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ABSTRACT

As a type of programmed cell death, necroptosis is thought to play a dual role in tumorigenesis. However, a
comprehensive assessment of necroptosis-related regulators across human cancers has not been reported.
Therefore, in this study, we established a quantitative index to evaluate the necroptosis rate and determine its
correlations with clinical prognosis, signaling pathways and molecular features, immune cell infiltration and
regulation, immunotherapy, and chemotherapy sensitivity across cancers. Our results indicated that the
necroptosis score can act as a favorable or risky prognostic factor in various cancer types. A gene set variation
analysis suggested that necroptosis is significantly associated with immune- and inflammation-related signaling
pathways, cell growth and apoptosis, and energy metabolism. Furthermore, necroptosis can affect the tumor
microenvironment and immunity regulation, and the effect of necroptosis on immunity is different in different
tumor types. There is crosstalk between components of necroptosis, pyroptosis, ferroptosis and autophagy
pathways in multiple types of cancers. Finally, the necroptosis rate can be an indicator of immunotherapy
effectiveness in multiple cancers and can affect the chemotherapy sensitivity of cancer cells. Our study presents
a characterization of necroptosis across human cancers, highlights the potential necroptotic effects on immune
regulation, and provides new insights into the development of individualized tumor treatments and clinical
applications of immunotherapy.

INTRODUCTION

Traditionally, apoptosis was the sole regulated cell death
pathway [1]. Furthermore, a corresponding cell death
pathway, necrosis, was considered a form of
unprogrammed or “dumb” cell death, which ultimately
led to loss of membrane integrity and passive release of
cellular contents [2]. It is now clear that there is a
nonapoptotic form of cell death that has evolved to detect
pathogens and promote tissue repair; this regulated cell
death is known as necroptosis [3]. Necroptosis, which is
neither necrosis nor apoptosis, is an alternative mode of

programmed cell death that mimics characteristics of
both apoptosis and necrosis. Dysregulation of necroptosis
is a key factor in many inflammatory diseases [4, 5].
Recent studies have revealed an important role played by
necroptosis in tumorigenesis and metastasis, suggesting
the potential of targeting necroptosis as a new tumor
therapy [6]. In the body, certain cells die silently in an
orderly fashion by activating apoptosis, which is a cell
suicide program. Other cells, often when infected by a
virus, undergo a messier and more violent form of death,
necroptosis, in which the immune system attacks and
kills the body's own cells [7, 8]. In recent years, studies
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have shown that activating necroptosis in cancer cells
induces a similar immune system attack on tumors,
which indicates that necroptosis, a type of programmed
cell death, is involved in the body's immune regulation
[9, 10]. Although the molecular mechanisms of
necroptosis have been extensively studied, the details of
necroptosis regulation and function in tumorigenesis and
metastasis are not fully understood.

Therefore, in the current study, we constructed a novel
indicator to describe the status of necroptosis based on
necroptosis-related gene expression profiling. Using this
indicator, we analyzed the relationship between
necroptosis and prognosis, signaling pathways and
molecular features, immune cell infiltration and
regulation, immunotherapy, and chemotherapy sensitivity
in different tumors. We thus comprehensively evaluated
the biological function and clinical relevance of
necroptosis across cancers. Our results reveal the
functional and mechanistic landscape of necroptosis in
cancer and provide new insights for the precise treatment
of tumors in the future.

MATERIALS AND METHODS
Data sources

We downloaded the transcriptional data of 10496
samples from the UCSC Xena  database
(https://xenabrowser.net/datapages/) and normal
expression data from GTEX project database. The list
of cancer types is presented in Supplementary Table 1.
The clinical parameters and follow-up information was
also obtained. The gene-level copy number, DNA
methylation, and somatic mutation data were also
downloaded. The tumor mutation burden was calculated
according to the single-nucleotide variation profiles of
the cancers. Microsatellite instability data were obtained
from previously published data. Necroptosis regulator
data were obtained from previous studies and the
Molecular Signatures Database. We ultimately included
67 necroptosis regulators from previous study [11]. The
list of genes is provided in Additional file 1.
Supplementary Table 2. Figure 1 presents the overall
overview of our study.
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Figure 1. The overall overview of the study.
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Establishment of the necroptosis score (NPS) in
cancers

Using the necroptosis regulator genes (NRGs), we first
constructed a protein—protein interaction (PPI) network
using the STRING database (STRING: functional protein
association networks (string-db.org)), and we identified
the hub genes by inputting the PPl data into Cytoscape
software. Next, we explored the correlations among the
necroptosis regulators in all cancers. Analyses of
differentially expressed NRGs were also performed to
compare the expression differences in tumor and normal
samples (GTEX data). Then, we explored the function
and pathway enrichment of these NRGs by performing
GO and KEGG analyses. Subsequently, we evaluated the
single-nucleotide variant (SNV), copy number variation
(CNV), and methylation status in cancers. We also
identified the prognostic roles played by these NRGs in
cancers by log-rank test. Finally, we performed single-
sample gene set variation analysis (sSGSEA) using the
NRG set, and we assigned a necroptosis score (NPS) to
each sample according to the enrichment levels. We
completed the calculation using the R “GSEABase”
packages. In sSGSEA, gene expression values for a given
sample are rank-normalized, and an enrichment score is
produced using the Empirical Cumulative Distribution
Functions (ECDF) of the genes in the signature and the
remaining genes. For a given signature G of size NG and
single sample S, of the data set of N genes, the genes are
replaced by their ranks according their absolute
expression from high to low: An enrichment score ES (G,
S) is obtained by a sum (integration) of the difference
between a weighted ECDF of the genes in the signature
and the ECDF of the remaining genes PNG [12]:

ES(G,S) = i[PGW(G,S,i) ~ P, (G,S,)]

i=1

Expression profile based on the NPS and its
correlation with clinical prognosis in cancers

After obtaining the NPS of each sample, we first
evaluated the expression level in 33 cancers and the
differential NPSs between tumor samples and normal
samples in different cancers. Wilcoxon tests were
performed to compare tumor and normal tissues in each
cancer. The tumor samples were categorized into a
high-NPS group and a low-NPS group on the basis of
the optimal cutoff NPS value for each cancer. We
evaluated the associations between NPS and prognosis
in each cancer. The four types of prognosis were overall
survival (OS), disease-specific survival (DSS), disease-
progression interval (DFI), and progression-free interval
(PFI). A Kaplan—Meier curve was assessed to compare
survival curves, and univariate Cox regression was
performed to calculate the hazard ratio (HR) and the

corresponding confidence interval (Cl). P<0.05 was
considered to be significant.

Associations between NPS and related pathways and
molecular features in cancers

We also performed gene set variation analysis (GSVA)
using R packages (GSVA) and the latest HALLMARK
pathways dataset from the MsigDB, including fifty
common signaling pathways. As necroptosis is a type of
programmed cell death, we explored the correlation
between the NPS and certain cell death-related gene
sets, including genes involved in pyroptosis, autophagy,
and ferroptosis. The results were visualized in a
heatmap.

The NPS and immune status in cancers

To explore the association between the NPS and immune
status in each cancer, we followed three different
methods. First, we used the ESTIMATE algorithm,
which depicts a tumor microenvironment based on four
parameters: immune, stromal, ESTIMATE scores, and
tumor purity. The second method involved evaluating the
correlations between NPS and the TME signature [13].
The third method was based on the CIBERSORT
algorithm, which allows for the sensitive and specific
discrimination of 22 human immune cell phenotypes.
Finally, we explored the associations between the NPS
and immune regulation genes, including MHC genes,
immune-activated and inhibited genes, immune
checkpoint genes, chemokines, and chemokine receptor
genes, using Pearson correlation.

Effect of the NPS on immunotherapy

We performed a ssGSEA for the following datasets:
GSE32894 (urothelial carcinoma), GSE135222 (advanced
non-small-cell lung carcinoma patients), GSE176307
(metastatic urothelial cancer), and the Supplementary
Materials of previous studies for KIRC (PMID:
32472114) [14]. Patients were categorized into a high-
NPS group and a low-NPS group on the basis of the
optimal cutoff value (minimum P value). Then, we
performed Kaplan—Meier analysis to evaluate the effect
of the NPS on prognosis in patients who received
immunotherapy.

The NPS and chemotherapy sensitivity in cancers

Using the GDSC and CTRP databases, we performed
Pearson correlation analysis to obtain the correlations
between mRNA expression of NPGs and drug 1C50.
The P value was adjusted on the basis of the false
discovery rate (FDR). The correlations were visualized
with a bubble plot. Negative correlations indicated
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chemotherapy sensitivity, and positive correlations
indicated chemotherapy resistance.

Data availability

All data can be download from UCSC Xena database
(https://portal.gdc.cancer.gov/).

RESULTS
Landscape of necroptosis regulators across cancers

We ultimately obtained 67 necroptosis regulator genes.
Figure 2A presents the PPI associated with these NRGs.
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We identified the 10 most interactive hub genes using
maximal clique centrality methods: TNFRSF1A, RAF2,
RIPK3, CFLAR, DIABLO, MLKL, CASP8, RIPK1,
TNF, and FADD. A correlation heatmap of these genes
is presented in Figure 2B, and it indicates that more
positive associations were found among these NRGs.
STUB1, KLF9, and BNPI3 tended to be negatively
associated with other genes. The GO enrichment
analysis indicated that these NRGs were mainly enriched
in necroptotic progression, the extrinsic apoptotic
signaling pathway, DNA-binding transcription factor
activity, tumor necrosis factor receptor superfamily
binding, and ubiquitin protein ligase binding and
activity (Supplementary Figure 1A). The KEGG analysis
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Figure 2. The landscape of necroptosis regulators. (A) Protein-protein interaction among necroptosis regulators (Blue: Top 10 hub
genes; Red: non-hub genes). (B) Heatmap showed the expression profiling of necroptosis regulators between tumors and normal samples.
(C) Heatmap indicated the correlations among necroptosis regulators in pan-cancer. (D) The prognosis role of necroptosis regulators in pan-

cancer using log-rank method.
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indicated that these genes were involved in the TNF
signaling pathway, RIG-I-like receptor, NF-kappa B,
NOD-like receptor, FoxO, Toll-like receptor, IL-17,
MAPK, and adipocytokine signaling pathways
(Supplementary Figure 1B).

