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Neural invasion underlies the local spread of gastric cancer and is associated with poor prognosis. �is process has 
been receiving increasing attention in recent years. However, the relationship between neural invasion and the malignant 
phenotypes of gastric cancer cells, as well as the molecular mechanism involved in this process, remain unclear. In this study, 
bioinformatics analysis was performed using a dataset obtained from �e Cancer Genome Atlas-Stomach Adenocarcinoma. 
�e results revealed that high expression of GDNF family receptor alpha 3 (GFRA3) was associated with a poor prognosis of 
patients with gastric cancer. GFRA3 is a receptor for artemin (ARTN), a glial cell line-derived neurotrophic factor (GDNF). 
�is association was indicated by short overall/disease-free survival, as well as the presence of high-stage and high-grade 
disease. Gene set enrichment analysis showed that two cancer-associated pathways, namely KRAS signaling and epithe-
lial-mesenchymal transition (EMT), were activated when GFRA3 was highly expressed in gastric cancer. Further studies 
con�rmed that GFRA3 activated KRAS downstream signaling phosphatidylinositol 3 kinase/protein kinase B (PI3K/AKT) 
or extracellular signal-regulated kinase (ERK) and induced EMT markers, as well as promoted the migration and invasion 
of gastric cancer cells. As a ligand of GFRA3, ARTN induced the EMT, migration, and invasion of gastric cancer cells via 
GFRA3. Notably, the e�ects of the ARTN-GFRA3 axis were attenuated by treatment with a KRAS inhibitor. �e present 
�ndings indicated that, during the neural invasion of gastric cancer, ARTN-mediated activation of GFRA3 induces EMT 
phenotypes, migration, and invasion of gastric cancer cells via KRAS signaling. 
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In recent years, gastric cancer has become the ��h 
common type of malignant tumors, with >1 million new cases 
reported each year worldwide. �is disease is o�en diagnosed 
at an advanced stage, rendering it the third leading cause of 
cancer-associated mortality [1]. Neural invasion was found 
in approximately 35.9% of patients with gastric cancer during 
the postoperative pathological diagnosis [2]. During their 
growth, cancer cells surround the nerves (at least one-third of 
the perimeter) or invade any outer membranes of the nerves 
(e.g., epineurium, perineurium, and endoneurium) [3]. 
Neural invasion is associated with poor prognosis of various 
types of cancer, including gastric cancer. It has been demon-
strated that neural invasion is a reliable factor for predicting 
the survival outcome of patients with gastric cancer [2, 4–6]. 
�erefore, it is of great signi�cance to reveal the molecular 
mechanism underlying neural invasion in gastric cancer.

Members of the GDNF family receptor alpha (GFRA) 
family are the receptors for glial cell line-derived neuro-
trophic factors (GDNFs), including GDNF, neurturin 
(NRTN), persephin (PSPN), and artemin (ARTN), which 
comprise GFRA1-4 [7]. �e GDNF-GFRA complex subse-
quently binds to and activates the transmembrane RET 
receptor tyrosine kinase, which transduces cellular signaling 
[8]. �e ARTN-GFRA3 axis plays important roles in a variety 
of physiological functions, including the development 
and maintenance of various neuronal populations, neurite 
growth, and nerve regeneration. However, it is also required 
for tumor development. Increased GFRA3 expression is 
signi�cantly correlated with poor prognosis of patients with 
breast cancer and urothelial cancer [9, 10]. Moreover, GFRA3 
plays an essential role in the neuroin�ltration and metastasis 
of pancreatic cancer; hence, it can serve as an indicator of 
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the biological behavior of pancreatic cancer [11]. Thus far, 
the prognostic significance and biological role of GFRA3 in 
gastric cancer have not been reported.

As a biological process, epithelial–mesenchymal transi-
tion (EMT) triggers the detachment of polarized epithe-
lial cells from neighboring cells and transforms them into 
mesenchymal cells. In tumor cells, EMT leads to loss of 
epithelial polarity and induces their transformation into 
mesenchymal phenotypes, thereby playing a critical role in 
tumor invasion and metastasis [12]. Evidence has shown 
that the over activated EMT is closely related to the occur-
rence, invasion, and metastasis of gastric cancer [13, 14]. 
Tumor metastasis is a complex process, mainly including 
local invasion, intravasation, metastasis, and extravasa-
tion. Malignant cells leave the primary site, colonize tissues, 
and form secondary tumors in neighboring or distant 
organs, thus causing gastric cancer-associated death [15]. 
The mesenchymal phenotype is linked to a higher risk of 
invasion and metastasis than the intestinal phenotype, 
which is mainly present in early-stage gastric cancer [16]. 
Moreover, gastric cancer with EMT molecular phenotype 
is typically associated with advanced disease and indicates 
a poor prognosis [17]. Therefore, investigating the mecha-
nisms of EMT in gastric cancer may help understand the 
invasion and metastasis of this malignancy.

