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Abstract
Background  Nuclear-cytoplasmic transport proteins (NCTPs) impact the transport of proteins and RNA molecules between 
the nucleus and cytoplasm in tumor cells, making them promising targets for cancer therapy. Currently, the molecular mecha-
nism and function of Nuclear RNA export factor 3 (NXF3) in gastric cancer (GC) remains unclear.
Methods  We used Univariate Cox regression analysis and LASSO regression analysis, Receiver Operating Characteristic 
(ROC) curves to construct and evaluate a NCTP prognosis risk scoring model (NCTP model). Moreover, we identified the 
key NCTP (NXF3) affecting GC through differential expression and prognosis analysis. Subsequently, we introduced NXF3 
shRNA into GC cells to investigate the impact of NXF3 on the cell proliferation, cell migration, invasion, and cell cycle and 
apoptosis and tumor growth by CCK-8 assay, transwell, wound healing assay, Flow cytometry, and nude mice subcutane-
ous tumor in vitro and in vivo. Furthermore, we investigated the key molecules influenced by NXF3 through piRNA-Seq, 
RNA-Seq, RIP-Seq, IP-MS, and Nuclear-cytoplasmic transcriptomics.
Results  We constructed a prognostic risk model related to 3 NCTPs, including NXF3, GLE1 and RANGAP. The NCTP 
model effectively predicts the prognosis of GC patients. The low-risk group exhibited a significantly higher overall sur-
vival rate than that of the high-risk group. Notably, NXF3 is identified as a crucial NCTP in GC, and its high expression 
is associated with poor prognosis of GC patients. Knocking down of NXF3 significantly inhibited the proliferation, inva-
sion, migration, cell cycle, tumor growth and induced cell apoptosis of GC cells in vitro and in vivo. Mechanistically, 
NXF3 modulates the cell cycle, cellular senescence related oncogenic pathways via piRNA-target network. Specifically, our 
findings highlighted several piRNA-related signaling pathways in GC, such as piRNA_3457319-CCND1/CDKN1A-p53, 
piRNA_2847077-TGFB3/TGFBR2-Cellular senescence, piRNA_448895-IGF1/PDGFRA/ACTB/MAP2K6-Rap1. Moreo-
ver, NXF3 was shown to facilitate the nuclear export of CDK5RAP3 mRNA, thereby promoting cell cycle progression and 
increasing cancer cell proliferation in gastric cancer.
Conclusion  Our study demonstrates that NXF3 modulates cell cycle progression and promotes gastric cancer development 
through piRNA-related pathways and the nuclear export of CDK5RAP3 mRNA. Targeting NXF3 represents a promising 
strategy for developing novel therapeutic approaches for gastric cancer.
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Introduction

Gastric cancer (GC) stands as the fourth most prevalent can-
cer globally, characterized by high morbidity and mortality 
rates [1]. In 2022, an estimated 480,000 new GC cases are 
anticipated in China, constituting 45% of global cases, with 
an incidence rate of 10.5% [2]. Despite advancements in sur-
gical, chemotherapeutic, targeted, and immunotherapeutic 
approaches, patients with advanced GC continue to face a 
bleak prognosis [3]. Hence, there is a critical need to identify 
key genes and therapeutic targets influencing GC prognosis.
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Nuclear-cytoplasmic transport proteins (NCTPs) play an 
important role in the occurrence and development of GC [4]. 
These proteins regulate the transport of protein and RNA 
molecules between the nucleus and cytoplasm, a process 
essential for maintaining cellular homeostasis and function 
[5]. The transport process is mainly mediated by the nuclear 
transport protein family, which consists of importins and 
exportins [6]. RAN, a key GTPase, is central to this transport 
process by providing the energy and directionality required 
for nucleocytoplasmic transport. RAN cycles between an 
active GTP-bound state in the nucleus and inactive GDP-
bpund state in the cytoplasm. This cycling is crucial for the 
function of importins, which recognize nuclear localization 
signals (NLS) on cargo molecules and transport them into 
the nucleus, and exportins, which recognize nuclear export 
signals (NES) and transport cargo out of the nucleus. Dys-
regulation of nuclear transport protein expression or locali-
zation has been reported in many cancers, contributing to 
continuous proliferation of cancer cells, resistance to apop-
tosis, and immune evasion [7]. RAN was highly expressed 
in metastatic lymph nodes and has some predictive value 
for metastasis in GC. Ran promoted GC metastasis in vitro 
and in vivo via the importinβ/NF-κB/VEGF nuclear trans-
port signaling pathway [8]. Nucleoporin 54(Nup54) induced 
CARM1 nuclear importation to promote gastric cancer cell 
proliferation and tumorigenesis through transcriptional 
activation and methylation of Notch2 [9]. Specific inhibi-
tor of nuclear export (SINE) compounds inhibited gastric 
cancer cell proliferation, disrupted spheroid formation, 
induced apoptosis and halted cell cycle progression at the 
G1/S phase [10]. Therefore, disrupting the function of key 
nuclear-cytoplasmic transport proteins is a promising strat-
egy for developing GC therapeutics.

