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Abstract 

Neural invasion (NI) is one of the important routes for local spread of gastric cancer (GC) correlated with poor 
prognosis. However, the exact cellular characteristics and molecular mechanisms of NI in GC are still unclear. 
Netrin-1(NTN1) as an axon guidance molecule was firstly found during neural system development. 
Importantly, NTN1 has an essential role in the progression of malignant tumor and specifically mediates the 
induction of invasion. In this study, we found NTN1 expression was significantly increased in 97 tumor tissues 
from GC patients and positively correlated with NI (p<0.05). In addition, we detected NTN1 knockdown 
significantly suppressed GC cells migration and invasion. Moreover, our results showed that reciprocity was 
observed between GC cells and neurites colonies in dorsal root ganglia (DRG)-GC cells co-culture vitro 
model. GC cells with NTN1 silencing could suppress their abilities to navigate along surrounding neuritis and 
this effect was depended on its receptor neogenin. In vivo, NTN1 inhibition also decreased GC cells sciatic 
nerve invasion. Taken together, our findings argue that NTN1 and its receptor neogenin might act 
synergistically in promoting GC cells neural invasion. Inhibiting the activity of NTN1 could be a potential 
strategy targeting NI in GC therapy.  
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Introduction 
Gastric cancer (GC) is now the third leading 

cause of cancer related death in male and fifth in 
female worldwide [1]. Neural invasion (NI) is thought 
to be one of the factors responsible for the high rate of 
tumor recurrence after surgery and the pain 
generation associated with GC. NI in GC has been 
shown an important but less studied mechanism of 
metastasis. 

NI is a process which was described as the 
spread of cancer cells in the perineural spaces of the 
nerves. NI is a well-known route of cancer spread in 
malignant diseases, such as the head/neck cancer [2], 
prostate cancer [3, 4], colorectal cancer [5] and 
pancreatic cancer [6-9]. It was reported to be a crucial 

route for local spread of cancers and related to cancer 
recurrence, cancerous pain and poor prognosis [10]. 
Dissemination of cancer cells into the nerves has been 
shown in up to 50-60% of GC patients [11]. NI 
represents a key pathologic feature of GC, it is an 
established prognostic factor for GC. Thus, we need a 
clear clinical imperative to improve the 
understanding of the molecular mechanisms 
underlying NI in GC. 

Although lots of studies on NI have been carried 
out in many types of cancer, the molecular 
mechanisms about the interaction between GC cells 
and neural cells remain poorly understood. 
Netrin-1(NTN1) was a laminin-like protein, originally 
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identified as an axon guidance molecule during 
neural system development [12]. NTN1 activity was 
mediated by several receptors, including 
uncoordinated5A–D (UNC5A-D), deleted in 
colorectal cancer (DCC), its orthologue neogenin, and 
down syndrome cell adhesion molecule (DSCAM). In 
tumors, NTN1 acted an oncogene which was 
upredulated in neuroblastoma [13], pancreatic cancer 
[8, 14], breast cancer [15], prostate cancer [16] and 
non-small cell lung carcinoma [17]. Additionally, 
NTN1 has been identified as a novel stimulator of 
cancer cell invasion in hepatic carcinoma and 
colorectal cancer [18, 19]. Our previous study has 
proved that NTN1 promoted GC cells migration and 
invasion via its receptor neogenin [20]. The focus of 
this study was to provide a comprehensive 
characterization of NI in GC with emphasis on its 
underlying molecular mechanisms, and whether 
NTN1 and neogenin were involved in this process. 

In this study, we found that NTN1 was 
expressed in GC tissues and this expression was 
significantly associated with NI. To detect the 
molecular mechanisms between GC cells and neural 
cells, we established co-culture model between GC 
cells and dorsal root ganglia (DRG) in the 
three-dimensional(3D)-neural-migration assay in 
vitro. Here, we demonstrated that NTN1 and its 
receptor neogenin played an important role in 
mediating GC cells interaction with neural cells.  

