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Genomic analysis uncovers prognostic and
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In this study, the characteristic patterns of ferroptosis in clear
cell renal cell carcinoma (ccRCC) were systematically investi-
gated with the interactions between ferroptosis and the tumor
microenvironment (TME). On the mRNA expression profiles
of 57 ferroptosis-related genes (FRGs), three ferroptosis pat-
terns were constructed, with distinct prognosis and immune
cell infiltrations (especially T cells and dendritic cells). The
high ferroptosis scores were characterized by poorer prog-
nosis, increased T cell infiltration, higher immune and stro-
mal scores, elevated tumor mutation burden, and enhanced
response to anti-CTLA4 immunotherapy. Meanwhile, the
low ferroptosis scores were distinctly associated with
enhanced tumor purity and amino acid and fatty acid meta-
bolism pathways. Following validation, the ferroptosis score
was an independent and effective prognostic factor. Collec-
tively, ferroptosis could be involved in the diverse and com-
plex TME. Evaluation of the ferroptosis patterns may height-
en the comprehension about immune infiltrations in the
TME, assisting oncologists to generate individualized immu-
notherapeutic strategies.

INTRODUCTION

Renal cell carcinoma (RCC) is the second most lethal malignant tu-
mor in the urinary system; it mainly consists of the subtypes including
clear cell renal cell carcinoma (ccRCC), papillary renal cell carcinoma
(pRCC), and chromophobe renal cell carcinoma (chRCCQ).! ccRCC is
the main histological subtype, occupying approximately 85% of all
RCC cases.” According to the statistics, about ~74,000 new cases
were diagnosed as ccRCC in the United States in 2019.” Presently,
laparoscopic partial nephrectomy and radical nephrectomy are the
major therapeutic strategies, especially for the localized RCC pa-
tients.” It is noteworthy that approximately 30% of patients with
ccRCC develop distant metastases during the diagnosis.” Considering
that the ccRCC patients are insensitive to the radiation, hormone, and
cytotoxic therapies, several targeted agents, including sunitinib, sora-
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fenib, lenvatinib, and nivolumab, have been approved to treat meta-
static ccRCC.° However, the therapeutic effects are still limited. More-
over, despite that an increasing number of PD-1/PD-L1 blocking
immunotherapy drugs have been approved for the treatment of
ccRCC, not all ccRCC patients respond to the immunotherapy.”
Hence it is of clinical significance to identify which patients will
benefit from immunotherapy.

Ferroptosis, as a cell death regulating process, is characterized by
iron-dependent lipid peroxidation.® Ferroptosis is tightly associated
with various metabolism processes, such as iron, amino acids,
NADH, phospholipids, and glutathione.” Moreover, lipid peroxida-
tion inhibitors, iron chelators, and reduction of intracellular poly-
unsaturated fatty acids can inhibit the progression of ferroptosis.'’
Currently, the induction of ferroptosis has become a promising
therapeutic approach to efficiently trigger cancer cell death, espe-
cially in those tumors resistant to the traditional treatment.'
Recent studies have revealed that CD8" T cells suppress tumor
growth through inducing the ferroptosis.'> Moreover, Liu et al."’
have developed the ferroptosis potential index (FPI) to explore
the functional roles of ferroptosis in a variety of cancers and re-
vealed that ferroptosis is associated with the cancer hallmarks tu-
mor microenvironment (TME), drug resistance, and patient sur-
vival. These findings suggest that ferroptosis plays an essential
role in the TME.
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Figure 1. Ferroptosis-related molecular patterns with distinct prognosis and immune cell infiltrations and functions in ccRCC

(A) The location of CNV of 57 FRGs on chromosomes. (B) Kaplan-Meier curves for the three molecular patterns of ccRCC patients. (C) t-SNE of the mRNA expression profiles
of FRGs from the ccRCC samples in the TCGA dataset confirmed the three clusters: C1 (purple), C2 (red), and C3 (green). (D) Heatmap depicted the correlation between the
patterns and different clinicopathological features. (E and F) Boxplots showed the scores of immune infiltrations (E) and functions (F) among the three patterns. *p < 0.05; **p <

0.01; **p < 0.001. Ns, not significant.

