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ARTICLE INFO ABSTRACT
Keywords: Purpose: This study aimed to investigate the diagnostic and prognostic values of neuropilin-1
Biomarkers (NRP-1) in triple-negative breast cancer (TNBC) and analyze its immune function in the tumor

Immune infiltrates

NRP-1

Therapeutic targets
Triple-negative breast cancer
tumor purity

microenvironment.

Methods: Based on The Cancer Genome Atlas (TCGA), Gene Expression Omnibus, Genotype Tissue
Expression, Inmune Cell Abundance Identifier (ImmuCellAI), Reactome, and Genomics of Drug
Sensitivity in Cancer databases, the cancer tissues from 50 patients with TNBC and corresponding
adjacent noncancerous tissues from 10 patients (tissue microarrays were purchased from
Shanghai Xinchao Biotechnology Co., Ltd.) were collected for validation. Bioinformatics com-
bined with immunohistochemistry was used to analyze the relationship among NRP-1 expression,
prognosis, tumor immune cell infiltration, immune genes, and drug resistance so as to investigate
the role of NRP-1 in the development of TNBC.

Results: A significant difference in NRP-1 gene expression was found between the cancerous and
noncancerous tissues (p-value < 0.05); NRP-1 expression was high in carcinoma. No significant
correlation was found between NRP-1 protein expression levels and each stage in the TCGA
database. Prognostic expression survival analysis showed that the survival probability of patients
with high NRP-1 expression was significantly lower than that of patients with low NRP-1
expression (p-value < 0.05), suggesting that the gene might be a pro-oncogene. The data from
50 clinical samples also confirmed that the NRP-1 expression was significantly higher in triple-
negative breast cancer (TNBC) tissues than in adjacent noncancerous tissues. The NRP-1
expression significantly correlated with the tumor diameter and pathological grade (p-value <
0.05), but not with age, stage, and ki67 (p-value > 0.05). The Kaplan-Meier survival curves
suggested that the median overall survival was significantly shorter in patients with high NRP-1
expression than in those with low NRP-1 expression (13.6 months vs 15.2 months, p-value <
0.05). The 300 genes most significantly positively associated with this gene were selected for
Gene Ontology (including Biological Process, Molecular Function, and Cellular Component
groups) and Kyoto Encyclopedia of Genes and Genomics enrichment analysis. The findings
showed that NRP-1 was involved in immune regulation in TNBC. In addition, the NRP-1
expression in TNBC positively correlated with a variety of immune cells and checkpoints.
Conclusion: NRP-1 can be used as a potential biomarker and therapeutic target in TNBC.
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1. Introduction

Breast cancer is the leading cause of death from malignant tumors in women worldwide, with high morbidity and mortality [1].
Immunohistochemistry showed that triple-negative breast cancer (TNBC), with negative estrogen receptor, progesterone receptor, and
human epidermal growth factor receptor 2 (HER-2) as its special subtype [2], accounted for about 15%-20% of breast cancers [3].
Traditional treatment is ineffective because of its biological characteristics such as high invasiveness, strong recurrence, and easy
distant metastasis [4,5]. Therefore, new TNBC treatment targets need to be urgently explored.

Neuropilin-1 (NRP-1) is a non-tyrosine kinase transmembrane glycoprotein receptor [6], collapsin/semaphorin family receptor, a
class of neuropilins, and a co-receptor for vascular endothelial growth factor, which plays an important role in neurodevelopment,
axonal guidance, angiogenesis, tumor proliferation, and metastasis [7]. A previous study found that the NRP-1 expression was
significantly higher in non-small-cell lung cancer (NSCLC) tissues than in the adjacent normal tissues [8], and high NRP-1 expression
was associated with poor clinicopathological features and prognosis of NSCLC [9]. However, in breast cancer, NRP-1 is promising as a
serological diagnostic marker for detecting early-stage breast cancer [10,11]. However, the expression, prognosis, and related immune
function of NRP-1 in TNBC are still unclear. This study aimed to further investigate whether NRP-1 was involved in the metastasis,
immune infiltration, related signaling pathways, and drug efficacy of TNBC by combining a variety of bioinformatics methods with
immunohistochemistry, thus providing a new theoretical basis and potential biological target for the immunotherapy of TNBC to
benefit more patients.