In the present study, a bioinformatics analysis based on 
data obtained from The Cancer Genome Atlas (TCGA) 
database suggested that high expression of GFRA3 was 
associated with a poor prognosis of patients with gastric 
cancer. Furthermore, it was found that the ARTN-GFRA3 
axis induced EMT, and promoted the migration and invasion 
of gastric cancer cells through activation of KRAS signaling. 
Clinical analysis also revealed a relationship between GFRA3 
expression and the TNM stage of gastric cancer.

Materials and methods

Data acquisition. RNA-sequencing data and clinical 
follow-up information were obtained from TCGA database 
(https://www.genome.gov/Funded-Programs-Projects/
Cancer-Genome-Atlas). The datasets included glioblas-
toma, uterine corpus endometrial carcinoma, kidney 
renal papillary cell carcinoma (KIRP), colon adenocar-
cinoma (COAD), thyroid carcinoma, lung adenocarci-
noma (LUAD), bladder urothelial carcinoma (BLCA), liver 
hepatocellular carcinoma (LIHC), stomach adenocarci-
noma (STAD), head and neck squamous cell carcinoma 
(HNSC), lung squamous cell carcinoma, esophageal carci-
noma (ESCA), cervical squamous cell carcinoma (CESC), 
cholangiocarcinoma, rectum adenocarcinoma (READ), 
prostate adenocarcinoma (PRAD), pancreatic adenocar-
cinoma, breast invasive carcinoma, kidney renal clear cell 
carcinoma, and kidney chromophobe. The expression 
of GFRA3 in all tumors was evaluated as transcripts per 
million in the mRNA-sequencing data. The optimal cutoff 

value was determined using the R package “survminer”. 
Patients were classified into high- and low-expression 
groups based on the levels of GFRA3.

The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Ethics Committee 
of the National Human Genetic Resources Sharing Service 
Platform (grant number: SHYJS-CP-1410012). Informed 
consent was obtained from all subjects involved in the study.

Prognostic analysis. The R package “survminer” and 
“survival” were used to generate Kaplan-Meier curves of 
overall survival (OS) and disease-free survival (DFS) based 
on the expression of GFRA3 for each cancer type. The signifi-
cance of differences in OS and DFS between the groups with 
high and low expression of GFRA3 was evaluated using the 
log-rank test.

Expression analysis of GFRΑ3 in the pan-cancer setting. 
The expression levels of GFRA3 in normal and tumor tissues 
were compared and illustrated using a box plot. The expres-
sion levels of GFRA3 in the different stages and grades of the 
STAD dataset were compared using UALCAN (http://ualcan.
path.uab.edu/analysis. html).

Gene set enrichment analysis (GSEA) analysis of 
GFRA3 in the pan-cancer setting. The GSEA algorithm in 
combination with the hallmark gene set in the R-package 
cluster profiler (latest version) was used to calculate the 
GSEA score for each functional gene set in each tumor type. 
Next, the Pearson correlation coefficient was used to calcu-
late the correlation between GFRΑ3 expression and each 
functional gene set; the correlation matrix was displayed 
using a heat map. Based on correlation coefficients and statis-
tical significance (p<0.05), the functional gene sets that were 
significantly correlated with GFRA3 were identified in each 
cancer type. The GSEA scores of the identified gene sets in 
tumor and adjacent normal tissues of each type of cancer 
were compared using a paired t-test.

Cell culture, transfection, and treatment. Human 
gastric cancer cell lines SGC7901 and BGC823 were 
purchased from the American Type Culture Collec-
tion (Manassas, VA, USA). These cells were cultured in 
RPMI-1640 medium containing 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) in an incubator at 37 °C with 5% CO2. GFRA3 overex-
pression plasmids and small-interfering RNAs (siRNAs) 
were transfected using Lipofectamine™ 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the instruc-
tions provided by the manufacturer. ARTN (20 ng/ml) 
(P00854-10 µg; Solarbio, Beijing, China) and KRAS inhib-
itor BAY-293 (50 nM, S8826; Selleck, Houston, TX, USA) 
were used to treat SGC7901 and BGC823 cells.

