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Abstract
Background Cuproptosis induced by FDX1 is a newly discovered mechanism regulating cell death. However, the role of 
FDX1 in the pathogenesis of colon adenocarcinoma (COAD) remains to be studied.
Methods FDX1 expression was analyzed with The Cancer Genome Atlas (TCGA) database and Human Protein Atlas (HPA) 
database. Association between FDX1 expression and COAD prognosis was investigated via the Kaplan–Meier (KM) survival 
curve. The differentially expressed genes (DEGs) of FDX1 were screened with R packages and the PPI were constructed 
via STRING database. Cytoscape software was used to detect the most profound modules in the PPIs network. CancerSEA 
database was used to analyze the effect of FDX1 expression levels on different functional status of COAD cells. The relation-
ship between FDX1 expression and immune infiltration of COAD was analyzed by TIMER2.0 database. The COAD patients 
with high expression of FDX1 by Western blot, and the levels of immune infiltration were measured by flow cytometry.
Results FDX1 was low expressed in most cancers, such as BRCA, KICH, and COAD. The overall survival (OS) and disease-
specific survival (DSS) of COAD with high FDX1 expression were better than that of the low expression group. GO-KEGG 
enrichment analysis revealed that FDX1 and its co-expressed genes played an important role in the pathogenesis of COAD. 
Moreover, FDX1 expression in COAD were positively associated with “quiescence” and “inflammation” but negatively 
correlated with “invasion”. FDX1 expression was positively correlated with infiltration levels of  CD8+ T cells, NK cells, 
and neutrophils. Oppositely, FDX1 expression was negatively correlated with that of  CD4+ T cells and cancer-associated 
fibroblasts (CAFs). Finally, 6 COAD patients with high expression of FDX1 were screened, and the proportion of  CD8+ T 
cells in cancer tissues of these patients was significantly higher than that in paracancerous, while the  CD4+ T cells presented 
the opposite pattern.
Conclusion FDX1 plays a role in inducing cuproptosis and modulating tumor immunity, which could be considered as 
potential therapeutic targets in COAD.
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Abbreviations
COAD  Colon adenocarcinoma
BRCA   Breast invasive carcinoma
KICH  Kidney chromophobe
KIRC  Kidney renal clear cell carcinoma

LUAD  Lung adenocarcinoma
LUSC  Lung squamous cell carcinoma
PCPG  Pheochromocytoma and paraganglioma
THCA  Thyroid carcinoma
DEGs  Differentially expressed genes

Introduction

Colon adenocarcinoma (COAD) is the third common malig-
nancy worldwide and the second common cause of cancer-
related death (Haraldsdottir et al. 2014; Torre et al. 2015; 
Baidoun et al. 2021). COAD has high mortality and mor-
bidity, with more than 1 million new cases each year, as it 
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is closely associated with lymph node metastasis (Brenner 
et al. 2014; Chen et al. 2016). Despite steady progress in 
screening, early diagnosis (e.g., colonoscopy), and treat-
ment (e.g., chemotherapy, surgical tumor resection, and 
adjuvant therapy) for the disease in recent decades (Kuipers 
et al. 2015; Brown and Solomon 2018; Matsuda et al. 2018), 
however, the prognosis of patients with COAD remains poor 
due to advanced stage of diagnosis and the high frequency 
of metastasis and recurrence. The 5-year survival rate of 
patients with colorectal cancer metastasis is still less than 
10% (Pizzini et al. 2013), and becoming a major world-
wide health problem. Therefore, the development of novel 
potential biomarkers for prognostic prediction and therapeu-
tic intervention may lead to better treatment strategies for 
COAD patients.

Cuproptosis is a newly discovered mechanism that dif-
fers from all regulatory mechanisms of cell death that have 
known, including apoptosis, ferroptosis, pyroptosis, and 
necrotizing apoptosis. Main mechanism of cuproptosis is 
copper ion that targets the tricarboxylic acid circulating pro-
tein lipoylated and aggregation, subsequent loss of iron–sul-
fur cluster proteins, which leads to protein toxic stress and 
ultimately cell death (Tsvetkov et al. 2022). FDX1 is a key 
regulator of cell death induced by copper ionophore and an 
upstream regulator of protein lipoylation; FDX1 knockout 
results in a complete loss of protein lipoylation, shielding 
cells from copper toxicity (Tsvetkov et al. 2022). However, 
the clinical impacts of cuproptosis-related genes FDX1 in 
COAD remain largely unclear.

In this study, bioinformatics methods were used to ana-
lyze the expression level of FDX1 and its related genes, 
differentially expressed genes and their functions in colon 
cancer. Meanwhile, the correlations between FDX1 expres-
sion and survival rate and its effect on different functional 
states of cancer cells were also analyzed. Finally, the effect 
of FDX1 expression on the tumor microenvironment was 
predicted, and clinical samples were examined by flow 
cytometry to confirm our prediction. Based on the findings 
described above, high expression of FDX1 improves survival 
in COAD patients, which may be related to the regulation 
of FDX1 in different functional states of tumor cells and 
immune microenvironment.