2. Materials and methods
2.1. The Cancer Genome Atlas database

The Cancer Genome Atlas (TCGA) (https://portal.gdc.com), the Tumor Genome Atlas Project, is by far the largest cancer gene
information database in the world. The expression values (mean) of NRP-1 in tumor tissues from 33 cancers were downloaded and
presented in order from low to high. The expression values of NRP-1 in each stage of TNBC were downloaded from the TCGA database.
The mutation data for TNBC were downloaded from the Genomic Data Commons (GDC) TCGA cohort in the University of Cingifornia
Sisha Cruz (UCSC) XENA.

2.2. Genotype Tissue Expression database

The Genotype Tissue Expression (GTEx) database is a tissue-specific database of gene expression and regulation derived from
samples of multiple tissues and organs of the human body. The expression and distribution of NRP-1 in normal human tissues were
obtained from this database.

2.3. Gene Expression Omnibus database

GSE202203 was found in the Gene Expression Omnibus (GEO) database, and differential expression analysis of the genes was
performed using the Transcripts Per Million ( TPM ) values of the NRP-1 gene. Associated boxplots were made using the ggplot 2
package and ggpubr package in R language, where Tumor represented TNBC tissue and Normal represented normal tissue. GEO’s
GSE202203 comprised 431 samples, 333 carcinomas, and 98 adjacent carcinomas. Prognostic analysis was performed using the R
language survminer package and survival package to generate the best cutoff value. The value in the high-expression group was higher
than the best cutoff, and the value in the low-expression group was lower than the best cutoff, and finally the survival curve was
obtained.

2.4. Gene Ontology versus Kyoto Encyclopedia of Genes and Genomics enrichment analysis and Gene Set Enrichment Analysis

First, the correlation analysis of the NRP-1 gene with all genes was performed, and 300 genes with the most significant positive
correlation with the NRP-1 gene were selected for Gene Ontology (GO) [including Biological Process (BP), Molecular Function (MF),
and Cellular Component (CC) groups] and Kyoto Encyclopedia of Genes and Genomics (KEGG) enrichment analysis to predict the
functional pathway of this gene. The GO analysis is a powerful bioinformatics tool to identify biological processes, cellular adequacy,
and molecular functions associated with NRP-1. The mechanism of action of NRP-1 was investigated using Gene Set Enrichment
Analysis (GSEA), and the R package used for GO, KEGG, and GSEA was “clusterprofiler.”

2.5. Gene Set Variation Analysis

Gene Set Variation Analysis (GSVA), called GSVA Gene Set, is a pathway-level difference analysis. The GSVA Gene Set used in this
study was the MSigDB database MSigDB databasev7.1, updated in March 2020.
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2.6. Cibersort algorithm for immune infiltration

Cibersort is a single-cell-type analysis method. Currently, Cibersort is used to measure the proportion of tumor-infiltrating immune
cells in TNBC in published articles [12] and the Immune Cell Abundance Identifier (ImmuCellAl) database. Then, we further analyzed
the association of NRP-1 with immune cell subsets. A p-value <0.05 indicated a statistically significant difference.

2.7. Genomics of Drug Sensitivity in Cancer database

The data analysis of the relationship between genes and half-maximal inhibitory concentration (IC50) of drugs using Genomics of
Drug Sensitivity in Cancer 2 (GDSC2) (https://www.cancerrxgene.org/) and Spearman method was adopted to plot the IC50 difference
of each drug in the high— and low—gene expression groups and the correlation between genes and IC50, respectively.

2.8. Analytical steps

We analyzed the following to explore the situation of NRP-1 in triple-negative breast cancer: “Expression of NRP-1 in TNBC,” as
described in Section 3.1. the “Correlation analysis of NRP-1 with tumor diameter and pathological grade in patients with TNBC,” as
described in Section 3.2, which illustrates the correlation between NRP-1 and the main clinical parameters; the “Elevated NRP-1
expression suggested a poor prognosis in patients,” discussed in Section 3.3, describes the relationship between NRP-1 expression
and prognosis; NRP-1 highly expressed genes and related signaling pathways in TNBC, as described in Sections 3.4 and 3.5. Further,
the immune microenvironment is an essential factor in the occurrence and development of tumors; therefore, the correlation between
NRP-1 and immune infiltration was also investigated, and described in Section 3.6. Finally, we explored the potential for drugs to be
effective in patients with NRP-1-expressing TNBC.

