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Background: Solute carrier family 31 (copper transporter), member 1 (SLC31A41) is a key factor in
maintaining intracellular copper concentration and an important factor affecting cancer energy metabolism.
Therefore, exploring the potential biological function and value of SLC31A41 could provide a new direction
for the targeted therapy of tumors.

Methods: This study assessed gene expression levels, survival, clinicopathology, gene mutations,
methylation levels, the tumor mutational burden (TMB), microsatellite instability (MSI), and the immune
cell infiltration of SLC31A41 in pan-cancer using the Tumor Immune Estimation Resource 2.0 (TIMER?2.0),
Gene Expression Profiling Interactive Analysis (GEPIA), University of Alabama at Birmingham CANcer
(UALCAN) data analysis portal, and cBioPortal databases. To further understand the potential biological
mechanisms of SLC31A41 in different cancers, single-cell level sequencing and a Gene Ontology/Kyoto
Encyclopedia of Genes and Genomes (GO/KEGG) enrichment analysis of SLC3141 were also performed.
Finally, real-time quantitative polymerase chain reaction (RT-gPCR) and western blotting (WB) were used
to validate the expression of SLC31A1 in cancers, such as gastric cancer.

Results: SLC31A41 was expressed in most cancer tissues. In kidney renal clear cell carcinoma (KIRC),
the high expression of SLC31A41 was associated with good overall survival (OS), while in adrenocortical
carcinoma (ACC), breast invasive carcinoma (BRCA), lower grade glioma (LGG), mesothelioma (MESO),
and skin cutaneous melanoma (SKCM), the low expression of SLC31A41 was associated with good OS.
The highest frequency of SLC31A41 amplification was observed in ACC. In addition, missense mutations
accounted for a major portion of the mutation types. The truncation mutation S105Y may be a putative
cancer driver. SLC31A41 affected methylation levels in cancer and was associated with the TMB, MSI, and
the level of infiltration of various immune cells. Additionally, the single-cell sequencing results showed that
SLC31A1 was associated with multiple biological functions in cancer. Finally, the SLC31A41 enrichment
analysis revealed that the SLC31A41-related genes were mainly enriched in the mitochondrial matrix and
envelope vesicles. The RT-qPCR and WB results were consistent with the predicted results.

Conclusions: SLC3141 may be a potential target related to cancer energy metabolism and may have

prognostic value.

© Translational Cancer Research. All rights reserved. Transl Cancer Res 2024;13(2):714-737 | https://dx.doi.org/10.21037/tcr-23-1308


https://crossmark.crossref.org/dialog/?doi=10.21037/tcr-23-1308

Translational Cancer Research, Vol 13, No 2 February 2024

715

Keywords: Cuprotosis; solute carrier family 31 (copper transporter), member 1 (SLC31A1); human cancer;

prognosis; tumor microenvironment (TME)

Submitted Jul 25, 2023. Accepted for publication Nov 21, 2023. Published online Feb 28, 2024.

doi: 10.21037/ter-23-1308

View this article at: https://dx.doi.org/10.21037/tcr-23-1308

Introduction

Cancer is the leading cause of death worldwide and is a
major public health issue (1,2). The incidence of cancer
and cancer-related mortality rates are increasing rapidly
worldwide due to aging and growing populations (3).
Cancer is described by the histopathological, genomic, and
transcriptomic heterogeneity of the tumor, and its tissue
microenvironment. Cancer heterogeneity results in changes
in patient outcomes (4). Histopathology biomarkers can
be used to diagnose cancer; however, most histopathology
biomarkers are based solely on the morphology and location
of tumor cells, and a fine-grained understanding of how the
spatial organization of stromal, tumor, and immune cells in
the tumor microenvironment (TME) contributes to patient
risk is lacking (5-7).

In studying the process of cell death carrying copper ions,
Golub’s team identified a new mode of cell death involving
copper ions in cells that depends on and is regulated by
copper ions, called cuprotosis (8). The mechanism of
copper death involves copper ions binding directly to the
lipid acylated components of the tricarboxylic acid cycle,
which leads to the abnormal aggregation of fatty acylated
proteins and the loss of iron-sulfur cluster proteins, which
in turn leads to cell death mediated by a proteotoxic stress
response (9).

Highlight box

Key findings

* Cuprotosis-associated gene solute carrier family 31 (copper
transporter), member 1 (SLC31AI) affects patient prognosis and
the immune microenvironment in human cancer.

What is known, and what is new?

® SLC31A1 is responsible for copper ion transport in cuprotosis and
is a key molecule in the development of cuprotosis.

® SLC31A1 is involved in regulating the prognosis of human cancer
and is associated with tumor immunity.

What is the implication, and what should change now?
e SLC31A1 may be a potential tumor-associated biomarker.
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Interestingly, solute carrier family 31 (copper
transporter), member 1 (SLC31A1I) is also a cuprotosis-
associated gene. The human body contains the following
two copper transporter (CTR) family proteins: SLC31A1
(CTR1) and SLC31A2 (CTR2) (10). SLC31A1 is a key
residue in the highly conserved C-terminal HCH190 triplet
for cell membrane cystine 189 (Cys189) and copper uptake,
as in Methionine 154 (Met-154) (11-13). The main role of
SLC31A1 is to transport cytosolic copper (14). SLC31A1
is engaged in the cuprum (Cu) access-dependent activation
of mitogen-activated protein kinase signaling (15), which
is induced by growth factors, such as the fibroblast growth
factor and insulin, and the activation of Cu enzymes,
including lysine oxidase (16-18). SLC31A2 is predominantly
located intracellularly (19) and unlike SLC31A41, the
expression level of human SLC31A1 does not result in any
significant changes in cellular copper metabolism (20).
SLC31AI1PI has been identified as a processing gene highly
homologous to SLC31A41 (21).

In this study, we investigated the regulatory function
of SLC31AI in various cancers through a series of
bioinformatics online databases. We also compared the
differential expression of SLC31A1 in tumor tissues
and their paracancerous tissues. In addition, patient
survival and methylation levels, and their role in immune
regulation were also evaluated in this study. The
results suggest that SLC31A1 is closely related to tumor
pathogenesis and the immune response. Finally, the results
were further validated by real-time quantitative polymerase
chain reaction (RT-qPCR) and western blotting (WB).
The objective of this study was to identify potential targets
for cancer therapy by analyzing the expression prognosis
and immunity of SLC31A41 in pan-cancer, building upon
previous research. The findings may provide novel insights
into the molecular mechanisms of cancer and facilitate
personalized treatments for pan-cancer patients. The entire
study flow is shown in Figure 1. We present this article in
accordance with the MDAR reporting checklist (available
at https://tcr.amegroups.com/article/view/10.21037/tcr-
23-1308/rc).
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Cuprotosis-associated
gene SLC31A1 ‘

Pan-cancer analysis

Figure 1 Overview of the experiments. SLC31A41, solute carrier family 31 (copper transporter), member 1; RT-qPCR, real-time quantitative

polymerase chain reaction; WB, western blotting.