Materials and methods

Selection of samples and ethics

This study involved clinical samples collected in the First 
Affiliated Hospital of Wannan Medical College and patho-
logically diagnosed with colon cancer. No treatment was 
received prior to surgery. The adjacent normal tissues were 
collected > 3 cm from the tumor margin. This study was 

approved by the Ethics Committee of Wannan Medical Col-
lege (NO. 2022081).

FDX1 expression analysis in TCGA database and HPA 
database

Samples of pan-cancer and colon cancer were selected from 
the TCGA database (https:// portal. gdc. cancer. gov/) for the 
analysis of FDX1 expression in tumor and normal tissues. 
Use ggplot2 (version 3.3.3) to plot or visualize the results. 
FDX1 protein immunohistochemistry in human normal tis-
sues and tumor tissues can also be obtained from the Human 
Protein Atlas (HPA, https:// www. prote inatl as. org/) database.

Association between FDX1 expression and COAD 
survival prognosis

Overall survival (OS) data and disease-specific survival 
(DSS) data were downloaded from TCGA database (https:// 
portal. gdc. cancer. gov/) COAD project. The Kaplan–Meier 
(KM) survival curve analysis is implemented by R software 
package “Survival” (version 3.2–10) and “Survminer” (Vis-
ualization, version 0.4.9). Cox regression or logrank test was 
used to analyze the relationship between FDX1 expression 
and the survival rate of COAD patients, as well as effects of 
FDX1 expression on prognosis in different clinical variables.

Screening and analysis of FDX1’s differentially 
expressed genes and related genes

Differentially expressed genes (DEGs) and functionally 
related genes of FDX1 in COAD were screened from TCGA 
database using R packages DESeq2 (version 1.26.0) and 
stat (version 3.6.3). GO-KEGG enrichment analysis was 
performed by Bioconductor package ‘‘clusterProfiler’’. 
Enriched gene sets with P value < 0.05 and FDR < 0.25 were 
considered statistically significant. In addition, protein–pro-
tein interaction (PPI) network between PDX1 and its asso-
ciated genes was constructed by a STARING tool (v11.5, 
https:// www. string- db. org/). The confidence score > 0.7 was 
considered significant. PPIs were analyzed via Cytoscape 
software, and MCODE plugin was used to detect the most 
profound modules from the PPIs network.

Single cell sequencing data analysis

CancerSEA (http:// biocc. hrbmu. edu. cn/ Cance rSEA/ home. 
jsp) was used to analyze the effect of FDX1 expression levels 
on different functional status of cancer cells at the single 
cell level.

https://portal.gdc.cancer.gov/
https://www.proteinatlas.org/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.string-db.org/
http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp
http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp
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Immune infiltration analysis

The relationship between FDX1 expression and immune 
infiltration of COAD was analyzed by TIMER2.0 website 
(http:// timer. comp- genom ics. org/), as well as the correlation 
between FDX1 expression and cancer-associated fibroblast 
(CAFs) of COAD was explored.

Screening of clinical samples

Total protein of the samples was extracted and the protein 
concentration was detected. Then, the colon cancer patients 
with high expression of FDX1 were screened by Western 
Blot. The primary antibodies used were as follows: FDX1 
antibody (abcam, ab108257) (diluted at 1:5000), GAPDH 
recombinant antibody (proteintech, 80570–1-RR) (diluted 
at 1:5000), HRP-labeled goat anti-rabbit IgG (Beyotime, 
A0208) (diluted at 1:1000). Finally, the signal was detected 
by chemiluminescence, and the bands’ gray value was meas-
ured by ImageJ software.

Flow cytometry

Cell suspensions were prepared, respectively. Reference-
based methods (Tian et al. 2018), the proportion of  CD4+ 
T cells and  CD8+ T cells in cancer and paracancerous were 

investigated by flow cytometer (Beckman Coulter, FC 500 
MPL) and analyzed by FlowJo software. The primary anti-
bodies used were as follows: CD3-PC5, CD4-PE, and CD8-
ECD (Beckman Coulter, NO. 6607013).

Results

The mRNA expression analysis of FDX1

Expression levels of FDX1 in 33 cancers were analyzed 
from the TCGA database. The result revealed that FDX1 
was low expressed in most cancers, such as BRCA, KICH, 
KIRC, LUAD, LUSC, PCPG, and THCA (Fig. 1A); as well 
as COAD (Fig. 1B). Immunohistochemical results in HPA 
database showed that FDX1 was expressed in mucosa epi-
thelium, lamina propria and submucosa of normal colon 
tissue (Fig. 1C), but no obvious expression was observed in 
colon cancer tissue (Fig. 1D).

