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Abstract.
BACKGROUND: Necroptosis is a caspase-independent regulated necrotic cell death modality that elicits strong adaptive immune
responses, and has the potential to activate antitumor immunity. Long non-coding RNAs (lncRNAs) have critical effects on oral
squamous cell carcinoma (OSCC), which are closely associated with the prognosis and immune regulation of OSCC patients.
OBJECTIVE: This study aimed to identify a novel necroptosis-related lncRNAs signature to predict the prognosis and immune
response of OSCC patients and provide patients with anti-tumor drug selection through bioinformatics analysis and in vitro
experiments.
METHODS: A series of analyses, including differential lncRNA screening, survival analysis, Cox regression analysis, ROC
analysis, nomogram prediction, enrichment analysis, tumor-infiltrating immune cells, drug sensitivity analysis, and consensus
cluster analysis, were performed to determine and validate the prognostic value of necroptosis-associated lncRNAs signature in
OSCC. And real-time quantitative polymerase chain reaction (RT-qPCR) was used to determine the expression levels of these
lncRNAs.
RESULTS: This signature including 5 lncRNAs (AC099850.3, StarD4-AS1, AC011978.1, LINC01503, CDKN2A-DT) in OSCC
associated with necroptosis were established and verified by bioinformatics. Further, ROC, K-M, univariate/multivariate Cox
regression, and nomogram analysis were used to evaluate the model’s features for OSCC prognosis. Using multiple bioinformatics
techniques, the levels of tumor-infiltrating immune cells, immune checkpoints and semi-inhibitory concentrations showed
significant differences across risk subtypes. By consensus cluster analysis, there were significant differences between clusters in
survival, immune checkpoint expression, clinicopathological correlation, and tumor immunity. RT-qPCR showed that AC099850.3,
AC011978.1, LINC01503 were up-regulated, STARD4-AS1 and CDKN2A-DT were down-regulated in OSCC cell lines compared
with human normal oral keratinoid cell line.
CONCLUSION: We established 5-NRLs markers, which is useful for assessing OSCC immune response and prognosis,
recommending personalized antitumor drugs. The expression level of 5-NRLs in OSCC was identified in vitro, and the results
preliminarily verified this model. And this study would generate new insights for future experimental research.
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1. Introduction

Oral squamous cell carcinoma (OSCC) is one of the
most prevalent cancers that jeopardize human health,
which makes up 40% of cases of head and neck squa-
mous cell carcinoma (HNSCC) [1]. Despite the fast
advancement of cancer therapies, the 5-year survival
rate of OSCC patients is no more than 60% in the past
decades [2]. Currently emerging therapeutic strategies,
such as targeted therapy and immunotherapy, are gain-
ing traction in the field of cancer treatment. The tar-
geted therapy focuses on specific molecular markers or
pathways within cancer cells, allowing for more pre-
cise treatment with fewer side effects. Immunotherapy,
which harnesses the body’s immune system to fight
cancer, has shown promise in various cancer types, in-
cluding OSCC [3]. Among these current treatments,
PD1/PDL-1 treatment has attracted much attention.
Nevertheless, the overall response rate in HNSCC cases
treated with PD-1 inhibitors is as low as 20% [4]. The
discovery of a new regulated cell death (RCD) pro-
cess, necroptosis, is expected to overcome this resis-
tance mechanism. Therefore, it is important to identify
the molecular mechanisms associated with necroptosis
and OSCC occurrence and progression, explore new
ideas for OSCC resistance, and identify novel prognos-
tic risk models that are effective and reliable for the
management of this type of cancer.

Since most cancers develop natural resistance to
apoptosis, cell death induction pathways like necrop-
tosis become the potential treatment modality [5].
Necroptosis is a unique type of programmed cell death
(PCD) [6]. In contrast to apoptosis, necrotizing features
of cells include membrane permeability, cell swelling,
and the release of damage associated molecular patterns
(DAMPs) [7]. Necroptosis has a significant impact on
tumor biology, which leads to a potent adaptive im-
mune response and prevents tumor progression [8]. Sev-
eral therapeutic agents are currently being investigated
to treat cancer by inducing or manipulating necrop-
tosis [9]. Therefore, necroptosis-related genes proba-
bly have critical effects on assessing the prognosis and
immunotherapy of OSCC.

The novel non-protein-coding transcripts known as
long non-coding RNAs (lncRNAs) are > 200 bases long
and have a significant role in the development of hu-
man malignancies, autophagy, apoptosis, necroptosis,
cell growth, metastasis, and cell cycle regulation [10].
Signatures can influence gene expression by interfering
with protein translation or interacting directly with RNA
and proteins [11]. As signatures control genes involved

in immune cell activation, which results in immune cell
infiltration, they are closely linked to immunity, which
is vital in changing the tumor immune microenviron-
ment (TIME) [12]. For example, during oral carcino-
genesis, signature IFITM4P, activated by LPS/TLR4,
upregulates PD-L1 through a dual mechanism and pro-
motes immune escape [13]. Furthermore, LINC01355
is related to the malignant phenotype and cytotoxic T-
cell infiltration of OSCC via the Notch pathway [14].
In addition, lncRNAs also play an important role in
necroptosis as epigenetic regulators, so they can be used
to help study tumor progression. Given the importance
of lncRNAs in necroptosis, new methods for predicting
prognosis in OSCC patients have become possible. The
specific role of necroptosis-related signature in OSCC,
in contrast, should be demonstrated. As a result, further
elucidating the relationship between necroptosis-related
signature and OSCC is critical for identifying novel tar-
gets for treating OSCC and improving patient prognosis
and immunotherapy.

