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1 | INTRODUCTION

Renal cell carcinoma (RCC) is a genitourinary system
tumor that seriously threatens people's lives and health.
The complex pathophysiological process of RCC, which
makes up approximately 16% of patients, is metastatic at
the time of diagnosis and has a low 5-year relative survival
rate, resulting in more than 65,000 new cases being diag-
nosed and almost 15,000 deaths every year in the United
States.! There are three major histological subtypes of RCC,
including clear cell RCC (ccRCC), papillary RCC (pRCC),
and chromophobe RCC (chRCC). Among these three his-
tological subtypes, ccRCC accounts for 70%-80% of RCC
cases.” Surgical resection is the primary recommended

Renal cell carcinoma (RCC) seriously threatens people's lives and health. The
identification of some precise biomarkers during the process of RCC progression
and the pathophysiologic procedure is critical for improving the diagnosis and
management of RCC. Evidence suggests that ferroptosis may play a pivotal role in
eradicating clear cell RCC (ccRCC, KIRC) tumor cells. We screened out the target
prognostic ferroptosis-associated genes and examined the functions of farnesyl-
diphosphate farnesyltransferase (FDFT1) in 786-O cells by plasmid transfection.
In our study, we identified FDFT1 as a potential marker correlating with ferrop-
tosis in KIRC. Upregulated FDFT1 inhibited cell proliferation, migration, and
invasion, and the underlying antitumor effects may occur via the AKT signaling
pathway. Our study provides helpful evidence to study the complex physiopathol-
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therapeutic method for localized ccRCC; however, poor
prognosis was also reported; approximately 30%-40% of
ccRCC patients initially diagnosed with advanced-stage
disease developed metastatic recurrence, with 50%, 30%,
and less than 11.2% survival rates at 1, 3, and 5 years, re-
spectively, according to recent reports.>* Herein, a com-
prehensive understanding of RCC is paramount to the
development of improved patient management and treat-
ment. In particular, the identification of some precise
biomarkers during the process of RCC progression and
pathophysiologic procedures is critical for improving the
diagnosis and management of RCC.

Thanks for the considerable development in tran-
scriptome profiling, providing robust data that allow

Ruizhen Huang and Chiyu Zhang contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
© 2022 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

Cancer Medicine. 2022;11:3993-4004.

wileyonlinelibrary.com/journal/cam4 3993


www.wileyonlinelibrary.com/journal/cam4
https://orcid.org/0000-0002-6242-6467
mailto:﻿
https://orcid.org/0000-0001-9885-7405
http://creativecommons.org/licenses/by/4.0/
mailto:honglinhu@126.com

HUANG ET AL.

3994 .
—I—Wl LEY_Cancer Medicine _

researchers to download cancer data for comprehensive
analysis via bioinformatic technology. Furthermore, the
application of the bioinformatics method may promote
the identification of potential specific markers to encour-
age the early diagnosis or management of specific ma-
lignant tumors. For example, the Cancer Genome Atlas
(TCGA) database provides publicly available cancer ge-
nomics data, including RNA sequence, copy number vari-
ation, DNA methylation, etc., which enables researchers
to generate primary analysis before the comprehensive
understanding of specific cancers.

Ferroptosis is a novel form of cell death characteristic of
iron-dependent and reactive oxygen species (ROS)-reliant
and was first proposed by Dixon in 2012. In contrast to
autophagy and apoptosis, ferroptosis is mainly triggered
by iron-dependent ROS accretion and subsequent extra-
mitochondrial excessive lipid oxidation, which ultimately
induces programmed cell death.’ Studies have shown that
induction of ferroptosis can selectively eliminate a vari-
ety of tumor cells, which has been gradually regarded as
a promising tumor treatment strategy. Emerging evidence
suggests that ferroptosis plays a pivotal role in eradicat-
ing tumor cells deficient in key nutrients or damaged by
ambient stress.””’ Farnesyl-diphosphate farnesyltransfer-
ase 1 (FDFT1, squalene synthase) has been identified as
a ferroptosis-related gene, and it is considered an import-
ant gene for prognosis prediction in colorectal cancer pa-
tients.>® However, little is known about its mechanism in
tumorigenesis and ferroptosis.

