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Abstract

Background Notch1 exhibits a high mutation rate in head and neck squamous cell carcinoma (HNSCC), but its
functional role in nasopharyngeal carcinoma (NPC) invasion and metastasis remains incompletely understood. This
study systematically investigates the function and molecular mechanisms of Notch1 as a metastatic suppressor in
NPC.

Methods Notch1 expression levels were assessed in NPC tissue microarrays using immunohistochemistry, and
correlations with tumor differentiation and metastasis were analyzed. TCGA databases were mined to explore
mutation rates and sample clustering based on EMT-related gene signatures. Integrated analysis of TCGA and GEO
datasets identified Notch1-associated genes, enabling molecular classification of patients. Additionally, scRNA-seq
of NPC clinical samples was performed to validate the association between Notch1, stemness, and EMT features in
the tumor microenvironment. The biological functions of Notch1 were further examined in vitro using proliferation
(CCK-8, colony formation), migration and invasion (Transwell, wound healing) assays, as well as in vivo xenograft and
metastatic models. Molecular mechanisms were probed by examining EMT markers, Smad3 phosphorylation and
nuclear translocation, and protein-protein interactions via co-immunoprecipitation.

Results Immunohistochemistry revealed significantly reduced Notch1 expression in NPC tissues, closely associated
with poor differentiation and lymph node metastasis. TCGA analysis showed a 16.8% Notch1 mutation rate in HNSCC.
Consensus clustering based on EMT-related genes identified subgroups with significant differences in Notch'
mutation status. Using 181 Notch1-related genes from integrated datasets, patients were further classified into three
molecular subtypes (C1, C2, C3) with distinct prognosis, Notch 1 mutation rates, EMT status, immune landscapes, and
ferroptosis-related gene expression. Notably, the C2 subgroup exhibited the highest Notch1 mutation rate, enhanced
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EMT, poorest prognosis, and immune suppression.Consistent with these multidimensional datasets, sScCRNA-seq
analysis of primary NPC samples showed that Notch1-high tumor cells preferentially retained a differentiated
epithelial, low-EMT/low-stemness phenotype, further supporting an EMT- and metastasis-suppressive role of Notch'
in clinical tumors. Functionally, Notch1 was downregulated across multiple NPC cell lines; knockout of Notch1
significantly promoted NPC cell proliferation, migration, invasion, and EMT both in vitro and in nude mouse models.
Mechanistically, Notch1 loss increased EMT marker expression, augmented Smad3 phosphorylation and nuclear
translocation, all without altering total Smad3 levels. Notch1 intracellular domain was found to interact directly

with Smad3, while AKT and Smad3 interaction decreased upon Notch1 depletion, resulting in elevated Smad3

phosphorylation and EMT gene activation.

Conclusions Notch1 suppresses EMT and metastasis in NPC through regulation of the AKT/Smad3 pathway. These
findings provide novel insights for molecular classification and targeted treatment strategies in NPC.

Keywords Notch1, Molecular Subtyping, HNSCC, NPC, scRNA-seq, EMT, Smad3, AKT

Introduction

Nasopharyngeal carcinoma (NPC) is a malignant epi-
thelial tumor with a distinct geographic and ethnic dis-
tribution, particularly prevalent in Southeast Asia and
Southern China [1]. Despite advances in radiotherapy
and chemotherapy, local recurrence and distant metas-
tasis remain major challenges, underscoring the need to
elucidate the molecular mechanisms governing NPC pro-
gression and metastasis [2].

The Notch signaling pathway plays a key role in cell
fate determination, differentiation, and tissue homeosta-
sis [3]. Among the Notch family members, Notchl has
garnered significant attention in cancer research due to
its context-dependent dual roles in tumorigenesis [4, 5].
Notably, large-scale genomic studies have reported a high
mutation frequency of Notchl in HNSCC, with emerg-
ing evidence supporting its tumor-suppressive functions
in various epithelial malignancies [4]. However, the exact
role and molecular mechanisms of Notch1 in NPC inva-
sion and metastasis remain insufficiently understood.

One of the central mechanisms driving cancer dis-
semination is EMT, a process characterized by the loss
of epithelial features and acquisition of a mesenchymal
phenotype, thereby endowing tumor cells with enhanced
motility and invasive capacities [6, 7]. EMT is not only
critical for metastasis, but also intimately linked with
tumor plasticity, immune evasion, and resistance to ther-
apy [8]. Nevertheless, the upstream regulatory networks
and signaling crosstalk that control EMT activation in
NPC require further clarification.

Accumulating evidence suggests that loss-of-function
mutations or downregulation of Notchl can promote
oncogenic phenotypes through complex interactions
with other signaling pathways, such as Wnt, Hedgehog,
and TGF-Bf/Smad, as well as immune microenviron-
ment remodeling [9]. Recent studies indicate a potential
interplay between Notchl and the Akt signaling axis,
impacting both EMT progression and tumor—immune

interactions [10]. However, direct molecular evidence
delineating these mechanisms in NPC is lacking.

In this context, the present study systematically inves-
tigates the expression, mutation status, and clinical
relevance of Notchl in NPC using multi-omics bioinfor-
matics, clinical tissue microarrays, and functional cellu-
lar and animal models. We further explore the molecular
mechanisms underlying Notchl-mediated EMT regula-
tion, with a particular focus on the Akt/Smad3 axis.

Our findings aim to elucidate the tumor-suppressive
function of Notchl in NPC, provide novel insights into
molecular subtyping and therapeutic targeting, and offer
a conceptual framework for understanding the complex
cross-talk between signaling networks that drive NPC
metastasis.

Materials and Methods
TCGA and GEO Samples
RNA sequencing expression data, gene mutation infor-
mation, and related clinical data for head and neck squa-
mous cell carcinoma (HNSCC) were downloaded from
the TCGA database (https://portal.gdc.com). Mutation
data were processed and visualized using the R package
maftools to display the distribution of high-frequency
mutated genes, including Notch1, in HNSCC. An epithe-
lial-mesenchymal transition EMT-related gene set was
employed for consensus clustering analysis of the TCGA-
HNSCC cohort using the R package ConsensusCluster-
Plus. The maximum number of clusters was set to 6, with
80% of samples randomly resampled 100 times. The clus-
tering algorithm was hierarchical clustering (“hc”) with
the “ward.D2” linkage method. Based on the clustering
results, samples were stratified into distinct molecular
subgroups. Subsequently, gene expression heatmaps were
visualized using the R package pheatmap, including only
genes with a variance greater than 0.1.

