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Comprehensive pan-cancer
analysis reveals NTN1 as an
immune infiltrate risk factor and its
potential prognostic value in SKCM

Fuxiang Luan'*, Yuying Cui'*, Ruizhe Huang?, Zhuojie Yang? & Shishi Qiao***

Netrin-1 (NTN1) is a laminin-related secreted protein involved in axon guidance and cell migration.
Previous research has established a significant connection between NTN1 and nervous system
development. In recent years, mounting evidence indicates that NTN1 also plays a crucial role
in tumorigenesis and tumor progression. For instance, inhibiting Netrin-1 has been shown

to suppress tumor growth and epithelial-mesenchymal transition (EMT) characteristics in
endometrial cancer. To further elucidate the influence of genes on tumors, we utilized a variety
of machine learning techniques and found that NTN1 is strongly linked to multiple cancer types,
suggesting it as a potential therapeutic target. This study aimed to elucidate the role of NTN1
in pan-cancer using multi-omics data and explore its potential as a prognostic biomarker in
SKCM. Analysis of the TCGA, GTEx, and UALCAN databases revealed significant differences in
NTN1 expression at both the mRNA and protein levels. Prognostic value was evaluated through
univariate Cox regression and Kaplan—Meier methods. Mutation and methylation analyses were
conducted using the cBioPortal and SMART databases. We identified genes interacting with and
correlated to NTN1 through STRING and GEPIA2, respectively. Subsequently, we performed GO
and KEGG enrichment analyses. The results suggested that NTN1 might be involved in crucial
biological processes and pathways related to cancer development and progression, including
cell adhesion, axon guidance, immune response, and various signaling pathways. We then
explored the correlation between NTN1 and immune infiltration as well as immunotherapy using
the ESTIMATE package, TIMER2.0, TISIDB, TIDE, TIMSO, and TCIA. The relationship between
NTN1 and tumor heterogeneity, stemness, DNA methyltransferases, and MMR genes was also
examined. Lastly, we constructed a nomogram based on NTN1 in SKCM and investigated its
association with drug sensitivity. NTN1 expression was significantly associated with tumor
immune infiltration, molecular subtypes, and clinicopathological features in various cancers.
Genetic analysis revealed that Deep deletions were the most common type of NTN1 alteration.
Additionally, a positive correlation was observed between NTN1 CNAs and its expression levels.
In most cancers, NTN1 showed positive correlations with immune and stromal scores, as well

as with specificimmune cell populations. Its predictive value forimmunotherapy response

was comparable to that of tumor mutational burden. Furthermore, NTN1 exhibited positive
correlations with tumor heterogeneity, stemness, DNA methyltransferase genes, and MMR
genes. In SKCM, NTN1 was identified as an independent risk factor and demonstrated potential
associations with multiple drugs. NTN1 exhibits substantial clinical utility as a prognostic marker
and indicator of immune response across various tumor types. This comprehensive analysis
provides insights into its potential implications in pan-cancer research.
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NTN1, also known as Netrin-1, located on human chromosome 17p13.1, encodes a 604-amino acid protein!.
Belonging to the Netrin family, NTN1 is crucial for nervous system development, particularly in axon guidance
and cell migration’. NTN1 is a critical protein in nervous system development and a significant player in
cancer biology. Its abnormal regulation can lead to various malignancies, making it a potential target for cancer
diagnosis, prognosis, and therapy”.

NTNI plays a crucial role in various tumors by influencing multiple aspects of cancer progression*™1°. In
breast cancer, high NTN1 expression is linked to increased proliferation, migration, and invasion of cancer cells.
This promotion of survival and growth is mediated through interactions with its receptors, activating signaling
pathways such as PI3K/Akt and MAPK/ERK*. In colorectal cancer, high NTNI1 levels activate the ERK and
PI3K/Akt pathways, enhancing the immunosuppressive activity of MDSCs and facilitating tumor progression
by effectively inhibiting T cell antitumor responses®. Similarly, in pancreatic cancer, NTN1 overexpression
leads to NF-kB activation and subsequent upregulation of SENP1. Inhibition of NF-kB results in decreased
SENP1 expression, indicating that NTN1 promotes pancreatic cancer cell proliferation and survival through
NF-xB-mediated SENP1 upregulation®. In non-small cell lung carcinoma, high NTN1 expression correlates with
tumor progression and poor prognosis. NTN1 induces EMT in NSCLC cells by downregulating E-cadherin and
upregulating N-cadherin and vimentin, significantly enhancing invasion, migration, and vasculogenic mimicry
capabilities’. NTN1 overexpression activates the ERK and PI3K pathways via receptor interactions, promoting
tumor cell proliferation and survival in gastric cancer®. Glioma growth is facilitated by NTN1 through the
NTNI1-UNC5A-NF-kB axis, leading to increased cell proliferation, migration, and resistance to apoptosisg. In
prostate cancer, the high expression of NTN1 and its dependence receptor UNC5B significantly enhances cancer
cell proliferation, migration, and invasion, emphasizing the critical role of NTN1-UNCS5B interactions in tumor
progression?.

Previous studies have paid limited attention to the connection between NTN1 and tumors. Moreover, the
role of NTNI1 in tumor immunity and its regulation of the tumor microenvironment (TME) remains unclear.
This research aimed to thoroughly examine the potential importance of NTN1 across various tumor types
by integrating multi-omics data from pan-cancer studies. We conducted a detailed investigation into NTN1,
exploring its expression variations, prognostic relevance, genetic mutations, methylation status, pathway
enrichment, immune landscape, immunotherapy potential, tumor heterogeneity, tumor stemness, and more.
Additionally, we developed a nomogram based on NTN1 expression levels specifically for SKCM and examined
the correlation between NTN1 and drug sensitivity or resistance. By adopting a pan-cancer approach, we
obtained extensive insights into the role of NTNI1. Our results strongly indicate that NTN1 may be a valuable
biomarker for tumor diagnosis, prognosis, and a promising therapeutic target. This comprehensive analysis
enhances our understanding of the potential clinical significance of NTN1 in tumor management.

Materials and methods

Data collection and analysis of expression levels

We leveraged multiple databases and resources to examine the expression data of NTN1 in both normal and
tumor tissues. Normal tissue expression data was obtained from the GTEx database (https://www.gtexportal.o
rg/)*. Gene expression levels in tumor cell lines were obtained from the CCLE database (https://portals.broadi
nstitute.org/ccle/)!2. Expression data for 33 types of tumors and normal tissues were obtained from the Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). Because of the limited number of normal
tissues available in TCGA, we downloaded a harmonized pan-cancer dataset, known as the PANCAN cohort,
from UCSC for further analysis (https://xenabrowser.net/)!*. Samples for differential analysis were sourced from
Solid Tissue Normal, Primary Solid Tumor, Primary Tumor, Normal Tissue, Primary Blood Derived Cancer-
Bone Marrow, and Primary Blood Derived Cancer-Peripheral Blood. Tumor types with fewer than three tumor
or normal samples were excluded from the analysis. To investigate the protein levels of NTN1, we utilized the
CPTAC module of the UALCAN database (https://ualcan.path.uab.edu/index.html)'*. Additionally, we acquired
immunohistochemically stained tissue section images of NTN1 in various tumors from the HPA database
(https://www.proteinatlas.org/)!>, using the antibody HPA056419. We collected information on antibody
staining, intensity, and quantity for subsequent analysis.

Diagnostic and prognostic value and clinical correlation analyses of NTN1

To evaluate the diagnostic value of NTN1 in pan-cancer, we constructed receiver operating characteristic (ROC)
curves using combined cohorts from the TCGA and GTEx datasets, with the standard of area under receiver
operating curve (AUC) > 0.7. By integrating the expression data of NTN1 with relevant prognostic information,
including overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free
interval (PFI), we conducted Cox proportional hazards regression analysis using the coxph function from the
“survival” package. To determine the optimal cut-off value for NTN1 in specific tumor types, we employed the
“maxstat” package, setting the minimum sample number in each group to be more than 25% and the maximum
sample number to be less than 75%. Based on this cut-off value, patients were divided into two groups, and
Kaplan-Meier (KM) curves were generated for prognostic analysis. We also utilized ROC curves to evaluate
the performance of NTN1 in predicting survival probabilities at 1-, 3-, and 5-year intervals. Furthermore, we
explored the correlation between NTN1 expression and clinicopathological parameters, such as gender, grade,
stage, T stage, lymph node metastasis, and lymphatic invasion. In the SKCM cohort, we conducted prognostic
stratification analyses based on clinical parameters such as age, gender, lymph node status (N), distant metastasis
(M), and stage to investigate the value of NTN1 in SKCM. Univariate and multivariate Cox regression analyses
were performed to assess the independent prognostic value of NTN1 in SKCM. Additionally, we developed a
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nomogram incorporating NTN1 expression levels and clinical parameters to predict 1-, 3-, and 5-year survival
probabilities. The predictive accuracy of the nomogram was evaluated using calibration curves.

Mutation and methylation status of NTN1

Mutations in the NTN1 gene were examined utilizing the cBioPortal databas e (https://www.cbioportal.org/)'.
We analyzed the frequency and variety of genomic alterations in NTN1 across different tumor types and compared
the mutation counts among these tumors. Furthermore, we explored the relationship between NTN1 expression
and copy-number alterations, determining the correlation using Spearman or Pearson tests. Furthermore, we
utilized the “Mutations” module in the cBioPortal database to identify and display the mutation sites and types
in the NTN1 gene. To visualize the structure of the NTN1 protein, we obtained a 3D view of the protein (PDB
ID: 40VE) from the Protein Data Bank (http://www.rcsb.org/)!”. The ten genes exhibiting the highest mutation
rates in the NTN1 mutated group, as opposed to the NTN1 wildtype group, were identified and presented. We
employed the SMART database (http://www.bioinfo-zs.com/smartapp/) to investigate the connection between
NTNI and its methylation levels'®. With methylation data, we assessed the variations in methylation levels at
individual sites between normal and tumor tissues. Furthermore, we explored the link between NTN1 expression
and 10 distinct methylation sites. CNV and methylation analysis of NTN1 was analyzed by GSCALite (http://b
ioinfo.life.hust.edu.cn/web/GSCALite/), an open algorithm for integrating genomic and immunogenomic data
of 16 cancer types from TCGA, and normal tissue data from GTEx"

Functional enrichment and PPl network analysis of NTN1 in pan-cancers

STRING (https://cn.string-db.org/) online tool was used to conduct the protein-protein interaction (PPI)
network analysis of NTN12°. Additionally, we utilized the “Gene_Corr” module of the TIMER?2.0 database (http:
//timer.cistrome.org/) to explore the relationship between NTN1 and the aforementioned 10 genes across various
tumors?!. The correlation and p-values were adjusted based on tumor purity, and the results were visualized
using heatmaps. We used the “clusterProfiler” package to gene ontology (GO) (http://www.geneontology.org)
analysis (biological process, cellular component, and molecular function), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis (https://cn.string-db.org/) and Reactome pathways (https://rea
ctome.org), focusing on genes that interact with or are associated with NTN122. Additionally, we conducted GO,
KEGG, and gene set enrichment analysis (GSEA) related to NTN1 to identify the functional modules implicated
in SKCM.

