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Abstract: Head and neck squamous cell carcinoma (HNSCC)
is one of the most aggressive malignancies that have a poor
prognosis. Necroptosis has been demonstrated in recent
years to be a form of inflammatory cell death occurring
in multicellular organism, which plays complex roles in
cancer. However, the expression of necroptosis-related
miRNAs and genes in HNSCC and their correlations with
prognosis remain unclear. In this study, R software was
used to screen differentially expressed miRNAs down-
loaded from The Cancer Genome Atlas. A prognostic model
containing six necroptosis-related miRNAs (miR-141-3p,
miR-148a-3p, miR-331-3p, miR-543, miR-425-5p, and miR-
7-5p) was generated, whose risk score was validated as an
independent prognostic factor for HNSCC. Target genes of
the key miRNAs were obtained from TargetScan, miRDB,
and miRTarBase, and 193 genes in the intersection of the
three databases were defined as consensus genes. Kyoto
Encyclopedia of Genes and Genomes and Gene Ontology
analysesindicated that the composition of the tumor micro-
environment as well as specific pathways may be closely
related to necroptosis in HNSCC. Nine key genes were
also obtained by the MCODE and cytoHubba plug-ins
of Cytoscape: PIK3CD, NRAS, PTK2, IRS2, IRS1, PARP1,
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KLF4,SMAD2, and DNMT1. A prognostic model formed by
the key gene was also established, which can efficiently
predict the overall survival of HNSCC patients. In conclu-
sion, necroptosis-related miRNAs and genes play impor-
tant roles in tumor development and metastasis and can
be used to predict the prognosis of HNSCC.
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markers, bioinformatics, microRNA

1 Introduction

Most head and neck cancers are derived from the mucosal
epithelium in the oral cavity, pharynx, and larynx and
are known collectively as head and neck squamous cell
carcinoma (HNSCC) [1]. HNSCC is the sixth most common
cancer worldwide, with 890,000 new cases and 450,000
deaths in 2018. The incidence of HNSCC continues to rise
and is anticipated to increase by 30% (i.e., 1.08 million
new cases annually) by 2030 [2]. Nowadays, the principal
modalities of curative therapy for locally or locore-
gionally confined HNSCC are resection, radiation, and
immunotherapy, but there is still treatment failure and un-
avoidable micrometastases [3]. Although immunotherapy
does less harm to patients, it may cause immune-related
adverse events, such as pneumonitis, colitis, or other organ
injuries [4]. Considering the limitations of existing treat-
ments, new therapeutic targets are needed to improve
the clinical outcomes of HNSCC. Hence, reliable novel
prognostic models are urgently required for the improve-
ment of targeted therapies.

Necroptosis is a form of programmed necrosis or
inflammatory cell death occurring in multicellular organism,
which is regulated and controlled by many cellular and
molecular mechanisms. Necroptosis cells are featured by
morphological characteristics, such as incomplete cell mem-
branes, crisis of intracellular energy metabolism, and release
of inflammatory factors [5]. Moreover, necroptosis has a
dual effect on cancer [6,7]. Recently, necroptosis has been
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proved as the necessary condition for cancer metastasis
and immunosuppression, whose regulation has been con-
sidered to be a new target of cancer treatment [8].

With the deeper research of microRNAs (miRNAs,
miRs) recently, the correlation between several func-
tional miRNAs and the development of HNSCC has been
further confirmed [9]. As an essential part of the micro-
environment, miRNAs are intimately involved in the pro-
cesses of epithelial to mesenchymal transition (EMT),
secretion from fibroblasts, inflammation, survival, gene
expression, and stemness, which are vital in the regula-
tion of tumor cell viability and the initiation of tumor
development, progression, and drug resistance [10]. Necrop-
tosis can be triggered by a specific tumor microenvironment,
while it can also regulate the tumor microenvironment,
the process of which is mediated by several miRNAs
including miR-7-5p (miR-7), miR-148a-3p, miR-141-3p,
miR-331-3p, and so forth [6]. miR-7 is reported to induce
necroptosis by targeting SLC25A37 and TIMM50 to work
as a tumor-suppressive gene [11]. Long non-coding RNA
(IncRNA)-107053293 regulated necroptosis by acting as
a competing endogenous RNA (ceRNA) of miR-148a-3p
[12]. However, the regulation effect of miR-148a-3p and
miR-141-3p was contradictory in different cancers.

Given the existing findings, we know that necroptosis
plays a vital role in the development of tumors and the
antineoplastic process, which is regulated by several new
epigenetically regulated miRNAs. Previous studies showed
that there are necroptosis-related biomarkers for pre-
dicting the prognosis of various cancers [13-17], but the
potential of necroptosis-related miRNAs in predicting the
prognosis of patients with HNSCC remains unclear. In
this study, we aim to reveal the underlying roles of
necroptosis-related miRNAs in the onset and progression
of HNSCC and construct a novel signature utilizing necrop-
tosis-related miRNAs for predicting the prognosis.

In the present study, we performed a systematic
study to determine the expression levels of necroptosis-
related miRNAs in normal head-and-neck and HNSCC
tissues, explore the prognostic value of these miRNAs,
as well as predict the relevant key genes that affect the
occurrence of HNSCC. The prognostic miRNAs and key
genes, we obtained, may exert considerable impact on
both the necroptosis-related process and the progression
of HNSCC, which enables them to become potential ther-
apeutic targets and to be considered for future investiga-
tions on HNSCC.
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2 Methods and materials

2.1 Data collection and identification of
differentially expressed necroptosis-
related miRNAs

The RNA-seq of 546 (44 normal and 502 tumor) samples
and miRNAs-seq of 569 (44 normal and 525 tumor) sam-
ples from the TCGA-HNSCC cohort with the clinical
information were downloaded from the TCGA database
(https://portal.gdc.cancer.gov/) on September 1, 2021.
The GSE65858 dataset was directly downloaded from
the GEO database (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE65858) on September 1, 2021, which
includes 270 tumor samples. In addition, its relevant
clinical survival data were further retrieved from the
GEO2R website (https://www.nchi.nlm.nih.gov/geo/geo2r/?
acc=GSE65858) of the GEO database on September 15, 2021.
The clinical characteristics of the patients are shown in
Table S1. We extracted 16 necroptosis-related miRNAs from
the previous reviews, and they are presented in Table S2. The
limma package was used to identify differentially expressed
miRNAs (DEMs) with a P value < 0.05.

2.2 Development of the necroptosis-
associated miRNA signature

Univariate Cox proportional hazards regression analysis
was performed on DEMs with survival package of R soft-
ware. DEMs were selected, and multivariate Cox stepwise
regression analysis was performed on them with a sur-
vival package of R software. After multivariate Cox, prog-
nostic miRNAs were obtained, and prognostic miRNAs
with P < 0.05 were considered independent prognostic
factors. The regulatory network of the prognostic miRNAs
constructed with miRWalk and then STRING was visua-
lized with Cytoscape software. After the prognostic miRNAs
screened, a prognostic model was established, and we com-
puted the risk scores for each patient. This study divided the
patients into a high-risk group and a low-risk group based
on the median value of the risk score. The Kaplan—Meier
survival curves of both groups were estimated. Then, we
plotted the receiver operating characteristic (ROC) curve
to test whether the predictive ability of the model was
reliable.
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2.3 Independent prognostic analysis of the
risk score

We extracted the clinical information of patients in the
TCGA cohort and analyzed them with the risk score by
Cox regression models.