2.9. Immunohistochemical staining

Cancer tissue chips of 40 patients with TNBC and corresponding adjacent tissue chips of 10 patients were purchased from Shanghai
Xinchao Biotechnology Co., Ltd. All patients were female, with a median age of 53 (28-84) years. None of the patients received
radiotherapy, chemotherapy, or other tumor-specific treatment before surgery. According to the World Health Organization classi-
fication of breast tumors, 22 cases were classified as G2 and 18 cases as G3. Tumor node metastasis (TNM) clinical staging: 4 cases in
stage 0, 25 cases in stage I-1I, and 11 cases in stage III-IV. For the detection of NRP-1 antibody, 5 spots (4 cancer tissues and 1 cor-
responding paracancerous tissue) were not included in the statistical analysis due to exfoliation and the absence of cancer tissue. The
tissue chip was placed in the oven; the temperature was adjusted to 63 °C, and the wax was baked for 1 h. Dewaxing was done in an
automated stainer for 15 min per tank with two cylinders of xylene, 7 min per tank with two cylinders of 100% alcohol, 5 min per tank
with one cylinder of 90% alcohol, 5 min per tank with one cylinder of 80% alcohol, and 5 min per tank with one cylinder of 70%
alcohol. The slides were placed in the Target Retrieval Instrument, and retrieval was initiated after selecting the program. After repair,
the slides were placed in distilled water at room temperature and allowed to cool naturally for more than 10 min. For primary antibody
incubation, the slides were rinsed with phosphate-buffered saline (PBS); diluted primary antibody working solution was added to the
slides, which were refrigerated at 4 °C overnight. For secondary antibody incubation, the slides were removed from the refrigerator,
warmed at room temperature for 45 min, and washed with PBS. They were then placed in the DAKO, and the appropriate procedures to
run the blocking were selected following the Autostainer Link 48 Instructions; secondary antibody binding and DAB chromogenic
procedures were performed. Then, the hematoxylin staining was performed for 1 min. The tissues were then immersed in 0.25%
alcohol hydrochloric acid (400 mL of 70% alcohol + 1 mL of concentrated hydrochloric acid) for about 10 s and rinsed with tap water
for 5 min. The staining results showed that the NRP-1 protein was mainly expressed in the cytoplasm, and CD274 was expressed in the
cell membrane and cytoplasm. A brown or brownish-yellow staining at the corresponding site of the cells determined positive staining.
The staining intensity was scored according to the depth of cell staining, which was recorded as 0 points (negative), 0.5 points (0.5 +),
1 point (1 +), 2 points (2 +), and 3 points (3 +). According to the percentage of positive cells in the total number of tumor cells, the
staining positive rate score was recorded as 0%-100%. The overall immunohistochemical score was the product of the “staining in-
tensity score” and the “staining positivity” and ranged from 0% to 300%. For cytoplasmic NRP-1, the total score was <160% for the
low-expression group and >160% for the high-expression group; for cytoplasmic CD274, the total score was <15% for the low-
expression group and >15% for the high-expression group.

2.10. Statistical analysis
Statistical analysis was performed using the R software package (4.1.1). The Prism 8 software was used for data analysis. Wilcoxon

rank sum test was used to analyze the data of the two groups. The chi-square test or Fisher exact test was used for the statistical analysis
of enumeration data. The Kaplan-Meier method was used to draw survival curves for overall survival (OS).
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3.1. Expression of NRP-1 in TNBC
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The expression levels of NRP-1 in 33 tumors were first analyzed using the TCGA database to investigate the expression of NRP-1 in
TNBC. The findings revealed that the NRP-1 expression was higher in TNBC tissues (Fig. 1a). In the TCGA and GTEx databases, no
significant difference was found in the NRP-1 expression between tumor and normal tissues in Adrenocortical Carcinoma (ACC),
Bladder Urothelial Carcinoma, Kidney Renal Papillary Cell Carcinoma (KIRP), Pheochromocytoma and Paraganglioma (PCPG),
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Fig. 1. (a) Expression of NRP-1 in cancer tissues in the TCGA database (b) Pan-cancer expression analysis of NRP-1 in 33 tumors (c) Differential