Methods
Cell culture

Cells for experiments were obtained from the Cell Resource
Center of the Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in Roswell Park Memorial
Institute-1640 (RPMI-1640), containing 10% fetal bovine
serum, 100 units/mL of penicillin, and 100 pg/mL of
streptomycin, and placed in a 37 °C, 5% carbon dioxide
incubator.
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RT-qPCR

Total RNA was extracted separately from the cells using the
"Trizol method, and the purified RNA was reverse-transcribed
into a complementary DNA template using a reverse
transcription kit, after which RT-qPCR was performed on
the target genes using PCR optics, and finally the relative
expression of SLC31A41 was analyzed using the 27
method and normalized with reference to glyceraldehyde-

3-phosphate dehydrogenase (GAPDH). The SLC31A41
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Table 1 Full names and abbreviations of the 33 cancers in the

TCGA database

Abbreviations  Full names

ACC Adrenocortical carcinoma

BLCA Bladder urothelial carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and
endocervical adenocarcinoma

CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid neoplasm diffuse large B-cell
lymphoma

ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and neck squamous cell carcinoma

KICH Kidney chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma

LAML Acute myeloid leukemia

LGG Lower grade glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

ov Ovarian serous cystadenocarcinoma

PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and paraganglioma

PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin cutaneous melanoma

STAD Stomach adenocarcinoma

TGCT Testicular germ cell tumor

THCA Thyroid carcinoma

THYM Thymoma

UCEC Uterine corpus endometrial carcinoma

ucCs Uterine carcinosarcoma

UVM Uveal melanoma

TCGA, The Cancer Genome Atlas.
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primers were designed and synthesized by Bioengineering
(Shanghai, China). The forward primer for SLC31A41 was:
5'-GTAAGTCACAAGTCAGCATTCG-3"; the reverse
primer was: 5'-CAACAGTTTTGTGTGTCTCCAT-3";
and the GAPDH forward primer was: 5'-GGAAGCTTG
TCATCAATGGAAATC-3', reverse primer 5'-TGAT
GACCCTTGGCTCCC-3'.

WB

The liver cancer cells, other cancer cells, and normal cells
underwent protein extraction. The separation process
involved the use of reduced sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, followed by the transfer
of the separated components onto polyvinylidene fluoride
membranes. Subsequently, the immunoblot technique was
employed for the analysis. To detect the target proteins,
rabbit-horseradish peroxidase (HRP) and mouse-HRP
were employed as secondary antibodies. The gray values
of the protein bands were quantitatively assessed using
Image J software (*, P<0.05; **, P<0.01; ***, P<0.001; ****,
P<0.0001).

Differential expression analysis

The Tumor Immune Estimation Resource 2.0 (TIMER2.0)
(http://timer.cistrome.org/) database was used to analyze
the differential expression of SLC31A41 in different
cancer tissues and normal tissues. Additionally, the Gene
Expression Profiling Interactive Analysis (GEPIA) (http://
gepia.cancer-pku.cn) and GEPIA2.0 (http://gepia2.
cancer-pku.cn/#index) databases were used to assess
the differential expression of SLC31A1 in 33 cancers
with corresponding pan-cancer tissues, and pan-cancer
correlation with SLC31A41. The University of Alabama
at Birmingham CANcer (UALCAN) (http://ualcan.
path.uab.edu/index.html) database was used to assess
the methylation levels and protein expression levels of
SLC31A1 in pan-cancer based on The Cancer Genome
Atlas (TCGA) database samples. The Human Protein
Atlas (HPA) (https://www.proteinatlas.org) database was
used to present staining visualization to reflect the protein
levels of SLC31A1 in normal tissues and corresponding
cancer tissues (the screening criteria were moderate or
high staining intensity, and a cell count >25-75%). The
full names and abbreviations of the pan-cancers are shown

in Table 1.
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Clinicopathological correlation analysis

The R packages “limma” and “Nagpur” were used for
the clinicopathological related studies. TCGA and the
genotype-tissue expression (GTEx) RNA-sequencing
data were analyzed and visualized using the R packages
“pROC” and “ggplot2”. Xiantao Academic (https://www.
xiantao.love/) was used to obtain the area under the receiver
operating characteristic (ROC) curve (AUC) to determine
diagnosis and prognosis.

Genetic alterations and prognostic analysis

We assessed the genetic alterations of the SLC31A1 gene,
including missense mutations, deletions, and splicing,
in different cancers using the cBioPortal (https://www.
cbioportal.org/) database. Survival information data for each
sample were retrieved and downloaded from the TCGA
database. The OS, disease-specific survival (DSS), disease-
free survival (DFS), and progression-free survival (PFS) of
the cancer patients were analyzed using a Cox regression
analysis. In addition, the GEPIA2.0 database was used
to analyze the prognosis of SLC31A41 gene expression in
different cancers, including OS and recurrence-free survival

(RFS).

TME, tumor mutational burden (TMB), microsatellite
instability (MSI), and drug sensitivity

The R packages “ggplot2”, “ggpubr”, and “ggExtra”
were used to analyze the correlation between SLC31Al
expression and the TME (P<0.001 was set as the cut-
off value). Correlations between the TMB and MSI and
SLC31ALl expression were calculated using the Spearman
method. The R package “fmsb” was used for image
visualization. NCI-60 compound activity data and RNA-
sequencing expression profiles were downloaded from
CellMiner™ to analyze the drug sensitivity of SLC31A1
in pan-cancer (https://ngdc.cncb.ac.cn/databasecommons/
database/id/5025). Food and drug administration (FDA)-
approved drugs or drugs in clinical trials were selected for
the analysis. The visualization was performed using the R
packages “impute”, “limma”, “ggplot2”, and “ggpubr” (¥,
P<0.05; **, P<0.01; ***, P<0.001).

Immune infiltration analysis
We used the TIMER?2.0 database to explore the relationship

between SLC31A1 gene expression and the immune
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infiltrating cells.