Examination of the immune environment, tumor heterogeneity, stemness, MMRs, and
DNMTs

To comprehensively understand the relationship between the immune landscape and NTN1 across various
tumors, we analyzed immune-related scores, immune cell infiltration, immunomodulators, and tumor
immunophenotypes. Using the “ESTIMATE” package, we assessed the immune, stromal, and estimate scores
for different tumor patients. Additionally, to determine the correlation between NTN1 and specific immune
cell populations, we employed the TIMER2.0 webserver, which incorporates multiple algorithms such as
TIMER, CIBERSORT, quanTIseq, xCell, MCP-counter, and EPIC to estimate immune cell infiltration.
Moreover, we employed the TISIDB webserver (http://cis.hku.hk/TISIDB/) to investigate how NTN1 expression
correlates with diverse immune factors, including tumor-infiltrating lymphocytes (TILs), immunoinhibitors,
immunostimulators, MHC molecules, chemokines, and receptorsB. Through investigating these relationships,
we obtained a deeper understanding of how NTN1 expression interacts with the immune system. Furthermore,
we computed the tumor mutational burden (TMB) and measures of mutational and clonal intratumoral
heterogeneity (MATH) for all patients using the “TMB” and “inferHeterogeneity” functions within the “maftools”
package. We also extracted additional parameters related to tumor heterogeneity, such as microsatellite instability
(MSI), neoantigen load (NEO), tumor purity, ploidy, homologous recombination deficiency (HRD), and loss
of heterozygosity (LOH), from prior investigations®*?>. Additionally, we obtained stemness-related scores
from a previous study. These scores included RNAss and EREG.EXPss, which are based on gene expression, as
well as DNAss, DMPss, ENHss, and EREG-METHSss, which are derived from DNA methylation signatures?.
These scores offered valuable insights into the stemness traits of tumor samples. Finally, we used the TIMER2.0
database to examine the correlation between NTNT1 expression and five mismatch repair (MMR) genes as well
as four DNA methyltransferases, adjusting the correlation analyses for tumor purity.

Role of NTN1 in immunotherapy cohorts

The TIDE database (http://tide.dfci.harvard.edu/) serves as an online tool that assesses the likelihood of
tumor immune evasion by analyzing gene expression data?”?. In our research, we employed the “Biomarker
Evaluation” module to compare the biomarker value of NTN1 with other established biomarkers, examining
their predictive power for response outcomes in various immune checkpoint blockade (ICB) therapy cohorts.
Additionally, we used the TIDE database’s “Regulator Prioritization” module to investigate the relationship
between NTN1 and T cell dysfunction, as well as its impact on immunotherapy across different cohorts. This
analysis offered valuable insights into the potential role of NTN1 in immune regulation and its significance for
immunotherapy outcomes. The TIMSO database (http://tismo.cistrome.org/) features an extensive compilation
of 1518 samples derived from mouse models, encompassing 68 cell lines and 19 tumor types, particularly
emphasizing immune checkpoint blockade (ICB) studies®. We analyzed the expression levels of NTN1 both
before and after ICB treatment, comparing responders with non-responders across various tumor models.
Additionally, we investigated the alterations in NTN1 expression before and after cytokine treatment in different
cell lines. Furthermore, we used the TCIA database (https://tcia.at/) to examine the correlation between NTN1
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expression and immune phenotype scores (IPS), focusing on genotype-immunophenotype relationships and the
prediction of responses to ICB therapy>’.

Potential therapeutic agents targeting NTN1 in SKCM

Drug response information was sourced from three databases: GDSC (https://www.cancerrxgene.org/), CTRP
(https://portals.broadinstitute.org/ctrp/), and PRISM (https://depmap.org/portal/prism/)*~*3. To examine
the connection between NTN1 expression and the half-maximal inhibitory concentration (IC50) of potential
drugs, we conducted an analysis across eight SKCM cohorts. We identified the top 10 drugs that exhibited either
positive or negative correlations with NTN1 and presented the findings using heatmaps.

Statistical analysis

We normalized gene expression data using log2 transformation. Comparisons between normal and cancer tissues
were evaluated using t-tests. For survival analysis, Kaplan-Meier curves, Cox proportional hazards models, and
log-rank tests were applied. Spearman’s or Pearson’s tests assessed correlations, with statistical significance set at
P <0.05. All statistical analyses were performed using R software (Version 4.2.1).

Results

Expression levels of NTN1 in pan-cancer

Initially, we conducted an analysis of NTN1 mRNA and protein levels in various tumor types to gain preliminary
insights into its role in carcinogenesis.

The CCLE database reveals significant differences in NTN1 expression across various cancer cell lines. In some
cell lines, NTN1 expression levels are relatively high, particularly in SARC, LUSC, KIRC, and LUAD. Conversely,
NTNI1 expression levels are relatively low in certain cell lines, such as BLC, SKCM, ALL, LCL, THCA, PRAD,
CESC, and CLL, where the median expression levels are relatively lower. In cell lines such as LAML, MESO,
ESCA, UCEC, PAAD, STAD, HNSC, and LGG, NTNI1 expression levels are intermediate (Fig. 1a).

The upregulated NTN1 mRNA expression was observed consistently in tumor tissues versus paired normal
tissues in the KICH, SKCM and LUSC, using the data directly from the TCGA dataset. While, downregulated
mRNA expression of NTN1 was also observed in BLCA, BRCA, COAD, KIRC, KIRP, LUAD, PRAD, STAD and
THCA. (Fig. 1b).

Comparative analysis of normal and tumor tissues in the TCGA database demonstrated that NTN1 was
significantly downregulated in most tumors, except for GBM, GBMLGG, LGG, LUSC, SKCM and KICH, where
it was upregulated (Fig. 1c).

To investigate the expression of NTN1 in human cancers better, we integrated normal tissue data from
the TCGA and GTEx databases with tumor tissue data from the TCGA database, the results indicate that it
is significantly upregulated in GBM, GBMLGG, LGG, LUSC, OV, PAAD, ALL, LAML, and KICH, while it is
significantly downregulated in UCEC, BRCA, CESC, LUAD, ESCA, STES, KIRP, KIPAN, COAD, COADREAD,
PRAD, STAD, HNSC, KIRC, WT, SKCM, BLCA, THCA, READ, TGCT, UCS, and CHOL (Fig. 1d).

We obtained immunohistochemical figures from the HPA database, displaying pan-cancer protein expression
patterns to further investigate NTN1 protein levels (Fig. Sla). The analysis indicated that NTN1 protein was
moderately to expressed in over 60% of samples across different tumor types (Fig. S1b).

Moreover, the CPTAC data base compared protein levels between normal and tumor tissues, revealing higher
NTNI1 protein expression in GBM, while lower expression was observed in BRCA, COAD, OV, KIRC, HNSC
(Fig. 1e).

Pan-cancer analysis of the diagnostic and prognostic value of NTN1

To estimate the diagnostic value of NTN1, we conducted the receiver operating characteristic (ROC) analysis
in pan-cancer based on the dataset from TCGA and GTEx. NTN1 had a certain accuracy (AUC>0.700) in
predicting at least these 13 cancers: READ (AUC : 0.956), COAD (AUC : 0.947), THCA (AUC : 0.892), BLCA
(AUC:0.884), ESCA (AUC: 0.859), KIRP (AUC: 0.842), KIRC (AUC: 0.805), PRAD (AUC: 0.767), UCS (AUC
£ 0.763), SKCM (AUC : 0.756), TGCT (AUC : 0.737), STAD (AUC : 0.727), CESC (AUC : 0.719), highlighting
excellent diagnostic potential (Fig. 2).

We retrieved survival data from the TCGA database and performed univariate Cox regression and KM
analyses. OS analysis revealed that NTN1 was identified as a risk factor in multiple tumor types, including STAD,
THCA, SKCM, UVM and BLCA, while it acted as a protective factor for CESC, KIPAN, HNSC and KIRC patients
(Fig. 3a). KM plots displayed consistent results for OS, and NTN1 was found to be a risk factor for OV, KIRP,
STES and MESO, while being a protective factor for ACC and THYM (Fig. S2a). Besides, NTN1 was negatively
associated with DSS in STES, KIRP, STAD, COAD, MESO, SKCM and UVM, while was positive in HNSC, KIRC
and THYM (Fig. 3b). KM analyses confirmed these findings, furthermore, NTN1 serves as a risk factor in BLCA,
COADREAD, and OV, while acting as a protective factor in ACC, LUSC, and SARC, which correlates with
prolonged survival periods (Fig. S2b). Furthermore, we evaluated the relationship between NTN1 and DFI. low
NTNI expression was associated with worse survival outcomes in SKCM and CHOL (Fig. 3c¢). Kaplan-Meier
analyses validated these findings. In CHOL, KIRP, PAAD, PRAD, and TGCT, high expression of NTN1 was
significantly correlated with longer disease-free intervals (DFI). Conversely, in LUAD, high expression of NTN1
was associated with shorter DFIs (Fig. S3a).

Similarly, in terms of PFI, NTN1 was a significant risk factor for LGG, STES, TGCT, UVM, and BLCA, while it
was a significant protective factor in KIPAN, HNSC, KIRC, and THYM (Fig. 3d). Additionally, NTN1 was found
to be a detrimental factor in TGCT and THYM, while it serves as a risk factor in BLCA, COAD, COADREAD,
HNSC, KIRC, KIRP, LGG, PRAD, SARC, SKCM, STES, UCEC, UCS, and UVM (Fig. S3b). Finally, we assessed
the ability of NTN1 to predict the 1-, 3-, and 5-year survival rates of tumor patients using ROC analysis. The

Scientific Reports |

(2025) 15:3223 | https://doi.org/10.1038/s41598-025-85444-x nature portfolio


https://www.cancerrxgene.org/
https://portals.broadinstitute.org/ctrp/
https://depmap.org/portal/prism/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a.
, . !
; 1 " %
g A, - i
E | z i 1) | i
E X 2 aqld B : i * 4 1 :
: . i ik B ol !