The single-nucleotide variation (SNV) analysis indicated
that the variant classification was mainly missense,
nonsense, frame shift, splice, and frame shift insertions.
Most SNV classes included a C>T mutation. The 10 most
mutated genes were ATRX BRAF, IDH1, EGFR,
CDKN2A, ALK, HADC9, CASP8, GATA3, and FLT3
(Supplementary Figure 2A). BRAF showed higher
mutation frequencies in SKCM and THCA. The mutation
frequencies of ATRX and IDH1 were the highest in
LGG. EGFR mutations were mainly found in GBM,
UCEC, SKCM, LGG, LUAD, and STAD. The 10 most
mutated genes were found in similar cancer types
(Supplementary Figure 2B, 2C). The following genes
showed the highest copy number variations: MTC, 1D1,
ZBP1, SPATA2, CD40, EGFR, HDAC9Y9, FASLG,
BRAF, TRIM1l1, TERT, TNFSF10, OTULIN, and
TRNFRSF1A. These genes showed a high CNV
percentage in each cancer (Supplementary Figure 3A).
The Spearman correlation analysis indicated that CNV
was correlated with mRNA expression (Supplementary
Figure 3B). We then explored the differential expression
levels of the NGRs between tumor and normal samples.
TERT, CDKN2A, PLK1, FASLG, TNFRSF21, TNF,
ZBP1, LEF1, HSPA4, and IDH2 were highly expressed
in most tumor tissues, while TARDBP, KLF9, BACH2,
CFLAR, TSC1, FLT3, and AXL were expressed at low
levels in most cancers (Figure 2C). We further explored
the correlation of these NGRs with clinical outcomes by
performing log-rank tests. NGRs played protective roles
in KIRC, SARC and SKCM and risk-enhancing roles in
LGG, THYM, LIHC, LUAD, UVM, and ACC. NGRs
did not seem to be associated with the prognosis of
certain cancers, such as COAD, DLBC, UCS, and ESCA
(Figure 2D). Finally, we evaluated the methylation
differences in each cancer. NGRs showed different
methylation levels in each cancer, particularly COAD,
PRAD, BRCA, KIRP, ESCA, PAAD, HNSC, UCEC,
LUAD, BLCA, LIHC, LUSC, KIRC and THCA
(Supplementary Figure 4A). Overall, the methylation
level was found to be negatively associated with
mMRNA expression level in each cancer (Supplementary
Figure 4B).

Establishment of the NPS and its correlation with
clinical outcomes

We calculated the NPS of each sample in each cancer
and found that DLBC exhibited the highest NPS and
that the NPS of UVM was the lowest (Figure 3A). We
then compared the NPSs in paired tumor and normal

samples. The results showed that the NPS was
significantly higher in the ESCA, HNSC, KIRC, KIRP,
LUAD, LUSC, SARC, and STAD samples than the
normal samples (Figure 3B-31). However, the NPS was
significantly lower in LIHC samples than in normal
samples (Figure 3J).

Then, we investigated the correlation of NPS levels
with four kinds of clinical outcomes.

For OS, the NPS was associated with a favorable
prognosis in SKCM, while the NPS was found to be a
risk factor for PAAD, UVM, THYM, TGCT and KIRP
(Figure 3K). The Kaplan—Meier analysis indicated that a
higher NPS indicated favorable OS in BRCA, DLBC,
HNSC, KIRC, OV, READ, and STAD (Supplementary
Figure 5). In contrast, the NPS was correlated with
unfavorable survival in GBM, KICH, LGG, LUAD, and
THYM (Supplementary Figure 5). For DSS (Figure 3L
and Supplementary Figure 6), DFI (Supplementary
Figures 7A, 8) and PFI (Supplementary Figures 7D-7L,
9), we found similar results. In summary, a high NPS was
indicative of a good prognosis in SKCM, ESCA, OV,
BRCA, and CHOL (Figure 3C), while a high NPS was an
indicator of a poor prognosis in PAAD, KIRP, UVM,
TGCT, BRCA and THYM.

Correlations of necroptosis with signaling pathways
and cell death in cancers

To explore the correlation of the NPS with signaling
pathways, we performed a GSVA of necroptosis in
cancers (Figure 4A). We found that the NPS was
significantly and positively associated with the
interferon gamma response, the inflammatory response,
the IL6/JAK/STAT3 signaling pathway, allograft
rejection, the complement system, the IL2/STATS
signaling pathway, the interferon alpha response, TNF-
alpha signaling via NFK-beta, and the TGF beta
signaling pathway, which were mainly involved in
immune response-related signaling. Some pathways
were related to cell growth and apoptosis, including the
p53 signaling pathway, and certain transduction
pathways (PI3BK/AKT/mTOR signaling pathway and
KRAS signaling up) were positively correlated with the
NPS. The NPS was significantly and negatively
associated with MYC target V2 in 14 cancers, fatty acid
metabolism and bile acid metabolism in 18 cancers,
peroxisome in 14 cancers, DNA repair in 11 cancers,
oxidative phosphorylation in 20 cancers, reduced KRAS
signaling in 15 cancers, and spermatogenesis in 26
cancers. The MYC target V2 was related to
tumorigenesis, and fatty and bile acid metabolism and
oxidative phosphorylation, which were related to energy
supply in tumors. KRAS signaling downregulation was
part of a tumor inhibition pathway, and anticancer
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Figure 3. Establishment of NPS and its clinical relevance in pan-cancer. (A) Expression level of NPS in pan-cancer. (B-J) Significant
expression levels of NPS between tumor and normal samples (HNSC, KIRC, KIRP, LUAD, LUSC, SARC, STAD, LIHC). (K) Association between NPS
and overall survival in pan-caner using univariate cox regression (Left) and log-rank method (Right). (L) Association between NPS and disease-
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inhibitors targeting the KRAS signaling pathway have
been developed [15]. DNA repair suppressed the
antitumor effect of treatment. These results indicated
that a high NPS indicates the inactivation of oncogenes,
a reduction in energy supply, and the inhibition of
tumor progression. However, the NPS showed positive
associations with these signaling pathways in OV,
TGCT, THYM, and UVM. These results indicated that
NPS may exhibit different patterns in different cancers.
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with the NPS in cancers. ACLS4 is a key molecule that
promotes ferroptosis [17], and the NPS was positively
associated with ACLS4. Moreover, the NPS showed a
negative association with GPX4 (an anti-ferroptosis-
related molecule) in most cancers except PRAD, TGCT,
and LAML (Figure 4C). In autophagy, LC3 is the key
molecule [18]. We found that the NPS was negatively
associated with LC3 (MAP1LC3A) expression in most
cancers. However, a positive association was found
with OV. Almost all autophagy genes were positively
associated with the NPS in OV and DLBC
(Supplementary Figure 10).
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Correlations of necroptosis with immune cell
infiltration in cancers

