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As a key copper homeostasis-related molecule, lipoyltransferase 1 (LIPT1) is an

essential enzyme for the activation of mitochondrial 2-ketoacid

dehydrogenase, participating in fatty acylation. However, the biological

significances of LIPT1 in the pan-cancer are unclear. Here, we

comprehensively analyzed the functional characteristics of LIPT1 in human

cancers and its roles in immune response. We found that LIPT1 was down-

regulated in some cancers. And LIPT1 overexpression is associated with

favorable prognosis in these patients, such as breast cancer, clear cell renal

cell carcinoma, ovarian cancer and gastric cancer. We also explored the

mutational status and methylation levels of LIPT1 in human cancers. Gene

enrichment analysis indicated that abnormally expressed LIPT1 was significantly

associated with immune cells infiltration, such as B cells, CD8+ T cells and

cancer-associated fibroblast cells. The result from single cell sequencing

reflected the important roles of LIPT1 in the regulation of several biological

behaviors of cancer cells, such as DNA damage response and cell apoptosis.

Taken together, our research could provide a comprehensive overview about

the significances of LIPT1 in human pan-cancer progression, prognosis and

immune.
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Introduction

Cancers are global health problems, affecting human health and quality of life.

According to the statistics from World Health Organization, cancers are the main

endangering cause of human life (Tao et al., 2021; Yu and Mitrofanova, 2021).

Identifying the valuable pan-cancer genes would be crucial to clarify the underlying

mechanisms for occurrence and development of different tumors (He et al., 2021; Shi

et al., 2021).
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Lipoic acid (LA), an eight-carbon fatty acid, serves as an

important cofactor for the mitochondrial glycine cleavage

system (Habarou et al., 2017). Lipoyltransferase 1 (LIPT1),

as a lipoate-specific sequential enzymes, could be used to

maintain the oxidative and reductive glutamine metabolism

(Ni et al., 2019). Recent studies have established the functional

link between aberrant LIPT1expression and tumorigenesis,

including bladder cancer (Chen et al., 2021) and melanoma

(Lv et al., 2022). In melanoma patients, Lv and colleague found

that upregulated LIPT1 expression might suppress the

infiltration of regulatory T cells (Tregs), thereby enhancing

the immunotherapy efficacy (Lv et al., 2022). However, the

detailed roles of LIPT1 in different tumor types remains

elusive.

In this study, by using multiple bioinformatics methods,

we explored the underlying molecular mechanisms of

LIPT1 in the pathogenesis and clinical prognosis of

multiple human cancers. The expression profiles of

LIPT1 and corresponding survival status were

comprehensively analyzed using the datasets from TCGA

and GEO. Meanwhile, gene enrichment indicated the roles

of LIPT1-related molecules in tumorigenesis. Meanwhile, the

potential implications of LIPT1 in anti-tumor immune

response were also explored.

Materials and methods

Gene expression analysis

TIMER2.0 (Li et al., 2020) was used to investigate the

different expression profiles of LIPT1 between pan-cancer and

adjacent normal tissues. The gene expression levels were

shown using a log2 (TPM + 1) scale, where TPM stands for

transcripts per million. The clinical proteomic tumor analysis

consortium (CPTAC) (Edwards et al., 2015) in UALCAN

database (Chandrashekar et al., 2022) was used to analyze

the protein expression of LIPT1 in pan-cancers. Gene

Expression Profiling Interactive Analysis 2 (GEPIA2.0)

(Tang et al., 2017) was used to analyze the relationship

between LIPT1 expression and patients’ pathological

stage in all TCGA cancers. The Human Protein

Atlas (HPA) (Colwill et al., 2011) was further used to

confirm the intensity of LIPT1 immunohistochemical

staining in several cancer tissues, including kidney

cancer, breast carcinoma, and uterus endometrium

adenocarcinoma.

Survival analysis

The expression of LIPT1 on the patients’ prognostic

values, including overall survival (OS) and disease-free

survival (DFS), was obtained from GEPIA2.0. TCGA tumor

patients were divided into the high-expression and low-

expression cohorts based on the cut-off values (50% and

50%). The hazards ratio was calculated based on Cox PH

Model. With the log-rank test, Kaplan-Meier plotter (Lanczky

and Gyorffy, 2021) was used to perform the survival analysis in

tumors.

Genetic alteration analysis

cBioPortal (Gao et al., 2013) was used to collect the alteration

frequency, mutation type, mutation site information, and three-

dimensional (3D) structure of candidate proteins in all TCGA

tumors. In the “Comparison” module, clinical prognosis data,

including progression-free survival (PFS), disease-specific

survival (DSS), DFS, and OS, for all TCGA cancer types with

or without LIPT1 gene alterations were downloaded and

analyzed.