It i W |
‘. o { 3 ¥ i 3
iy 2 ] 1 i } 1
o ) N : i 3 + . i 4 J
. |0 o . ¢ :
’ I I ‘ . N
o
X e ?‘Q’@O\’P IRY =L T L T L. T L TLC TL T TLC T T TLC T T T T L
< PENERET S EE CEEEEEEEicEEEEEEICEEEEEEE EE EE
:9?9 P S8 S° 82 SR 8@ SR SR° 8P 8P S8 SP 8@ SR g8 8¢
<
s °]
z 7 Group
g o] B Tumor
)
124
10
13 81
s 64
7 4] Group
E é: M Tumor
—2d
_ad
—6
Zgd
“104
12
SIS WP RTS Ses B S S B e RS R R S S B s S R P s s S R S B B
P AR S A A A A gy ARG N AN R R A A AN U X A A AR AV
N N W N LYY VLS LS LS
RN VAN @Y o (N N o N o N oF Y 00 N oY oF oF Y Y Y Y o o AT N N 00 Y N
S D DY 0N @ o @ o P N S @ S 9 et @Y SV At of VAT o
& & SR I I S i Y O e N N D MR AP A N P P A APPANIP IR
N 0 SISOV AN T AP APV LV SOV IR AP PN VM S AR NI SR
7 7 » S LS ARSI SN AR AR e 9
RS CAT T AT LI SLC LSS ESSCS ST L F LS NI S A M e S o
&8 &P E S P S E S FFG & O T T EES
S FE& e EFITEFE TS ~ oF < ¥
& B
e Expression of NTN1 across cancers (with tumor and normal samples)
67 1.40E-02 3.03E-08 1.75E-03  8.80E-38  2.16E-01 1.41E-01 5.09E-01 3.01E-10  3.48E-08
T
4 i _
H H
H H —
i - T
- —_ - - i _ _

o 27 i — 7 o 1 ] - T

2 ! HE P - i P T i i

S - H H . i i H ! H H H

N i !

04 H H - ¥
- H . H
1] | i ; P = =
- i i i P4 i = i
2 4 4 i i 4 L
-4

Breast cancer

Colon cancer

Ovarian cancer Clear cell RCC UCEC Lung cancer PAAD Head and neck Glioblastoma

CPTAC samples

Fig. 1. Expression levels of NTN1 in pan-cancer. (a) NTN1 expression in tumors using the CCLE database.
(b) NTN1 mRNA expression across The Cancer Genome Atlas (TCGA) tumor tissues compared with paired
normal tissues showed tumor-specific expression (blue point: normal, yellow point: tumor). (c) Comparison of
NTN1 mRNA expression between tumor tissues in TCGA and normal tissues in TCGA and GTEx databases
(red organ, tumor; blue organ, normal). (d) Difference of NTN1 mRNA expression between tumor tissues and
normal tissues in TCGA (red organ, tumor; blue organ, normal). (¢) NTN1 protein levels between normal and
tumor tissues using the UALCAN database (red organ, tumor; purple organ, normal). *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001; ns or -, not significant. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

results indicated that in KIRP, LGG, MESO, OV, SKCM, STAD, THCA and BLCA, the AUC values were greater
than 0.5, suggesting that NTN1 has some value in predicting patient survival (Fig. S4).

NTN1 expression across immune, molecular subtypes, and clinical features
Identifying tumor subtypes is essential for assessing prognosis and guiding personalized precision therapy. In
this study, we examined the relationships between NTN1 expression and immune and molecular subtypes in

Scientific Reports |

(2025) 15:3223

| https://doi.org/10.1038/s41598-025-85444-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

W)

ity (TPR)
s o -
2 S 3
g 3 8

Sensitivi
o
N
&

o
3
3

0.75

Sensitivity (TPR) Sensitivity (TPR)
o
o
a

Sensitivity (TPR)

READ

025 0.50
1-Specificity (|
ESCA

025 050
1-Specificity (|

ucs

0.25 0.50
1-Specificity (|
CESC

025 0.50
1-Specificity (

COAD THCA BLCA
1.00 1.00 1.00
z = —
o 075 Eors Tors
S S £
2 z 2
Zoso Zos0 Zos0
NTN1 K] NTN1 @ 025 NTN1 8 NTN1
AUC =0.956 0% AUC=0947 3 AUC = 0.892 30% AUC=0.884
95% Cl: 0.936 - 0.977 95% Cl: 0.928 - 0.966 o 95% CI: 0.872 - 0.931 95% Cl: 0.827 - 0.925
000 - 000 )~ 0.00 -
075 1.00 0.00 0.25 0.50 075 1.00 0.00 0.25 050 075 1.00 0.00 025 050 075 1,00
FPR) 1-Specificity (FPR) 1-Specificity (FPR) 1 -Specificity (FPR)
KIRP KIRC PRAD
1.00 1.00 1.00
' 3 '3
o075 o075 o075
S S S
> 2 Z
Zos0 Zos0 Zos0
NTN1 8 2 NTN1 2 025 NTN1 8 2 NTN1
AUC = 0859 30 AUC=0842 3 AUC = 0.805 3028 AUC =0.767
95% Cl: 0.829 - 0.894 95% CI: 0.795 - 0.913 95% Cl: 0.766 - 0.872 95% Cl: 0.724 - 0.811
0.00 .- 000 . J- 000 -
075 1.00 0.00 025 0.50 075 1.00 0.00 025 0.50 075 1.00 0.00 025 050 075 1.00
FPR) 1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)
SKCM TGCT STAD
1.00 1.00 1.00
= I &
£ o075 a 075 o075
E £ e
> z z
Zos0 £o50 ZFos0
NTN1 k- NTN1 I NTN1 B NTN1
2
AUC =0.763 &5) 025 AUC =0.756 302 AUC =0.737 30% AUC = 0727
95% Cl: 0.68 - 0.837 95% Cl: 0.699 - 0.793 95% CI: 0.673 - 0.796 95% ClI: 0.686 - 0.772
000 /- 000 .4~ 0.00 )
075 1.00 0.00 025 0.50 075 1.00 0.00 025 0.50 075 1.00 0.00 025 0.50 075 1.00
FPR) 1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)
NTN1
AUC=0.719
95% C: 0.587 - 0.809
075 1.00
FPR)

Fig. 2. (a) Diagnostic value of NTN1.

various tumors. The analysis demonstrates that NTN1 expression varies significantly across different subtypes
of BRCA, ESCA, HNSC, KIRP, LGG, OV, PCPG, SKCM, STAD, and UCEC, highlighting its potential role in
the molecular and clinical heterogeneity of these cancers, for example, in BRCA, the Basal subtype exhibits the
highest NTN1 expression and the HM-Indel subtype has the highest NTN1 expression in ESCA (Fig. S5a).
Furthermore, NTN1 expression has significant differential distribution across immune subtypes in BLCA,
CESC, COAD, GBM, HNSC, KIRC, LGG, LUAD, LUSC, PCPG, PRAD, READ, SARC, SKCM, STAD, TGCT,
UCEG, and UCS, with specific subtypes in each cancer type exhibiting notably higher or lower expression levels
(Fig. S5b). NTN1 expression is highest in the C2 subtype for BLCA, CESC, PCPG, and STAD, and in the C4
subtype for COAD, GBM, HNSC, LUAD, LUSC, READ, TGCT, UCEC, and UCS, suggesting that these high-
expression subtypes are associated with poorer prognosis.

Furthermore, we examined the association between NTN1 expression and clinicopathological parameters.
We observed elevated NTN1 expression in females with BLCA and LUAD, while in males with HNSC, LUAD,
LUSC, and MESO (Fig. S6a). Moreover, NTN1 expression significantly varies across different histological grades
in five cancer types, with higher expression in G2 compared to G1 in ESCC, G2 and G3 compared to G1 in
HNSC, G3 compared to G1 in KIRC, G3 compared to G1 in OSCC, and lower expression in G3 compared to
G1 and G2 in UCEC (Fig. S6b). In three cancer types, NTN1 expression varies significantly across tumor stages,
being higher in T2 than T1 in BLCA, in T2 and T3 compared to T1 in SKCM, and in T2, T3, and T4 compared
to T1in STAD (Fig. S6¢). In COAD, COADREAD and KIRP patients, NTN1 expression was higher in cases with
lymph node metastasis (Fig. S6d). We found that NTN1 expression is significantly higher in M1 compared to M0
in TGCT (Fig. S6e). Regarding tumor stage, NTN1 expression demonstrated an increasing trend with advanced
stages in BLCA, COAD, and STAD, while the opposite trend was observed in UCEC (Fig. S6f.). Meanwhile, we
found that NTN1 expression is significantly higher in cases with lymphatic invasion compared to those without
in COAD and COADREAD, and in cases with less than 50% tumor invasion compared to those with 50% or
more in UCEC (Fig. S6g).

Mutation and methylation status of NTN1

We examined the mutation status of NTN1 using the cBioPortal database, leveraging the TCGA pan-cancer
datasets. Analysis revealed that UCS and UCEC have the highest alteration rates, with significant contributions
from structural variants, mutations, amplifications, and deep deletions, while other cancers such as COAD,
SKCM, and SKCM show moderate alteration frequencies primarily due to mutations and structural variants
(Fig. 4a). The NTNI protein's 3D structure was displayed (Fig. 4b). Then, the types and sites of the NTN1
SNVs alterations are further presented in Fig. 4c. The deep deletion of NTN1 was the main type of genetic
alteration, marked in blue. These mutations are predominantly located in the Laminin_N domain and the
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Fig. 3. Prognostic value of NTNI1 in pan-cancer using TCGA database. Univariate Cox regression of NTN1
expression in the term of OS (a), DSS (b), DFI (c), PFI (d).