GSVA indicated that NPS was related to many immune-
related signaling pathways. We further evaluated the
correlations of NPS with immune status. Our results
indicated that the NPS was positively associated with
immune and ESTIMATE scores in all cancers and
stromal scores in most cancers (Figure 5A). No
significant correlations were found between the NPS
and stromal score in DLBC and THYM. In contrast, the
NPS was negatively associated with tumor purity in call
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cancers. Next, we assessed the correlations of the NPS
with immune-related pathways, stromal/metastasis-
related signaling pathways, and DNA repair-related
pathways. These pathways were used to assess the
tumor microenvironment [19]. We found that the NPS
was positively associated with immune checkpoints,
effector CD8 T cells, antigen-processing machinery,
EMT2, pan-F-TBRs, and EMT3 in cancers (Figure 5B).
These results indicated that the NPS potentially reflects
the tumor microenvironment status.

Then, we evaluated the correlations of the NPS with 22
human immune cells in ImmuCellAl and TIMER2. Our
results indicated that the NPS was positively associated
with many immune cells including T cells (iTreg, Thi,
Tc, Tfh, and Tex cells), cell infiltration score,
macrophages, DCs, nTegs, Trl cells, and CD8 T cells,
NK cells, and CD4 T cells in various cancers, while the
NPS was negatively correlated to naive CD 4 T cells,
Th17 cells, CD8 naive T cells, and neutrophils in all
cancers (Figure 5C). Finally, we explored the
correlations between the NPS and immune cells using
the EPIC, CIBERSORT, ABS, QUANTISEQ, and
XCELL methods. We found that the NPS was
positively associated with M1 and M2 macrophages,
mast cell resting, monocytes, neutrophils, activated NK-
cells, naive CD8+ and CD4+ T cells, memory B cells,
and myeloid dendritic cells (Figure 5D). These results
further proved that NPS shows promise as an index that
can predict the immune status.

Associations between necroptosis and molecular
features and immune regulation

Microsatellite instability (MSI) and tumor mutation
burden (TMB) are indicators of genome instability
and mutation, respectively. We first evaluated the
correlations of the NPS with MSI and TMB. The results
indicated that the NPS was positively associated with
MSI levels in COAD and GBM and was negatively
associated with MSI levels in HNSC, PRAD, SKCM,
TGCT, and DLBC (Figure 6A). NPS was positively
associated with TBM in COAD but was negatively
associated with TBM in TGCTs (Figure 6B).

Necroptosis is a process by which an organism attacks
and Kills the body’s cells by leveraging the immune
system. We further explored the correlations of the NPS
with certain important immune regulation gene sets.
Major histocompatibility complex (MHC) molecules are
involved in antigen recognition during immune
responses. Human MHC is called human leukocyte
antigen (HLA). The NPS was significantly and positively
associated with HLA genes, including TAP1, HLA-E,
HLA-DRA, B2M, TAP2, HLA-DPA1, and HLA-DOA
in all cancers (Figure 6C). However, the NPS was

negatively associated with HLA-G, an immune tolerance
molecule that enables tumor cells to escape Killing and
lysis by NK cells and CTL cells, which is a previously
unknown mechanism of tumor cell escape from immune
surveillance. Next, we evaluated the correlations of the
NPS with immune checkpoint and immune regulation
genes in cancers. The results indicated that the NPS was
highly correlated with immune checkpoint genes such as
PD-L1 (CD274, Figure 6D), programmed cell death 1
ligand 2 (PDCDI1LG2), tumor necrosis factor-related
immune genes, and T lymphocyte-related immune genes
(CD86, CD48, CD80, CD28, CD40, CD27, and CD70;
Supplementary Figure 11). We also noticed that V-Set
domain containing T-Cell activation inhibitor 1 (VTCN1)
was negatively correlated with necroptosis levels in most
cancers. These results suggested that the necroptosis level
was closely related to most immune checkpoints.
Chemokines and their receptors can induce the
directional migration of immune cells, which is a
necessary condition for the occurrence and completion of
the immune response. We then evaluated the associations
between necroptosis levels and chemokines and
chemokine receptor genes in cancers (Figure 6E, 6F).
Chemokines (CCR1, CCR2, CCR3, CCR4, CCRS5,
CCR6, CCR7, and CCR8) and receptor genes (CXCL1-
17, CCL1-14, CCL16-26) were positively associated
with necroptosis levels in various cancers (Figure 6).
CCL27 and CCL15 showed negative correlations with
necroptosis levels in certain cancers. These associations
further indicated that the necroptosis level was highly
correlated with immune regulation.