The infiltration of immune cells

Using multiple algorithms, such as TIMER, EPIC,

MCPCOUNTER, XCELL and TIDE, we applied

TIMER2.0 tool to evaluate the correlation of LIPT1 expression

with immune infiltration levels in different TCGA cancers.

Single cell sequencing

CancerSEA (Yuan et al., 2019) is a specialized single cell

sequencing database, which can provide different functional

status of cancer cells at the single cell level. The correlation

data between LIPT1 expression and different tumor function

based on single cell sequencing data were analyzed. T-SNE

diagrams demonstrated the expression profiles of LIPT1 at

single cells in TCGA samples.

Gene enrichment analysis

BioGRID website (Oughtred et al., 2021) was used to

analysis the protein-protein interaction network.

GEPIA2.0 was used to obtain the top 100 LIPT1-correlated

genes from all TCGA tumor and normal tissues. Then we

conducted a pairwise gene-gene Pearson correlation analysis

between LIPT1 and the selected genes. Gene ontology (GO)

and Kyoto encyclopedia of genes and genome (KEGG)

enrichment analyses were used to investigate the underlying

biological functions and signaling pathways affected by

LIPT1 in TCGA tumors. p-value < 0.05 was considered to

be statistically significant.
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Results

The different expression profiles of
lipoyltransferase 1 in human pan-cancer

Initially, we examined LIPT1 expression levels in pan-cancer

by TIMER2.0. As shown in Figure 1A, the analysis revealed that

LIPT1 expression was significantly lower in various tumors than

in the adjacent normal tissues, including breast invasive

carcinoma (BRCA), cervical squamous cell carcinoma and

endocervical adenocarcinoma (CESC), kidney renal clear cell

carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP),

thyroid carcinoma (THCA), uterine corpus endometrial

carcinoma (UCEC), kidney chromophobe (KICH). Conversely,

LIPT1 expression was significantly up-regulated in some other

tumors, including cholangiocarcinoma (CHOL), colon

adenocarcinoma (COAD), esophageal carcinoma (ESCA),

glioblastoma multiforme (GBM), liver hepatocellular

carcinoma (LIHC) and stomach adenocarcinoma (STAD).

However, no significantly differential expression of LIPT

FIGURE 1
The expression of LIPT1 in pan-cancer. (A) LIPT1 expression in different cancers from TIMER2.0. *p < 0.05; **p < 0.01; ***p < 0.001. (B) The
expression differences of LIPT1 in ACC, OV, TGCT, UCS, DLBC, LAML, LGG, and HNSC from GTEx and TCGA. ***p < 0.001. (C) The protein levels of
LIPT1 in BRCA, KIRC, UCEC, HNSC, and LIHC were analyzed using CPTAC. (D) LIPT1 expression levels and the pathological stages were analyzed
using GEPIA2.0.
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could be found in other tumors, such as bladder urothelial

carcinoma (BLCA), head and neck squamous cell carcinoma

(HNSC), and so on. Given some data in the normal tissues were

not available, we further examined the expression differences of

LIPT1 using the TCGA and GTEx datasets. As shown in

Figure 1B, we found the down-regulated LIPT1 in

adrenocortical carcinoma (ACC), ovarian serous

cystadenocarcinoma (OV), testicular germ cell tumors

(TGCT) and uterine carcinosarcoma (UCS). Meanwhile, we

found the up-regulated LIPT1 in lymphoid neoplasm diffuse

large B-cell lymphoma (DLBC), acute myeloid leukemia

(LAML), brain lower grade glioma (LGG) and thymoma

(THYM).

Then, the National Cancer Institute’s CPTAC dataset was

used to assessed LIPT1 expression at a protein level. We found

that the total protein expression of LIPT1 was significantly down-

regulated in BRCA, KIRC, UCEC, HNSC, and LIHC (Figure 1C).

We also used GEPIA2.0 to explore the correlation between

LIPT1 expression level and the pathological stages of tumors.

And we found the obvious effect of LIPT1 expression on the

patients’ stages in BRCA, TGCT, BLCA, THCA and lung

adenocarcinoma (LUAD) (Figure 1D; Supplementary Figure S1).

Meanwhile, we further confirmed the LIPT1 expression using

the IHC results provided by the HPA database. The IHC staining

of LIPT1 was mainly weakly or negatively expressed in tumor

tissue derived from kidney cancer, breast cancer and endometrial

FIGURE 2
The different expression of LIPT1 between normal tissues and tumor tissues. (A–C) UALCAN and HPA platforms displayed the downregulated
expression of LIPT1 in tumor tissue derived from kidney, breast and endometrium.
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cancer (Figures 2A–C). Overall, we demonstrated the decreased

LIPT1 expression in these tumors.