Laminin domains. A specific notable mutation, P459T, is found in the NTR domain (Fig. 4c). Subsequently,
we investigated the correlation between mutation count, copy number alteration (CNA), and gene expression
of NTNI1 across pan-cancer datasets. UCEC exhibits the highest mutation count for NTN1, primarily featuring
missense mutations, structural variants, amplifications, and both shallow and deep deletions, while ACC had
the lowest (Fig. 4d). There was a significant positive correlation between CNA and NTN1 expression across
multiple tumor types (Fig. 4e). Additionally, NTN1 mRNA expression levels were significantly higher in cases
with gene amplifications and gains, and lower in cases with deep and shallow deletions (Fig. 4f), indicating a
strong correlation between copy-number alterations and NTN1 expression. Besides, compared to the unaltered
group, the NTN1-altered group had higher mutation frequencies in TP53, PIK3R6, PIK3R5, DNAH9, MYHI10,
DNAH2, MYH2, MFSD6L, SPDYE4 and CCDC42 (Fig. 4g). Moreover, we examined the single nucleotide
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Fig. 4. NTN1 Mutation analysis in various tumors. (a) Genetic alteration frequency of NTNI1 in pan cancer
(green, Mutation; purple, structural variant; red, amplification; blue, deep deletion; gray, multiple alterations).
(b) The 3D view of the NTN1 protein. (c) Mutation sites of NTN1. (d) Mutation counts of NTNI. (e) The
correlation of NTN1 expression and copy-number values. (f) NTN1 expression difference among different
copy-number alterations. (g) The top ten genes with significant difference in mutation rate between NTN1
altered and unaltered groups (red, altered groups; bule, unaltered groups). (h) The waterfall plot showed the
mutation profile of NTN1 and its related genes across different cancer types. The tumor mutation burden is
marked on the top of the plot. The names of cancer types are located on the right side of the bottom, with
different mutation types on the left side. The names of genes are marked on the left. The stacked column chart
on the right represents the frequency of SNVs mutation types, with different colors indicating various SNV
mutation types. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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polymorphisms (SNVs) mutations of these genes across pan-cancer, including the missense mutation, frame
shift del, nonsense mutation, splice site, in frame del, frame shift ins, in frame ins, translation start site and multi
hit. The information of nucleotide variants was combined with 33 cancer types, including ACC, BLCA, BRCA,
CESC, CHOL, COAD, DLBC, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LAML, LGG, SKCM, LUAD, LUSC,
MESO, OV, PAAD, PCPG, PRAD, READ, SARC, SKCM, STAD, TGCT, THCA, THYM, UCEC, UCS, UVM. The
results revealed that the top 5 mutated genes were TP53 (76%), DNAH9 (16%), DNAH2 (11%), MYH2 (10%),
and MYH10 (5%). Among these, the most frequent type of mutation was missense mutation (dark blue symbol).
Additionally, the cumulative SNV frequency exceeded half in the following cancer types: GBM, HNSC, KIRP,
and LUSC (Fig. 4h).

We obtained data from the SMART database and conducted a comparative analysis between normal and
tumor tissues to assess the methylation status of NTN1 in pan-cancer. In ACC, BLCA, CHOL, KIRP, SKCM,
LUAD, LUSC, PAAD, and THCA, the methylation level of the NTN1 was significantly higher in tumor tissues,
while in KICH, LAML, OV, SKCM, and TGCT, it was lower (Fig. S7a). Additionally, an analysis was conducted
on 10 methylation sites, uncovering variations across different tumor types. Notably, cg00284375, cg12840740,
cg17133388, cg06505000, cg22956489, and cg01385253 displayed differences in more than 10 tumor types
(Fig. S7b). In addition, we explored the location of these probes on the genome and their distance from the
transcription start site of NTN1(Supplementary Table 1), and investigated whether CpG islands are present at
these probe locations by using the MethPrimer 2.0 website (http://www.urogene.org/methprimer/) (Fig. S7c¢).
Furthermore, we explored the relationship between NTN1 expression and methylation. The results revealed
significant correlations in 24 cancer types, with positive correlations observed in COAD, DLBC, READ, and
STAD, and negative correlations in ACC, BLCA, BRCA, CESC, CHOL, ESCA, HNSC, KICH, KIRP, SKCM,
LUAD, LUSC, PAAD, PCPG, PRAD, SARC, SKCM, TGCT, THCA, and UCEC. In the heatmap, STAD shows
significant associations with all methylation sites, exhibiting positive correlations with most, except cg14615768
and cg17072465 (Fig. S7d).

To further investigate the relationship between NTN1 and DNA methylation in pan-cancer, we used the
UALCAN database to compare the promoter methylation levels of the NTN1 gene in normal and tumor tissues.
The results showed that the promoter methylation level of NTN1 is higher in normal tissues for KIRC, KIRP,
and UCEC, whereas it is higher in tumor tissues for BRCA, COAD, SKCM, LUAD, LUSC, PRAD, and READ
(Fig. S8a). Herein, a significant increase in the CNV level of NTN1 was observed in BLCA, PRAD, HNSC,
SARC, SKCM, SKCM, LUSC, STAD, PCPG, CESC, OV, COAD, ESCA, BRCA and TGCT (Fig. S8b). We also
investigated the methylation level of NTN1 in pan-cancer. In PRAD, STAD, THYM, TGCT, ESCA, COAD,
THCA, READ, and BRCA, methylation is negatively correlated with NTN1 expression, while in LUSC, LGG,
SKCM, SKCM, LAML, PCPG, and HNSC, the opposite is observed (Fig. S8c).

NTN1-related networks and pathways

To elucidate the potential networks and pathways associated with NTN1, a total of the top 10 NTN1 targeted
binding proteins was collected through the String online tool (Fig. 5a). Subsequently, we analyzed the correlation
between the aforementioned proteins and NTN1 using the GEPIA2 database. The scatter plot analysis revealed
the 5 genes (DSCAM, DRAKI, DOCK, RGMB, NEOI) that displayed a highly positive correlation with NTN1
(Fig. 5b). The heatmap demonstrated the correlation between NTN1 and these genes across all tumor types.
In TGCT, these genes significantly correlate with NTN1, all positively except for DCC (Fig. 5c). Besides,
we identified some co-expressed genes in the cBioPortal database for GO, KEGG, and Reactome pathway
enrichment analysis. In the GO enrichment analysis, NTN1 is likely crucial for nervous system development
(axonogenesis, axon development), signal transduction (neuron projection guidance, synapse organization), and
cell-cell adhesion (regulation of cell-cell adhesion, adherens junction). It is also involved in immune response
and cytokine receptor activity, such as in the immune response-activating signaling pathway, cytokine receptor
activity, regulation of cell-cell adhesion, adherens junction, axonogenesis, and axon development (Fig. 5d). In
the KEGG enrichment analysis, NTN1 is involved in signaling pathways related to cell growth, differentiation,
proliferation, apoptosis, immune response, and nervous system development. These pathways include the
calcium signaling pathway, Rap1 signaling pathway, MAPK signaling pathway, Hippo signaling pathway, Ras
signaling pathway, and PI3K-Akt signaling pathway. Additionally, NTN1 is associated with various cancer-
related pathways, such as those in breast cancer, gastric cancer, pancreatic cancer, and hepatocellular carcinoma,
indicating its potential role in cancer initiation and progression (Fig. 5e). Additionally, according to the results
of the Reactome pathway analyses, NTN1 may play an important role in regulating protein synthesis, cellular
metabolism, and stress response (Fig. 5f).

Immuno-related analysis of NTN1 in pan-cancer

The “ESTIMATE” package was employed to evaluate immune, stromal, and estimate scores across various
tumors. We examined the association between these scores and NTN1 expression in pan-cancer. The results
showed a significant positive correlation between these scores and NTN1 expression in LGG, COAD, PRAD,
STAD, HNSC, BLCA, READ, OV, and UVM. Conversely, a significant negative correlation was observed in
SARC, KIPAN, and KIRC (Fig. 6a). To further illustrate this relationship, we selected the three tumors with the
highest correlation in stromal or immune scores and presented them in scatter plots. Notably, NTN1 displayed a
strong positive association with stromal score in COADREAD (R=0.53), STAD (R=0.52), and BLCA (R=0.51).
Similarly, it exhibited a positive correlation with immune score in COAD (R=0.36), READ (R=0.40), and BLCA
(R=0.36) (Fig. 6b, c). Moreover, the TIMER?2.0 database was utilized to explore the connection between NTN1
expression and immune cell infiltration. This heatmap shows that the majority of immune cells are significantly
positively correlated with NTN1 in most tumors (Fig. 6d). Notably, in STAD, 20 types of immune cells have a
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Fig. 5. (a) PPI network of NTN1 and its interacting protein performed through the String platform. (b) The
top ten genes with the highest correlation with NTNT1 in pan-cancer. (c) The heatmap of the relationship
between NTN1 and the above ten genes in various tumors (red, positive correlation; bule, negative correlation).
(d) GO analysis of NTNI. (e) KEGG analysis of NTN1. (f) The Reactome pathway analyses of NTN1. *< 0.05,
**P<0.01, ***P<0.001, and ns, not significant. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

significant correlation with NTN1. Among them, except for MDSC, common lymphoid progenitor, resting mast
cell, and resting NK cell, all show a significant positive correlation (Fig. 6e).

Subsequently, we investigated the relationship between NTN1 and immune checkpoints, including
immuinhibitors, immunostimulators, chemokines, and receptors. The results show that in many cancers,
most immunostimulators are significantly positively correlated with NTN1, such as in STAD, OV, and BRCA.
Conversely, in some cancers like KIRC and HNSC, certain immunostimulators are significantly negatively
correlated with NTN1 (Fig. S9a). Similarly, NTN1 shows a significant positive correlation with most chemokines
across various cancer types, particularly in STAD, BRCA, OV, and COAD (Fig. S9b). NTNI is significantly
positively correlated with most receptors across various cancer types, especially in STAD, COAD, READ, PRAD,
and UVM. In contrast, in cancers like KIRC and TGCT, certain receptors show a significant negative correlation
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with NTN1 (Fig. S9¢). Similarly, NTN1 shows a significant positive correlation with immunoinhibitors across
various cancer types (Fig. S9d).

Immunotherapy evaluation of NTN1

We conducted a comparative analysis of NTN1 and other published biomarkers, focusing on their predictive
power for treatment response and OS. The results indicate that the majority of biomarkers exhibit high AUC
values across many studies, except for TMB, T.Clonality and B.Clonality (Fig. 7a). Furthermore, we explored
the association between NTN1 and immunotherapy. In the TCGA Endometrial and Patel 2017 1, NTN1 was
found to be highly expressed according to the T dysfunction value in the core dataset and normalized Z score
calling from selection log2FC in the CRISPR screen dataset. Conversely, in the GSE12417_GPL570, METABRIC
and ICB_Liu2019_PD1 Ipi_Prog, NTN1 exhibited low expression according to T dysfunction value in the
core dataset and normalized Z score calling from Cox-PH regression in the immunotherapy dataset (Fig. 7b).
Moreover, we investigated the relationship between NTN1 and immunotherapy response. NTN1 demonstrated
predictive capabilities for the effects of immunotherapy in 6 cohorts utilizing an in vivo tumor model (Fig. 7¢c),
as well as for the response to cytokine treatments in 6 cohorts using in vitro cell lines (Fig. 7d). We analyzed
the relationship between NTN1 and IPS scores, including ips_ CTLA4_pos_PD1_pos, ips_CTLA4_pos_PD1_
neg, ips_CTLA4_neg PDI1_pos, and ips_CTLA4_neg PD1_ neg. The results indicated a positive correlation
between NTN1 and these four scores in PRAD, UCEC and KICH (Fig. 7e).

