing therapies have drawn much 
attention. The combinations of ferroptosis-based 
treatment with radiotherapy, immunotherapy or 
other therapies have also been explored [6]. Lang et al 
reported that radiotherapy and immunotherapy could 
promote ferroptosis and tumor suppression through 
synergistic repression of SLC7A11 [8]. Lei et al also 
demonstrated that radiotherapy provoked ferroptosis 
in esophageal cancer with a better disease-free 
survival [9]. 

In this study, we explored the association of iron 
metabolism and ferroptosis-related genes with the 
prognosis, copy number variation (CNV), TMB, and 
immune cell infiltration of ESCC using data from the 
Gene Expression Omnibus (GEO) database and The 
Cancer Genome Atlas (TCGA) database and validated 
it in ESCC samples from our center. In addition, we 
also screened potential anti-cancer drugs and 
compounds from the Genomics of Drug Sensitivity in 
Cancer (GDSC) database and the Connectivity Map 
(CMap) database. Our results may improve the 
survival of ESCC patients with personalized 
treatment. 

Patients and Methods 

Ethics Statement 
This study was approved by the Ethics 

Committee of Zhongshan Hospital, Fudan University, 
Shanghai, China (Approval No. B2017-153). Written 
informed consent was obtained from all patients. 

Identification of iron metabolism and 
ferroptosis-related genes 

Ferroptosis-related genes (map04216) were 
identified from the KEGG PATHWAY Database 
(https://www.genome.jp/kegg/pathway.html). Iron 
metabolism-related genes were identified from 
cellular iron ion homeostasis (GO: 0006879) of the 
AmiGo2 database (http://amigo.geneontology.org/ 
amigo) and the pathway of iron uptake and transport 
(R-HSA-917937) from the Reactome Pathway 
Database (https://reactome.org/). 

Identifying differentially expressed iron 
metabolism and ferroptosis-related genes 
(DEGs) between ESCC and normal esophageal 
tissues 

The expression data of ESCC and normal 
esophageal tissues were extracted from the GSE20347, 
GSE67269, and GSE38129 datasets. To better eliminate 
the batch effect in different researches, all 120 pairs of 
samples were tested by the GPL571 chip. The DEGs 
were obtained using “limma” R package with the 
threshold of absolute log (fold change) > 1 and 
adjusted P value < 0.05. In addition, the RNA- 
Sequencing profile and clinical information of 96 
ESCC patients were collected from the TCGA 
database to investigate the relation of DEGs to the 
prognosis, TMB, immune cell infiltration, CNV, and 
drug sensitivity. 

Construction and functional analysis of iron 
metabolism and ferroptosis-related prognostic 
signature 

The relation of the expression of DEGs to the 
prognosis of ESCC patients was analyzed with 
multivariate Cox regression, based on which a 
prognostic signature was constructed. The prognostic 
score was the sum of prognostic genetic expressions 
times their Cox regression coefficient (β). Prognostic 
score = (β * expression level of PRNP) + (β * 
expression level of SLC3A2) + (β * expression level of 
SLC39A8) + (β * expression level of SLC39A14) + (β * 
expression level of ATP6V0A1) + (β * expression level 
of LCN2). The optimal cut-off value of the prognostic 
score was determined by the "survminer" R package, 
based on which the patients were divided into low- 
and high-score group [10]. The predictive power of 
the gene signature was evaluated by the time- 
dependent receptor operating characteristic (ROC) 
curves. 

The Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis 
were performed to explore the biological function 
using Broad Institute’s GSEA software 4.1 (https:// 
www.gsea-msigdb.org/gsea/index.jsp) [11]. 
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Cell culture and siRNA transfection 
Two ESCC cell lines (KYSE150 and ECA109) 

were purchased from the Chinese Academy of Science 
Cell Bank and cultured with Dulbecco's Modified 
Eagle's Medium (Hyclone, UT, USA), supplemented 
with 10% fetal bovine serum (Every Green, 
Hangzhou, China) and 100 IU/mL penicillin/ 
streptomycin (Beyotime, Shanghai, China) in a 
humidified 5% CO2 atmosphere at 37 °C. 

The expressions of the above 6 prognostic genes 
were knock-down with 2 diiferent small interfering 
RNAs (siRNAs) (RiboBio, Guangzhou, China) (Table 
S1). The siRNAs were transfected into cells with 
Lipo8000 transfect reagent (Beyotime, Shanghai, 
China) and Opti-MEM (Thermo Fisher Scientific, MA, 
USA) according to the manufacturer's protocol. 

RNA extraction and quantitative real-time 
polymerase chain reaction 

Total RNA of cultured cells was extracted using 
RNAiso Plus (Takara Biomedical Technology, 9108) 
according to the manufacturer’s protocol. cDNA 
templates were synthesized using PrimeScript™ RT 
reagent Kit with gDNA Eraser (Takara Biomedical 
Technology, RR047A). Subsequently, qRT-PCR was 
performed using TB Green® Premix Ex Taq ™ II 
(Takara Biomedical Technology, RR820A) in an 
Applied Biosystems system 7500 (Thermo Fisher 
Scientific, Waltham, MA USA) according to the 
manufacturer’s protocol. Primer sequence were listed 
in Table S1. 