In the present study, the three ferroptosis patterns were constructed,
associated with distinct prognosis and TME features. We first proposed
using the ferroptosis scores to quantify the ferroptosis patterns for each
ccRCC patient based on the mRNA expression profiles of ferroptosis-
related genes (FRGs). The scoring system may assist oncologists to
make more efficient and individualized immunotherapeutic strategies.

RESULTS

Ferroptosis-related molecular patterns with distinct survival and
TME features in ccRCC

Totally, 57 FRGs were included in this study. Figure 1A showed the
location of copy number variation (CNV) of these FRGs on chromo-

somes. Based on the mRNA expression profiles of 57 FRGs in ccRCC
samples from The Cancer Genome Atlas (TCGA) database, ccRCC
patients were classified into the three molecular patterns (Cl: n =
239; C2: n = 89; C3: n = 197) by unsupervised clustering analysis (Fig-
ures SIA-S1C). The three ferroptosis patterns with distinct clinical
outcomes were established (p < 0.0001; Figure 1B). Patients in C1
witnessed a significant increase in the survival time. t-Distributed sto-
chastic neighbor embedding (t-SNE) confirmed that the three sub-
types can be completely distinguished (Figure 1C). Figure 1D visual-
ized the three patterns with different clinicopathological features of
ccRCC patients. Furthermore, we evaluated the correlation between
the patterns and tumor immune microenvironment features. Our
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Figure 2. Prognosis and TME characteristics in three ferroptosis gene clusters for ccRCC patients
(A) Clinical features of the three ferroptosis gene clusters. (B) Kaplan-Meier survival analysis for patients in the three gene clusters. (C) t-SNE confirmed the classification. (D)
Boxplots showed immune cell infiltration scores differed in the three clusters. (E) Boxplots depicted the differences in immune scores in the three clusters. *p < 0.05; **p <

0.01; ™p < 0.001.

data showed significant differences in immune cell infiltration (Fig-
ure 1E) and immune function (Figure 1F) among the three molecular
patterns, especially for dendritic cells (DCs) and T cells.

Prognosis and TME characteristics in three ferroptosis gene
clusters for ccRCC

We further probed into the biological behaviors among the three fer-
roptosis molecular patterns. Differential expression analysis was
constructed among these three patterns. Based on the common differ-
entially expressed genes (DEGs), the unsupervised clustering was pre-
sented, and the TCGA-ccRCC cohort was classified into the three
gene clusters (A-C; Figures S2A-S2C). The dimension reduction
was presented by the Boruta algorithm based on the ferroptosis
gene signatures A and B. The heatmap transcriptomic profile depicted
the 276 most abundant DEGs identified across the genomic clusters
(Figure 2A). These DEGs in the gene signatures A and B separately
exhibited various biological functions (Figures S3A and S3B). We
further probed into the prognostic implications of the ferroptosis
gene clusters by overall survival (OS). The data showed that the sub-
jects in gene cluster A exhibited longer OS time, while those in gene
cluster B possessed a pessimistic prognosis (p < 0.0001; Figure 2B).
Two-dimensional t-SNE confirmed the cluster assignments (Fig-
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ure 2C). Then, we explored whether the three genes clusters had
distinct TME features. As a result, gene cluster B showed the highest
scores of T cells (including follicular helper T [Tth] cells, type 2 T
helper [Th2] cells, and regulatory T [Treg] cells), macrophages, and
activated dendritic cells (aDCs) compared with gene clusters A and
C (Figure 2D). Moreover, the highest CCR, parainflammation, and
T cell stimulation scores and the lowest human leukocyte antigen
(HLA) and type II IFN response scores were in gene cluster B rather
than gene clusters A and C (Figure 2E). Collectively, the coherence
between the prognostic and TME features in the three gene clusters
indicated that this classification was reliable and reasonable.