2.4 Construction and validation of a
predictive nomogram

A hybrid nomogram was built with the “rms” R package
encompassing the developed miRNA signature and clin-
icopathological attributes to predict HNSCC patient overall
survival (OS) (1-year, 2-year, and 3-year). Calibration curve,
time-ROC curve, and decision curve analysis (DCA) were
used to check the predictive power of nomogram.

2.5 Gene set enrichment analysis (GSEA)

GSEA (version v4.1.0, http://www.gsea-msigdb.org/gsea/
downloads) was employed to scrutinize the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis
and Gene Ontology (GO) analyses between the high-risk
group and the low-risk group based on the developed
necroptosis-related miRNA signature.

2.6 Target gene prediction for key miRNAs

TargetScan, miRDB, and miRTarBase were used to predict
the target genes of the key miRNAs. The overlapping
genes from all of the databases were employed. To
further improve the reliability of these results, we iden-
tified the overlapping target genes by using the Venn
Diagram package of R software to obtain the consensus
genes.

2.7 Functional enrichment analysis of
consensus genes

To further clarify the roles that the consensus genes play
in biological processes, we used the DAVID (https://
david.ncifcrf.gov/) to perform KEGG pathway enrichment
and GO functional annotation analyses.
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2.8 Analysis of immune infiltration of tumor
cells

The “GSVA” package was used to conduct the ssGSEA to
calculate the scores of infiltrating immune cells and to
evaluate the activity of immune-related pathways.

2.9 Construction of the protein-protein
interaction (PPI) network and screening
of the core network

We used STRING to construct a PPI network with the
common genes whose confidence score was greater than
or equal to 0.700, and the disconnected genes were
hidden. The network was then input into Cytoscape soft-
ware to screen key genes using the MCC algorithm of the
Cytoscape cytoHubba plug-in. Meanwhile, the functional
modules of the common genes were scored and screened
out using the Cytoscape MCODE plug-in with the follow-
ing criteria: degree cut-off = 2, haircut on, node score cut-
off = 0.2, k-core = 2, and max. depth = 100.

2.10 Establishment and validation of a
prognostic model formed by screened
key genes

We directly established a prognostic gene model formed
by those key genes and conducted the survival analysis of
this new model and plotted the risk score curve, survival
status map, and survival curve. The ROC curve was used
as a criterion to show the predictive capability of these
models. Independent prognostic analysis of the risk score
was also conducted. For the validation studies, an HNSCC
cohort from the GEO database (GSE140082) was employed.
The expression of each necroptosis-related gene was also
normalized by the “scale” function, and the risk score was
then calculated by the same formula used for the TCGA
cohort.

2.11 Statistical analysis

Data were analyzed using Bioconductor packages in
R software, version 4.0.2. Normally and non-normally
distributed variables were analyzed using the unpaired
Student’s t-test and the Wilcoxon test, respectively.
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The Benjamini-Hochberg method was used to identify
the differently expressed miRNAs, based on FDR. The
sensitivity and specificity of the derive prognostic signa-
tures for HNSCC in comparison to other clinicopatholo-
gical were assessed using the ROC and DCA.

3 Results

3.1 Identification of DEMs between normal
and tumor tissues

The expression levels of 16 necroptosis-related miRNAs
were compared using The Cancer Genome Atlas (TCGA)
data from 44 normal and 525 tumor tissues and we iden-
tified 6 DEMs (all P < 0.01). Among them, the miR-148a-
3p was downregulated and the expressions of miR-141-
3p, miR-331-3p, miR-543, miR-425-5p, and miR-7-5p were
enriched in the tumor group, and the results were pre-
sented by heatmap (Figure S1).

3.2 Construction of prognostic miRNA-based
signature

Six miRNAs associated with the survival of HNSCC
patients were identified and selected according to the
univariate (Figure 1a) and multivariate (Figure 1b) Cox
analysis together with the clinical significance. The pre-
viously published literature on the six miRNAs are sum-
marized in Table 1 and the regulatory network of the
prognostic miRNAs is constructed in Figure S2. Among
them, the P values of hsa-miR-148a-3p were less than
0.05, indicating that it was the independent prognostic
factor. The prognostic miRNA risk score was calculated
according to the following formula:

Risk score = (—0.068 * exp. hsa — miR - 141 — 3p)
+ (-0.230 * exp.hsa — miR - 148a - 3p)
+ (-0.090 * exp.hsa — miR - 331 - 3p)
+ (0.110 * exp.hsa — miR - 425 — 5p)
+ (0.174 * exp.hsa — miR - 543)
+ (0.014 * exp. hsa — miR - 7 — 5p).

Then, the samples were divided into a high-risk
group and a low-risk group based on the medium risk
score. Figure 1c presents the detailed information on
the risk score. Kaplan—Meier survival analysis showed
that compared with the high-risk group, the low-risk
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group survival rate was higher (P = 8 x 107*) (Figure
1d). The area under the ROC curve (AUC) was 0.642,
0.612, and 0.625 for 1-year, 2-year, and 3-year survival
(Figure 1e), indicating that the model had moderate pre-
dictive efficacy. We used univariate and multivariate Cox
regression analyses to evaluate whether the risk score
derived from the gene signature model could serve as
an independent prognostic factor, which implied that
the risk score was an independent factor predicting poor
survival (P = 0.0115, HR = 1.4639, 95% CI = 1.0891-1.9676)
in univariate analysis (Figure 1f). The multivariate ana-
lysis also indicated that, after adjusting for other con-
founding factors, the risk score was an independent
prognostic factor (P = 0.0078, HR = 1.5118, 95% CI
1.1150-2.0498) for patients with HNSCC (Figure 1g).

3.3 Construction and detection of the
predictive nomogram

To establish an effective methodology for predicting the
survival probability of patients with HNSCC, we con-
structed a nomogram to predict the probability of
1-year, 2-year, and 3-year OS. The predictors of the
nomogram incorporated clinical features and the risk
score (Figure 2a). Calibration curve and time-ROC curve
indicated that the stability and accuracy of this hybrid
nomogram encompassing our miRNA signature with clin-
ical features can eloquently function in clinically mana-
ging HNSCC patients (Figure 2b and c). DCA demonstrated
that the risk model showed the best net benefit for pre-
dicting OS (Figure 2d).