The prognostic values of lipoyltransferase
1 on the patients’ survival

Next, GEPIA2.0 database was used to evaluate the values of

LIPT1 on patients’ prognosis, including OS and DFS. We found

that higher LIPT1 expression was significantly associated with

increased OS in BLCA (p = 0.0061) and KIRC (p = 0.0017)

(Figure 3A). And DFS analysis data showed that high expression

LIPT1 was associated with favorable prognosis in KIRC (p =

0.011). In contrast, in KIRP patients, high expression of LIPT1 is

associated with poor prognosis (p = 0.029) (Figure 3B).

Meanwhile, we also used the Kaplan-Meier plotter tool to

analyze the survival data. Correspondingly, in breast cancer,

high expression of LIPT1 was related to good PFS (p = 1.9e-

06), OS (p = 3.1e-06) and distant metastasis-free survival (DMFS)

(p = 2e-07). In addition, high LIPT1 expression was significantly

associated with increased DMFS in ovarian cancer (p = 0.013)

and decreased post progression survival (PPS) in gastric cancer

(p = 0.00077) (Supplementary Figures S2A–C). Therefore, these

results demonstrated that LIPT1 may be a potential prognostic

marker in various cancers. Especially, the expression profiles and

prognostic values indicated that LIPT1 might act as a tumor

suppressor gene in breast cancer patients.

Lipoyltransferase 1 mutation in various
tumors

To explore the gene mutation of LIPT1 in various cancers, we

analyzed its mutation status through cBioPortal platform based

on TCGA data. Pan-cancer analysis suggested the high

LIPT1 amplification in BLCA (>2%) and high mutation in

UECE (>3%). Mature B cell neoplasms had the highest

incidence of “deep deletion” with the frequency of ~2%

(Figure 4A). As shown in Figure 4B, we found that missense

and truncating were the predominant mutation styles in LIPT1.

For instance, a truncating mutation within the BPL_LplA_LipB

domain, K123sf*8 alteration, could be detected in five STAD

cases. Figure 4C displayed the K123sf*8 alteration in the 3D

structure of LIPT1 protein. In addition, we analyzed the potential

links between genetic alterations of LIPT1 and the survival

prognosis of patients in pan-cancers. However, we could not

FIGURE 3
Prognostic values of LIPT1 expression in pan-cancer. (A,B) GEPIA2.0 was used to analyze the effects of LIPT1 gene expression on the patients’
prognosis in pan-cancer, including OS (A) and DFS (B).
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find the obvious effect of LIPT1 genetic alterations on the

patients’ prognosis (Supplementary Figures S3A–F, S4A–F).

These unexpected results need to be further verified with

more clinical patient data.

Promoter methylation of lipoyltransferase
1 in human cancers

Promoter DNA methylation has been proved to affect the

transcriptional repression and participate in the tumor

oncogenesis (Smith et al., 2020). We compared the

methylation values of LIPT1 between normal and tumor

tissues. Our analysis results displayed that promoter

methylation levels of LIPT1 were significantly reduced

in several tumor tissues, including BLCA, lung

squamous cell carcinoma (LUSC), rectum adenocarcinoma

(READ), THCA, HNSC, CESC, prostate adenocarcinoma

(PRAD), UCEC, LUAD, and KIRP (Figure 5). In contrast,

the promoter methylation levels of LIPT1were not

significantly different in other tumors (Supplementary

Figure S5). These results suggested that the transcriptional

FIGURE 4
LIPT1 gene mutation in various cancers. (A,B) cBioPortal was used to display the alteration frequency of different mutation types (A) and
mutation site (B) of LIPT1 in pan-cancer. (C) K123sf*8 mutation site was shown in the 3D protein structure of LIPT1.

FIGURE 5
Promoter methylation levels of LIPT1 in cancers. The methylation values of LIPT1 between normal and primary tumor tissues were analyzed
using UALCAN tool.
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expression of LIPT1 may be due to the alterations of promoter

methylation.

The roles of lipoyltransferase 1 on the
regulation of immune cell infiltration

Recent researches have shown that immune infiltration is

associated with the initiation, progression, and metastasis in

human cancers (Stenstrom et al., 2021; Ren et al., 2022; Shan

et al., 2022). Several algorithms, such as TIMER, EPIC,

QUANTISEQ, XCELL, MCPCOUNTER, CIBERSORT,

CIBERSORT-ABS, and TIDE, were applied to explore the

correlation between LIPT1 expression and the infiltration of

different immune cells in pan-cancer. We found a positive

correlation between the infiltration of B cells and

LIPT1 expression in BLCA, ESCA, pancreatic adenocarcinoma

(PAAD) and TGCT (Figure 6A). Meanwhile, a negative

correlation between the infiltration of cancer-associated

fibroblasts and LIPT1 expression could be found in PRAD

and TGCT (Figure 6B). In LUAD, LIPT1 expression was

positively correlated with CD8+ T cells infiltration

(Figure 6C). We found no significantly correlation between

LIPT1 expression and the infiltration values of dendritic cells

(DC), monocyte, regulatory T cells (Treg), natural killer cells

(NK), neutrophil and macrophage (Supplementary Figure S6).