Single-cell sequencing data analysis

The different biological functions of cancer cells in
multiple cancers were analyzed at the single-cell level
using the single-cell sequencing platform CancerSEA
(http://biocc.hrbmu.edu.cn/CancerSEA/) database. Data
on the correlation between SLC31A1 expression and
different tumor functional states were downloaded from
the CancerSEA database, and correlation heat maps were
created using the Xiantao Academic Online website.
t-distributed stochastic neighbor embedding (t-SNE)
plots from the CancerSEA database were used to identify
SLC31AI expression in individual cancers.

Enrichment analysis

The SLC31A1 protein co-expression network was analyzed
using the BioGRID database (https://thebiogrid.org/).
The top 100 SLC31A1-related genes in pan-cancer were
obtained using the GEPIA2.0 database. The association
heat map between SLC31A41 and its related genes in pan-
cancer was generated using the TIMER2.0 database. In
addition, a Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of SLC31A41-related genes

was conducted using Xiantao Academic.

Statistical analysis

The differences between SLC31A1 expression and
prognosis (OS and RFS) in different cancer patients were
obtained from the GEPIA 2.0 database. In addition, a #-test,
Cox regression analysis, and linear regression analysis were
used to compare the differences between different groups,
and the data are expressed as the mean = standard deviation.
A P value <0.05 was considered statistically significant.

Results
The expression levels of SLC31A1 in pan-cancer

The expression profile of SLC31A41 was explored using
the TIMER2.0, GEPIA2.0, and UALCAN platforms.
First, we used the TIMER2.0 platform to evaluate the
expression profile of SLC31A1 in tumor tissues and
normal tissues. We found that SLC31A1 expression was
up-regulated in a portion of cancers, such as bladder
urothelial carcinoma (BLCA), BRCA, cervical squamous
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cell carcinoma and endocervical adenocarcinoma (CESC),
esophageal carcinoma (ESCA), glioblastoma multiforme
(GBM), head and neck squamous cell carcinoma (HNSC),
pheochromocytoma and paraganglioma (PCPG), stomach
adenocarcinoma (STAD), and uterine corpus endometrial
carcinoma (UCEC). Conversely, SLC31A1 expression was
down-regulated in another fraction of cancers, such as
cholangiocarcinoma (CHOL), KIRC, kidney renal papillary
cell carcinoma (KIRP), liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), prostate adenocarcinoma (PRAD), and
thyroid carcinoma (THCA) (Figure 2A).

We also analyzed the protein expression of SLC31A1
using the UALCAN platform. The results showed that
the SLC31A1 protein was highly expressed in GBM and
lowly expressed in LIHC (Figure 2B). Since the TIMER2.0
database does not contain the paraneoplastic tissues data
of several cancers, we also used GEPIA2.0 to explore the
SLC31A1 expression levels between these tumors and the
corresponding normal tissues. The results showed that
SLC31A1 was highly expressed in colon adenocarcinoma
(COAD), lymphoid neoplasm diffuse large B-cell lymphoma
(DLBC), GBM, LGG, pancreatic adenocarcinoma (PAAD),
PCPG, rectum adenocarcinoma (READ), STAD, and
UCEC, and lowly expressed only in CHOL and acute
myeloid leukemia (LAML) (Figure 2C).

Additionally, we analyzed the correlation between
SLC31A1 expression and pathological stages using the
GEPIA 2.0 database. The results showed that SLC31A1
expression was closely correlated with the stage of patients
with ACC, KIRC, ovarian serous cystadenocarcinoma (OV),
and THCA. In ACC, SLC31A41 had the highest expression
in stage IV and the lowest expression in stage 1. In KIRC,
SLC31A1 had the highest expression in stage I and the
lowest expression in stage IV. In OV and THCA, SLC31A41
had the highest expression in stage II and the lowest
expression in stage IV (Figure 2D).

We then selected cancer types with differential expression
of SLC31A1 in the UALCAN database and visualized their
protein expression levels using the HPA database. The
results showed that SLC31A1 expression was up-regulated
in BRCA, STAD, and UCEC, and down-regulated in
LIHC. SLC31A1 showed moderate or high staining in
BRCA, STAD, and UCEC tumor tissues with >25-75%
stained cells, while its corresponding normal tissues were
moderately stained or unstained. Conversely, the LIHC
tumor tissues were moderately stained or unstained, while
its corresponding normal tissues were moderately or highly

© Translational Cancer Research. All rights reserved.
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stained. The differential expression and protein levels
differential expression of the above results were consistent
(Figure 3). The differential expression results for the other
cancers with opposite protein-level expression are shown in
Figure S1.

The survival analysis of SLC31A1 in cancer

The GEPIA2.0 database was used to study the prognostic
value of SLC31A1 expression in cancer. We divided the
patients into a high expression group and a low expression
group. In KIRC, high SLC31A41 expression was associated
with good OS, and in ACC, BRCA, LGG, MESO, and
SKCM, low SLC31A1 expression was associated with good
OS (Figure 44). Further, we found that high expression
levels of SLC31A1 were associated with good DFS in
KIRC and STAD, and low expression levels of SLC31A41
were associated with good DFS in ACC, LGG and MESO
(Figure 4B).

Correlation of SLC31A1 expression with clinicopathology

As Figure 5A shows, SLC31A1 was highly expressed in
ACC stage III-IV patients and lowly expressed in stage I-
II patients. SLC31A1 was highly expressed in testicular
germ cell tumors (TGCTs) stage II-1II patients and lowly
expressed in stage I patients. Conversely, SLC31A41 was
highly expressed in KIRC and THCA stage I-II patients
and lowly expressed in stage III-IV patients. In addition,
SLC31A1 expression was strongly correlated with the age of
ESCA, OV, sarcoma (SARC), STAD, and UCEC patients.
Of these, SLC31A1 was highly expressed in OV and UCEC
patients up to and including 65 years of age, while it was
highly expressed in ESCA, SARC and STAD patients over
65 years of age. Finally, we found that SLC31A41 was highly
expressed in female patients with ACC, BRCA, kidney
chromophobe (KICH), KIRC, and KIRP. Next, ROC
curves were used to verify the diagnostic value of SLC31A41
for different cancers. As Figure 5B shows, SLC31A41 had
more than moderate diagnostic accuracy (AUCs above
0.69 and even 0.8) for a variety of tumors including BRCA,
CESC, and CHOL. In conclusion, the ROC curve analysis
showed that SLC31A1 is a valuable diagnostic biomarker.