Plasmids, siRNAs, and antibodies. GFRA3 overexpres-
sion plasmids were constructed based on pcDNA3.1. The 
siRNAs targeting GFRA3 were synthesized from GenePh-
arma (Shanghai, China). Antibodies against GFRA3 (25379-
1-AP), KRAS (12063-1-AP), phosphorylated-protein kinase 
B (p-AKT; 28731-1-AP), AKT (10176-2-AP), phosphory-
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lated-Extracellular Signal-Regulated kinase 1/2 (p-ERK1/2; 
28733-1-AP), ERK1/2 (11257-1-AP), E-cadherin (20874-
1-AP), Zona occludens 1 (ZO-1; 21773-1-AP), Vimentin 
(VIM; 10366-1-AP), and Fibronectin (FN; 15613-1-AP) 
were purchased from Proteintech (Rosemont, PA, USA). �e 
antibody against Glyceraldehyde-3-Phosphate Dehydroge-
nase (GAPDH; #5174) was purchased from Cell Signaling 
Technology (CST, Beverly, MA, USA).

Quantitative polymerase chain reaction (qPCR). 
According to the instructions provided by the manufac-
turer, total RNA was isolated from SGC7901 and BGC823 
cells using RNAiso Plus (Takara Bio, Inc., Otsu, Japan). RNA 
quality and concentration were measured by a NanoDrop 
ND-1000 spectrophotometer (�ermo, Waltham, MA, 
USA). RNA (500 ng) was reverse-transcribed using a cDNA 
Reverse Transcription kit (Takara Bio, Inc.) according to the 
instructions provided by the manufacturer. �e obtained 
cDNAs were analyzed in triplicate using qPCR (95 °C for 
5 min, followed by 40 cycles of 95 °C for 45 s, annealing at 
55 °C for 45 s, and extension at 72 °C for 1 min) on an ABI 
7500 (Applied Biosystems, Carlsbad, CA, USA) with SYBR 
Premix Ex Taq (MX200017; Meixuan, Shanghai, China), 
according to the instructions provided by the manufacturer. 
�e expression levels of target genes were normalized to 
those of GAPDH (internal control) and calculated using the 
2–ΔΔCt method. �e sequences of the qPCR primers used in 
this study are listed in Table 1.

Western blotting. Cells were harvested and lysed using 
radioimmunoprecipitation assay lysis bu�er (P0013; 
Beyotime, Shanghai, China). �e protein concentration 
was determined using the BCA Protein Quantitation Kit 
(P0010; Beyotime). �e proteins (40 μg/lane) were separated 
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (10%) and transferred onto polyvinylidene di�uo-
ride membrane (IPVH00010; Millipore, Temecula, CA, 
USA). �e membrane was blocked with 5% bovine serum 
albumin (diluted in Tris-bu�ered saline with Tween-20) for 
2 h at room temperature. Subsequently, the membrane was 
incubated with diluted primary antibodies at 4 °C overnight. 
�is was followed by incubation with horseradish peroxi-
dase-labeled sheep anti-rabbit secondary antibody (1:500; 
Jackson Immuno Research Laboratories, Inc., PA, USA) 
and/or horseradish peroxidase-labeled sheep anti-mouse 
secondary antibody (1:500; Jackson Immuno Research 
Laboratories, Inc.) for 2 h. �e polyvinylidene di�uoride 
membrane was immersed in chemiluminescence detec-
tion reagent for 2 min, and proteins were detected through 
enhanced chemiluminescence (WBKLS0500; Millipore).

Cell Counting Kit-8 assay. SGC7901 and BGC823 cells 
were detached with trypsin and reseeded at a density of 
5×104 cells/ml. A cell suspension (100 μl) was prepared in a 
96-well plate, which was placed in an incubator at 37 °C with 
5% CO2 for 24 h. A�er culture, Cell Counting Kit-8 solution 
(C0037; Beyotime) (10 μl) was added to each well. �e plate 
was incubated for 1–3 h. �e absorbance at 450 nm was 
measured using an automatic plate reader (MULTISKAN 
MK3; �ermo Fisher Scienti�c, Inc.).

Transwell assay. SGC7901 and BGC823 cells were 
detached with trypsin and reseeded at a density of 
5×105/ml. A total of 5×104 cells (100 μl of cell suspen-
sion) were inoculated in the Transwell chamber coated 
without or with Matrigel for the migration and invasion 
assay (BD, Franklin Lake, NJ, USA), respectively. Fresh 
medium containing 20% fetal bovine serum (500 μl) was 
added to the lower chamber, and the cells were cultured in 
an incubator at 37 °C with 5% CO2 for 24 h. �erea�er, the 
Transwell chamber was removed, and the unmigrated cells 
were carefully discarded with a cotton swab. �e migrated 
cells were �xed with 4% paraformaldehyde for 10 min, dyed 
with crystal violet solution for 5 min, and washed with 
phosphate-bu�ered saline. �e numbers of migrated cells 
were counted under a microscope.