Development of the ferroptosis scoring system for ccRCC

The ferroptosis score for each ccRCC sample was calculated based on
principal-component analysis (PCA). All patients were then divided
into the high and low ferroptosis score groups. Figure 3A showed
the ferroptosis score distribution and survival outcomes of patients
in the three gene clusters. Patients in C2 had the highest ferroptosis
score compared with C1 and C3 (p < 2.2e—16; Figure 3B). Meanwhile,
there was the highest ferroptosis score in gene cluster B (p < 2.2e—16;
Figure 3C). Subjects with high ferroptosis score usually implied an
unfavorable prognosis compared with those with low ferroptosis
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Figure 3. Development of the ferroptosis scoring system for ccRCC

(A) Alluvial diagram of three gene clusters, ferroptosis scores, and survival status. (B) Boxplot depicted the differences in ferroptosis scores among the three molecular
patterns. (C) Boxplot showed the differences in ferroptosis scores among the three gene clusters. (D) Kaplan-Meier survival analysis for patients with high and low ferroptosis
scores. (E) GSEA identified metabolism-related pathways enriched in the low ferroptosis score group.

score (p = 1.153—9; Figure 3D), consistent with our previous studies.
Gene set enrichment analysis (GSEA) results showed that B-alanine,
fatty acid, glycine serine and threonine, histidine, and tryptophan
metabolism pathways were significantly enriched in the low ferropto-
sis score group (Figure 3E). However, there were no significant path-
ways enriched in the high ferroptosis score group.

Ferroptosis score as an independent prognostic factor for
ccRCC

The prognostic values of ferroptosis scores were analyzed in depth.
Our results showed that in the TCGA-ccRCC cohort, the ferroptosis
score was significantly correlated to survival outcomes (p = 2.6e—8),
gender (p = 1.5e—4), grade (p = 7.8e—11), and stage (p = 9.1e—6) in
Figure 4A. Following multivariate cox regression analysis, ferroptosis
score was confirmed as an independent risk factor for ccRCC (hazard
ratio [HR]: 1.749, 95% confidence interval [CI]: 1.336-2.289, p =
4.66e—5; Table 1). Area under the curves (AUCs) for 1-, 3-, 5-, and
8-year survival time were 0.698, 0.656, 0.654, and 0.818, suggesting
that the ferroptosis score possessed a robust and reliable capacity

for predicting the prognosis for ccRCC patients (Figure 4B). The so-
matic mutations were frequently detected in ccRCC by the MutSigCV
algorithm. Among ccRCC samples, VHL showed the most frequent
mutations (49%), followed by PBRM1 (42%) and SETD2 (12%) in
Figure S4. Our further analysis showed that patients with the high tu-
mor mutation burden (TMB) score usually indicated shorter survival
time than those with the low TMB score (p = 5.675e—3; Figure 4C).
The survival advantage in the low ferroptosis score group was evident
in the patients with the low TMB score (p = 2e—4; Figure 4D). Collec-
tively, ferroptosis score may serve as an independent prognostic fac-
tor for ccRCC patients.

Ferroptosis score is associated with TME features of ccRCC

The correlation between ferroptosis score and TME features was
further explored in this study. The data showed that the high ferrop-
tosis score group had significantly higher scores of aDCs, DCs, plas-
macytoid dendritic cells (pDCs), macrophages, Tth cells, Th2 cells,
tumor-infiltrating lymphocytes (TILs), and Treg cells than the low
ferroptosis score group (Figure 5A). Meanwhile, there were lower
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Figure 4. The prognostic values of ferroptosis score for ccRCC patients