The GSE127770 dataset was utilized to identify
Notchl-associated transcripts. This dataset comprises
expression profiles of the SJG6 OSCC cell line, which
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harbors a Notchl truncating mutation. By perform-
ing differential expression analysis between the control
group (Notchl-deficient) and the NICD-restored group
(Notchl-active), we screened for DEGs using selection
criteria of |log2FoldChange| > 1.3 and P<0.05. Concur-
rently, HNSCC-related gene sets (RGS) were retrieved
from GeneCards (Gifts score>50, Relevance score >5).
The intersection of the Notchl-related DEGs and RGS
yielded a Notchl-related gene set (NRGS, n=181). Con-
sensus clustering using these genes categorized patients
into three subgroups: C1, C2, and C3.

Comparative analyses among these subgroups were
conducted for multiple clinical and molecular features,
including prognosis (Kaplan Meier survival curves and
log-rank tests), clinical staging (N stage), Notchl muta-
tion status, stemness index, expression of ferroptosis-
related genes, immune cell infiltration, and immune
checkpoint molecules. The stemness index (mRNAsi)
was calculated using the OCLR algorithm, with Spear-
man correlation coefficients applied to evaluate RNA
expression correlation. The stemness index was nor-
malized linearly to a range between 0 and 1. The fer-
roptosis gene set was derived from authoritative review
literature. Immune cell type analysis was performed with
the immunedeconv R package, while immune therapy
response prediction was carried out using the TIDE algo-
rithm (Tumor Immune Dysfunction and Exclusion). Dif-
ferences in expression of immune-related genes, PI3K/
AKT signaling components, and key EMT molecules
were tested using appropriate statistical methods.

Correlation analysis two genes was performed using
the R package ggstatsplot, applying Spearman correlation
analysis, with P<0.05 considered statistically significant.

scRNA-seq Data Analysis

To investigate the expression patterns and functional
characteristics of Notchl in the NPC tumor microen-
vironment at single-cell resolution, we obtained the
raw scRNA-seq data from the GSE150825 dataset. This

Table 1 Clinical data of NPC patients correlated with Notch1
expression

Notch1 expression Total P-value
Low (n=67) High (n=50)
Age, years 0.124
<50 48 29 77
>50 19 21 40
Sex 0.650
Male 52 37 89
Female 15 14 28
lymph node Metastasis <0.001
No 18 46 64
Yes 49 4 53
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dataset comprises comprehensive single-cell transcrip-
tomic profiles of 66,627 cells derived from 14 NPC
patients.

Data processing and quality control: The raw gene
expression matrix was processed using the Seurat R pack-
age (version 5.0). Quality control was strictly performed
to filter out low-quality cells based on the following cri-
teria: (1) cells expressing fewer than 200 genes or more
than 6,000 genes; (2) cells with mitochondrial gene con-
tent exceeding 20%. After filtering, the data were normal-
ized using the NormalizeData function, and the top 2,000
highly variable features were identified via FindVari-
ableFeatures. To mitigate batch effects among different
patients, the Harmony integration algorithm was applied.
Principal Component Analysis (PCA) was performed
for dimensionality reduction, followed by cell clustering
using FindNeighbors and FindClusters (resolution=0.5).
The resulting clusters were visualized using Uniform
Manifold Approximation and Projection (UMAP). Cell
types were annotated based on the expression of canoni-
cal marker genes, including EPCAM (epithelial/tumor
cells), PTPRC (immune cells), CD3D (T cells), CD79A
(B cells), CD68 (myeloid cells), DCN (fibroblasts), and
PECAMI (endothelial cells).

Inferred Copy Number Variation (CNV) analysis: To
distinguish malignant tumor cells from non-malignant
epithelial cells, we inferred somatic copy number varia-
tions (CNVs) using the inferCNV R package. T cells from
the same patient were used as the reference normal pop-
ulation. The analysis was performed with a cutoff of 0.1,
and a dynamic threshold was applied for denoising.

Notchl-related functional analysis: Tumor cells were
stratified into Notchl-High and Notchl-Low groups
based on the median expression level of Notchl. Differ-
ential expression analysis was conducted using the Find-
Markers function (Wilcoxon rank-sum test) to identify
differentially expressed genes (DEGs) between the two
groups. To evaluate the differentiation potential and
stemness of tumor cells, we utilized the CytoTRACE
algorithm. CytoTRACE scores were calculated to predict
the developmental state of single cells, where a higher
score indicates a less differentiated (more stem-like)
state. Correlation analysis between Notchl expression
and CytoTRACE scores, as well as EMT markers (VIM,
EN1), was performed using Spearman’s rank correlation.

Tissue Samples

The tissue microarray (TMA) of NPC with detailed clini-
cal characteristics and long-term follow-up data was
obtained from Guilin Fanpu Biotech (Guilin, China, Nos.
1501 and 1502). A total of 117 NPCs were included in
the TMA; 64 NPC tissue samples lacked cervical lymph
node metastasis, while 53 NPC tissue samples had cer-
vical lymph node metastasis. Anti-tumor therapy was
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not administered to any of the patients prior to biopsy.
An overview of the TMA is provided in (Table 1). The
study on clinical tissue specimens was approved by the
Medical Ethics Committee of Renmin Hospital of Wuhan
University.

Cell Culture

Human NPC cell lines CNE-2, CNE-1, 6-10B, 5-8 F,
C666-1, and HNE-1 were obtained from Guangxi Medi-
cal University. All cell lines were cultured in RPMI 1640
medium (HyClone; Life Sciences, USA) supplemented
with 10% FBS (HyClone) at 37°C, 5% CO2.

Generation of Notch1-Modified NPC Cell Lines via shRNA,
CRISPR/Cas9 and Lentiviral Overexpression

For knockdown experiments, shNotchl oligonucleotides
were synthesized by Guangzhou Ruibo Co., Ltd., and
NPC cells (6-10B, CNE-1) were transfected with 100 nM
control siRNA or Notchl shRNA using Lipofectamine
2000 according to the manufacturer’s instructions.
Transfection was carried out for 4—6 h on the day after
plating, after which the medium was replaced with nor-
mal medium; cells were harvested 48 h post-transfection
for protein extraction. For Notch1 knockout, a CRISPR/
Cas9-targeted CNE-2 Notchl-/- stable cell line was con-
structed by Beijing Biocytogen Co., Ltd. (https://www.bb
ctg.com.cn/). Based on genomic analysis of CNE-2 cells,
exons 6-21 of the Notchl gene were replaced with anti-
biotic-resistant gene cassettes, which were selected by
antibiotic titration and karyotyping. Cas9/sgRNA-medi-
ated indels were also used to disrupt Notch1. The Notchl
coding sequence was divided into three fragments and
synthesized into the Cas9 plasmid pTV-hNotchl (puro)
containing sgRNA; fragments 1, 2, and 3 were ligated
into the TV-4G-EB vector using AIOTM. Cas9/sgRNA
activity was evaluated with the Universal CRISPR Activ-
ity Assay (UCA), and Notchl knockout cell lines were
obtained by electroporation, drug selection, isolation of
positive clones, sequencing, and expansion. For Notchl
overexpression, a lentiviral vector encoding Notchl and
GFP (Shanghai GeneChem Co., Ltd., Shanghai, China)
was used to infect 6-10B cells (2 x 1075 cells/well) at a
multiplicity of infection (MOI) of 20; negative control
(NC) cells were infected with control lentivirus. Stably
transduced NPC cell lines (CNE-1, 6-10B, CNE-2, 5-8 F)
were selected by culture for 1 week in complete medium
(RPMI-1640 supplemented with 10% FBS, ampicillin, and
kanamycin) containing puromycin (2 pg/ml).