Immunohistochemical analysis. A�er obtaining 
informed consent from all patients, gastric cancer samples 
were collected from the National Human Genetic Resources 
Sharing Service Platform (2005DKA21300). Immunohis-
tochemistry was performed using the EnVision detection 
system (Dako, Carpinteria, CA, USA) according to the 
manufacturer’s instructions. To assess the score for each 
slide, eight 200× �elds were selected, and 100 cancer cells 
were counted in each �eld. Immunostaining intensity was 
divided into four grades: 0, negative; 1, weak; 2, gentle; and 
3, strong. �e proportions of positively stained cells were 
classi�ed into �ve grades: 0, <25%; 1, 25–50%; 2, 50–75%; 
3, >75%. Staining results were evaluated and con�rmed by 
two independent investigators blinded to the clinical data. 
�e positive rate of tumor cells and staining intensity were 
multiplied to acquire IHC scores. Scores 0 were de�ned as –, 
1–3 as +, 4–6 as ++, and 7–9 as +++. Cases with inconsistent 
scores were further discussed to reach a consensus.

Statistical analysis. �e statistical analysis was performed 
using SPSS 22.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 5.0 (GraphPad So�ware Inc., San Diego, 
CA, USA). �e results are presented as the mean ± standard 
deviation of three separate experiments. Statistical data 
analysis involved the two-tailed Student’s t-test, one-way 
analysis of variance, and chi-squared test. OS was analyzed 
using Kaplan-Meier plots and log-rank tests. A paired t-test 
was used to compare the GSEA scores in tumor and adjacent 
normal tissues. χ2 test or Fisher’s exact probability test was 
used to compare the clinicopathological features of patients 
with GFRA3 expression. P-values <0.05 indicate statistically 
signi�cant di�erences.

Table 1. �e sequences of the qPCR primers.

Gene Forward primer Reverse primer
GFRA3 CCCGCAGCCTTGGTAACTAT GCCGGTCACACTTGTCATTG
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA



ARTN-GFRA3 AXIS INDUCES EMT OF GC 269

suggesting an important prognostic value of GFRA3 in 
gastric cancer.

Expression analysis of GFRA3 in the STAD dataset. �e 
expression of GFRΑ3 in the pan-cancer setting and normal 
tissues was analyzed using TCGA datasets. �e analysis 
demonstrated that the expression of GFRA3 was lower 
in most cancer tissues versus normal tissues (Figure 3A). 
Although GFRA3 expression was downregulated in STAD 
compared with normal tissues, it was signi�cantly higher in 
stages 2–4 versus stage 1 disease (Figure 3B). Similarly, grade 
3 STAD exhibited higher expression of GFRA3 than grade 
1 (Figure 3C). �e results of this analysis suggested that 
GFRA3 is associated with the progression of STAD.

GSEA of GFRA3 in the pan-cancer setting. We sought 
to determine the role of GFRA3 in di�erent types of cancer. 
To this end, GSEA was performed to compare the functional 
status of di�erent biological processes in the pan-cancer 

Results

Association of GFRA3 expression with prognosis in the 
pan-cancer setting. To investigate the association of GFRA3 
expression with prognosis in di�erent types of cancer, TCGA 
datasets for 20 malignancies were analyzed. �e OS analysis 
showed that high expression of GFRA3 was signi�cantly 
associated with poor prognosis in the BLCA, KIRP, LIHC, 
and STAD datasets. In contrast, high GFRA3 expression was 
linked to a better prognosis in the PRAD and LUAD datasets 
(Figure 1). Next, we investigated whether GFRA3 a�ects 
the DFS in di�erent types of cancer. As shown in Figure 2, 
high expression of GFRA3 was signi�cantly associated with 
shorter DFS in the BLCA, COAD, ESCA, KIRP, LIHC, and 
STAD datasets, but longer DFS in the HNSC and PRAD 
datasets. Notably, the di�erences in both OS and DFS were 
signi�cant in STAD with high and low expression of GFRA3, 

Figure 1. �e overall survival (OS) curve of GFRA3 in pan-cancer (a variety of tumor types) (Log-rank test). �e horizontal axis is the survival 
time (day), and the vertical axis is the survival ratio. �e red indicates the high GFRA3 expression group, and the green indicates the low GFRA3 
expression group.
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setting with low and high GFRA3 expression. It was found 
that the activation status of di�erent processes was highly 
heterogeneous in di�erent cancer types (Figure 4A). For 
example, in cancer of the digestive system (i.e., COAD, 
READ, and STAD), most biological processes were activated 
when GFRA3 was highly expressed. However, in CESC, 
glioblastoma, and LUAD, most processes were inhibited with 
high expression of GFRA3. It was observed that two cancer-
associated pathways, namely KRAS signaling and EMT, 
were activated in most types of cancer. �erefore, the activi-
ties of these two pathways were compared in paired tumor 
and adjacent tissues. �e results showed that the activation 
levels of KRAS_SIGNALING_UP and EMT were higher 
in STAD tissues versus adjacent tissues. Notably, KRAS_
SIGNALING_DN was downregulated in STAD tissues 
versus adjacent tissues (Figure 4B). �erefore, it was hypoth-
esized that GFRA3 could promote KRAS signaling and EMT 
in gastric cancer.