3.4 GSEA based on the developed signature

KEGG and GO analyses employing GSEA were carried out
based on the necroptosis-related miRNA signature. In the
high-risk HNSCC patient group, upregulation of ribo-
some-related pathways incorporating KEGG: ribosome,
GO: preribosome large subunit precursor, and GO: ribo-
some large subunit biogenesis was observed (Figure 3a).
An eye-opener was the obvious upregulation of several
immune pathways in the low-risk HNSCC patient group.
These included KEGG: T cell receptor signaling pathway,
KEGG: B cell receptor signaling pathway, GO: immuno-
globulin receptor binding, GO: immunoglobulin complex
circulating, GO: phagocytosis recognition, and GO: B cell-
mediated immunity (Figure 3b).
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Figure 1: Construction of risk signature based on necroptosis-related miRNAs. (a) A univariate Cox regression analysis of OS for each
necroptosis-related miRNA. (b) A multivariate Cox regression analysis of OS for each necroptosis-related miRNA. (c) Distribution of patients
based on the risk score. (d) The Kaplan—Meier curve showed that the OS of the high-risk group was lower than that of the low-risk group. (e)
The results of the ROC curve show that the model has an effective prediction ability. (f) Univariate analysis revealed that risk score was
related to OS. (g) Multivariate analysis indicated that risk score was an independent prognostic factor for HNSCC.
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Table 1: Literature associated with the six necroptosis-related miRNAs

miRNAs

Literature

miR-148a-3p
miR-141-3p
miR-425-5p
miR-7-5p
miR-543

miR-331-3p

Wang W, et al. Ammonia regulates chicken tracheal cell necroptosis via the IncRNA-107053293/MiR-148a-3p/FAF1 axis.
) Hazardous Mat. 2020;386:121626. doi: 10.1016/j.jhazmat.2019.121626

Li M, et al. miR-141-3p promotes proliferation and metastasis of nasopharyngeal carcinoma by targeting NME1. AdvMed
Sci. 2020;65(2):252-8. doi: 10.1016/j.advms.2020.03.005

Gu C, et al. miR-425-5p improves inflammation and septic liver damage through negatively regulating the RIP1-mediated
necroptosis. Inflamm Res Off ) Europ Histamine Res Soc. 2020;69(3):299-308. doi: 10.1007/s00011-020-01321-5
Xiao H. MiR-7-5p suppresses tumor metastasis of non-small cell lung cancer by targeting NOVA2. Cellular Mol Biol Lett.
20 Nov. 2019;24(60). doi: 10.1186/511658-019-0188-3

Visalli M et al. miRNA expression profiling regulates necroptotic cell death in hepatocellular carcinoma. Int) Oncol.
2018;53(2):771-80. doi: 10.3892/ij0.2018.4410

Yu C-H, et al. A combination of mRNA expression profile and miRNA expression profile identifies detection biomarkers in
different tumor stages of laryngeal squamous cell carcinoma. European Rev Med Pharmacol Sci. 2018;22(21):7296-304.
doi: 10.26355/eurrev_201811_16266
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Figure 2: Construction and detection of the predictive nomogram. (a) Nomogram plot was built based on the prognostic factors in the whole
cohort. (b) Calibration curve of the nomogram. (c) AUC of time-dependent ROC curves verified the prognostic accuracy of the nomogram.
(d) The DCA curve of the prognostic factors indicated that risk score was the most critical factor for HNSCC.



1688 —— Jiezhong Guan et al. DE GRUYTER

Enrichment plot: KEGG_RIBOSOME Enrichment plot: Enrichment plot:

GOCC_PRERIBOSOME_LARGE_SUBUNIT_PRECURSOR GOBP_RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS
7 0.7 1
wos |

J TR

25 ['N (positively conelated

w‘l‘l H ’ ‘ | A
2.8 ['W (positively corelated) positive elated)

20

15

10 Zero cross at 9170

05

00 |

05| T (negatively conelated)

Zero cross at 9170 Zero cross 2t 9170

a5 T (negatively conelated)
0 5000 10000 15000 20000 25000 30000 35000  40.00C
Rank in Ordered Dataset

g T (negatively conelated)
0 5000 10000 15000 20000 25000 30000 35000  40,00C
Rank in Ordered Dataset

o 5000 10000 15000 20000 25000 30000 35000 4000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
Ranked list metric (Signal2Noise)
5
Ranked list metric (Signal2Noise)
5

|7 Enrichment profile — Hits Ranking metric scores — Enrichment profile — Hits Ranking metric scores — Enrichment profile — Hits Ranking metric scores
Enrichment plot: Enrichment plot: Enrichment plot:
KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY GOMF_IMMUNOGLOBULIN_RECEPTOR_BINDING

o
o

o
&

Enrichment score (ES)
Enrichment score (ES)

Enrichment score (ES)

U 1000 I N LU

@ @ @
) @ @
2 2 3
& 25 [N (positively corelated) £ 25 W (positively conelated & 25 W (positively conelated)
€ 20 g 20 g 20
2 -] =
B 15 @ 15 3 15
£ 10 Zero cross 2t 0179 S840 Zero eross 2 9170 210 Zero cross 2 9170
£ os £ o5 £ o5
% 00| % 00 % 00
3 os| ' (negatively conelated) 3 05| i ] i T (negatively conelated) 1 3 o8] ; i i T (negatively conelated)
E o 5000 10000 15000 20000 25000 30000 35000 400X E O 5000 10000 15000 20000 25000 30000 35000 00K E O 5000 10000 15000 20000 25000 30000 35000  40.00C
(3 Rank in Ordered Dataset (3 Rank in Ordered Dataset (3 Rank in Ordered Dataset
I— Enrichment profile — Hits Ranking metric scoresl |— Enrichment profile — Hits Ranking metric s(oresl I— Enrichment profile — Hits Ranking metric scores
Enrichment plot: Enrichment plot: GOBP_PHAGOCYTOSIS_RECOGNITIONEnrichment plot: GOBP_B_CELL_MEDIATED_IMMUNITY
GOCC_IMMUNOGLOBULIN_COMPLEX_CIRCULATING 0.0 0.0
00 & 01 @01/
it o 024 ®.021
o 0.2 S .03 S
{2 2 $ 031
]
S = 041 P
2 .04 S $ 041
c 2051 g
g z £ .05
£ 06 2 061 £
d= = E 061
2 5071 g
508 08 0.7 {
w W red W

W (positively conelate W (positively correlat
2.6 ['I (positively correlated) 28 g 25 ['N (posit

Zero cross at 9170 Zaro cross 2t 9170 Zero cross 2t 9179

bod T
0 5000 10000 15000 20000 25000 30000 35000 4000
Rank in Ordered Dataset

08 T (negatively conelated)
0 5000 10000 15000 20000 25000 30000 35000  40.00C
Rank in Ordered Dataset

08 T (negatively corelated)
o 5000 10000 15000 20000 25000 30000 35000  40.00C
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
5

Ranked list metric (Signal2Noise)
5

Ranked list metric (Signal2Noise)
B

I— Enrichment profile — Hits Ranking metric stovesl I— Enrichment profile — Hits Ranking metric s:uves] [— Enrichment profile — Hits Ranking metric s:orasl

Figure 3: GSEA based on the developed signature. (a) GSEA results illustrate significant enrichment of ribosome-related pathways in the
high-risk HNSCC patients. (b) GSEA results illustrate significant enrichment of immunoregulatory pathways against tumor in the low-risk
HNSCC patients.