Materials and Methods 
Tissue samples and cell culture 

In total, 97 GC samples and matched non-tumor 
tissues were collected at the time of surgical resection 
between 2014 and 2016 at the first affiliated hospital of 
Nanjing medical university and affiliated hospital of 
Jiangsu university. All GC patients were diagnosed 
with primary gastric cancer and none of the patients 
had a history of radiotherapy or chemotherapy prior 
to surgery. The patients with distant metastasis at 
diagnosis were excluded from the study. The 
eligibility criteria consisted of histologically 
confirmed R0 gastric resection, which was defined as 
no microscopic residual tumor. GC with NI was 
examined by 3 different tissue specimens from the 
main tumor. Histopathologic analysis was conducted 
by 2 independent observers blinded to patient 
diagnosis. Written informed consent was obtained 
from all the patients. The study was approved by the 
Ethics Committee of affiliated hospital of Jiangsu 
University. 

Human GC cell lines (BGC823, MGC803, 
MKN28, SGC7901 and MKN45) and gastric mucosa 
epithelial cell line (GES1) were purchased from the 

Cell Bank of Chinese Academy of Medical Science 
(Shanghai, China). These cells were cultured in 1640 
medium containing 10% fetal bovine serum 
(Invitrogen Life Technology, CA, USA), penicilin 
(100U/ml), and streptomycin (100mg/ml) at 37°C 
with 5% CO2.  

Quantitative real-time PCR  
Total RNA was extracted from GC cells and GC 

tissues with TRIzol reagent (Invitrogen Life 
Technology, Waltham, MA, USA) and cDNA was 
synthesized using PrimeScript RT Reagent (Takara, 
Dalian, China) according to the manufacturer’s 
instructions. The quantitative real-time PCR were 
performed as previously described [21]. The FastStart 
Universal SYBR Green Master (ROX) (Roche, 
Mannheim, Germany) was used in real-time PCR in 
an Applied Biosystems 7500 sequence detection 
system. The qRT-PCR primers were as follows: NTN1, 
forward, 5'-AAGCAGGGCACAAGTCGTAT-3' and 
reverse, 5'-TGCTCTTGTCTGCCACGATG-3'; 
UNC5A, forward, 5'-CCGGCTGATGATCCCTAA 
TA-3' and reverse, 5'-CTTGTGCAGCGTGAGGTA 
GA-3'; UNC5B, forward, 5'-GAGGTGGAATGGCT 
CAAGAA-3' and reverse, 5'-ATGAGGTTGTGGT 
CGATGGT-3'; UNC5C, forward, 5'-AGCAAGGCAG 
ACTGATCCAT-3' and reverse, 5'-TCAGCAAGCT 
GACTCCTGAA-3'; UNC5D, forward, 5'-AGTGGGT 
CCATCAGAACGAG-3' and reverse, 5'-CATGGA 
AGTCCTCCACCTGT-3'; DCC, forward, 5'-GCCACA 
AACCAACAGAGGAT-3' and reverse, 5'-GCTGCTT 
CATGAGTCCTTCC-3'; Neogenin, forward, 5'-ATGG 
TGACCAAAGGTCGAAG-3' and reverse, 5'-AGTCA 
CATCCTTGGGTGGAG-3'; DSCAM, forward, 5'-TCC 
ACCTCAGGAAGTTCACC-3' and reverse, 5'-CCACG 
GATAATCCCATTTTG-3'; β-actin, forward, 5'-TTAG 
TTGCGTTACACCTTTC-3' and reverse, 5'-ACCTT 
CACCGTTCCAGTTT-3'. Levels of gene expression 
were determined by ΔΔCT method, with the results 
being expressed as mRNA expression levels 
normalized to the levels of β-actin.  

Immunohistochemical analysis  
All GC tissues and adjacent normal tissues were 

fixed in 4% formalin and then embedded in paraffin. 
The 4µm of tissue slides were incubated with diluted 
primary antibody against Netrin-1 (NO.ab122903, 
Abcam, Cambridge, UK) and neogenin 
(NO.HPA027806, Sigma-Aldrich, USA). Reaction 
products were performed by 3, 3-diaminobenzidine 
(DAB) solution and the nuclei were counterstained 
with haematoxylin. Expression levels of Netrin-1 and 
neogenin were evaluated according to the staining 
intensity (0 for absent, 1 for weak, 2 for moderate and 
3 for strong staining). The following scores were used 
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to describe the overall proportion of Netrin-1 and 
neogenin positive cells: 0 (negative), 1 (<30%), 2 
(31-60%), 3 (>60%). The two scores were multiplied, 
and the scores ≥4 were defined as high expression, 
and scores <4 were defined as low expression. 