Association between FDX1 expression and survival

According to the Kaplan–Meier survival curves analysis, 
COAD patients with higher FDX1 expression showed that 
overall survival (OS) and disease-specific survival (DSS) 
were higher than that of the low expression group (P < 0.05, 

Fig. 1  FDX1 expression levels in pan-cancer. A Expression of FDX1 
in distinct cancers compared with normal tissues. B Expression of 
FDX1 in COAD compared with normal tissues, N = 41 (paired sam-
ples). C The level of FDX1 protein in normal tissue in the human 

protein atlas. D The level of FDX1 protein in COAD tissue in the 
Human Protein Atlas. *P < 0.05, **P < 0.01, ***P < 0.001, ns: no sta-
tistically significant

http://timer.comp-genomics.org/
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Fig. 2A, B). Moreover, high expression of FDX1 also has a 
positive effect on prognosis (OS) in different clinical vari-
ables, such as T4 stage, N0 stage, M0 stage, female, no colon 
polyps present, no history of colon polyps and R0 residual 
tumor (P < 0.05, Fig. 2C–I).

Genes analysis of closely associated with FDX1 
in COAD

The top 25 functionally related genes of FDX1 in COAD 
(positive correlation or negative correlation) are shown in a 

heatmap, which showed consistently up-regulated or down-
regulated (Fig. 3A). Three hundreds and sixty-four DEGs 
with FDX1 (|logFC|> 1, Padj < 0.05) were selected from 
TCGA database using DESeq2 (336 genes were down-reg-
ulated and 28 genes were up-regulated); among the DEGs, 
the most down-regulated genes were GPR52, FBXO40, 
H4C6, C12ORF40, H4C13, etc. and the most up-regulated 
genes were MAGEB2, PAGE1, MRLN, APOA4, ERICH4, 
etc. (Fig. 3B). Gene ontology revealed that as for molecular 
function (MF), DEGs were involved in taste receptor activ-
ity and bitter taste receptor activity; from the perspective of 

Fig. 2  Prognostic value of mRNA level of FDX1 in patients with 
COAD (Kaplan–Meier plotter). A, B The correlations between FDX1 
and OS [N (low/high) = 297/180] or DSS [N (low/ high) = 287/174] 

of COAD patients were evaluated by TCGA database. (C–I) The cor-
relations between FDX1 and OS of COAD patients were evaluated in 
different clinical variables
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cellular constituent (CC), it mainly involves in DNA pack-
aging complex and nucleosome; in terms of biological pro-
cess (BP), these DEGs were mainly involved in nucleosome 
assembly, sensory perception of bitter taste. KEGG enrich-
ment analysis on the DEGs showed that the top 3 signal 
pathways which were significantly enriched were in taste 
transduction, alcoholism and systemic lupus erythematosus 
(Fig. 3C).

Establishment of PPI network and detection of hub 
genes

The protein–protein interaction network between FDX1 
and its related genes was constructed by STRING tool. 
The results showed that FDX1 only interacts with CYCS 
(Fig. 4A). The module analysis network contains 17 nodes 

and 36 edges. In the PPI network, the genes with high 
interaction frequency were considered as hub genes, such 
as CYCS, NDUFC2, MT-ND4, and SUHD (Fig. 4B).

Relationship between expression level of FDX1 
in single cell and functional status of tumor

The expression of FDX1 in single cell of COAD and its 
relationship with tumor functional status were analyzed 
via CancerSEA database. We found that FDX1 expres-
sion in COAD were significantly positively associated 
with “quiescence” and “inflammation” (r = 0.5 or 0.43, 
P < 0.05). On the contrary, FDX1 expression were nega-
tively correlated with “invasion” (r = − 0.44, P < 0.05, 
Fig. 5).

Fig. 3  Screening and functional analysis of genes associated with 
FDX1 in COAD. A The top 25 genes of positively or negatively cor-
related with FDX1 in COAD were showed in Heatmap. B Volcano 

map of all DEGs in COAD and the control group analyzed. The top 
10 up-regulated or down-regulated genes are marked on the map. C 
GO-KEGG enrichment analysis of DEGs
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Relationship between FDX1 expression and immune 
cell infiltration

The relationship between FDX1 expression and immune infil-
tration of COAD was analyzed via TIMER2.0. The results 
revealed that FDX1 expression was positively correlated with 
infiltration levels of  CD8+ T cells (r = 0.138, P < 0.05), NK 
cells (r = 0.15, P < 0.05), and neutrophils (r = 0.17, P < 0.01). 
Oppositely, FDX1 expression was negatively correlated 
with that of  CD4+ T cells (r = − 0.119, P < 0.05) and CAFs 
(r = − 0.198, P < 0.01) (Fig. 6).

Screening of patients with high expression of FDX1 
in colon cancer and characteristics of immune cell 
infiltration

Six patients with high expression of FDX1 in colon cancer 
were screened, and Western blot results showed that FDX1 
expression in cancer tissues were significantly higher than 
that in paracancerous tissues; compared with the gray 
value, cancer tissue 4.78 ± 2.65 was significantly higher 
than paracancerous 1.0 (P < 0.01, Fig. 7). Flow cytometry 
showed that  CD8+ T cells accounted for 47.03 ± 7.74% 

Fig. 4  Construction of PPI network of FDX1 with its related genes and screening of hub genes. A PPI network diagram of FDX1 with its related 
genes. B Detection of hub genes from the PPIs network

Fig. 5  Correlation between FDX1 expression and significantly different functional states
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of the total lymphocytes in cancer tissues, significantly 
higher than 34.73 ± 5.27% in paracancerous tissues 
(P < 0.01, Fig. 8A). However,  CD4+ T cells accounted 
for 35.70 ± 13.40% of total lymphocytes in cancer tissues, 
significantly lower than 49.62 ± 4.67% in paracancerous 
tissues (P < 0.01, Fig. 8B).