Immunohistochemical Staining (IHC)

The two-step method was used for the immunohisto-
chemical analysis of Notchl expression. The slides were
dried, dewaxed, and rehydrated in a gradient concentra-
tion of ethanol. The slides were pretreated with citrate
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buffer for antigen retrieval, and then immersed in 0.3%
hydrogen peroxide to prevent endogenous peroxidase
activity. Subsequently, incubated with primary anti-
body overnight at 4°C, Rinsed with PBS for 5 min, then
incubated with secondary antibody (Poly-HRP Goat
anti-rabbit; Maixin Biotech, China) for 30 min at room
temperature. Dyed with 3, 3-diaminobenzidine (DBA) for
5 min, counterstained with Mayer’s hematoxylin, dehy-
drated, and mounted.

CCK-8 Assay

After digestion, the cells were inoculated into 96-well
plates at 2000 cells per well with five parallel holes in each
group. After the cells adhered to the wall, the working
medium was prepared with the CCK-8 reagent and cul-
ture medium at a ratio of 1:9. 100 u 1 was added to each
well instead of the original culture medium and incu-
bated at 37 C for 1 h. The absorbance (OD) was mea-
sured at the 450 nm wavelength of the enzyme labeling
instrument. Taking the OD value on day 0 as the start-
ing point, the OD value was measured every 24 h, and the
cell growth curve was drawn.

Clonogenic Growth

Inoculate 400-1,000 cells/well per experimental group
in 6-well plate culture plates. The culture was main-
tained for 14 days. After cloning, the cells were washed
once with PBS, 1 ml of 4% paraformaldehyde was added
to each well for 30 min, and washed once with PBS. Add
1 ml of crystal violet dye solution to each well and dye
for 15 min. The cells were washed several times with PBS,
allowed to dry, and photographed. To calculate the clonal
formation rate, positive clones were observed under a
microscope. Each clone had more than 50 cells, and the
number of clones was quantified.

Confocal Immunofluorescence

Cells in the logarithmic growth phase were plated in a
24-well plate and crawled on slides overnight. The slides
were washed with PBS and fixed with 4% paraformal-
dehyde (freshly prepared). The primary antibody was
incubated overnight at 4 °C; the secondary antibody
was incubated at room temperature for 1 h. After wash-
ing with PBS, a drop of 50% glycerol was dropped onto a
clean glass slide, the lobes were removed from the slide
onto the glycerol slide, and immunofluorescence laser
confocal microscopy was used to observe the cells on the
slide.

Western Blotting

The cells were harvested and lysed in buffer contain-
ing 1% Nonidet-P40, complete protease inhibitor cock-
tail (Roche), and 2 mM dithiothreitol. Lysates were
resolved using 10% SDS-PAGE and transferred to PVDF
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Fig. 1 Landscape of Notch1 alterations and the relevance to metastasis and EMT in HNSCC. A Schematic diagram illustrating the sites and frequencies of
NOTCH1 somatic mutations. B Summary of somatic mutation characteristics in the HNSCC cohort, including variant classification, variant type, SNV class,
variants per sample, and the top ten mutated genes. C Oncoplot depicting the mutation landscape of the HNSCC cohort (n = 494), with genes ranked
by mutation frequency. The bottom annotation bar indicates the expression groups. D Representative immunohistochemical (IHC) images of Notch1
expression in nasopharyngeal carcinoma (NPC) tissues with and without metastasis (Left). The bar chart shows the quantification of Notch1 expression
levels (Right). Data are presented as mean + SD (n = 75; *P < 0.05). E Representative IHC images of Notch1 expression in NPC tissues with poor, moderate,
and well differentiation (Left). The bar chart displays the quantification of Notch1 expression across differentiation grades (Right) (*P < 0.05). F Principal
Component Analysis (PCA) plot showing the distribution of the TCGA HNSCC cohort based on consensus clustering of EMT-related gene sets (Groups:
C1and C2). G Heatmap visualizing the differential gene expression patterns between the C1 and C2 subtypes. H Bar chart comparing the proportions of
Notch1 wild-type and mutant samples between the C1 (n =381) and C2 (n = 115) subgroups. Statistical significance was determined using the Pearson

Chi-square test (p = 0.049)

membranes. And then immuno-blotted with primary
antibodies at 4 °C for overnight. After immunoblotting
with secondary antibody (donkey anti-rabbit immuno-
globulin G, cat. no. 926-3221) at room temperature for
1 h, the membranes were scanned, and infrared imaging
was carried out using the Odyssey CLx Infrared Imaging
System (LI-COR, USA).

Transwell Assay

The Matrigel matrix glue (BD Company) was place on
ice and melted. According to the ratio of serum-free
medium: Matrigel glue =8:1, the Matrigel working solu-
tion was prepared and placed on ice. 80 pl working solu-
tion was used to spread glue in the upper chamber of
transwell chamber, and then placed at a constant tem-
perature of 37 ‘C for 2 h until Matrigel solidified. After
adjusting the cell concentration to 5x 10°/ml, 100 pl was
inoculated into the upper chamber, and 600 pl medium
containing 20% FBS was added to the lower chamber.
After 24 h of culture, excess cells in the upper room were
wiped off with a medical cotton swab, and the supraepe-
ndymal cells 30 min were fixed with 600 ul formaldehyde
at room temperature. 0.1% crystal violet staining 10 min,
pre-cooling PBS cleaning, drying the lower surface at
room temperature, then taking pictures under a positive
microscope.

Scratch Assay

Logarithmic growth phase cells were digested and
adjusted to a density of 5x10° / ml. Each well was
inoculated with 1 ml of the cell suspension in a six-well
plate. After the cells adhered to the wall and grew fully,
they were starved in serum-free medium for 12 h, and
the cell surface was marked perpendicular to the ori-
fice plate with 200 ul pipette, resulting in cell scratches.
The scratched cells were carefully removed. Images were
captured at different times (0, 24 h) under an inverted
microscope.

