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[Abstract] Objective To investigate the prognostic significance and biological functions of neutrophil extracellular
traps (NETs) related genes in oral squamous cell carcinoma (OSCC). Methods A total of 333 transcriptome datasets
and 6 single-cell sequencing datasets of OSCC were retrieved from the Cancer Genome Atlas (TCGA) and Gene Expres-
sion Omnibus (GEO) databases. Based on 69 NETs related gene sets, univariate Cox and Lasso-Cox regression were
used to construct a prognostic risk model for OSCC. The model’s efficacy was evaluated through Kaplan-Meier analysis
and receiver operating characteristic (ROC) curves, and risk scoring and nomogram analysis were conducted. Further,
the relationship between NETs risk scores and angiogenesis, epithelial-mesenchymal transition (EMT), and cell cycle
was explored. Enrichment analysis was performed to annotate the functional characteristics of relevant pathways.
Kaplan-Meier analysis was employed to screen for prognostic key genes. Candidate targets were validated through drug
prediction and molecular docking assays. Single-cell RNA sequencing was utilized to characterize the expression profile
of the key gene cathepsin G (CTSG) within the tumor microenvironment (TME). Using pan-cancer and OSCC related
data retrieved from the TCGA database, we analyzed the differences in CTSG expression between tumor tissues and nor-
mal tissues. Subsequently, immunohistochemical staining experiments were performed on tissue microarrays to validate
its expression at the protein level. Results A prognostic risk model based on six NETs related genes (F3, AKTI,
CTSG, VNN3, MPO, and IL17A) was successfully established. Patients in the high-risk group exhibited significantly
shorter overall survival (OS) (P < 0.000 1). The area under the ROC curve (AUC) of the established model for predicting
1-, 3-, and 5-year overall survival (OS) rates was 0.718, 0.820, and 0.803, respectively. The NETs related risk score was
identified as an independent prognostic factor (P < 0.001), with the constructed nomogram demonstrating good calibra-
tion. The NETs related risk score correlated with angiogenesis (r = -0.20,, P < 0.001), EMT (r = 0.17, P < 0.01), G1/S
phase transition (r = 0.11, P < 0.05), and G2/M phase transition (r = 0.17, P < 0.01). GSEA ( gene set enrichment analy-
sis Jrevealed that the high-risk group was significantly enriched in pathways including basal cell carcinoma, whereas the
low-risk group exhibited significant enrichment in pathways such as alpha-linolenic acid metabolism (P < 0.05). Kaplan-
Meier analysis revealed that patients with low expression of CTSG had a poorer prognosis (P < 0.001). Molecular dock-
ing assays demonstrated a stable binding interaction between CTSG and glutathione (binding energy: -7.4 kcal/mol).
Single-cell RNA sequencing analysis further showed that CTSG was highly expressed in mast cell subsets but weakly
expressed in malignant cells (P < 0.001). TCGA pan-cancer analysis revealed that CTSG is underexpressed in multiple
cancer tissues, including OSCC (P < 0.05). Immunohistochemical staining confirmed that CTSG protein expression was
lower in tumor tissues than in paracancerous tissues (P < 0.01). Conclusion The NETs related prognostic model es-
tablished in this study exhibits robust predictive performance. CTSG was identified as a key prognostic gene, thereby
providing a novel biomarker and potential therapeutic target for prognostic evaluation and targeted therapy of OSCC.
[Key words] oral squamous cell carcinoma; neutrophil extracellular traps; prognostic model; risk score; bio-
marker; cathepsin G; single-cell analysis; tumor microenvironment; prognostic evaluation
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a: forest plot of six candidate prognostic genes constructed based on univariate Cox regression analysis. b: feature selection and parameter tuning

performed via Lasso regression with 10-fold cross-validation. ¢: Lasso coefficient profile of the six identified NET-related prognostic genes. d: the

gene correlation heatmap indicates that VNN3 is positively correlated with IL17A (*P < 0.05). NETs: neutrophil extracellular traps; OR: odds