Nuclear RNA export factor 3 (NXF3) is a member of 
the nuclear RNA export factor family that mediates the 
export of cellular mRNA from the nucleus to the cyto-
plasm for translation [11, 12]. NXF3 expression has been 
found to be increased in Hepatocellular carcinoma (HCC), 
and act as a prospective predictor of HCC prognosis [11]. 
However, the role of NXF3 in gastric cancer remains 
unclear. NXF3 is also known to mediate the transport of 
Piwi-interacting RNAs (piRNAs), which are small non-
coding RNAs involved in gene silencing and regulation of 

genomic stability [13]. piRNAs are primarily known for 
their role in germ cells, but recent studies have implicated 
their involvement in cancer progression through regulation 
of oncogenic pathways. The canonical role of NXF3 is a 
germ cell-specific export adapter for un-spliced piRNA 
precursors, and involve in the transport process from 
transcription sites to cytoplasmic piRNA biogenesis sites 
[14]. However, the specific role of NXF3 and its regula-
tion of piRNAs in gastric cancer progression remains to 
be determined.

CDK5RAP3 (CDK5 Regulatory Subunit-Associated 
Protein 3) is another key molecule involved in nucleocy-
toplasmic transport and cell cycle regulation. It has been 
implicated in various cellular processes, including cell pro-
liferation, apoptosis, and DNA damage response [32]. Aber-
rant expression of CDK5RAP3 has been associated with 
poor prognosis in several cancers, suggesting its potential 
role as a tumor suppressor or oncogene depending on the 
context [33]. The interplay between NXF3 and CDK5RAP3 
in the context of nucleocytoplasmic transport and gastric 
cancer progression is yet to be elucidated.

In the present study, we explored the potential role of 
NCTPs and developed prognosis -related NCTP model to 
assess prognosis value for GC patients using LASSO Cox 
regression. Next, we found Nuclear-cytoplasmic transport 
protein NXF3 affects the malignant characteristics of gastric 
cancer in vivo and in vitro. Mechanistically, we analyzed the 
effect of NXF3 on the transport of piRNAs and downstream 
target genes through RNA-Seq and piRNA-Seq analysis; 
on the other hand, we explored the nuclear translocation of 
mRNAs affected by NXF3 through RIP-Seq and Nuclear-
cytoplasmic transcriptomics. This study first uncovers the 
role of NXF3 in gastric cancer, and targeting NXF3 suggests 
a promising strategy for GC therapeutics.