Characterized by uncontrolled cell proliferation and
partial resistance to radio- and chemotherapies, unsatis-
factory outcomes are not uncommon in ccRCC patients.
Traditional chemotherapeutic drugs are challenged by
poor selectivity, strong side effects, and drug resistance.™
Despite great advances, novel therapeutics are still needed
to address the poor outcomes in ccRCC. Ferroptosis is
a promising strategy in renal cell carcinoma. The rela-
tionship between ferroptosis and ccRCC has attracted
researchers’ attention, and great efforts have been made
to illustrate the molecular mechanism of ferroptosis in
ccRCC. Yang et al.'! conducted a study on the effect of
erastin in 60 tumor cell lines of eight tissues, and the rep-
resentative RCC cell Lines 786-O and Caki-1 were used
in their study. They found a high sensitivity of RCC cells
in erastin-induced cell death, which in other words, renal
cell carcinomas were sensitive to ferroptosis. In addition,
ccRCC cells were confirmed to be highly dependent on
GSH synthesis in the processes of lipid peroxidation and
ferroptosis, and any measures interfering with GSH gen-
eration may suppress renal tumor growth and restore nor-
mal renal tissue morphology.'? Our study was designed to
screen some potential ferroptosis-related genes and verify
their role in ccRCC via in vitro experiments. The goal of

our study was to elucidate their molecular mechanism
and provide a theoretical basis for clinical treatment in
ccRCC.

2 | MATERIALS AND METHODS
2.1 | Acquisition of ccRCC microarray
expression profile

To conduct a comprehensive analysis of differentially ex-
pressed genes (DEGs) between ccRCC patients and nor-
mal tissues, the primary RNA sequencing (RNA-seq) data
and corresponding clinical information of ccRCC patients
were downloaded from the TCGA cancer genomics pro-
gram (https://portal. gdc.cancer.gov/repository). Then,
the gene expression profiles were cleaned, sorted, and
analyzed using the scale method provided in the “limma”
R package. The data from TCGA are publicly available,
and our study follows the TCGA data access policies and
publication guidelines. Moreover, 60 ferroptosis-related
genes were obtained from previous studies."® This study
was assessed and approved by the Ethics Committee for
Animal Experiments of the Second Affiliated Hospital of
Nanchang University.

2.2 | Identification of prognostic
ferroptosis-related genes

The DEGs between ccRCC and non-cancerous samples
were screened initially, adjusted p value <0.05 and llog2
FCl > 1 were set as the filter criteria, and all DEGs were
selected and identified by using the “edgeR” R package
and the “limma” R package. The clinical information and
the expression of ferroptosis-related genes in each sample
were combined. Univariate regression analysis was per-
formed to identify genes associated with prognosis, and
a p value <0.05 was considered statistically significant
to screen out prognostic genes. Candidate prognostic
ferroptosis-related genes were the intersection between
prognostic genes and differentially expressed ferroptosis-
related genes.

2.3 | Enrichment analyses

The “clusterProfiler” R package was utilized to conduct
Gene Ontology (GO), which was generated to annotate
genes as well as identify featured biological properties of
transcriptomic profiles and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses based on the prognostic
ferroptosis-related genes to systematically analyze gene
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functions. The visualization was performed by the “gg-
plot2” R package.

2.4 | Protein-Protein Interaction
network and correlation plot analysis

Using the online protein functional interaction data-
base Search Tool for the Retrieval of Interacting Genes
(STRING; http://string-db.org), a protein—-protein in-
teraction (PPI) network was built, which may provide
the perception of the pathogenesis or progression of dis-
eases. Then, the possible predicted interactions among
ferroptosis-related molecules were indicated by the cor-
relation plot, implemented through the “igraph” and “re-
shape2” R packages. The most significant modules in the
PPI networks were identified using the plug-in Molecular
Complex Detection (MCODE). The selection criteria were
as follows: MCODE scores > 3, degree cutoff = 2, node
score cutoff = 0.2, max depth = 100, and k-score = 2. The
results were regarded as the hub genes for subsequent
studies.