ratio; CI: confidence interval; F3: coagulation factor 3; AKT1: AKT serine/threonine kinase 1; CTSG: cathepsin G; VNN3: vascular non-

inflammatory molecule 3; MPO: myeloperoxidase; IL17A: interleukin 17A; OSCC: oral squamous cell carcinoma
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a-c: in the training cohort, the model significantly discriminated between the survival outcomes of high-risk and low-risk patients (a, P < 0.000 1),

the risk score was positively correlated with mortality events (b), and the area under the curve (AUC) values for 1-, 3-, and 5-year survival predic-

tion were 0.718, 0.820, and 0.805, respectively (c). d-f: in the validation cohort, the model retained effective prognostic discrimination ability (d,

P = 0.002 5), the risk score exhibited a positive correlation with mortality events (e), and the 1-, 3-, and 5-year predictive AUCs were 0.692,

0.693, and 0.560, respectively (f). g-i: in the combined dataset, the model maintained robust survival discrimination performance (g, P < 0.000 1),

the risk score was positively correlated with mortality events (h), and the 1-, 3-, and 5-year AUCs were 0.712, 0.777, and 0.725, respectively (i).

Nets: neutrophil extracellular traps; OSCC: oral squamous cell carcinoma

Figure 2 Validation, and performance evaluation of a prognostic risk model for OSCC based on six NETs genes

E 2

FET 61> NETs JE 5] (19 OSCC F9 5 XU 45 284 56 Uik K 2% RE VT Ak



OB & s B g

20265E4 A #F34% F4H

Journal of Prevention and Treatment for Stomatological Diseases, Apr. 2026,Vol.34 No.4 https://www.kqjbfz.com

- 355 -

e .

[ ] P

HR : HR !
Age 0.035 1.018(1.001-1.034) - Age 0.014 1.023(1.005-1.042) -
Stage  0.119 1.195(0.955-1.495) ._._. Stage 0.189 1.167(0.927-1.470) ._._.
Gender 0464 0.859(0.570-1.202) =it Gender  0.648 1.110(0.710-1.736)  +—m—y
Grade  0.052 1.386(0.998-1.926) -—-—- Grade 0.146 1.285(0.916-1.803) h_._.
risk score<0.001 2.513(1.663-3.799) _ . —=———  risk score <0.001 2.281(1.511-3.443) i ——
00 1.0 20 3.0 00 1.0 20 30

Hazard ratio

Points 20 Z %0 80
Gender Eﬁh
Grade i @ &
. Negative
Margin @%w Clgs
Age 15 35 55 S g0
Lymph node ﬁﬂ_" @ A &
< Stage IV stage Il
?{l.die iEmi’ \J.iu, Stage |
1sk type
Tumor %I

Total points

700

Observed OS (%)

B E

280 300 320 340 360 0 400 420 430
. 0.291
Pr(futime>5) g5 052 084 o7 05 0O 077 002 0002
) 0.425
Pr(futime>3) ooz 088 08 06 ) 075  0.035 0.005
0.771
Pr(futime>1) ox85 037 094 09 08 0% 04 02
0.2 0.3
=
3= 0.2 = .
E ~ Nomogram - N'.Jmugrdm
g 01 —Riskype G — Risk type
= Y i
5] — Gender 2 Y = (:ender
= — Grade k5 — Grade
—S — Stage
00 S P
— None — None
-0.1
0.15 0.20 0.25 0.30 04 05 0.6
m Risk threshold 0 Risk threshold
1.0 1.0
0.8 0.8
ol f =
= 0.61 = 0.67
= f h~1
7 4 %
£ 047 " Risk score, AUC=0615 £ 0.41 / Z Risk score, AUC=0.654
95 Nomogram, AUC=0.668 wn Nomogram, AUC=0.721
af — Age, AUC=0.597 4 — -\gn AUC=0.563
0.2 Stage, AUC=0.487 02 5
— Gender, AUC=0.497 /
0.0 —Grale, AUC=0546__ 0.0