(A) Clinical features for the high and low ferroptosis score groups. (B) ROCs for 1-, 3-, 5-, and 8-year survival time based on the ferroptosis score. (C) Kaplan-Meier survival
analysis for the high and low TMB score groups. (D) Kaplan-Meier survival analysis for patients stratified by ferroptosis and TMB scores.

scores of mast cells in the high ferroptosis score group compared with
the low ferroptosis score group (Figure 5A). Patients with high ferrop-
tosis score exhibited significantly higher scores of CCR, parainflam-
mation, and T cell co-stimulation, and lower scores of HLA compared
with those with low ferroptosis score (Figure 5B). Furthermore, pa-
tients in the high ferroptosis score group had distinctly higher stromal
(p < 0.001; Figure 5C) and immune (p < 0.001; Figure 5D) scores in
comparison with those in the low ferroptosis score group. On the con-
trary, lower tumor purity was detected in the high ferroptosis score
group than in the low ferroptosis score group (p < 0.001; Figure 5E).
Taken together, ferroptosis score exhibited a close association with
TME for ccRCC.

High ferroptosis score is more sensitive to vinorelbine
chemotherapy, immune checkpoint blockade (ICB) therapy, and
anti-CTLA4 immunotherapy

We compared the differences in the estimated half maximal inhibi-
tory concentration (ICsp) levels of eight chemotherapy drugs,

190 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

including sorafenib (Figure 6A), sunitinib (Figure 6B), cisplatin (Fig-
ure 6C), gefitinib (Figure 6D), vinblastine (Figure 6E), vinorelbine
(Figure 6F), vorinostat (Figure 6G), and gemcitabine (Figure 6H).
Our data showed that there were distinctly higher estimated ICs
levels of sorafenib (p = 6.95e—7) and gemcitabine (p = 1.70e—10)
in the high ferroptosis score group compared with the low ferroptosis
score group. Oppositely, the estimated ICs levels of vinorelbine (p =
2.98e—12) in the high ferroptosis score group were significantly lower
than in the low ferroptosis score group, indicating that high ferropto-
sis patients were more sensitive to vinorelbine. The responses of ICB
therapies between the two groups were assessed via Tumor Immune
Dysfunction and Exclusion (TIDE) algorithm. As a result, subjects
with high ferroptosis score exhibited higher TIDE score than those
with low ferroptosis score (p = 9.3e—10; Figure 6I). In Figure 6], pa-
tients in high ferroptosis score significantly responded to anti-CTLA4
therapy. Taken together, high ferroptosis score could be more sensi-
tive to vinorelbine chemotherapy, ICB therapy, and anti-CTLA4
immunotherapy.
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Table 1. Multivariate Cox regression analysis results of clinicopathological
characteristics and ferroptosis score

Variable HR Low 95% CI Upper 95% CI p value
oS

Male gender 0.826 0.59 1.157 2.06E
Age 1.031 1.016 1.047 5.81E—5
Grade 1.289 1.01 1.646 4.15E-2
Stage II 1.076 0.534 2.17 8.38E—1
Stage III 2.147 1.382 3.335 6.77E—4
Stage IV 4.856 3.061 7.703 191E-11
Score 1.418 1.199 1.676 4.51E-5
DFS

Male gender 0.746 0.436 1.276 2.84E—1
Age 1.012 0.99 1.035 2.74E—1
Grade 1.268 0.883 1.821 1.99E—-1
Stage II 2.956 0.918 9.523 6.94E—2
Stage III 5.821 2.449 13.840 6.70E—5
Stage IV 18.507 7.564 45.277 1.63E—10
Score 1.749 1.336 2.289 4.66E—5