2.5 | Survival analysis

The GEPIA database is a web platform that provides serv-
ers for cancer and normal gene expression profiling and
interactive analyses."* Based on the TCGA and GTEx gene
expression profiles, this platform allows users to perform
further survival analysis based on the gene expression
levels of the specific selected genes. For example, by in-
putting a selected gene, a user can overview the overall or
disease-free survival (DFS) in their custom cancer types.
We performed survival analysis based on the GEPIA plat-
form and evaluated the relationship between hub gene ex-
pression and the survival rate in ccRCC patients.

2.6 | Cell cultures and cell transfections
786-0 and HK-2 cells were purchased from the Cell Bank
of Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences. 786-O and HK-2 cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) and
minimum essential medium, respectively, containing 1%
penicillin-streptomycin and 10% fetal bovine serum (FBS;
Gibco) in 50-mL culture flasks at 37°C under the condi-
tion of 5% CO.,.

The designed FDFT1 overexpression plasmid
pcDNA3.1/KLF4-HisB and the corresponding negative
control (NC) plasmid pcDNA3.1-EFla-mcs-3flag-CMV-
EGFP (Hanbio) were used for transfection. Cells were
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seeded into six-well plates before transfection and were al-
lowed to grow until 70%-80% confluence in each well. For
transfection, Lipofectamine 3000 reagent (Invitrogen) was
subsequently used to transfect cells with the FDFT1 over-
expression plasmid and the corresponding control plas-
mid according to the manufacturer's instructions. Cells
were collected 48 h after transfection for the subsequent
studies.

2.7 | RNA extraction, cDNA
synthesis, and RT-qPCR

TransZol Up reagent (TransGen Biotech) was used to ex-
tract total cellular RNA. Reverse transcription was per-
formed to synthesize cDNA using the EasyScript® One-Step
gDNA Removal and cDNA Synthesis SuperMix reagent Kit
(TransGen Biotech) according to the manufacturer's direc-
tions. Then, we used the SYBR Premix Ex Taq kit (Takara)
for RT-PCR. Sequences for these genes are shown below:
FDFT1 (sense: 5'-GCAACGCAGTGTGCATATTTT-3’,
antisense: 5-CGCCAGTCTGGTTGGTAAAGG-3");
GAPDH (sense: 5-ACCCAGAAGACTGTGGATGG-3',
antisense: 5-TCAGCTCAGGGATGACCTTG-3’), GPX4
(sense: 5-ACAAGAACGGCTGCGTGGTGAA-3’, anti-
sense: 5'-GCCACACACTTGTGGAGCTAGA-3").

2.8 | Wound healing assay

To evaluate the function of the FDFT1 gene in cancer cell
migration, a wound healing assay was conducted in vitro.
Transfected cells, NC group cells, and control group cells
were inoculated into six-well plates, and a wound line was
created using a sterilized 200 pl plastic tip to scratch across
the surface of cells when they grew to approximately 80%-
90% confluence. The plates were washed twice with PBS
to remove the suspended cells. The images of 0 h wound
closure were photographed. After incubation with re-
duced serum culture medium for another 24 h, the cell
wound closure was photographed again.