0.0 02 04 06 0.8

1.0
1-Specificity

00 02 04 06 08

1-Specificity

o

Hazard ratio

1.0 1 L —

0.84 { %

A

0.4 l/%

0.2 = 1-year
= 3-year

0.0 _‘ 5 -year

0.0 02 04 0.6 08

1.0

Nomogram-predicted OS (%)

o

0.4
— Nomogram
= 0.2 — Risk type
g — Age
3] — Gender
= — Grade
T — Stage
Stage
= 0.0 —All
— None
05 06 07
] Risk threshold
1.0
/7
0.8
I A
2 ,
Z 067 o
=
o0
g 047 f‘vr 7 Risk score, AUC=0.600
195} g Nomogram, AUC=0.739
021 4 —Age, AUC=0593
. Stage, AUC=0585
—Gender, AUC=0454
0.0 —Grade. AUC=0481

00 02 04 06 08

1.0
1-Specificity

a & b: univariate Cox regression analysis (a) and multivariate Cox regression analysis adjusted for age (b) confirmed that the NETs based risk score

served as an independent prognostic factor for OSCC. ¢: a nomogram was developed by integrating the NETSs risk score with clinicopathological

characteristics to predict 1, 3, and 5 year OS in OSCC patients. d: calibration curves demonstrated a high degree of concordance bhetween the

nomogram-predicted outcomes and the actual observed survival data. e-g: DCA curves verified that the nomogram yielded greater net clinical ben-

efit at 1-, 3-, and 5-years compared to alternative models or strategies. h-j: ROC curves indicated that the predictive accuracy of the nomogram out-

performed that of individual clinicopathological indicators. NETs: neutrophil extracellular traps; OSCC: oral squamous cell carcinoma; OS: overall

survival ; DCA: decision curve analysis; ROC: receiver operating characteristic.

Figure 3  Construction and predictive efficacy validation of a nomogram integrating the NETSs risk score and clinicopathological

features
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a & b: the calibration curves of the test set (a) and the entire dataset (b) demonstrate high consistency between the predicted survival probabilities
and the actual observed survival outcomes. c-h: in the test set, the DCA curves (c-e) demonstrate that the model yields positive clinical net benefits
across 1-, 3-, and 5-year time points, while the ROC curves (f-h) verify its robust discriminative performance. i-n: the DCA curves (i-k) and ROC
curves (I-n) of the entire dataset further confirm the robustness and accuracy of the model. DCA: decision curve analysis; ROC: receiver operating
characteristic; OS: overall survival; AUC: area under the curve; Nets: neutrophil extracellular traps

Figure 4 Nomogram verification integrating the NETs risk score and clinicopathological characteristics
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a: the NETSs risk score exhibited a negative correlation with the angiogenesis score. b-d: the NETS risk score showed a positive correlation with the

EMT score (b), G1/S phase score (c), and G2/M phase score (d), respectively. NETs: neutrophil extracellular traps; EMT: epithelial to mesenchymal

transition; G1/S: G1/S checkpoint; G2/M: G2/M checkpoint; CI: confidence interval. OSCC: oral squamous cell carcinoma

Figure 5 Correlation analysis of the NETSs risk score with malignant biological characteristics of OSCC
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a & b: Heatmap (a) and volcano plot (b) visualized 1 056 DEGs between high-risk and low-risk groups, where red denotes up-regulated genes (n =

844) and green denotes down-regulated genes (n = 212). ¢ & d: GO enrichment analysis (c) revealed that DEGs were enriched in biological pro-

cesses including epidermal development, while KEGG pathway analysis (d) linked DEGs to pathways such as the PI3K-Akt signaling pathway. e &

f: GSEA indicated that the high-risk group was enriched for tumor progression-related pathways (e), whereas the low-risk group was enriched for

immune-related and lipid metabolism pathways (f). DEGs: differentially expressed genes; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of

Genes and Genomes; GSEA: gene set enrichment analysis; Con: control; treat: treatment; Sig: statistical significance. PI3K-Akt: phosphoinositide 3

kinase-protein kinase B; ECM: extracellular matrix; AGE-RAGE: advanced glycation end products- receptor for advanced glycation end products.