Potential small-molecule compounds based on ferroptosis
score

To screen out potential small-molecule compounds for the treatment
of ccRCC patients, we further analyzed the DEGs between high and
low ferroptosis scores. Consequently, 2,425 DEGs with corrected
p < 0.05 and [fold change [FC]| > 1.5 were identified between the
two groups, including 725 upregulated and 1,700 downregulated
genes (Figures 7A and 7B). Gene Ontology (GO) enrichment analysis
results revealed that DEGs were distinctly enriched in iron ion bind-
ing, cytokine receptor binding, cell projection membrane, small-
molecule catabolic process, renal system development, kidney devel-
opment, and T cell migration (Figure 7C). Furthermore, these DEGs
were significantly associated with focal adhesion, ECM-receptor
interaction, interleukin-17 (IL-17), PI3K-Akt, and PPAR signaling
pathways (Figure 7D). The upregulated and downregulated genes
were uploaded to the Connectivity map (CMap; https://portals.
broadinstitute.org/cmap/) small-molecule drug database, and the un-
derlying drug mechanisms were analyzed. A total of 19 potential
small-molecule drugs (such as digitoxigenin, helveticoside, and pro-
scillaridin) and 16 drug mechanisms (such as ATPase inhibitor,
DNA synthesis inhibitor, PARP inhibitor, and nuclear factor kB
[NF-kB] pathway inhibitor) were identified, as shown in Figure 7E.

The roles of ferroptosis patterns on response to anti-PD-1
immunotherapy

We further validated the predictive effectiveness of ferroptosis score for
prediction of prognosis in the pRCC and chRCC datasets from TCGA
database. Consistent with ccRCC, high ferroptosis score distinctly indi-
cated a poorer prognosis than low ferroptosis score for both pRCC (p =
2.119e—6; Figure 8A) and chRCC (p = 1.114e—3; Figure 8B) patients.

Furthermore, the practicability of the ferroptosis score was further
evaluated for speculation of the therapeutic benefit for ccRCC patients.
The patients who received anti-PD-L1 immunotherapy in the Gene
Expression Omnibus (GEO): GSE78220 (Figure 8C) and IMvigor210
(Figure 8D) cohorts were assigned based on high and low ferroptosis
scores. These patients in the high ferroptosis score group distinctly ex-
hibited shorter survival time compared with the low ferroptosis score
group in the two cohorts (Figures 8C and 8D). The response rate of
anti-PD-L1 therapy in the low ferroptosis score group was distinctly
higher than that in the high ferroptosis score group. Collectively, these
findings indicated that ferroptosis score could be associated with
response to anti-PD-L1 immunotherapy.

DISCUSSION

In this study, we comprehensively analyzed the clinical implications
and TME features of ferroptosis patterns in ccRCC. Furthermore,
the ferroptosis scoring system was proposed to assess ferroptosis
for individuals, which could improve the comprehension about
TME immune infiltrations and assist oncologists to make more effi-
cient immunotherapeutic strategies.

Based on the mRNA expression profiles of ferroptosis genes, we
developed three molecular patterns for ccRCC. There were distinct
differences in prognosis, immune infiltrations, and functions among
the three patterns. Genomic alterations in ccRCC may affect the
responsiveness to immunotherapy.'* According to the DEGs corre-
lated with the clusters signature, three gene clusters with distinct clin-
ical outcomes and immune cell infiltrations and functions were con-
structed for ccRCC. The C2 and gene cluster B with the worst
prognosis had the highest ferroptosis score among three gene patterns
and clusters. By the Boruta algorithm, ferroptosis score was con-
structed for quantification of the ferroptosis patterns. Intriguingly,
patients with high ferroptosis scores usually experienced shorter sur-
vival time, indicating that high ferroptosis score could contribute to
poor prognosis for ccRCC patients. Ferroptosis is initiated and
executed by amino acid, lipid, and iron metabolisms. "’ Consistently,
our GSEA results showed that amino acid and fatty acid metabolism
pathways were significantly enriched, indicating that ferroptosis
sensitivity can be regulated by these metabolic pathways.