Therefore, this study constructed through bioinfor-
matics analysis consists of five necroptosis-related char-
acteristics of prognostic markers (AC099850.3,StarD4-
AS1,AC011978.1, LINC01503, CDKN2A-DT) to pre-
dict prognosis of OSCC. Based on this signature, it
could provide clues for personalized immunotherapy
and sensitive drug selection for OSCC patients. Finally,
to verify our findings, RT-qPCR was used to detect the
expression level of 5-NRLs in OSCC.

2. Materials and methods

2.1. The data extraction

The clinical information and RNA sequences of
OSCC patients’ were retrieved from the TCGA database
(as of March 1, 2022, https://portal.gdc.cancer.gov/
repository). Later, RNA sequence (RNA-seq) data from
the TCGA database were normalized to million frag-
ments per thousand bases (FPKM). This study only
included samples with complete clinicopathological
data, which were then analyzed and preprocessed us-
ing the Strawberry Perl programming language (ver-
sion -5.30.0.1; https://www.perl.org) to increase the
study’s accuracy. Following that, patient data were ran-
domized to a training or testing set using the R soft-
ware “Caret” package (version of 4.1.0; https://www.r-
project). GSEA and previous reports yielded a total of
genes associated with necroptosis.
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2.2. Identification of necroptosis-related signatures
(NRLs) in OSCC

Using the GENCODE website (https://www.
gencodegenes.org/, as of September 3, 2021) to retrieve
signature GTF annotation files, 14,056 signatures were
identified from the TCGA–seq HNSC RNA data to dis-
tinguish the mRNA and signature. Pearson’s correla-
tion analysis which was considered an accepted method
was used to investigate the correlation between cod-
ing genes and lncRNAs to examine the co-expression
of necroptosis-related genes (NRGs) in each signature
among OSCC samples. These Signatures are thought
to be significantly associated with necroptosis mRNAs
(for the cutoff, | Cor | > 0.4, P < 0.001). To compare
the differences in necroptosis-related gene expression
in normal and tumor tissue, the “Edger” and “DEseq”
R packages were used to generate the p-value for each
gene, and a fold change (Fc), with the P < 0.05 and
|log2 Fc | > 1 and the genes were identified as NRLs.

2.3. Construction and verification of NRLs signature
for OSCC

For the purpose of screening lncRNAs in relation-
ship to prognosis, Univariate Cox regression analysis
was adopted. In addition, LASSO regression analysis
was used to screen for lncRNAs that were significantly
associated with overall survival (OS) in OSCC patients.
This study conducted a multifactorial Cox regression
analysis to generate the best model. Finally, five lncR-
NAs associated with necroptosis were considered as
prognostic factors. RS was determined using the fol-
lowing formula: Risk score =

∑n
i=1 Coef(i) × x(i),

(n : number of genes incorporated into the signature;
Coef(i): the NRL’s coefficient, and x(i): the gene ex-
pression level). Subsequently, all the OSCC samples
were divided into low-or high-risk subgroups according
to the median RS value. Then, the R software “survival”
package was used for constructing the survival curve to
compare overall survival (OS) between two risk sub-
groups from both datasets. Images were used to depict
the risk score distribution, survival status, and prognos-
tic signature expression profile of OSCC patients.

2.4. Establishment of nomogram and correlation
between prognostic markers and
clinicopathological signatures

To ensure that the NRLs signal was independent,
univariate and multivariate Cox regression was used

to assess the relation between clinical characteristics
and NRLs markers with OS. Specifically, the role of
NRLs markers as risk factors independent of additional
clinicopathological characteristics like age, sex, stage,
grade, and TNM classification was investigated. Sur-
vival analysis was conducted in the present study based
on different clinicopathological signatures to confirm
the applicability of the NRLs-based set. The “RMS”
package used NOMO plots for independent prognos-
tic factors employed to predict the OS rates of OSCC
patients at 1, 3, and 5 years. Finally, receiver operating
characteristic (ROC) curves were plotted to ascertain if
the above factors were precise and specific in predicting
the OSCC prognosis.

2.5. Levels of tumor-infiltrating immune cells (TIICs)

The most recent technology was used to calculate the
immune penetration status in TCGA samples, includ-
ing QUANTISEQ (http://icbi.at/quantiseq), XCELL
(http://xcell.ucsf.edu/), MCPCOUNTER, TIMER (ver-
sion 2.0; http://timer.cistrome. org/), EPIC (http://epic.
gfellerlab.org), CIBERSORT (http://ciber sort.stanford.
edu/), and CIBERSORT-abs to determine the correla-
tion between TIICs levels and a risk score. Moreover,
this work also utilized the Wilcoxon test for assessing
the difference in tumor invasive immune cell content
of both risk groups. In addition, this study conducted
Spearman’s correlation analysis to find a relationship
between RS and TIICs levels. The R software limma,
scales, GGplot2, and GGText packages are used for
data visualization. In addition, a single-sample gene set
concentration analysis (SsGSEA) score was determined
to assess the concentration levels of immune-related
functions in both groups. This work also detected dif-
ferences in immune checkpoint (ICP) molecules be-
tween the two populations for evaluating the gene set
in predicting immunotherapy for OSCC.

