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ABSTRACT

Cuproptosis is a newly identified specific form of programmed cell death. Our study aimed to identify cuproptosis-
related genes (CRGs) in patients with kidney renal clear cell carcinoma (KIRC) from the The Cancer Genome Atlas 
database and to evaluate CRG biological functions. Using lasso regression, we identified four KIRC prognosis-
associated CRGs and constructed an associated prognostic risk signature. Kaplan-Meier curves showed that patients 
with high-risk scores had significantly lower survival times than patients with low-risk scores. Multivariate Cox 
analysis identified MTF1 and FDX1 as two independent overall survival CRGs. Moreover, qRT-PCR showed that 
MTF1 and FDX1 expression was downregulated in KIRC and knockdown of MTF1 and FDX1 significantly promoted 
KIRC cell proliferation and migration ability. In addition, the MTF1 level was positively correlated with immune 
cell infiltration and knockdown of MTF1 promoted tumor growth in vivo. We developed a signature of prognostic 
risk-associated CRGs that accurately predicted the prognostic status of KIRC patients. MTF1 and FDX1 were shown 
to be key CRGs. MTF1 acts as a tumor suppressor, and may be involved in the progression of KIRC by inhibiting 
proliferation and regulating immune cell infiltration.

Keywords: Cuproptosis, Kidney renal clear cell carcinoma, MTF1, Immune cell infiltration

1. INTRODUCTION

Renal cancer is one of the most common urinary tract 
malignancies originating from renal tubular epithelial 
cells. Renal cancer accounts for 2.2% of all malignant 
tumors, with renal clear cell carcinoma (KIRC) the most 
common type of renal cancer [1, 2]. Currently, the pri-
mary treatment for KIRC is surgery, but distant metas-
tases are found at the time of diagnosis in 25%-30% 
of patients, thus patients may eventually develop recur-
rent metastatic KIRC even after surgical resection [3]. 
Surgical treatment for metastatic KIRC is limited, with a 
5-year postoperative survival rate < 10% [4]. Moreover, 
radiotherapy and immunotherapy are not effective for 
patients with metastasis. Despite many major break-
throughs in the treatment of KIRC with targeted 

therapies in recent years, the prognosis remains poor 
[5, 6]. It is of great research and clinical significance 
to better understand the mechanism underlying KIRC 
development, to explore diagnostic and therapeutic 
approaches at the molecular level with multiple genes, 
and to seek effective targeted therapies.

Metal ions are indispensable trace elements for living 
organisms, but insufficient or excessive levels of metal 
ions can cause cell death [7, 8]. Copper, a trace metal, 
is an important cofactor, the redox properties of which 
make copper both beneficial and toxic to cells [9, 10]. 
Recent studies have revealed that copper ionophores are 
intrinsically selective in preferentially inducing cancer 
cell cuproptosis [11]. Tsvetkov et al. [12] reported that 
intracellular copper accumulation leads to a novel type 
of programmed cell death (PCD) called cuproptosis, and 
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identified 10 cuproptosis-related genes (CRGs [CDKN2A, 
DLAT, DLD, FDX1, GLS, LIAS, LIPT1, MTF1, PDHA1, and 
PDHB]). The correlation between the expression of CRGs 
and KIRC, however, has not been thoroughly investi-
gated. The establishment of new biomarkers related 
to cuproptosis is important for the early detection and 
prognosis of KIRC.

Metal regulatory transcription factor (MTF) 1 is a 
protein-coding gene that accumulates in the nucleus 
during heavy metal exposure and activates transcrip-
tion of metallothionein (MT) genes by binding to the 
promoter of the metal response element [MRE] [13, 14]. 
Diseases associated with MTF1 include dentin erosion 
and enamel erosion [15]. Recently, a growing number of 
studies have identified that MTF1 has an important role 
in the progression of a variety of malignancies, includ-
ing gastric cancer, hepatocellular carcinoma, and pros-
tate cancer [16-18].