Genetic alterations of SLC31A1 in pan-cancer

We used the cBioPortal tool to study SLC31A41 gene
alterations in pan-cancer. As Figure 64 shows, SLC31A41
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Figure 2 Expression levels of SLC31A41 in pan-cancer. (A) Expression of SLC31AI in cancer versus normal tissues in the TIMER2.0
database. (B) Protein levels of SLC31A41 in tumor and normal tissues from the UALCAN database. (C) Expression of SLC31A41 in
cancer and normal paracancerous tissues in the GEPIA2.0 database. (D) Correlation between SLC31A41 and cancer pathological staging
based on GEPIA 2.0 data. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. ACC, adrenocortical carcinoma; BLCA, bladder urothelial
carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL,
cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal
carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, lower grade glioma;
LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV,
ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma;
TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS,
uterine carcinosarcoma; UVM, uveal melanoma; SLC31A1, solute carrier family 31 (copper transporter), member 1; TPM, transcripts per
million; CPTAC, Clinical Proteomic Tumor Analysis Consortium; TIMER, Tumor Immune Estimation Resource; UALCAN, University of
Alabama at Birmingham CANcer; GEPIA, Gene Expression Profiling Interactive Analysis.
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Figure 3 SLC31A1 expression in the UACLAN and HPA databases. Immunohistochemistry x40 images are presented. BRCA
(normal breast: https://www.proteinatlas.org/ENSG00000136868-SLC3 1A1/tissue/breast#img, BRCA: https://www.proteinatlas.org/
ENSG00000136868-SLC31A1/pathology/breast+cancer#img); LIHC (normal liver: https://www.proteinatlas.org/ENSG00000136868-
SLC31Al1/tssue/liver#img, LIHC: https://www.proteinatlas.org/ENSG00000136868-SLC31A1/pathology/liver+cancer#img); STAD
(normal stomach: https://www.proteinatlas.org/ENSG00000136868-SLC31A1/tissue/stomach#img, STAD: https://www.proteinatlas.
org/ENSG00000136868-SLC31A1/pathology/stomach+cancer#img); UCEC (normal endometrioid: https://www.proteinatlas.org/
ENSG00000136868-SLC31A1/tssue/endometrium#img, UCEC: https://www.proteinatlas.org/ENSG00000136868-SLC31A1/pathology/
endometrial+cancer#fimg). ¥, P<0.05; **** P<0.0001. TCGA, The Cancer Genome Atlas; SLC31A41, solute carrier family 31 (copper

transporter), member 1; BRCA, breast invasive carcinoma; LIHC, liver hepatocellular carcinoma; STAD, stomach adenocarcinoma; UCEC,

Normal endometrioid UCEC

uterine corpus endometrial carcinoma; UALCAN, University of Alabama at Birmingham CANcer; HPA, Human Protein Atlas.
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Figure 4 Survival analysis of SLC31A1 in pan-cancer. (A) OS. (B) RFS. ACC, adrenocortical carcinoma; BLCA, bladder urothelial
carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL,
cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal
carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, lower grade glioma;
LIHGC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV,
ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma;
TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS,
uterine carcinosarcoma; UVM, uveal melanoma; HR, hazard ratio; SLC31A41, solute carrier family 31 (copper transporter), member 1; OS,
overall survival; RFS, recurrence-free survival.
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Figure 5 Relationship between SLC31A41 and clinicopathology of patients with pan-cancer. (A) SLC31A41 was correlated with the clinical
stage, age, and sex of patients. (B) ROC curve analysis of the diagnostic value of SLC31A1 in pan-cancer. *, P<0.05; **, P<0.01; ***, P<0.001.
ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell
carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm
diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell
carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML,
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squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
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Figure 6 Mutation frequency of SLC31A1 in pan-cancer. (A) Mutation types. (B) Mutation frequencies. (C) 3D structure of S105Y. CNA,
copy-number alterations; SLC31A1, solute carrier family 31 (copper transporter), member 1; TCGA, The Cancer Genome Atlas; SV,

synaptic vesicle.

had the highest amplification frequency in ACC, the highest
mutation frequency in UCEC, the highest deep deletion
frequency in THCA, and the highest multiple alteration
frequency in BRCA. In addition, we explored the mutation
types and mutation sites in the SLC31A41 sequence. The
mutation types of SLC31A41 mainly included missense
mutations, truncation mutations, splice mutations, and
synaptic vesicle (SV)/fusion. In addition, missense mutations
accounted for a portion of the mutation types. The
truncating mutation, S105Y, may be a putative cancer driver
(Figure 6B). We further derived the three-dimensional (3D)
structure of S105Y (Figure 6C).

Next, we used forest plots to show the association

© Translational Cancer Research. All rights reserved.

between SLC31A1 genetic alterations and patient prognosis.
SLC31A1 genetic alterations were associated with OS in
patients with ACC, BLCA, BRCA, KIRC, LGG, MESO,
and SKCM. Among them, SLC31A41 genetic alterations
were positively correlated with OS in ACC, BLCA,
BRCA, LGG, MESO, and SKCM patients, and SLC31A41
genetic alterations were negatively correlated with OS in
KIRC patients (Figure 74). SLC31A1 genetic alterations
were associated with PFS in ACC, BLCA, BRCA, CESC,
KIRC, LGG, MESO, READ, and uveal melanoma (UVM)
patients. Among them, SLC31A41 genetic alterations were
positively correlated with PFS in ACC, BLCA, BRCA,
CESC, LGG, MESO, and UVM patients, and SLC31A1
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Figure 7 SLC31A1 and prognosis of pan-cancer. (A) OS. (B) PFS. (C) DSS. (D) DFS. CI, confidence interval; ACC, adrenocortical
carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and

endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell

lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney

chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG,

lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO,

mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma;

PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach

adenocarcinoma; TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial

carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma; SLC31A41, solute carrier family 31 (copper transporter), member 1; OS,

overall survival; PFS, progression-free survival; DSS, disease-specific survival; DFS, disease-free survival.
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genetic alterations were negatively correlated with PFS in
KIRC and READ patients (Figure 7B). SLC31A1 genetic
alterations were associated with DSS in ACC, KIRC, LGG,
MESO, and SKCM patients. Among them, SLC31A41
genetic alterations were positively correlated with DSS in
ACC, LGG, MESO, and SKCM patients, and SLC31A41
genetic alterations was negatively correlated with DSS in
KIRC patients (Figure 7C). Figure 7D shows the relationship
between cancer and DFS. Taken together, these results
suggest that genetic alterations in SLC31A1 are closely
associated with the prognosis of patients with the above-
mentioned cancers.