Lipid peroxidation assay 
The lipid peroxidation of treated cells were 

measured as previously reported [9]. Briefly, the cells 
were stained with 10uM BODIPY 581/591 C11 dye 
(Invitrogen, D3861) before flow cytometry in an 
Accuri 6 cytometer (BD, Bioscience). 

Prognostic validation of the ferroptosis-related 
prognostic genes 

To validate the prognostic accuracy of the above 
signature, 179 ESCC samples from the GSE53625 were 
analyzed. We also built a nomogram to predict overall 
survival (OS). The predictive power of the nomogram 
was assessed by the Harrel concordance index 
(C-index) and comparing the nomogram-predicted 
and observed Kaplan-Meier estimates of survival 
probability [12]. 

We validated the prognostic role of the above 6 
genes in 112 ESCC patients from our center. Patients 
received neoadjuvant therapy were excluded. The 
relative expressions of the above 6 genes were 
measured by immunofluorescence as previously 
described. Briefly, the paraffin-embedded slides were 

dewaxed and rehydrated. After antigen retrieval, 
block of endogenous peroxidase activity and 
non-specific antigens, and incubation with primary 
antibodies: anti-PRNP (Affinity Biosciences LTD, 
DF7034), anti-SLC3A2 (Affinity Biosciences LTD, 
DF7468), anti-SLC39A14 (Affinity Biosciences LTD, 
DF14224), anti-SLC39A8 (Affinity Biosciences LTD, 
DF7743), anti-ATP6V0A1 (Abcam, ab204737), and 
anti-LCN2 (Affinity Biosciences LTD, DF6816) and 
horseradish peroxidase-conjugated secondary 
antibody, the slides were incubated with Opal 
tyramide signal amplification (TSA) Fuorochromes 
(Opal 2-Color Manual IHC Kit, G1226, Servicebio Co., 
Ltd) for 10 min at room temperature. After the second 
run, the slides were stained with DAPI. The 
fluorescence intensity was analyzed using imageJ 
software [13]. The association of their expressions and 
prognosis was evaluated by Kaplan-Meier analysis. 

Characteristics of CNV, TMB, and immune 
cell infiltration in two groups 

The “maftools” R package was used to analyze 
TMB, defined as the number of somatic mutations per 
megabase of interrogated genomic sequence [14-15]. The 
CNV was identified with the GISTIC algorithm [16]. 
The CIBERSORT method was applied to evaluate the 
relative abundance of the 22 immune cell 
subpopulations based on the transcriptome data [17]. 
Correlations of key gene expression and immune cell 
infiltration were analyzed in the TIMER database. 

Analysis of potential anti-cancer drugs and 
compounds 

The Genomics of Drug Sensitivity in Cancer 
(GDSC) database was searched to discover potential 
anti-cancer drugs, which describes the responses to 
138 anti-cancer drugs across 1000 cancer cell lines [18]. 
Besides, we screened the potential activated or 
inhibited compounds based on gene expression 
signatures in the Connectivity Map (CMap) database, 
which contains 42,080 genetic and small-molecule 
perturbations profiled from numerous human cell 
lines [19]. 

Results 
Identification of prognostic ferroptosis-related 
DEGs between ESCC and normal esophageal 
tissues 

From the KEGG PATHWAY Database, the 
AmiGo2 database, and the Reactome Pathway 
Database, a total of 117 ferroptosis-related genes were 
identified (Table S2). Among them, only 22 
ferroptosis-related DEGs which fulfilled the inclusion 
criteria (absolute log FC > 1 and adjusted P value < 
0.05) were enrolled based on the RNA-sequencing 
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profile of 120 pairs of ESCC and normal esophageal 
tissues from the GSE20347, GSE67269, and GSE38129 
datasets (Figure S1). Unfortunately, the three datasets 
did not provide survival information. Thus, we 
collected the RNA-Sequencing profile and clinical 
information of 96 ESCC patients from the TCGA 
database. 

From the TCGA database, out of the 22 
ferroptosis-related DEGs, the expressions of 6 genes 
were significantly associated with prognosis after 
multivariate Cox regression. As shown in Figure 1, the 
expressions of PRNP (p < 0.001), SLC3A2 (p = 0.005), 
SLC39A8 (p = 0.039), and SLC39A14 (p = 0.039) 
negatively related to the prognosis, while ATP6V0A1 
(p = 0.046) and LCN2 (p < 0.001) were opposite. 

Subsequently, we analyzed the effects of these 6 
genes on ferroptosis of ESCC cell lines. After 
transfection with 2 different siRNAs, ferroptosis was 
inhibited in SLC39A8, SLC39A14, ATP6V0A1, and 
LCN2 knock-down cells, which was opposite in PRNP 

and SLC3A2 knock-down cells (Figure 2, Figure S2). 