Therefore, we first searched for KIRC prognosis- 
associated CRGs using gene expression profiles from 
The Cancer Genome Atlas (TCGA) database. Second, a 
prognostic risk-related signature was developed based 
on the above CRGs to find novel biomarkers to assess 
the prognosis of KIRC. Finally, we validated the expres-
sion of the above CRGs in tissue samples and cells, and 
functional experiments were performed to assess the 
biological functions.

2. MATERIALS AND METHODS

2.1 Data sources and preparation
We obtained transcriptome fragments per kilobase 
per million (FPKM) data for 538 KIRC and 72 healthy 
patients from the TCGA database. Log2 (FPKM+1) pro-
cessing was performed on the data. Clinical information 
was obtained, including gender, age, grade, pathologic 
stage, TNM stage, survival status, and survival time 
(Table 1).

2.2 Construction and validation of a prognostic 
signature associated with CRGs
The 478 samples with a survival time >30 days were ran-
domly divided into training (355 cases) and test sets (143 
cases) at a 7:3 ratio. CRGs associated with prognostic risk 
were screened by least absolute shrinkage and selec-
tion operator (lasso) Cox regression. Risk models were 
subsequently constructed and the clinical samples were 
divided into low- and high-risk groups. Kaplan-Meier 
survival curves and Cox proportional risk analysis were 
used to determine the effect of risk models on overall 
survival (OS).

2.3 Prognostic nomogram establishment and 
validation
The OS prognostic nomogram was constructed based on 
the results of multivariate Cox proportional risk analysis. 
Calibration curves and receiver operating characteristic 
(ROC) curves were used to detect the predictive effect 

of the nomogram, and the results of ROC curves were 
visualized as the area under the ROC curve (AUC).

2.4 OS-associated independent CRGs
The prognostic risk-related CRGs were subjected to 
univariate and multivariate Cox regression analyses 

Table 1 | Clinical information of 523 KIRC patients in the 
TCGA.

Characteristics KIRC patients (N = 523) No. %

Age, years

 < 65 328 62.72%

 ≥ 65 195 37.28%

Gender

 Male 338 64.63%

 Female 185 35.37%

Tumor

 T1 270 51.6%

 T2 66 12.6%

 T3 176 33.7%

 T4 11 2.1%

Node

 N0 233 44.6%

 N1 15 2.9%

 NX 275 52.6%

Metastasis

 M0 435 83.2%

 M1 88 15.3%

 MX 8 1.5%

Stage

 Stage I 264 50.5%

 Stage II 54 10.3%

 Stage III 122 23.3%

 Stage IV 83 15.9%

Grade

 G1 14 2.7%

 G2 286 43.2%

 G3 206 39.4%

 G4 77 14.7%

Vital status

 Alive 363 69.4%

 Dead 160 30.6%
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to identify the independent CRGs associated with OS. 
Subsequently, Kaplan-Meier survival curves were used 
to assess the different levels of CRG expression for the 
detection of 5-year survival and OS in KIRC patients.

2.5 Clinical samples
We collected tumor and normal tissues from 25 
KIRC patients who underwent nephrectomy in the 
Department of Urology of Shanghai Tenth People’s 
Hospital (Shanghai, China) and the Affiliated Zhongda 
Hospital of Southeast University (Nanjing, China) from 
February 2018 to October 2019. The histopathology of 
all KIRC cases was confirmed by senior pathologists. The 
methodology of this study was conducted in accord-
ance with the Declaration of Helsinki and approved 
by the Ethics Committee and Institutional Review 
Board of Shanghai Tenth People’s Hospital (SHSY-
IEC-4.1/19-211/01). All patient or their relatives were 
informed of the study protocol.

2.6 Cell lines and culture
Normal renal tubular epithelial cells (HK-2, catalog num-
ber SCSP-511) and human KIRC cell lines (786-O, catalog 
number SCSP-5059; ACHN, catalog number SCSP-5063; 
and Caki-1, catalog number SCSP-5064) were purchased 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The medium and culture conditions 
used to maintain each cell line were performed as pre-
viously described [2]. The KIRC cell lines were stored at 
−80°C using Cellsaving reagent (NCM, Suzhou, China).