These findings demonstrated that LIPT1 may act as a novel

immune-associated biomarkers for tumor development.

The expression pattern of
lipoyltransferase 1 at single-cell levels

Single-cell transcriptome sequencing is a key technique for

analyzing the underlying functions of candidate molecules at

single-cell levels (He et al., 2021; Li et al., 2021). In

retinoblastoma (RB), the expression of LIPT1 was negatively

associated with cell cycle, DNA repair response, EMT and

invasion. By contrast, LIPT1 expression was positively related

to angiogenesis, differentiation, inflammation and stemness.

LIPT1 expression in uveal melanoma (UM) had a negative

relationship with almost all tumor biological behaviors, such

as cell death, DNA damage response, invasion and metastasis. In

addition, the results demonstrated that LIPT1 expression was

FIGURE 6
The correlation between immune cells and LIPT1 expression in cancers. (A–C) The relationship between LIPT1 expression and immune
infiltration of B cell (A), cancer-associated fibroblast (B) and T cell CD8+ (C)was depicted by TIMER2.0 database. Several algorithms, such as TIMER,
EPIC, QUANTISEQ, XCELL, MCPCOUNTER, CIBERSORT, CIBERSORT-ABS, and TIDE, were applied to explore the correlation. Positive correlation
(0–1) are indicated with the red color, while negative correlation (−1 to 0) are indicated with the blue color. p-value < 0.05 is considered as
statistically significant. A cross indicates non-significant correlations.
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negatively related with cell cycle and DNA damage in acute

myelocytic leukemia (AML) (Figure 7A). In addition, Figure 7B

displayed the significant correlation between the

LIPT1 expression and differentiation in RB, angiogenesis,

DNA damage, DNA repair, and apoptosis in UM, and DNA

damage in AML. Moreover, LIPT1 expression profiles were

shown at single cell levels from RB, UM, and AML by T-SNE

diagram (Figure 7C).

Functional enrichment analysis of
lipoyltransferase 1-related genes in
cancers

Next, we used functional enrichment analysis to evaluate the

underlying molecular mechanisms of LIPT1 in tumorigenesis

and development. As shown in Figure 8A, the 15 interacting

molecules with LIPT1 were obtained from BioGRID web tool. In

addition, we acquired the top 100 LIPT1 co-expressed genes

(Supplementary Table S1) in pan-cancer from GEPIA2.0.

Among these, testis specific 10 (TSGA10), zinc finger protein

14 (ZNF14), enhancer of polycomb homolog 2 (EPC2),

o-sialoglycoprotein endopeptidase like 1 (OSGEPL1), cereblon

(CRBN) and wd repeat, sterile alpha motif and u-box domain

containing 1 (WDSUB1) showed high correlations with LIPT1 in

the majority of cancer types (Figures 8B,C). Meanwhile, GO and

KEGG enrichment analyses in Figure 8D indicated that the roles

of LIPT1 co-expressed genes on the regulation of herpes simplex

virus one infection and acetyltransferase complex in

tumorigenesis and development.

Discussion

Emerging studies have shown that copper death plays an

important role in the occurrence and treatment of human tumors

(Jiang et al., 2022). In our research, we performed a

comprehensive analysis of LIPT1, the copper death-related

gene, in a total of 33 different tumors. The expression of

LIPT1 was significantly decreased in several tumor tissues,

including BRCA, CESC, KIRC, KIRP, THCA, UCEC, and

KICH. Overexpression of LIPT1 is associated with favorable

FIGURE 7
The expression levels of LIPT1 at single-cell levels. (A,B) The relationship between LIPT1 expression and different functional states in tumors was
explored by the CancerSEA tool. *p < 0.05; **p < 0.01; ***p < 0.001. (C) LIPT1 expression profiles were shown at single cells from RB, UM and AML by
T-SNE diagram.
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prognosis in tumor patients, such as breast cancer, clear cell renal

cell carcinoma, ovarian cancer, and gastric cancer. In addition,

abnormally expressed LIPT1 was significantly associated with

immune cells infiltration, such as B cells, CD8+ T cells, and cancer

associated fibroblast cells. Therefore, LIPT1 might be a potential

prognosis biomarker and immune target for tumor patients.