GFRA3 promoted the migration and invasion of gastric 
cancer cells. �e expression of GFRA3 was signi�cantly 
higher in SGC7901 cells versus BGC823 cells (Figure  5A). 
�us, GFRA3 was overexpressed and knocked down in 
BGC823 and SGC7901 cells, respectively. As shown in 
Figures 5B and 5C, overexpression of GFRA3 slightly 
increased the viability of BGC823 cells, while knockdown 
of GFRA3 decreased the viability of SGC7901 cells to some 
degree. Further studies revealed that overexpression of 
GFRA3 induced the migration and invasion of BGC823 cells, 
while knockdown of GFRA3 suppressed these processes in 
SGC7901 cells (Figures 5D–5G). �ese �ndings suggested 
that GFRA3 promoted the migration and invasion of gastric 
cancer cells.

GFRA3 activated KRAS downstream signaling and 
induced EMT in gastric cancer cells. �e GSEA data 
suggested that KRAS signaling activation was related to 
the high expression of GFRA3 in gastric cancer. �us, the 

Figure 2. �e disease-free survival (DFS) curve of GFRA3 in pan-cancer (a variety of tumor types) (Log-rank test). �e horizontal axis is the survival 
time (day), the vertical axis is the survival ratio, the red indicates the high expression group, and the green indicates the low expression group.
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involvement of KRAS downstream signaling targets p-AKT 
and p-ERK was investigated. Overexpression of GFRA3 
increased the active KRAS (interacting with RAF-1) and 
the phosphorylation of AKT and ERK in BGC823 cells. 
However, the knockdown of GFRA3 exerted an opposite 
e�ect in SGC7901 cells (Figures 6A, 6B). In addition, overex-
pression of GFRA3 downregulated the expression of epithe-
lial markers E-cadherin and ZO-1, whereas it upregulated 
the levels of mesenchymal markers VIM and FN in BGC823 
cells (Figure 6C). Knockdown of GFRA3 induced E-cadherin 
and ZO-1 expression and reduced VIM and FN expression in 
SGC7901 cells (Figure 6D). �e above results indicated that 
GFRA3 activated KRAS as well as its downstream AKT and 
ERK signaling, and induced EMT in gastric cancer cells.

ARTN induced EMT, migration, and invasion of gastric 
cancer cells via GFRA3/KRAS signaling. GFRA3 belongs 
to the GDNF receptor family. Hence, it is necessary to clarify 
whether ARTN activates KRAS signaling through GFRA3. 
In this study, it was found that ARTN induced the activation 
of KRAS, as well as the phosphorylation of AKT and ERK. 
Moreover, following treatment of BGC823 and SGC7901 

cells with ARTN, the levels of epithelial markers E-cadherin 
and ZO-1 were decreased, whereas those of mesenchymal 
markers VIM and FN were increased. However, the knock-
down of GFRA3 attenuated the ARTN-induced activation 
of KRAS, phosphorylation of AKT and ERK, and EMT 
(Figures 7A, 7B). Consistently, ARTN promoted the migra-
tion and invasion of BGC823 and SGC7901 cells; notably, this 
e�ect was inhibited by GFRA3 knockdown (Figures 8A, 8B). 
To determine whether KRAS mediates the role of ARTN/
GFRA3, the activation of KRAS was blocked using BAY-293. 
In the presence of ARTN, overexpression of GFRA3 increased 
the levels of active KRAS, p-AKT, p-ERK, and EMT markers 
in BGC823 and SGC7901 cells. Blockage of KRAS activa-
tion by BAY-293 reduced the GFRA3-mediated phosphory-
lation of AKT and ERK, as well as EMT (Figures 7C, 7D). 
In the phenotype experiments, the migration and invasion 
of BGC823 and SGC7901 cells were induced by overexpres-
sion of GFRA3; this e�ect was diminished by treatment 
with BAY-293 (Figures 8C, 8D). �erefore, these �ndings 
suggested that ARTN induced EMT, migration, and invasion 
of gastric cancer cells via GFRA3/KRAS signaling.