RNA interference, plasmids and lentivirus 
transfection 

The shRNA targeting NTN1 (shNTN1-1:5′- 
CATGGAGCTCTACAAGCTT-3′ and shNTN1-2: 
5′-GCCUGCAAAGCCUGUGAUUTT-3′) and the 
scramble shRNA (5′-GTTCTCCGAACGTGTCA 
CGT-3′) were packaged in lentivirus vectors 
(GenePharma, Shanghai, China). The transfected cells 
were selected with 5µg/ml puromycin (Sigma- 
Aldrich, St Louis, MO, USA) for 7 days to build stable 
cell lines. The siRNA duplexes targeting neogenin 
(siNeo: 5’-GCUGUUUGGUGUAGGUAAA-3’) and a 
control siRNA (siCTL: 5’-TTCTCCGAACGTGTCA 
CGTTT-3’) were also purchased from GenePharma 
and transfected into GC cells using Lipofectamine 
3000 reagent (Invitrogen Life Technology, CA, USA). 
All transfections were performed according to the 
manufacturer’s instructions. 

Wound healing assay 
Briefly, 6×105 GC cells were seeded in 6-well 

Petri dishes for 48h and allowed to reach 
approximately 90% confluence. A scratch was made 
in each well using sterile 100-µl pipet tips. 
Subsequently, then the cells were washed by PBS and 
incubated in growth medium for 24 h at 37°C with 
5%% CO2. After 24h, the scratches were documented 
and the area between both wound sides was 
calculated. The migration area was analyzed with the 
ImageJ program. The experiments were performed in 
triplicate.  

Transwell migration and invasion assays 
Cell invasion and migration assays were 

analyzed using the Transwell (Corning Costar, New 
York, NY, USA) assay, with or without coated 
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). 
Briefly, a total of 3×104 cells (MKN28 and MGC803) in 
200μl serum-free 1640 medium were plated in the 
upper chambers, the lower chamber was filled with 
600μl 1640 medium containing 10% FBS. After 24 
hours of incubation, cells invading into the bottom 
side of the inserts were fixed and stained with crystal 
violet dye. The migrated or invaded cells in the lower 
chambers were observed under an electron 
microscope. 

Western blotting assay 
Western blotting was performed as previously 

described by us [22]. The following primary 

antibodies were used: Netrin-1 (NO.ab122903, 
Abcam, Cambridge, UK; 1:500 dilution), neogenin 
(NO.HPA027806, Sigma-Aldrich, USA), GAPDH 
(NO.51332, Cell Signaling Technology, Danvers, MA, 
USA; 1:1000 dilution). GAPDH was used as an 
internal control. The total proteins were analyzed on 
the 10% SDS polyacrylamide gels by SDS-PAGE and 
transferred onto PVDF membranes (Millipore, 
Bedford, MA, USA). After being blocked with 5% 
non-fat powdered milk for 2h, the membranes were 
incubated with specific primary antibodies at 4 °C 
overnight and washed with TBST 15 min 3 times, then 
the blotted membranes were incubated with 
secondary antibodies (GeneTex, San Antonio, TX, 
USA) for 2 h at room temperature. Targeting protein 
expression levels were visualized using an enhanced 
chemiluminescence kit (Millipore, Temecula, CA, 
USA) and detected with an enhanced 
chemiluminescence detection system (FluorChem E, 
ProteinSimple, San Jose, CA, USA). 