Discussion

FDX1 gene encodes for iron-sulfur (Fe/S) proteins 
which play several roles in reduction of mitochon-
drial cytochrome P450 enzyme and synthesis of steroid 

Fig. 6  Correlation of FDX1 expression with immune cell infiltrated in COAD

Fig. 7  Expression levels of FDX1 were detected by Western blot analysis. P1-6: paracancerous tissues of patients 1–6, C1-6: cancer tissues of 
patients 1–6

Fig. 8  Detect  CD4+ T and  CD8+ T in six patients with high expres-
sion of FDX1 by flow cytometry. A Legend of Flow cytometry. The 
ratio of  CD8+ T cells in cancer tissues was significantly higher than 

in paracancerous tissues but the ratio of  CD4+ T cells was lower than 
in paracancerous tissues. B Cartogram of the proportion of  CD4+ T 
and  CD8+ T cells in cancerous and paracancerous tissues, **P < 0.01
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hormones (such as pregnenolone, aldosterone and corti-
sol), as well as involved in the biosynthesis of heme A 
and Fe/S clusters (Sheftel et al. 2010; Strushkevich et al. 
2011). Some studies have found that FDX1 is the direct 
target of elesclomol, which promotes a unique form of 
copper-dependent cell death, and it can improve the effi-
cacy of targeted anticancer drugs (Tsvetkov et al. 2019). 
As for lung adenocarcinoma, FDX1 promotes production 
of ATP in tumor cells and is closely associated with glu-
cose metabolism, fatty acid oxidation, and amino acid 
metabolism (Zhang et  al. 2021). In addition, FDX1 is 
involved in the development of polycystic ovary syndrome 
by regulating mitochondrial and steroid metabolism (Wang 
et al. 2021). However, more biological activity of FDX1, 
as a promising therapeutic target, needs to be found in 
different diseases.

Analysis of FDX1 expression from TCGA database and 
HPA database showed that FDX1 expression was decreased 
in most COAD patients and increased in a few patients 
(Fig. 1B, P < 0.01). However, according to the results of 
K–M survival curve analysis, the survival rate of COAD 
patients with high FDX1 expression was significantly better 
than that of FDX1 low group. It has been reported that high 
expression of FDX1 indicates a good prognosis in Clear cell 
renal cell carcinoma (Bian et al. 2022). Nonetheless, why 
COAD patients with high expression of FDX1 have a good 
prognosis has not been reported. In this study, the potential 
mechanism of high expression of FDX1 have a good prog-
nosis were explored based on COAD single cell function and 
immune infiltration level. The CancerSEA database reveals 
the functional status of different cancer cells at the single 
cell level, involving 14 functional states of 41,900 cancer 
single cells from 25 cancer types (Yuan et al. 2019). In 
this study, FDX1 expression was positively correlated with 
tumor cell quiescence and inflammation, and negatively cor-
related with tumor invasion via CancerSEA database analy-
sis. These results suggest that high expression of FDX1 plays 
a crucial role in the inhibition of colon tumors. In fact, com-
pared with traditional anticancer therapy, promoting quies-
cence and long-term survival has become the main strategy 
of tumor therapy (Recasens and Munoz 2019; Sistigu et al. 
2020). Inflammation is a key component of the tumor micro-
environment and a double-edged sword in tumor develop-
ment. On the one hand, inflammation in the tumor microen-
vironment enhances tumor immunogenicity and increases 
susceptibility to immune regulation (O’Shaughnessy et al. 
2018). On the other hand, inflammation can impair tumor 
immune surveillance, promote tumor cell proliferation and 
metastasis, as well as induce chemotherapy resistance (Buas 
et al. 2017; Ding et al. 2020). Previous studies suggested 
that FDX1 inhibits tumor invasion by regulating the expres-
sion of tumor suppressor P73 (Zhang et al. 2020). Recent 
evidences have shown that FDX1 is highly correlated with 

lipoylated proteins abundance in a variety of human tumor 
cells, and cell lines with high levels of lipoylated proteins are 
sensitive to copper-induced cell death (Tsvetkov et al. 2022). 
This may be another important factor that FDX1 inhibits 
tumor invasion.