3.5 Comparison of the immune activity the enrichment fractions of 16 kinds of immune cells and
between subgroups 13 immune-related pathways in the low-risk and high-

risk groups to further compare the immune activity between

Based on single-sample gene set enrichment analysis Subgroups. The results showed that the low-risk groups
(ssGSEA) for immune infiltration analysis, we calculated ~generally had higher levels of infiltration of immune
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cells than the high-risk groups, especially of dendritic cells
(aDCs), B cells, CD8+ T cells, plasmacytoid dendritic cells
(pDCs), T helper (Th) cells (Tfth, Th1, and Th2 cells), tumor-
infiltrating lymphocytes (TILs), and regulatory T (Treg) cells
(Figure 4a). Thirteen immune pathways showed higher
activity in the low-risk group than in the high-risk group
(Figure 4b), indicating that the activation of immune path-
ways in the high-risk group was poor.
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Figure 4: Analysis of immune infiltration of tumor cells. (a)
Comparison of the ssGSEA scores for immune cells (high-risk group:
red box and low-risk group: green box). (b) Comparison of the
ssGSEA scores for immune pathways (high-risk group: red box and
low-risk group: blue box).
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3.6 OS analysis of six miRNAs and the target
gene prediction of the key prognostic
miRNAs

We analyzed the expression of five miRNAs on patient
survival by using the Kaplan—-Meier curve. It was found
that the expression of hsa-miR-7-5p (P = 0.00543) and
hsa-miR-148a-3p (P = 0.01487) significantly affected the
0OS outcomes. The survival probability of the patients
with high expression of hsa-miR-7-5p (Figure 5a) and
low expression of has-miR-148a-3p (Figure 5b) was higher
than that with low expression. The three online website
databases were used to predict the target genes of the two
key miRNAs, and a total of 12,602 target genes were
obtained (10,969 and 1,633 target genes of hsa-miR-7-5p
and hsa-miR-148a-3p, respectively). After excluding dupli-
cate target genes that were jointly regulated by multiple
miRNAs and taking the intersection of the three databases,
193 consensus genes were identified (Figure 5c). Cytoscape
was applied for the visualization of the miRNA-gene net-
work (Figure 5d).

3.7 Functional enrichment analysis of
consensus genes

Based on the GO enrichment and KEGG analysis, 16 GO
terms were noticeably enriched with these 193 consensus
genes that included cellular response to peptide, endo-
cytic vesicle, and RISC complex, among others (Figure 6c).
Forty-six KEGG pathways were noticeably enriched,
including proteoglycans in cancer, PI3K-Akt signaling
pathway, FoxO signaling pathway, and regulation of
actin cytoskeleton, among others (Figure 6d).

3.8 PPI network construction and
exploration of the key genes

To study their PPIs, we entered all the 193 consensus
genes into the STRING database to construct the PPI net-
work. Next, for further analysis, we imported the genes
with confidence scores above 0.75 into Cytoscape (Figure 7a).
Using the MCC algorithm of the cytoHubba plug-in, the top
15 genes were identified (Figure 7b). The MCODE plug-in
revealed two important functional modules in the interaction
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network that included nine key genes: PIK3CD, NRAS,
PTK2, IRS2, IRS1 (MCODE score = 5.000), PARP1, KLF4,
SMAD2, and DNMT1 (MCODE score = 4.000) (Figure 7c).

3.9 Establishment and validation of a
prognostic model based on the key
genes

We further placed the nine key genes into one prognostic
model based on a total of 502 HNSCC patients in the training
set of the TCGA database, and its prognostic risk score was
calculated according to the following formula:

Risk score = (—0.361 * exp.DNMT1) + (0.052 * exp.IRS1)
+ (0.150 * exp.IRS2) + (—0.086 * exp.KLF4)
+ (0.350 * exp.NRAS) + (0.186 * exp.PARP1)
+ (0 — 0.208 * exp.PIK3CD)
+ (-0.010 * exp.PTK2) + (-0.202 * exp.SMAD?2).

Then, the samples were divided into a high-risk
group and a low-risk group based on the medium risk
score. The risk score curve is plotted in Figure 8a. The
high-risk score was correlated with a poor prognosis.
Survival analysis showed that the mortality rate increased
as the risk score increased. Compared with the high-risk
group, the low-risk group survival rate was notably higher
(P = 7 x 10 (Figure 8b). The ROC curve (AUC) was 0.619
for 1-year, 0.606 for 2-year, and 0.629 for 3-year survival
(Figure 8c). Univariate and multivariable Cox regression
analyses of the risk score derived from the gene signature
model could serve as an independent prognostic factor pre-
dicting poor survival in both the training and testing sets
(Figure 8d and e).

The credible predictive capability of the prognostic
model was validated in an independent testing set of the
GEO cohort including 270 HNSCC patients, indicating
that the nine key genes were strongly associated with
the prognosis of HNSCC (Figure S3).
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4 Discussions

In the present study, we first studied the expression of 16
currently known necroptosis-related miRNAs in HNSCC

and normal tissues. Then, we constructed a six miRNAs
risk signature based on univariate and multivariable Cox
regression analyses as well as the clinical significance to
further assess the prognostic value of these necroptosis-
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related regulators. After two key miRNAs were obtained
from the OS analysis, 12,602 target genes of the key miRNAs
were obtained from TargetScan, miRDB, and miRTarBase
prediction, and 193 genes in the intersection of the three
databases were defined as consensus genes.

Necroptosis is a type of programmed cell death that
depends on a unique molecular pathway, which is mediated
by several intracellular signaling molecules such as
receptor-interacting protein 1 (RIP1), RIP3, and mixed
lineage kinase domain-like (MLKL). [18] Recent studies
also provided novel insights into the function of miRNAs
for the development of HNSCC [19]. For instance, tu0O06Dor
suppression in HNSCC was suggested to be connected
with miR-375-3p and miR-1229-3p [20-22]. Overexpres-
sion of miR-99a-5p inhibited the survival, proliferation,
migration, and invasion of oral cancer cells [23]. Besides,
miR-9 may serve as a valuable biomarker to identify the
HNSCC patients who might benefit from RT + CTX (radio-
therapy plus the anti-EGFR monoclonal antibody Cetux-
imab) therapy [24]. However, how necroptosis-associated
genes function in HNSCC and whether they are related to
patient survival remained unclear.

miR-141-3p is closely associated with necroptosis and
plays a dual role in cancer. miR-141-3p can inhibit the
upregulation of necroptosis-related molecules including
IL-6 and TNF-a through direct interaction with RIPK1
[25]. Our results showed that upregulation of miR-141-
3p may inhibit the release of necroptotic factors in HNSCC
tumor microenvironment or promote metastasis of cancer
cells. miR-331-3p and miR-425-5p play an important role
in cell necroptosis in various cancers. The overexpression
of miR-331-3p inhibits nasopharyngeal carcinoma cell
proliferation through the elF4B-PI3K-Akt signaling pathway
[26]. It has been found that miR-425-5p can directly target
the 3’-UTR of RIP1 mRNA to reduce the expression of RIP1
and thus negatively regulate RIP1-mediated necroptosis
[27]. Our results indicate that the high expression of miR-
425-5p may impose positive effects on tumor progression
via regulating cell necroptosis.