2.7 Cell transfection
Negative control (si-NC), si-MTF1#1, si-MTF1#2, 
si-FDX1#1, and si-FDX1#2 were purchased from RiboBio 
(Guangzhou, China). Cells were transfected using 
Liposomal Transfection reagent (Yeasen, Shanghai, 
China) at a cell confluency of 30%-50%. Control lenti-
virus (sh-NC) and knockdown lentivirus (sh-MTF1) were 
purchased from IBSBIO (Shanghai, China). The 786-O 
cells were plated in 24-well plates at 1 × 105 cells/well. 
When the cells reached 50% growth, the medium was 
replaced with 2 ml of fresh medium containing 6 μg/ml 
of polybrene, and an appropriate amount of virus sus-
pension was added. After incubation at 37°C for 4 h, 2 
ml of fresh medium was added to dilute the polybrene, 
the cell cultures were continued, and puromycin was 
used to screen for stable, transfected cells.

2.8 qRT-PCR
Total RNA was extracted from cells or tissue  specimens 
using a tissue grinder (JXFSTPRP-CLQL-48; Jingxin, 
Shanghai) and Trizol reagent (TaKaRa, China). cDNA 
was obtained by reverse transcription using a cDNA 
kit (Vazyme Biotech, Nanjing, China) and subse-
quently subjected to qRT-PCR. The CT values of the 
samples were determined using a qRT-PCR detec-
tion system (Applied Biosystems, USA). The relative 
expression of MTF1 and FDX1 was determined using 

the 2−ΔΔCt method. Information on all primers are as 
follows: MTF1-F, 5′ ACCCTGGCACTTTGGAGGAT 3′;  
MTF1-R, 5′ GCTGCACATAACCCTGGGAC 3′; FDX1-F, 5′ 
CTTTGGTGCATGTGAGGGAA 3′; FDX1-R, 5′ GCATCAGCCA-
CTGTTTCAGG 3′; GAPDH-F, 5′ AACGGATTTGGTCGTATTG 3′; 
and GAPDH-R, 5′ GGAAGATGGTGATGGGATT 3′.

2.9 Cell Counting Kit-8 (CCK-8) assay
Transfected cells at a density of 2000 per well were 
seeded in 96-well plates (Corning, USA). After incu-
bation for 0, 24, 48, 72, and 96 h, the media were dis-
carded and replaced with 110 μl of a mixed solution 
(10 μl of CCK-8 solution; Yeasen, Shanghai, China and 
100 μl of serum-free medium). The optical density (OD) 
values were measured at 450 nm using a microplate 
spectrophotometer (BioTek, Winooski, USA) after a 2-h 
incubation.

2.10 EdU assay
Transfected cells were inoculated in 6-well plates 
(Corning). Cells were fixed after incubation with 10 
μM of EdU solution (RiboBio) for 2 h. The cells were 
washed with PBS after cell permeabilization. Next, the 
cells were incubated in the dark with Apollo, the nuclei 
were counterstained with Hoechst, and images were 
obtained with a microscope.

2.11 Wound healing assay
The treated cells were scored with a 200-μl pipette tip 
when 80% confluence was reached in a 6-well plate 
(Corning). The debris was washed off with PBS, and 
media containing 2% fetal bovine serum (FBS) was 
added to each well. Images were obtained using an 
Olympus microscope (Tokyo, Japan) 0 and 24 h after 
making the wound.

2.12 Immune infiltration analysis
Immune infiltration analysis was performed as previ-
ously reported [19]. MTF1 and FDX1 were analyzed in 
relation to 22 types of immune cells using the Tumor 
Immune Estimation Resource (TIMER; https://cistrome.
shinyapps.io/timer/) database and Xiantao (https://www.
xiantao.love/) software.

