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Abstract
Background Neural infiltration has been found in various cancers and the infiltrating nerves influence tumor 
growth and dissemination. In non-small cell lung cancer, pan-neuronal marker PGP9.5 was detected by 
immunohistochemical staining and its high expression correlated with poor prognosis. However, the existence of 
nerve fibers and the mechanism driving neural infiltration remains unclear.

Method We first used immunohistochemical staining to assess the density of nerve fibers in patients with lung 
adenocarcinoma of different tumor sizes. Following that, we performed differential expression analysis and univariate 
Cox prognostic analysis, using public datasets and cell experiments to identify the gene that triggers neural infiltration 
and is associated with cancer progression and unfavorable prognosis. Finally, molecular biology experiments and a 
subcutaneous tumor model were used to deeply analyze the mechanism that the gene regulates neural infiltration 
and tumor progression.

Results In lung adenocarcinoma patients, the density of PGP9.5 positive nerve fibers within tumors larger than 2 cm 
in diameter is significantly higher than that in tumors smaller than 2 cm. Bioinformatics analysis suggested NGEF, 
KIF4A, and PABPC1 could be the genes that trigger neural infiltration and are associated with cancer progression and 
unfavorable prognosis. Subsequent co-culture experiments with neurons showed that the increased expression of 
NGEF in lung cancer cells significantly enhanced axonal growth in neurons. Meanwhile, GSE30219 datasets indicated 
that patients exhibiting high levels of NGEF expression are associated with larger tumor sizes, higher lymph node 
involvement, and reduced overall survival rates. At the level of molecular mechanisms, the knockdown of Ephrin-A3 in 
ND7/23 neurons or the use of ALW-II-41-27 resulted in a significant decrease in neurite outgrowth when co-cultured 
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Introduction
Non-small cell lung cancer is a major contributor to 
cancer-related deaths globally, with lung adenocarci-
noma is the main pathological subtype of non-small cell 
lung cancer [1, 2]. Despite advancements in lung can-
cer treatment, overall survival rates remain low, partly 
due to that some lung adenocarcinomas are detected at 
advanced stages. Therefore, elucidating the mechanisms 
that regulate lung adenocarcinoma progression is crucial 
for improving patient outcomes and creating innovative 
therapies [3].

Recent studies have identified neurogenesis as a novel 
characteristic of cancer. The presence of nerve fibers in 
tumors has been linked to unfavorable clinical outcomes 
in various types of cancer, such as lung adenocarcinoma 
[4], colorectal cancer [5], pancreatic cancer [6], and 
prostate cancer [7]. A study by Shao et al. found that, in 
human lung adenocarcinoma samples, sympathetic fibers 
tended to be more abundant in the surrounding area of 
the tumor, while parasympathetic fibers were primar-
ily found within the tumor itself [4]. The density of these 
fibers was associated with a higher risk of recurrence in 
lung cancer patients. Elevated levels of neuronal markers 
have also been linked to reduced survival and increased 
metastasis in lung cancer [8, 9]. The nervous system’s 
influence on tumor growth, metastasis, and immune 
response underscores the importance of investigating the 
molecular mechanisms underlying neurogenesis in lung 
adenocarcinoma [10–12]. Understanding these mecha-
nisms could lead to advancements in controlling tumor 
progression and improving therapeutic outcomes for 
patients.

Currently, there is a paucity of research examining 
the presence of nerve fibers in lung cancer [4, 13]. Con-
sequently, we first identified the existence of PGP9.5-
immunopositive nerve fibers in lung adenocarcinoma 
using clinical specimens, revealing a positive correlation 
between tumor size and nerve fiber density. Afterwards, 
we conducted bioinformatics analysis to identify the 
differentially expressed genes (DEGs), axonal growth-
related genes, and prognostic-related genes. The genes 
that overlapped in these categories were identified as 
KIF4A, NGEF, and PABPC1. Following comparisons of 
in vitro experiments and validation in GSE30219 data-
set, we selected NGEF for further investigation. By 

conducting a protein-protein interaction (PPI) analysis 
and in vitro experiments, we discovered that NGEF may 
promote axonal growth via the Ephrin-A3/EphA2 signal-
ing axis. Finally, we confirmed the involvement of NGEF 
and Ephrin-A3/EphA2 signaling axis in enhancing axonal 
growth and cancer cell proliferation in lung adenocarci-
noma using a subcutaneous tumor formation model.