2.9 | Transwell invasion and migration

Transwell assays were performed to examine the cancer cell
migration and invasion abilities. A total of 1 X 104,786-O
cells with 100 pl serum-free DMEM cell suspension were
seeded into the upper Transwell chamber, and 600 pl
DMEM with 10% FBS was added into the lower chamber
for the cell migration assay. For the cell migration analy-
sis, we used Matrigel to mimic the extracellular matrix in
the upper Transwell chamber before 1 X 104,786-0O cells
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were seeded into the surface of Matrigel. The same pro-
cedure was used for the migration assay in the bottom
chamber. After incubation for 24 h (migration) and 48 h
(invasion), the Transwell chambers were removed, and
the cells were fixed with methanol. After the application
of methyl violet staining solution, the penetrating cells
were screened under a light microscope.

2.10 | Iron assay and lipid
peroxidation assay

An iron assay kit (BioAssay Systems) was used to test the
ferric iron level. The relative malondialdehyde (MDA) level
was evaluated by a lipid peroxidation detection kit (Solarbio,
Beijing, China) according to the manufacturer's instructions.

2.11 | Western blot

We first extracted total protein using RIPA lysis solu-
tion, and then a bicinchoninic acid protein determina-
tion assay (Solarbio) was implemented to examine the
protein concentration. The cell proteins were separated
by 10% SDS-PAGE, and the proteins were transferred
to PVDF membranes in 1X Western blot transfer buffer.
Five percent skimmed milk was used to block the PVDF
membrane, and primary FDFT1 antibodies (1:5000;
Proteintech), GAPDH antibodies (1:10,000; Proteintech),
GPX4 antibodies (1:5000; Proteintech), and AKT anti-
bodies (1:2000; Proteintech) were incubated with the
membrane at 4°C overnight. After incubation with the
secondary antibody, ECL (US Everbright Inc.) solution
was used for further analysis.

212 | EdU assay

To identify the function of FDFT1 in cancer proliferation,
an EdU assay was performed. A total of 1 X 104 NC 786-O
cells and FDFT1 overexpression plasmid-transfected
786-0 cells were plated in a 96-well plate every well.
The next day, the EAU assay was performed according
to the manufacturer's instructions (EdU Imaging Kits;
US Everbright Inc.). After the application of DAPI dye,
cancer cell proliferation was examined by fluorescence
microscopy.

213 | Colony formation assay

A total of 500 cells/well were plated into a six-
well plate and incubated at 37°C in a humidified

atmosphere with 5% CO,. After 14 days, the six-well
plate was removed and subsequently fixed with 4%
paraformaldehyde and stained with methyl violet for
colony counting.

2.14 | Statistical analysis

All data were statistically analyzed using GraphPad Prism
8.0 software. Quantitative data are expressed as the mean
(x) £ S.E. Differences of two groups were compared using
the ¢ test, and multiple groups were compared using one-
way ANOVA along with the Tukey post hoc multiple-
comparisons test; p < 0.05 was considered statistically
significant.

3 | RESULTS
3.1 | Identification of the target
prognostic ferroptosis-associated genes

The DEGs between normal tissues and KIRC were visu-
alized by a volcano plot (Figure 1A). The significantly
downregulated DEGs are displayed as a blue dot plot,
and the red dot plot shows the upregulated DEGs. The
prognosis-related genes were screened by univariate Cox
regression analysis based on the expression profile of
ferroptosis-associated genes in each sample (Figure 1B).
The prognosis-related ferroptosis-associated genes
were the intersection between ferroptosis-associated
genes and prognosis-related genes (Figure 1C). The
expression of these genes between normal tissues and
tumors was visualized by the heatmap (Figure 1E), as
well as the exhibition of prognostic risk among prog-
nostic ferroptosis-associated genes in the forest plots
(Figure 1D).

3.2 | PPInetwork and
enrichment analyses

Then, the PPI network of prognostic ferroptosis genes
was constructed, and Cytoscape software was used to
obtain this significant module (Figure 2A). The cor-
relation analysis showed the correlation between the
proteins. Cutoff = 0.2 was set as the filter criteria, red
represents a positive correlation between proteins, and
blue represents a negative correlation (Figure 2B). A
total of five genes were identified as hub genes with de-
grees >3.