2.6. Pathway enrichment

To clarify different pathways enriched in two risk
groups, this work utilized Gene Set Enrichment Anal-
ysis (GSEA) software (version 4.10) for Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway
enrichment.

2.7. Significance of NRLs-based signatures in
antitumor drugs

This study used a “pRophetic” program package to
evaluate the median inhibitory concentration (IC50) of
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138 common antitumor agents, including paclitaxel, cis-
platin, and imatinib, in order to predict the response to
chemotherapy agents in patients with OSCC in two dif-
ferent risk subgroups. (AJCC) The IC50 values between
the two risk groups were analyzed by the Wilcoxon
signed-rank test.

2.8. Consensus clustering

For exploring potential molecular subtypes in MIBC
patients,the “ConsensusClusterPlus” R package was
used to sort out the optimal cluster value based on deter-
mined prognostic NLRs. After that, we used the “Rtsne”
R package to accomplish principal component analysis
(PCA).

2.9. Cell culture

Human oral squamous cell lines CAL-27, SCC-25
and normal oral keratinocytes cell lines HOK were used
in this study. The cell lines were purchased from the
United States Type Culture Repository (ATCC, Man-
assas, USA). All cells were subcultured and stored in
Shanxi Province Key Laboratory of Oral Diseases Pre-
vention and New Materials, and tested regularly to en-
sure mycoplasma negative. All cells were cultured in
high glucose DMEM medium (Gibco, CA, USA) con-
taining 10% fetal bovine serum (Gibco, CA, USA) and
1% penicillin/streptomycin solution at 37◦C and 5%
CO2.

2.10. Real-time PCR

Totol RNA was extracted from cells using the M5
Universal RNA Mini Kit(Mei5 Biotechnology,China)
according to the instructions. Totol RNA(Mei5 Biotech-
nology,China) was then reverse-transcribed into cDNA
using the M5 Hiper lncRNA cDNA Synthesis Kit with
gDNA remover lncRNA cDNA. Real-time quantitative
PCR amplification was performed using the M5 Hiper
lncRNA Fluorescence quantitative detection kit(Mei5
Biotechnology,China). Using GAPDH as reference, the
mRNA relative expression was measured by 2−∆∆CT.
Primer sequence is shown in Supplementary Table S1.

2.11. Statistical analysis

Before conducting statistical analyses, the data were
checked for normality to ensure they follow the assump-
tions required for parametric tests. The normality of the
data was assessed using the Shapiro-Wilk test and by vi-
sual inspection of Q-Q plots. If the data did not conform

to a normal distribution, appropriate non-parametric
tests were used. This step was critical to ensure the
validity of the statistical analyses applied in the study.
Statistical analysis was performed using R software
(version 4.1.0). Student’s t-test and one-way ANOVA
were used to calculate differences between two groups
or more. The association between necroptosis-related
signature genes, risk scores, and clinical signatures was
calculated by the chi-square test. A log-rank test with
the best cutoff value was used to plot a Kaplan-Meier
(KM) survival curve to analyze OS. Further, a Cox re-
gression model (univariate or multivariate) was used
to establish the relationships between various variables
with clinical outcomes. The statistical significance level
was P < 0.05.

3. Results

3.1. Identification of necroptosis-related signatures
(NRLs) within OSCC

Figure 1 depicts the flow chart created in the present
work. This study retrieved transcriptome RNA-Seq data
from 330 TCGA-OSCC cases, including 330 OSCC
tissues and 30 nearby normal tissues, with pertinent
clinical information. The present study included sam-
ples with adequate clinical data for further analysis.
There were 14,056 signatures detected from the TCGA-
HNSC gene expression file based on the GTF anno-
tation file for human signatures. GSEA and previous
reports yielded 67 genes (nrmRNA) associated with
necroptosis (Supplementary Table S2). Pearson’s corre-
lation analysis yielded 666 signature necroptosis-related
genes (nrmRNA) with significant correlation (|cor| >
0.5, P < 0.05). Based on these results, we created an
mRNA-signature co-expression network (Fig. 2A) to
determine the potential impact of necroptosis-related
signatures. Further, 307 signatures with abnormal ex-
pression in OSCC were identified as necroptosis-related
signatures (NRLs) by differential analysis (|logFC| > 1,
P < 0.05), and gene expression heat map and volcano
map were drawn (Fig. 2B,C).