Materials and methods
Human tissue samples
Lung tumor samples were collected from patients with 
lung adenocarcinoma (LUAD) between May 20 and May 
30, 2024, following the provision of informed consent and 
approval from the ethics committee of Shanghai Pulmo-
nary Hospital Affiliated Tongji University (approval no: 
K21-111Y). The inclusion criteria consist of single solid 
or mixed solid nodules measuring between 1 and 4  cm 
in diameter, along with a pathological diagnosis of lung 
adenocarcinoma. The exclusion criteria involve patients 
who have undergone neoadjuvant therapy or those with 
lymph node or distant metastasis. None of the patients 
received radiotherapy or chemotherapy before surgery. 
The staging of tumors was conducted by pathologists 
who are experienced and certified by the board. The stag-
ing and supplementary subject-specific information are 
available in Supplementary tables. S1.

Public data acquisition and processing
Gene expression and clinical data for lung adenocarci-
noma were obtained from TCGA database ( h t t p  s : /  / p o r  t 
a  l . g  d c .  c a n c  e r  . g o v /, accessed on October 20, 2023), while 
the gene expression matrix and clinical information for 
GSE were sourced from the Gene Expression Omni-
bus (GEO) database ( h t t p  : / /  w w w .  n c  b i .  n l m  . n i h  . g  o v / g e o 
/, accessed on October 20, 2023). Only LUAD patients 
with full survival information, pathological results and 
essential clinical data were included in this study. The 
expression levels of KIF4A, NGEF, and PABPC1 in lung 
adenocarcinoma were validated by querying the Human 
Protein Atlas database (HPA,  h t t p : / / w w w . p r o t e i n a t l a 
s . o r g /      ) .  To identify the gene sets associated with axo-
nal growth, a search was performed using the keyword 
“axon” and species “Homo sapiens” in the Gene Set 
Enrichment Analysis (GSEA) database within the Molec-
ular Signatures Database (MSigDB) ( h t t p  s : /  / w w w  . g  s e a  

with LA795 cells. In animal model, NGEF overexpression significantly promoted tumor growth and increased the 
density of nerve fibers, and these effects were inhibited by ALW-II-41-27.

Conclusions NGEF facilitates the infiltration of nerve and the growth of cancer cells in lung adenocarcinoma through 
the Ephrin-A3/EphA2 pathway, suggesting that NGEF is a promising target for disrupting interactions between nerves 
and tumors. Biomaterials that focus on NGEF are anticipated to be a potential treatment option for lung cancer.

Keywords NGEF, Axonal growth, Lung adenocarcinoma, Ephrin-A3, EphA2

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.proteinatlas.org/
http://www.proteinatlas.org/
https://www.gseamsigdb.org/gsea/msigdb/index.jsp)


Page 3 of 14Mi et al. Journal of Translational Medicine          (2025) 23:246 

m s i  g d b .  o r  g / g  s e a  / m s i  g d  b / i n d e x . j s p ) [14]. Subsequently, 
genes linked to axonal growth, regeneration, or develop-
ment were all extracted and integrated, resulting in the 
identification of 860 axonal growth-related genes (Sup-
plementary tables S2).

DEGs and prognostic gene analysis
The data was subjected to standardized preprocessing 
and log transformation utilizing appropriate R packages. 
DEGs between normal and tumor samples from TCGA 
were identified as those exhibiting a log2 fold change 
greater than 1 and a false discovery rate less than 0.05. 
Univariate Cox analysis was performed using the over-
all survival data of TCGA patients, and prognostic genes 
were identified based on a significance level of P < 0.05 
[15]. The intersection of DEGs, prognostic genes, and 
axonal growth-related genes was visualized using the 
E Venn website ( h t t p  : / /  w w w .  e h  b i o  . c o  m / t e  s t  / v e n n / # 
/). Furthermore, PPI network was established using the 
STRING database (https://string-db.org/) to investigate 
potential pathways associated with the gene of interest 
[16]. Levels of NGEF expression of lung adenocarcinoma 
patients were compared among different T stages, N 
stages and M stages [17].

In vitro neurite outgrowth with lung adenocarcinoma cells
The LA795 lung adenocarcinoma cell line and ND7/23 
cells, a hybridoma of neonatal rat DRG neurons and 
mouse neuroblastoma cells N18TG2, were procured 
from the Cell Bank of the Chinese Academy of Sciences 
in Shanghai, China. In the co-culture setup, ND7/23 
cells were initially seeded at a concentration of 12,000 
cells/mL and maintained in minimum essential medium 
α (MEM, Gibco™, Cat#11900073) supplemented with 
10% fetal bovine serum (FBS, Gibco™, Cat#10099158), 
1% penicillin-streptomycin (GibcoTM, Cat#15070063), 
and 1% L-glutamine (Gibco™, Cat#25030149) overnight 
[18]. Subsequently, the medium was replaced with MEM 
containing 2% FBS, 1% penicillin-streptomycin, and 1% 
L-glutamine, and LA795 cells were added at a density of 
5000 cells/mL. Following a 24-hour co-culture period, 
the cells were fixed in 4% paraformaldehyde (Sigma-
Aldrich, Cat#158127) in phosphate-buffered saline (PBS) 
at 4 °C for 20 min and then rinsed twice with PBS. Sub-
sequently, the cells were permeabilized using a block-
ing buffer comprising 5% bovine serum albumin (BSA) 
(Sigma-Aldrich, Cat#B2064) and 0.1% Triton X-100 
(Sigma-Aldrich, Cat#T8787) in PBS for 1 h at room tem-
perature. The cells were then stained with primary anti-
body (β-tubulin-III, Cat#66375-1-Ig, 1:300, BioTalentum 
Ltd) and CY3 labeled secondary antibody (Cat#GB21303, 
1:100, BioTalentum Ltd) and DAPI (Sigma-Aldrich, 
Cat#D8417-1MG), followed by two washes with block-
ing buffer. Fluorescence and bright-field images were 