Ferroptosis score was significantly correlated to clinicopathological
characteristics of ccRCC. After adjusting these factors, our data sug-
gested that ferroptosis score was an independent risk factor for ccRCC
patients’ prognosis. Operating characteristic curves (ROCs) confirmed
its high predictive efficacy for 1-, 3-, 5-, and 8-year survival time.
Recently, a five-FRG model has been conducted for ccRCC prog-
nosis.'® Thus, ferroptosis score has the potential to robustly predict
the clinical outcomes of patients. The accumulation of genetic muta-
tions leads to the occurrence of cancers, which is driven by exposure
to excess iron."” Our data confirmed that there was a distinct difference
in genetic mutations between high and low ferroptosis scores. Higher
TMB has been confirmed to be associated with worse survival outcome
for ccRCC patients, consistent with our results.'® Patients had the sur-
vival advantage in the low ferroptosis score group, indicating that
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Figure 5. Ferroptosis score is associated with TME of ccRCC

Tow. high low.

(A) Boxplots depicted the differences in immune cell infiltrations between high and low ferroptosis score patients. (B) The differences in immune cell functions between the
high and low ferroptosis score groups. (C-E) Violin diagram showed the differences in (C) stromal score, (D) immune score, and (E) tumor purity between the high and low

ferroptosis score groups. *p < 0.05; **p < 0.01; ***p < 0.001.

ferroptosis score possessed the potential to predict the responsiveness
to immunotherapy, which could be independent of TMB.

Immune responses are key features of carcinogenesis, as well as treat-
ment effect for ccRCC."” Immune cells and stromal cells are the main
components of the TME. High immune and stromal scores have cor-
relations with clinicopathological features and unfavorable prognosis
in ccRCC."® Herein, the estimation of stromal and immune cells in
malignant tumor tissues using expression data (ESTIMATE) algo-
rithm was utilized to quantify immune and stromal scores for ccRCC
patients. High ferroptosis score markedly exhibited lower tumor pu-
rity and higher immune and stromal scores compared with low fer-
roptosis score. This indicated that ferroptosis could be related to
the modulation of the TME, thereby affecting tumor growth and pro-
gression. We found that elevated infiltration levels of T cells (T helper,
Tth, Th2, TIL, and Treg) and DCs were related to high ferroptosis
score. As in a previous study, T cell-induced ferroptosis promotes
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the anti-tumor effectiveness for immunotherapy.'” Hence the im-
mune system mediates tumorigenesis partly by inducing ferropto-
sis.”” In turn, vaccination with tumor cells in the early stage of ferrop-
tosis can efficiently induce anti-tumor immunogenicity.”’ Hence
targeting ferroptosis could be a potential therapeutic strategy.

ccRCC is usually resistant to chemotherapy.”* Our data showed that
patients with high ferroptosis were more sensitive to vinorelbine.
Combination vinorelbine and targeting ferroptosis might alleviate
resistance mechanisms. Despite favorable clinical benefits of ICB,
only a set of ccRCC patients show response to the therapy.'* TIDE
model has been developed to predict ICB response. Herein, we found
that ccRCC patients with high ferroptosis scores exhibited higher
TIDE scores than those with low ferroptosis scores. Furthermore, pa-
tients with high scores significantly responded to anti-CTLA4 ther-
apy. Consistently, high levels of T cell infiltration and T cell co-stim-
ulation were detected in high ferroptosis scores. This indicated that
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response to anti-CTLA4 and anti-PD1 therapies between the two groups.

ferroptosis score could affect the response to ICB therapy.” Ferrop-
tosis score could have the potency for assisting oncologists to decide
which patients may have response to ICB.