To identify lncRNAs with prognostic significance,
single-factor Cox analysis was adopted for detect-
ing 8 NRLs (SLC16A1-AS1, GAS1RR, AC099850.3,
STARD4-AS1, AC011978.1, LINC01503, CDKN2A-
DT, LINC00973) (P < 0.05, Fig. 3A) (|cor| > 0.4
and P < 0.001) (Fig. 3A). Subsequently, LASSO re-
gression analysis detected 8 NRLs (Fig. 3B,C). The
heatmap depicting the expression levels of the eight
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Fig. 1. Flowchart. General flow is shown in the figure.

signatures across tumor and non-tumor tissues was gen-
erated (Fig. 3D). The Sankey diagram demonstrated
the interactions between NRLs and NRGs and showed
a positive correlation between OS in OSCC patients
and the prognostic gene sets of the 8 NRLs (Fig. 3E).
Multifactor Cox analysis further determined 5 NRLs
(AC099850.3, StarD4-AS1, AC011978.1, LINC01503,
and CDKN2A-DT) with prognostic significance.

3.2. Construction of NRLs signatures

To assess the prognostic risk of OSCC patients, a
risk model was established with eight cuproptosis-
related lncRNAs. Each OSCC patient in the TCGA
database was set a risk score based on the for-
mula: RS = (0.406300575347132 × AC099850.3) +
(−1.49039102223428 × StarD4-AS1) + (1.39186509
330249 × AC011978.1) + (0.288732320378307 ×
LINC01503) + (2.26941578067647 × CDKN2A-DT).
The cases were classified as a high- or low-risk group
based on the median RS.

3.3. Analysis and validation of risk score based on
5-NRLs signature

Kaplan-Meier survival analysis was used to evalu-
ate the independent prognostic performance of the 5-
NRLs prognostic gene set among OSCC cases. The
high-risk group exhibited a significantly lower overall
survival (OS) compared to the low-risk group (P <
0.001, Fig. 4A). Additionally, the high-risk group had
lower survival rates, higher mortality rates (Fig. 4D),
a greater number of cases and death events as the risk
score (RS) increased (Fig. 4G), and abnormal expres-
sion in tumor tissues (Fig. 4J). To validate the accu-
racy of RS, all samples were randomized into a train-
ing group (n = 161) and a testing group (n = 161),

and further analysis yielded consistent results with the
initial findings (Fig. 4A–L).

Time-dependent ROC (t-ROC) curves for 1-, 3-, and
5-year survival were plotted to evaluate RS’s predictive
performance, with the area under the curve (AUC) mea-
suring 0.719, 0.646, and 0.664, respectively. The first-
year AUC value was higher than those for the third and
fifth years, indicating that the signature was particularly
accurate for predicting OS in OSCC (Fig. 4M). More-
over, compared to age (0.579), gender (0.506), tumor
pathological grade (0.561), and tumor stage (0.555),
the AUC score for OS (0.719) was considerably higher
(Fig. 4N), underscoring the utility of the constructed
signature in predicting OSCC prognosis.

3.4. Correlation of 5-NRLs prognostic markers with
clinicopathological parameters and their
independent prognostic value

To further evaluate the role of signatures associated
with necrotic apoptosis in the development of OSCC,
univariate Cox regression analysis demonstrated that the
risk score (RS) independently predicted OSCC prog-
nosis (hazard ratio [HR] = 1.577, 95% confidence in-
terval [CI] = 1.367–1.820, P < 0.001). Additionally,
multivariate Cox regression indicated that even when
other confounding factors were adjusted, RS remained a
significant predictor of OSCC prognosis (HR = 1.502,
95% CI: 1.303–1.732, P < 0.001) (Fig. 5A, B). Fur-
thermore, the low-risk group showed longer overall
survival (OS) compared to the high-risk group in both
stages I and II (P = 0.002, Fig. 5C) and in stages III
and IV (P < 0.001, Fig. 5D).

Additionally, by adopting a stepwise Cox regression
model, we combined the necrotic apoptosis-related RS
with clinicopathological characteristics to create a clin-
ically adaptive nomogram to estimate and quantify the
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1-, 3-, and 5-year survival probabilities for OSCC pa-
tients (Fig. 5E). These findings suggest that this signa-
ture can be used for prognostic prediction.

3.5. Functional analysis based on the risk model

This study used GSEA to perform KEGG path-
way enrichment to elucidate different pathways en-
riched into high-and low-risk groups. As a result,
the five most significantly enriched pathways in the
high-risk group included RNA polymerase, pyrimidine
metabolism, spliceosome, ribosome, and RNA degra-
dation (Fig. 6A), as well as multiple oncogenic path-
ways, such as oxidative phosphorylation, P53 signaling
pathway, mutual conversion of pentose and glycoside,
starch and sucrose metabolism (Fig. 6B). Forty-four
pathways, were markedly related to the low-risk sub-
set. Among them, the top five were arrhythmogenic
right ventricular cardiomyopathy, aldosterone-regulated
sodium reabsorption, dilated cardiomyopathy, vascular
smooth muscle contraction, and transendothelial mi-
gration of white blood cells (Fig. 6A). B-cell receptor
signaling, T-cell receptor signaling, antigen process-
ing and presentation, and natural killer cell-mediated
cytotoxicity were associated with the low-risk group
(Fig. 6C). Supplementary Table S3 and Supplementary
Table S4 shows all the enrichment pathways for both
risk groups.