DRG-tumor cells co-culture assay  
DRG-tumor cells co-culture assay was 

performed using a modified method based on a 
previously described protocol [23]. Briefly, 2×105 
MGC803 cells were suspended in 25μl of 
growth-factor-reduced Matrigel (Sigma-Aldrich, St 
Louis, MO, USA) and placed at the centre of each well 
of 12-well Petri dishes. DRGs were isolated from the 
lumbar spinal region of 8-day-old Sprague-Dawley 
rats and seeded at 1mm distance to the cell 
suspension. To exclude the possibility of 
non-specifically guided migration of GC cells, an 
additional 25μl of blank Matrigel was positioned on 
the opposite side. The Petri dishes were incubated for 
30 minutes at 37°C in a humidified 5% CO2-saturated 
atmosphere to allow Matrigel polymerization. After 
solidification, neurobasal medium (Gibco, Carlsbad, 
USA) supplemented with 10% FBS, 100U/ml 
penicillin, 100μg/ml streptomycin, 0.5mM 
L-glutamine and 2% B-27 (Invitrogen, Carlsbad, CA, 
USA) were added to the wells and renewed every 2 
days. Travel distances, velocity, and directness were 
calculated using ImageJ software. 

Sciatic nerve invasion assay in vivo 
Four-week-old male nude mice (BALB/c nude 

mice) were purchased from the Department of 
Laboratory Animal Centre of Nanjing Medical 
University. 2×105 MGC803 cells were injected into the 
periphery of the sciatic nerve by using a dissecting 
microscope and 33 gauge needle in 5μl PBS. MGC803 
cells with NTN1 knockdown were injected into the 
right pygal and the control cells were injected into the 
left pygal. Mice were observed for 6 weeks for gross 
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behavior, limb function, and sciatic nerve function, as 
determined by paw spread distance. The xenograft 
diameters were measured using a slide caliper every 
other day until day42. The xenograft tumor volume 
was calculated using the following formula: v=0.5 ab2 
(a = the long diameter of the tumor, b=the short 
diameter of the tumor, and v= volume) [24]. Six weeks 
later, mice were subjected to magnetic resonance 
imaging, performed on a Bruker USR 7.0-T40-cm bore 
scanner (Bruker Biospin MRI, Inc, Billerica, MA) using 
a custom-designed active decoupled radiofrequency 
surface coil (Stark MRI Contrast Research, Erlangen, 
Germany) to improve signal to noise ratio and spatial 
resolution. Care of experimental animals was in 
accordance with Nanjing Medical University 
Institutional Animal Care and Use Committee. 

Statistical analysis 
The statistical analyses were performed using 

SPSS version 22.0. The data are presented as the mean 
± standard error of the mean (SEM) unless indicated 
otherwise. The statistical significance of differences 
between two groups was evaluated by the paired 
Student t-test. Data from more than two groups were 
analyzed using two-way ANOVA. Correlation 
between NTN1 expression level and clinicopatho-
logical factors was performed by Pearson χ2 test. P 

values less than 0.05 were considered to be 
statistically. 

Results 
NTN1 was overexpressed in GC tissues and its 
expression correlated with NI and lymph node 
metastasis 

NI was detected in 58 of 97 GC patients (59.8%) 
and these patients showed varying degrees of NI. To 
explore whether NTN1 was upregulated in GC 
tissues, we collected 97 pairs of tumor and adjacent 
normal tissues to detect the expression level of NTN1 
by using qRT-PCR. Our dates showed that NTN1 
expression level was higher in GC tumor tissues 
compared with the matched adjacent normal tissues 
(Fig. 1A). We next analyzed the correlation between 
the expression level of NTN1 and clinicopathological 
characteristics of GC patients. Our findings showed 
that increased NTN1 in GC tissues was significantly 
correlated with NI and lymph node metastasis (Table 
1). In addition, IHC staining also confirmed that 
NTN1 protein was almost absent in normal gastric 
tissue but aberrantly elevated in GC tissues. 
Importantly, we found NTN1 staining was further 
increased in GC tissues with NI (Fig. 1B-C). 