Construction and functional analysis of 
prognostic signature for ESCC patients 

A prognostic signature for ESCC patients was 
constructed based on the expressions of previous 6 
prognostic genes and their Cox regression coefficient 
(β). Prognostic score = (0.06 * expression level of 
PRNP) + (0.32 * expression level of SLC3A2) + (0.42 * 
expression level of SLC39A8) + (0.44 * expression level 
of SLC39A14) + (2.16 * expression level of ATP6V0A1) 
+ (5.22 * expression level of LCN2). Then, we used the 
“survminer” R package to calculate the optimal 
cut-off score, based on which the 96 ESCC patients 
were divided into high- and low-score group. The 
low-score group exhibited a significantly worse OS (p 
= 0.002) (Figure 3A). The area under the curve (AUC) 
in the time-dependent ROC at 1, 3 and 5 years reached 
0.735, 0.781, and 0.529 (Figure 3B). 

 

 
Figure 1. Forest map (A) and Kaplan-Meier curves of PRNP (B), SLC39A8 (C), LCN2 (D), ATP6V0A1 (E), SLC3A2 (F), and SLC39A14 (G) based on the TCGA database. 
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Figure 2. Relative mRNA expressions (A) and lipid peroxidation (B) after transfection with siRNAs in KYSE150 cells. 
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Figure 3. Kaplan-Meier curve (A) and AUC of time-dependent ROC curves (B) of ESCC patients in the low and high score group based on the TCGA database and Kaplan-Meier 
curve (C), nomogram (E) and calibration plots (D, F) of ESCC patients from the GSE53625 dataset.  

 
GSEA analysis revealed that the retromer 

complex, spindle midzone, and regulation of protein 
autophosphorylation gene sets were enriched in the 
low-score group (Figure S3A). As for the KEGG 
pathway analysis, the low-score group was associated 
with adherens junction, focal adhesion, ECM receptor 
interaction, cell cycle, DNA replication, and 
homologous recombination, which relate to cell 
proliferation and migration. Interestingly, the gene 
sets of renal cell carcinoma, colorectal cancer, prostate 
cancer, and small cell lung cancer were enriched in the 
low-score group (Figure S3B). 

Validation of the prognostic signature and 
establishment of a nomogram for overall 
survival 

To validate the accuracy of prognostic signature, 
expression data and clinical information from 179 
ESCC samples (GSE53625) were analyzed. As shown 
in Figure 3C, the low-score group had a significantly 
worse OS (p = 0.031). The 5-year overall survival was 
36.6 percent in the low-score group and 59.4 percent 
in the high-score group. Besides, patients of poorly 
differentiation, more than 60 years, T4 stage, 

advanced N stage, advanced stage, and adjuvant 
therapy also exhibited a significantly shorter OS 
(Figure S4). We established a nomogram to predict the 
OS based on these prognosis-related parameters. To 
estimate the 3-year and 5-year OS, add the points of 
each parameter together based on the points scale at 
the top and obtain the OS rates based on the total 
points scale at the bottom (Figure 3E). The bootstrap 
re-sampling calibration plot demonstrated a good 
consistency between the predicted and actual OS, 
which was also proven by the C-index (0.682, 95% CI 
= 0.629-0.734), suggesting the good predictions of the 
nomogram (Figure 3D, 3F). 

Moreover, the expressions of the 6 prognostic 
genes were also assessed by immunofluorescence in 
112 ESCC patients from our center (Table 1). 
Similarly, we observed lower expressions of 
ATP6V0A1 and LCN2 and higher expressions of 
PRNP, SLC3A2, SLC39A14, and SLC39A8 in the 
ESCC samples, compared to the normal tissues 
(Figure 4). Furthermore, the expressions of 
ATP6V0A1 (p = 0.043) and LCN2 (p = 0.025) were 
favorable for OS. On the contrary, the expressions of 
PRNP (p = 0.031), SLC3A2 (p = 0.006), and SLC39A14 
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(p = 0.047) were adverse. Notably, the expression of 
SLC39A8 (p = 0.035) was unfavorable, which was 
different from the above results and large-scale 
studied were needed to clarify its accurate prognostic 
role (Figure S5). 

Landscape of genetic variations and immune 
cell infiltration 

Totally, the low-score group exhibited 
significantly more CNV (Figure 5A). Specifically, the 
CNV of chromosome 7, 19, 21, and the X were 
significantly more frequent in the low-score group, 
which were converse for chromosome 1, 5, 6, 13, and 
20 (Figure 5B). Furthermore, we observed that the 

low-score group had greatly higher TMB (Figure 5C). 
Notably, there were more frequent mutations of TP53, 
MUC16, and NOTCH1 in the low-score group (Figure 
5D). Correspondingly, the dysfunction of RTK-RAS, 
NOTCH, and TP53 pathway were more common in 
the low-score group (Figure 5E). Moreover, MUC17 
was significantly likely to co-mutated with DNAH5, 
KMT2D, and KMT2A. Interestingly, TP53 was 
significantly mutually exclusive with KMT2D in the 
low score group. However, MUC17 was significantly 
likely to co-mutated with BRD4 and CACNA1C in the 
high score group (Figure S6). 