3.6. TME features and TIICs for both risk groups
based on 5-NRLs

The TME comprises stromal cells, immune cells, and
tumor cells. The present study used the “ESTIMATE”
package to measure the significant difference in TME
between two risk groups and calculate expression levels
of 60 common TIICs. As a result, the infiltration levels
of 10 common TIICs showed positive relations to RS,
like non-regulatory T cell CD4 + (COR = 0.31, P =
8.59E−09), helper T cell CD4 + (COR = 0.28, P =
3.23E−07), eosinophils (COR = 0.15, P = 0.004),
etc. The invasion level of 50 infiltrating immune cells,
such as aDC, was statistically significant and negatively
correlated with RS (Fig. 7A). The 14 immune cell infil-
trates (aDC, B cells, CD8+ T cells, mast cells, DC, iDC,
NK cells, neutrophils, pDC, helper T cells, Tfh, Th1,
Th2, Til, and Tregs) showed significant differences be-
tween two risk subsets (Fig. 7B). In addition, this study
performed ssGSEA to assess the 47 immune-related
function enrichment degrees of both risk groups. As a
result, nine ICPs (including APC costimulation, CD8+

Table 1
13 antitumor drugs that are more sensitive to patients in the
low-risk group

Antitumor drugs Description
ABT.263 Bcl-2 inhibitor
AKT inhibitor AKT inhibitor
AZD6482 PI3Kβ inhibitor
CCT007093 PPM1D/Wip1 inhibitor
DMOG HIF-PH inhibitor
GDC0941 PI3K inhibitor
Imatinib BCR/ABL tyrosine kinase inhibitor
LFM.A13 BTKK inase inhibitor
MK.2206 Akt1/2/3 inhibitor
PAC.1 Caspase activator
Temsirolimus Antitumor agents acting on mTOR

T-cell checkpoint, CCR, cytolytic activity, type II IFN
response, proinflammatory response, T-cell costimula-
tion, and T-cell coinhibition) of both subpopulations
varied significantly (Fig. 7C). Based on the TME score,
the low-risk subgroup showed a higher TME score than
the high-risk subgroup (Fig. 7D–F), which indicates
immunosuppressive TME may be partially responsible
for the low survival rate in the high-risk subgroup. In
addition, box plots were used to highlight the differ-
ences in the levels of 26 common TIICs between the
two risk groups (Fig. 7G).

3.7. The importance of NRLs in antitumor drugs

OSCC exhibits relatively low sensitivity to various
antitumor drugs, limiting their widespread use in clin-
ical practice. We used the “pRRophetic” algorithm
to evaluate the half-maximal inhibitory concentration
(IC50) for different chemotherapy agents in two risk
groups to tailor chemotherapy accordingly. The results
indicated significant differences in response to 24 anti-
cancer drugs between the groups (Fig. 8). The low-risk
subgroup showed higher sensitivity to 13 anticancer
drugs, including ABT.263, AKT inhibitors, AZD6482,
CCT007093, DMOG, GDC0941, Imatinib, LFM.A13,
MK.2206, PAC.1, Temsirolimus, WO2009093972, and
Z.llnle.CHO, suggesting that low-risk patients might
benefit from these chemotherapy agents (Table 1).

Conversely, the IC50 values for drugs such as
Bi.d1870, BIRB.0796, Doxorubicin, Epothilone.b, Er-
lotinib, GW.441756, Obatoclax.mesylate, PD.0325901,
SL.0101.1, Sorafenib, and VX.680 were higher among
high-risk patients. This might indicate that these drugs
are more suitable for cases with an elevated risk score
based on the 5-NRLs characteristics (Table 2).
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Table 2
11 antitumor drugs that are more sensitive to patients in the high-risk group

Antitumor drugs Description
BIRB.0796 P38MAPK inhibitor
BI.D1870 ATP competitive RSK inhibitor
Doxorubicin Decreased phosphorylation of AMPK and its downstream target acetyl-CoA carboxylase also induced apoptosis and

autophagy
Erlotinib HER1/EGFR tyrosine kinase inhibitor
Epothilone.B Macrolide antitumor factors
GW.441756 TRkA inhibitors
Obatoclax.Mesylate Bcl2 inhibitors
PD.0325901 MEK inhibitors
SL.0101.1 RSK inhibitors
Sorafenib The serine/threonine kinase activities of RAF-1 and B-Raf and tyrosine kinase activities of VGFR-2, VEGF-3,

PDGF-β, KIT and FLT-3 receptors were inhibited
VX.680 Aurora kinase inhibitor

3.8. 5-NRLs cluster analysis and the relationship
between clusters and overall survival and tumor
microenvironment