Meanwhile, FDX1 expression was positively correlated 
with infiltration levels of  CD8+ T cells, NK cells, and neu-
trophils but negatively correlated with that of  CD4+ T cells 
and CAFs via TIMER database analysis. Studies have shown 
that  CD8+ T cells and NK cells have a direct killing effect on 
tumors (Ben-Shaanan et al. 2018). At present, it is difficult 
to define the role of neutrophil in tumor microenvironment, 
because it not only shows the activity of promoting tumor 
growth and metastasis, but also has anti-tumor function 
(Uribe-Querol and Rosales 2015). Multiple subsets of  CD4+ 
T have been shown to inhibit tumor immune response, such 
as Th1, Th2, and Treg cells (Fu et al. 2019). Treg cells can 
inhibit the proliferation and efficacy of  CD8+ T cells, which 
is considered to be one of the major obstacles to successful 
clinical application of tumor immunotherapy (Poehlein et al. 
2009; Arce Vargas et al. 2017). Cancer-associated fibroblasts 
(CAFs) play an important role in promoting tumor growth, 
metastasis and immune escape (Duperret et al. 2018; Elyada 
et al. 2019). These results suggest that high expression of 
FDX1 plays a positive role in inhibiting tumor growth and 
metastasis. We verified the level of  CD4+ T cells and  CD8+ 
T cells immune infiltration in 6 COAD patients with high 
expression of FDX1 by flow cytometry, and the results were 
completely consistent with the analysis of TIMER database, 
which effectively explained the good prognosis of patients 
with high expression of FDX1.

Further studies on the function of FDX1-related genes 
and DEGs in COAD showed consistently up-regulated 
or down-regulated genes, suggesting that the expression 
pattern of the genes was stable. Among them, GPR52, 
FBXO40, C12orf40, etc. were most significantly down-
regulated, and MAGEB2, PAGE1, MRLN, APOA4, and 
ERICH4 genes were most significantly up-regulated. 
The study found that GPR52 downregulation involved 
in aggressive prostate carcinoma recurrence with MTIE 
(Demidenko et al. 2017); C12orf40 acted as prognostic 
biomarkers for kidney renal clear cell carcinoma (Yang 
et  al. 2020). Furthermore, MAGEB2 can improve the 
stress tolerance of tumor cells by inhibiting the synthesis 
of stress granules (Lee et al. 2020); PAGE1 is also highly 
expressed in HCC cells and is considered as a potential 
biomarker and therapeutic target (Cui and Jiang 2022). GO 
enrichment analysis for further explored the function of 
DEGs and found that DEGs play important roles in molec-
ular function, cellular composition and biological pro-
cesses, such as nucleosome assembly and taste perception. 
KEGG enrichment analysis showed that the DEGs were 
significantly enriched in the taste transduction pathway. 
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The survey found that taste impairment was more serious 
in COAD patients than in lung cancer and pancreatic can-
cer patients during diagnosis and chemotherapy (Spotten 
et al. 2017; Nolden et al. 2019). The results of this study 
support the above reports and suggest that FDX1 and its 
co-expressed genes play an important role in the develop-
ment and progression of COAD.

Moreover, the PPI network of the DEGs was con-
structed. Then, hub genes were identified through module 
analysis of the PPI network. CYCS is the only hub gene 
interacting with FDX1 at high frequency. Studies have 
found that CYCS, as hub gene, not only plays an impor-
tant role in the pathophysiology of ovarian cancer (Ha 
et al. 2021), but also has a vital function in bone metasta-
sis of breast cancer and the prognosis of cervical cancer 
(Ma et al. 2021; Rimal et al. 2021). The high-frequency 
interaction between FDX1 and CYCS further solidifies its 
important role in the pathogenesis of COAD.

Conclusion

In summary, we analyzed the expression of FDX1 in 
colon cancer by bioinformatics methods. FDX1 and its co-
expressed genes play an important role in the development 
and progression of COAD. Moreover, high expression of 
FDX1 suggests a good prognosis and immune cell infil-
tration, which can effectively inhibit tumor cell invasion 
and metastasis. Regulation of FDX1 expression would be 
a potential therapeutic approach in inducing cuproptosis 
and immunotherapy for COAD.

Acknowledgements We would like to acknowledge Yijishan hospital 
central laboratory, Wannan Medical College for providing us with the 
flow cytometer for this study.

Author contributions LW and JX participated in study design and 
drafted the manuscript. YC and LW performed the data curation and 
analysis. WG contributed to visualization. JX contributed for overall 
editing and supervision. All trhe authors read and approved the final 
manuscript.

Funding This work was supported by funds from Natural Science 
Foundation of Wannan Medical College (WK202123) and Key Project 
in Natural Science Research in Higher Education Institutions of Anhui 
Province (KJ2019A0403).

 Availability of data and materials The data that support the findings 
of this study are available from the corresponding author on reason-
able request.

Declarations 

Conflict of interest The author reports no conflicts of interest in this 
work.

Ethical approval The studies involving human participants were 
reviewed and approved by the ethics committee of Yijishan Hospital, 
Wannan Medical College (NO. 2022081).