expression of NRP-1 in TNBC tissues and normal tissues in the GEO database.
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Prostate Adenocarcinoma ( PRAD), and Sarcoma ( SARC), but a significant difference was found in TNBC (Fig. 1b). The expression
was further detected using the GEO database. NRP-1 showed high expression in cancer tissues and adjacent normal tissues in dif-
ferential expression analysis, with p-value <0.001, and the results similarly showed high expression in cancer, as shown in the box plot
in Fig. 1c. The validation of NRP-1 expression in TNBC by immunohistochemistry revealed that the positive rate of NRP-1 in cancer
tissues and adjacent noncancerous tissues in TNBC was 80% and 20%, respectively (Fig. 2a and b). The expression level of NRP-1
protein was significantly higher in cancer tissues than in adjacent noncancerous tissues (p-value < 0.001) (Fig. 2c). In addition, ac-
cording to the GTEx database, NRP-1 was significantly highly expressed in adipose tissue, thyroid, breast, and lungs (Fig. 3). These
findings indicated that the NRP-1 expression was upregulated in TNBC, suggesting that NRP-1 played an important regulatory role in
the development of cancer.
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Fig. 2. (a) High expression of NRP-1 in TNBC tissues ( x 200) (b) Low expression of NRP-1 in TNBC tissues ( x 200) (c) NRP-1 protein expression
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Fig. 3. Expression of NRP-1 in human normal tissue and organs in the GTEx database.

3.2. Correlation analysis of NRP-1 with tumor diameter and pathological grade in patients with TNBC

As shown in Fig. 4, no significant correlation was found between NRP-1 protein expression levels and each tumor node metastasis
(TNM) stage of TNBC in the TCGA database. In Table 1, the tissue experimental results of 50 patients showed that the expression of
NRP-1 was significantly correlated with tumor diameter (x2 =6.218 , p-value = 0.013) and pathological grade (X2 =4.392 , p-value =
0.036), but not with age (x> = 0.008 , p-value = 0.927), TNM stage (x> = 1.506 , p-value = 0.471), and ki67 (x> = 2.676 , p-value =
0.102). This is also consistent with our bioinformatics results.

3.3. Elevated NRP-1 expression suggested a poor prognosis in patients

In the TCGA database, the survival probability was significantly lower in patients in the high-expression group than in those in the
low-expression group, as shown in Fig. 5a. The p-value calculated using log-rank (Mantel-Cox) was less than 0.05, and the difference
was extremely significant. Therefore, the prognosis of patients in the high-NRP-1 expression group was poor, suggesting that this gene
might be a pro-oncogene. In the GEO database, the disease-free survival (Fig. 5b) and OS (Fig. 5¢) were analyzed, and the p-value was
calculated to be 0.0062 and 0.017 for NRP-1, respectively. This suggested that patients with high expression of NRP-1 had significantly
shorter survival than those with low expression. The data from 50 clinical samples were similarly confirmed (Fig. 5d). The
Kaplan-Meier survival curves suggested that the median OS was significantly shorter in patients with high NRP-1 expression than in
those with low NRP-1 expression (13.6 months vs 15.2 months, p-value < 0.05).
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Fig. 4. Correlation between NRP-1 protein expression level and stages of TNBC.
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Table 1
Relationship between NRP-1 expression and clinicopathologic parameters in patients with TNBC.
Clinicopathologic parameters NRP-1 Total X p-value
Low expression High expression

Age (year) <60 11 17 28 0.008 0.927
>60 3 5 8

Pathologic grade 1/11 8 5 13 4.392 0.036
111 6 17 23

Tumor diameter (cm) <2 9 5 14 6.218 0.013
>2 5 17 22

T stage T1/T2 11 15 26 1.407 0.495
T3/T4 3 5 8
Tis 0 2 2

N stage NO 8 13 21 0.013 0.908
N1/N2/N3 6 9 15

TNM stage 1/11 10 13 23 1.506 0.471
1I/1v 4 7 11
0 0 2 2

Ki67 <0.3 9 8 17 2.676 0.102
>0.3 5 14 19

T, tumor; N, node; M, metastasis; TNM stage, tumor node metastasis stage.