Among the six miRNAs, overexpression of miR-148a-
3p and downregulation of miR-7-5p expression that were
confirmed to be closely related to HSNCC in our prog-
nostic model may affect the proliferation, migration,
and invasion of HSNCC cells by regulating cell necroptosis.

miR-7-5p is characterized as a necroptosis promoter
in cancer. In rhabdomyosarcoma, miR-7 is reported to
downregulate TIMM50 and SLC25A37 and thus promote
mitochondrial dysfunction, resulting in cell necroptosis
[11]. TIMM50 and SLC25A37 are involved in inner mito-
chondrial membrane translocation, and their downregu-
lation will lead to membrane damage and decreased
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oxygen consumption [11,28]. Interestingly, miR-7-5p seems
to play a dual role in cancer progression. For instance,
upregulation of miR-7-5p is responsible for the prohibition
of oncogenic signaling in osteosarcoma [29] and melanoma
[30]. However, its downregulation is confirmed to signifi-
cantly induce apoptosis of esophageal cancer cells, thereby
inhibiting their proliferation and metastasis [31]. Similarly,
our result suggests that miR-7-5p may serve as a tumor
promoter in HNSCC via regulating tumor necroptosis.

Contrary to miR-7-5p, miR-148-3p is identified to
inhibit necroptosis. It has been demonstrated that IncRNA-
107053293 functioned as a ceRNA of miR-148a-3p that regu-
lated cell necroptosis by targeting FAF1, which mediates
the downstream expression of RIPK1 and RIPK3, causing
increased cell necroptosis [12]. As for its role in tumor devel-
opment, miR-148-3p is reported as a tumor suppressor, as
the upregulation of miR-148a-3p can target c-Jun mRNA to
inhibit c-Jun protein expression and promote apoptosis
of hepatocellular carcinoma cells infected with HCV [32].
Overexpression of miR-148a-3p can inhibit the occurrence
of gastric cancer by inhibiting the hyaluronidase 1 gene and
promoting cell apoptosis [33]. Our result is consistent with
the abovementioned studies, suggesting that miR-148a-3p
may regulate necroptosis through RIPK1/3-mediated pathway
in HNSCC cells.

GSEA showed, in the high-risk HNSCC patient group,
that ribosome-related pathways were upregulated, implying
that it was closely connected to the poor prognosis of HNSCC,
which was sustained by the previous experiments [34]. In
the low-risk group, immune pathways such as T cell
receptor signaling pathway and B cell receptor signaling
pathway were upregulated, which were proven to play
significant roles in the suppression of HNSCC [35,36].
Moreover, cell phagocytosis and immunoglobulin are
widely applied in tumor immunotherapy [37,38], and
related pathways were enriched in the low-risk group.
The immune infiltration analysis indicates that the acti-
vation of immune cells and immune pathways in the
low-risk group was higher than the high-risk group.
Among them, immune cells such as B cells, CD8+ T cells,
Th1 cells, TILs, and immune pathways such as APC-co-
stimulation, cytolytic activity, MHC class I, and T-cell-
co-stimulation play an inhibitory role in the occurrence
and development of HNSCC [36,39-44].

By analyzing accessible online databases, we ana-
lyzed the potential of target genes and functions of the
above two miRNAs. In the KEGG pathway analysis, a
pathway related to proteoglycans in cancer and the PI3K-
Akt signaling pathway were enriched. It was reported that
PI3K-mediated tumor necrosis factor induced necroptosis
through initiating RIP1-RIP3-MLKL signaling pathway
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activation, indicating that the PI3K-Akt signaling pathway
may be essential for necroptosis initiation [45]. Regarding
the result of GO analysis, endocytic vesicle was the func-
tional annotation with most significance. Previous study
implied that endocytic vesicle was associated with MLKL,
the protein that mediates necroptosis, which controlled
the transport of endocytosed proteins, thereby enhancing
degradation of receptors and ligands, modulating their
induced signaling and facilitating the generation of extra-
cellular vesicles [46].

The functional analysis indicated that necroptosis
can be regulated by the composition of the tumor micro-
environment as well as specific pathways, and proteogly-
cans in cancer, PI3K-Akt signaling pathway, and endocytic
vesicle will become the key to study the mechanism of
necroptosis in HNSCC.

Finally, the consensus genes were analyzed with
STRING and Cytoscape plug-ins, and nine key genes
(PIK3CD, NRAS, PTK2, IRS2, IRS1, PARP1, KLF4, SMAD2,
and DNMT1) were further acquired. We also constructed
a prognostic model formed by these nine key genes,
which was then validated to perform well in an external
dataset.

Among the key genes, PIK3CD, NRAS, PTK2, IRS],
and IRS2 were enriched as a function module. The over-
expression of PIK3CD, NRAS, PTK2, and IRS2 has been
experimentally confirmed in HNSCC [47], while that of
IRS1 is contradictory.

NRAS was suggested to be related to necroptosis,
whose malfunction is strongly related to tumorigenesis
and thus regarded as an important therapeutic target [48].
Therefore, miR-148a-3p in extracellular vesicles may reg-
ulate the metastatic potential of osteosarcoma cell lines by
potentially inhibiting a network of genes that includes
NRAS [49]. PIK3CD is the encoding gene of the catalytic
subunit p1108 that forms PI3K§ (phosphatidylinositol 3-
kinase) complex together with a regulatory subunit [50].
We hypothesize that PIK3CD may be involved in the reg-
ulation of cell motility and invasion in HNSCC. Protein
tyrosine kinase 2 (PTK2), encoding focal adhesion kinase
(FAK), and FAK activation can increase cell migration
via PI3K-mediated pathway. Its downregulation can result
from overexpressing miR-138, which reduced cell motility
and invasion colonies in HNSCC [51]. Insulin receptor
substrates (IRS)-1 and IRS-2 are characterized as typical
cytosolic adaptor proteins that involve insulin receptor
(IR) and insulin-like growth factor I receptor (IGF-IR) sig-
naling [52]. It seems that miR-7-5p can inhibit oncogenic
functions of IRS-2. Our result supports the opposite,
which may due to different types of cancer and requires
further exploration.
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The other four of the key genes (PARP1, KLF4, SMAD2,
and DNMT1) were also functionally enriched. The four
genes have been found to influence tumor progression in
HNSCC via necroptosis regulation; Poly (ADP-ribose) poly-
merase-1 (PARP1), as a chromatin-associated enzyme in
DNA repair; and a downstream effector of RIPK1/RIPK3
pathway in necroptosis [53]. DNA (-cytosine-5)-methyl-
transferase 1 (DNMT1) has been reported for silencing
TNFa-RAPK1 and RIPK3-mediated necroptosis in cancer
cell lines through hypermethylation [54,55]. It is con-
firmed that downregulation of miR-7-5p could signifi-
cantly induce apoptosis of esophageal cancer cells by
suppression of binding to Kriippel-like factor 4 (KLF4)
[31]. In this study, we speculate a connection between
inhibition of miR-148-3p and activation of SMAD2 and
DNMT1, which is consistent with the previous studies
[56,57]. Taken together, all four genes are strongly con-
nected to TNFa/RIPK1-mediated necroptosis, indicating
that these genes may also play a crucial role in regulating
necroptosis in HNSCC. For the three genes (SMAD2, DNMT1,
and KLF4) mentioned above, their role in tumor progression
and necroptosis is opposite, suggesting necroptosis may
act as the “insurance” that prevent tumor metastasis
and invasion.