Figure 3. Expression analysis of GFRA3 in STAD dataset. A) �e expression of GFRA3 in di�erent datasets from TCGA database. �e blue and red 
indicate normal tissue and tumor tissue, respectively. B, C) E�ects of cancer stage (B) and grade (C) on the expression level of GFRA3 in STAD tissues 
from the TCGA database and analyzed by UALCAN (http://ualcan.path.uab.edu/analysis.html)
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High expression of GFRA3 was correlated with the 
progression of gastric cancer. Immunohistochemical 
staining was applied to examine the expression of GFRA3 in 
gastric cancer tissues. GFRA3 expression di�ered between 
cases of gastric cancer (Figure 9). Clinical analyses showed 
that high immunohistochemistry scores of GFRA3 were 
associated with larger tumor size and advanced TNM stage 
of gastric cancer (Table 2). �ese data suggested that high 
expression of GFRA3 may indicate a poor prognosis for 
patients with gastric cancer.

Discussion

Previous studies have revealed that high expression of 
GFRA3 is associated with malignant phenotypes of various 
tumors. In breast cancer, elevated GFRA3 expression is 
associated with lymph node metastasis and advanced tumor 
stage [9]. In pancreatic ductal adenocarcinoma and urothe-
lial cancer, GFRA3 may promote tumor metastasis by 
enhancing cell migration and invasion [10, 18]. Of note, the 
expression of GFRA3 is also upregulated in non-small cell 
lung cancer [19]. However, the pan-cancer analysis in the 
present study showed that the relationship between GFRA3 

expression and prognosis was quite di�erent in diverse 
cancer types. �ereinto, we found that high expression levels 
of GFRA3 were strongly associated with both shorter OS 
and DFS in patients with gastric cancer, suggesting GFRA3 
as a prognostic marker in gastric cancer. In consistency with 
prognostic data, gastric cancers with advanced stage and 
grade exhibited higher expression of GFRA3 than those with 
low stage and grade. However, analysis, using data extracted 
from TCGA database, showed that the expression of GFRA3 
was signi�cantly downregulated in gastric cancer tissues 
compared with normal gastric tissues. Previous studies have 
demonstrated that high methylation levels of the GFRA3 
gene in gastric cancer tissue can lead to a dismal prognosis; 
nevertheless, there is no clear association between GFRA3 
methylation levels and gene expression [20]. In addition, 
there is no di�erence in GFRA3 methylation levels between 
di�use and intestinal gastric cancer. �erefore, we hypoth-
esized that GFRA3 performs distinct biological functions in 
gastric cancer and normal cells, which may depend on the 
levels of GFRA3 ligands in the microenvironment. GFRA3 
gene methylation may a�ect the prognosis of patients with 
gastric cancer in a manner independent of GFRA3 expres-
sion. Anyway, whether GFRA3 is an oncogene and a thera-

Figure 4. GSEA analysis of GFRA3 in pan-cancer. A) Each row represents a GSEA pathway, each column represents a cancer type, and red and blue rep-
resent activation and inhibition status, respectively. B) �e activities of KRAS_SIGNALING_UP, KRAS_SIGNALING_DN, and EPITHELIAL_MES-
ENCHYMAL_TRANSITION were compared in the paired sample data (tumor tissue and adjacent tissue) from each cancer type.
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peutic target for gastric cancer still needs to be explored in 
the future.

�e binding of GDNF to GFRA/RET results in the 
phosphorylation of speci�c tyrosine residues in the region 
of RET kinase and subsequent activation of multiple 
downstream pathways. �ese pathways include mitogen-
activated protein kinase (MAPK), RAS/ERK, PI3K/AKT, 
SrC-family kinases, phospholipase C gamma (PLC-γ), vav 
guanine nucleotide exchange factor 2 (Vav-2), and JUN 
N-terminal kinase (JNK) cascades, which control the di�er-
entiation, survival, and function of multiple populations of 
neurons. In this study, based on GSEA analysis, we found 

that ARTN activated KRAS signaling in gastric cancer cells 
through GFRA3, which further activated PI3K/AKT and ERK 
signaling molecules. Previous studies have found that the 
activation of KRAS in gastric cancer cells induces EMT and 
promotes the production of gastric cancer stem cells, thereby 
facilitating tumor metastasis [21]. In addition, the epidermal 
growth factor receptor/RAS (EGFR/RAS) pathway, which is 
essential for the maintenance of gastric stem cells in vitro and 
in vivo, is also involved in promoting EMT-induced tumori-
genesis [22]. As downstream signaling pathways, KRAS and 
PI3K/AKT promote EMT in gastric cancer cells by further 
activating mechanistic target of rapamycin kinase (mTOR), 