Animal Experiments

32 male nude mice (3—4 weeks old) were purchased from
the Vital River Laboratory Animal Technology (Bei-
jing, China) and raised under conditions free of specific

pathogens. Animal experiments were approved by the
Medical Ethics Committee of Renmin Hospital of Wuhan
University. After one week of adaptive feeding, nude mice
were randomly and equally distributed to the control and
experimental groups. The cells were suspended in serum-
free medium at a concentration of 1x10”/ml 0.1 ml of
cell suspension was subcutaneously injected into the
right axilla of each mouse. After 3 weeks, the mice were
euthanized and the transplanted tumors were removed.

Statistical Analysis

Statistical analyses were performed using SPSS version
16.0 software. For in vitro and in vivo experiments as well
as molecular data analysis, one-way analysis of variance
(ANOVA) was used for comparisons among multiple
groups, while Student’s t-test was used for comparisons
between two groups. Categorical data were compared
using the chi-square test or Fisher’s exact test. Survival
analysis was conducted using the Kaplan—Meier method,
and survival curves were plotted. A P value<0.05 was
considered statistically significant. For data analysis
of the TCGA HNSCC cohort, statistical significance
between two groups was assessed by the Wilcoxon rank-
sum test, while significance among three or more groups
was assessed by the Kruskal—Wallis test.

Results

Expression Characteristics of Notch1 in HNSCC and

Its Correlation with Tumor Progression and Immune
Microenvironment

To clarify the clinical and biological significance of
Notchl in head and neck squamous cell carcinoma
(HNSCC), we first examined its mutational landscape in
the TCGA-HNSCC cohort. Analysis of somatic muta-
tion data showed that NOTCH1 was mutated in 16.8% of
patients, ranking among the ten most frequently altered
genes in HNSCC, with missense mutations and single
nucleotide polymorphisms representing the predominant
alteration types (Fig. 1A—C). Consensus clustering based
on epithelial-mesenchymal transition (EMT)-related
genes further stratified the cohort into two molecular
subgroups (C1 and C2), which displayed significantly dif-
ferent NOTCH1 mutation frequencies (Fig. 1IF-H). These
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Fig. 2 Integrated analysis of Notch1 associated gene subtypes and phenotypes in HNSCC. A GSE127770 dataset examines gene expression profiles of
NOTCH1-truncating mutant OSCC cell line SJG6 before and after restoration of NICD (control vs. NICD group). Volcano plot illustrating differential gene
expression between the control and NICD-restored groups. B Heatmap visualizing the expression patterns of the differentially expressed genes identi-
fied in the GSE127770 dataset.. C Venn diagram displaying the intersection of differentially expressed genes from GSE127770 and HNSCC-related genes
obtained from GeneCards (Overlap n = 181). D Principal Component Analysis (PCA) plot showing the distribution of TCGA HNSCC samples based on the
consensus clustering of the 181 overlapping genes. Colors represent the three identified subtypes (C1, C2, and C3). E Consensus Cumulative Distribution
Function (CDF) plot for cluster numbers k = 2 to 6. F Plot of the relative change in area under the CDF curve for k =2 to 6. G Consensus clustering matrix
heatmap for k = 3. H Heatmap showing the gene expression profiles of the 181 overlapping genes across the three subtypes. | Kaplan-Meier curves
comparing Overall Survival (OS) among the three subtypes (C1: n = 135, C2: n = 198, C3: n = 170). P-value was calculated using the log-rank test (p =
0.048). J Stacked bar chart showing the distribution of pathological N stages (NO-N3) across the three subtypes (n = 485). Statistical significance was as-
sessed using the Pearson Chi-square test (p = 0.009). K Bar chart comparing the proportions of Notch1 wild-type and mutant samples among the three
subtypes (G1:n =134, G2: n = 196, G3: n = 166). The P-value indicates significance from the Pearson Chi-square test (p = 0.008). L Box plots displaying the
mMRNASsi scores (stemness index) for the three subtypes. The global P-value was determined by the Kruskal-Wallis test (p = 5.74e-22). ****P < 0.0001. M, N
Box plots showing the expression levels of ferroptosis-related genes across the three subtypes. Statistical significance levels are indicated by asterisks: *P

< 0.05, **P < 0.01, ***P < 0.001

findings indicate that NOTCHI1 alteration is a common
event in HNSCC and may be linked to EMT-associated
molecular heterogeneity.

To determine whether aberrant Notchl expression is
associated with metastatic progression in nasopharyn-
geal carcinoma (NPC), we next evaluated Notch1 protein
expression in NPC tissue microarrays by immunohisto-
chemistry. Notchl expression was markedly decreased in
NPC tissues and was significantly associated with tumor
differentiation status and lymph node metastasis (N
stage) (Figure 1D—E). These results suggest that reduced
Notchl expression is closely related to a more aggressive
clinicopathological phenotype and support a potential
metastasis-suppressive role for Notchl in NPC.

To identify downstream transcriptional programs
regulated by Notchl, we analyzed the GSE127770 data-
set and compared Notchl-deficient cells with cells in
which Notchl signaling was restored (SJG6+NICD). This
comparison identified 508 differentially expressed genes
(DEGs) associated with Notchl activity (Figure 2A-B).
Intersecting these genes with 6,086 HNSCC-related
genes from the GeneCards database yielded a Notchl-
related gene set (NRGS) of 181 genes (Figure 2C). Based
on the expression pattern of this NRGS, consensus clus-
tering further divided the samples into three subgroups,
designated C1, C2, and C3 (Figure 2D—H). These results
define a robust Notchl-associated transcriptional sig-
nature that captures molecular heterogeneity across
HNSCC samples.

To assess the clinical and biological relevance of these
Notchl-related subgroups, we performed multidimen-
sional analyses integrating survival, clinicopathologi-
cal characteristics, stemness, ferroptosis, and immune
features. Significant differences were observed among
the three subgroups in overall survival (Fig. 2I), N stage
(Fig. 2J), NOTCH1 mutation status (Fig. 2K), tumor
stemness index (mRNAsi) (Fig. 2L), ferroptosis-related
gene expression (Fig. 2M-N), immune cell composi-
tion (Figure S2A-D), and immune checkpoint expres-
sion (Figure S2E). Among these subgroups, C2 exhibited

the highest NOTCH1 mutation frequency and the worst
overall survival. These data indicate that the Notchl-
related classification is clinically meaningful and iden-
tifies a subgroup with particularly aggressive disease
behavior.