Material and methods

Data sources and preprocessing

TCGA datasets were downloaded from UCSC (https://​xenab​
rowser.​net/​datap​ages/), including clinical data, count value 

Table 1   Description of datasets used in the study

Dataset Source Sample size Clinical characteristics Inclusion criteria

TCGA-STAD UCSC n = 442 Gastric cancer tissues with corresponding clinical 
data (e.g., age, gender, survival)

Primary gastric adenocarcinoma samples with com-
plete clinical and RNA sequencing data

GSE62254 GEO n = 300 Gastric cancer tissues and adjacent normal tissues Patients with histologically confirmed gastric cancer, 
with paired normal tissues

GSE84437 GEO n = 224 Gastric cancer tissues and adjacent normal tissues Patients with histologically confirmed gastric cancer, 
with paired normal tissues

https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
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and FPKM data. GSE62254 and GSE84437 were obtained 
from GEO. Description of Datasets was shown in Table 1. 
A set of 105 NCTPs were acquired from the KEGG pathway 
database (https://​www.​kegg.​jp/​kegg/​pathw​ay.​html), with 
Nucleocytoplasmic transport item (ID 03013).

Establishment and validation of the NCTP related 
prognosis model

First, Univariate Cox regression analysis was used to iden-
tify prognosis-related NCTPs, with P < 0.05 considered 
to be associated with prognosis. LASSO is a compression 
method, and could more effectively deal with complex data, 
identify potential risk factors, and construct prognostic mod-
els [15]. LASSO penalty method was carried out using the 
“glmet” R package. Overall survival related NCTPs were 
fitted to LASSO regression model in TCGA-STAD dataset. 
The risk score of each patient’s risk prognostic model (risk 
score = Σ expression * βi) was calculated by the coefficients 
from LASSO regression analysis and each gene expression 
level. A multifactor Cox model was built as follows: Risk 
score = (NXF3 expression × 0.037504) + (GLE1 expres-
sion × (−0.18981)) + (RANGAP1 expression × (−0.23789)). 
Each gastric cancer patient’s risk score was calculated 
according to this prognosis risk model, and were classi-
fied into high-risk and low-risk groups based on the median 
value.

To evaluate the feasibility of the model, Kaplan–Meier 
analysis of high/low risk groups was implemented in TCGA-
GC datasets, GSE62254 and GSE84437 datasets, respec-
tively. The survival time of two groups were compared using 
“survival” R packages through Kaplan–Meier analysis. We 
used the “timeROC” R packages to create a time-dependent 
ROC curve. Univariate and multivariate Cox regression 
analysis were used to analyze whether the NCTPs-related 
prognostic model was independent of other clinical charac-
teristics in predicting the prognosis of gastric patients.

Differential expression analysis of NCT genes

Using the “limma” R package for differential analysis, differ-
entially expressed genes between adjacent tissues and gastric 
cancer tissues were identified, with the screening criteria 
set at log2|FC|> 1 and P < 0.05. Combining the 105 NCTPs 
obtained from the TCGA database, the corresponding NCT-
related differentially expressed genes were obtained through 
intersection analysis. Subsequently, the intersection was 
taken with prognosis-related NCT genes identified through 
Univariate regression analysis, leading to the identification 
of the key nuclear-cytoplasmic transport gene NXF3 with 
consistent prognosis and expression trends.

Expression and prognostic analysis of NXF3, 
CDK5RAP3

The Human Protein Atlas (https://​www.​prote​inatl​as.​org/) 
were used analyzed the protein expression of NXF3 in GC 
tissues sample. We utilized GEPIA (https://​www.​prote​inatl​
as.​org/) to compare the expression and prognostic signifi-
cance of CDK5RAP3 in gastric cancer and adjacent tis-
sues. The correlation between the expression of NXF3 and 
survival in GC were analyzed from Kaplan–Meier Plotter 
(https://​kmplot.​com/​analy​sis/). Patients were divided into 
high-expression group and low-expression group based on 
NXF3 expression levels. Kaplan–Meier survival curves were 
plotted to demonstrate the difference in survival between 
the two groups of patients. The significance of the differ-
ence in survival curves was calculated using the log-rank 
test (P-value).

Cell culture

Gastric cancer cell lines (BGC-823 and AGS) and human 
gastric mucosal cells (GES-1) were obtained from the Insti-
tute of Cell Biology, affiliated with the Chinese Academy of 
Sciences (Shanghai, China).