Figure 5. GFRA3 promotes the migration and invasion of gastric cancer cells. A) �e mRNA levels of GFRA3 were analyzed by qPCR in SGC7901 and 
BGC823 cells. B–G) GFRA3 overexpression plasmids and GFRA3 siRNA were transfected into BGC823 and SGC7901 cells for 48 h, respectively. �e 
viability of BGC823 (B) and SGC7901 (C) cells was analyzed by the CCK-8 assay. Representative images of BGC823 (D) and SGC7901 (E) cells migrat-
ing to the lower chamber of Transwell in migration assays, and right panels: numbers of migratory cells. Representative images of BGC823 (F) and 
SGC7901 (G) cells penetrating the Matrigel in invasion assays. and right panels: numbers of invasive cells.
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nuclear factor-kappa B (NF-κB), and glycogen synthase 
kinase-3 beta (GSK-3β) [23–25]. Other studies showed that 
inhibition of the RAS/RAF1/ERK signaling pathway reduces 
the EMT phenotype of gastric cancer cells [26, 27]. Interest-
ingly, AKT and ERK are usually simultaneously activated 
during EMT and metastasis of gastric cancer cells [28, 29]. 
Here, although the PI3K/AKT pathway was not signi�cantly 
enriched in GSEA analysis, we noticed that the activation of 
the ARTN-GFRA3 axis induced the phosphorylation of both 
AKT and KRAS, revealing that the ARTN-GFRA3 axis could 
activate the signaling molecules AKT and KRAS in gastric 
cancer. Our study also showed that treatment with a KRAS 
inhibitor could weaken the EMT phenotype, and inhibit 
the migration and invasion of gastric cancer cells. �ere-
fore, it can be inferred that KRAS, as an upstream signaling 

Figure 6. GFRA3 activates KRAS downstream signaling and induces EMT in gastric cancer cells. A, B) GFRA3 overexpression plasmids and GFRA3 
siRNAs were transfected into BGC823 and SGC7901 cells for 48 h, respectively. Activated KRAS a�nity precipitation assay was performed. �e protein 
levels of KRAS, p-AKT, AKT, p-ERK, and ERK were analyzed by western blot in BGC823 and SGC7901 cells. Right panels: band intensity of the indi-
cated proteins. C, D) �e protein levels of E-cadherin, ZO-1, Vimentin, and Fibronectin were analyzed by western blot in BGC823 and SGC7901 cells. 
Right panels: band intensity of the indicated proteins.

molecule, plays an important role in the EMT process of 
gastric cancer cells, which is activated by the ARTN-GFRA3 
axis. Notably, in addition to the phenotype EMT, myogenesis 
was observably activated when GFRA3 was highly expressed 
in gastric cancer. A recent study reported that enhanced 
myogenesis of gastric cancer is closely related to enriched 
gene sets associated with initiation of metastasis, increased 
EMT, and worse prognosis [30]. �erefore, as a phenotype 
derived from mesoderm, myogenesis may be induced by the 
ARTN-GFRA3 axis, which also re�ects and in�uences the 
activity of EMT in gastric cancer.

�e outcomes of a meta-analysis suggested that E-cadherin 
expression is an important predictor of poor prognosis in 
Asian patients with gastric cancer [31]. E-cadherin plays 
a crucial role in cell–cell connection, and the associated 
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Table 2. Correlation of the expression of GFRA3 with clinicopathological features in gastric cancer.

cases
GFRA3 expression

– + ++ +++
p-value

178 4 22 91 61
Gender 0.6043

Male 121 2 14 63 42
Female 57 2 8 28 19

Age 0.8713
≤65 87 3 11 43 30
>65 91 1 11 48 31

Tumor size 0.0406*
<5 cm 85 4 10 48 23
≥5 cm 93 0 12 43 38

T staging 0.0802
T1 21 0 5 12 4
T2 27 2 2 16 7
T3 77 1 11 39 26
T4 53 1 4 24 24

Figure 7. ARTN induces the EMT of gastric cancer cells via GFRA3/KRAS signaling. A, B) GFRA3 siRNAs were transfected into BGC823 and SGC7901 
cells treated with 20 ng/ml ARTN for 48 h. Activated KRAS a�nity precipitation assay was performed. �e protein levels of KRAS, p-AKT, AKT, p-
ERK, ERK, E-cadherin, ZO-1, Vimentin, and Fibronectin were analyzed by western blot in BGC823 and SGC7901 cells. Right panels: band intensity of 
the indicated proteins. C, D) GFRA3 overexpression plasmids were transfected into BGC823 and SGC7901 cells treated with 20 ng/ml ARTN and 50 
nM BAY-293 for 48 h. Activated KRAS a�nity precipitation assay was performed. �e protein levels of KRAS, p-AKT, AKT, p-ERK, ERK, E-cadherin, 
ZO-1, Vimentin, and Fibronectin were analyzed by western blot in BGC823 and SGC7901 cells. Right panels: band intensity of the indicated proteins.