acquired using a fluorescent microscope (Leica Q500MC, 
Leica, Germany). Neurite length was quantified using 
Image J software, and statistical analysis was conducted 
using One-Way ANOVA to assess significance [19].

Transfection of cells with plasmids and transduction of 
cells with lentivirus
For the overexpression of NGEF, KIF4A, and PABPC1, 
plasmid vectors packaging was facilitated by OBiO 
Technology (Shanghai) Corp, Ltd. The complete gene 
sequences (Supplementary tables) were integrated into 
the pCDNA3.1 (+)-P2A-GFP plasmid. Cells were cul-
tured at 60% confluency for transfection, utilizing Lipo-
fectamine 2000 reagent (Thermo Fisher, Cat#11668019) 
as per the manufacturer’s instructions. Lentiviral vectors 
(Thermo Fisher, GeneAssist™ Custom siRNA Builder) 
were designed to silence EphrinA3 in ND7/23 cells, 
which were divided into distinct groups: non-targeting 
control (NTC) group, siEphrinA3#1 group, siEphrinA3#2 
group, and siEphrinA3#3 group. Transfection procedures 
were carried out in accordance with the lentiviral instruc-
tions. Post-transfection, verification of transfection was 
conducted through western blot and quantitative poly-
merase chain reaction (qPCR), followed by selection of 
stably transfected cell lines for subsequent experiments 
[20].

Immunohistochemical and immunofluorescent staining
Tumors were preserved in 4% paraformaldehyde solution 
overnight and subsequently processed into paraffin sec-
tions using conventional methods. Immunohistochemi-
cal and immunofluorescent staining procedures were 
conducted according to established protocols, involving 
deparaffinization, antigen retrieval, and incubation with 
primary and secondary antibodies [21]. Negative controls 
were included in the experiments, wherein the primary 
antibody was replaced with IgG-matched controls while 
following the same protocols. The immunohistochemi-
cal outcomes were evaluated through semi-quantitative 
analysis, which involved integrating the percentage of 
positive cells. The primary antibodies used in the study 
were as follows: PGP9.5 (Cat#ab108986, 1:300, Abcam) 
and Ki67 (Cat#ab279653, 1:50, Abcam). In order to con-
duct a semiquantitative analysis of nerve fibers labeled 
with PGP9.5, the positive areas were quantified at four 
standard high-powered fields within each section. The 
outcome was then expressed as a percentage of the total 
area. Similarly, for the semiquantitative analysis of Ki67 
positive cells, the counts of positive cells and total cells 
were recorded at four standard high-powered fields 
within each section, with the final result presented as a 
percentage of total cells. The data were averaged by two 
impartial investigators who were unaware of the sample 
grouping [21, 22].

https://www.gseamsigdb.org/gsea/msigdb/index.jsp)
http://www.ehbio.com/test/venn/#/
http://www.ehbio.com/test/venn/#/
https://string-db.org/
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RT-qPCR
The cellular RNA was isolated using an RNA kit 
(Cat#a15596026; Invitrogen), followed by assessment of 
its concentration and purity. Subsequently, the RNA was 
reverse transcribed into cDNA utilizing the Prime-Script 
RT Reagent Kit (Takara, DaLian, China) as per the pro-
vided guidelines. RT-qPCR analysis was conducted using 
the RT-qPCR kit following the manufacturer’s protocol, 
with GAPDH utilized as an internal control [22]. The 
primer sequences can be found in the Supplementary 
tables (S4).