KEGG pathway enrichment analyses and GO func-
tion enrichment analyses revealed that the biological
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classification of the prognostic ferroptosis-associated
genes was enriched in sulfur compound biosynthetic
process, carboxylic acid biosynthetic process, organic
acid biosynthetic process, and sulfur compound meta-
bolic process in the term of biological processes. The cell
projection membrane was the main change in the cell
component. These genes may mainly exert their molec-
ular function in lyase activity (Figure 2C). The top two
changes in KEGG were ferroptosis and fatty acid metab-
olism (Figure 2D).

3.3 | Expression of the five hub
genes and survival analysis

The exact expression of the five hub genes between nor-
mal tissues and the tumor was demonstrated in box plots
accordingly (Figure 3). Although ACACA and FADS2
were differentially expressed between normal tissues and
tumors, no significant difference was noted in overall sur-
vival (OS) or DFS. Furthermore, it seems that tumor tis-
sues have low expression of ACSL3, FDFT1, and HMGCR,
and the high expression of ACSL3, FDFT1, and HMGCR
patients was shown to be significantly associated with bet-
ter OS and DFS, which indicated the suppression roles in
carcinogenesis.

3.4 | FDFTI1 overexpression may promote
ferroptosis via the AKT signaling pathway

To determine whether our hub genes exerted their func-
tions as we predicted by the bioinformatics method, we
selected FDFT1 for further study. Western blot and qPCR
results showed that FDFT1 was downregulated in the
KIRC cell Line 786-O (Figure 4A,B). We further found
that the overexpression of FDFT1 by plasmid transfection
could downregulate the protein and mRNA levels of the
ferroptosis biomarker GPX4 (Figure 4C,D), whose low
expression level was associated with increased sensitiv-
ity to ferroptosis.'>® Iron assays and the lipid peroxida-
tion product MDA were used to examine accumulation in
FDFT1-upregulated 786-O cells (Figure 4E). These results
suggested that FDFT1 participated in the metabolic pro-
cesses of lipid metabolism and the biological process of
ferroptosis.

The Akt signaling pathway has been proven to partic-
ipate in a series of biological mechanisms.!” Thus, we ex-
amined whether the Akt signaling pathway was involved
in FDFT1-regulated 786-0 cell development. Intriguingly,
the Western blot results revealed that the Akt expression
level was decreased when the FDFT1 level was upregu-
lated (Figure 4F).
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3.5 | Upregulated expression of
FDFT1 inhibits 786-0 cell proliferation,
migration, and invasion

We focused on regulating FDFT1 expression to evaluate
the potential mechanism of FDFT1 in the progression
of KIRC. Upregulated expression of FDFT1 was real-
ized by plasmid transfection. The transfection efficiency
was examined by qPCR and western blot analysis. Our
results illustrated that overexpression of FDFT1 remark-
ably attenuated 786-O cell proliferation according to the
EdU assay (Figure 5A). Similarly, our colony formation
assay also revealed that the cell proliferation ability was
significantly alleviated by the overexpression of FDFT1
(Figure 5B). The invasion and migration capacity after up-
regulation of FDFT1 and the corresponding NC plasmid
was investigated by Transwell analysis (Figure 5C) and
wound healing assays (Figure 5D). The results showed
that in the FDFT1 overexpression group, cell migration
and invasion were hampered compared with the corre-
sponding NC group, indicating the potential cancer sup-
pression ability.

4 | DISCUSSION

Cholesterol is an important substance indispensable to
human tissue cells and is involved in various aspects of
human health and disease. It not only participates in the
formation of cell membranes, but it is also the basic mate-
rial of bile acid and vitamin D. It is generally believed that
the accumulation of cholesterol is the culprit in the de-
velopment of cardiovascular and cerebrovascular diseases
in the elderly. However, multiple lines of evidence have
identified that disordered cholesterol homeostasis could
be a carcinogenic factor, thus leading to cancer progres-
sion, especially intracellular cholesterol levels.'® FDFT1
has been identified as the key enzyme for the synthesis of
cholesterol. Furthermore, researchers have indicated that
downregulated FDFT1 expression in kidney tumors could
become a potential biomarker for kidney cancer diagnosis
or therapies."’