 

 
Figure 4. Immunofluorescence of PRNP (green), SLC39A8 (red), LCN2 (red), ATP6V0A1 (green), SLC3A2 (red), and SLC39A14 (green) in ESCC samples and normal tissues. 
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Figure 5. Total CNV (A), distribution of CNVs in each chromosome (B), TMB (C), and most common mutations of genes (D) and pathways (E) in the low and high score group 
based on the TCGA database. 

 

Table 1. Characteristics of 112 ESCC patients from Zhongshan 
Hospital, Fudan University 

 Number Percent (%) 
Age (years)   
<55 27 24.1 
55-65 51 45.5 
>65 34 30.4 
Sex   
Male 86 76.8 
Female 26 23.2 
Smoke   
Yes 64 57.1 
No 48 42.9 
Stage   
0 2 1.8 
I 38 33.9 
II 30 26.8 
III 39 34.8 
IV 3 2.7 
Fluorescence intensity (Mean)   
PRNP 55.5  
SLC3A2 52.9  
SLC39A8 48.4  
LC39A14 47.6  
ATP6V0A4 34.5  
LCN2 39.9  

 
 
Through CIBERSORT algorithm, we assessed the 

relative abundance of the 22 immune cell 
subpopulations. We found that the low-score group 
contained significantly higher proportion of 
Macrophages M2, and lower proportion of T cells 
follicular helper (Tfh cells) (Figure 6). Additionally, 
the expression of ATP6V0A1 positively related to the 
infiltration of B cells. The expression of SLC39A14 
related to the infiltration of B cells positively and 
Dendritic cells negatively. The expression of SLC39A8 

positively related to the infiltration of B cells, CD8+ T 
cells and Macrophages. The expression of SLC3A2 
related to the infiltration of B cells, CD8+ T cells, and 
Neutrophils negatively. The expression of LCN2 
related to the infiltration of B cells positively and 
Macrophages and Dendritic cells negatively. And the 
expression of PRNP related to the infiltration of B cells 
and CD4+ T cells negatively and Dendritic cells 
positively (Figure S7). 

Screening of potential anti-cancer drugs and 
compounds 

From the GDSC database, some anti-cancer 
drugs showed different IC50 between two groups 
(Figure S8). Of note, AZD7762, Sunitinib, Cytarabine, 
Docetaxel, Vinblastine, and Elesclomol exhibited 
lower IC50 in the low-score group, which implied 
their potential improvement of clinical outcome 
(Figure 7A). 

Three hundred top different expressed genes 
(150 up-regulated and 150 down-regulated genes) 
between low- and high-score group were queried in 
the CMap database to analyze their mechanism of 
action (MoA) and drug targets. Eventually, 20 
potential compounds were identified. In the CMap 
mode, 24 MoAs were associated with the above 
compounds. Among them, 3 compounds (cephaeline, 
mercaptopurine, and puromycin) shared the MoA of 
protein synthesis inhibitor, 2 compounds 
(calmidazolium, and W-13) shared the MoA of 
calmodulin antagonist, and 2 compounds (econazole, 
and pivmecillinam) shared the MoA of bacterial cell 
wall synthesis inhibitor. Besides, the antioxidant, 
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DNA synthesis inhibitor, PARP inhibitor, and 
immunosuppressant were also identified (Figure 7B). 

Discussion 
In this study, we identified 6 prognostic 

ferroptosis-related genes, based on which a 
prognostic signature was established. The low-score 
group exhibited a worse OS, which was associated 
with cancer cell proliferation and migration. Besides, 
the low-score group had higher CNV and TMB. The 
P53, MUC16, and NOTCH1 showed high mutated 

rates in the low-score group. CIBERSORT algorithm 
reveal that the low-score group contained 
significantly higher proportion of Macrophages M2, 
and lower proportion of T cells follicular helper. In 
drug analysis, AZD7762, Sunitinib, Cytarabine, 
Docetaxel, Vinblastine, and Elesclomol exhibited 
lower IC50 in the low-score group. And a nomogram 
included the prognostic signature was constructed 
and validated. 

 

 
Figure 6. The abundance of 22 immune cell subpopulations in the low and high score group based on the TCGA database. 

 
Figure 7. Anti-cancer drugs with higher sensitivity in the low score group based on the GDSC database (A) and potential inhibitors targeting the ESCC prognostic signature 
based on the CMap database (B). 
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Since first introduced in 2012, more and more 
researches on ferroptosis have been published, even 
in plants, protozoa and fungi [20-22]. As a new 
iron-dependent form of regulated cell death, 
ferroptosis was morphologically characterized by 
shrunken mitochondria, increased mitochondrial 
membrane density, and diminished mitochondrial 
cristae, which cannot be blocked by inhibitors for 
other regulated cell death, such as apoptosis, 
autophagy and necroptosis [3]. Its potential roles in 
tumorigenesis, tumor development, and cancer 
therapy have been widely investigated. 