The shRNA sequences for NXF3 were purchased from 
Hangzhou GuanNan Biotechnology Co., LTD. For cell 
transfection, BGC-823 and AGS were transfected with 
NXF3 shRNA1 (5'- CCG​GCC​TAT​ACT​ATT​TCA​CCC​TAT​
ACT​CGA​GTA​TAG​GGT​GAA​ATA​GTA​TAG​GTT​TTTG 
−3'), NXF3 shRNA2 (5'- CCG​GCC​AGA​GCA​ACT​TTA​
TGT​GGT​ACT​CGA​GTA​CCA​CAT​AAA​GTT​GCT​CTG​GTT​
TTTG −3') and NXF3 shRNA3 (5'- CCG​GAC​AAG​CTC​
TTT​GTG​CGG​GAT​ACT​CGA​GTA​TCC​CGC​ACA​AAG​AGC​
TTG​TTT​TTTG −3') using Lipofectamine™ 3000 (Invitro-
gen, MA, USA). As a result, RT-qPCR assays and Western 
blot assays indicated that shRNA2 displayed the most sig-
nificant efficiency for NXF3 knockdown among BGC-823 
and AGS cells.

Plasmid constructions

ShRNA2 sequences for NXF3 was constructed into pLKO.1-
puro vector. ShRNA2 sequences used to establish a condi-
tional BCG-823 and AGS silent cell line were constructed 
into Tet-pLKO-puro plasmid. Overexpression sequences for 
CDK5RAP3 was constructed into pCDH-CMV-Puro vector.

Establishment of stable cell lines

Constructed overexpression and silencing plasmids were 
transfected into 293 T cells by using Transfection Reagent 
Lipofectamine 2000(Invitrogen). After transfection, the 
supernatant containing lentivirus was collected, filter out 

https://www.kegg.jp/kegg/pathway.html
https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://kmplot.com/analysis/
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cell debris through a 0.45 μm filter membrane, and con-
centrate the virus particles by ultracentrifugation. Use the 
supernatant containing lentivirus was used to infect BCG-
823 and AGS cells, adding polybrene (8 μg/ml) to enhance 
infection efficiency. After 48 h of infection, stably trans-
fected cells were selected by using culture medium contain-
ing puromycin (2 μg/ml). The antibiotic-containing culture 
medium was added and cultured for 1–2 weeks to obtain 
stable transfected cell lines.

RT‑qPCR assay

Total RNA was extracted from AGS, and BGC-823 cells 
using TRIzol reagent (Invitrogen, CA, USA). The isolated 
RNA was converted to cDNA using a reverse transcription 
kit (TaKaRa, Shanghai, China). Next, RT-qPCR assay was 
performed on an ABI 7500 PCR system using SYBR qPCR 
Master Mix (TaKaRa, Shanghai, China). The cycling param-
eters consisted of 45 cycles at 95 °C for 15 s, 55–60 °C for 
15 s, and 72 °C for 15 s. The 2−ΔΔCt method was needed 
to calculate relative expression levels in GC cell lines. The 
primer sequences for genes analyzed in this study are listed 
in Table 2.

Western blot assay

To validate the transfection efficiency of NXF3 knockdown 
and CDK5RAP3 overexpression (OE), we performed West-
ern blot analysis. Total protein was extracted from BGC-823 
and AGS cells using RIPA buffer (Beyotime, China). The 
protein concentration was measured using BCA assay kit 
(Thermo Fisher Scientific, USA). Equal amounts of protein 
were separated by SDS-PAGE and transferred to PVDF 
membranes (Millipore, USA). The membranes were blocked 
with 5% non-fat milk in TBST for 1 h at room temperature 
and then incubated with an anti-NXF3 primary antibody 

(1:1000, Proteintech, wuhan, China), CDK5RAP3 (1:1000, 
Proteintech, Wuhan, China) overnight at 4℃. After washing 
with TBST, the membranes were incubated with horseradish 
peroxidase-conjugated secondary antibody (1:5000, Protein-
tech, wuhan, China) for 1 h at room temperature. The protein 
bands were viaualized using an ECL detection kit (Thermo 
Fisher Scientific, USA).