Association of NTN1 with tumor heterogeneity, stemness, MMRs, and DNMTs

To further elucidate the role of NTN1 in tumorigenesis, we meticulously examined its associations with tumor
heterogeneity, stemness, MMRs, and DNMTs. Tumor heterogeneity, a hallmark of malignant tumors, involves
diverse aspects such as growth rate, invasive potential, drug response, and prognosis, which are shaped by genomic
alterations. In the majority of tumors, NTN1 shows a significant correlation with these tumor heterogeneity-
related indicators, particularly with tumor purity (Fig. S10a). NTN1 demonstrated positive associations with
RNA-based stemness scores (RNAss and EREG.EXPss) in the majority of tumors, while it was positively
correlated with DNA-based stemness scores (DNAss, DMPss, ENHss, and EREG-METHSss) in CHOL, KIPAN
and KIRP (Fig. S10b). Notably, in KIPAN, NTN1 shows a significant positive correlation with both RNA-based
and DNA-based stemness scores. This suggests that NTN1 may play a crucial role in the tumorigenicity and
progression. Finally, we investigated the correlation between NTN1 and DNA mismatch repair genes (MLH1,
MSH2, MSH6, PMS2, and EPCAM), as well as DNA methyltransferases (DNMT1, DNMT3L, DNMT3A, and
DNMT3B). The heatmap analysis revealed significant positive correlations between NTN1 and these genes in
most tumors, particularly in KIRC, HNSC, and other tumor types (Fig. S10c).

Investigating the role of NTN1 in SKCM

To evaluate the prognostic significance of NTN1 across various clinicopathological subgroups, we performed a
stratified analysis. Patients were stratified based on age, gender, tumor stage, M stage and N stage. These results
indicate that high expression of NTN1 is generally associated with poor prognosis, particularly in younger
patients (age < =60), male patients, patients with pathological MO0 stage, and those with pathological NO&N1
stage. Additionally, patients with Stage III&IV pathological stages also show significantly worse prognosis with
high NTNI1 expression (Fig. 8a). Additionally, we conducted univariate and multivariate Cox regression analyses
to evaluate the independent prognostic significance of NTN1 alongside clinical parameters. The findings revealed
that NTN1 serves as an independent risk factor for SKCM (Fig. 8b). To enable personalized survival predictions,
we constructed a nomogram that integrates NTN1 expression along with other clinical parameters to estimate
1-, 3-, and 5-year survival probabilities in SKCM patients (Fig. 8c). The calibration curves demonstrated good
agreement between the predicted and observed OS, validating the reliability of the nomogram (Fig. 8d).

We further explored the possible pathways by which NTN1 might be implicated in SKCM through over-
representation analysis and GSEA. The over representation analysis revealed that NTN1 was primarily associated
with developmental process or anatomical structure development, as well as RNA or protein binding (Fig. 9a).
Additionally, the KEGG pathway analysis identified several signaling pathways, including calcium signaling
pathway and CAMs, malignant tumors, metabolic diseases, and metabolic pathways, in which NTN1 may play a
role in SKCM (Fig. 9b). Furthermore, GSEA analysis based on GO, KEGG, and HALLMARK pathways indicated
NTN1 was positively correlated with categories such as “Keratinization”, “Keratinocyte differentiation” and
“Extracellular matrix assembly”, while it showed negative associations with various cell cycle-related pathways
(Fig. 9¢c). The KEGG analysis revealed positive associations of NTN1 with pathways related to tumorigenesis,
tumor progression, certain metabolic pathways in SKCM (Fig. 9d). Consistently, the GSEA hallmark analysis
further highlighted the strong correlation between NTN1 and pathways such as Wnt beta catenin signaling, UV
response down, Apical surface in SKCM (Fig. 9e).

To investigate the relationship between NTN1 expression and drug resistance in SKCM, we performed
correlation analyses using NTN1 expression and three drug-gene databases (GDSC, CTRP, and PRISM) across
sixteen independent SKCM cohorts. The results indicate a consistent positive correlation between NTN1
expression and resistance to multiple drugs across different datasets, such as PLX-4720, Dabrafenib, Obatoclax
Mesylate, Selumetinib, and AZD1332. indicating that high NTN1 expression may indicate drug resistance in
SKCM (Fig. 9f).

Discussion

NTNI, a member of the laminin-associated secreted protein family, plays a pivotal role in the regulation of
neuronal guidance during nervous system development®****. Beyond its function in neuronal navigation, NTN1
is implicated in various cellular processes, including adhesion, motility, proliferation, and differentiation,
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Fig. 7. Immunotherapy response evaluation for NTN1. (a) Biomarker relevance of NTN1 compared to
standardized biomarkers on tumor immune evasion in ICB therapy cohorts. (b) The analyses of NTN1
associations with T cell dysfunction, and outcomes using ICB treatment. (¢) Immunotherapy response of
NTNI1 in vivo tumor model in murine ICB therapy cohorts. (d) Immunotherapy response of NTN1 in vitro
cell lines. (e) The association between NTN1 and IPS scores using the TCIA database. *P<0.05; **P<0.01;
PP <0.001.
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Fig. 8. The relationship between NTN1 and clinical features in SKCM. (a) Prognostic stratification analysis
based on age, gender, tumor grade, M stage, N stage and tumor stage. (blue line: low expression of NTN1,
red line: high expression of NTN1) (b) Univariate and multivariate Cox regression identified NTN1 as the
independent risk factor. (c) Construction of a nomogram to predict 1-, 3-, and 5-year survival probability. (d)
The calibration curves of the nomogram at 1-, 3-, and 5-year (blue line: 1-year survival status, red line: 3-year
survival status, green line: 5-year survival status, grey line: ideal line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).

which are critical for epithelial tissue development®**-*°. Despite these known functions, the role of NTN1 in
malignancies remains inadequately explored. This study represents the first comprehensive bioinformatics
analysis of NTN1 across multiple cancer types. Previous research has documented elevated NTN1 expression
in colorectal and gastric cancers®*, yet data on other malignancies are sparse. Our findings indicate that NTN1
is markedly upregulated in several cancers, including KICH, LIHC, and LUSC, while it is downregulated in
others such as BLCA, BRCA, and COAD. Prognostic analyses reveal that high NTN1 expression correlates with
poor outcomes in cancers such as STAD, THCA, SKCM, and BLCA, underscoring its potential as a negative
prognostic biomarker. Conversely, in cancers such as CESC and KIRC, NTNI1 exhibits protective properties,
suggesting that its prognostic value may be context-dependent and influenced by tumor-specific factors. Notably,
other members of the Netrin family, including NTN4*42 and NTN5%, have also been associated with adverse
prognoses when upregulated in tumors.

In this study, we systematically evaluated the biological networks and signaling pathways of NTN1 (Netrin-1)
through GO, KEGG, and Reactome analyses. These analyses revealed significant enrichment of NTN1 in
various crucial biological processes and signaling pathways, suggesting its potential key roles in nervous system
development, tumorigenesis, and immune regulation. GO analysis demonstrated that NTN1 is enriched in several
neuro-related biological processes (BP), including axonogenesis, axon guidance, neuron projection guidance, and
synaptic signaling. In terms of cellular components (CC), NTNI is significantly enriched in synapse-associated
structures such as postsynaptic specialization, postsynaptic density, and dendritic spines. Molecular function
(MF) analysis indicated that NTNT1 is significantly involved in various molecular binding activities, including
protein binding, G-protein coupled receptor activity, and metal ion transmembrane transporter activity. KEGG
pathway analysis showed that NTNI1 participates in multiple critical signaling pathways, including the calcium
signaling pathway, Ras signaling pathway, PI3K-Akt signaling pathway, and MAPK signaling pathway. These
pathways play pivotal roles in cell proliferation, differentiation, survival, and stress responses. Reactome analysis
further uncovered significant enrichment of NTN1 in biological networks such as rRNA processing, eukaryotic
translation elongation and initiation, and cellular responses to starvation. These results suggest that NTN1 may
play a vital role in protein synthesis and metabolic stress conditions. Additionally, the enrichment of NTNI in
immune-related pathways, such as eukaryotic translation termination and selenocysteine synthesis, indicates its
critical role in cellular responses to environmental changes.
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Fig. 9. Functional enrichment and drug sensitivity analyses for NTN1 in SKCM. (a) Top entries of the
enrichment results of GO terms related to NTNT1. (b) Top entries of the enrichment results of KEGG pathways
related to NTN1. Representative GSEA-GO enrichments (c), GSEA-KEGG enrichments (d), and GSEA-
Hallmarks (e) related to NTN1. (f) The correlation analysis between NTN1 and various drugs based on three
drug-gene databases (GDSC, CTRP, and PRISM) using 16 independent SKCM cohorts.

Research has shown that Netrin-1 is expressed in various regions of the central nervous system, including
during the development of the spinal cord and brain**. Additionally, Netrin-1 is involved in synapse formation
and the maintenance of synaptic stability, playing a crucial role in neuronal signaling and synaptic plasticity*’.
NTNI operates through multiple signaling pathways in cellular signal transduction. By binding to its receptor
DCC, NTN1 activates the PI3K-Akt signaling pathway, promoting cell survival and growth?. Moreover,
Netrin-1 influences cell proliferation and differentiation by activating the MAPK signaling pathway*’. The Src
family kinases play a critical role in cell motility and adhesions. NTN1, through its interaction with DCC or
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other receptors, activates the Src family kinase signaling pathway, thereby playing a pivotal role in neuronal
growth cone guidance. The cAMP/PKA pathway regulates various cellular processes, including cell proliferation
and migration®”. NTN1 can modulate cAMP levels to activate the PKA signaling pathway, thus regulating tumor
cell migration and invasion®. These mechanisms further elucidate the potential roles of NTN1 in tumor biology
and provide a theoretical foundation for its consideration as a therapeutic target.