2.13 Immunohistochemistry (IHC)
The IHC analysis consists of two parts. The level of FDX1 
and MTF1 protein expression in tumor and normal tissues 
were acquired from The Human Protein Atlas (HPA) data-
base (https://www.proteinatlas.org/). Fresh tumor tissues 
were obtained from mice, fixed in 4% paraformaldehyde, 
and stained by IHC according to a previous protocol [2].

2.14 Xenograft tumor model
Ten male BALB/c-nu mice, 4-6 weeks old, were purchased 
from Slac Laboratory Animal Center (Shanghai, China). 
Mice were randomly divided into two groups and housed 
in an SPF environment. Mice were injected in the back 
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with 1 × 106 sh-NC and sh-MTF1 stable transgenic cells. 
The length and width of the tumors were measured 
weekly. The tumor volume was calculated using the fol-
lowing formula: volume (mm3) = 0.5 × width2 × length. 
After sacrificing the mice, the weights of each tumor 
from all mice were recorded. All animal experiments were 
performed in accordance with the protocol approved by 
the Animal Research Ethics Committee of the Shanghai 
Tenth People’s Hospital (SHDSYY-2021-1726).

2.15 Statistical analysis
A χ2 test or two-tailed Student’s t-test were used to cal-
culate the differences between components. Univariate 
and multivariate Cox regression models were used for 
survival analyses. R-Studio statistical (Boston, MA, USA) 
and GraphPad Prism 8.3 software (San Diego, CA, USA) 
were used in this study. P values were considered statis-
tically significant at <0.05.

3. RESULTS

3.1 Construction and validation of prognostic 
signature associated with CRGs
Applying lasso Cox regression, four CRGs (CDKN2A, 
FDX1, LIAS, and MTF1) associated with prognostic risk 
were identified (Figure 1a). We developed a risk model 
based on the above four CRGs of the lasso regression 
analysis described above and divided the clinical sam-
ples into low- and high-risk groups in the training and 
test sets. The scatter plot of risk scores and heat map 
showed that survival outcomes were worse in the high-
risk score patients than the low-risk score group in both 
the training and test sets (Figure 1b, c). Kaplan-Meier 
survival analysis showed that patients in the high-risk 
score group had a significantly lower OS than the low-
risk score group (training dataset: P<0.001; test dataset: 
P=0.043; Figure 1d). Subsequently, univariate and multi-
variate Cox regression analyses showed that risk model, 
pathologic stage, grade, and age were independent 
prognostic risk factors for OS (Figure 1e, f).

3.2 Prognostic nomogram establishment and 
validation
In addition, we combined age, grade, stage, and risk 
model to construct a prognostic nomogram for OS that 
predicted 1-, 3-, and 5-year survival in KIRC patients 
(Figure 2a). Calibration curves showed that survival 
predicted by this OS prognostic nomogram was highly 
consistent with actual survival (Figure 2b), and the ROC 
curves showed that the AUCs for 1-, 3-, and 5-year OS 
were 0.84, 0.79, and 0.76, respectively (Figure 2c). These 
results indicated that the constructed OS prognostic 
nomogram had high reliability and accuracy.

We then evaluated the prognostic impact of the four 
CRGs on 5-year survival and OS in the KIRC patients. 
Kaplan-Meier curves showed that higher levels of FDX1, 
LIAS, and MTF1 expression were positively associated 
with better 5-year survival and OS, while high CDKN2A 

expression was negatively associated with 5-year sur-
vival (Figure 2d, e). Correlation studies between the four 
CRGs showed a strong correlation between MTF1 and 
FDX1 and LIAS, and between LIAS and FDX1 (Figure 2f). 
We performed multivariate Cox analysis and found that 
FDX1 and MTF1 were independent CRGs associated with 
OS (Figure 2g).