Consent to participate The patients provided their written informed 
consent to participate in this study.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Arce Vargas F, Furness AJS, Solomon I, Joshi K, Mekkaoui L, Lesko 
MH et al (2017) Fc-optimized Anti-CD25 depletes tumor-infil-
trating regulatory T cells and synergizes with PD-1 blockade to 
eradicate established tumors. Immunity 46(4):577–586. https:// 
doi. org/ 10. 1016/j. immuni. 2017. 03. 013

Baidoun F, Elshiwy K, Elkeraie Y, Merjaneh Z, Khoudari G, Sarmini 
MT et al (2021) Colorectal cancer epidemiology: recent trends 
and impact on outcomes. Curr Drug Targets 22(9):998–1009. 
https:// doi. org/ 10. 2174/ 13894 50121 99920 11171 15717

Ben-Shaanan TL, Schiller M, Azulay-Debby H, Korin B, Boshnak N, 
Koren T et al (2018) Modulation of anti-tumor immunity by the 
brain’s reward system. Nat Commun 9(1):2723. https:// doi. org/ 
10. 1038/ s41467- 018- 05283-5

Bian Z, Fan R, Xie L (2022) A novel cuproptosis-related prognostic 
gene signature and validation of differential expression in clear 
cell renal cell carcinoma. Genes (basel) 13(5):851. https:// doi. org/ 
10. 3390/ genes 13050 851

Brenner H, Kloor M, Pox CP (2014) Colorectal cancer. Lancet 
383(9927):1490–1502. https:// doi. org/ 10. 1016/ S0140- 6736(13) 
61649-9

Brown KGM, Solomon MJ (2018) Progress and future direction in the 
management of advanced colorectal cancer. Br J Surg 105(6):615–
617. https:// doi. org/ 10. 1002/ bjs. 10759

Buas MF, He Q, Johnson LG, Onstad L, Levine DM, Thrift AP 
et al (2017) Germline variation in inflammation-related path-
ways and risk of Barrett’s oesophagus and oesophageal adeno-
carcinoma. Gut 66(10):1739–1747. https:// doi. org/ 10. 1136/ 
gutjnl- 2016- 311622

Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F et al (2016) 
Cancer statistics in China, 2015. CA Cancer J Clin 66(2):115–132. 
https:// doi. org/ 10. 3322/ caac. 21338

Cui Y, Jiang N (2022) Identification of a seven-gene signature predict-
ing clinical outcome of liver cancer based on tumor mutational 
burden. Hum Cell. https:// doi. org/ 10. 1007/ s13577- 022- 00708-2

Demidenko R, Daniunaite K, Bakavicius A, Sabaliauskaite R, Ske-
berdyte A, Petroska D et al (2017) Decreased expression of MT1E 
is a potential biomarker of prostate cancer progression. Oncotarget 
8(37):61709–61718. https:// doi. org/ 10. 18632/ oncot arget. 18683

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.2174/1389450121999201117115717
https://doi.org/10.1038/s41467-018-05283-5
https://doi.org/10.1038/s41467-018-05283-5
https://doi.org/10.3390/genes13050851
https://doi.org/10.3390/genes13050851
https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.1002/bjs.10759
https://doi.org/10.1136/gutjnl-2016-311622
https://doi.org/10.1136/gutjnl-2016-311622
https://doi.org/10.3322/caac.21338
https://doi.org/10.1007/s13577-022-00708-2
https://doi.org/10.18632/oncotarget.18683


24 Journal of Cancer Research and Clinical Oncology (2023) 149:15–24

1 3

Ding H, Zhang X, Su Y, Jia C, Dai C (2020) GNAS promotes inflam-
mation-related hepatocellular carcinoma progression by promot-
ing STAT3 activation. Cell Mol Biol Lett 25:8. https:// doi. org/ 10. 
1186/ s11658- 020- 00204-1

Duperret EK, Trautz A, Ammons D, Perales-Puchalt A, Wise MC, 
Yan J et al (2018) Alteration of the tumor stroma using a con-
sensus DNA vaccine targeting fibroblast activation protein (FAP) 
synergizes with antitumor vaccine therapy in mice. Clin Can-
cer Res 24(5):1190–1201. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 17- 2033

Elyada E, Bolisetty M, Laise P, Flynn WF, Courtois ET, Burkhart RA 
et al (2019) Cross-species single-cell analysis of pancreatic ductal 
adenocarcinoma reveals antigen-presenting cancer-associated 
fibroblasts. Cancer Discov 9(8):1102–1123. https:// doi. org/ 10. 
1158/ 2159- 8290. CD- 19- 0094

Fu Q, Chen N, Ge C, Li R, Li Z, Zeng B et al (2019) Prognostic value 
of tumor-infiltrating lymphocytes in melanoma: a systematic 
review and meta-analysis. Oncoimmunology 8(7):1593806. 
https:// doi. org/ 10. 1080/ 21624 02X. 2019. 15938 06

Ha JH, Jayaraman M, Yan M, Dhanasekaran P, Isidoro C, Song YS et al 
(2021) GNAi2/gip2-regulated transcriptome and its therapeutic 
significance in ovarian cancer. Biomolecules 11(8):1211. https:// 
doi. org/ 10. 3390/ biom1 10812 11

Haraldsdottir S, Einarsdottir HM, Smaradottir A, Gunnlaugsson A, 
Halfdanarson TR (2014) Colorectal cancer—review. Laeknab-
ladid 100(2):75–82. https:// doi. org/ 10. 17992/ lbl. 2014. 02. 531

Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens 
PG et al (2015) Colorectal Cancer. Nat Rev Dis Primers 1:15065. 
https:// doi. org/ 10. 1038/ nrdp. 2015. 65