Interestingly, summing up the previous research stu-
dies, we found that the nine genes seemed to be closely
associated with two pathways — RIP1-RIPS-MLKL (mixed-
lineage kinase domain-like protein) pathway and RIPK1-
RIPK3-MLKL pathway. Both the pathways affect MLKL
trafficking and accumulation at the plasma membrane,
which controls the kinetics and threshold for necrop-
tosis [58].

Of importance, proteomic analysis identified PTK2
overexpression that can be used to evaluate cell tolerance
to radiotherapy in locally advanced HNSCC. Therefore,
combinations of PTK2/FAK inhibition with radiotherapy
merit further evaluation as a therapeutic strategy for
improving local in HPV-negative HNSCC [59]. Besides,
PTK2 may potentially play a crucial role in determin-
ing the sensitivity of HNSCC to erlotinib clinically [60].
Furthermore, PARP1 inhibition can enhance the radiation
sensitivity by disabling the DNA replication fork elonga-
tion response [61], which leads to deficiency of homolo-
gous recombination. There is also a phase I study sug-
gesting that a PARPi-FL swish and spit solution is a rapid
and noninvasive diagnostic tool that preferentially loca-
lizes fluorescence, contrasting with OSCC [62].

Basically, we deduced that the interaction between
necroptosis-related miRNAs and certain genes may reg-
ulate these pathways triggering necroptosis, which even-
tually inference the progress of HNSCC.



1696 —

Jiezhong Guan et al.

Acknowledgments: The authors thank the reviewers and
editors of this journal for their nice help during the manu-
script preparation. We deeply appreciate the support from
Xiaoyue Lu, Ziwen Hui, and the marvelous companion.

Funding information: The authors disclosed receipt of the
following financial support for the research, authorship,
and/or publication of this article: This work was sup-
ported by the National Natural Science Foundation of
China (82001109), Fundamental Research Funds for the
Central Universities (20ykpy80), Open Funding of Guangdong
Provincial Key Laboratory of Stomatology (KF2020120102,
KF2021120103), Special Funds for the Cultivation of Guangdong
College Students’ Scientific and Technological Innovation
(“Climbing Program” Special Funds) [grant number
pdjh2023b0017], and Undergraduate Training Program for
Innovation and Entrepreneurship of Sun Yat-sen University
(202210786, 202210765, and 202210763).

Author contributions: J.G. and B.Y. performed study con-
cept and design; J.G., X.L., KW., and B.Y. performed
development of methodology and writing, review, and
revision of the paper; J.G. provided acquisition, analysis
and interpretation of data, and statistical analysis; and Y.J.
provided support for the revision of the figures and the
paper. All authors read and approved the final paper.

Conflict of interest: The authors declared no potential
conflict of interest with respect to the research, author-
ship, and/or publication of this article.

Data availability statement: Original data of this study
are from public databases. The R script as well as its
output could be provided upon request.

References

[1] Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE,
Grandis JR. Head and neck squamous cell carcinoma. Nat Rev
Dis primers. 2020;6(1):92.

[2] Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |,
Jemal A, et al. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in
185 countries. CA A Cancer ] Clin. 2021;71(3):209-49.

[3] Lee NCJ, Kelly JR, Park HS, An Y, Judson BL, Burtness BA, et al.
Patterns of failure in high-metastatic node number human
papillomavirus-positive oropharyngeal carcinoma. Oral Oncol.
2018;85:35-9.

[4] Puzanov I, Diab A, Abdallah K, Bingham CO 3rd, Brogdon C,
Dadu R, et al. Managing toxicities associated with immune
checkpoint inhibitors: consensus recommendations from the
Society for Immunotherapy of Cancer (SITC) Toxicity

(5]

(6]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

DE GRUYTER

Management Working Group. ) Immunother Cancer.
2017;5(1):95.

Galluzzi L, Kroemer G. Necroptosis: a specialized pathway of
programmed necrosis. Cell. 2008;135(7):1161-3.

LiuY, Chen Q, Zhu Y, Wang T, Ye L, Han L, et al. Non-coding
RNAs in necroptosis, pyroptosis and ferroptosis in cancer
metastasis. Cell Death Discov. 2021;7(1):210.

Qin X, Ma D, Tan YX, Wang HY, Cai Z. The role of necroptosis in
cancer: A double-edged sword? Biochim Biophys Acta Rev
Cancer. 2019;1871(2):259-66.

Talmadge JE, Fidler ). AACR centennial series: the biology of
cancer metastasis: historical perspective. Cancer Res.
2010;70(14):5649-69.

Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new
era for the management of cancer and other diseases. Nat Rev
Drug Discov. 2017;16(3):203-22.

Rupaimoole R, Calin GA, Lopez-Berestein G, Sood AK. miRNA
Deregulation in Cancer Cells and the Tumor Microenvironment.
Cancer Discov. 2016;6(3):235-46.

Yang L, Kong D, He M, Gong J, Nie Y, Tai S, et al. MiR-7 med-
iates mitochondrial impairment to trigger apoptosis and
necroptosis in Rhabdomyosarcoma. Biochim Biophys Acta Mol
Cell Res. 2020;1867(12):118826.

Wang W, Shi Q, Wang S, Zhang H, Xu S. Ammonia regulates
chicken tracheal cell necroptosis via the LncRNA-107053293/
MiR-148a-3p/FAF1 axis. ) Hazard Mater. 2020;386:121626.
Hu T, Zhao X, Zhao Y, Cheng J, Xiong J, Lu C. Identification and
verification of necroptosis-related gene signature and asso-
ciated regulatory axis in breast cancer. Front Genet.
2022;13:842218.

Huang Y, Zou Y, Xiong Q, Zhang C, Sayagués JM, Shelat VG,
et al. Development of a novel necroptosis-associated miRNA
risk signature to evaluate the prognosis of colon cancer
patients. Ann Transl Med. 2021;9(24):1800.