Western blot and co-immunoprecipitation
The cultured cells or tissues were subjected to protein 
extraction using RIPA buffer (Cat# 89901, Thermo Scien-
tific™) supplemented with phenylmethylsulfonyl fluoride 
(Cat# 36978, Thermo Scientific™) and a protein phos-
phatase inhibitor cocktail (Cat# 78420, Thermo Scien-
tific™). The protein concentration was determined using 
a BCA Protein Assay Kit (Cat#A65453, Pierce™ BCA 
Protein Assay Kits), and approximately 50  µg of total 
protein was loaded onto a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The separated pro-
teins were then transferred to a polyvinylidene fluoride 
(PVDF) membrane following a previously established 
protocol. Subsequently, the PVDF membranes were 
blocked with 5% BSA for 2  h and then incubated over-
night at 4  °C with primary antibodies targeting specific 
proteins and GAPDH. Following incubation, the mem-
branes were washed with Tris-buffered saline (TBS-T), 
incubated with secondary antibodies, and subjected to 
further washing steps. The protein bands were scanned, 
and semi-quantitative analysis was conducted by measur-
ing integrated density using Image-J software [21].

For co-immunoprecipitation experiments, the protein 
samples containing phenylmethylsulfonyl fluoride were 
incubated with primary antibodies on a rocking platform 
at 4  °C for 12 h. Protein A/G beads were then added to 
the immunoprecipitation reaction mixture and incubated 
on a rocking platform at 4 °C for an additional 12 h. The 
bound proteins were eluted using loading buffer and ana-
lyzed by SDS-PAGE. Following three washes with PBS 
containing protein inhibitors, the immunoprecipitated 
proteins were subjected to western blotting using a GPX4 
antibody for analysis [23].

Transplantation tumor model
A group of 6-week-old male BALB/c nude mice was 
obtained from a biotech company (Shanghai JieSiJie Lab-
oratory Animal Co.,Ltd.) for the purpose of establishing 
a tumor transplantation model. The mice were housed in 
a pathogen-free environment and handled in compliance 
with established protocols and regulations concerning 
animal welfare. Cultured cells were collected, suspended 

in PBS, and subsequently injected subcutaneously into 
the middle posterior region of the armpit of the BALB/c 
nude mice at a concentration of 1 × 106 cells in 100 uL. 
Upon the development of visible tumors, their size was 
monitored weekly using micrometer calipers. Tumor vol-
umes were determined using the formula: volume = 0.5a 
× b2, where ‘a’ and ‘b’ denote the larger and smaller tumor 
diameters, respectively. Following a 4-week period, the 
mice were euthanized, and the primary tumors were 
excised, weighed, fixed in a 10% formalin solution, and 
embedded in paraffin. The establishment of animal mod-
els and methodologies for measuring tumor-related 
parameters is derived from previously published study 
[23]. All animal experimentation procedures were sub-
jected to review and approval by Bestcell Model Biologi-
cal Center (BSMS 2024-01-22 A).

ELISA
The total protein content of tumor tissue from mice was 
extracted and quantified using the BCA method. The 
concentration of PGP9.5 was assessed using an ELISA 
kit (Cat# MBS2516002, MyBioSource) and subsequently 
adjusted relative to the total protein levels according to 
our previous published study [22].

Statistical analysis
All data were expressed as the mean ± SD. Unpaired 
Student’s t test (two-tailed), or one-way ANOVA with 
Tukey’s post hoc tests, or two-way ANOVA with Bon-
ferroni post hoc tests were separately used in different 
experiments as indicated in the figure legend. Graph-
Pad Prism (version 7.00) and R was used for statistical 
analysis.

Results
Human lung adenocarcinoma is infiltrated by nerve fibers
Previous studies have demonstrated the existence of 
nerve fibers in lung cancer tissues. In order to further 
verify this phenomenon, we procured clinical sam-
ples of lung cancer and quantified the density of nerve 
fibers using IHC staining targeting the neuronal marker 
PGP9.5. Figure 1 provides a detailed presentation of the 
IHC staining outcomes for two distinct lung adenocar-
cinomas patients varying in size. Specifically, Fig.  1A 
displays the chest computed tomography (CT) image of 
lung adenocarcinoma patient A with a tumor measur-
ing 1.8 cm, while Fig. 1B and C depict the corresponding 
IHC findings for patient A. Figure 1D illustrates another 
lung adenocarcinoma case patient B, whose tumor size 
was 3 cm, with Fig. 1E and F showcasing his IHC result. 
To ensure the accuracy of the findings, negative controls 
were utilized and presented. The IHC results indicate a 
higher presence of nerve fibers in patients with larger 
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tumors (P < 0.05, Fig. 1.G), predominantly located within 
the tumor stroma.