Copper is a co-factor for important enzymes in all organisms

(Kahlson and Dixon, 2022). Unbalanced copper homeostasis

affects tumor cell growth, causing irreversible damage (Jiang

et al., 2022). Studies showed that copper homeostasis might be

regulated by protein lipoylation (Tsvetkov et al., 2022), protein

misfolding (Gupta et al., 2022) and DNA damage response (He

et al., 2020). Abnormal accumulation of intracellular copper

induces a new mode of cell death, copper drooping (Kahlson

and Dixon, 2022). The copper homeostasis has been associated

with the development and prognosis of patients with various

tumors (Feng et al., 2022; Huang et al., 2022; Lei et al., 2022; Li

et al., 2022; Wang et al., 2022). As a copper death-related gene,

LIPT1 is required for lipoylation and activation of 2-ketoacid

dehydrogenases in humans (Tort et al., 2014). LIPT1 genetic

alterations, including mutation and deep deletion, cause a variety

of human diseases, such as Leigh disease (Soreze et al., 2013) and

nonketotic hyperglycinemia with early-onset convulsions (Mayr

et al., 2014). However, few studies have established the functional

link between LIPT1 and tumorigenesis. Even though LIPT1 has

been proved to be upregulated in melanoma (Chen et al., 2021),

the detailed roles and underlying mechanisms of LIPT1 in

human cancers are unclear and warrant further exploration.

Our exploratory findings demonstrated that LIPT1 genetic

alterations, including mutation and deep deletion, could be

observed in a variety of cancers. At the same time, there were

significant differences in LIPT1 methylation levels between

tumor tissues and normal tissues. And single cell sequencing

and gene enrichment indicated that LIPT1-correlated gene might

regulate several cancer biological functions, such as DNA damage

response and cell death.

The infiltrating immune cells play essential roles in

regulating cancer cell recognition and tumor growth

(Shihab et al., 2020; Talty and Olino, 2021). The most well-

known function of B cells is to produce antibodies, such as

IgM, IgG, IgE, and IgA (Kim et al., 2021). The depleted effector

B and T cells could help tumor cells to evade immune

surveillance, thereby reducing overall survival in tumor

patients (Chakraborty et al., 2022). In this study, we found

that LIPT1 expression was strongly correlated with the

infiltration of immune cells, including B cell, cancer-

FIGURE 8
Functional enrichment analysis of LIPT1-related genes. (A) LIPT1-related genes were obtained from the BioGRIDweb tool, and 15 proteins were
displayed. (B) GEPIA2.0 showed the positive correlations between LIPT1 and six genes (TSGA10, ZNF14, EPC2, OSGEPL1, CRBN, and WDSUB1).
p-value < 0.001. (C) The heatmap confirmed that LIPT1 expression was positively correlated with the six genes (TSGA10, ZNF14, EPC2, OSGEPL1,
CRBN, and WDSUB1) in pan-cancer. (D) GO and KEGG enrichment analyses of LIPT1-related genes.
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associated fibroblast and CD8+ T cells. These results suggested

that LIPT1 could be an effective target for immunotherapy,

and provided new hope for clinical treatment of tumor

patients. The association between LIPT1 expression and

immune checkpoints in cancer patients still needs to be

explored in more preclinical and clinical trials.

In conclusion, using comprehensive bioinformatics

analysis techniques, we explored the expression levels,

clinical prognosis, methylation values, genetic alterations,

and immunomodulatory effects of LIPT1 in pan-cancer.

The results suggested that LIPT1 may be a novel potential

prognostic and immune-associated biomarker for cancer

patients. This study lays the foundation for further research

on the specific mechanisms of LIPT1 in the development and

treatment of different tumors.
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LIPT1 expression levels and the pathological stages of tumors was
analyzed using GEPIA2.0.

SUPPLEMENTARY FIGURE S2
(A-C) Kaplan-Meier plotter tool was used to analyze the effects of
LIPT1 expression on the patients’ prognosis from breast cancer, ovarian
cancer and gastric cancer.

SUPPLEMENTARY FIGURE S3
(A-F) cBioPortal tool was used to explore the effects of LIPT1mutation on
the prognosis of patients from KIRC, SKCM, BLCA, GBM, UCEC, and
BRCA, including OS, DSS, DFS, and PFS.

SUPPLEMENTARY FIGURE S4
(A-F) cBioPortal tool was used to explore the effects of LIPT1mutation on
the prognosis of patients from LIHC, stomach and esophageal
carcinoma (STES), COAD, HNSC, THCA, and OV, including OS, DSS,
DFS, and PFS.

SUPPLEMENTARY FIGURE S5
The methylation values of LIPT1 between normal and primary tumor
tissues were analyzed by UALCAN dataset.

SUPPLEMENTARY FIGURE S6
The relationship between LIPT1 expression and immune infiltration of DC,
monocyte, Treg, NK, neutrophil, macrophage was depicted by
TIMER2.0 database.

SUPPLEMENTARY TABLE S1
The top 100 LIPT1 co-expressed genes in pan-cancer from GEPIA2.0.