To explore the relationship between genes associated
with necrotic apoptosis and OSCC subtypes, we per-
formed an unsupervised and consistent cluster analy-
sis based on the expressions of necrotic lncRNAs by
changing the cluster variable (k) from 2 to 9 through
Consensus ClusterPlus R package (Fig. 9A). The dis-
tribution diagram of cluster samples with k = 2–9 is
shown in Supplementary Fig. S1, and the classifica-
tion table of each sample is shown in Supplementary
Table S5. The results showed that when k = 4, the
intra-group correlation was the highest, while the inter-
group correlation was low. Samples in the TCGA data
set could be separated stably, indicating that OSCC pa-
tients could be well divided into four clusters. We also
show the classification of each sample under different
cluster numbers (k). Therefore, we divided the data sets
for OSCC patients into clusters C1, C2, C3, and C4.
Through survival analysis, it can be seen that the overall
survival of patients in four different clusters is different
(P = 0.005) (Fig. 9B). The Sankey chart shows the
relationship between four clusters and high and low
risk of cancer (Fig. 9C), with most of the C2 subgroup
belonging to the low risk group and most of the C3
subgroup belonging to the high risk group. Through
PCA and T-SNE analysis, it can be observed that C1,
C2, C3 and C4 samples can be separated according to
the expression level of 5-NRLs, that is to say, samples
of different clusters can be distinguished according to
the expression level of 5-NRLs (Fig. 9D–G). Next, to
determine the relationship between 5-NRLs and tumor
microenvironment in OSCC, we observed differences
in tumor microenvironment scores between C1 and C2,
and between C3 and C1, C2, and C4 (Fig. 9H), and par-

tial differences in immune cells among different sub-
types(Fig. 9I)., with the highest number of immune
cells in C3. There were some differences in stromal
cells among different types, and stromal cells had the
highest content in C3 (Fig. 9J). Type to intuitive see dif-
ferent points between the expression of immune cells,
through seven different prediction software for draw-
ing heat maps (Fig. 9K). In addition, the expression
of 30 immune checkpoint genes differed among dif-
ferent genotypes (Fig. 9L). Next, the semi-inhibitory
concentration levels of anti-tumor drugs on different
subgroups were analyzed, and it was found that 93 an-
titomor drugs had significant differences among differ-
ent subgroups(Supplementary Table S6). Among them,
PD.0332991 and PD.0325901 showed significant dif-
ferences among multiple subgroups (Fig. 9M, N).

3.9. Verification of 5- NRLs expression levels in OSCC

In order to further explore the expression of 5-NRLs,
we used RT-qPCR analysis. The data were analyzed us-
ing one-way ANOVA to compare the expression levels
across the human normal oral keratinocyte line (HOK),
SCC25, and Cal27 cells. The results showed that com-
pared with HOK, the expression levels of AC099850.3,
AC011978.1, and LINC01503 were up-regulated in
SCC25 and Cal27 cells (Fig. 10A–C). However, the
expression levels of STARD4-AS1 and CDKN2A-DT
were down-regulated in OSCC cell lines (Fig. 10D–E).
Overall, these experimental results further validate the
reliability of our established risk model and suggest that
5-NRLs may play an important role in the occurrence
and progression of OSCC.

4. Discussion

Necroptosis, a novel, tightly controlled cell death
mode, is primarily regulated by activating RIPK1 and
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Fig. 9. 5-NRLs cluster analysis and the relationship between clusters and overall survival and tumor microenvironment. (A) Clustering sample
distribution. (B) Four clusters and the relationship between the overall survival rate. (C) The sankey diagram, each subgroup and the relationship
between the high and low risk distribution. (D–J) PCA and T-SNE distribution in each subgroup and the relationship between the tumor
microenvironment score. (K) Each subgroup immune cells expressing quantity heat map. (L) Immune checkpoint expression in each subgroup
analysis of the differences. (M–N) Sensitivity analysis of PD.0325901 and PD.0332991 among clusters.

RIPK3, which is then carried out via MLKL (phos-
phorylation, membrane translocation, and oligomer-
ization), ultimately inducing cell death [15]. Several
key molecules of the necrotizing signaling pathway are

downregulated in different types of cancer cells [8].
RIPK3 expression, for instance, was reduced in cancer
patient samples [16,17], including colorectal cancer
(CRC) [18,19], breast cancer (BC) [17], melanoma [16],
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Fig. 9. continued.

and acute myeloid leukemia (AML) [20,21], implying
that cancer cells may escape the necrotizing signaling
pathway to survive. Antitumor drugs are ineffective be-
cause tumor cells have inherent or acquired caspase-
dependent apoptosis resistance. To a large extent, the
resistance to apoptosis induced by anticancer drugs is
a hallmark of cancer, and it is the major obstacle to
chemotherapy failure in cancer treatment. The resis-
tance to apoptosis is expected to overcome the short-
comings of traditional apoptosis-inducing chemother-
apy drugs through their apoptosis-independent proper-
ties. Recent studies have shown that immunogenic sub-
stances released by necroptosis can exert potent antitu-
mor immune effects together with ICP blockade [22].
Therefore, induction of necroptosis may offer promis-
ing therapeutic prospects, especially for patients resis-
tant to conventional chemotherapy or immunotherapy.

Many studies have demonstrated the effect of lncR-
NAs on the genesis, metastasis, and progression of
OSCC, predicting survival as novel biomarkers. The

lncRNA CASC9, for example, increases cancer occur-
rence by inhibiting autophagy-dependent apoptosis of
OSCC via the AKT/mTOR pathway [23]. Recent re-
search has identified lncRNAs based markers for cancer
prognosis, such as ferroptosis-related lncRNAs, m6A
methylation-driven lncRNAs, and autophagy-related
lncRNAs in OSCC. However, research on the effects of
necroptosis-related lncRNAs in OSCC is severely lack-
ing. Therefore, the present work built the risk coeffi-
cient model necessary to assess the prognosis of OSCC
patients according to necroptosis-associated lncRNA
pairs. It is essential to study NRL’s molecular features
and prognostic significance among OSCC patients in
diagnosis and immunotherapy.