 
 

 
Fig.1. The expression level of NTN1 was increased in GC specimens. A. NTN1 mRNA expression level in 97 paired GC tissues and adjacent normal tissues were 
investigated by qRT-PCR. B. Representative results of upregulation of NTN1 protein in GC specimens with or without NI by immunohistochemistry. N indicated nerve. Original 
magnification, 200×; Scale bar=100μm. C. Quantification of the percentage of cells demonstrating the presence of immunoreactivity for NTN1 (positive staining). *p < 0.05, **p 
< 0.01, ***p < 0.001. 
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NTN1 knockdown suppressed GC cells 
migration abilities in vitro 

We examined the expression of NTN1 in normal 
gastric mucosa epithelial cell (GES1) and GC cells 
lines, including BGC823, MGC803, MKN28, SGC7901 
and MKN45 by qRT-PCR. We found GC cell lines 
(MGC803 and MKN28) had the highest levels of 
NTN1, BGC823 and SGC7901 cell lines expressed 
NTN1 at moderate levels, while MKN45 and GES1 
had no expression level of NTN1 (Fig. 2A). In ordered 
to study the role of NTN1 in GC cells motility, we 
inhibited NTN1 expression in MGC803 and MKN28 
cell lines by using two different shRNA. As shown in 
Fig. 2B, each GC cell line transfected with NTN1 
lentivirus showed efficient silencing of NTN1 
expression, as determined by western blotting and 
qRT-PCR. The wound healing was carried out to 
explore the effect of NTN1 on the migration of 
MGC803 and MKN28 cells. Our results indicated that 
the gap sizes of MGC803 (Fig. 2C-D) and MKN28 (Fig. 
2E-F) cells with NTN1 inhibition were significantly 
larger than negative control cells. These results 
suggested that migration abilities of MGC803 and 
MKN28 cells were decreased abundantly after NTN1 
silencing. 

NTN1 knockdown suppressed GC cells 
invasion abilities in vitro 

Then we conducted Transwell assay to further 
illustrate the impact of NTN1 on migration and 
invasion abilities of GC cells. We discovered that 
NTN1 knockdown markedly reduced the number of 
migrated MGC803 and MKN28 cells (Fig. 3A-B). 
Furthermore, the number of invasive MGC803 and 
MKN28 cells with NTN1 inhibition obviously 
decreased compared with negative control cells (Fig. 
3C-D). In a word, our date suggested that NTN1 
knockdown inhibited GC cells migration and invasion 
abilities in vitro. 

NTN1 knockdown suppressed the migratory 
ability along the nerve of GC cells in a 
DRG-GC cells co-culture assay 

To identify GC cells that have a propensity to 
invade nerves, a modified co-culture assay of DRG 
and MGC803 cells was established. After the two cells 
were co-cultured for approximately 5 days, MGC803 
cells dissociated from colonies and formed clusters 
which migrated in a unidirectional fashion along the 
nerve toward the ganglion. On the 7th day after 
starting co-cultured, we evaluated the accumulated 
travel distance and migrating velocities of the cancer 
cells (Fig. 4A-B). We showed MGC803 control cells 
reached a higher migrating velocity than MGC803 

cells with NTN1 inhibition (Fig. 4C). Moreover, 
MGC803 control cells travelled a greater distance 
compared with MGC803 shNTN1 cells (Fig. 4D). In 
addition, we analyzed the neurites that grew out from 
the DRGs. Our results demonstrated that the average 
area covered by the neurites that co-cultured with 
MGC803 cells with NTN1 inhibition was smaller 
compared with that co-cultured with control cells 
(Fig. 4E). These results indicated that NTN1 
knockdown suppressed the migratory potential of GC 
cells along the nerve. 

Table 1. Correlation of relative NTN1 expression with 
clinicopathological characteristics of gastric cancer patients 

Characteristics Number (%) NTN1 expression  p-value 
Low group High group 

Age(years)        
>60 51(52.6) 30 21 0.990 
≤60 46(47.4) 27 19  
Gender     
Male 60(61.9) 25 35 0.235 
Female 37(38.1) 20 17  
Size(cm)     
<3cm 42(43.3) 23 19 0.842 
≥3cm 55(56.7) 29 26  
T grade     
T1+T2 35(36.1) 17 18 0.207 
T3+T4 62(63.9) 22 40  
Lymph node metastasis     
N0 33(34.0) 21 12 0.045* 
N1-N3 64(66.0) 27 37  
Stage     
I/II 37(38.1) 19 18 0.274 
III/IV 60(61.9) 24 36  
Histological type     
Intestinal  42(43.3) 19 23 0.983 
Diffuse 55( 56.7) 25 30  
Tumor differentiation     
Well-Moderately 45(46.4) 18 27 0.173 
Poorly-signet 52(53.6) 28 24  
Neural invasion     
Absent 39(40.2) 21 18 0.001** 
Present 58(59.8) 13 45  

*P<0.05; **P<0.01. 
 