3.4. Pathway analysis of GO and KEGG with NRP-1 and its co-expressed genes in TCGA TNBC

The data mining techniques in the TCGA database were used to identify genes having positive and negative correlations with NRP-
1, and the top 50 genes positively and negatively correlated with NRP-1 were obtained; the results are shown in correlation heat maps
in Fig. 6a and b. GO and KEGG enrichment analyses were then performed on 300 genes positively correlated with NRP-1 to investigate
the associated pathways and biological functions of NRP-1. The GO analysis showed that NRP-1 was enriched in major biological
processes (extracellular matrix organization, extracellular structure organization, and external encapsulating structure organization),
cellular components (focal adhesion, cell—substrate), and molecular functions (actin binding) to varying degrees (Fig. 7a-7c). The
KEGG pathway analysis showed that the PI3K—Akt pathway was enriched in NRP-1-co-expressed genes (Fig. 7d).

3.5. GSEA and GSVA were performed to identify NRP-1-related signaling pathways

GSEA analysis was performed to further investigate the molecular mechanism of NRP-1 in TNBC. In GO terms (Fig. 8a), GSEA
revealed multiple sets of functional genes, including angiogenesis, cytokine production, cell morphogenesis, protein phosphorylation,
cell activation, system development, mitogen-activated protein kinase (MAPK) cascade, lyticole, ossification, and ameboidal-type cell
migration. However, in KEGG terms (Fig. 8b), the top 20 signaling pathways affected by NRP-1 mainly included the cGMP—PKG
signaling pathway, PI3K—Akt signaling pathway, MAPK signaling pathway, platelet activation, ECM—receptor interaction, focal
adhesion, Rap 1 signaling pathway, Ras signaling pathway, and human cytomegalovirus infection. In addition, in the Reactome
(Fig. 8c) terminology, NRP-1 was shown to be closely related to extracellular matrix organization, Platelet activation, Signaling and
aggregation, GTPase cycle, Response to elevated platelet cytosolic Ca2+, Anti—inflammatory response favoring Leishmania parasite
infection, Vesicle—mediated transport, GPCR downstream signaling, Adaptive immune system. In TNBC, the median number of genes
was used to divide the samples into two groups with high and low expression for the pathway-level difference analysis (Fig. 8d). Fifteen
pathways with the most significant positive and negative correlations with TNBC were taken for correlation mapping, and the abscissa
showed correlation coefficients, with yellow indicating positive correlation and blue indicating negative correlation. The results
showed that PID_LYMPH_ANGIOGENESIS PATHWAY, GO VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTOR SIGNALING
PATHWAY, and GO RESPONSE TO HEPATOCYTE GROWTH FACTOR were positively correlated pathways (Fig. 8e), and the corre-
sponding GO RNA BINDING, MODY HIPPOCAMPUS GROWTH NATAL, and GO MITOCHONDRIAL PROTON TRANSPORTING ATP
PRESYNTHASE COMPLEX COUPLING FACTOR FO pathways were listed as negatively correlated pathways. These results strongly
suggested that NRP-1 was involved in the development of TNBC.

3.6. Correlation analysis between NRP-1 and immune infiltration

The association of the NRP-1 gene with 26 immune cell infiltrates (Fig. 9a and b), including B.Cells.Memory, B.Cells.Naive,
Dendritic.Cells, Dendritic.Cells.Activated, Dendritic.Cells.Resting, Eosinophils, Lymphocytes, Macrophages, Macrophages.M0, Mac-
rophages.M1,Macrophages.M2,Mast.Cells, Mast.Cells.Activated, Mast.Cells.Resting, Monocytes, Neutrophils, NK.Cells.Activated, NK.
Cells.Resting, Plasma.Cells, T.Cells.CD4.Memory.Activated, T.Cells.CD4.Memory.Resting, T.Cells.CD4.Naive, T.Cells.CD8,T.Cells.
Follicular.Helper,T.Cells.Gamma.Delta, andT.Cells.Regulatory.Tregs, was investigated to explore the relationship between the two.
The results showed that the expression level of NRP-1 significantly correlated with that of Dendritic.Cells.Activated (r = —0.23, p-value
= 0.0072), Mast.Cells.Resting (r = 0.17, p-value = 0.0435), NK.Cells.Activated (r = —0.22, p-value = 0.0084), T.Cells.CD4.Memory.
Resting (r = 0.3, p-value = 4e—04), T.Cells.CD8 (r = —0.25, p-value = 0.0033), and T.Cells.Follicular.Helper (r = —0.38, p-value <
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Fig. 5. (a) Survival probability of patients with high and low expression of NRP-1 in TNBC (b) Disease-free Survival in patients with high and low
NRP-1 expression in TNBC (c) Overall Survival in patients with high and low NRP-1 expression in TNBC (d) Clinical data validated overall survival
in patients with high and low NRP-1 expression in TNBC.