References

Chakraborty, S., Khamaru, P., and Bhattacharyya, A. (2022). Regulation of
immune cell metabolism in health and disease: Special focus on T and B cell
subsets. Cell Biol. Int. doi:10.1002/cbin.11867

Chandrashekar, D. S., Karthikeyan, S. K., Korla, P. K., Patel, H., Shovon, A. R.,
Athar, M., et al. (2022). Ualcan: An update to the integrated cancer data analysis
platform. Neoplasia 25, 18–27. doi:10.1016/j.neo.2022.01.001

Frontiers in Genetics frontiersin.org10

Liu et al. 10.3389/fgene.2022.1038174

https://www.frontiersin.org/articles/10.3389/fgene.2022.1038174/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.1038174/full#supplementary-material
https://doi.org/10.1002/cbin.11867
https://doi.org/10.1016/j.neo.2022.01.001
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1038174


Chen, Y., Xu, T., Xie, F., Wang, L., Liang, Z., Li, D., et al. (2021). Evaluating the
biological functions of the prognostic genes identified by the Pathology Atlas in
bladder cancer. Oncol. Rep. 45 (1), 191–201. doi:10.3892/or.2020.7853

Colwill, K., and Graslund, S.Renewable Protein Binder Working Group (2011). A
roadmap to generate renewable protein binders to the human proteome. Nat.
Methods 8 (7), 551–558. doi:10.1038/nmeth.1607

Edwards, N. J., Oberti, M., Thangudu, R. R., Cai, S., McGarvey, P. B., Jacob, S.,
et al. (2015). The CPTAC data portal: A resource for cancer proteomics research.
J. Proteome Res. 14 (6), 2707–2713. doi:10.1021/pr501254j

Feng, A., He, L., Chen, T., and Xu, M. (2022). A novel cuproptosis-related
lncRNA nomogram to improve the prognosis prediction of gastric cancer. Front.
Oncol. 12, 957966. doi:10.3389/fonc.2022.957966

Gao, J., Aksoy, B. A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S. O., et al.
(2013). Integrative analysis of complex cancer genomics and clinical profiles using
the cBioPortal. Sci. Signal. 6 (269), pl1. doi:10.1126/scisignal.2004088

Gupta, G., Cappellini, F., Farcal, L., Gornati, R., Bernardini, G., and Fadeel, B.
(2022). Copper oxide nanoparticles trigger macrophage cell death with misfolding
of Cu/Zn superoxide dismutase 1 (SOD1). Part. Fibre Toxicol. 19 (1), 33. doi:10.
1186/s12989-022-00467-w

Habarou, F., Hamel, Y., Haack, T. B., Feichtinger, R. G., Lebigot, E., Marquardt, I.,
et al. (2017). Biallelic mutations in LIPT2 cause a mitochondrial lipoylation defect
associated with severe neonatal encephalopathy. Am. J. Hum. Genet. 101 (2),
283–290. doi:10.1016/j.ajhg.2017.07.001

He, H., Zou, Z., Wang, B., Xu, G., Chen, C., Qin, X., et al. (2020). Copper oxide
nanoparticles induce oxidative DNA damage and cell death via copper ion-
mediated P38 MAPK activation in vascular endothelial cells. Int.
J. Nanomedicine 15, 3291–3302. doi:10.2147/IJN.S241157

He, J., Ding, H., Li, H., Pan, Z., and Chen, Q. (2021). Intra-tumoral expression of
SLC7A11 is associated with immune microenvironment, drug resistance, and
prognosis in cancers: A pan-cancer analysis. Front. Genet. 12, 770857. doi:10.
3389/fgene.2021.770857

Huang, X., Zhou, S., Toth, J., and Hajdu, A. (2022). Cuproptosis-related gene
index: A predictor for pancreatic cancer prognosis, immunotherapy efficacy, and
chemosensitivity. Front. Immunol. 13, 978865. doi:10.3389/fimmu.2022.978865

Jiang, Y., Huo, Z., Qi, X., Zuo, T., and Wu, Z. (2022). Copper-induced tumor cell
death mechanisms and antitumor theragnostic applications of copper complexes.
Nanomedicine (Lond) 17 (5), 303–324. doi:10.2217/nnm-2021-0374

Kahlson, M. A., and Dixon, S. J. (2022). Copper-induced cell death. Science 375
(6586), 1231–1232. doi:10.1126/science.abo3959

Kim, S. S., Sumner, W. A., Miyauchi, S., Cohen, E. E. W., Califano, J. A., and
Sharabi, A. B. (2021). Role of B Cells in responses to checkpoint blockade
immunotherapy and overall survival of cancer patients. Clin. Cancer Res. 27
(22), 6075–6082. doi:10.1158/1078-0432.CCR-21-0697

Lanczky, A., and Gyorffy, B. (2021). Web-based survival analysis tool tailored for
medical research (KMplot): Development and implementation. J. Med. Internet Res.
23 (7), e27633. doi:10.2196/27633