Cell proliferation and apoptosis assay

Cells were seeded in a 96-well plate at a density of 1500 
cells per well. Cell counting kit-8 (Beyotime, Shanghai, 
China) was used to detect the cell proliferation after trans-
fection. Cell apoptosis was detected by using the Annexin 
V-FITC/PI apoptosis detection kit (BD Biosciences, Frank-
lin Lakes, USA).

Cell invasion and migration assay

For cell invasion assay, chamber inserts were added Matrigel 
(BD Biosciences, Franklin Lakes, USA)). Next, 1 × 105 cells 
were placed in the top chamber and incubated for 24 h. The 
chamber was then removed and fixed with 10% neutral for-
malin. Non-invasive cells were wiped off the membrane with 
a cotton swab, while the invading cells were stained with 
crystal violet for 20 min.

For the wound healing assay, a pipette tip was used to 
scratch the monolayer, after which the scratched cells were 
washed with PBS. Cell migration was monitored under the 
microscope and photographed at both 0 and 48 h. All assays 
were repeated at least three times.

Cell cycle detection

Cells are collected and washed in PBS (phosphate-buffered 
saline) to remove the culture medium or other impurities. 
The cells are fixed in pre-cooled 70% ethanol, typically fixed 
at 4 °C for 30 min to overnight. Cells are washed twice with 
PBS to remove the fixative, and the supernatant is removed 
by centrifugation. RNase is added to digest RNA to prevent 
non-specific binding of RNA with propidium iodide (PI) 
dye. PI dye is added for DNA staining. PI is a fluorescent 
dye that binds to DNA and produces a fluorescent signal, 
which is proportional to the DNA content. The stained cells 
are then analyzed using a flow cytometer. The fluorescence 
signal of PI is analyzed using flow cytometry software, typi-
cally detecting PE (Phycoerythrin) fluorescence in the FL-
4-A channel or similar, to identify cells in different phases 
(G1, S, G2/M) based on the distribution of DNA content. 
Quantitative analysis of the percentage of cells in each phase 
can be done by manually setting thresholds or using software 
algorithms to fit Gaussian curves.

Table 2   The primer sequences for the genes analyzed in this study

Gene symbol Primer sequence (5'−3')

NXF3 Forward: CCG​GCC​TAT​ACT​ATT​TCA​CCC​TAT​
Reverse: CCG​GAC​AAG​CTC​TTT​GTG​CGG​GAT​

CDK5RAP3 Forward: GCT​GCT​GCT​GCT​GCT​GCT​GCT​
Reverse: CCT​CCT​CCT​CCT​CCT​CCT​CCT​

CCND1 Forward: GAG​GAG​GAG​GAG​GAG​GAG​GAG​
Reverse: CTC​CTC​CTC​CTC​CTC​CTC​CT

CDKN1A Forward: GCG​CGC​GCG​CGC​GCG​CGC​GC
Reverse: GAG​AGA​GAG​AGA​GAG​AGA​GAG​

CDKN3 Forward: TGG​AGG​AGG​AGG​AGG​AGG​AG
Reverse: CTG​CTG​CTG​CTG​CTG​CTG​CT

GAPDH Forward: GAG​TCA​ACG​GAT​TTG​GTC​GT
Reverse: GAC​AAG​CTT​CCC​GTT​CTC​AG
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Nude mice xenograft model

All animal experiments conducted in this study were 
approved by the Laboratory Animal Care and Ethics 

Committee of Shanghai Jiaotong University. Male nude 
BALB/c mice at the age of 24  weeks were randomly 
divided into two groups (n = 5 per group), and subcutane-
ously injected with 5 × 106 shRNA-NXF3 BGC-823 cells 

Figure1   Construction of NCTPs related prognosis risk model in gas-
tric cancer. A NCTPs significantly associated with the prognosis of 
gastric cancer patients in Univariate analysis. B LASSO regression 
coefficient path diagram; C Overall survival score and overall sur-

vival status, heat map of NCTPs expression; D Survival curves of 
high-risk and low-risk group patients; E ROC curves of OS at 1, 2, 3, 
4, and 5 years for gastric cancer patients
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(shNXF3 group) and vector BGC-823 cells (NC group). 
Mice were continuously monitored for their health condi-
tion and tumor growth. Once tumors began to grow on 
their backs, tumor size was measured using a ruler every 
3 days to plot a tumor growth curve. The formula for cal-
culating tumor volume is: V (mm3) = (a × b2)/2, where “a” 
represents the tumor’s maximum diameter and “b” rep-
resents the vertical height of the tumor. When the sub-
cutaneously transplanted tumor reached a certain volume 

(generally with a maximum diameter not exceeding 2 cm), 
the mice were euthanized humanely, and the tumor tissue 
was collected and weighed.