TME, TMB, MSI, and drug sensitivity

Our study showed that SLC31A1 has a prognostic role
in pan-cancer; thus, we further explored the expression
of TME and SLC31A1 in different tumors. The results
showed that the expression of SLC31A41 was positively
correlated with the scores of stromal cells and immune
cells in DLBC, LAML, LUAD, MESO, and SARC
(Figure 84), which suggest that the content of stromal
cells or immune cells increases as the SLC31A41 expression
level increases. However, the opposite results were found
in ACC and thymoma (THYM). TMB refers to the rate
of the base mutation in 1 million bases. MSI refers to the
phenomenon of the emergence of new microsatellite alleles
at the microsatellite site of a tumor due to gene insertion
or deletion compared to normal tissue. This study found
a clear association between SLC31A41 and TMB in ACC,
BLCA, BRCA, COAD, LGG, LUAD, OV, READ, SARC,
STAD, THYM, UCEC, and uterine carcinosarcoma
(UCS) (Figure 8B). This study also found a clear association
between SLC31AI and MSI in CESC, COAD, DLBC,
HNSC, LUSC, PRAD, SARC, STAD, THCA, and
UCEC (Figure 8C). Finally, we used the CellMiner ™
database to explore the potential correlation between drug
sensitivity and SLC31A1 expression. The results showed
that SLC31A1 expression was negatively correlated with
the drug sensitivity of denileukin diftitox, entinostat,
and alectinib, but positively correlated with (+)-BET
bromodomain inhibitor (JQ1) (Figure §D). In summary,
SLC31A1 may be associated with chemotherapy resistance
to certain chemotherapy drugs.

Methylation levels of SLC31A1 in pan-cancer
We explored the methylation levels of SLC31A1 in various

© Translational Cancer Research. All rights reserved.
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cancers using the UALCAN database. The results showed
that SLC31A41 methylation levels were highly expressed in
LUSC and READ. Conversely, SLC3141 methylation levels
were lowly expressed in HNSC, KIRP, LIHC, PRAD, and
UCEC (Figure 9).

Correlation between SLC31A1 expression and the immune
response

We used the TIMER?2.0 database to explore the correlation
between immune infiltrating cells and SLC31A1 expression
using TCGA database. We found that SLC31A41 expression
was positively correlated with the immune infiltration of
B cells in PAAD and PCPG. Conversely, it was negatively
correlated with the immune infiltration of B cells in
BRCA-Basal, DLBC, MESO, and TGCT (Figure 10A).
Meanwhile, SLC31A1 expression was positively correlated
with the immune infiltration of cluster of differentiation
(CD)4" T cells in COAD and DLBC. Conversely, it was
negatively correlated with the immune infiltration of
CD4" T cells in CHOL and GBM (Figure 10B). Further,
SLC31A1 expression was positively correlated with the
immune infiltration of CD8" T cells in DLBC, LGG,
PAAD, and UVM. Conversely, it was negatively correlated
with the immune infiltration of CD8" T cells in ACC
and ESCA (Figure 10C). Further, SLC31A1 expression
was positively correlated with the immune infiltration of
natural killer (NK) cell in BLCA, COAD, DLBC, LIHC,
and TGCT. Conversely, it was negatively correlated with
the immune infiltration of NK cells in KIRC, KIRP,
LGG, MESO, SKCM, and THCA (Figure 10D). In
addition, SLC31A1 expression was positively correlated
with the immune infiltration of dendritic cells (DCs) in
BRCA, COAD, DLBC, HNSC-human papillomavirus
(HPV)*, KIRC, KIRP, LGG, LUAD, PAAD, PRAD,
SKCM, and TGCT. Conversely, it negatively correlated
with the immune infiltration of DCs in ESCA and LIHC
(Figure 10E). Finally, SLC31A1 expression was positively
correlated with the immune infiltration of regulatory T
cells (Tregs) in BLCA, CESC, ESCA, LGG, LUSC, PAAD,
SKCM, TGCT, and UVM. Conversely, it was negatively
correlated with the immune infiltration of Tregs cells in
ACC, DLBC, KIRC, and PCPG (Figure 10F). Further,
Figure S2 sets out the correlations between SLC31A1
expression and neutrophils, monocytes, macrophages, mast
cells, cancer-associated fibroblasts, common lymphoid
progenitor cells, endothelial cells, common myeloid
progenitor cells, the immune infiltration of eosinophils,
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SLC31A1, solute carrier family 31 (copper transporter), member 1.
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granulocyte-monocyte progenitor cells, hematopoietic stem
cells, follicular helper T cells, gamma delta T cells, NK
T cells, and myeloid-derived suppressor cells. The above
study indicates the potential significance of SLC31A1 in the
immune infiltration of the TME.

Expression of SLC31A1 at the single-cell level

The CancerSEA database was used to study the expression
levels of SLC31A1 at the single-cell level to further explore
the role of SLC31A41 in bio-functional states. SLC31A41
expression in UVM was negatively correlated with DNA
damage, DNA repair, and apoptosis. The expression level of
SLC31A1 in retinoblastoma (RB) was positively correlated
with angiogenesis and differentiation. The expression of
SLC31A1 in OV was positively correlated with quiescence
(Figure 11A). Further, Figure 11B shows the correlations
between SLC31A41 expression and DNA repair in UVM,
angiogenesis in RB, and quiescence in OV. Finally,
Figure 11C shows the distribution of SLC31A1 expression at
the single-cell level in UVM, RB, and OV. Taken together,
it appears that SLC31A41 could potentially be critical in the
regulation of biological functions in cancer.

Enrichment analysis of SLC31A1-related genes
We used bioGRID to investigate the SLC3141-interacting

© Translational Cancer Research. All rights reserved.

biomarkers (Figure 124). Meanwhile, the top 100 genes
associated with SLC31A1 were downloaded from the
GEPIA 2.0 database (Table S1). The expression levels of
SLC31A1 were correlated with CHGB, CYB561, DBH,
EMLS5, PHOX2B, and TBX20 in pan-cancer (Figure 12B).
Further, as the heat map in Figure 12C shows, SLC31A41 was
positively correlated with the above genes in most cancers.
Finally, the Gene Ontology (GO) and KEGG enrichment
analysis indicated that SLC31A1-related genes were mainly
enriched in the mitochondrial matrix and coated vesicles
(Figure 12D).