0.001). Similarly, in the ImmuCellAl database (Fig. 9c and d), among the 24 immune cell infiltrates, the expression level of NRP-1
significantly correlated with CD4T (r = 0.2, p-value = 0.0202), CD8T (r = —0.21, p-value = 0.0145), InfiltrationScore (r = 0.23, p-
value = 0.0077), iTreg (r = 0.23, p-value = 0.0074), Macrophage (r = 0.32, p-value = 1e—04), NKT (r = 0.22, p-value = 0.0102), Tem (r
= 0.27, p-value = 0.0014), Tgd (r = —0.2, p-value = 0.0176), and Trl (r = 0.31, p-value = 2e—04).

In TNBC, a box plot (Fig. 10a) was used to show the fraction of pathways that differed in the high- and low-expression groups of
genes to further evaluate the impact of NRP-1 on the tumor microenvironment, and a heat plot was used to show the correlation
between genes and pathway scores (Fig. 10b). The scores of EMT2 and PanFTBRs pathways were high in different expression groups of
genes, demonstrating that NRP-1 was closely related to these pathways. The StromalScore positively correlated with the NRP-1
expression (n = 141, r = 0.6, p-value < 0.001) (Fig. 10c); the ImmuneScore positively correlated with the NRP-1 expression (n =
141, r = 0.26, p-value = 0.0022) (Fig. 10d); the ESTIMATEScore positively correlated with the NRP-1 expression (n = 141, r = 0.44, p-
value < 0.001) (Fig. 10e); and the TumorPurity negatively correlated with the NRP-1 expression (n = 141, r = — 0.44, p-value < 0.001)
(Fig. 10f). Further investigation of the correlation between NRP-1 and immune genes in TNBC revealed that the expression level of
NRP-1 positively correlated with that of the immune-activating genes ENTPD1 and CXCL12 (Fig. 11a) and significantly positively
correlated with that of the immunosuppressive gene KDR (Fig. 11b) in TNBC. Further, the expression level of NRP-1 positively
correlated with that of the chemokine receptor CX3CR1 (Fig. 11c¢), significantly positively correlated with that of chemokine CXCL12
(Fig. 11d), and positively correlated with that of iron death ZEB1 (Fig. 11e).



X. Ma et al. Heliyon 10 (2024) e27368

(=]

W NRP1
AC099850.3
PAM16

A
| | | | | GADD45GIP1
YD

(i I | | PKMYT1
[N | SNRPD2
| | UQCC2
| I MRPL12
[ [ PPP1R35

MI
[ HRHNE | PET100
ZACN

S
xO—"
B

0L | |
[

I
| [ MRPL38
‘ M. OD1

=
2
=

4
TGFBR2 -
I

Fig. 6. (a) Negative heat map of NRP-1 in TNBC (b) Positive heat map of NRP-1 in TNBC.