Ferroptosis is a promising type of cell death pathway
that is considered an essential link in the tumor sup-
pression mechanism.”® Eliminating the key nutrient-
deficient malignant cells in the environment or cells
that were damaged by infection or ambient stress led
to the depression of tumorigenesis.”* In our study, the
KEGG analysis results demonstrated that FDFT1 was
mainly enriched in the ferroptosis pathway. Hence, we
further investigated the role of FDFT1 in ferroptosis in
KIRC. Our study provided evidence that FDFT1 over-
expression could regulate GPX4 expression. The related
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indicators of ferroptosis, such as ferrous iron and MDA
levels, in the KIRC cell Line 786-O were also evaluated
to determine whether FDFT1 was associated with fer-
roptosis. Our results indicated that FDFT1 may play a
pivotal role in the development of KIRC by regulating
ferroptosis.

From a clinical perspective, TCGA datasets showed
that high FDFT1 expression was associated with better
prognosis in KIRC patients. Previous studies addressed
that the inhibition of FDFT1 significantly inhibited pros-
tate cancer cell proliferation, reflecting the antitumor ef-
fects in prostate cancer development and its aggressive
phenotypes by suppression of FDFT1 expression.”” The
important role of FDFT1 was also illustrated in ovarian
cancer,” colorectal cancer,* and lung cancer.”® However,
few studies have focused on FDFT1 in the field of KIRC
research. Therefore, to further elucidate the function of
FDFT1 in the physiopathologic mechanism of KIRC, we
paid special attention to the biological behaviors of KIRC
cells. Intriguingly, our study validated that upregulated
expression of FDFT1 in 786-0 cells was correlated with
poor proliferation, migration, and invasion abilities. This
may, in other words, be related to FDFT1 overexpression

——— | o

inhibiting malignant progression and improving patient
prognosis in KIRC.

Akt is a serine/threonine kinase that can modulate
many biochemical mechanisms once it is activated by a
range of signals. Molecules that participate in cellular
survival, proliferation, migration, metabolism, and an-
giogenesis have been reported to be downstream targets
of Akt. There is growing evidence that Akt itself and its
downstream effectors are highly related to tumor develop-
ment in various types of cancers.” A study on cholesterol
deprivation in prostate cancer cells and xenografts found
that tumor growth was suppressed and phosphorylation
levels of Akt were reduced in the presence of alterations
in lipid raft cholesterol content.?’ In addition, FDFT1 is
one of the key enzymes for the synthesis of cholesterol;
therefore, the study of FDFT1 in cancer development is
of great importance in cancer management. In our study,
the overexpression of FDFT1 decreased the level of Akt
expression, which was consistent with a previous study in
colorectal cancer.*

Unfortunately, we failed to illustrate the specific mo-
lecular mechanisms of FDFT1 in the process of onco-
genesis and its role in regulating ferroptosis via the Akt
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NC 786-0 OE 786-0 FIGURE 5 Altered farnesyl-
diphosphate farnesyltransferase (FDFT1)
expression in 786-0 cell proliferation,
migration, and invasion abilities. (A) EAU
assay in each group. (B) Colony formation
assay. (C) Transwell migration and
invasion assay. (D) Wound healing assay
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pathway. Our team will focus on studying the underlying
mechanism and how FDFT1 exerts its antitumor effects
in regulating cholesterol production and ferroptosis in the
future. The protective mechanisms by which FDFT1 af-
fects KIRC still need to be further explored.

5 | CONCLUSION

In this study, we found that high expression of ACSL3,
FDFT1, and HMGCR was associated with better OS and
DFS. FDFT1 overexpression inhibited KIRC cell prolif-
eration, migration, and invasion, and the ferroptosis and
AKT signaling pathways were involved.
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