Our mutation and methylation analyses further elucidate the regulatory mechanisms underlying NTN1
expression in cancer. In 32 tumor types, NTN1 mutations were identified in 25, exhibiting various alteration
types, including mutations, structural variants, amplifications, deep deletions, and multiple alterations. Notably,
deep deletions predominated among NTN1 variations and were observed in 13 tumor types, including UCS,
USEC, LIHC, STAD, SARC, COADREAD, SKCM, ACC, DLBCL, CESC, LUSC, ESAD, and LUAD. Deep
deletions of oncogenes play a critical role in tumorigenesis through multiple mechanisms, such as the loss of
tumor suppressor genes, genomic instability, disruption of cellular signaling pathways, deregulation of the cell
cycle, enhancement of anti-apoptotic mechanisms, and increased resistance to therapy. These mechanisms
collectively drive cancer initiation and progression®*2. Promoter region methylation can regulate gene
expression, with hypermethylation typically suppressing and hypomethylation promoting gene expression®.
In our analysis, we observed a negative correlation between NTN1 expression and specific methylation sites in
multiple cancers. These findings underscore the importance of investigating these specific methylation sites in
future studies. Additionally, the significant correlation between copy number variations and NTN1 expression
levels further supports the notion that genomic instability leads to its dysregulation. The differential methylation
patterns observed between normal and tumor tissues, along with the correlation between methylation levels and
NTNI expression, highlight the complex epigenetic landscape influencing NTN1 regulation.

DNA methylation regulates gene expression by silencing genes in promoter regions, and is involved in
genomic imprinting, allele-specific expression, and maintaining genome stability>®. In mammals, it is essential
for X-chromosome inactivation®. In cancer, aberrant methylation patterns disrupt gene expression, thereby
driving tumorigenesis®®.Even small-scale methylation changes in promoter regions can significantly affect gene
transcription by blocking transcription factor binding or altering chromatin structure. Minor methylation
changes in promoter regions may directly block the binding of transcription factors (SP1, AP-1) to DNA,
disrupting the foundational steps required for transcriptional activation®’. Additionally, methylation can recruit
methyl-CpG-binding proteins (MBD2, MeCP2), which further attract histone deacetylases (HDACs) and
other chromatin-modifying complexes. This process shifts chromatin from an open to a compact structure,
restricting the accessibility of transcriptional machinery and resulting in gene silencing®®. Studies also indicate
that minor methylation changes not only affect DNA itself but also induce widespread alterations in histone
modification patterns, such as the removal of active chromatin marks (H3K9ac and H3K4me3) and the addition
of repressive marks (H3K27me3), further reinforcing the repressive chromatin state®. In cancer, even subtle
methylation changes in promoter regions often mark the beginning of critical tumor suppressor gene silencing.
For instance, low-level methylation of the BRCA1 promoter is significantly associated with an increased risk
of breast cancer®. Similarly, in neurological and autoimmune diseases, minor promoter methylation changes
also play crucial roles. For example, aberrant methylation of immune-related gene promoters in systemic lupus
erythematosus (SLE) patients has been implicated in dysregulated gene expression and abnormal immune
responses®!. Promoter hypomethylation, even at a few CpG sites, can lead to gene silencing, particularly in
cancer-related genes. In colorectal cancer, minor methylation changes in promoter regions can disrupt the
transcription of key genes, driving disease progression®?. Additionally, subtle methylation changes in promoter
regions can induce alterations in histone modifications, further impacting gene expression significantly®. Thus,
minor methylation changes in promoter regions are not merely localized events but act as amplifiers in gene
regulation by blocking transcription factor binding, recruiting repressive complexes, and remodeling chromatin
structure. Even small-scale methylation changes can significantly influence gene expression by altering critical
nodes within the epigenetic network, ultimately driving disease progression.

Research on NTN1 methylation is limited, but previous studies have suggested that methylation-induced
silencing of NTN1 is commonly observed in various cancer types, particularly in colon cancer and breast cancer.
DNA methylation in the NTN1 promoter region can lead to transcriptional repression, thereby affecting NTN1
expression and promoting tumor aggressiveness, metastasis, and chemotherapy resistance®*®°. Our research
indicates that there are differences in the methylation levels of NTN1 between tumor samples and normal tissues
in some cancers, although the beta values are relatively low, which reflect a low degree of methylation. We
further analyzed the correlation between NTN1 promoter methylation and its mRNA expression. The results
show that even at lower methylation levels, NTN1 transcriptional activity is still influenced, suggesting that this
process may involve complex regulatory mechanisms. Further in-depth investigation is needed to explore these
mechanisms.

Immune analyses reveal that NTN1 expression is positively correlated with stromal, immune, and ESTIMATE
scores, as well as with immune infiltrating cells across various tumor types in multiple databases. CD8 + T cells
play a crucial role in tumor immune responses, exerting direct cytotoxic effects by recognizing and binding
to peptide-MHC I complexes on tumor cells during the early immune response®. Additionally, CD8+T cells
regulate the function of other immune cells by secreting cytokines such as interferon-gamma (IFN-y), thereby
enhancing the overall anti-tumor immune response®”’.CD4+ T cells are pivotal in modulating tumor immune
responses, shaping the tumor microenvironment, and being utilized in immunotherapy®®-"°. However, CD4+T
cells have dual roles in cancer. They include regulatory T cells (Tregs), which maintain immune tolerance and
preventautoimmunity. In the tumor microenvironment, Tregs are often recruited and expanded, suppressing anti-
tumor immune responses and promoting tumor growth’!. Some studies report that increased Treg infiltration
correlates with improved prognosis’>”3. Natural killer (NK) T cells are critical in anti-tumor immunity; attacking
tumor cells through direct cytotoxicity early in disease progression’*”>. They also interact with other immune
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cells, secreting cytokines, chemokines, and growth factors’®. Higher NK T cell infiltration is associated with
better prognosis in patients with solid malignancies’””. Macrophages have dual roles in cancer. Early in tumor
development, they can directly kill or inhibit tumor cell growth through phagocytosis and secretion of cytokines
like tumor necrosis factor-alpha (TNF-a), nitric oxide (NO), and reactive oxygen species (ROS)”8. As tumors
progress, macrophages are often reprogrammed into tumor-associated macrophages (TAMs), exhibiting pro-
tumor characteristics. TAMs mainly differentiate into M2 macrophages, secreting various growth factors such
as vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and transforming growth factor-
beta (TGF-B), promoting tumor angiogenesis, cell proliferation, and invasion”®-8!. Cancer-associated fibroblasts
(CAFs) are the main stromal cells in the tumor microenvironment (TME), promoting immunosuppression and
creating a supportive environment for tumors®2. Endothelial cells are a major source of CAFs®, contributing
to tumor metastasis®, and their proliferation provides protection for tumor cells®®. NTNT1 is also negatively
correlated with various immune-regulatory factors, chemokines, and receptors. Immune checkpoints play a
critical role in regulating immune responses. High expression of immune checkpoints in patients may indicate
activated immune cells, enhanced T cell activity, and improved tumor antigen presentation, leading to more
effective anti-tumor immune responses.

Previous studies have found that genes play a crucial role in the tumor microenvironment®. Through a
series of immunological analyses based on the TCGA database, we identified a significant correlation between
NTNI and immune infiltration across various cancer types. In COADREAD, cancer cells overexpress NTN1,
leading to the secretion of high levels of Netrin-1. This binds to A2BR on MDSCs, activating the cAMP/
PKA/CREB pathway, which subsequently drives the production and release of Argl, ROS, IL-10, and TGF-§,
thereby suppressing T cell function and promoting immunosuppression® (Fig. 10a). Interestingly, a recent
study demonstrated that in COAD and NSCLC, direct interactions between CAFs and cancer cells significantly
upregulate the expression of NTN1 and its receptor UNC5B. The increased secretion of Netrin-1 by CAFs binds
to UNC5B receptors on both CAFs and cancer cells, inducing IL6 secretion. IL6 then binds to its receptor on
tumor cells, activating the JAK2/STAT3 signaling pathway, enhancing cancer stem cell properties and tumor
plasticity®” (Fig. 10b). Similarly, Netrin-1 is highly expressed in BRCA and OV. On one hand, Netrin-1 binds to
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UNCS5B and DCC on cancer cells, activating pathways such as PI3K/AKT and MAPK/ERK, promoting cancer
cell survival and the accumulation of immunosuppressive cells like MDSCs. On the other hand, Netrin-1 binds
to UNC5B and DCC on MDSCs, inducing the release of inhibitory molecules such as ARG1, ROS, NO, iNOS,
TGEF-B, IL-10, IDO, and PGE2. These inhibitory molecules suppress T cell activity, weakening the immune
system’s anti-tumor response®® (Fig. 10c). In summary, building upon previous research, we further explored the
specific mechanisms by which NTN1 influences the tumor microenvironment, highlighting NTN1 as a potential
therapeutic target in cancers.

Earlier studies have shown that NTN1 is closely associated with mast cells in SKCM®, which aligns with our
findings. Mast cells secrete chemokines such as TNF-a and CCL5 to recruit immunosuppressive cells (MDSCs
and Tregs) to the tumor site, thereby inhibiting anti-tumor immune responses and aiding SKCM in evading
immune surveillance. Additionally, TGF-B produced by SKCM promotes the expression of the TIM-3 receptor
on mast cells, suppressing the secretion of IFN-y by T cells, which weakens the immune attack on the tumor
and facilitates melanoma progression. Chemokines such as CXCL12 released by mast cells promote the EMT of
melanoma, increasing their invasiveness and metastatic potential. Furthermore, proteases secreted by mast cells,
such as tryptase and chymase, degrade the extracellular matrix, assisting tumor cells in breaching the basement
membrane and facilitating the spread of melanoma cells to surrounding tissues®’. Our findings also indicate
a strong positive correlation between NTN1 and macrophages in SKCM. Cancer cells attract macrophages by
secreting chemokines such as CCL2 and CSF-1 in SKCM. In turn, these macrophages secrete factors like MMP-
9 and SPARC, which degrade the extracellular matrix, creating conditions conducive to melanoma invasion
and metastasis. Additionally, macrophages release pro-angiogenic factors such as VEGE which promote
neovascularization, supplying nutrients and oxygen to tumor cells. Simultaneously, macrophages secrete IL-10
and TGF-p, and highly express PD-L1, which binds to PD-1 on T cells, inhibiting T cell function and further
reinforcing the immunosuppressive nature of the tumor microenvironment®!.