Lei, L., Tan, L., and Sui, L. (2022). A novel cuproptosis-related gene signature for
predicting prognosis in cervical cancer. Front. Genet. 13, 957744. doi:10.3389/fgene.
2022.957744

Li, K., Tan, L., Li, Y., Lyu, Y., Zheng, X., Jiang, H., et al. (2022). Cuproptosis
identifies respiratory subtype of renal cancer that confers favorable prognosis.
Apoptosis. doi:10.1007/s10495-022-01769-2

Li, L., Yao, W., Yan, S., Dong, X., Lv, Z., Jing, Q., et al. (2021). Pan-cancer analysis
of prognostic and immune infiltrates for CXCs. Cancers (Basel) 13 (16), 4153.
doi:10.3390/cancers13164153

Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., et al. (2020). TIMER2.0 for
analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48 (W1),
W509–W514. doi:10.1093/nar/gkaa407

Lv, H., Liu, X., Zeng, X., Liu, Y., Zhang, C., Zhang, Q., et al. (2022). Comprehensive
analysis of cuproptosis-related genes in immune infiltration and prognosis inmelanoma.
Front. Pharmacol. 13, 930041. doi:10.3389/fphar.2022.930041

Mayr, J. A., Feichtinger, R. G., Tort, F., Ribes, A., and Sperl, W. (2014). Lipoic acid
biosynthesis defects. J. Inherit. Metab. Dis. 37 (4), 553–563. doi:10.1007/s10545-
014-9705-8

Ni, M., Solmonson, A., Pan, C., Yang, C., Li, D., Notzon, A., et al. (2019).
Functional assessment of lipoyltransferase-1 deficiency in cells, mice, and humans.
Cell Rep. 27 (5), 1376–1386. doi:10.1016/j.celrep.2019.04.005

Oughtred, R., Rust, J., Chang, C., Breitkreutz, B. J., Stark, C., Willems, A., et al.
(2021). The BioGRID database: A comprehensive biomedical resource of curated
protein, genetic, and chemical interactions. Protein Sci. 30 (1), 187–200. doi:10.
1002/pro.3978

Ren, L., Yi, J., Yang, Y., Li, W., Zheng, X., Liu, J., et al. (2022). Systematic pan-
cancer analysis identifies APOC1 as an immunological biomarker which regulates
macrophage polarization and promotes tumor metastasis. Pharmacol. Res. 183,
106376. doi:10.1016/j.phrs.2022.106376

Shan, L., Lu, Y., Song, Y., Zhu, X., Xiang, C. C., Zuo, E. D., et al. (2022).
Identification of nine m6a-related long noncoding RNAs as prognostic signatures
associated with oxidative stress in oral cancer based on data from the cancer genome
atlas. Oxid. Med. Cell. Longev. 2022, 9529814. doi:10.1155/2022/9529814

Shi, X., Zhang, J., Jiang, Y., Zhang, C., Luo, X., Wu, J., et al. (2021).
Comprehensive analyses of the expression, genetic alteration, prognosis
significance, and interaction networks of m(6)A regulators across human
cancers. Front. Genet. 12, 771853. doi:10.3389/fgene.2021.771853

Shihab, I., Khalil, B. A., Elemam, N. M., Hachim, I. Y., Hachim, M. Y., Hamoudi,
R. A., et al. (2020). Understanding the role of innate immune cells and identifying
genes in breast cancer microenvironment. Cancers (Basel) 12 (8), E2226. doi:10.
3390/cancers12082226

Smith, J., Sen, S., Weeks, R. J., Eccles, M. R., and Chatterjee, A. (2020). Promoter
DNA hypermethylation and paradoxical gene activation. Trends Cancer 6 (5),
392–406. doi:10.1016/j.trecan.2020.02.007

Soreze, Y., Boutron, A., Habarou, F., Barnerias, C., Nonnenmacher, L., Delpech,
H., et al. (2013). Mutations in human lipoyltransferase gene LIPT1 cause a Leigh
disease with secondary deficiency for pyruvate and alpha-ketoglutarate
dehydrogenase. Orphanet J. Rare Dis. 8, 192. doi:10.1186/1750-1172-8-192

Stenstrom, J., Hedenfalk, I., and Hagerling, C. (2021). Regulatory T lymphocyte
infiltration in metastatic breast cancer-an independent prognostic factor that
changes with tumor progression. Breast Cancer Res. 23 (1), 27. doi:10.1186/
s13058-021-01403-0

Talty, R., and Olino, K. (2021). Metabolism of innate immune cells in cancer.
Cancers (Basel) 13 (4), 904. doi:10.3390/cancers13040904