To further interpret the biological features of the C2
subgroup, we examined differentiation status, stem-
ness, EMT characteristics, and immune contexture. As
NOTCHLI is a key regulator of squamous differentiation
in HNSCC, and its mutations are predominantly loss-of-
function events, disruption of NOTCHI likely contrib-
utes to dedifferentiation. Consistent with this concept,
the C2 subgroup displayed a significantly increased
mRNAsi score together with a shift toward a mesen-
chymal phenotype, characterized by reduced epithelial
markers and increased mesenchymal markers and EMT-
related transcription factors (Figure SIA-E). In addi-
tion, C2 showed reduced infiltration of CD8+T cells,
increased proportions of immunosuppressive M2 mac-
rophages, and markedly elevated TIDE scores (Figure
S2). These findings suggest that NOTCHI1 dysfunction
is associated not only with enhanced stem-like and EMT
features but also with the establishment of an immuno-
suppressive, immune-evasive microenvironment, thereby
helping to explain the poor prognosis observed in this
subgroup.

To explore potential signaling mechanisms down-
stream of Notchl, we next analyzed the expression of
key regulators involved in the PI3K/AKT pathway. Dif-
ferential expression analysis revealed significant altera-
tions in multiple PI3K/AKT-related molecules, including
transcription factors, cell-cycle regulators, and apop-
tosis- and proliferation-associated proteins, across the
three subgroups (Figure S3). These results suggest that
Notchl may interact closely with the PI3K/AKT sig-
naling axis and that this pathway may contribute to
Notchl-mediated regulation of EMT and the immune
microenvironment.

Overall, our results demonstrate that Notchl is fre-
quently altered and downregulated in HNSCC/NPC and
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that its dysfunction is associated with lymph node metas-
tasis, EMT activation, stemness enhancement, PI3K/
AKT pathway dysregulation, and an immunosuppressive
tumor microenvironment. Together, these data support a
tumor-suppressive role for Notchl in NPC progression
and highlight its potential value as both a prognostic bio-
marker and a therapeutic target.

Single-cell Transcriptomic Analysis Supports that Notch1
Suppresses Stemness and Metastatic Potential in NPC by
Maintaining Epithelial Differentiation

To overcome the limitations of using HNSCC datasets
and to more precisely characterize the role of Notchl
in the nasopharyngeal carcinoma (NPC) microenviron-
ment, we analyzed a publicly available single-cell RNA
sequencing (scRNA-seq) dataset of NPC patients. Spe-
cifically, we obtained the raw scRNA-seq data from
the GSE150825 dataset and performed downstream
single-cell transcriptomic analysis. UMAP visualiza-
tion revealed the cellular landscape of NPC, identifying
a distinct cluster of epithelial tumor cells together with
diverse immune and stromal populations (Fig. 3A).

To rigorously confirm the malignant identity of these
epithelial cells, we inferred somatic copy number varia-
tions (CNVs) using inferCNV. The analysis revealed
extensive genomic instability in the epithelial cluster
compared to reference T cells. Specifically, we observed
widespread chromosomal alterations across the genome,
a hallmark of malignancy, in contrast to the stable
genome of immune cells (Fig. 3B). This genomic evidence
confirms that the analyzed epithelial cluster consists of
bona fide malignant NPC tumor cells, validating the suit-
ability of this dataset for investigating tumor-intrinsic
mechanisms.

Having validated the malignant identity of these cells,
we next sought to clarify the functional consequence of
Notchl expression within the tumor population. We
stratified tumor cells into Notchl-High and Low sub-
populations and performed differential expression analy-
sis. As expected, Notchl was significantly upregulated
in the High group. However, classical EMT drivers and
mesenchymal markers, such as VIM and FN1, showed
no significant upregulation and were retained in the non-
significant range (Fig. 3C). This suggests that Notchl
expression is uncoupled from the transcriptional activa-
tion of the EMT program in NPC.

To further elucidate the cellular state regulated by
Notchl, we applied CytoTRACE to predict the differen-
tiation potential of tumor cells. Surprisingly, NOTCH1-
High cells exhibited significantly lower predicted
stemness scores (indicating a more differentiated state)
compared to the Notchl-Low group (Fig. 3D). Consis-
tently, correlation analysis revealed a significant negative
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correlation (R=-0.56,P<0.001) between Notchl expres-
sion and the CytoTRACE stemness score (Fig. 3E).

Taken together, these single-cell data provide compel-
ling clinical evidence that Notchl functions to maintain
a differentiated epithelial phenotype in NPC. Its loss (or
low expression) is associated with a dedifferentiated,
high-stemness state, which is a prerequisite for EMT and
metastasis, thereby corroborating our in vitro findings
that Notchl acts as a metastasis suppressor.

CRISPR/Cas9-Mediated Notch1 Knockout in CNE-2 Cells
Promotes EMT and Metastasis In Vitro and In Vivo

We tested Notchl protein expression in six NPC cell
lines (CNE2, 5-8F, CNE1, 6-10B, C666-1, and HNE1)
(Figure 4A). To define the function of Notchl in NPC, we
generated a CRISPR/Cas9-mediated Notch1 knockout in
the NPC cell line CNE-2 and established a stable CNE-
2-Notchl1-/- cell line (Figure 4B). The expression levels
of Notchl were verified at both the mRNA and protein
levels (Figure 4C). Clonogenic growth and CCK-8 assay
were carried out, and the results showed that the prolif-
erative capacity increased after Notchl knockout (Figure
4D-E). The migration ability was significantly increased
compared with the control group, and the scratches were
healed after 24 hours (Figure 4F-G); The invasive ability
in the Notchl-/-group compared with the control group
increased significantly (Figure 4G). This evidence struc-
turally confirms that Notchl knockout may promote
the occurrence of invasion and migration of NPC cells.
To evaluate the role of Notchl in vivo, we established
a subcutaneous xenograft model in nude mice using
CNE-2-Notchl-/- cells (Figure 4H). Cells were injected
subcutaneously into the right flank of nude mice, and
the animals were maintained under SPF conditions for
4 weeks. Tumor volume was significantly greater in the
CNE-2-Notch1-/- group than in the control group. We
further evaluated EMT marker expression in xenograft
tissues by immunohistochemistry (Figure 4I). Compared
with the control group, epithelial marker expression was
significantly decreased in the Notchl-/- group, whereas
mesenchymal marker expression was significantly
increased (Figure 4I).