Validation of SLC31A1 expression

To verify the expression of SLC31A1 in pan-cancer, we
explored it at the messenger RNA (mRNA) and protein
levels in liver cancer cells (L-O2, SMMC-7721, HUh7,
H-97, and HepG2), gastric cancer cells (GES-1, HGC-
27, AGS, and MKN-54,) and colon cancer cells (NCM460,
RKO, LoVo, and DLD-1) using both RT-qPCR and WB.
We found that at the mRNA level, the liver, gastric, and
colon cancer cells were lowly, highly, and lowly expressed,
respectively, compared with their corresponding normal
cells (Figure 134-13C). Next, our results showed that
hepatocellular carcinoma and gastric carcinoma cells were
highly expressed at the protein level (except SMMC-
7721) compared with their corresponding normal cells.
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Conversely, the colon cancer cells were lowly expressed at
the protein level (Figure 13D-13F). Figure 13G-131 provides
a quantitative graph of protein expression.

Discussion

In this study, we explored SLC31A1 expression, prognosis,
mutation, methylation, and the immune response, and
conducted a single-cell assessment, and an enrichment
analysis in cancer using a series of bioinformatics online
database approaches. Finally, RT-qPCR and WB were
used to validate the differentially expressed significant
hepatocellular carcinomas, gastric cancer, and colon
cancer. The results showed that as a CTR, SLC31A1 has an

© Translational Cancer Research. All rights reserved.

important effect on the human body.

Copper is an essential trace element for life. All
living things require copper to function properly and to
maintain homeostasis; thus, maintaining the proper level
of copper is crucial. Copper deficiency impairs the activity
of copper-binding enzymes, and copper buildup causes
cell death (22). Tsvetkov et al. recently demonstrated that
copper alone, as opposed to copper ion clusters, is harmful
to cells (8). Unlike other known types of death, such as
apoptosis, ferroptosis, and necroptosis, cuproptosis is a
completely new type of cell death (8). Instead of making
adenosine triphosphate (ATP), it depends on mitochondrial
respiration ATP (8). One of the key elements in maintaining
intracellular copper concentration is the copper importer
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Figure 12 Enrichment analysis of SLC31A41-associated genes in pan-cancer. (A) Interaction network of SLC31A41-associated biomarkers
derived from the BioGRID database. (B) GEPIA2.0 showed that SLC31A41 expression was positively correlated with CHGB, CYB561,
DBH, EMLS5, PHOX2B, and TBX20 genes. (C) Heat map showing that SLC31A41 expression was positively correlated with six genes (i.e.,
CHGB, CYB561, DBH, EML5, PHOX2B, and TBX20). (D) GO/KEGG enrichment analysis of the SLC3141-related genes. SLC31A41,
solute carrier family 31 (copper transporter), member 1; TPM, transcripts per million; ACC, adrenocortical carcinoma; BLCA, bladder
urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
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ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma;
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uterine carcinosarcoma; UVM, uveal melanoma; TCA, tricarboxylic acid; GEPIA, Gene Expression Profiling Interactive Analysis; GO,
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(SCL31A1). SCL31A1 encodes CTR1, which is essential for
the uptake of high-affinity copper (23).

Our study showed that SLC31A1 is expressed in most
cancers. Among them, SLC31A41 was highly expressed in
BLCA, BRCA, CESC, COAD, DLBC, ESCA, GBM,
LGG, HNSC, PAAD, PCPG, READ, STAD, and UCEC.

© Translational Cancer Research. All rights reserved.

Conversely, SLC31A41 was lowly expressed in CHOL,
KIRC, KIRP, LAML, LIHC, LUAD, LUSC, PRAD,
and THCA. Barresi et al. reported high expressions of
SLC31A1 in COAD (24). Li et al. showed that SLC31A41
was highly expressed in BRCA, which validates our
findings (25). Jiang et al. showed that SLC31A41 was highly
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Figure 13 SLC31A1 expression validation results. (A-C) Expression of SLC31A1 at the mRNA level in liver, gastric, and colon cancer cells.

(D-F) Expression of SLC31A1 at the protein level in liver, gastric, and colon cancer cells. (G-I) Quantification of protein level expression.
*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. SLC31A1, solute carrier family 31 (copper transporter), member 1; mRINA, messenger

RNA.

expressed in HNSC epithelial cells, which also validates
our findings (26). Song et al. showed that the suppression
of the SLC31A41 gene, which is responsible for encoding
the primary transmembrane CTRI1, effectively diminishes
the malignancy of PAAD through the down-regulation of
intracellular copper levels. These findings align with our
own research outcomes (27). In summary, SLC31A1 is
expressed in most cancers.

Our study found that high SLC31A41 expression was
associated with good OS in KIRC, while the opposite was
true in ACC, BRCA, LGG, MESO, and SKCM. High
expression levels of SLC31A41 were associated with good
DEFES in KIRC and STAD, but the opposite was true in

© Translational Cancer Research. All rights reserved.

ACC, LGG, and MESO. Lv et al. showed that SLC31A41
up-regulation has value in predicting the prognosis of
SKCM patients. This is consistent with our findings (28). Li
et al. found that SLC31A1 may be a promising diagnostic/
prognostic biomarker and predictor of the drug response in
breast cancer patients (25).

Further, we evaluated the genetic alterations of SLC3141
in pan-cancer. The results showed that the amplification
frequency of SLC31A41 was the highest in ACC, and its
mutation types mainly included missense mutations,
truncating mutations, splicing mutations, and fusion. The
truncating mutation, S105Y, has the potential to be a
putative cancer driver. We also presented the 3D structure
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of S105Y.

DNA methylation is known to be abnormal in all forms
of cancer (29). Normal cells may be transformed by the
onset of driver mutations and then consequently undergo de
novo and demethylation processes, thereby initiating a series
of programmed changes in gene expression. Alternatively,
a subpopulation of normal cells that may have undergone
methylation changes, possibly due to senescence, may be
preferred targets for oncogenic transformation (30,31).
Our study found that the methylation level of SLC31A1
was highly expressed in LUSC and READ; however, it
was lowly expressed in HNSC, KIRP, LIHC, PRAD, and
UCEC.