Tang, Z., Li, C., Kang, B., Gao, G., Li, C., and Zhang, Z. (2017). Gepia: A web
server for cancer and normal gene expression profiling and interactive analyses.
Nucleic Acids Res. 45 (W1), W98–W102. doi:10.1093/nar/gkx247

Tao, S., Ye, X., Pan, L., Fu, M., Huang, P., Peng, Z., et al. (2021). Construction and
clinical translation of causal pan-cancer gene score across cancer types. Front.
Genet. 12, 784775. doi:10.3389/fgene.2021.784775

Tort, F., Ferrer-Cortes, X., Thio, M., Navarro-Sastre, A., Matalonga, L., Quintana,
E., et al. (2014). Mutations in the lipoyltransferase LIPT1 gene cause a fatal disease
associated with a specific lipoylation defect of the 2-ketoacid dehydrogenase
complexes. Hum. Mol. Genet. 23 (7), 1907–1915. doi:10.1093/hmg/ddt585

Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M.,
et al. (2022). Copper induces cell death by targeting lipoylated TCA cycle proteins.
Science 375 (6586), 1254–1261. doi:10.1126/science.abf0529

Wang, Y., Zhang, Y., Wang, L., Zhang, N., Xu, W., Zhou, J., et al. (2022).
Development and experimental verification of a prognosis model for cuproptosis-
related subtypes in HCC. Hepatol. Int. doi:10.1007/s12072-022-10381-0

Yu, C. Y., and Mitrofanova, A. (2021). Mechanism-centric approaches for
biomarker detection and precision therapeutics in cancer. Front. Genet. 12,
687813. doi:10.3389/fgene.2021.687813

Yuan, H., Yan, M., Zhang, G., Liu, W., Deng, C., Liao, G., et al. (2019).
CancerSEA: A cancer single-cell state atlas. Nucleic Acids Res. 47 (D1),
D900–D908. doi:10.1093/nar/gky939

Frontiers in Genetics frontiersin.org11

Liu et al. 10.3389/fgene.2022.1038174

https://doi.org/10.3892/or.2020.7853
https://doi.org/10.1038/nmeth.1607
https://doi.org/10.1021/pr501254j
https://doi.org/10.3389/fonc.2022.957966
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1186/s12989-022-00467-w
https://doi.org/10.1186/s12989-022-00467-w
https://doi.org/10.1016/j.ajhg.2017.07.001
https://doi.org/10.2147/IJN.S241157
https://doi.org/10.3389/fgene.2021.770857
https://doi.org/10.3389/fgene.2021.770857
https://doi.org/10.3389/fimmu.2022.978865
https://doi.org/10.2217/nnm-2021-0374
https://doi.org/10.1126/science.abo3959
https://doi.org/10.1158/1078-0432.CCR-21-0697
https://doi.org/10.2196/27633
https://doi.org/10.3389/fgene.2022.957744
https://doi.org/10.3389/fgene.2022.957744
https://doi.org/10.1007/s10495-022-01769-2
https://doi.org/10.3390/cancers13164153
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.3389/fphar.2022.930041
https://doi.org/10.1007/s10545-014-9705-8
https://doi.org/10.1007/s10545-014-9705-8
https://doi.org/10.1016/j.celrep.2019.04.005
https://doi.org/10.1002/pro.3978
https://doi.org/10.1002/pro.3978
https://doi.org/10.1016/j.phrs.2022.106376
https://doi.org/10.1155/2022/9529814
https://doi.org/10.3389/fgene.2021.771853
https://doi.org/10.3390/cancers12082226
https://doi.org/10.3390/cancers12082226
https://doi.org/10.1016/j.trecan.2020.02.007
https://doi.org/10.1186/1750-1172-8-192
https://doi.org/10.1186/s13058-021-01403-0
https://doi.org/10.1186/s13058-021-01403-0
https://doi.org/10.3390/cancers13040904
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.3389/fgene.2021.784775
https://doi.org/10.1093/hmg/ddt585
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1007/s12072-022-10381-0
https://doi.org/10.3389/fgene.2021.687813
https://doi.org/10.1093/nar/gky939
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1038174

	A pan-cancer analysis of copper homeostasis-related gene lipoyltransferase 1: Its potential biological functions and progno ...
	Introduction
	Materials and methods
	Gene expression analysis
	Survival analysis
	Genetic alteration analysis
	The infiltration of immune cells
	Single cell sequencing
	Gene enrichment analysis

	Results
	The different expression profiles of lipoyltransferase 1 in human pan-cancer
	The prognostic values of lipoyltransferase 1 on the patients’ survival
	Lipoyltransferase 1 mutation in various tumors
	Promoter methylation of lipoyltransferase 1 in human cancers
	The roles of lipoyltransferase 1 on the regulation of immune cell infiltration
	The expression pattern of lipoyltransferase 1 at single-cell levels
	Functional enrichment analysis of lipoyltransferase 1-related genes in cancers

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