NETSs: neutrophil extracellular traps; OSCC: oral squamous cell carcinoma

Figure 6 Functional and pathway annotations of high and low risk OSCC groups stratified by the NETs-related risk score
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Table 1  Candidate drugs targeting NETs prognosis related

genes predicted based on the DSigDB (Top 10)

Drugs Genes P
Simvastatin CTD 00007319 AKT1;F3;MPO;ILI7A< 0.01
Glutathione CTD 00006035 AKTIF3;MPO < 0.01
Titanium dioxide CTD 00000489 F3:MPO:ILITA < 0.01
Wortmannin CTD 00000504 AKTI;F3;MPO < 0.01
Pyrrolidine dithiocarbamate CTD 00001021 AKTI;F3ILI7A < 0.01
Plasmasteril boss F3;MPO <001
Magnesium sulfate hoss F3;MPO <001
Everolimus CTD 00003479 AKTI;F3 <0.01
Pentoxifylline boss F3;MPO <0.01
Monocrotaline boss F3;MPO <0.01

NETs: neutrophil extracellular traps; DSigDB: Drug Signatures Data-
base; AKT1: AKT serine/threonine kinase 1; F3: coagulation factor 3;
MPO: myeloperoxidase ; IL17A: interleukin 17A; CTD: common techni-

cal document
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a-f: Kaplan-Meier analysis demonstrated that low CTSG expression was significantly associated with poor prognosis (P = 0.000 39). ¢ & h: GSEA

revealed a positive correlation between CTSG expression and the CAMs pathway (g), as well as a negative correlation with the ribosome pathway

(h). i & j: the CTSG high-expression group showed enrichment in the cardiomyopathy pathway (i), whereas the low-expression group exhibited inhi-
bition of DNA repair processes (j). CTSG: cathepsin G; IL17A: interleukin 17A; F3: coagulation factor 3; AKT1: AKT serine/threonine kinase 1;

VNN3: vascular non-inflammatory molecule 3; MPO: myeloperoxidase ; GSEA: gene set enrichment analysis; KEGG: Kyoto Encyclopedia of Genes

and Genomes; CAMs: cell adhesion molecules; NETs: neutrophil extracellular traps; OSCC: oral squamous cell carcinoma

Figure 7 Validation of the prognostic value of CTSG, a key NETs-related gene, and its enrichment analysis in OSCC
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a: space-filling model of the CTSG-glutathione complex, illustrating the overall binding conformation and three-dimensional interaction modes of
key residues. b: two-dimensional interaction network of the CTSG-glutathione complex, displaying binding forces including conventional hydrogen
bonds and van der Waals interactions. ¢: binding energies between proteins encoded by NETs prognosis-related genes and candidate drugs. AKT1:
AKT serine/threonine kinase 1; CTSG: cathepsin G; F3: coagulation factor 3; IL17A: interleukin 17A; MPO: myeloperoxidase; VNN3: vascular non-
inflammatory molecule 3; NETs: neutrophil extracellular traps. ALA: alanine; GLN: glutamine; SER: serine; TRP: tryptophan; ARG: arginine;
GLY: glycine; HIS: histidine; PRO: proline; GLU: glutamic acid

Figure 8 Molecular docking validation of NETs-related prognostic genes
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a: UMAP visualization illustrating cell clustering patterns. b: the distribution of CTSG is primarily localized to mast cells. ¢: CTSG is highly ex-

pressed in mast cells (P < 0.001). d: the proportion of mast cells in the CTSG-positive group (50.5%) was significantly higher than that in the