Subsequently, The cytoskeletal protein F-actin was
stained by immunofluorescence staining, and it was
found that the cytoskeleton morphology changed after
Notchl knockout, which showed that the cell structure
was loose and morphological abnormal (Fig. 5A). EMT
markers were detected by western blotting and immuno-
fluorescence respectively (Fig. 5B-C). The expression of
epithelial markers expression in the Notchl™/~group was
significantly decreased compared to that in the control
group, while mesenchymal markers expression increased
significantly, which was also supported by the immuno-
fluorescence experiment. These results indicated that
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Fig. 3 Single-cell transcriptomic analysis reveals that Notch1 expression is associated with epithelial differentiation and dissociated from EMT in NPC. A
UMAP projection of the NPC tumor microenvironment, visualizing major cell populations including epithelial tumor cells, T cells, B cells, myeloid cells, and
fibroblasts. B Inferred CNV heatmap distinguishing malignant epithelial cells (Observations, bottom) from reference T cells (References, top). The extensive
genomic instability (red/blue patterns reflecting chromosomal amplifications and deletions) across the genome confirms the malignant identity of the
identified epithelial cluster. C Volcano plot of differentially expressed genes (DEGs) between Notch1-High and Notch1-Low tumor cells. While Notch1 is
significantly upregulated (red triangle), classical EMT markers such as VIM and FN1 show no significant upregulation (grey area), indicating that Notch
expression does not drive the EMT program. D Violin plot comparing CytoTRACE differentiation scores. Notch1-High cells exhibit significantly lower
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role of Notch1 in suppressing dedifferentiation-associated plasticity

Notch1 significantly inhibited the invasive ability of NPC
cells through the inhibition of EMT.

Based on these results, it could be speculated that
Notchl knockout induced NPC EMT in vivo and in vitro.

Lentiviral Notch1 Overexpression in CNE-2 Cells Inhibits
EMT and Tumor Invasion In Vitro and In Vivo

To further confirm the functional impact of Notch1l over-
expression on the invasiveness of NPC cells, we used

a lentiviral vector to generate a stable Notchl-overex-
pressing CNE-2 cell line (CNE-2-lvNICD1) (Fig. 5D)
The invasive ability and EMT markers were detected
by transwell and western blot assays, respectively. The
number of cells passing through the membrane was sig-
nificantly decreased compared with that in the control
group in both the invasion and migration assay (Fig. 5E).
Meanwhile, the expression of EMT epithelial molecu-
lar markers E-cadherin and ZO-1 were higher than that
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Fig.4 CRISPR/Cas9-mediated Notch1 knockout in CNE-2 cells promotes EMT and metastasis in vitro and in vivo A Western blot analysis of Notch1 protein
expression in six NPC cell lines (CNE2, 5-8F, CNET, 6-10B, C666-1, and HNET). B Schematic diagram of the CRISPR/Cas9 gene-editing strategy, illustrating
the wild-type (WT) allele and the targeted allele with the PuroR cassette insertion. C Verification of Notch1 knockout efficiency. Top: Table summarizing
the indel mutations in clones D6 and G5. Middle: RT-gPCR analysis of Notch1 mRNA levels in WT and knockout clones. Bottom: Western blot confirming
the absence of Notch1 protein in D6 and G5 clones. D Representative images of colony formation assays for WT and Notch1-/- CNE-2 cells. E Cell prolifera-
tion curves determined by CCK-8 assay at 0, 24, 48, and 72 hours. F Representative images of the wound healing scratch assay at 0 h and 24 h. G Transwell
migration and invasion assays. Top: Representative micrographs of migrated and invaded cells stained with crystal violet. Bottom: Bar charts showing the
quantification of cell numbers per field. (**P < 0.01). H In vivo tumorigenesis and metastasis analysis. Top: Macroscopic photographs of subcutaneous
tumors excised from the WT and Notch1-/- groups (n = 8 mice per group). Bottom: Bar chart comparing the tumor volumes (*P < 0.05). I Representative
immunohistochemical (IHC) staining images of EMT-related markers (E-cadherin, ZO-1, and Vimentin) in the excised tumor xenograft tissues from WT
and Notch1-/- groups

in the control group, while the expression of mesen- To evaluate the role of Notchl in vivo, we established
chymal marker vimentin were lower (Fig. 5F). Similar a subcutaneous xenograft model in nude mice using
results were obtained for immunofluorescence detection = CNE-2-lIvNICD1 cells. The size of the primary tumors
(Fig. 5G). These results further demonstrated that Notchl  were evaluated. The results showed that the volume of
played a tumor suppressor role in NPC and may inhibit  the transplanted tumors was significantly smaller in
NPC metastasis by inhibiting the EMT phenotype.
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Validation of the EMT-Suppressive Role of Notch1 Across
NPC Cell Lines with Distinct Metastatic Potential

To determine whether the EMT-suppressive effect
of Notchl is generalizable across NPC, we included
three other NPC cell lines with different invasion and
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(See figure on previous page.)

Fig.5 Notch1 regulates EMT and metastasis in NPC cell lines in vitro and in vivo A Representative immunofluorescence images showing F-actin (red) cy-
toskeletal staining and DAPI (blue) nuclear counterstaining in wild-type (WT) and Notch1-/- CNE-2 cells. B Western blot analysis of epithelial (E-cadherin,
Z0-1) and mesenchymal (Vimentin) markers in WT and Notch1-/- CNE-2 cells. GAPDH was used as a loading control. C Representative immunofluores-
cence staining of E-cadherin (green), ZO-1 (red), and Vimentin (red/blue) in WT and Notch1-/- CNE-2 cells. D Western blot analysis confirming the overex-
pression efficiency of Notch1 in CNE-2 cells transduced with the empty vector or lentiviral NICD (Notch1 intracellular domain). E Transwell migration and
invasion assays for Vector and NICD CNE-2 cells. Left: Representative images of migrated and invaded cells. Right: Bar charts showing the quantification
of cell numbers per field. (**P < 0.01). F Western blot analysis of EMT-related markers (E-cadherin, ZO-1, Vimentin) in Vector and NICD CNE-2 cells. G Rep-
resentative immunofluorescence staining of E-cadherin (green), ZO-1 (red), and Vimentin (red) in Vector and NICD CNE-2 cells. H In vivo tumorigenesis
assay. Left: Macroscopic images of xenograft tumors excised from the Vector and Lv-NICD1 groups (n = 8 mice per group). Right: Tumor growth curves
showing volume changes over time. (*P < 0.05). | Western blot analysis of Notch1 and NICD1 protein expression in 6-10B and CNE1 cells transduced with
empty vector or shNotch1. J Representative images of Transwell invasion assays for 6-10B and CNE1 cells in the Vector and shNotch1 groups. K Western
blot analysis of EMT markers (E-cadherin, ZO-1, N-cadherin, and Vimentin) in 6-10B and CNE1 cells upon Notch1 knockdown. L Western blot validation of
NICD1 overexpression in 5-8F cells transduced with empty vector or Lv-NICD1. M Representative images of Transwell invasion assays for 5-8F cells in the