3.3 Expression of FDX1 and MTF1 in TCGA-KIRC 
database
We examined the relative levels of FDX1 and MTF1 
expression in TCGA-KIRC clinical samples, and the rela-
tionship between FDX1 and MTF1 expression and clin-
icopathologic variables. We first determined the level 
of FDX1 expression. FDX1 expression was downregu-
lated in tumors (Figure 3a), and the downregulation of 
FDX1 expression was validated in the GSE16449 dataset 
(Figure 3b). In addition, the HPA database showed that 
FDX1 protein was downregulated in renal cell cancer 
tumor tissue (Figure 3c). Furthermore, FDX1 expression 
were correlated with T-stage, N-stage, M-stage, histo-
logic grade, and pathologic stage (Figure 3d-h). Similarly, 
FDX1 expression was downregulated in the TCGA data-
base and the GSE16449 dataset (Figure 3i-j), and the 
HPA database showed that FDX1 protein was down-
regulated in RCC tumor tissue (Figure 3k). Furthermore, 
MTF1 expression was associated with T-stage, histologic 
grade, and pathologic stage (Figure 3l-p).

3.4 Knockdown of FDX1 and MTF1 promoted the 
proliferation and migration of KIRC cells
qRT-PCR assays showed that MTF1 and FDX1 expression 
was downregulated in KIRC cell lines (Figure 4a), and 
MTF1 and FDX1 mRNA expression was reduced in tumor 
samples (Figure 4b). We designed two siRNAs each for 
MTF1 and FDX1. qRT-PCR showed that si-MTF1#2 and 
si-FDX1#2 better reduced MTF1 and FDX1 expression 
(Figure 4c). CCK-8 and EdU assays showed that knock-
down of MTF1 or FDX1 expression significantly promoted 
the proliferation of 786-O cells (Figure 4d, e). The wound 
healing assay showed that silencing MTF1 or FDX1 
enhanced the migration ability of 786-O cells (Figure 4f).

3.5 MTF1 levels positively correlated with 
immune cell infiltration
An increasing number of studies in recent years have 
reported that immune cell infiltration is associated with 
tumor progression. We then analyzed the correlation 
between FDX1, MTF1, and tumor infiltrating immune 
cells. MTF1 was negatively correlated with cytotoxic cells 
and Tregs. MTF1 was positively correlated with Th1 cells, 
Th2 cells, dendritic cells (DCs), iDCs, natural killer (NK) 
cells, macrophages, Tgd, Tem, mast cells, neutrophils, 
eosinophils, T helper cells, and Tcm (Figure 5a, b). In con-
trast, FDX1 was negatively correlated with Tregs, cyto-
toxic cells, aDCs, T cells, pDCs, Tem and CD8 T cells. FDX1 
was positively correlated with iDCs, eosinophils, mast 
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cells, neutrophils, and Tgd (Figure S1a, b). Furthermore, 
MTF1 expression had a strong positive correlation with 
B cells, CD8+ T cells, CD4+ T cells, macrophages, neutro-
phils, and DCs (Figure 5c). FDX1 expression had a weak 
positive correlation with B cells, macrophages, and neu-
trophils (Figure S1c).

3.6 Knockdown of MTF1 promoted tumor growth 
in vivo
We subsequently determined the in vivo function of 
MTF1 using a xenograft tumor model. Knockdown of 
MTF1 significantly increased tumor growth, volume, 
and weight in mice (Figure 6a-d), and the IHC results of 

Figure 1 | Construction and validation of prognostic signature associated with CRGs to predict KIRC prognosis.
a. Lasso coefficient profiles and the best log (lambda) value of the prognostic CRGs. b, c. The high- and low-risk score distribution in the 
training (b) and test groups (c). d. Kaplan–Meier survival curve for KIRC patients with high- and low-risk scores in the training and test groups. 
e. The forest plots for univariate Cox regression analysis showed that risk model, tumor, metastasis, stage, grade, and age were prognostic risk- 
related variables. f. The forest plots for multivariate Cox regression analysis showed that risk model, stage, grade, and age were independence 
 prognostic risk-related variables.
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Ki67 and MTF1 were confirmed (Figure 6e). The above 
results suggest that MTF1 has an important role as a 
tumour suppressor in KIRC progression.