CTSG-negative group (1.7%). e: CTSG expression levels exhibit a significant positive correlation with mast cell abundance (r = 0.6, P < 0.001). f:

CTSG expression is predominantly restricted to the immune lineage, with negligible expression in malignant cells (P < 0.001). UMAP: uniform

manifold approximation and projection; CTSG: cathepsin G; OSCC: oral squamous cell carcinoma; CD8T : CD8-positive T lymphocytes; NK : natural

killer cell; Treg: regulatory T cell

Figure 9 High expression profile and lineage distribution of CTSG in mast cells
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a: the distribution of CTSG mRNA expression in tumor tissues and normal tumor tissues of different tumor types was compared. b: the organ-
specific differential distribution of CTSG expression between tumor and normal tissues. c: data obtained from the TCGA database indicated that
the expression of the CTSG gene in OSCC tissues was significantly lower than that in normal tissues. d: immunohistochemical results demonstrated
that the staining intensity of CTSG in OSCC tissues was lower than that in paired paracancerous tissues. e: the percentage of DAB-positive area in
OSCC tissues was significantly lower than that in paracancerous tissues. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.000 1. CTSG: cathepsin
G; TCGA: the Cancer Genome Atlas; OSCC: oral squamous cell carcinoma; DAB: 3, 3’ -Diaminobenzidine staining; BLCA: bladder urothelial car-
cinoma; BRCA: breast invasive carcinoma; BRCA_IDC: breast invasive ductal carcinoma; BRCA_ILC: breast invasive lobular carcinoma;
BRCA_TNBC: breast triple-negative breast carcinoma; CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma; COAD_LCC: colon adenocarci-
noma (lesser curvature carcinoma) or colon mucinous adenocarcinoma; COAD_MAC: colon mucinous adenocarcinoma; COAD_RCC: colon adeno-
carcinoma (reticular cell carcinoma) or colon signet ring cell carcinoma; CRC: colorectal carcinoma; ESCA: esophageal carcinoma; ESCA_EAC:
esophageal adenocarcinoma; ESCA_ESCC: esophageal squamous cell carcinoma; GBM: glioblastoma multiforme; GIC: gastrointestinal cancer or
glioma initiating cells; GLIOMA: glioma; HNSC: head and neck squamous cell carcinoma; HNSC_LSCC: head and neck laryngeal squamous cell
carcinoma; HNSC_OSCC: head and neck oral squamous cell carcinoma; KICH: kidney chromophobe; KIRC: kidney renal clear cell carcinoma;
KIRP: kidney renal papillary cell carcinoma; KRCC: kidney renal clear cell carcinoma; LIHC: liver hepatocellular carcinoma; LUAD: lung adeno-
carcinoma; LUSC: lung squamous cell carcinoma; NSCLC: non-small cell lung carcinoma; PAAD: pancreatic adenocarcinoma; PAAD_PADC: pan-
creatic adenocarcinoma (pancreatic ductal adenocarcinoma); PCPG: pheochromocytoma and paraganglioma; PCPG_PHEOCHROMOCYTOMA:
pheochromocytoma; PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma; SKCM: skin cutaneous melanoma; SKCM_MCM: skin cuta-
neous melanoma - metastatic cutaneous melanoma; SKCM_PCM: skin cutaneous melanoma - primary cutaneous melanoma; STAD: stomach adeno-
carcinoma; STAD_DGA: stomach differentiated gastric adenocarcinoma; STAD_SRCC: stomach signet ring cell carcinoma; THCA: thyroid carci-
noma; THCA_CPTC: thyroid classic papillary thyroid carcinoma; UCEC: uterine corpus endometrial carcinoma; UCEC_EEA: uterine corpus endo-
metrioid endometrial adenocarcinoma; UCEC_SEA: uterine corpus serous endometrial adenocarcinoma
Figure 10 Integrating pan-cancer analysis of the TCGA database and immunohistochemical experiments to evaluate the expres-

sion of CTSG in OSCC
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