NTN1 knockdown suppressed GC cells NI 
ability was depend on neogenin 

Since inhibition of NTN1 results in a decrease in 
the migration of GC cells towards the neurites, we 
performed a reciprocal experiment to determine 
whether its receptor was responsible for this process. 
Reportedly, neogenin was detected to upregulated in 
GC tissues and increased invasion abilities of GC cells 
[25]. We also found neogenin expression level in GC 
tissues was higher than that in adjacent tissues by IHC 
staining (Fig. 5A-B). Then we investigated the 
expression level of NTN1 receptors including 
UNC5A-D, neogenin, DCC and DSCAM in MGC803 
and MKN28 cells by qRT- PCR, and found neogenin 
was the highest expressed in these cells (Fig. 5C). 

Therefore, we inhibited neogenin (named siNeo) 
in MGC803 and MKN28 cells and western blotting 
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showed that the siRNA efficiently reduced the 
expression level of neogenin (Fig. 5D). Our previous 
studies have demonstrated that knockdown neogenin 
can reduce GC cells migration and invasion abilities 
[20]. In the present study, we found silencing 
neogenin also reduced the invasive abilities of 
MGC803 cells towards the DRG (Fig. 5E). Moreover, 
our results showed that MGC803 negative control 
cells reached a higher migrating velocity than 

MGC803 cells with neogenin inhibition (Fig. 5F). 
Similarly, we found MGC803 negative control cells 
travelled a greater distance compared with MGC803 
cells with neogenin inhibition and the area covered by 
neurites in neogenin inhibition group was smaller 
than that in control group (Fig. 5G-H). Thus, we 
hypothesized that NTN1/neogenin signaling 
pathway might play an important role in GC cells 
neural invasion. 

 

 
Fig. 2. NTN1 knockdown inhibited GC cells migration abilities in vitro. A. The expression of NTN1 was measured using qRT-PCR in five GC cell lines (BGC823, 
MGC803, MKN28, SGC7901 and MKN45) and compared with that measured in the gastric mucosa epithelial cell line GES1. B. NTN1 was efficiently decreased by NTN1 shRNA 
in MGC803 and MKN28 cells. NTN1 expression level was examined by western blotting and qRT-PCR after transfection for 48 hours. C-D. NTN1 knockdown slowed the 
wound healing in MGC803 cells. The gap size was measured and plotted as the percentage of the original time point (0 hour). Representative images of wound healing assays were 
shown. Original magnification, 40×; Scale bar = 100μm. E-F. NTN1 knockdown slowed the wound healing in MKN28 cells. The gap size was measured and plotted as the 
percentage of the original time point (0 hour). Representative images of wound healing assays were shown. Original magnification, 40×; Scale bar = 100μm. *p < 0.05, **p < 0.01, 
***p < 0.001. 
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Fig. 3. NTN1 knockdown inhibited GC cells invasion abilities in vitro. A-B. NTN1 knockdown inhibited MGC803 and MKN28 cells migration abilities in Transwell 
assay. Representative images are shown. Original magnification,100×; Scale bar =100μm. The number of migrated cells was quantified. C-D. The invasive capabilities of MGC803 
and MKN28 cells were investigated by Matrigel-coated Transwell assay. Representative images are shown. Original magnification, 100×; Scale bar = 100μm. The number of 
invasive cells was quantified. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Inhibition of NTN1 decreased NI of GC cells in 
vivo 