Vector and Lv-NICD1 groups. N Western blot analysis of EMT markers (E-cadherin, ZO-1, and Vimentin) in 5-8F cells upon Notch1 overexpression

metastasis capabilities (5-8 F, CNE-1, and 6-10B). Based
on their different metastatic abilities, we constructed
5-8 F-IvNICD1, CNE-1-shNotchl, and 6-10B-shNotch1
(Fig. 51, L). We then detected the changes in invasiveness
after Notchl knockdown and overexpression, as well as
the changes in EMT markers. Compared with the control
group, the number of cells passing through the mem-
brane increased significantly in the Notchl knockdown
group (Fig. 5]). In the western blot assay, E-cadherin and
ZO-1 expression decreased significantly, while vimen-
tin expression was significantly increased in the Notchl
knockdown group (Fig. 5K). In the control group, the
transwell assay showed that the number of cells passing
through the membrane was lower in both Notchl over-
expression group (Fig. 5M). In the western blot assay,
E-cadherin and ZO-1 showed higher expression, while
vimentin expression were lower compared with the
Notchl overexpression group (Fig. 5N). These results
were consistent with the previous results. Notchl was
negatively correlated with the occurrence of NPC EMT,
and was suspected to play a role as a tumor suppressor in
NPC metastasis. These results, together with the CNE-2
gain- and loss-of-function models, indicate that Notchl
consistently suppresses EMT and invasive behavior
across NPC cell lines with distinct metastatic potential.

Notch1 Regulates Smad3 Phosphorylation and Nuclear
Translocation in NPC Cells
Following the phenotypic and preliminary mechanis-
tic explorations, we further explored the downstream
molecular mechanism of Notch1. We performed Western
blot analysis to detect downstream molecules in Notchl
knockout cells compared to the control group (Fig. 6A),
and found that P-Smad3 showed a significant difference,
suggesting a close relationship with Notchl. Conse-
quently, we performed correlation analysis between the
two using TCGA data. TCGA data analysis additionally
showed a significant positive correlation between Notch1
and SMAD3 expression (Fig. 6B).

To further investigate the tumor-suppressive role
of Notchl in NPC, we further analyzed the molecular

mechanism of Notchl and its downstream Smad3
interaction. Our results demonstrated that following
Notchl knockout in CNE-2 cells, total Smad3 expression
remained unchanged while p-Smad3 levels increased.
Further subcellular fractionation revealed that Notchl
depletion led to a reduction of total Smad3 in the cyto-
plasm and a concurrent accumulation of total Smad3
in the nucleus (Fig. 6C). Immunofluorescence also con-
firmed that p-Smad3 was predominantly localized in the
nucleus of Notch1-deficient cells (Fig. 6D).

To validate these findings, we treated cells with a spe-
cific Smad3 inhibitor (SIS3). EMT marker detection
indicated that Notchl knockout increased the expres-
sion of E-cadherin and ZO-1 while decreasing vimentin
expression, and these changes were reversed upon SIS3
treatment (Fig. 6E).Transwell assays showed that Notchl
knockout enhanced cell invasion, whereas SIS3 treat-
ment reduced this invasive ability to nearly control levels
(Fig. 6F).

Conversely, in Notch1-overexpressing CNE-2-lvNICD1
cells, p-Smad3 levels were significantly decreased while
total Smad3 remained unaffected. Subsequent nuclear
and cytoplasmic extraction further demonstrated that
Notchl overexpression resulted in an accumulation
of total Smad3 in the cytoplasm and a corresponding
decrease in the nucleus (Fig. 6H), a result further sup-
ported by immunofluorescence staining (Fig. 6I). Upon
treatment of these cells with the Smad3 activator TGEp1,
invasion abilities were enhanced (Fig. 6G), accompanied
by downregulation of E-cadherin and ZO-1 and upregu-
lation of vimentin (Fig. 6]J) Taken together, these results
demonstrate that Notchl regulates EMT in NPC cells by
modulating the phosphorylation and nuclear transloca-
tion of Smad3, thereby affecting the metastatic and inva-
sive capabilities of NPC cells.

Notch1 Regulates Smad3 Phosphorylation and Modulates
Smad3/AKT Interaction

Previous studies have reported that AKT can inter-
act with the non-activated form of Smad3. We hypoth-
esized that upon Notchl knockout, Smad3 dissociates
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Fig. 6 Notch1 regulates Smad3 phosphorylation and nuclear translocation in CNE2 cells. A Western blot analysis of downstream signaling molecules
(PI3K-p110a, Notch3, Notch4, Hes1, P-ERK, NF-kB, Total-Smad3, and P-Smad3) in wild-type (WT) and Notch1-/- CNE-2 cells. GAPDH was used as a loading
control. B Scatter plot with marginal density diagrams displaying the correlation between NOTCH1 and SMAD3 mRNA expression levels. The Spearman
correlation coefficient (p=0.36), P-value (p=1.15x10e—13), and sample size (n=405) are indicated. C Western blot analysis of total and phosphorylated
Smads3 levels (Left) and subcellular fractionation of Smad3 (Right) in WT and Notch1-/- cells. Histone H3 and GAPDH were used as nuclear and cytoplas-
mic loading controls, respectively . D Representative immunofluorescence images of Smad3 (green) and DAPI (blue) in WT and Notch1-/- cells. E Western
blot analysis of EMT markers (E-cadherin, ZO-1, Vimentin) in CNE-2, Notch1-/-, and Notch1-/- cells treated with the Smad3 inhibitor SIS3. F Representa-
tive images of Transwell invasion assays for CNE-2, Notch1-/-, and Notch1-/- + SIS3 cells. G Representative images of Transwell invasion assays for CNE-2,
CNE-2-IvNICD1, and CNE-2-IvNICD1 cells treated with TGF-31. H Western blot analysis of total and phosphorylated Smad3 levels (Left) and subcellular
fractionation of Smad3 (Right) in Vector and Lv-NICD1 cells. | Representative immunofluorescence images of Smad3 (green) and DAPI (blue) in Vector and
Lv-NICD1 cells. JWestern blot analysis of EMT markers (E-cadherin, ZO-1,Vimentin) in CNE-2, CNE-2-IvNICD1, and CNE-2-IvNICD1 cells treated with TGF-31

from AKT, becomes phosphorylated and activated, and
then translocates into the nucleus to promote the EMT
process. To test this hypothesis, CNE-2-Notch1-/- cells
were treated with the AKT agonist insulin and the Smad3
inhibitor SIS3. The results showed that P-Smad3 expres-
sion was significantly increased in Notch1 knockout cells,
decreased following SIS3 treatment, and elevated again
upon subsequent addition of insulin (Fig. 7A). Similarly,

Transwell assays demonstrated that Notchl knock-
out promoted cell invasion and migration, which were
reduced after SIS3 treatment and then enhanced again
with insulin supplementation (Fig. 7B). The changes in
EMT-related markers followed the same trend: E-cad-
herin and ZO-1 were downregulated and vimentin was
upregulated after Notch1 knockout, while SIS3 treatment
upregulated E-cadherin and ZO-1 and downregulated
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between AKT and Smad3 in wild-type (WT) and Notch1-/- CNE-2 cells

vimentin; insulin once again promoted EMT marker
changes (Fig. 7C).