At present, several studies have used LASSO re-
gression to construct prognostic prediction models be-
cause of its own advantages [24,25]. Firstly, LASSO
can automatically select significant variables by shrink-
ing some regression coefficients to zero, effectively re-
moving less impactful predictors. At the same time,
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Fig. 10. The expression of 5-NRLs in oral normal keratinoid epithelial normal cell lines and OSCC cell lines was determined by RT-qPCR.
(A) AC011978.1; (B) AC099850.3; (C) LINC01503; (D) CDKN2A-DT; (E) STARD4-AS1; (∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001, ns:
non-significant).

LASSO mitigates the risk of overfitting by constrain-
ing the size of regression coefficients, further improv-
ing the model’s generalization capability. This charac-
teristic makes LASSO an ideal choice for prognostic
models, as it reduces model complexity and enhances
interpretability. Although due to the complexity of can-
cer prognosis, a small percentage of gene expression
may not be enough to influence all the potential factors
for survival. However, compared with other commonly
used methods to construct prediction models, includ-
ing stepwise Cox regression [26], random forest [27]
and artificial neural network [28], LASSO regression is
still favored in the construction of prognosis prediction
models for its unique advantages [29,30] .

Therefore, in this study, we identified, generated, and
tested the applicability and prognostic features of lncR-
NAs associated with necroptosis(AC099850.3, StarD4-
AS1, AC011978.1, LINC01503, and CDKN2A-DT) by
taking advantage of these methods. AC099850.3 and
Linc01503 are lncRNAs in the model that play an im-
portant role in cancer development. However, there are
no reports of lncRNAs (StarD4-AS1, CDKN2A-DT,
and AC011978.1) and their role in predicting the prog-
nosis of necroptosis to date. As a result, more extensive

research into lncRNAs and their effects on OSCC and
tumor cell necroptosis are required.

AC099850.3 has a critical effect on cancer.
AC099850.3, for example, has been shown to signif-
icantly promote HCC cell growth [31], invasion, and
migration via the PRR11/PI3K/AKT pathway [32].
Furthermore, the correlation analysis revealed that
AC099850.3 had a significant effect on the TIME of
HCC, with a positive correlation with ICP molecules
(such as PD-1, PD-L1, PD-L2, and CTLA4), which
was consistent with our findings. According to our
results, AC099850.3 showed high expression within
tumors and is tightly associated with lung adenocar-
cinoma (LUAD) [33] and non-small cell lung can-
cer (NSCLC) [34] genesis and progression. Besides
that, AC099850.3 showed a relation to autophagy,
which predicted OS in OSCC patients [32], suggest-
ing AC099850.3 as an oncogene for OSCC prediction.
However,no studies have shown that related drugs can
directly act on this target to play an important role in
cancer, and further research is needed.

Linc01503 is a novel signature located on human
chromosome 19, possibly associated with the oc-
currence of human cancer [35]. Linc01503 was the
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first oncogene in invasive squamous cell carcinoma
(SCC) [36]. According to previous research, can-
cers such as cervical cancer, gastric cancer (GC) [35,
37], hepatocellular carcinoma (HCC) [38], cholangio-
carcinoma [39], ovarian cancer [39], and NSCLC [29,
40]. May be significantly affected by linc01503.

According to our results, KM analysis indicated the
relation between the high-risk group and dismal OS.
The relationship between RS and its clinical features
was further examined. As a result, necroptosis-related
RS was remarkably positively related to tumor stage,
tumor-lymph node metastasis (TNM) stage, and patho-
logical grade. The increased RS value predicts the more
advanced tumor pathological grade, TNM stage, and
dismal survival. The necroptosis-associated signature
scoring model constructed using the ROC curve was
highly sensitive and specific, with remarkably enhanced
predictive ability compared with additional clinico-
pathological features, providing patients with personal-
ized biomonitoring.

We performed a functional annotation to explore
the possible alterations across risk groups. Further, we
found that multiple metabolic and immune infiltrating
pathways were significantly enriched in the high-risk
and low-risk groups, respectively. TIICs infiltrating into
TME usually progress with tumor initiation and pro-
gression. According to our results, the low-risk sub-
group showed increased immune scores based on TME
scores, confirming functional enrichment. The associ-
ation between TIICs and the high-risk group was then
examined using seven widely used approaches, namely,
XCELL, TIMER, QUANTISEQ, CIBERSORT, MCP-
COUNTER, EPIC, and CIBERSORT-abs. The high-
risk group showed a positive correlation with TIICs
like CD4+ T cells, common lymphoprogenitor cells,
unspecialized cells, and resting mast cells. This demon-
strates that prognostic markers can predict the efficacy
of immunotherapy.