Necroptosis and immunotherapy

Our comprehensive analysis revealed that necroptosis
was involved in immune infiltration and immune
regulation in cancers. We then evaluated the effect of
necroptosis on immunotherapy. In bladder cancer
(GSE13507), we found that patients with a high NPS
exhibited a lower progression ratio than those with a low
NPS (Figure 7A), and the Kaplan—Meier curves indicated
that patients with a high NPS showed favorable
progression-free survival (P<0.04, Figure 7B). In
metastatic urothelial cancer (GSE176307), the CR/PR
response rate of immunotherapy was higher in the high-
NPS group than in the low-NPS group (56% vs. 14%,
P<0.001, Figure 7C). The Kaplan—Meier analysis
indicated that the high-NPS group presented with a
higher OS (P=0.033, Figure 7D) and PFS (P=0.031,
Figure 7E). However, in KIRC (PMID: 32472114) and
urothelium carcinoma (GSE32894), the high-NPS group
showed a worsened PFS (KIRC: P=0.0042, Figure 7F)
and disease-free survival (urothelium carcinoma: P=0.02,
Figure 7G). These results indicated that NPS can
potentially be a marker for predicting the prognosis of
patients who receive immunotherapy.
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Necroptosis and chemotherapy sensitivity

A previous study has reported that chemotherapy can
exert a treatment effect by inducing necroptosis. We
therefore evaluated the correlation between necroptosis
regulators and certain small-molecule compounds (30
kinds of drugs) in cancers using the GDSC and CTRP
databases (Figure 8A, 8B). We observed that IDHL1,
TNFRSF21, SLC39A7, EGFR, APP, SQSTM1, PANX1,
IDH1, AXL, TNFRSF1A, STAT3, STUB1, TLR3, and
FADDBNIP3 induced chemotherapy resistance to
common drugs. In contrast, ALK, BACH2, BCL2L11,
BRAF, CYLT, DNMT1, IDH2, LEF1, MAP3K7, MYC,
MTCN, SIRT1, TARDBP, TERT, TSC1, USP22, and
FLT3 enhance the sensitivity of these drugs in cancers.
More details can be found in Supplementary Tables 3, 4.
These results provide potential therapeutic targets for
chemotherapy in cancers.
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DISCUSSION

The occurrence of cancer is closely related to cell death
[20, 21]. In addition to apoptosis, necroptosis has also
been related to the development of cancer [22]. However,
studies have also demonstrated that necroptosis plays a
dual role in cancer progression and regression [23, 24].
Among these roles, targeting necroptosis-related proteins
exerts a dual impact on tumor initiation and progression.
It is generally believed that dysfunctional necroptosis is
related to the occurrence and development of tumors. For
example, the expression of RIP3 is significantly
downregulated in patients with acute myeloid leukemia
(AML). A reduction in RIP3 expression reduces
hematopoietic cell death, which is associated with the
development of AML [25]. Another study has reported
that genetic defects in RIP3 converted FLT3-ITD- and
RUNXETO-driven myeloproliferative AML in mice by
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increasing the accumulation of leukemia-initiating cells
[26]. Furthermore, low expression of MLKL was
associated with reduced overall survival in colon cancer
patients after surgery [27]. MLKL is also
downregulated in pancreatic and cervical squamous cell
carcinomas, where low levels of MLKL in plasma
predict poor prognosis in pancreatic and ovarian cancers
[28, 29]. Previous study also explored the role of
necroptosis in single cancer types. Zhao developed and
validated a necroptosis-related INcRNA model used for
predicting prognosis in gastric cancer [30]. Similarly,
Liu also explored the role of necroptosis-related
InNcRNAs and found necroptosis-related IncRNAs had
an important function, and the prognosis of patients
with colon cancer can be predicted by six necroptosis-
related IncRNAs [31]. Using 10 necroptosis genes, Wu
developed a novel necroptosis-related gene signature for
predicting the prognosis of pancreatic adenocarcinoma
[32]. The other study evaluated the expression of key
molecules in necroptosis and their association with
clinical features and prognosis in NSCLC [33].
Different from previous studies, in our study, we found
that the established necroptosis score (NPS) was
associated with a favorable prognosis in SKCM, while
the NPS was a risk factor for PAAD, UVM, THYM,
TGCT and KIRP. The Kaplan—Meier analysis indicated
that a higher NPS indicated favorable OS in BRCA,
DLBC, HNSC, KIRC, OV, READ, and STAD
(Supplementary Figure 5). In contrast, the NPS was
correlated with unfavorable survival in GBM, KICH,
LGG, LUAD, and THYM. Altogether, this information
provides research directions for studying necrotic
proteins in tumor development, recent studies have
found that cell resistance to necroptosis is often
mediated by oncogenes, suggesting that escape from
necroptosis, similar to escape from apoptosis, may be a
potential hallmark of tumors [34].

We found that NPS was positively associated with
immune-related and inflammation-associated signaling
pathways. This result suggested that the function of
necroptosis may be associated with immunity and
inflammation in cancers. Necroptosis is a type of
programmed cell death. We explored the correlations of
the NPS with pyroptosis, ferroptosis, and autophagy in
each cancer. We found that necroptosis was closely
associated with certain key molecules involved in
pyroptosis, ferroptosis, and autophagy. Our findings
indicated a complex and close relationship among
necroptosis, pyroptosis, ferroptosis and autophagy.
Previous studies have found that caspase-8 can act as a
bridge between different types of cell death and play
key functions in the apoptosis and necroptosis pathways
[35]. In addition, researchers have recently discovered
another link between pyroptosis and apoptosis. In
macrophages, activation of caspase-1 redirected cell fate

toward caspase-3-, caspase-9- and BID-dependent
apoptosis in the absence of GSDMD [36]. RNA viruses
induced NLRP3 activation and subsequent IL-1p release
in a RIPK1/RIPK3-dependent and MLKL-independent
manner, which may be another example of an immune
response linking different cell death pathways [37].
TAK1 was found to form a complex with RIPK1,
FADD, and caspase-8 downstream of TNFR or TLR
and has recently emerged as another survival-promoting
regulator of cell death, further blurring the lines
between cell death pathways [38]. In addition, all types
of cell death are accompanied by inflammation, which
is a link among these types of cell death [39-42].
Overall, the current study highlights the tight cross-
regulation between cell death and shows that when one
pathway is compromised, bridges between pathways
coordinate cell death.