Adaptive immune responses may be triggered by innate
immune cells, and research into and the development of
immunotherapy will be aided by knowledge of the internal
workings of cancer (32,33). According to Schalper et al.
and Bremnes er al. (34,35), type I immune responses are
typically associated with CD8" T cells and T cells triggered
by CD4" type 1 T helper cells, and they are associated with
a positive prognosis for lung cancer patients. According to
Marshall et al. (36), type 2 T helper cells, type 17 T helper
cells, and Foxp3" Tregs are frequently linked to poor tumor
growth and prognosis. Sautés-Fridman ez 4. (37) showed
that tumor-infiltrating B lymphocytes elicit a strong and
advantageous immune response in the majority of solid
tumors. According to Petitprez et al. (38), the B-cell count
is the best indicator of long-term survival in soft tissue
sarcomata. Our study found that SLC31A41 expression was
positively correlated with the immune infiltration of B cells
in PAAD and PCPG. However, the immune infiltration of
B cells was negatively correlated with BRCA-basal, DLBC,
MESO, and TGCT. SLC31A41 expression was positively
correlated with the CD4" immune infiltration of T cells in
COAD and DLBC. However, it was negatively correlated
with the immune infiltration of CD4" in T cells in CHOL
and GBM. SLC31A1 expression was positively correlated
with the CD8" immune infiltration of T cells in DLBC,
LGG, PAAD, and UVM. However, it was negatively
correlated with the T cell CD8" immune infiltration in
ACC and ESCA. SLC31A1 expression was positively
correlated with the immune infiltration of NK cells in
BLCA, COAD, DLBC, LIHC, and TGCT. Conversely,
it was negatively correlated with the immune infiltration
of NK cells in KIRC, KIRP, LGG, MESO, SKCM, and
THCA. SLC31A1 expression was positively correlated
with the immune infiltration of DCs in BRCA, COAD,
DLBC, HNSC-HPV*, KIRC, KIRP, LGG, LUAD, PAAD,
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PRAD, SKCM, and TGCT. Conversely, it was negatively
correlated with the immune infiltration of DCs in ESCA
and LIHC. Finally, SLC31A1 expression was positively
correlated with the immune infiltration of Tregs in BLCA,
CESC, ESCA, LGG, LUSC, PAAD, SKCM, TGCT, and
UVM. Conversely, it was negatively correlated with the
immune infiltration of Tregs cells in ACC, DLBC, KIRC,
and PCPG. In summary, our study further elucidated the
TME of pan-cancer.

Further, we investigated the single-cell level expression
of SLC31A1 and conducted an enrichment analysis of the
SLC31AI1-related genes. We found that SLC31A41 plays
an important role in UVM, RB, and OV, etc., which helps
us explore further the role of SLC31Al in tumors. The
SLC31AI enrichment analysis revealed that the SLC31A41-
related genes were mainly enriched in the mitochondrial
matrix and coated vesicles, which gives us a better
understanding of its mechanism. It has been demonstrated
that SLC31A1 affects intracellular (Cuprum) Cu’* levels
by acting as a copper importer. High cell membrane trace
elements and a higher threshold level of mitochondrial
membrane potential (AWm) are required for trace element
entrance into the mitochondrial matrix. Due to the use of
all ATP, the increase of trace elements in the mitochondrial
matrix causes a decrease in ATP levels. Ca’ inflow into the
mitochondrial matrix is mostly regulated by the (Natrium)
Na*/Ca’ exchanger (NCX) and the mitochondrial calcium
monomer (MCU).

Finally, we used RT-qPCR and WB to verify the
expression of SLC31AI in the pan-cancer. The RT-qPCR
results showed that the expression of SLC31A1 in liver and
gastric cancers was consistent with our predicted results,
but in colon cancer the expression was opposite to our
predicted results. This could be caused by the heterogeneity
between cells, as our prediction results came from tissue
samples in a largely open database, and could also be caused
by differences in tissue sample volume or tissue and cellular
levels. Based on the above issues, we further validated the
protein expression levels in liver, gastric, and colon cancer
cells using the WB technique. Contrary to our RT-qPCR
results and bioinformatics predictions, the results showed
high SLC31A1 expression in liver cancer cells (except
SMMC-7721), which may be due to cell-to-cell differences;
thus, further validation of its expression in tissues will be
necessary in future studies.

The present study observed contrasting outcomes
pertaining to SLC31A1 expression at both the mRNA and
protein levels in hepatocellular carcinoma cells, which
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might be due to the following factors: (I) given that this
study serves as a fundamental validation of a bioinformatics
analysis, it is plausible that incongruity exists in the
expression of this gene at both the transcript and protein
levels; (II) intriguingly, this discrepancy could potentially be
attributed to a multitude of transcriptome or protein-level
modifications, which will subsequently be explored as the
next avenue of investigation in our research; (III) in light
of the absence of evidence regarding the expression of the
SLC31A1 gene in hepatocellular carcinoma in the previous
relevant literature, we intend to delve deeper into this
finding by conducting further investigations; (IV) despite
the low mRNA level, the protein level adequately reflects
the clinical significance of SLC31A41, and its elevated
expression is strongly associated with clinical prognosis.
The expression of gastric cancer cells at the protein level
was in full agreement with our RT-qPCR results and
bioinformatics predictions, which further improved the
reliability of our study. The expression of colon cancer
cells at the protein level was consistent with our RT-qPCR
results, but contrary to the bioinformatics predictions.
This may be because our predictions were based on
tissue samples from the database, which may have some
differences among the cells. Therefore, we should have
further investigated the expression of SLC31A1 at the tissue
level, but we lacked the conditions to validate it in tissues,
which is the biggest limitation of our study.

Conclusions

In summary, this study analyzed the expression level,
methylation level, gene mutation, patient survival prognosis,
and immune cell infiltration of the cuprotosis-related gene
SLC31A1 in pan-cancer. We also analyzed SLC31A1 at the
single-cell transcriptional sequencing level and explored its
different biological functions. SLC3141 may mediate the
prognosis of tumor patients by regulating tumor energy
metabolism processes, coating vesicles, and affecting the
immune microenvironment, and may be a potential genetic,
immune, and energy-metabolic-dependent predictive target.
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Expression of SLC31A1 in KIRC based on Sample types
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Figure S1 SLC31A1 expression in the UACLAN and HPA databases. *, P<0.05; ****, P<0.0001. TCGA, The Cancer Genome Atlas;
SLC31A1, solute carrier family 31 (copper transporter), member 1; KIRC, kidney renal clear cell carcinoma; LUSC, lung squamous cell

carcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma; UALCAN, University of Alabama at Birmingham CANcer; HPA,
Human Protein Atlas.