Lee AK, Klein J, Fon Tacer K, Lord T, Oatley MJ, Oatley JM et al 
(2020) Translational repression of G3BP in cancer and germ cells 
suppresses stress granules and enhances stress tolerance. Mol Cell 
79(4):645-659.e649. https:// doi. org/ 10. 1016/j. molcel. 2020. 06. 037

Ma X, Zhang Q, Du J, Tang J, Tan B (2021) Integrated analysis of 
ceRNA regulatory network associated with tumor stage in cervi-
cal cancer. Front Genet 12:618753. https:// doi. org/ 10. 3389/ fgene. 
2021. 618753

Matsuda T, Yamashita K, Hasegawa H, Oshikiri T, Hosono M, 
Higashino N et al (2018) Recent updates in the surgical treat-
ment of colorectal cancer. Ann Gastroenterol Surg 2(2):129–136. 
https:// doi. org/ 10. 1002/ ags3. 12061

Nolden A, Joseph PV, Kober KM, Cooper BA, Paul SM, Hammer MJ 
et al (2019) Co-occurring gastrointestinal symptoms are associ-
ated with taste changes in oncology patients receiving chemo-
therapy. J Pain Symptom Manage 58(5):756–765. https:// doi. org/ 
10. 1016/j. jpain symman. 2019. 07. 016

O’Shaughnessy MJ, Murray KS, La Rosa SP, Budhu S, Merghoub T, 
Somma A et al (2018) Systemic antitumor immunity by PD-1/
PD-L1 inhibition is potentiated by vascular-targeted photody-
namic therapy of primary tumors. Clin Cancer Res 24(3):592–
599. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 17- 0186

Pizzini S, Bisognin A, Mandruzzato S, Biasiolo M, Facciolli A, Perilli 
L et al (2013) Impact of microRNAs on regulatory networks and 
pathways in human colorectal carcinogenesis and development 
of metastasis. BMC Genomics 14:589. https:// doi. org/ 10. 1186/ 
1471- 2164- 14- 589

Poehlein CH, Haley DP, Walker EB, Fox BA (2009) Depletion of 
tumor-induced Treg prior to reconstitution rescues enhanced prim-
ing of tumor-specific, therapeutic effector T cells in lymphopenic 
hosts. Eur J Immunol 39(11):3121–3133. https:// doi. org/ 10. 1002/ 
eji. 20093 9453

Recasens A, Munoz L (2019) Targeting cancer cell dormancy. Trends 
Pharmacol Sci 40(2):128–141. https:// doi. org/ 10. 1016/j. tips. 2018. 
12. 004

Rimal R, Desai P, Marquez AB, Sieg K, Marquardt Y, Singh S 
(2021) 3-D vascularized breast cancer model to study the role 

of osteoblast in formation of a pre-metastatic niche. Sci Rep 
11(1):21966. https:// doi. org/ 10. 1038/ s41598- 021- 01513-x

Sheftel AD, Stehling O, Pierik AJ, Elsasser HP, Muhlenhoff U, 
Webert H et al (2010) Humans possess two mitochondrial ferre-
doxins, Fdx1 and Fdx2, with distinct roles in steroidogenesis, 
heme, and Fe/S cluster biosynthesis. Proc Natl Acad Sci U S A 
107(26):11775–11780. https:// doi. org/ 10. 1073/ pnas. 10042 50107

Sistigu A, Musella M, Galassi C, Vitale I, De Maria R (2020) Tuning 
cancer fate: tumor microenvironment’s role in cancer stem cell 
quiescence and reawakening. Front Immunol 11:2166. https:// doi. 
org/ 10. 3389/ fimmu. 2020. 02166

Spotten LE, Corish CA, Lorton CM, Ui Dhuibhir PM, O’Donoghue 
NC, O’Connor B et al (2017) Subjective and objective taste and 
smell changes in cancer. Ann Oncol 28(5):969–984. https:// doi. 
org/ 10. 1093/ annonc/ mdx018

Strushkevich N, MacKenzie F, Cherkesova T, Grabovec I, Usanov S, 
Park HW (2011) Structural basis for pregnenolone biosynthesis 
by the mitochondrial monooxygenase system. Proc Natl Acad Sci 
USA 108(25):10139–10143. https:// doi. org/ 10. 1073/ pnas. 10194 
41108

Tian Y, Ma L, Gong M, Su G, Zhu S, Zhang W et al (2018) Protein 
profiling and sizing of extracellular vesicles from colorectal can-
cer patients via flow cytometry. ACS Nano 12(1):671–680. https:// 
doi. org/ 10. 1021/ acsna no. 7b077 82

Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A 
(2015) Global cancer statistics, 2012. CA Cancer J Clin 65(2):87–
108. https:// doi. org/ 10. 3322/ caac. 21262

Tsvetkov P, Detappe A, Cai K, Keys HR, Brune Z, Ying W et al (2019) 
Mitochondrial metabolism promotes adaptation to proteotoxic 
stress. Nat Chem Biol 15(7):681–689. https:// doi. org/ 10. 1038/ 
s41589- 019- 0291-9

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. https:// doi. 
org/ 10. 1126/ scien ce. abf05 29