The somatic mutations in the PRNP gene may 
lead to human prion diseases with fatal and 
irreversible spongiform generation and astrocytosis in 
brain lesions [23]. Rachidi et al reported a lower lipid 
peroxidation in in PRNP-transfected neuroblastoma 
and epithelial cells [24], which was consistent with 
our findings. The prion protein encoded by the PRNP 
gene was reported to promote the cancer proliferation 
of gastric cancer, pancreatic ductal adenocarcinoma, 
colorectal cancer, glioblastoma, and schwannanoma 
[25-32]. Le Corre et al found that elevated expression 
of PRNP was associated with a worse OS and 
relapse-free survival [33]. Similar to their results, we 
also noticed that PRNP was up-regulated in ESCC 
with a worse OS. System xc- is composed of a 
light-chain subunit (xCT, also known as SLC7A11) 
and a heavy-chain subunit (CD98hc, also known as 
SLC3A2), which is responsible for cystine/glutamate 
exchange and play a vital role in ferroptosis. 
Digomann et al demonstrated that SLC3A2 knock-out 
led to reduced GSH level and induction of oxidative 
stress in HNSCC cells [34]. Moreover, several 
researches reported that SLC3A2 was highly 
expressed in gastric cancer, osteosarcoma, renal cell 
carcinoma, and biliary tract cancer [35-38]. It has been 
revealed that high SLC3A2 protein expression meant 
poor breast cancer-specific survival and distant 
metastasis-free survival [39]. SLC39A8 and SLC39A14 
belongs to the ZIP family, which plays an important 
role in zinc transport and metal-ion import [40-42]. 
Ding et al reported a worse OS in gastric cancer 
patients with high SLC39A8 expression [43]. 
SLC39A14 was also reported to be up-regulated, 
which implied a better OS in gastric cancer patients 
[43]. However, in our study, the high expression of 
SLC39A14 in ESCC meant a worse OS. As we know, 
up-regulated genes in malignancies were more likely 
to be oncogenic and unfavorable for survival. The role 
of SLC39A14 in ESCC needs to be further investigated 
in large-scale researches. ATP6V0A1 is a member of 
the vacuolar H+-ATPases, which were multimeric 
proton pumps and involved in acidify various 
intra-cellular organelles. Gleize et al reported that 

ATP6V0A1 was highly expression in grade III 
oligodendrogliomas and oligoastrocytomas with a 
shorter OS [44]. In the contrary, we found that 
ATP6V0A1 was down-regulated in ESCC with a 
worse OS. LCN2 is a secreted glycoprotein of the 
adipokine superfamily, which maintains the iron 
homeostasis [45]. Xiao et al revealed the facilitation of 
LCN2 in tumor iron-uptake [46]. We also observed the 
facilitation of LCN2 in ferroptosis. Maier et al 
revealed that LCN2 was overexpressed in the 
colorectal carcinoma with a poor OS. Its high 
expression in high-grade endometrial cancer was also 
reported, which related to the shorter OS and 
disease-free survival. However, Monisha et al 
exhibited that LCN2 was down-regulated in oral 
cancer. Furthermore, knock-down of LCN2 led to 
increased viability of oral cancer cells [47]. Similarly, 
we also observed the lower expression of LCN2 in 
ESCC with a worse OS. 

Somatic mutations may generate tumor-specific 
neoantigens which play a critical role in the response 
to immune checkpoint inhibitors (ICIs). The great 
response of non-small cell lung cancer and melanoma 
with high TMB to ICIs was observed with improved 
survival [48]. Galsky et al reported that TMB 
combined with PD-L1 better predicted objective 
response rate (ORR), progression-free survival (PFS), 
and OS than PD-L1 alone [49]. Hanna et al also 
demonstrated that higher TMB among virus-negative 
squamous cell carcinoma of the head and neck tumors 
predicted anti-PD-1/L1 response [50]. It has been 
reported that tumor-associated macrophages M2 
secreted several immunosuppressive molecules to 
attenuate the responses of T cells to the tumor 
antigens [51]. Sugimura et al exhibited that high 
infiltration of macrophages M2 was associated with a 
poor response to chemotherapy and poor prognosis in 
ESCC patients after surgery, which was consistent 
with our results [52]. A few researches revealed that 
Tfh cells help the development of ectopic lymphoid 
structures, which were involved in the antitumor 
immunity [53, 54]. The specific role of Tfh cells in 
malignancies is still unclear and further investigation 
is necessary. 

The GDSC database characterized 1000 human 
cancer cell lines and screened them with more than 
100 anti-cancer drugs. It systematically integrated 
large-scale genomic alterations and drug sensitivity 
datasets in cancer [18]. As we know, the development 
of new drugs for specific malignancies was lengthy 
and tortuous and thousands of failures were 
inevitable. The existing drugs have passed safety 
assessment, which means the investigation of their 
uses for other cancers can be time-saving and 
economical. We identified some anti-cancer drugs 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

1621 

with lower IC50 in the low-score group based on the 
GDSC database, which may be helpful for the 
discovery of drugs for ESCC. 