Identification of axonal growth-related genes that are 
differentially expressed and have prognostic value using 
TCGA data
We identified the genes that regulate axonal growth in 
lung adenocarcinoma by conducting differential expres-
sion analysis and univariate Cox analysis, followed by 
intersecting these results with axonal growth-related 
genes (Fig. 2.A). A total of 489 TCGA-LUAD patients and 
53 adjunct nontumor samples were included in the analy-
sis. The differential expression analysis and subsequent 
intersection with axonal growth-related gene set revealed 
that 159 axonal growth-related genes exhibited differ-
ential expression between tumor samples and adjunct 
non-tumor samples. The univariate Cox analysis identi-
fied 476 genes with prognostic significance. From the 
intersection of these results, three genes - KIF4A, NGEF, 

and PABPC1 - were identified (Fig. 2.B). Survival curves 
indicated that these genes possessed favorable prognostic 
values (Fig.  2.C). To further assess the expression levels 
of the corresponding proteins of these genes, IHC results 
from the HPA database were obtained, revealing that 
these genes were overexpressed in tumor samples com-
pared to normal tissue (Fig. 2.D).

NGEF demonstrated an increased ability to promote 
axonal growth in a co-culture system
To further investigate the genes that promote nerve fiber 
growth in lung adenocarcinoma, NGEF, KIF4A, and 
PABPC1 were individually overexpressed in LA795 cells 
and subsequently co-cultured with ND7/23 neurons. The 
results depicted in Fig.  3A-C indicate that the mRNA 
levels of NGEF, KIF4A, and PABPC1 were elevated by 
approximately 15, 20, and 15-fold, respectively. Live cell 
imaging revealed that the presence of overexpressed 
LA795 cells enhanced the neurite outgrowth of ND7/23 

Fig. 1 Human lung adenocarcinoma is infiltrated by nerve fibers. (A) Chest CT scan of LUAD patient A with solid tumor size as 1.8 cm. (B-C) PGP 9.5 
staining in patient A with negative control. (D) Chest CT scan of LUAD patient B with solid tumor size as 3 cm. (E-F) PGP 9.5 staining in patient B with nega-
tive control. (G) Semiquantitative results of IHC staining. Unpaired Student’s t test. n = 7 in T ≤ 2 cm group and n = 8 in T >2 cm group. Scale bar: 200 μm. 
*P < 0.05
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Fig. 2 Screening the genes regulating axonal growth in lung adenocarcinoma (A) Flow chart for screening genes of interest. (B) Venn of DEGs, axonal 
growth-related genes and prognostics genes. (C) Survival curves for the three genes. (D) Immunohistochemical results of the protein expressed in normal 
and tumor tissues
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Fig. 3 NGEF promoted the axonal growth when coculture with cancer cells. (A-C) mRNA level after gene overexpression. Student’s t test, ***P < 0.001. 
(D) Live cell imaging and β-tubulin III staining of neurons. Scale bar: 20 μm. (E) Dendritic length between groups. One-way ANOVA, *P < 0.05, ** P < 0.01, 
***P < 0.001
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cells, with NGEF overexpression showing the most sig-
nificant impact on axonal growth in neurons. Subse-
quently, to visualize neurite growth at higher resolutions, 
the cell cultures were fixed and stained with β-tubulin III. 
The findings demonstrated that both NGEF, KIF4A, and 
PABPC1 promoted the axonal growth in neurons, with 
NGEF exhibiting the most robust effect (Fig. 3D and E). 
Consequently, NGEF was selected for further in vitro and 
in vivo investigations.

Increased NGEF expression correlated with clinical 
parameters
Human lung cancer samples showed a direct relation-
ship between tumor size and nerve fiber density. Sub-
sequently, we explored the connection between NGEF 
expression and the clinical characteristics of lung can-
cer patients. Analysis of TCGA-LUAD data revealed 
that NGEF was significantly upregulated in tumor tissue 
compared to normal tissue (Fig.  4A). Moreover, NGEF 
expression levels were found to be positively associated 

Fig. 4 Increased NGEF expression correlated with clinical parameters. (A) NGEF expression level in LUAD-TCGA dataset. (B-D) The NGEF expression level 
in LUAD-TCGA dataset between different tumor size, lymph node involvement and distant metastasis. (E) NGEF expression level in GSE30219. (F-H) The 
NGEF expression level in GSE30219 between different tumor size, lymph node involvement and distant metastasis. (I) Survival curve for NGEF in GSE30219
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with larger tumor size (Fig. 4B) and lymph node involve-
ment (Fig. 4C). However, no statistically significant cor-
relation was observed with different metastasis stages 
(Fig.  4D). These results were further validated using 
the GSE30219 dataset, where NGEF expression levels 
were elevated in LUAD patients compared to controls 
in GSE31210 dataset (Fig. 4E). Higher NGEF expression 
was also linked to larger tumor size (Fig. 4F) and lymph 
node metastasis (Fig.  4G), but not distant metastasis 
(Fig.  4H). Additionally, Kaplan-Meier survival analysis 
indicated that individuals with high NGEF expression 
levels had a shorter overall survival compared to those 
with low NGEF expression levels in LUAD patients 
from GSE30219 (Fig. 4I). Thus, the findings suggest that 
increased NGEF expression is associated with the clinical 
parameters of lung adenocarcinoma.