cases
GFRA3 expression

– + ++ +++
p-value

178 4 22 91 61
N staging 0.0325*

N0 49 2 8 25 14
N1 36 1 5 22 8
N2 36 0 6 19 11
N3 57 1 3 25 28

M staging 0.0037**
M0 168 4 22 89 53
M1 10 0 0 2 8

TNM 0.0048**
I 33 2 6 20 5
II 48 0 6 26 16
III 87 2 10 43 32
IV 10 0 0 2 8

Notes: *p<0.05; **p<0.005
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Figure 8. ARTN induces the migration and invasion of gastric cancer cells via GFRA3/KRAS signaling. A, B) GFRA3 siRNAs were transfected into 
BGC823 and SGC7901 cells treated with 20 ng/ml ARTN for 48 h. Representative images of BGC823 and SGC7901 (A) cells migrating to the lower 
chamber of Transwell in migration assays, and right panels: numbers of migratory cells. Representative images of BGC823 and SGC7901 (B) cells 
penetrating the Matrigel in invasion assays, and right panels: numbers of invasive cells. C, D) GFRA3 overexpression plasmids were transfected into 
BGC823 and SGC7901 cells treated with 20 ng/ml ARTN and 50 nM BAY-293 for 48 h. Representative images of BGC823 and SGC7901 (C) cells mi-
grating to the lower chamber of Transwell in migration assays, and right panels: numbers of migratory cells. Representative images of BGC823 and 
SGC7901 (D) cells penetrating the Matrigel in invasion assays, and right panels: numbers of invasive cells.

Figure 9. Representative images of GFRA3 staining in gastric cancer tissues. �e cases of gastric cancer with di�erent levels of GFRA3.

signaling pathways regulate the fate and in�ammation of 
gastric mucosal epithelial cells. Hence, the inactivation of 
E-cadherin is critical in the development and progression of 
gastric cancer [32]. Low expression or absence of E-cadherin 
is associated with the development of gastric cancer, 
particularly di�use gastric cancer. �e molecular mecha-

nisms underlying this process involve a variety of aspects, 
including promoter hypermethylation, somatic and germline 
mutations, and transcriptional inhibition [31]. ZO-1 is a 
sca�olding component in the assembly of tight junctions, 
inhibiting tumor metastasis. ZO-1 expression is signi�cantly 
decreased in tumors with undi�erentiated-type gastric 
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adenocarcinoma [33]. Our investigation showed that the 
ARTN-GFRA3 axis inhibited the expression of E-cadherin 
and ZO-1 through KRAS signaling. According to previous 
studies, PI3K/AKT and ERK downstream of KRAS may 
activate the transcriptional inhibitors of E-cadherin (e.g., 
Snail and Slug), leading to the downregulation of E-cadherin 
in gastric cancer [34, 35]. In addition, we found that the 
ARTN-GFRA3 axis could induce the expression of intersti-
tial markers VIM and FN in gastric cancer cells.

VIM is a key indicator of EMT, which promotes cell 
movement and invasion. Increased VIM expression is associ-
ated with diffuse gastric cancer, lymph node invasion and 
metastasis, and poor prognosis [36]. Previous studies have 
found that circulating VIM-positive gastric cancer cells are 
present in the bone marrow of patients with gastric cancer. 
The expression levels of VIM in the bone marrow are also 
significantly linked to the abilities of gastric cancer cells 
for invasion and lymph node metastasis [37]. Extracellular 
matrix remodeling is a necessary biological process that 
accelerates the spread of tumor cells during EMT. FN is 
distributed on the cell surface and extracellular matrix in the 
form of dimers or polymers, and is involved in cell adhesion 
and migration during tumor metastasis [38]. Recent studies 
have shown that the knockdown of FN can impair the migra-
tory and invasive capabilities of gastric cancer cells, and 
high expression of FN is associated with a poor prognosis in 
patients with gastric cancer [39]. As presented in the results 
of our study, increased expression of VIM and FN indicated 
the EMT progress of gastric cancer when the ARTN-GFRA3 
axis was activated.

In summary, this study suggested a potential mechanism 
for neural invasion in gastric cancer, which was driven by 
the ARTN-GFRA3 axis. The ARTN-GFRA3 axis promoted 
the EMT, migration, and invasion of gastric cancer cells via 
KRAS signaling. TCGA and pathological analyses showed 
that high expression of GFRA3 was associated with poor 
prognosis and advanced TNM stage in gastric cancer, respec-
tively.
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