A total of 725 up- and 1,700 downregulated genes were identified be-
tween high and low ferroptosis score groups. These DEGs were
distinctly enriched in iron ion binding, renal system development,
and immunity. Moreover, these DEGs were significantly associated
with ferroptosis-related pathways, including focal adhesion, ECM-re-
ceptor interaction, IL-17, PI3K-Akt, and PPAR signaling pathways.
For example, ferroptosis could regulate IL-17 signaling pathway in
hepatocellular carcinoma cells.”*
cers have been put forward in recent years, clinical applicability is
dissatisfactory due to modest results from clinical trials or only tests
in experimental settings.””> Abnormal proliferation of tumor cells
commands much iron for maintaining DNA synthesis and repair,
as well as cellular energy, which is the process upon iron addicted
to ferroptosis resistance.*® In this study, we screened 19 pharmacolog-
ical and genetic inhibitors for ferroptosis, involving 16 mechanisms of
action, such as PARP and NF-kB inhibitors. MDM2/X facilitate fer-
roptosis via PPARa-induced lipid remodeling.”” Moreover, ferropto-
sis involves the NF-kB signaling pathway.** > Novel determinants of
ferroptosis should be further validated by experiments.

Although iron therapeutics in can-

The prognostic values of ferroptosis score have been validated in two
independent datasets. Our data confirmed that pRCC and chRCC pa-
tients with high ferroptosis score were indicative of poorer prognosis
than those with low ferroptosis score. Using the IMvigor210 and
GEO: GSE78220 datasets, we confirmed the predictive efficacy of fer-
roptosis score for response to anti-PD-1 immunotherapy. Patients
with higher ferroptosis score were more likely to benefit from anti-
PD-1 immunotherapy. However, the current findings require valida-
tion in a larger ccRCC cohort experiencing immunotherapy.

Conclusions

Taken together, this study systematically analyzed the ferroptosis
landscape in ccRCC, which provided the distinct interpretation about
the clinical features and implications of ferroptosis. There were signif-
icant differences in immune microenvironment and response to
immunotherapy between high and low ferroptosis score patients.
Hence it is of clinical significance to comprehensively evaluate ferrop-
tosis scores for each ccRCC patient, which may assist oncologists to
make first-rank immunotherapy strategies.

MATERIALS AND METHODS

Patients and specimens

RNA sequencing (RNA-seq) and matched complete clinical informa-
tion (age, gender, survival status, grade, and stage) for ccRCC (n =
525) were retrieved from TCGA (https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga) on October 19,
2020. Fragments per kilobase million (FPKM:s) values were normalized
as transcripts per kilobase million (TPMs). The specific information of
525 patients was listed in Table S1. CNV and somatic mutation data
were obtained from TCGA database.

Ferroptosis-based consensus clustering analysis

The number of unsupervised classes in the TCGA-ccRCC dataset was
estimated based on the mRNA expression profiles of 57 FRGs (Table
S2) with the consensus clustering method via the ConsensusCluster-
Plus package in R.*' t-SNE was applied to verify the subtype assign-
ments according to the expression profiles of the above genes.

Single sample gene set enrichment analysis (ssGSEA)

A set of marker genes for tumor-infiltrating immune cells (TIICs) was
acquired from Bindea et al.** By applying the ssGSEA, the enrichment
scores of 16 immune cells and 13 immune functions for each ccRCC
sample were quantified based on expressed gene signatures using the
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gene set variation analysis (GSVA) package.” The immune infiltra-
tion levels and functions among different groups were compared by
Kruskal-Wallis test.

Dimension reduction and ferroptosis score

ccRCC patients from TCGA database were clustered into the ferrop-
tosis subtypes, and DEGs were screened among these subtypes by the
linear models for microarray data (limma) package in R.** The cutoff
values were set as adjusted p < 0.05 and |L2FC| >1. DEGs that had
positive and negative correlations with the clusters signature were
separately named as the ferroptosis gene signatures A and B. The clus-
terProfiler in R package was employed to implement GO enrichment
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analysis for gene signatures A and B,” including three terms: biolog-
ical process (BP), cellular component (CC), and molecular function
(MF). Based on the mRNA expression profiles of ferroptosis gene sig-
natures, the patients were categorized into the gene clusters by em-
ploying unsupervised clustering analysis. The categorization was vali-
dated via t-SNE.