We then explored the correlation of necroptosis levels
with the tumor microenvironment and immune cell
infiltration. We found that necroptosis was markedly
and positively associated with immune, ESTIMATE,
and stromal scores in cancers but negatively associated
with tumor purity. Furthermore, we found that
necroptosis was positively associated with macrophages,
neutrophils, B cells, and CD8 T cells in cancers. It has
been reported that antitumor immunity can be obtained
by activation of CD8+ T cells through antigen cross-
linking [43]. This may be caused molecules released
from dying cells passing through antigen-presenting
cells, such as dendritic cells. Activation of tumor cell
necroptosis enhances antitumor immunity [44, 45].
Therefore, targeting necrosis to induce antitumor
immunity is a viable strategy, especially when apoptosis
is blocked. To explore whether necroptosis levels and
guide immunotherapy, we evaluated the correlations of
necroptosis levels with immune checkpoint gene
expression and found that necroptosis levels were highly
correlated with immune checkpoint genes such as PD-
L1, programmed cell death 1 ligand 2, tumor necrosis
factor-related immune genes, and T lymphocyte-related
immune genes. Next, we evaluated the effect of
necroptosis levels on immunotherapy. In bladder cancer
and metastatic urothelial cancer, we found that patients
with high necroptosis levels had a better prognosis than
those with low necroptosis levels. However, in KIRC
and urothelium carcinoma, the high necroptosis level
group presented with worsened PFS and DFS. We also
evaluated the correlations of necroptosis regulators and
certain small-molecule compounds in cancers and
identified chemotherapy sensitivity and resistance-
relevant small-molecule compounds. The differences in
prognosis in different cancers further indicated the dual
role played by necroptosis in cancers. The primary
limitation of this study is lack of experiments in vivo and
vitro. The present findings need to be validated by
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molecular biology experiments. Our study found that
necroptosis may involve in immune regulation and drug
sensitivity. The future should focus on the role of
necroptosis in immunity treatment and chemotherapy in
various cancers.

Our results indicated that the necroptosis score can be
considered a prognostic factor in multiple cancer types.
Further analysis suggested that necroptosis can affect
the tumor microenvironment and immunity regulation,
and the effect of necroptosis on immunity differs by
tumor type. The process of activating necroptosis
involves multiple signaling pathways, and crosstalk is
involved between necroptosis and other cell death types.
Furthermore, the necroptosis level may be a biomarker
for immunotherapy in multiple cancers. To the best of
our knowledge, this is the first study to systematically
explore necroptosis across cancers, and our results not
only highlight the effect of necroptosis on immune
regulation and immunotherapy but also shows important
significance for the identification of tumor therapeutic
targets, development of new target drugs and study of
tumor drug resistance mechanisms.
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Supplementary Figure 4. Methylation profiling of necroptosis regulators in cancers. (A) Methylations difference in each cancer.

(B) Correlations between methylation and mRNA expression. Pan-caner using univariate cox regression (left) and log-rank method (Right).

AGING

7606

WWWw.aging-us.com



A BRCA Necroptosis Survival

Strata = getigene)=high & gengens)sion

B DLBC Necroptosis Survival

Stata S geugene)shigh = getlgens)=iow

C GBM Necroptosis Survival

Strata = getigene)high & gelgens)sion

D HNSC Necroptosis Survival

Stata S geugene)shigh = getlgens)=iow

1.00 100 100
z z z
E 078 E 075 E 075
g 050{ ==-mmmmmemmmaan E 0.50 & E 0.50
025 -] 0.25 [ 025 0.25
a . 3 °%| penooss b a
0.00- L 0.00 : 0.00 N 0.00
o 2000 4000 6000 8000 o 2000 4000 8000 o 500 1000 1500 2000 2500 1] 2000 4000 8000
Time (days) Time (days) Time (days) Time (days)
MNumber at risk Number at risk MNumber at risk Number at risk
8 =562 135 1" 5 1 B 8 3 1 =2 2 2 0 0 0 8= 21 7 1
‘% - [r?: %0 16 3 % - | 4 1 0 0 ‘% - [1;4 42 g 3 2 1 % = 218 25 2 0
o 2000 4000 6000 ‘8000 o 2000 8000 o 500 1000 1500 2000 2500 o 2000 8000
Time (days) Time (days) Time (days) Time (days)
E KICH Necroptosis Survival F KIRC Necroptosis Survival G KIRP Necroptosis Survival H LGG Necroptosis Survival