4. DISCUSSION

In this study we first examined the expression of 10 CRGs 
in the TCGA-KIRC database, identified 4 prognosis- 
associated CRGs (CDKN2A, FDX1, LIAS, and MTF1) using 
lasso Cox regression analysis, and constructed prognos-
tic risk-related signatures. Subsequently, a prognostic 
nomogram for OS containing the p risk model was con-
structed, and two independent CRGs (FDX1 and MTF1) 
for OS were screened. Finally, the relative expression of 

FDX1 and MTF1 were validated in cell and tissue sam-
ples. FDX1 and MTF1 expression was downregulated in 
cell lines and tumor tissues. Knockdown of FDX1 and 
MTF1 expression promoted the migration and prolifer-
ation ability of KIRC cells. In addition, MTF1 expression 
was positively correlated with immune cell infiltration, 
and knockdown of MTF1 promoted tumor growth 
in vivo.

PCD is prevalent during the development of living 
organisms and is a genetically-determined active and 
ordered method of cell death. Currently, PCD mainly 
includes apoptosis, autophagy, oncosis, necroptosis, 
and pyroptosis. Cuproptosis is a new mode of cell death 
discovered in the last 2 years. Cuproptosis was first 

Figure 2 | Establishment of a nomogram based on clinicopathologic characters including risk model.
a. Prognostic nomogram for KIRC patients were constructed based on risk models and other prognosis-related clinicopathologic variables. b. 
Calibration curves for nomograms showed agreement between predicted and actual survival. c. ROC curves showed that prognostic nomo-
grams were better able to predict 1-, 3-, and 5-year overall survival in KIRC patients. d. The 5-year survival rate of KIRC patient with high or low 
4 CRG expression. e. The overall survival rate of KIRC patients with high or low 4 CRG expression. f. Correlation between the four CRGs in the 
TCGA database. g. Univariate and multivariate Cox regression analysis of overall survival related to KIRC patient CRGs.
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described by Cobine in 2020 as a Cu-elesclomol trig-
gered, ferredoxin-dependent form of cell death [10]. 
Subsequently, Ge [9] and Oliveri [11] successively reported 

that copper-based cup cell death has an important role 
in tumors. Recently, Tsvetkov et al. [12] reported that 
cuproptosis occurs through direct binding of copper to 

Figure 3 | Expression of FDX1 and MTF1 in the TCGA-KIRC database.
a. FDX1 expression in KIRC and healthy tissues in the TCGA database. b. Relative expression of FDX1 in the GSE16449 database. c. The levels 
of FDX1 protein based on the Human Protein Atlas. d-h. Relative level of FDX1 expression in the TCGA database with T stage (d), N stage (e), 
M stage (f), pathologic stage (g), and tumor grade (h). i. MTF1 expression in KIRC and healthy tissues in the TCGA database. j. Relative expression 
of MTF1 in the GSE16449 database. k. The level of MTF1 protein based on the Human Protein Atlas. l-p. Relative level of MTF1 expression in 
the TCGA database with T stage (l), N stage (m), M stage (n), pathologic stage (o), and tumor grade (p). (*p < 0.05, **p < 0.01, ***p < 0.001).
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lipid acylated components of the tricarboxylic acid cycle, 
which in turn causes aggregation of lipid acylated pro-
teins and loss of Fe-S cluster proteins, ultimately leading 

to cell death. The findings of Tsvetkov et al. [20] has led 
researchers to increasingly focus on the role of cuprop-
tosis in the prognosis of patients with various tumors.