Our study results indicate that NTN1 expression is negatively correlated with tumor mutational burden
(TMB), microsatellite instability (MSI), loss of heterozygosity (LOH), and homologous recombination deficiency
(HRD) in most tumors. TMB and MSI have emerged as effective biomarkers for predicting responses to tumor
immunotherapy®>?3. TMB is closely associated with the efficacy of PD-1/PD-L1 inhibitors and can serve as a
predictor of immunotherapy response®. Notably, our research suggests that the predictive value of NTN1 in
immunotherapy response can rival that of TMB. MSl is a clinically relevant tumor marker resulting from defects
in the DNA mismatch repair mechanism in tumors. HRD status is a critical indicator for treatment selection
and prognosis across various tumor types, closely linked to the sensitivity to platinum-based chemotherapeutics
and PARP inhibitors®. Additionally, we observed a positive correlation between NTN1 expression and tumor
stemness. Studies have shown that tumor stemness is positively correlated with tumor heterogeneity but
negatively correlated with anti-tumor immune response®. Stemness burden is a valuable prognostic predictor
for solid tumors®®, with high stemness burden being an independent predictor of recurrence®”. Therefore, NTN1
may influence the tumor immune microenvironment and treatment response by regulating cancer stem cells.

Our study has several limitations. The pan-cancer research data is derived from online open databases, which
may have limitations regarding data sources, sample size constraints, potential biases, and certain systematic
deviations. Additionally, the analysis did not account for other factors that might influence tumorigenesis
and tumor progression. Future research should incorporate clinical and epidemiological data to validate the
prognostic and diagnostic value of NTN1 in cancer, aiming to comprehensively enhance our understanding of
the disease. Moreover, the mechanisms by which NTN1 influences tumorigenesis and tumor progression require
further investigation through rigorous experimental studies.

Conclusion

In conclusion, this study provides a comprehensive pan-cancer analysis that confirms the potential role of NTN1
as a prognostic biomarker and predictor of immune response in cancer. NTN1 is associated with the tumor
microenvironment, immune regulation, immune cell infiltration, prognosis, and drug sensitivity across various
tumor types. These findings hold significant translational potential for cancer diagnosis and therapy. Therefore,
NTN1 may emerge as a novel biomarker for cancer diagnosis and prognosis, as well as a new therapeutic target
for future cancer treatment.

Data availability
RNAseq data in TPM format for TCGA and GTEx for pan-cancer and PAAD were provided by UCSC XENA
(https://xenabrowser.net/datapages/), which are publicly available.

Received: 25 August 2024; Accepted: 2 January 2025
Published online: 25 January 2025

References

1. Bruikman, C. S., Zhang, H., Kemper, A. M. & van Gils, J. M. Netrin family: Role for protein isoforms in cancer. J. Nucleic Acids
2019 3947123 (2019)

2. Opitz, R. etal. Functional zebrafish studies based on human genotyping point to Netrin-1 as a link between aberrant cardiovascular
development and thyroid dysgenesis. Endocrinology 156, 377-388 (2015).

3. Tao, H. X,, Yang, Y. X,, Shi, B. & Jia, Z. L. Identification of putative regulatory single-nucleotide variants in NTN1 gene associated
with NSCL/P. J. Hum. Genet. 68, 491-497 (2023).

4. Sheen-Chen, S. M., Tsai, C. H., Liu, Y. W. & Huang, C. C. Netrin-1 expression in breast cancer. J. Cancer Res. Pract. 6, 124 (2019).

5. Xia, X. et al. Netrin-1 promotes the immunosuppressive activity of MDSCs in colorectal cancer. Cancer Immunol. Res. 11, 600-613
(2023).

6. Liu, A. et al. Netrin-1 up-regulates SENP1 expression in pancreatic cancer cells through activation of NF-kappB.

Scientific Reports |

(2025) 15:3223 | https://doi.org/10.1038/s41598-025-85444-x nature portfolio


https://xenabrowser.net/datapages/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

27.
28.

29.
30.

31.

32.

33.
34.

35.

36.

37.

38.

39.
40.

41.

43.

44.

45.

46.

47.

49.

50.

51.

52.

. Zhang, X. et al. Netrin-1 elicits metastatic potential of non-small cell lung carcinoma cell by enhancing cell invasion, migration and

vasculogenic mimicry via EMT induction. Cancer Gene Ther. 25, 18-26 (2018).

. Yin, K. et al. Netrin-1 promotes gastric cancer cell proliferation and invasion via the receptor neogenin through PI3K/AKT

signaling pathway. Oncotarget 8, 51177-51189 (2017).

. Chen, J. Y. et al. Netrin-1 promotes glioma growth by activating NF-kB via UNC5A. Sci. Rep. 7, 5454 (2017).
. Kong, C, Liu, J,, Liu, L., Zhang, Z. & Guo, K. Interactional expression of netrin-1 and its dependence receptor UNC5B in prostate

carcinoma. Tumor Biol. 34, 2765-2772 (2013).

. GTEx Consortium. The genotype-tissue expression (GTEx) project. Nat. Genet. 45, 580-585 (2013).

. Ghandi, M. et al. Next-generation characterization of the cancer cell line encyclopedia. Nature 569, 503-508 (2019).

. Goldman, M. J. et al. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 38, 675-678 (2020).
. Chandrashekar, D. S. et al. UALCAN: an update to the integrated cancer data analysis platform. Neoplasia N Y N. 25, 18-27 (2022).
. Uhlén, M. et al. Proteomics. Tissue-based map of the human proteome. Science 347, 1260419 (2015).

. Cerami, E. et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer

Discov. 2, 401-404 (2012).

. Berman, H. M. The Protein Data Bank. Nucleic Acids Res. 28, 235-242 (2000).
. Li, Y, Ge, D. & Lu, C. The SMART app: An interactive web application for comprehensive DNA methylation analysis and

visualization. Epigenetics Chromatin. 12, 71 (2019).

. Liu, C. J. et al. GSCALite: A web server for gene set cancer analysis. Bioinformatics 34, 3771-3772 (2018).
. Szklarczyk, D. et al. STRING v11: Protein—protein association networks with increased coverage, supporting functional discovery

in genome-wide experimental datasets. Nucleic Acids Res. 47, D607-D613 (2019).

. Li, T. et al. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48, W509-W514 (2020).
. Wu, T. et al. clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. Innov. 2, 100141 (2021).
. Ru, B. et al. TISIDB: An integrated repository portal for tumor-immune system interactions. Bioinformatics 35, 4200-4202 (2019).
. Bonneville, R. et al. Landscape of microsatellite instability across 39 cancer types. JCO Precis Oncol. 1-15. https://doi.org/10.1200

/PO.17.00073 (2017).

. Huang, T. X. & Fu, L. The immune landscape of esophageal cancer. Cancer Commun. 39, 79 (2019).
. Malta, T. M. et al. Machine learning identifies stemness features associated with oncogenic dedifferentiation. Cell 173, 338-354e15

(2018).

Fu, J. et al. Large-scale public data reuse to model immunotherapy response and resistance. Genome Med. 12, 21 (2020).

Jiang, P. et al. Signatures of T cell dysfunction and exclusion predict cancer immunotherapy response. Nat. Med. 24, 1550-1558
(2018).

Zeng, Z. et al. TISMO: Syngeneic mouse tumor database to model tumor immunity and immunotherapy response.

Charoentong, P. et al. Pan-cancer immunogenomic analyses reveal genotype-immunophenotype relationships and predictors of
response to checkpoint blockade. Cell. Rep. 18, 248-262 (2017).

Yang, W. et al. Genomics of drug sensitivity in cancer (GDSC): A resource for therapeutic biomarker discovery in cancer cells.
Nucleic Acids Res. 41, D955-D961 (2012).

Chi, C,, Ye, Y., Chen, B. & Huang, H. Bipartite graph-based approach for clustering of cell lines by gene expression-drug response
associations. Bioinformatics 37, 2617-2626 (2021).

Tsherniak, A. et al. Defining a cancer dependency map. Cell 170, 564-576e16 (2017).

Serafini, T. et al. Netrin-1 is required for commissural axon guidance in the developing vertebrate nervous system. Cell 87, 1001-
1014 (1996).

Paradisi, A. & Mehlen, P. Netrin-1, a missing link between chronic inflammation and tumor progression. Cell. Cycle. 9, 1253-1262
(2010).

Xu, B. et al. Critical roles for the netrin receptor deleted in colorectal cancer in dopaminergic neuronal precursor migration, axon
guidance, and axon arborization. Neuroscience 169, 932-949 (2010).

Boneschansker, L. et al. Netrin-1 augments chemokinesis in CD4 + T cells in Vitro and elicits a proinflammatory response in vivo.
J. Immunol. 197, 1389-1398 (2016).

Mehlen, P. & Guenebeaud, C. Netrin-1 and its dependence receptors as original targets for cancer therapy. Curr. Opin. Oncol. 22,
46-54 (2010).

Ramesh, G., Berg, A. & Jayakumar, C. Plasma netrin-1 is a diagnostic biomarker of human cancers. Biomarkers 16, 172-180 (2011).
Ko, S. Y, Blatch, G. L. & Dass, C. R. Netrin-1 as a potential target for metastatic cancer: focus on colorectal cancer. Cancer
Metastasis Rev. 33, 101-113 (2014).

Lv, B. et al. Netrin-4 as a biomarker promotes cell proliferation and invasion in gastric cancer. Oncotarget 6, 9794-9806 (2015).

. Hu, Y. et al. Netrin-4 promotes glioblastoma cell proliferation through integrin p4 signaling. Neoplasia 14, 219-IN23 (2012).

Zhou, D. et al. Integrated analysis of the microbiome and transcriptome in stomach adenocarcinoma. Open. Life Sci. 18, 20220528
(2023).

Moreno-Bravo, J. A., Puiggros, R., Mehlen, S., Chédotal, A. & P. & Synergistic activity of floor-plate- and ventricular-zone-derived
Netrin-1 in spinal cord commissural axon guidance. Neuron 101, 625-634e3 (2019).

Glasgow, S. D. et al. Activity-dependent Netrin-1 secretion drives synaptic insertion of GluA1-containing AMPA receptors in the
hippocampus. Cell. Rep. 25, 168-182¢6 (2018).

Finci, L. I et al. The crystal structure of Netrin-1 in complex with DCC reveals the bifunctionality of Netrin-1 as a guidance cue.
Neuron 83, 839-849 (2014).

Rajasekharan, S. & Kennedy, T. E. The netrin protein family. Genome Biol. 10, 239 (2009).

. Peng, S. & Fu, Y. FYN: emerging biological roles and potential therapeutic targets in cancer. J. Transl Med. 21, 84 (2023).