It should be noted that there are several 
imitations of our study. First, limited number of ESCC 
samples provided clinical outcome. Large-scale 
researches across multiple areas are needed to explore 
the detailed association of ferroptosis with the 
prognosis of ESCC. Second, links between the 
prognostic score and immune infiltration and the 
compounds were not experimentally validated. 

Conclusion 
We identified 6 ferroptosis- and iron 

metabolism-related prognostic genes in ESCC, based 
on which a prognostic signature was constructed and 
validated. A nomogram including age, grade, T stage, 
N stage, TNM stage, adjuvant therapy, and prognostic 
signature was also established and validated to 
accurately predict the OS of ESCC patients. The 
potential mechanisms between ferroptosis-related 
genes and tumor immunity and drug sensitivity still 
warrant further studies. 

Abbreviations 
ESCC: esophageal squamous cell carcinoma; 

EAC: esophageal adenocarcinoma; GSH: glutathione; 
CNV: copy number variation; GEO database: Gene 
Expression Omnibus database; TCGA database: The 
Cancer Genome Atlas database; GDSC database: 
Genomics of Drug Sensitivity in Cancer database; 
CMap database: Connectivity Map database; DEGs: 
differentially expressed genes; ROC curve: time- 
dependent receptor operating characteristic curves; 
GO/KEGG analysis: Gene Ontology and Kyoto 
Encyclopedia of Genes and Genomes analysis; OS: 
overall survival; C-index: Harrel concordance index; 
AUC: area under the curve; Tfh cells: T cells follicular 
helper; MoA: mechanism of action; ICIs: immune 
checkpoint inhibitors; ORR: objective response rate; 
PFS: progression-free survival. 

Supplementary Material  
Supplementary figures and table 1.  
https://www.jcancer.org/v13p1611s1.pdf  
Supplementary table 2.  
https://www.jcancer.org/v13p1611s2.xlsx  

Acknowledgements 
We would like to thank International Science 

Editing Co. for the language editing service. 

Funding 
This work was sponsored by Shanghai Pujiang 

Program (Grant No: 2020PJD009). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Smyth EC, Lagergren J, Fitzgerald RC, Lordick F, Shah MA, Lagergren P, et al. 

Oesophageal cancer. NAT REV DIS PRIMERS. 2017;3:17048. 
2. Friedmann AJ, Krysko DV, Conrad M. Ferroptosis at the crossroads of 

cancer-acquired drug resistance and immune evasion. NAT REV CANCER. 
2019;19:405-414. 

3. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et 
al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. CELL. 
2012;149:1060-1072. 

4. Jiang L, Kon N, Li T, Wang S, Su T, Hibshoosh H, et al. Ferroptosis as a 
p53-mediated activity during tumour suppression. NATURE. 2015;520:57-62. 

5. Wang SJ, Li D, Ou Y, Jiang L, Chen Y, Zhao Y, et al. Acetylation Is Crucial for 
p53-Mediated Ferroptosis and Tumor Suppression. CELL REP. 
2016;17:366-373. 

6. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role 
in disease. Nat Rev Mol Cell Biol. 2021;22:266-282. 

7. Wang W, Green M, Choi JE, Gijón M, Kennedy PD, Johnson JK, et al. CD8(+) T 
cells regulate tumour ferroptosis during cancer immunotherapy. NATURE. 
2019;569:270-274. 

8. Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L, et al. Radiotherapy and 
Immunotherapy Promote Tumoral Lipid Oxidation and Ferroptosis via 
Synergistic Repression of SLC7A11. CANCER DISCOV. 2019;9:1673-1685. 

9. Lei G, Zhang Y, Koppula P, Liu X, Zhang J, Lin SH, et al. The role of ferroptosis 
in ionizing radiation-induced cell death and tumor suppression. CELL RES. 
2020;30:146-162. 

10. Liang JY, Wang DS, Lin HC, Chen XX, Yang H, Zheng Y, et al. A Novel 
Ferroptosis-related Gene Signature for Overall Survival Prediction in Patients 
with Hepatocellular Carcinoma. INT J BIOL SCI. 2020;16:2430-2441. 

11. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
et al. Gene set enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. 
2005;102:15545-15550. 

12. Zhao M, Yin J, Yang X, Jiang T, Lu T, Huang Y, et al. Nomogram to predict 
thymoma prognosis: A population-based study of 1312 cases. THORAC 
CANCER. 2019;10:1167-1175. 

13. Jensen EC. Quantitative analysis of histological staining and fluorescence 
using ImageJ. Anat Rec (Hoboken). 2013;296:378-381. 

14. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient 
and comprehensive analysis of somatic variants in cancer. GENOME RES. 
2018;28:1747-1756. 