© Translational Cancer Research. All rights reserved. https://dx.doi.org/10.21037/tcr-23-1308



Cancer associated fibroblast Neutrophil Monocyte Macrophage Mast cell

Common lymphoid progenitor Endothelial cell Common myeloid progenitor Eosinophil Granulocyte-monocyte progenitor

Hematopoietic stem cell T cell follicular helper T cell gamma delta T cell NK Myeloid derived suppressor cells
Figure S2 Correlation analysis of SLC31A1 gene expression with multiple immune cells based on TIMER2.0 database. NK, natural killer;

SLC31A1, solute carrier family 31 (copper transporter), member 1; TIMER, Tumor Immune Estimation Resource.

© Translational Cancer Research. All rights reserved. https://dx.doi.org/10.21037/tcr-23-1308



Table S1 Top 100 genes associated with SLC31A1 in the GEPIA 2.0 database

Gene symbol Gene ID PCC
CYB561 ENSG00000008283.15 0.54
CHGB ENSG00000089199.9 0.53
EML5 ENSG00000165521.15 0.53
DBH ENSG00000123454.10 0.52
PHOX2B ENSG00000109132.6 0.51
TBX20 ENSG00000164532.10 0.5

SURF4 ENSG00000148248.13 0.5

SLC6A2 ENSG00000103546.18 0.49
RP11-269G24.4 ENSG00000265282.1 0.49
LINC00682 ENSG00000245870.2 0.49
GCH1 ENSG00000131979.18 0.49
MAB21L1 ENSG00000180660.7 0.49
CHGA ENSG00000100604.12 0.48
CHRNA3 ENSG00000080644.15 0.48
TH ENSG00000180176.14 0.48
RP11-415112.2 ENSG00000255583.2 0.47
KCNG4 ENSG00000168418.7 0.47
HAND2-AS1 ENSG00000237125.8 0.47
CHRNB4 ENSG00000117971.11 0.47
C18orf42 ENSG00000231824.3 0.46
RIMBP2 ENSG00000060709.13 0.46
RP11-662M24.2 ENSG00000256725.1 0.46
DRD2 ENSG00000149295.13 0.46
HAND2 ENSG00000164107.8 0.45
RP11-561B11.6 ENSG00000259017.1 0.45
DDC ENSG00000132437.17 0.45
SLC18A1 ENSG00000036565.14 0.45
TTC8 ENSG00000165533.18 0.45
PROKR1 ENSG00000169618.6 0.45
HTATSF1 ENSG00000102241.11 0.44
RP11-124011.1 ENSG00000234944.1 0.44
RP11-481F24.3 ENSG00000278928.1 0.44
RP11-227F19.1 ENSG00000250467.1 0.43
DGKK ENSG00000274588.1 0.43
SYT4 ENSG00000132872.11 0.43
TLX2 ENSG00000115297.10 0.43
SEZ6L2 ENSG00000174938.14 0.43
MRAP2 ENSG00000135324.5 0.43
OCRL ENSG00000122126.15 0.43
CAMK4 ENSG00000152495.10 0.43
HACD3 ENSG00000074696.12 0.43
PTPRN2 ENSG00000155093.17 0.43
UBQLNT1 ENSG00000135018.13 0.43
CFAP20 ENSG00000070761.7 0.43
SCG2 ENSG00000171951.4 0.42
SLC18A2 ENSG00000165646.11 0.42
RP11-976B16.1 ENSG00000274492.1 0.42
ERLEC1 ENSG00000068912.13 0.42
FAM163A ENSG00000143340.6 0.42
ATPBV1G1 ENSG00000136888.6 0.42
L1CAM ENSG00000198910.12 0.42
COG5 ENSG00000164597.13 0.41
PHOX2A ENSG00000165462.5 0.41
CDK5R2 ENSG00000171450.5 0.41
DSTNP5 ENSG00000236681.1 0.41
TMX4 ENSG00000125827.8 0.41
RBM18 ENSG00000119446.13 0.41
DNAJC3 ENSG00000102580.14 0.4

RP11-42901.1 ENSG00000263317.1 0.4

RP11-159N11.3 ENSG00000256757.1 0.4

RAB3C ENSG00000152932.7 0.4

RP11-17A4.2 ENSG00000254254.5 0.4

JKAMP ENSG00000050130.17 0.4

ALG2 ENSG00000119523.9 0.4

TMEM63C ENSG00000165548.10 0.4

LLO9NCO01-254D11.1 ENSG00000261018.1 0.39
RET ENSG00000165731.17 0.39
FAIM2 ENSG00000135472.8 0.39
G3BP2 ENSG00000138757.14 0.39
ARFGEF3 ENSG00000112379.8 0.39
GPR107 ENSG00000148358.19 0.39
FAM163B ENSG00000196990.8 0.39
RP11-814P5.1 ENSG00000250007.6 0.39
SPOCK3 ENSG00000196104.10 0.39
CALM2 ENSG00000143933.16 0.39
YIPF6 ENSG00000181704.11 0.38
DRGX ENSG00000165606.8 0.38
QDPR ENSG00000151552.11 0.38
SLC35D3 ENSG00000182747.4 0.38
SAR1B ENSG00000152700.13 0.38
HAND1 ENSG00000113196.2 0.38
PRLHR ENSG00000119973.4 0.38
DNAJC25 ENSG00000059769.19 0.38
SHF ENSG00000138606.19 0.38
CTC-340D7.1 ENSG00000249335.1 0.38
UMAD1 ENSG00000219545.9 0.38
TM9SF2 ENSG00000125304.8 0.38
RP5-967N21.2 ENSG00000215589.3 0.38
SHC1 ENSG00000160691.18 0.38
INSM2 ENSG00000168348.3 0.38
VPS33A ENSG00000139719.9 0.38
BEGAIN ENSG00000183092.15 0.38
RP11-475B2.1 ENSG00000261672.1 0.38
CELF3 ENSG00000159409.14 0.37
CHUK ENSG00000213341.10 0.37
TNPO1 ENSG00000083312.17 0.37
RP11-12M5.3 ENSG00000229407.5 0.37
GPR22 ENSG00000172209.5 0.37
YIPF5 ENSG00000145817.16 0.37
INIP ENSG00000148153.13 0.37

SLC31A1, solute carrier family 31 (copper transporter), member 1; GEPIA, Gene
Expression Profiling Interactive Analysis; PCC, preclinical candidate compounds.
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