Zhang, H., Kong, Q., Wang, ], Jiang, Y. & Hua, H. Complex roles of cAMP-PKA-CREB signaling in cancer. Exp. Hematol. Oncol.
9,32 (2020).

Ahmed, M. B,, Alghamdi, A. A. A,, Islam, S. U,, Lee, J. S. & Lee, Y. S. cAMP signaling in cancer: A PKA-CREB and EPAC-centric
approach. Cells 11, 2020 (2022).

Shao, X. et al. Copy number variation is highly correlated with differential gene expression: A pan-cancer study. BMC Med. Genet.
20, 175 (2019).

Dzobo, K., Senthebane, D. A. & Dandara, C. The tumor microenvironment in tumorigenesis and therapy resistance revisited.
Cancers 15, 376 (2023).

. Kaaij, L. . T. et al. Enhancers reside in a unique epigenetic environment during early zebrafish development. Genome Biol. 17, 146

(2016).

. Jones, P. A. & Baylin, S. B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 3, 415-428 (2002).

. Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 16, 6-21 (2002).

. Esteller, M. Epigenetic gene silencing in cancer: The DNA hypermethylome. Hum. Mol. Genet. 16, R50-R59 (2007).

. Deaton, A. M. & Bird, A. CpG islands and the regulation of transcription. Genes Dev. 25, 1010-1022 (2011).

. Nan, X. et al. Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a histone deacetylase complex.

Nature 393, 386-389 (1998).

. Rountree, M. R,, Bachman, K. E., Herman, J. G. & Baylin, S. B. DNA methylation, chromatin inheritance, and cancer. Oncogene 20,

3156-3165 (2001).

Scientific Reports |

(2025) 15:3223

| https://doi.org/10.1038/s41598-025-85444-x nature portfolio


https://doi.org/10.1200/PO.17.00073
https://doi.org/10.1200/PO.17.00073
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

89.

90.
91.

92.

93.

94.

95.

96.
97.

A

. Esteller, M. et al. Inactivation of the DNA-Repair Gene MGMT and the clinical response of gliomas to alkylating agents. N Engl. J.
Med. 343, 1350-1354 (2000).

Javierre, B. M. et al. Changes in the pattern of DNA methylation associate with twin discordance in systemic lupus erythematosus.
Genome Res. 20, 170-179 (2010).
Kondo, Y. & Issa, J. P. J. Epigenetic changes in colorectal cancer. Cancer Metastasis Rev. 23, 29-39 (2004).
Fahrner, J. A., Eguchi, S., Herman, J. G. & Baylin, S. B. Dependence of histone modifications and gene expression on DNA
hypermethylation in cancer. Cancer Res. 62, 7213-7218 (2002).
Nakayama, H. et al. Inactivation of axon guidance molecule netrin-1 in human colorectal cancer by an epigenetic mechanism.
Biochem. Biophys. Res. Commun. 611, 146-150 (2022).
Grandin, M. et al. Inhibition of DNA methylation promotes breast tumor sensitivity to netrin-1 interference. EMBO Mol. Med. 8,
863-877 (2016).
Leko, V. & Rosenberg, S. A. Identifying and targeting human tumor antigens for T cell-based immunotherapy of solid tumors.
Cancer Cell. 38, 454-472 (2020).
Wilczynski, J. R. & Nowak, M. Cancer immunoediting: Elimination, equilibrium, and Immune escape in solid tumors. in
Interaction of Immune and Cancer Cells (eds Klink, M. & Szulc-Kielbik, I.) vol. 113 1-57 (Springer International Publishing,
Cham, (2022).
Song, Y. & Yang, J. M. Role of interleukin (IL)-17 and T-helper (th)17 cells in cancer. Biochem. Biophys. Res. Commun. 493, 1-8
(2017).
Hagerling, C., Casbon, A. ]. & Werb, Z. Balancing the innate immune system in tumor development. Trends Cell. Biol. 25, 214-220
(2015).
Hudecek, M. et al. The nonsignaling extracellular spacer domain of chimeric antigen receptors is decisive for in vivo antitumor
activity. Cancer Immunol. Res. 3, 125-135 (2015).
Curiel, T. J. et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced
survival. Nat. Med. 10, 942-949 (2004).
Shang, B., Liu, Y, Jiang, S. & Liu, Y. Prognostic value of tumor-infiltrating FoxP3 +regulatory T cells in cancers: A systematic
review and meta-analysis. Sci. Rep. 5, 15179 (2015).
Mahmoud, S. M. A. et al. An evaluation of the clinical significance of FOXP3 + infiltrating cells in human breast cancer. Breast
Cancer Res. Treat. 127,99-108 (2011).
Vesely, M. D., Kershaw, M. H., Schreiber, R. D. & Smyth, M. J. Natural innate and adaptive immunity to cancer. Annu. Rev.
Immunol. 29, 235-271 (2011).
Barao, I. & Murphy, W. J. The immunobiology of natural killer cells and bone marrow allograft rejection. Biol. Blood Marrow
Transpl. 9, 727-741 (2003).
Wang, K. et al. Integrated analysis of single-cell and bulk transcriptome identifies a signature based on NK cell marker genes to
predict prognosis and therapeutic response in clear cell renal cell carcinoma. Transl Cancer Res. 12, 1270-1289 (2023).
Na, H. Y. et al. Prognostic significance of natural killer cell-associated markers in gastric cancer: Quantitative analysis using
multiplex immunohistochemistry. J. Transl Med. 19, 529 (2021).
Orecchioni, M., Ghosheh, Y., Pramod, A. B. & Ley, K. Macrophage polarization: Different gene signatures in M1(LPS+) vs.
classically and M2(LPS-) vs. alternatively activated macrophages. Front. Immunol. 10, 1084 (2019).
Fu, L. Q. et al. The roles of tumor-associated macrophages in tumor angiogenesis and metastasis. Cell. Immunol. 353, 104119
(2020).
Salmaninejad, A. et al. Tumor-associated macrophages: Role in cancer development and therapeutic implications. Cell. Oncol. 42,
591-608 (2019).
Mantovani, A., Marchesi, F,, Malesci, A., Laghi, L. & Allavena, P. Tumour-associated macrophages as treatment targets in oncology.
Nat. Rev. Clin. Oncol. 14, 399-416 (2017).
Sahai, E. et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat. Rev. Cancer. 20, 174-186
(2020).
Lim, H. & Moon, A. Inflammatory fibroblasts in cancer. Arch. Pharm. Res. 39, 1021-1031 (2016).
Hida, K., Maishi, N., Annan, D. & Hida, Y. Contribution of tumor endothelial cells in cancer progression. Int. J. Mol. Sci. 19, 1272
(2018).
Sobierajska, K., Ciszewski, W. M., Sacewicz-Hofman, I. & Niewiarowska, J. Endothelial cells in the tumor microenvironment. in
Tumor Microenvironment (ed Birbrair, A.) vol 1234 71-86 (Springer International Publishing, Cham, (2020).
El-Arabey, A. A., Abdalla, M., Abd-Allah, A. R. & SnapShot TP53 status and macrophages infiltration in TCGA-analyzed tumors.
Int. Immunopharmacol. 86, 106758 (2020).
Sung, P. J. et al. Cancer-associated fibroblasts produce Netrin-1 to control cancer cell plasticity. Cancer Res. 79, 3651-3661 (2019).

. Ducarouge, B. et al. Netrin-1 blockade inhibits tumor associated myeloid-derived suppressor cells, cancer stemness and alleviates
resistance to chemotherapy and immune checkpoint inhibitor. Cell. Death Differ. 30, 2201-2212 (2023).
Wang, F, Cheng, E. & Zheng, F. Bioinformatic-based genetic characterizations of neural regulation in skin cutaneous melanoma.
Front. Oncol. 13, 1166373 (2023).
Varricchi, G. et al. Controversial role of mast cells in skin cancers. Exp. Dermatol. 26, 11-17 (2017).
Pieniazek, M., Matkowski, R. & Donizy, P. Macrophages in skin melanoma-the key element in melanomagenesis (review). Oncol.
Lett. https://doi.org/10.3892/01.2018.8021 (2018).
Chan, T. A. et al. Development of tumor mutation burden as an immunotherapy biomarker: utility for the oncology clinic. Ann.
Oncol. 30, 44-56 (2019).
Imai, K. & Yamamoto, H. Carcinogenesis and microsatellite instability: the interrelationship between genetics and epigenetics.
Carcinogenesis 29, 673-680 (2008).
Toh, M. & Ngeow, J. Homologous recombination deficiency: Cancer predispositions and treatment implications. Oncologist 26,
el526-e1537 (2021).
Miranda, A. et al. Cancer stemness, intratumoral heterogeneity, and immune response across cancers. Proc. Natl. Acad. Sci. 116,
9020-9029 (2019).
Huang, T. et al. Stem cell programs in cancer initiation, progression, and therapy resistance. Theranostics 10, 8721-8743 (2020).
Merlos-Sudrez, A. et al. The intestinal stem cell signature identifies colorectal cancer stem cells and predicts disease relapse. Cell.
Stem Cell. 8, 511-524 (2011).

uthor contributions

FL, YC, RH, and ZY participated in the conception, design, acquisition of data, analysis, and interpretation. All
authors participated in drafting the article and gave final approval.

Funding
Not applicable.

Scientific Reports |

(2025) 15:322

3 | https://doi.org/10.1038/s41598-025-85444-x nature portfolio


https://doi.org/10.3892/ol.2018.8021
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-85444-x.

Correspondence and requests for materials should be addressed to S.Q.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:3223 | https://doi.org/10.1038/s41598-025-85444-x nature portfolio


https://doi.org/10.1038/s41598-025-85444-x
https://doi.org/10.1038/s41598-025-85444-x
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Comprehensive pan-cancer analysis reveals NTN1 as an immune infiltrate risk factor and its potential prognostic value in SKCM
	﻿Materials and methods
	﻿Data collection and analysis of expression levels
	﻿Diagnostic and prognostic value and clinical correlation analyses of NTN1
	﻿Mutation and methylation status of NTN1
	﻿Functional enrichment and PPI network analysis of NTN1 in pan-cancers
	﻿Examination of the immune environment, tumor heterogeneity, stemness, MMRs, and DNMTs
	﻿Role of NTN1 in immunotherapy cohorts
	﻿Potential therapeutic agents targeting NTN1 in SKCM
	﻿Statistical analysis

	﻿Results
	﻿Expression levels of NTN1 in pan-cancer
	﻿Pan-cancer analysis of the diagnostic and prognostic value of NTN1
	﻿NTN1 expression across immune, molecular subtypes, and clinical features