Strata == geligene)=high == geligene)=iow

Stata == getigene)=high == gei(genc]=iow

Strata == geligene)=high == geligene)=iow

Stata == getigene)=high == gei(genc]=iow

1.00: 1.00: 100
= z z z
= o = = o = 078
2 3 2 3
2 0s0 g £ om0 [T .
Som Looe 5 2 %% p=0.00087 { a°® ! '
0.00 0.00 ' 000 i '
[] 1000 2000 3000 4000 5000 [] 1000 2000 3000 4000 § 1000 2000 3000 4000 5000 6000 [] 2000 4000 000
Time (days) Time (days) Time (days) Time (days)
Number at risk Number at risk Number at risk Number at risk
g =2 18 12 7 0 0 g 200 84 31 3 g - ‘ 15 5 0 0 0 0 g - ||ae 25 3 1
& el 29 23 13 3 a @ 88 38 8 ] & - 2 95 42 12 1 1 a @ - 332 34 11 0
[] 2000 3000 4000 5000 1000 2000 3000 4000 © 1000 2000 3000 4000 5000 6000 [] 2000 6000
Time (days) Time (days) Time (days) Time (days)
I LUAD Necroptosis Survival J OV Necroptosis Survival K PAAD Necroptosis Survival L READ Necroptosis Survival
Sirata == geiigene)shigh = geigene)eiow Suaia == gekgenelshigh <= geiigenel=iow Sirata == geiigenelshigh = geligene)eiow Suaia == gelgenelshigh <= getigeneliow
1.00 100 1.00 100
% 075 % s % 075 % 075
g 0.50 é 050 g 050 =----- g coooiiiiiiiiiiis é 050
S om 5o 3 p=0.00099 H R
0.00 0.00 0.00 ' ' 0.00
[] 2000 4000 6000 5000 [] 1000 2000 3000 4000 5000 [] 1000 2000 3000 [] 1000 2000 3000 4000
Time (days) Time (days) Time (days) Time (days)
Number at risk Number at risk Number at risk
g 0 0 121 50 15 3 1 g 13 3 0 g e 7 5 2
3 6 3 74 2 8 2 [ 24 10 3 0 g 10 5 0 0 0
4000 6000 1000 2000 3 4000 5000 [] 1000 2000 3000 [] 1000 2000 3000 4000
Time (days) Time (days) Time (days) Time (days)
SKCM Mecroptosis Survival STAD Necroptosis Survival TGCT Necroptosis Survival
Pt y P P THYM Necroptosis Survival
SUata = getigene)=hgh === getigene)=low Staa < geygene)shigh < getigenel=iow SUata = Qetigene)=hgh === geligene)=low
Swaa = geygene)shigh < get(genel=iow
1.00 100 1.00
T 100
£ = £
= 078 = 075 = 078 Z
i ] i i
& 050] -----Fe---mo= & 050 & 060 =-emmemesmmmemmemeniaaan 2 om0
E i z E T
S 025 <0.8001 S 028 S 025 — g '
¢ ’ m ¢ “ ° 2 "% p-oo0u .
0.00 ' ' 0.00 ' 0.00: H
o 3000 6000 9000 12000 1] 1000 2000 3000 4000 o 2000 4000 6000 8000 0.00 !
Time (days) Time (days) Time (days) o 1000 2000 3000 4000 5000
R R Time (days)
Number at risk Number at risk
Number at risk
45 12 4 0 8 3 0 g 15 8 6 L p—
43 9 2 a 5 2 i 0z Loz 41 20 7 S gu— 2 9 3 1
3000 6000 9000 12000 o 1000 2000 o 4000 o 2000 4000 6000 8000 @ 78 48 L —~ — —?—
Time (days) Time (days) Time (days) [ 1000 2000 3000 4000 5000
Time (days)

Supplementary Figure 5. Associations between NPS and disease-specific survival in pan-cancer using log-rank method.
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Supplementary Figure 6. Associations between NPS and DSS
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Supplementary Figure 7. Associations between NPS and DFI and PFl in pan-cancer using log-rank method. (A) Forest showed
the association between NPS and DFI using univariate cox regression. (B) PAAD. (C) KIRP. (D) Forest plot showed the association between NPS
and PFl using univariate cox regression. (E) PAAD. (F) UVM. (G) SKCM. (H) THYM. (I) ESCA. (J) OV. (K) BRCA. (L) CHOL.
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Supplementary Figure 8. Associations between NPS and disease-free interval in pan-cancer using log-rank method. (A) BRCA.
(B) CESC. (C) COAD. (D) KIRP. (E) LGG. (F) LIHC. (G) OV. (H) PAAD. (1) READ. (J) THCA.
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Supplementary Figure 9. Associations between NPS and progression-free survival in pan-cancer using log-rank method.
(A) BRCA. (B) CESC. (C) CHOL. (D) COAD. (E) DLBC. (F) ESCA. (G) GBM. (H) HNSC. (1) KIRC. (J) KIRP (K) LGG. (L) LIHC. (M) OV. (N) PAAD. (O)
SKCM. (P) STAD. (Q) THCA. (R) THYM.
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Supplementary Figure 10. Correlations of NPS with autophagy regulators.
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Supplementary Figure 11. Correlations of NPS and immune regulations genes.

WWWw.aging-us.com 7613 AGING



Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 3, 4.

Supplementary Table 1. Lists of cancer types.