We investigated NTN1 ability to regulate NI by 
injecting MGC803 cells (control and shNTN1) into the 
periphery of sciatic nerve (left and right) in nude mice 
respectively. Our results showed that mice began to 
develop left hind limb paralysis 4 weeks after tumor 
implantation (Fig. 6A). In contrast, NTN1 knockdown 
group had normal right hind limb function until week 
6. Histopathologic evaluation (HE staining) revealed 
that GC cells extensive invaded proximal nerve from 
the primary tumor (Fig. 6B-C). Nerve function was 
determined by paw spread, where at week 0 both 
NTN1 inhibition and negative control groups had a 
paw spread of 9.85 ± 0.25 and 0.26, respectively. Six 
weeks later, the control group paw spread decreased 
to 3.40 ± 0.40, but in NTN1 inhibitor group only 
decreased to 7.40 ± 0.42 (Fig. 6D). In addition, tumor 
volume and proximal nerve diameter in different 
groups were measured using small animal MRI (Fig. 
6E-F). Tumor growth curves showed that the tumor 
volumes in the sciatic nerve in NTN1 knockdown 
group were significantly smaller compared with the 
control group (Fig. 6G). Moreover, our results showed 
that proximal nerve diameter in the control group was 
larger compared with that in NTN1 knockdown 
group (Fig. 6H). In a word, GC cells with NTN1 
knockdown inhibited their invasion abilities through 
the nerve and then protected nerve function. Thus, 
our dates indicated that GC cells neural invasion 
ability was impaired after NTN1 silencing.  

Discussion 
NI was the process through which cancer cells 

invade and extend along nerves. NI was reported to 
be a crucial pattern of invasion and a characteristic 
pathological feature of GC, which related to poor 
progression and prognosis in GC [26]. In this study, 
we observed the expression level of NTN1 was higher 
in human GC tissues and this expression was 
association with NI and lymph node metastasis. Our 
in vitro and in vivo data, furthermore, demonstrated a 
novel function to NTN1, as they implicated NTN1 in 
the control of GC cells invasion along outgrowing 
neurites. To best of our knowledge, this is the first 
report that NTN1 involved in NI of GC. 

NTN1 has been considered as an oncogene in 
many types of malignant tumor [27]. The promoting 
role of NTN1 on cancer progression was mostly 
focused on regulating cells proliferation, 
angiogenesis, apoptosis, migration and invasion [8, 
28-32]. In this study, we also showed NTN1 could 
promote GC cells migration and invasion abilities by 
wound healing assay and Transwell assay, while 
down-regulation of NTN1 inhibited GC cells 
migration and invasion abilities. In addition to its 
roles in cancer progression, NTN1 was also involved 
in nerve development, nerve injury repair and 
neuropathic pain [33]. NTN1 expression was elevated 
in Schwann cells and promoted cells migration 
through P38/MAPK and PI3K/AKT signaling 
pathway [34]. Interestingly, we identified that the 
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human GC tumor tissues presence of NI exhibited a 
higher NTN1 expression level compared to normal 
GC tissues without NI. Because these varied roles 
may potentially intersect in NI, we hypothesized that 
NTN1 may play a role in this process.  

Previous studies showed a prevalence of around 
50-60% for NI in GC [11]. Understanding the 
relationship and underlying mechanisms of 
interactions between GC cells and related neural cells 
has become very important, because the clinical 
relevance of the tumor microenvironment to 
accelerate tumor progression has been widely 

recognized. To identify NTN1 and its receptors 
involved in NI, we performed a modified co-culture 
assay of DRG and GC cells. DRG explants in Matrigel 
sprout axonal-like tiny nerves, which in co-culture 
with cancer cells serve as a model that recapitulates 
NI [5, 10, 35-37]. Notably, our current data identified a 
novel, critical function of NTN1 for the interaction of 
GC cells with peripheral nerves. Through DRG-tumor 
cells co-culture assay, we indicated that NTN1 
knockdown in GC cells inhibited their capacity to 
navigate along contacted neuritis in vitro. In addition, 
GC cells with NTN1 silencing were also seemed to fail 