Ephrin-A3/EphA2 axis facilitated NGEF to promote the 
growth of neuron extensions
The PPI analysis conducted on the STRING data-
base revealed that NGEF predominantly interacts with 
EphA, with NGEF acting as the ligand for Eph receptors 
(Fig. 5A). This suggests the involvement of the Ephrin-A/
EphA axis in NGEF-mediated neurite outgrowth in neu-
rons. To investigate this further, we conducted a qPCR 
screening to identify the Ephrin-A subtype in ND7/23 
cells and the EphA subtype in LA795 neurons. Our find-
ings indicated that Ephrin-A3 was notably expressed in 
ND7/23 neurons (Fig. 5B), while EphA2 exhibited high-
est expression levels in LA795 cells (Fig.  5C). Subse-
quent western blot analysis confirmed the expression of 
EphrinA3 in ND7/23 neurons and EphA2 in LA795 cells 
(Fig.  5D). Additionally, co-immunoprecipitation (Co-IP) 
analysis of protein extracts from ND7/23 and LA795 co-
culture demonstrated the co-precipitation of NGEF with 
EphA2 (Fig. 5E) and EphA2 with EphrinA3 (Fig. 5F). To 
elucidate the significance of EhprinA3, we generated 
stable EphrinA3 knockdown (KD) cell models in ND7/23 
neurons (siEphrinA3 #1, siEphrinA3 #2, and siEphrinA3 
#3). Notably, siEphrinA3 #3 exhibited a significant reduc-
tion in the transcriptional and protein levels of EhprinA3 
and was subsequently utilized in subsequent experi-
ments (Fig. 5G&H). To further confirm the involvement 
of the Ephrin-A/EphA axis in NGEF-mediated neurite 
outgrowth in neurons, we co-cultured ND7/23 cells 
with EphrinA3 gene knockout LA795 cells or treated 
the co-culture system of ND7/23 cells and LA795 cells 
with ALW-II-41-27, a novel Eph receptor tyrosine kinase 
inhibitor. Immunofluorescence images and semi-quan-
titative statistical analysis revealed that siEphrinA3 and 
ALW-II-41-27 significantly inhibited the dendritic length 
of ND7/23 neurons after 24 h of co-culturing with LA795 
cells (Fig. 5I&J). These results underscore the critical role 

of the Ephrin-A3/EphA2 axis in NGEF-mediated neuro-
nal outgrowth.

NGEF overexpression promotes the growth of tumor and 
nerve fibers
In the subcutaneous tumor formation model, initial 
observations revealed challenges in detecting nerve 
fibers within tumors using IHC under normal condi-
tions. Therefore, NGEF overexpression was employed 
instead of a knockout method to investigate the stimula-
tory impact of NGEF on nerve fiber growth and tumor 
proliferation in lung adenocarcinoma. The mice were 
randomly allocated into three groups: vector group, over-
NGEF group and over-NGEF + ALW-II-41-27 group (Fig 
6  A). At the third and fourth week, the tumor volume 
in over-NGEF group was significantly larger as com-
pared to vector group and over-NGEF + ALW-II-41-27 
group (Fig.6B). Additionally, at the fourth week, vector 
group has larger tumor volume than over-NGEF + ALW-
II-41-27 group (Fig.6B). Furthermore, over-NGEF group 
has significant higher tumor weight as compared to 
vector group and over-NGEF + ALW-II-41-27 group 
(Fig.  6C). Western blot results verified the elevated 
NGEF protein levels in the over-NGEF group and over-
NGEF + ALW-II-41-27 group as compared to the vec-
tor group (Fig.  6D&E). The IHC staining indicated that 
over-NGEF group has a significant higher Ki67 positive 
rate within the tumor tissue as compared to other two 
groups (Fig. 6.F&G). Regarding nerve fiber density, IHC 
findings indicated a greater presence of PGP 9.5 positive 
regions (red arrow in the figure) in over-NGEF group as 
compared to vector group (Fig. 6H&I). Moreover, PGP9.5 
content in tumor tissues was quantified using ELISA, 
revealing a significant increase in PGP9.5 content in 
over-NGEF group as compared to vector group and over-
NGEF + ALW-II-41-27 group (Fig. 6J). Collectively, these 
findings consistently support the notion that NGEF plays 
a critical role in the axonal growth and tumor progres-
sion in lung adenocarcinoma and Ephrin-A3/EphA2 axis 
mediate the NGEF induced axonal growth and tumor cell 
proliferation (Fig. 6K).