Uribe-Querol E, Rosales C (2015) Neutrophils in cancer: two sides of 
the same coin. J Immunol Res 2015:983698. https:// doi. org/ 10. 
1155/ 2015/ 983698

Wang Z, Dong H, Yang L, Yi P, Wang Q, Huang D (2021) The 
role of FDX1 in granulosa cell of polycystic ovary syndrome 
(PCOS). BMC Endocr Disord 21(1):119. https:// doi. org/ 10. 1186/ 
s12902- 021- 00775-w

Yang Q, Chu W, Yang W, Cheng Y, Chu C, Pan X et al (2020) Iden-
tification of RNA transcript makers associated with prognosis of 
kidney renal clear cell carcinoma by a competing endogenous 
RNA network analysis. Front Genet 11:540094. https:// doi. org/ 
10. 3389/ fgene. 2020. 540094

Yuan H, Yan M, Zhang G, Liu W, Deng C, Liao G et al (2019) Can-
cerSEA: a cancer single-cell state atlas. Nucleic Acids Res 
47(D1):D900–D908. https:// doi. org/ 10. 1093/ nar/ gky939

Zhang J, Kong X, Zhang Y, Sun W, Wang J, Chen M et al (2020) FDXR 
regulates TP73 tumor suppressor via IRP2 to modulate aging and 
tumor suppression. J Pathol 251(3):284–296. https:// doi. org/ 10. 
1002/ path. 5451

Zhang Z, Ma Y, Guo X, Du Y, Zhu Q, Wang X et al (2021) FDX1 can 
impact the prognosis and mediate the metabolism of lung adeno-
carcinoma. Front Pharmacol 12:749134. https:// doi. org/ 10. 3389/ 
fphar. 2021. 749134

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s11658-020-00204-1
https://doi.org/10.1186/s11658-020-00204-1
https://doi.org/10.1158/1078-0432.CCR-17-2033
https://doi.org/10.1158/1078-0432.CCR-17-2033
https://doi.org/10.1158/2159-8290.CD-19-0094
https://doi.org/10.1158/2159-8290.CD-19-0094
https://doi.org/10.1080/2162402X.2019.1593806
https://doi.org/10.3390/biom11081211
https://doi.org/10.3390/biom11081211
https://doi.org/10.17992/lbl.2014.02.531
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1016/j.molcel.2020.06.037
https://doi.org/10.3389/fgene.2021.618753
https://doi.org/10.3389/fgene.2021.618753
https://doi.org/10.1002/ags3.12061
https://doi.org/10.1016/j.jpainsymman.2019.07.016
https://doi.org/10.1016/j.jpainsymman.2019.07.016
https://doi.org/10.1158/1078-0432.CCR-17-0186
https://doi.org/10.1186/1471-2164-14-589
https://doi.org/10.1186/1471-2164-14-589
https://doi.org/10.1002/eji.200939453
https://doi.org/10.1002/eji.200939453
https://doi.org/10.1016/j.tips.2018.12.004
https://doi.org/10.1016/j.tips.2018.12.004
https://doi.org/10.1038/s41598-021-01513-x
https://doi.org/10.1073/pnas.1004250107
https://doi.org/10.3389/fimmu.2020.02166
https://doi.org/10.3389/fimmu.2020.02166
https://doi.org/10.1093/annonc/mdx018
https://doi.org/10.1093/annonc/mdx018
https://doi.org/10.1073/pnas.1019441108
https://doi.org/10.1073/pnas.1019441108
https://doi.org/10.1021/acsnano.7b07782
https://doi.org/10.1021/acsnano.7b07782
https://doi.org/10.3322/caac.21262
https://doi.org/10.1038/s41589-019-0291-9
https://doi.org/10.1038/s41589-019-0291-9
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1155/2015/983698
https://doi.org/10.1155/2015/983698
https://doi.org/10.1186/s12902-021-00775-w
https://doi.org/10.1186/s12902-021-00775-w
https://doi.org/10.3389/fgene.2020.540094
https://doi.org/10.3389/fgene.2020.540094
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1002/path.5451
https://doi.org/10.1002/path.5451
https://doi.org/10.3389/fphar.2021.749134
https://doi.org/10.3389/fphar.2021.749134

	High expression of cuproptosis-related gene FDX1 in relation to good prognosis and immune cells infiltration in colon adenocarcinoma (COAD)
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Selection of samples and ethics
	FDX1 expression analysis in TCGA database and HPA database
	Association between FDX1 expression and COAD survival prognosis
	Screening and analysis of FDX1’s differentially expressed genes and related genes
	Single cell sequencing data analysis
	Immune infiltration analysis
	Screening of clinical samples
	Flow cytometry

	Results
	The mRNA expression analysis of FDX1
	Association between FDX1 expression and survival
	Genes analysis of closely associated with FDX1 in COAD
	Establishment of PPI network and detection of hub genes
	Relationship between expression level of FDX1 in single cell and functional status of tumor
	Relationship between FDX1 expression and immune cell infiltration
	Screening of patients with high expression of FDX1 in colon cancer and characteristics of immune cell infiltration

	Discussion
	Conclusion
	Acknowledgements 
	References