X. Ma et al. Heliyon 10 (2024) e27368

a b collagen-containing extracellular matrix d
" R g |
extracellular matrix organization focal adhesion .
il tion {
extracellular structure organization cell-substrate junction .
{ | lati tructt ization {
external encapsulating structure organization cell~cell junction ®
cell-substrate adhesion [ ] :
cell leading edge .
ameboidal-type cell migration { .
: endoplasmic reticulum lumen . i
skeletal system development
Count membrane raft O 000005
cell-matrix adhesion [ ] ® © 0.00010
membrane microdomain { . 0.00015
epithelial cell migration { [ ) [ S
[ EY endocytic vesicle [ ] 5
epithelium migration { [ ) 0.00025
X o [ X filopodium { [ ]
fissue migration { [ ] Count
" collagen trimer
mesenchyme development [ ] p.adjust g L] ® s
latelet alpha granule 10
connective tissue development o 1606 . i b : 15
regulation of cell-substrate adhesion [ ] ::: integrin complex | @ [ EY
platelet activation] P e protein complex involved in cell adhesion{ @ . 25
collagen metabolic process [ ] fibrillar collagen trimer | . %
Rho protein signal transduction [ ] banded collagen fibril
collagen fibril organization{ @ platelet alpha granule membrane | ®
integrin-mediated signaling pathway [ ] filopodium membrane | ®
cell adhesion mediated by integrin{ @ complex of collagen trimers | ®
endodermal cell differentiation { ® lamellipodium membrane { ®
004 008 012 0716 0025 0050 0075 0.100
GeneRatio GeneRatio
c ) ' d ..
extracellular matrix structural constituent PI3K-Akt signaling pathway .
integrin binding . Human papillomavirus infection .
growth factor binding . Proteoglycans in cancer .
glycosaminoglycan binding . Focal adhesion{ .
cytokine binding . MAPK signaling pathway .
GTPase activator activity [ ] - Platelet activation { [ ]
p.adjus
collagen binding [ ] Calcium signaling pathway [ ] Count
) - 0.002 @ o
metallopeptidase activity [ ] 0008 ECM-receptor interaction [ ] @
sulfur compound binding [ ] 0006 Regulation of actin cytoskeleton { [ ] [ 3
heparin binding [ ) 0008 Rap1 signaling pathway [ ]
e p.adjust
protease binding [ ] Count Protein digestion and absorption { [ ]
metalloendopeptidase activity [ ] ® 5 c¢GMP-PKG signaling pathway [ ] 0003,
membrane receptor protein kinase activity [ ] ® o Dilated cardiomyopathy { [ ] f0%0
extracellular matrix structural constituent Py @ . Y 0009
conferring tensile strength [ EJ Hypertrophic cardiomyopathy | L]
coreceptor activity [ ] Yersinia infection [ ]
chemokine binding @ rrt ic right i [ ]
roteoglycan bindin AGE-RAGE signaling pathway in diabetic
: . pnt ) ogly i 9] ® complications °
nembrane receptor protein tyrosine kinase | g G A— PN
activity
platelet-derived growth factor binding 1 ® Gap junction{ @
fibronectin binding | ® Malaria{ ®
0.02 0.03 0.04 0.05 0.06 0.07 0.04 0.08 0.12 0.16
GeneRatio GeneRatio
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The expression level of NRP-1 positively correlated with that of TIGIT, CD274, CTLA4, and LAG3, and weakly correlated with that
of PDCD1 (Fig. 12a). Immunohistochemistry was performed in 50 patients with TNBC, and we similarly verified that the expression
level of NRP-1 positively correlated with that of CD274 (r = 0.57, p-value < 0.001) (Fig. 12b). These findings further supported that
NRP-1 played an essential role in immune escape in the microenvironment of TNBC.

3.7. Drug resistance analysis between NRP-1 and IC50

The relationship between genes and drug IC50 was analyzed using data from GDSC2 (https://www.cancerrxgene.org/), by
including 198 drugs to assess the relationship between NRP-1 and drug efficacy versus resistance. The findings revealed that the higher
the NRP-1, the lower the IC50, the higher the target affinity, and the better the efficacy. Dasatinib and trametinib (p-value < 0.05)
(Fig. 13a) may be effective drugs against NRP-1 and are expected to improve the life cycle of patients with TNBC. The analysis of IC50
values (Fig. 13b) for high and low expression levels of NRP-1 in patients with TNBC for the two drugs showed no significant difference
for trametinib, while the expression levels were significantly different and more effective for dasatinib.

4. Discussion

TNBC, as a special type of breast cancer with relatively unique clinicopathology, has a poor prognosis due to its own biological
characteristics and limited treatment modalities [13,14]. In the present study, we found that NRP-1 was highly expressed in TNBC
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tissues compared to normal and paracancerous tissues. In addition, patients with high NRP-1 expression had significantly poorer
survival probability, disease-free survival, and OS. These findings suggested that NRP-1, as a pro-oncogene, might promote the
development of TNBC [15,16]. We obtained similar conclusions in further clinical data validation. No significant correlation was found
between NRP-1 expression levels in cancer tissues and tumor stage, whereas a significant correlation was found between high NRP-1
expression and tumor diameter and pathological grade. These results confirmed that NRP-1, as an independent biomarker, might
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Fig. 9. (a) Heat map showing the association of NRP-1 with 26 immune cell infiltrates (b) Circle plot showing the correlation of NRP-1 with 26

immune cell infiltrates (c) Heat map showing the association of NRP-1 with 24 immune cell infiltrates (d) Circle plot showing the correlation of NRP-
1 with 24 immune cell infiltrates.

promote the development of precision medicine.