Discussion
This study initially identified three genes, namely NGEF, 
KIF4A, and PABPC1, as potential contributors to the 
nerve fiber growth in LUAD based on clinical samples. 
Following a bioinformatics analysis, NGEF was singled 
out as the primary focus of investigation. Subsequent 
in vitro neuron and tumor co-culture experiments con-
firmed NGEF’s significance. Further in vivo and in vitro 
investigations revealed that NGEF facilitates nerve fiber 
growth and tumor cell proliferation in lung adenocarci-
noma via Ephrin-A3/EphA2 axis.
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The area of neuro-oncology has attracted significant 
interest, but there is still a lack of research documenting 
the existence of nerve fibers in lung cancer cases. This 
study identified nerve fibers in lung adenocarcinoma 

specimens using PGP9.5 staining, with the density 
of these fibers closely associated with the growth of 
lung adenocarcinoma. Similarly, Jing-Xin Shao et al. 
observed TH-labeled sympathetic nerve fibers and 

Fig. 5 Ephrin-A3/EphA2 axis facilitated NGEF to promote axonal growth. (A) PPI analysis. (B) mRNA level of different EphA subtypes. One-way ANOVA. 
***P < 0.001. (C) mRNA level of different Ephrin-A subtypes. One-way ANOVA. ***P < 0.001. (D) Western blot of Ephrin-A3 and EhA2. (E) Co-IP of NGEF and 
EphA2. (F) Co-IP of Ephrin-A3 and EphA2. (G) mRNA level of EphrinA3. One-way ANOVA. **P < 0.01, ***P < 0.001. (H) Protein level of EphrinA3. One-way 
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. (I) β-tubulin III staining of neurons. Scale bar: 20 μm. (J) Dendritic length between groups. One-way ANOVA. ** 
P < 0.01, ***P < 0.001
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Fig. 6 (See legend on next page.)
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VACHT-immunopositively parasympathetic nerve fibers 
in human lung adenocarcinoma through immunofluo-
rescence staining, noting a positive correlation between 
nerve fiber infiltration and the risk of poor prognosis 
in LUAD patients [4]. Recent findings suggest that neu-
rotransmitters and neuropeptides can promote cancer 
cell growth and dissemination [24]. For instance, sub-
stance P has been implicated in driving malignant pro-
gression in breast cancer by sustaining HER2 activation 
[25], while NGF has been shown to activate cholinergic 
nerve-mediated signaling in gastric cancer, stimulating 
stem cell proliferation [26, 27]. Additionally, vagal inner-
vation has been found to contribute to gastric tumori-
genesis through M3 receptor-mediated Wnt signaling in 
gastric cancer stem cells.

To date, few studies have identified the specific factors 
responsible for promoting nerve fiber growth in lung ade-
nocarcinoma. While previous studies have highlighted 
proNGF released by prostate cancer cells as a driver of 
neuronal outgrowth and NGF released by breast cancer 
cells as a promoter of axonal growth in co-culture with 
dorsal root ganglia neurons [28, 29], the study by Fang-
fang Gao et al. revealed that NGF/proNGF do not play a 
role in stimulating nerve growth in lung cancer [13]. Our 
co-culture experiments involving tumor and neurons 
indicate that, despite NGEF’s mRNA exhibiting a lower 
upregulation fold compared to KIF4A and PABPC1, its 
capacity to facilitate neuronal axon growth was more 
pronounced. This discrepancy may be attributed to the 
intracellular localization of KIF4A and PABPC1, as well 
as the relatively simplified conditions present in the in 
vitro co-culture environment. To further elucidate the 
beneficial roles of KIF4A and PABPC1 in neurogene-
sis associated with lung cancer, it is recommended that 
future studies involve the direct injection of lung can-
cer cells overexpressing these proteins into the lungs of 
murine models, thereby establishing a more representa-
tive lung cancer animal model. NGEF belongs to a subset 
of the Dbl family of guanine nucleotide exchange factors 
(GEFs) and serves as a direct intermediary between Eph 
receptors and the Rho-family of GTPases [30]. Through 
experiments involving NGEF knockout mouse neurons 
and RNA interference in chick models, Mustafa Sahin 
et al. determined that NGEF is crucial for normal axo-
nal outgrowth and ephrin-mediated axonal repulsion. 
Similarly, Chih-Ju Chang et al. illustrated the neces-
sity of NGEF in motor axonal guidance and the role of 