15. Sha D, Jin Z, Budczies J, Kluck K, Stenzinger A, Sinicrope FA. Tumor 
Mutational Burden as a Predictive Biomarker in Solid Tumors. CANCER 
DISCOV. 2020;10:1808-1825. 

16. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G. 
GISTIC2.0 facilitates sensitive and confident localization of the targets of focal 
somatic copy-number alteration in human cancers. GENOME BIOL. 
2011;12:R41. 

17. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust 
enumeration of cell subsets from tissue expression profiles. NAT METHODS. 
2015;12:453-457. 

18. Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al. 
Genomics of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic 
biomarker discovery in cancer cells. NUCLEIC ACIDS RES. 
2013;41:D955-D961. 

19. Subramanian A, Narayan R, Corsello SM, Peck DD, Natoli TE, Lu X, et al. A 
Next Generation Connectivity Map: L1000 Platform and the First 1,000,000 
Profiles. CELL. 2017;171:1437-1452. 

20. Distéfano AM, Martin MV, Córdoba JP, Bellido AM, D'Ippólito S, Colman SL, 
et al. Heat stress induces ferroptosis-like cell death in plants. J CELL BIOL. 
2017;216:463-476. 

21. Bogacz M, Krauth-Siegel RL. Tryparedoxin peroxidase-deficiency commits 
trypanosomes to ferroptosis-type cell death. ELIFE. 2018;7:e37503. 

22. Shen Q, Liang M, Yang F, Deng YZ, Naqvi NI. Ferroptosis contributes to 
developmental cell death in rice blast. NEW PHYTOL. 2020;227:1831-1846. 

23. Go G, Lee SH. The Cellular Prion Protein: A Promising Therapeutic Target for 
Cancer. INT J MOL SCI. 2020;21:9208. 

24. Rachidi W, Vilette D, Guiraud P, Arlotto M, Riondel J, Laude H, et al. 
Expression of prion protein increases cellular copper binding and antioxidant 
enzyme activities but not copper delivery. J BIOL CHEM. 2003;278:9064-9072. 

25. Liang J, Luo G, Ning X, Shi Y, Zhai H, Sun S, et al. Differential expression of 
calcium-related genes in gastric cancer cells transfected with cellular prion 
protein. BIOCHEM CELL BIOL. 2007;85:375-383. 

26. Li QQ, Cao XX, Xu JD, Chen Q, Wang WJ, Tang F, et al. The role of 
P-glycoprotein/cellular prion protein interaction in multidrug-resistant breast 
cancer cells treated with paclitaxel. CELL MOL LIFE SCI. 2009;66:504-515. 

27. Le Corre D, Ghazi A, Balogoun R, Pilati C, Aparicio T, Martin-Lannerée S, et 
al. The cellular prion protein controls the mesenchymal-like molecular 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

1622 

subtype and predicts disease outcome in colorectal cancer. EBIOMEDICINE. 
2019;46:94-104. 

28. Li QQ, Sun YP, Ruan CP, Xu XY, Ge JH, He J, et al. Cellular prion protein 
promotes glucose uptake through the Fyn-HIF-2α-Glut1 pathway to support 
colorectal cancer cell survival. CANCER SCI. 2011;102:400-406. 

29. Chieng CK, Say YH. Cellular prion protein contributes to LS 174T colon cancer 
cell carcinogenesis by increasing invasiveness and resistance against 
doxorubicin-induced apoptosis. Tumour Biol. 2015;36:8107-8120. 

30. Lopes MH, Santos TG, Rodrigues BR, Queiroz-Hazarbassanov N, Cunha IW, 
Wasilewska-Sampaio AP, et al. Disruption of prion protein-HOP engagement 
impairs glioblastoma growth and cognitive decline and improves overall 
survival. ONCOGENE. 2015;34:3305-3314. 

31. Corsaro A, Bajetto A, Thellung S, Begani G, Villa V, Nizzari M, et al. Cellular 
prion protein controls stem cell-like properties of human glioblastoma 
tumor-initiating cells. Oncotarget. 2016;7:38638-38657. 

32. Provenzano L, Ryan Y, Hilton DA, Lyons-Rimmer J, Dave F, Maze EA, et al. 
Cellular prion protein (PrP(C)) in the development of Merlin-deficient 
tumours. ONCOGENE. 2017;36:6132-6142. 

33. Le Corre D, Ghazi A, Balogoun R, Pilati C, Aparicio T, Martin-Lannerée S, et 
al. The cellular prion protein controls the mesenchymal-like molecular 
subtype and predicts disease outcome in colorectal cancer. EBIOMEDICINE. 
2019;46:94-104. 

34. Digomann D, Linge A, Dubrovska A. SLC3A2/CD98hc, autophagy and tumor 
radioresistance: a link confirmed. AUTOPHAGY. 2019;15:1850-1851. 

35. Yang Y, Toy W, Choong LY, Hou P, Ashktorab H, Smoot DT, et al. Discovery 
of SLC3A2 cell membrane protein as a potential gastric cancer biomarker: 
implications in molecular imaging. J PROTEOME RES. 2012;11:5736-5747. 