Shirjang S, Mansoori B, Asghari S, Duijf PHG, Mohammadi A,
Gjerstorff M, et al. MicroRNAs in cancer cell death pathways:
Apoptosis and necroptosis. Free Radic Biol Med.
2019;139:1-15.

Zheng L, Wang J, Jiang H, Dong H. A novel necroptosis-related
miRNA signature for predicting the prognosis of breast cancer
metastasis. Dis Markers. 2022;2022:3391878.

Song H, Li T, Sheng J, Li D, Liu X, Xiao H, et al. Necroptosis-
related miRNA biomarkers for predicting overall survival out-
comes for endometrial cancer. Front Genet. 2022;13:828456.
Khoury MK, Gupta K, Franco SR, Liu B. Necroptosis in the
pathophysiology of disease. Am ] Pathol. 2020;190(2):272-85.
Masood Y, Kqueen CY, Rajadurai P. Role of miRNA in head and
neck squamous cell carcinoma. Expert Rev Anticancer Ther.
2015;15(2):183-97.

Zhao XY, Cui L. A robust six-miRNA prognostic signature for
head and neck squamous cell carcinoma. ] Cell Physiol.
2020;235(11):8799-811.

Hu A, Huang JJ, Xu WH, Jin XJ, Li JP, Tang YJ, et al. MiR-21/miR-
375 ratio is an independent prognostic factor in patients with
laryngeal squamous cell carcinoma. Am J Cancer Res.
2015;5(5):1775-85.

Hu HY, Yu CH, Zhang HH, Zhang SZ, Yu WY, Yang Y, et al.
Exosomal miR-1229 derived from colorectal cancer cells pro-
motes angiogenesis by targeting HIPK2. Int | Biol Macromol.
2019;132:470-7.



DE GRUYTER

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(33]

(34]

(35]

(37]

(38]

(39]

Shi Y, Bo Z, Pang G, Qu X, Bao W, Yang L, et al. MiR-99a-5p
regulates proliferation, migration and invasion abilities of
human oral carcinoma cells by targeting NOX4. Neoplasma.
2017;64(5):666-73.

Citron F, Segatto I, Musco L, Pellarin |, Rampioni

Vinciguerra GL, Franchin G, et al. miR-9 modulates and pre-
dicts the response to radiotherapy and EGFR inhibition in
HNSCC. EMBO Mol Med. 2021;13(7):e12872.

Li X, Wang Y, Wang Y, He X. MiR-141-3p ameliorates RIPK1-
mediated necroptosis of intestinal epithelial cells in necro-
tizing enterocolitis. Aging (Albany NY). 2020;12(18):18073-83.
Xuefang Z, Ruinian Z, Liji J, Chun Z, Qiaolan Z, Jun J, et al. miR-
331-3p inhibits proliferation and promotes apoptosis of
nasopharyngeal carcinoma cells by targeting elf4B-PI3K-AKT
pathway. Technol Cancer Res Treat.
2020;19:1533033819892251.

Gu C, Hou C, Zhang S. miR-425-5p improves inflammation and
septic liver damage through negatively regulating the RIP1-
mediated necroptosis. Inflamm Res. 2020;69(3):299-308.
Chen YC, Wu YT, Wei YH. Depletion of mitoferrins leads to
mitochondrial dysfunction and impairment of adipogenic dif-
ferentiation in 3T3-L1 preadipocytes. Free Radic Res.
2015;49(11):1285-95.

XieY, Zhang S, Lv Z, Long T, Luo Y, Li Z. SOX21-AS1 modulates
neuronal injury of MMP(+)-treated SH-SY5Y cells via targeting
miR-7-5p and inhibiting IRS2. Neurosci Lett. 2021;746:135602.
Giles KM, Brown RA, Epis MR, Kalinowski FC, Leedman PJ.
miRNA-7-5p inhibits melanoma cell migration and invasion.
Biochem Biophys Res Commun. 2013;430(2):706-10.

Shi W, SongJ, Gao Z, Liu X, Wang W. Downregulation of miR-7-
5p inhibits the tumorigenesis of esophagus cancer via tar-
geting KLF4. Onco Targets Ther. 2020;13:9443-53.

Deng Y, Wang J, Huang M, Xu G, Wei W, Qin H. Inhibition of
miR-148a-3p resists hepatocellular carcinoma progress of
hepatitis C virus infection through suppressing c-Jun and
MAPK pathway. ) Cell Mol Med. 2019;23(2):1415-26.

Song M, Liu J, Zheng X, Zhou X, Feng Z, Hu W. MiR-148a-3p
targets CEMIP to suppress the genesis of gastric cancer cells.
Biochem Biophys Res Commun. 2021;575:42-9.

Shi S, Luo H, Wang L, Li H, Liang Y, Xia J, et al. Combined
inhibition of RNA polymerase | and mTORC1/2 synergize to
combat oral squamous cell carcinoma. Biomed Pharmacother.
2021;133:110906.

Duhen T, Duhen R, Montler R, Moses ], Moudgil T, de
Miranda NF, et al. Co-expression of CD39 and CD103 identifies
tumor-reactive CD8 T cells in human solid tumors. Nat
Commun. 2018;9(1):2724.

Kim SS, Shen S, Miyauchi S, Sanders PD, Franiak-Pietryga I,
Mell L, et al. B cells improve overall survival in HPV-associated
squamous cell carcinomas and are activated by radiation and
PD-1 blockade. Clin Cancer Res. 2020;26(13):3345-59.

Mei Z, Huang J, Qiao B, Lam AK. Immune checkpoint pathways
in immunotherapy for head and neck squamous cell carci-
noma. Int J Oral Sci. 2020;12(1):16.

Kross KW, Heimdal JH, Aarstad HJ. Mononuclear phagocytes in
head and neck squamous cell carcinoma. Eur Arch
Otorhinolaryngol. 2010;267(3):335-44.

André P, Denis C, Soulas C, Bourbon-Caillet C, Lopez J,
Arnoux T, et al. Anti-NKG2A mAb is a checkpoint inhibitor that

A necroptosis-associated miRNA signature of HNSCC — 1697

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

promotes anti-tumor immunity by unleashing both T and NK
cells. Cell. 2018;175(7):1731-43.e13.

Gadkaree SK, Fu J, Sen R, Korrer MJ, Allen C, Kim YJ. Induction
of tumor regression by intratumoral STING agonists combined
with anti-programmed death-L1 blocking antibody in a precli-
nical squamous cell carcinoma model. Head Neck.
2017;39(6):1086-94.

Ruffin AT, Cillo AR, Tabib T, Liu A, Onkar S, Kunning SR, et al.
B cell signatures and tertiary lymphoid structures contribute
to outcome in head and neck squamous cell carcinoma.

Nat Commun. 2021;12(1):3349.