Abbreviation

Full name

ACC
BLCA
BRCA
CESC
CHOL
COADREAD
DLBC
ESCA
GBM
HNSC
KICH
KIRC
KIRP
LAML
LGG
LIHC
LUAD
LUSC
MESO
ov
PAAD
PCPG
PRAD
READ
SARC
SKCM
STAD
STES
TGCT
THCA
THYM
UCEC
UCsS
UvM

Adrenocortical carcinoma
Bladder Urothelial Carcinoma
Breast invasive carcinoma

Cervical squamous cell carcinoma and endocervical adenocarcinoma

Cholangiocarcinoma

Colon adenocarcinoma/Rectum adenocarcinoma Esophageal carcinoma
Lymphoid Neoplasm Diffuse Large B-cell Lymphoma

Esophageal carcinoma
Glioblastoma multiforme
Head and Neck squamous cell carcinoma
Kidney Chromophobe
Kidney renal clear cell carcinoma
Kidney renal papillary cell carcinoma
Acute Myeloid Leukemia
Brain Lower Grade Glioma
Liver hepatocellular carcinoma
Lung adenocarcinoma
Lung squamous cell carcinoma
Mesothelioma
Ovarian serous cystadenocarcinoma
Pancreatic adenocarcinoma
Pheochromocytoma and Paraganglioma
Prostate adenocarcinoma
Rectum adenocarcinoma
Sarcoma
Skin Cutaneous Melanoma
Stomach adenocarcinoma
Stomach and Esophageal carcinoma
Testicular Germ Cell Tumors
Thyroid carcinoma
Thymoma
Uterine Corpus Endometrial Carcinoma
Uterine Carcinosarcoma
Uveal Melanoma
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Supplementary Table 2. The 67 necroptosis regulators used for comprehensive analysis.

Symbol Entrez gene ID Description

FADD 8772 Fas Associated Via Death Domain

FAS 355 Fas Cell Surface Death Receptor

FASLG 356 Fas Ligand

MLKL 197259 Mixed Lineage Kinase Domain Like Pseudokinase
RIPK1 8737 Receptor Interacting Serine/Threonine Kinase 1
RIPK3 11035 Receptor Interacting Serine/Threonine Kinase 3
TLR3 7098 Toll Like Receptor 3

TNF 7124 Tumor Necrosis Factor

TSC1 7248 TSC Complex Subunit 1

TRIM11 81559 Tripartite Motif Containing 11

CASP8 841 Caspase 8

ZBP1 81030 Z-DNA Binding Protein 1

MAPKS8 5599 Mitogen-Activated Protein Kinase 8

IPMK 253430 Inositol Polyphosphate Multikinase

ITPK1 3705 Inositol-Tetrakisphosphate 1-Kinase

SIRT3 23410 Sirtuin 3

MYC 4609 MY C Proto-Oncogene

TNFRSF1A 7132 TNF Receptor Superfamily Member 1A
TNFSF10 8743 TNF Superfamily Member 10
TNFRSF1B 7133 TNF Receptor Superfamily Member 1B
TRAF2 7186 TNF Receptor Associated Factor 2
PANX1 24145 Pannexin 1

OTULIN 90268 OTU Deubiquitinase With Linear Linkage Specificity
CYLD 1540 CYLD Lysine 63 Deubiquitinase

USspP22 23326 Ubiquitin Specific Peptidase 22
MAP3K7 6885 Mitogen-Activated Protein Kinase Kinase Kinase 7
SQSTM1 8878 Sequestosome 1

STAT3 6774 Signal Transducer And Activator Of Transcription 3
DIABLO 56616 Diablo IAP-Binding Mitochondrial Protein
DNMT1 1786 DNA Methyltransferase 1

CFLAR 8837 ASP8 And FADD Like Apoptosis Regulator
BRAF 673 B-Raf Proto-Oncogene, Serine/Threonine Kinase
AXL 558 AXL Receptor Tyrosine Kinase

ID1 3397 Inhibitor Of DNA Binding 1

CDKN2A 1029 Cyclin Dependent Kinase Inhibitor 2A
HSPA4 3308 Heat Shock Protein Family A (Hsp70) Member 4
BCL2 596 BCL2 Apoptosis Regulator

STUBL 10273 STIP1 Homology And U-Box Containing Protein 1
FLT3 2322 Fms Related Receptor Tyrosine Kinase 3
HAT1 8520 Histone Acetyltransferase 1

SIRT2 22933 Sirtuin 2

SIRT1 23411 Sirtuin 1

PLK1 5347 Polo Like Kinase 1

MPG 4350 N-Methylpurine DNA Glycosylase
BACH2 60468 BTB Domain And CNC Homolog 2
GATA3 2625 GATA Binding Protein 3

MYCN 4613 MYCN Proto-Oncogene, BHLH Transcription Factor
ALK 238 ALK Receptor Tyrosine Kinase
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ATRX
TERT
SLC39A7
SPATA2
RNF31
IDH1
IDH2
KLF9
HDAC9
HSP90AA1L
LEF1
BNIP3
CD40
BCL2L11
EGFR
DDX58
TARDBP
APP
TNFRSF21

546
7015
7922
9825
55072
3417
3418
687
9734
3320
51176
664
958
10018
1956
23586
23435
351
27242

ATRX Chromatin Remodeler
Telomerase Reverse Transcriptase
Solute Carrier Family 39 Member 7
Spermatogenesis Associated 2
Ring Finger Protein 31
Isocitrate Dehydrogenase (NADP(+)) 1
Isocitrate Dehydrogenase (NADP(+)) 2
Kruppel Like Factor 9
Histone Deacetylase 9
Heat Shock Protein 90 Alpha Family Class A Member 1
Lymphoid Enhancer Binding Factor 1
BCL2 Interacting Protein 3
CD40 Molecule
BCL2 Like 11
Epidermal Growth Factor Receptor
DExD/H-Box Helicase 58
TAR DNA Binding Protein
Amyloid Beta Precursor Protein
TNF Receptor Superfamily Member 21

Supplementary Table 3. Correlation of CTRP IC50 and necroptosis regulators in pan-cancers.

Supplementary Table 4. Correlation of GDSC IC50 and necroptosis regulators in pan-cancers.
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