Recently, ICI-based immunotherapies for cancer
have attained great clinical success [23]. Given its im-
portance, we examined the differences in ICP molecules
of both risk subpopulations to assess whether OSCC
cases were sensitive to immunotherapies. According to
ssGSEA analysis, nine ICP levels, namely, APC cos-
timulation, CCR, CD8+ T-cell checkpoint, T-cell coin-
hibition, cytolytic activity, proinflammatory response,
type II IFN response, and T-cell costimulation were re-
markably increased in the low-risk group. Up-regulation
of ICP-related genes can promote cancer cell growth,
whereas inhibiting related high-expression genes may
be beneficial in treating low-risk OSCC. To accurately

apply ICIs to OSCC patients, further studies on their
inflammatory response and immunosuppressive func-
tion are needed, which are also the main obstacles to
improving the effectiveness of tumor immunotherapy.
Notably, necroptosis RS was positively related to many
ICP genes, indicating the potential of signature mod-
els associated with necroptosis to predict response to
immunotherapy in OSCC patients.

Antitumor drug therapy combined with immunother-
apy has become the prime treatment modality for
oral squamous cell carcinoma. The FDA approved
nivolumab and pembrolizumab for use in oral cancer
treatment in 2016 [41]. Pembrolizumab, also called
MK-3475, represents the first PD-1 mab approved for
use in relapsed or metastatic head and neck squamous
cell carcinoma (HNSCC) in clinical trials. Clinical
study results, on the other hand, revealed that 49.3% of
patients had stable disease or partial response, with 78%
showing PD-L1 positivity, resulting in a 20% response
rate. The rate of side effects was low, with 7.6% of
drug-related adverse reactions being grade III or higher
in 86% of cases [42]. Because TME alteration may be
associated with immune-targeted resistance, it is criti-
cal to find new drugs with high sensitivity for clinical
treatment. We compared common antitumor drugs for
their sensitivity between high-and low-risk subgroups.
As a result, 24 drugs were sensitive between the two
risk subgroups, most of which were targeted therapy
drugs, and 93 drugs showed sensitivity in four clusters,
including PD.0332991 and PD.0325901, thus providing
new ideas for guiding clinicians to select appropriate
anticancer drugs for OSCC patients. Therefore, we an-
ticipate that the best approach to cancer therapy may
involve focusing on the genes that cause necroptosis.
Nonetheless, the mechanisms of such agents in affecting
necroptosis gene expression and cancer development
require further investigation.

In addition, the preliminary verification by RT-qPCR
showed that AC099850.3, AC011978.1, LINC01503
were up-regulated in OSCC cell line compared with
human normal oral keratinoid cell line (HOK). The
expressions of STARD4-AS1 and CDKN2A-DT were
down-regulated in OSCC cell line. The results of RT-
qPCR proved the accuracy of our prognostic model to a
certain extent. Therefore, the 5-NRLs marker found in
our study provides a new target for future mechanism
studies and a certain basis for further in vivo and in
vitro experimental studies.

The data for this study were sourced from the TCGA
(The Cancer Genome Atlas) database, which is recog-
nized globally for its high-quality genomics and clinical
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data. There are several advantages to using the TCGA
database for our analysis. TCGA contains a significant
number of cancer samples across various cancer types,
providing researchers with ample data for analysis and
the potential to draw reliable conclusions. TCGA offers
not only transcriptomics data but also genome sequenc-
ing, methylation, proteomics, and clinical information.
This diversity allows researchers to analyze and vali-
date data from multiple perspectives. To ensure that our
research is based on high quality and reliable data, we
chose the TCGA database. Nevertheless, there are some
limitations which is expected to be improved. Firstly,
we encountered some clinical features with missing
data in the TCGA dataset. To ensure the accuracy and
consistency of the analysis, we deleted the samples with
missing values to avoid potentially misleading results.
In future studies, more sophisticated ways to process
the lost data need to be explored. Secondly, the GEO
dataset has good applicability, and adding additional
cohorts in future studies can indeed further strengthen
the robustness of the results, and the GEO cohorts is
worth being investigated next.

There are several limitations to our current study. Al-
though the expression of 5-NRLs in oral squamous cell
cancer cell lines has been preliminarily validated, more
sample sizes are needed for human tissue experiments
to determine the participation of signatures and the in-
teractions between 5-NRLs, and to verify the accuracy
of these signatures. Finding from this research have to
be backed up with in vitro or in vivo experiments which
will have more value. And although bioinformatics was
used to preliminarily screen chemotherapy sensitivity
and ideal drugs, these results need to be further stud-
ied through clinical trials supplementing chemotherapy
drug treatment cohorts. Furthermore, it is planned to
explore metabolomics, ATAC-omics, and proteomics in
future studies, which will add power and credibility to
our study.

5. Conclusions

A necroptosis-related risk model was established
based on 5-NRLs (AC099850.3, StarD4-AS1,
AC011978.1, LINC01503, CDKN2A-DT) to predict
the prognosis of OSCC in this study, and this model
should facilitate the selection of immunotherapy and
antitumor drugs for OSCC patients with different risk
levels. The expression level of 5-NRLs in OSCC was
identified in vitro, and the results preliminarily veri-
fied this model. In vivo and animal experiments will be
further carried out in the future.
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