36. Zhu B, Cheng D, Hou L, Zhou S, Ying T, Yang Q. SLC3A2 is upregulated in 
human osteosarcoma and promotes tumor growth through the PI3K/Akt 
signaling pathway. ONCOL REP. 2017;37:2575-2582. 

37. Prager GW, Poettler M, Schmidinger M, Mazal PR, Susani M, Zielinski CC, et 
al. CD98hc (SLC3A2), a novel marker in renal cell cancer. EUR J CLIN 
INVEST. 2009;39:304-310. 

38. Kaira K, Sunose Y, Oriuchi N, Kanai Y, Takeyoshi I. CD98 is a promising 
prognostic biomarker in biliary tract cancer. Hepatobiliary Pancreat Dis Int. 
2014;13:654-657. 

39. El AR, Craze ML, Diez-Rodriguez M, Nolan CC, Ellis IO, Rakha EA, et al. The 
multifunctional solute carrier 3A2 (SLC3A2) confers a poor prognosis in the 
highly proliferative breast cancer subtypes. Br J Cancer. 2018;118:1115-1122. 

40. Eide D, Broderius M, Fett J, Guerinot ML. A novel iron-regulated metal 
transporter from plants identified by functional expression in yeast. Proc Natl 
Acad Sci U S A. 1996;93:5624-5628. 

41. Vert G, Briat JF, Curie C. Arabidopsis IRT2 gene encodes a root-periphery iron 
transporter. PLANT J. 2001;26:181-189. 

42. Grass G, Franke S, Taudte N, Nies DH, Kucharski LM, Maguire ME, et al. The 
metal permease ZupT from Escherichia coli is a transporter with a broad 
substrate spectrum. J BACTERIOL. 2005;187:1604-1611. 

43. Ding B, Lou W, Xu L, Li R, Fan W. Analysis the prognostic values of solute 
carrier (SLC) family 39 genes in gastric cancer. AM J TRANSL RES. 
2019;11:486-498. 

44. Gleize V, Boisselier B, Marie Y, Poëa-Guyon S, Sanson M, Morel N. The renal 
v-ATPase a4 subunit is expressed in specific subtypes of human gliomas. 
GLIA. 2012;60:1004-1012. 

45. Santiago-Sánchez GS, Pita-Grisanti V, Quiñones-Díaz B, Gumpper K, 
Cruz-Monserrate Z, Vivas-Mejía PE. Biological Functions and Therapeutic 
Potential of Lipocalin 2 in Cancer. INT J MOL SCI. 2020;21:4365. 

46. Xiao X, Yeoh BS, Vijay-Kumar M. Lipocalin 2: An Emerging Player in Iron 
Homeostasis and Inflammation. ANNU REV NUTR. 2017;37:103-130. 

47. Monisha J, Roy NK, Padmavathi G, Banik K, Bordoloi D, Khwairakpam AD, et 
al. NGAL is Downregulated in Oral Squamous Cell Carcinoma and Leads to 
Increased Survival, Proliferation, Migration and Chemoresistance. Cancers 
(Basel). 2018;10:228. 

48. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, 
et al. Signatures of mutational processes in human cancer. NATURE. 
2013;500:415-421. 

49. Galsky MD, Saci A, Szabo PM, Han GC, Grossfeld G, Collette S, et al. 
Nivolumab in Patients with Advanced Platinum-resistant Urothelial 
Carcinoma: Efficacy, Safety, and Biomarker Analyses with Extended 
Follow-up from CheckMate 275. CLIN CANCER RES. 2020;26:5120-5128. 

50. Hanna GJ, Lizotte P, Cavanaugh M, Kuo FC, Shivdasani P, Frieden A, et al. 
Frameshift events predict anti-PD-1/L1 response in head and neck cancer. JCI 
Insight. 2018;3:e98811. 

51. Sica A, Bronte V. Altered macrophage differentiation and immune 
dysfunction in tumor development. J CLIN INVEST. 2007;117:1155-1166. 

52. Sugimura K, Miyata H, Tanaka K, Takahashi T, Kurokawa Y, Yamasaki M, et 
al. High infiltration of tumor-associated macrophages is associated with a 
poor response to chemotherapy and poor prognosis of patients undergoing 
neoadjuvant chemotherapy for esophageal cancer. J SURG ONCOL. 
2015;111:752-759. 

53. Gu-Trantien C, Migliori E, Buisseret L, de Wind A, Brohée S, Garaud S, et al. 
CXCL13-producing TFH cells link immune suppression and adaptive memory 
in human breast cancer. JCI Insight. 2017;2:e91487. 

54. Becht E, de Reyniès A, Giraldo NA, Pilati C, Buttard B, Lacroix L, et al. 
Immune and Stromal Classification of Colorectal Cancer Is Associated with 

Molecular Subtypes and Relevant for Precision Immunotherapy. CLIN 
CANCER RES. 2016;22:4057-4066. 