Figure 4 | Knockdown of FDX1 and MTF1 promotes the proliferation and migration of KIRC cells.
a. qRT-PCR analysis of MTF1 and FDX1 expression in KIRC cell lines. b. qRT-PCR analysis of MTF1 and FDX1 expression in KIRC tissues and paired 
healthy tissues. c. Expression of MTF1 and FDX1 was confirmed by qRT-PCR in KIRC cell lines transfected with si-NC, siMTF1#1, and si-MTF1#2 
or si-NC, siFDX1#1, and si-FDX1#2 in 786-O cells. d. CCK8 assay of cell proliferation capacity of 786-O cells after transfection with si-NC and 
si-MTF1#2 or si-NC and si-FDX1#2. e. EdU assay of cell proliferation capacity of 786-O cells after transfection with si-NC and si-MTF1#2 or 
si-NC and si-FDX1#2. f. Wound healing assay of cell proliferation capacity of 786-O cells after transfection with si-NC and si-MTF1#2 or si-NC 
and si-FDX1#2. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5 | MTF1 levels positively correlated with immune cell infiltration.
a. The relationship between MTF1 expression and 22 types of immune cells in KIRC. b. The level of 22 immune cell species expression in the 
high and low MTF1 groups. c. Relationship between MTF1 and B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic 
cells using TIMER software.
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MTF1, located on chromosome 1p34.3, is a unique 
Cys2His2 zinc finger protein [14, 21]. MTF1 serves as a 
gene encoding a transcription factor that induces the 
regulation of metallothionein expression and other 
genes in response to heavy metals, including zinc, cop-
per, and silver [22, 23]. MTF1 protein structure contains 
six highly-conserved zinc finger structural domains that 
regulate transcriptional activity by sensing and binding 
free zinc ions and DNA in the cell [24]. MTF1 is activated 
by heavy metals, cytokines, growth factors, and redox 
responses, and has an important role in metal homeo-
stasis, embryogenesis, and hematopoiesis [25]. Previous 
studies have shown that MTF1 is aberrantly expressed 
in lung, cervical, breast, and colorectal cancers [25-27]. 
MTF1 expression in human KIRC has not been reported. 

Our study showed that MTF1, as an important CRG, has 
downregulated expression in KIRC and knockdown of 
MTF1 enhances KIRC proliferation and migration.

FDX1 is located on chromosome 11q23.3 and belongs 
to the Fe-S protein family, which is widely expressed in 
tissues associated with steroidogenesis [28, 29]. FDX1 
encodes a small Fe-S protein that is involved in bile 
acid, vitamin D, and steroid metabolism by transferring 
electrons from NADPH to mitochondrial cytochrome 
P450 via ferro oxygenase reductase [30, 31]. It has been 
shown that loss of FDX1 function disrupts Fe-S cluster-
ase activity and the homeostatic distribution of iron in 
cells, leading to mitochondrial iron overload and iron 
deficiency in the cytoplasm [32]. In contrast, there is an 
imbalance in iron homeostasis and increased Fe-S cluster 

Figure 6 | Knockdown of MTF1 promotes tumor growth in vivo.
a. Representative images of subcutaneous xenograft model of sh-NC and sh-MTF1. b-d. Tumor growth curve (b), tumor weight (c), and tumor 
volume (d) in the subcutaneous xenograft model. e. Representative IHC images of ki67 and MTF1 for subcutaneous xenograft model. (***p 
< 0.001, ****p < 0.0001).
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transport in tumor cells, which can lead to cancer cell 
proliferation, tumor growth, and metastasis [33, 34].

In conclusion, we screened four CRGs using the TCGA-
KIRC dataset and constructed prognostic nomograms 
that accurately predicted OS in KIRC patients. In addi-
tion, MTF1 and FDX1 were identified as independent 
biomarkers of KIRC based on multivariate logistic regres-
sion analysis, and functional experiments revealed that 
knockdown of MTF1 and FDX1 expression promoted the 
migration and proliferation ability of KIRC. MTF1 acts as 
a tumor suppressor involved in the progression of KIRC 
by promoting proliferation and regulating immune cell 
infiltration.
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