 
Fig. 4. NTN1 knockdown suppressed GC cells neural invasion in DRG-tumor cell co-culture assay. A. Representative images of co-cultured with MGC803 control 
cells or MGC803 shNTN1 cells in the DRG-tumor cell co-culture assay. (#) indicates GC cells, (*) indicates DRG. Original magnification, 40×; Scale bar =100μm. B. 
Representative photomicrographs showing the entire process of the DRG-tumor cell interaction. (a-b) Three-dimensional co-culture of GC cells (#) and DRG (*) were 
assembled in Matrigel. (c) Outgrowth and extension (blue arrowheads) of neurites from the DRG toward the tumor cell colony around day 7. Original magnification, 40×; Scale 
bar=100μm. The lower panel showed that GC cells migrated along the neurites and neurites that projected into the cancer cell colonies. (d-e-f) Upon contact, tumor cells 
disengage and navigate along the contacted neurites (blue arrowheads) toward DRG. Numbers indicate sites of neurite–tumor cell contact initiation and refer to corresponding 
magnified areas in (c). Original magnification, 100×; Scale bar=100 μm. C. The travelling velocity of MGC803 control cells and MGC803 shNTN1 cells was calculated. D. The 
accumulated distance travelled by the MGC803 control cells and MGC803 shNTN1 cells was calculated. E. The average area covered by the neurites growing out from the DRG 
in different groups was quantified. *p < 0.05, **p < 0.01, ***p < 0.001. 
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to stimulate increased neurite density of DRG in 
contrast to the normal GC cells. Using mouse models, 
we also showed that NTN1 knockdown suppressed 
neural invasive potential of GC cells. Moreover, 
human GC specimens demonstrated a very high level 
of NTN1 expression (77.6%) in tumors with NI. This 
correlation between the expression level of NTN1 and 
NI in human clinical specimens further supported the 
concept that NTN1 is likely playing a mechanistic role 
in the process of NI in GC. 

NTN1 was a secreted protein that regulated axon 
guidance through its receptors [38]. In contrast to 
other NTN1 receptors, neogenin was found to be the 
most predominant in our GC cell lines. Recent studies 
have reported that neogenin was found in GC tissues 
and could promote GC cells migration and invasion 
abilities [39, 40]. It was also reported that 
NTN1/neogenin signaling may activate AKT/PI3K 
pathway to regulate cellular migration and invasion 
in GC cells [20]. Here, we observed that neogenin 

 
Fig. 5. NTN1 knockdown suppressed GC cells neural invasion was depend on neogenin. A. Representative images of neogenin IHC staining on sections from GC 
tissues and adjacent normal tissues. Original magnification, 200×; Scale bar=100μm. B. Quantification of the percentage of cells demonstrating the presence of immunoreactivity 
for neogenin (positive staining). C. The expression levels of NTN1 receptors in MGC803 and MKN28 cells were detected by qRT-PCR. D. Neogenin expression level was 
detected in GC cells by western blotting after transfecting with siNeogenin. E. Representative images of the migration of MGC803 cells towards nerves treated with/without 
neogenin inhibition. Blue arrowheads indicate the cancer cells that migrated towards the neurites. Original magnification, 40×; Scale bar =100μm. F. The travelling velocity of 
MGC803 cells in different groups (shCTL and shCTL+siNeo) was calculated. G. The accumulated distance travelled by the cancer cells in different groups was calculated. H. The 
average area covered by the neurites growing out from the DRG in different groups was quantified. *p < 0.05, **p < 0.01, ***p < 0.001. 
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ablation could also diminish GC cells neural invasive 
abilities. In a word, NTN1 was required for GC cells 
related to neural outgrowth and enhancement of 
cancer cells NI and neogenin may be also involved in 
this process. Our findings showed the critical 
importance of the cancer studying neuroenvironment 
was a key regulatory factor of GC progression. Our 
study has some limitations. In this work, our results 
focused on one aspect of cancer-nerves relationship, 
and other factors including chemotatic factors, 
adhesion molecules and matrix metalloproteinase 
may be involved in this process.  

In a word, we investigated the invasion of GC 
cells along DRG neuritis and demonstrated NTN1 and 
its receptor neogenin may play an important role in 
NI. Furthermore, we implied that this interaction 
likely result in motility for GC cells in the neural 
location. Considering the effect of NTN1 in neural 
invasion, future treatment direct against NI could 
theoretically prevent the local extension of GC to the 
peripheral nerve, reduce neuropathic pain and 
prolong patient survival.  
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