Moreover, in Notchl-overexpressing CNE-2-lvNICD1
cells, treatment with the AKT inhibitor Perifosine and
the Smad3 agonist TGFP1 produced consistent results in
the opposite direction: Notchl overexpression reduced
P-Smad3 expression, which was increased by TGFfp1
and decreased again by Perifosine. The effects on cell
invasion, migration, and EMT molecular markers were
also opposite to those observed in the knockout group
(Fig. 7D-F).

Co-immunoprecipitation assays showed that Smad3
binding to AKT was markedly reduced after Notchl
knockout, and immunofluorescence confirmed their co-
localization in cells (Fig. 7G-H). Collectively, these results
suggest that Notchl regulates the interaction between

Smad3 and AKT, thereby modulating Smad3 phosphory-
lation and the EMT process.

Discussion
Notchl exhibits a high mutation rate in head and neck
cancers and is widely recognized as a tumor suppressor
gene [3, 11]. Our study confirms that Notchl functions
as a tumor suppressor in NPC and significantly impacts
tumor invasion and metastasis. Using genetic knockout
in cell lines, xenograft animal models, and clinical tissue
microarrays, we demonstrated that decreased Notchl
expression is closely associated with more aggressive
phenotypes in NPC, particularly by enhancing tumor
metastatic potential.

One of the core mechanisms of cancer metastasis is
epithelial-mesenchymal transition (EMT) [6-8]. This
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study systematically verified that Notchl negatively reg-
ulates the EMT phenotype in NPC cells: Notchl knock-
out markedly promoted cell proliferation, migration,
and invasion, as well as expression changes in EMT-
related markers, while Notchl overexpression inhibited
these malignant characteristics. In vivo models further
validated the pivotal role of Notchl in regulating NPC
metastasis.

Although the tumor-suppressive function of Notchl
has been reported by several studies, its precise mecha-
nisms remain incompletely understood. Existing lit-
erature suggests that loss of Notchl may trigger the
activation of other pathways such as Wnt and Hedge-
hog [9, 12, 13]. In addition, there is potential crosstalk
between the Notch pathway and immune evasion [14—
16]. In our study, we found that Notchl knockout sig-
nificantly affects the phosphorylation status of Smad3.
Further molecular docking analysis indicated that
Notchl can form a stable complex with Smad3, and the
loss of Notch1 leads to increased Smad3 phosphorylation

and nuclear translocation, suggesting that Notch1l might
suppress Smad3 activation by directly binding to it.

Combining previous studies, which show that Akt
binds to the non-activated form of Smad3 [13, 17, 18],
we hypothesized that Notchl maintains the interaction
between Smad3 and Akt in NPC cells. Loss of Notchl
disrupts this interaction, causing Smad3 to dissociate
from Akt, become phosphorylated and activated, and
translocate into the nucleus, thereby inducing EMT and
promoting metastasis. Co-IP experiments and molecu-
lar docking provided further evidence that after Notchl
knockout, the association between Smad3 and Akt is
substantially reduced, supporting this hypothesis.

Based on the results of this study, we propose a molec-
ular mechanism model for Notch1 as a tumor suppressor
in NPC (Fig. 8]): Notchl binds to non-activated Smad3,
maintaining its association with Akt and suppressing
Smad3 phosphorylation and nuclear translocation. Loss
of Notchl disrupts this suppression, releasing activated
Smad3 to drive the EMT process and thus promote
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tumor invasion and metastasis. This mechanism offers a
novel perspective and molecular basis for understanding
Notch1’s role in the malignant progression of NPC.

Although significant progress has been made in the
study of the Notch signaling pathway, there are currently
no FDA-approved targeted therapies for this pathway.
The future development of Notch-related biomarkers
and rational combination treatment strategies remains a
critical research direction. Our study deeply elucidates
the mechanism by which Notch1 influences Smad3 phos-
phorylation, providing a theoretical basis for precision
targeting of Notch in therapy.

However, this study has certain limitations, as most
experiments were based on cell lines and subcutaneous
xenograft models, lacking validation in more clinically
relevant metastasis models. Furthermore, the complex-
ity of the tumor microenvironment and the complete
Notchl-associated signaling network warrant further
investigation. The heterogeneity of Notchl across differ-
ent tissues and patient populations also requires valida-
tion in larger cohorts.

Notably, in our molecular subtyping analysis based
on clustering of 181 candidate genes, the C2 subgroup
showed significantly worse survival outcomes and nota-
ble upregulation of EMT-related genes. Meanwhile, the
C2 group displayed typical features of an immunosup-
pressive microenvironment: the lowest CD8 + T cell infil-
tration, the highest abundance of immunosuppressive
M2 macrophages, and elevated TIDE scores, indicating
enhanced immune evasion. Increasing evidence shows
that tumor subtypes with active EMT features often
coexist with immunosuppressive environments, mutu-
ally promoting each other and collectively facilitating
tumor metastasis and therapeutic resistance. EMT not
only enhances cellular migratory and invasive capacities
but may also promote immune escape by upregulating
immune checkpoint molecules and reducing antigen pre-
sentation, forming a “cold tumor” state and posing chal-
lenges for immunotherapy in the clinic.

Further analysis revealed that despite showing
enhanced EMT activity and immune suppression, the C2
subgroup had the lowest mRNAsi score. This indicates
a substantial heterogeneity in the mechanisms of malig-
nant progression among molecular subtypes of NPC.
For the C2 subtype, malignant progression may be more
dependent on EMT activation and immune remodel-
ing rather than classical stemness properties, consistent
with some reports that EMT-dominated subtypes score
lower for stemness. The mRNAsi score is mainly based
on embryonic stem cell expression features and may not
fully represent all mechanisms driving malignant pro-
gression. These results reflect the complexity and diver-
sity of molecular subtypes and biological behaviors in
NPC.

Page 17 of 18

In summary, this study not only confirms the tumor-
suppressive role of Notchl in NPC but also elucidates its
mechanism in regulating EMT and the immune micro-
environment via the Smad3/Akt axis, providing novel
insights for understanding NPC metastasis and guiding
therapeutic strategies.
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