Zhu G, Amin N, Herberg ME, Maroun CA, Wang H, Guller M,
et al. Association of tumor site with the prognosis and immu-
nogenomic landscape of human papillomavirus-related head
and neck and cervical cancers. JAMA Otolaryngol Head Neck
Surg. 2022;148(1):70-9.

Zhou L, Mudianto T, Ma X, Riley R, Uppaluri R. Targeting EZH2
enhances antigen presentation, antitumor immunity, and cir-
cumvents anti-PD-1 resistance in head and neck cancer. Clin
Cancer Res. 2020;26(1):290-300.

Economopoulou P, Agelaki S, Perisanidis C, Giotakis El,
Psyrri A. The promise of immunotherapy in head and neck
squamous cell carcinoma. Ann Oncol. 2016;27(9):1675-85.
Hu S, Chang X, Zhu H, Wang D, Chen G. PI3K mediates tumor
necrosis factor induced-necroptosis through initiating RIP1-
RIP3-MLKL signaling pathway activation. Cytokine.
2020;129:155046.

Yoon S, Kovalenko A, Bogdanov K, Wallach D. MLKL, the pro-
tein that mediates necroptosis, also regulates endosomal
trafficking and extracellular vesicle generation. Immunity.
2017;47(1):51-65.€7.

Dong Y, SunY, Huang Y, Fang X, Sun P, Dwarakanath B, et al.
Depletion of MLKL inhibits invasion of radioresistant naso-
pharyngeal carcinoma cells by suppressing epithelial-
mesenchymal transition. Ann Transl Med. 2019;7(23):741.
Cho H, Shin |, Ju E, Choi S, Hur W, Kim H, et al. First SAR study
for overriding NRAS mutant driven acute myeloid leukemia. )
Med Chem. 2018;61(18):8353-73.

Jerez S, Araya H, Hevia D, Irarrazaval CE, Thaler R, van
Wijnen AJ, et al. Extracellular vesicles from osteosarcoma cell
lines contain miRNAs associated with cell adhesion and
apoptosis. Gene. 2019;710:246-57.

Durandy A, Kracker S. Increased activation of PI3 kinase-d
predisposes to B-cell lymphoma. Blood. 2020;135(9):638-43.
Islam M, Datta J, Lang JC, Teknos TN. Down regulation of RhoC
by microRNA-138 results in de-activation of FAK, Src and Erk1/
2 signaling pathway in head and neck squamous cell carci-
noma. Oral Oncol. 2014;50(5):448-56.

Reiss K, Del Valle L, Lassak A, Trojanek J. Nuclear IRS-1 and
cancer. ] Cell Physiol. 2012;227(8):2992-3000.
Jouan-Lanhouet S, Arshad MI, Piquet-Pellorce C, Martin-
Chouly C, Le Moigne-Muller G, Van, et al. TRAIL induces
necroptosis involving RIPK1/RIPK3-dependent PARP-1 activa-
tion. Cell Death Differ. 2012;19(12):2003-14.

Tan Y, Sementino E, Cheung M, Peri S, Menges CW,

Kukuyan AM, et al. Somatic epigenetic silencing of RIPK3
inactivates necroptosis and contributes to chemoresistance in
malignant mesothelioma. Clin Cancer Res.
2021;27(4):1200-13.



1698 —

(55]

(56]

(571

(58]

Jiezhong Guan et al.

Smith AD, Lu C, Payne D, Paschall AV, Klement JD, Redd PS,
et al. Autocrine IL6-mediated activation of the STAT3-DNMT
axis silences the TNFalpha-RIP1 necroptosis pathway to sus-
tain survival and accumulation of myeloid-derived suppressor
cells. Cancer Res. 2020;80(15):3145-56.

Wu 'Y, Gu W, Han X, Jin Z. LncRNA PVT1 promotes the pro-
gression of ovarian cancer by activating TGF-beta pathway via
miR-148a-3p/AGO01 axis. ) Cell Mol Med. 2021;25(17):8229-43.
Jili S, Eryong L, Lijuan L, Chao Z. RUNX3 inhibits laryngeal
squamous cell carcinoma malignancy under the regulation of miR-
148a-3p/DNMT1 axis. Cell Biochem Funct. 2016;34(8):597-605.
Samson AL, Zhang Y, Geoghegan ND, Gavin X|, Davies KA,
Mlodzianoski MJ, et al. MLKL trafficking and accumulation at
the plasma membrane control the kinetics and threshold for
necroptosis. Nat Commun. 2020;11(1):3151.

Skinner HD, Giri U, Yang L, Woo SH, Story MD, Pickering CR,
et al. Proteomic profiling identifies PTK2/FAK as a driver of

(60]

(61]

[62

DE GRUYTER

radioresistance in HPV-negative head and neck cancer. Clin
Cancer Res. 2016;22(18):4643-50.

Jain AP, Radhakrishnan A, Pinto S, Patel K, Kumar M,
Nanjappa V, et al. How to achieve therapeutic response in
erlotinib-resistant head and neck squamous cell carcinoma?
New insights from stable isotope labeling with amino acids in
cell culture-based quantitative tyrosine phosphoproteomics.
Omics. 2021;25(9):605-16.

Wurster S, Hennes F, Parplys AC, Seelbach JI, Mansour WY,
Zielinski A, et al. PARP1 inhibition radiosensitizes HNSCC cells
deficient in homologous recombination by disabling the DNA
replication fork elongation response. Oncotarget.
2016;7(9):9732-41.

Demétrio de Souza Franca P, Kossatz S, Brand C, Karassawa
Zanoni D, Roberts S, Guru N, et al. A phase | study of a PARP1-
targeted topical fluorophore for the detection of oral cancer.
Eur J Nucl Med Mol Imaging. 2021;48(11):3618-30.



	1 Introduction
	2 Methods and materials
	2.1 Data collection and identification of differentially expressed necroptosis-related miRNAs
	2.2 Development of the necroptosis-associated miRNA signature
	2.3 Independent prognostic analysis of the risk score
	2.4 Construction and validation of a predictive nomogram
	2.5 Gene set enrichment analysis (GSEA)
	2.6 Target gene prediction for key miRNAs
	2.7 Functional enrichment analysis of consensus genes
	2.8 Analysis of immune infiltration of tumor cells
	2.9 Construction of the protein-protein interaction (PPI) network and screening of the core network
	2.10 Establishment and validation of a prognostic model formed by screened key genes
	2.11 Statistical analysis

	3 Results
	3.1 Identification of DEMs between normal and tumor tissues
	3.2 Construction of prognostic miRNA-based signature
	3.3 Construction and detection of the predictive nomogram
	3.4 GSEA based on the developed signature
	3.5 Comparison of the immune activity between subgroups
	3.6 OS analysis of six miRNAs and the target gene prediction of the key prognostic miRNAs
	3.7 Functional enrichment analysis of consensus genes
	3.8 PPI network construction and exploration of the key genes
	3.9 Establishment and validation of a prognostic model based on the key genes

	4 Discussions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