The dimension reduction of the ferroptosis gene signatures A and
B was implemented by the Boruta algorithm. PCA was imple-
mented to extract principal component 1 as the signature score.
A method similar to gene expression grade’®’” was then applied
to calculate the index of the ferroptosis score for each sample as
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follows: ferroptosis score = > PC1A—>_ PC1B, where PC1A rep-
resents the first component of signature A, and PCIB indicates
the first component of signature B. The ferroptosis scores among
the molecular subtypes or gene clusters were assessed via Krus-
kal-Wallis test.

GSEA

GSEA was presented between the high and low ferroptosis score
groups. Pathways with nominal p < 0.05 and false discovery rate
(FDR) < 0.05 were considered significantly enriched. The
“c2.cp.kegg.v7.1.symbols” was chosen as the reference.

ESTIMATE

By implementing the ESTIMATE algorithm,”® stromal and immune
scores were generated to estimate the levels of infiltrating stromal
and immune cells in ccRCC tissues and tumor purity through the
expression profiles. Then, we compared the differences in tumor pu-

rity and stromal and immune scores between the high and low ferrop-
tosis score groups by Wilcoxon rank-sum test.

Drug sensitivity prediction
The sensitivity of each patient to chemotherapy drugs was estimated
using the Genomics of Drug Sensitivity in Cancer (GDSC; https://
www.cancerrxgene.org/) database.’® The ICs, was quantified via the
pRRophetic package in R.*’

Assessment of TMB and response to ICB

Somatic mutation data were visualized based on the Mutation Anno-
tation Format (MAF) file using the Maftools package.”' The TMB for
each patient was calculated as follows: TMB = (total count of vari-
ants)/(the whole length of exons). The response to ICB was predicted
by the TIDE (http://tide.dfci.harvard.edu/login/) website. The differ-
ences in TIDE scores were compared between the high and low fer-
roptosis score groups by Wilcoxon test. Furthermore, the response
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to the anti-PD1 or anti-CTLA4 was predicted for melanoma patients
between the two groups.

Screening small-molecule drugs

DEGs with FDR < 0.05 and |FC| > 1.5 were identified between the
high and low ferroptosis score groups using the limma package, which
were visualized into volcano plots and heatmaps. GO and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
were then presented by the clusterProfiler package. Adjusted p <
0.05 was significantly enriched. The up- and downregulated genes
were uploaded into the CMap database.*” Candidate small-molecular
drugs and mechanisms of action were discovered by CMap mode-of-
action (MoA) analysis.

External dataset validation

RNA-seq and clinical information of pRCC (n = 325) and chRCC (n =
93) samples were required from TCGA database. The prognostic
values of the ferroptosis scores were validated in the two datasets.
Furthermore, two anti-PD-L1 immunotherapy cohorts were included
to determine the ferroptosis scores as follows: GEO: GSE78220 data-
set from the GEO (https://www.ncbi.nlm.nih.gov/gds/) repository on
the GPL11154 platform'* and IMvigor210 cohort based on the Cre-
ative Commons 3.0 License.'”

Statistical analysis

Statistical analysis was conducted through R (version 4.0.2). Compar-
isons between two groups were presented via Wilcoxon rank-sum
test, while multiple comparisons were assessed via Kruskal-Wallis
test. The cutoff point of each subgroup was identified by the surv-
miner package in R. Kaplan-Meier curves for OS analysis were pre-
sented between different subgroups, followed by log rank test. Multi-
variate Cox regression analyses were utilized to evaluate the
association between OS and disease-free survival (DFS) and clinico-
pathological characteristics and ferroptosis scores, which were
visualized by the forestplot package in R. ROCs for 1-, 3-, 5-, and
8-year survival were delineated for evaluation of the predictive effi-
cacy of the ferroptosis score. p value was corrected by Bonferroni’s
test. Two-sided p < 0.05 was considered statistically significant.
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