Some previous studies found [17,18] that tumor purity in colon cancer was an independent risk factor affecting patient prognosis,
and low tumor purity was associated with a poor prognosis and more immune-related proteins [programmed death ligand 1(PD-1),
PD-L1, CTLA-4, LAG-3]. However, higher tumor purity was related to better sensitivity to immune efficacy in gynecological tu-
mors. This coincided with our belief that advanced TNBC usually had low tumor purity due to the high expression of
pathological-grade NRP-1, resulting in high StromalScore and ImmuneScore in nontumor cells such as immune cells, stromal cells, and
stromal cells, thus affecting the patient’s life cycle. This might be related to the fact that low tumor purity was more likely to lead to
high mutation rates in critical pathways and changes in the microenvironment.

In recent years, targeted therapy against immune checkpoints has become a hot spot in cancer therapy [19], and immune
checkpoint inhibitors are considered to effectively prolong the life cycle of patients and alleviate disease progression [20]. However,
immune-related adverse reactions and drug resistance reactions are usually induced due to immune microenvironment and tumor
heterogeneity [21]. In this study, NRP-1 positively correlated with the degree of immune cell infiltration in most TNBCs, while all four
immune checkpoints also positively correlated with the expression of NRP-1. Further pan-cancer analysis revealed that NRP-1
expression positively correlated with the degree of immune cell infiltration in many types of tumor tissues. These results suggested
that NRP-1 might regulate tumor immunity through multiple immune cell populations. The analysis of NRP1 further confirmed that
the high and low expression of the NRP-1 gene was affected by CD8Teffector and ImmuneCheckpoint, with significant differences in
expression. Therefore, these results suggested that using immune checkpoint inhibitors associated with NRP-1 might significantly
improve the efficacy of TNBC. The Vignali [22]team also created a transgenic mouse model demonstrating that memory CD8 + T cell
subsets from patients with advanced cancer had higher levels of NRP-1, but CD8 + T cell NRP-1 deletion combined with immune
checkpoint blockade therapy improved tumor clearance. Based on these findings, we concluded that NRP-1, as a critical checkpoint,
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existed in the immune microenvironment of TNBC [23]. In addition, GO and KEGG analysis results suggested that NRP-1 was asso-
ciated with cell activation, phylogeny, and angiogenesis, and acted mainly through the PI3K—Akt signaling pathway. Further, GSEA
achieved similar conclusions. These results suggested that NRP-1 not only played a role in normal embryonic development and

angiogenesis but also participated in key immune signaling pathways.

This study had some limitations. First, the bioinformatics analysis data retrieved from public databases and the clinical samples
used for validation need to be confirmed by further prospective studies. Second, the clinical sample size used for experimental vali-
dation in this study was small. In addition, although NRP-1 was found to be closely associated with immune cell infiltration in different
tumors, the specific mechanism was not clear, and further mechanistic studies are needed to explore it. In summary, this study used
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Fig. 11. (a) Association of NRP-1 with immune-activating genes (b) Association of NRP-1 with immunosuppressive genes (c) Association of NRP-1
with chemokine receptors (d) NRP-1 association with chemokines (e) Association of NRP-1 with iron death genes.
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Fig. 12. (a) NRP-1 associated with immune checkpoints (b) NRP-1 associated with CD274.
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bioinformatics methods to verify the value of NRP-1 in the diagnosis and prognosis of TNBC, combined with further verification of
clinical samples, making the conclusion more persuasive. In this study, we found that NRP-1 might be involved in the development and
progression of TNBC as well as in the corresponding immune regulation. Therefore, NRP-1 could be used as a potential diagnostic and
prognostic biomarker and therapeutic target to provide new ideas for treating breast cancer.
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