Ephrin/Eph signals in determining motor axonal trajec-
tory [31]. Moreover, our research reveals the significant 
involvement of the Ephrin-A3/EphA2 axis in facilitating 
neuron extensions induced by NGEF. Recently, Kou et al. 
and Anderton et al. conducted comprehensive reviews on 
the involvement of various Ephs/ephrins in lung cancer, 
highlighting their roles as either promoters or suppres-
sors of tumor growth [32, 33]. Among these, EphA2 has 
been extensively studied as a target for lung cancer treat-
ment, with the anti-EphA2 antibody DS-8895 undergo-
ing evaluation in a phase I clinical trial involving patients 
with advanced EPHA2-expressing epithelial NSCLC [34]. 
Furthermore, the activation of the Ephrin-A3/EphA2 
axis has been shown to impact the metabolic character-
istics of cells in hepatocellular carcinoma, leading to the 
enhancement of self-renewal and cancer stemness prop-
erties [35]. Although the Eph/ephrin axis plays a crucial 
role in bidirectional signaling during neural development 
and the process of nervous system injury and recovery 
[36], our study did not investigate the potential impact of 
neurons on lung adenocarcinoma cells through the Eph-
rin-A3/EphA2 axis.

A recent bioinformatics analysis has indicated an 
increase in NGEF expression in lung adenocarcinoma 
tissues compared to normal tissues in TCGA-LUAD and 
GSE31210 datasets, establishing a significant correlation 
between NGEF levels and clinical parameters [17]. Our 
investigation also validated the elevated expression of 
NGEF in lung adenocarcinoma, showing a positive cor-
relation with tumor size, lymph node metastasis, and 
reduced overall survival. This suggests the potential of 
NGEF as a prognostic indicator for LUAD patients. Pre-
vious researched have suggested mechanisms through 
which NGEF influences lung cancer progression and 
patient outcomes. For instance, Jeeho Kim et al. demon-
strated that NGEF activates oncogenic Ras signaling and 
epidermal growth factor receptor-mediated pathways in 
lung cancer, leading to increased cancer cell proliferation 
and tumorigenesis [37, 38]. Our study shows that NGEF 
facilitates the advancement of lung cancer by stimulat-
ing nerve growth and tumor proliferation, indicating that 
biomaterials aimed at NGEF may be effective in lung can-
cer treatment. For example, delivering shRNA that inhib-
its NGEF expression through liposomes targeting lung 
cancer can lower the levels of NGEF expression [39]. This 
reduction may lead to decreased neural infiltration and 

(See figure on previous page.)
Fig. 6 NGEF expression promotes the growth of tumor and nerve fibers. (A) Xenografts were harvested for imaging and weighing. (B&C) Tumor weight 
and volume were calculated at the different time points. Student’s t test and Two-way ANOVA. **P < 0.01, ***P < 0.001 as compared to vector group, 
#P < 0.01 as compared to over-NGEF + ALW-11-41-27 group. (D&E) Semiquantitative analysis of NGEF expression level by western blot. One-way ANOVA. 
*P < 0.05 and **P < 0.01. (F&G) Ki67 staining and semiquantitative analysis between groups. Scale bar: 20 μm. One-way ANOVA. ***P < 0.001. (H&I) PGP9.5 
staining and semiquantitative analysis between groups. Scale bar: 20 μm. *P < 0.05. (J) PGP 9.5 concentration measured by ELISA and compared between 
groups. One-way ANOVA. **P < 0.01, ***P < 0.001. (K) Elevated NGEF expression in lung tumor cells promotes the neurogenesis and the proliferation of 
tumor cells via Ephrin-A3/EphA2 axis
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tumor growth, potentially providing a treatment for lung 
cancer [40, 41].

The study has several limitations that should be 
acknowledged. Firstly, while PGP9.5 labeled nerve fibers 
were identified in lung cancer samples using IHC and 
ELISA, the specific types of these nerve fibers remain 
unclear. Recent research has delineated various nerve 
types present in lung tissue, including sympathetic and 
parasympathetic nerve fibers [42]. Future investigations 
could employ immunofluorescence techniques to accu-
rately classify the nerve fiber types in lung cancer tissue. 
Secondly, the study utilized NGEF overexpression rather 
than NGEF knockout to assess the impact of NGEF on 
nerve growth in the subcutaneous tumor formation 
model. This approach may result in an underestimation 
of NGEF’s influence on nerve axonal growth. Lastly, it is 
important to note that the expression of nerve fibers in 
human and animal specimens may differ. Consequently, 
findings from animal experiments may only partially elu-
cidate the outcomes of bioinformatics analyses.

Conclusion
This research revealed that NGEF plays a role in promot-
ing neurite outgrowth and cancer cell proliferation in 
lung adenocarcinoma by acting through the Ephrin-A3/
EphA2 axis. The study first confirmed the existence of 
nerve fibers in lung cancer using samples from clinical 
cases. Subsequent bioinformatic analysis and laboratory 
experiments indicated a positive association between 
heightened NGEF levels and larger tumor size, greater 
nerve fiber density, and the involvement of Ephrin-A3/
EphA2 axis. These results provide a new insight into 
potential approaches for controlling the progression of 
lung adenocarcinoma.
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