Rna‑sequencing and analysis

Total RNA was extracted from AGS-823 cells, with and 
without silenced NXF3, using the TRIzol reagent following 

Fig. 2   High expression of NXF3 is associated with poor prognosis in 
gastric cancer. A Heatmap showing differentially expressed NCTPs 
in gastric cancer and adjacent tissues; B Venn diagram showing the 
intersection of DEGs related NCT and NCTPs associated with prog-
nosis; C Differential expression and prognosis of NDC1 in gastric 
cancer and adjacent tissues; D Differential expression and prognosis 

of NXF3 in gastric cancer and adjacent tissues; E IHC assay showed 
that NXF3 low expression and NXF3 high expression in GC tissues 
from Human Protein Atlas (https://​www.​prote​inatl​as.​org/) F The sur-
vival curve of GC patients for NXF3 low and NXF3 high expression 
from Kaplan–Meier Plotter dataset * P < 0.05, **** P < 0.0001. 

https://www.proteinatlas.org/
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standard procedures. The mRNA-Seq library was prepared. 
The library sequencing was performed, and the raw data 
were deposited. Differential gene criteria were set at P 
value < 0.05 and |Foldchange|> 1.2.

For Nuclear-cytoplasmic separation and RNA-Seq, 
nuclear-cytoplasmic separation reagent kit (Cat.78833, 
Thermo scientific, USA) was used to separate the nuclei 
and cytoplasm of cells in each group. Cells was collected 
and centrifuged after treatment with trypsin–EDTA. Wash 
cells with PBS, transfer cells to a micro-centrifuge tube and 
centrifuge. The supernatant was removed and dried the cell 
pellet as much as possible. Add cold CERI to the cell pel-
let. Centrifuge and transfer the supernatant (cytoplasmic 
extract). Resuspend the nuclear pellet with cold NER, cen-
trifuge and transfer the supernatant (nuclear extract). RNA 
from the nuclei and cytoplasm was extracted, and then pro-
ceed with the following steps as described above.

Immunoprecipitation followed by mass 
spectrometry (IP‑MS)

Proteins are extracted from cells in each group, and NXF3 
and IgG antibodies are mixed separately with the proteins 
in the samples. The protein-antibody mixtures are then sub-
jected to immunoprecipitation using protein A/G agarose 
or magnetic beads. The immunoprecipitated complexes are 
washed multiple times with washing buffer to remove non-
specifically bound proteins. The target proteins are eluted 
from the immunoprecipitated complexes using appropriate 
elution buffer. The eluted proteins are digested with trypsin 
to generate peptide fragments. The digested peptide frag-
ments are analyzed using a mass spectrometer. The mass 
spectrometer can determine the sequence and identification 
of the peptides based on their mass and charge.

RNA immunoprecipitation assay (RIP) 
and sequencing

RIP-Seq is a method that combines RNA immunoprecipita-
tion (RIP) and next-generation sequencing to study the inter-
actions between RNA and proteins. After collecting AGS 
cells, the cells were treated with RNase-free lysis buffer to 
release RNA–protein complexes. RNase-free protease inhib-
itors were added to the lysis buffer to prevent protein deg-
radation. The lysate was centrifuged to remove undissolved 
cell fragments and insoluble substances, and the supernatant 
was retained for further experiments. The collected AGS cell 
lysate was divided into Input group, IgG group, and NXF3 
group. Using the input sample as a control, in the NXF3 
group, NXF3-specific antibodies and Protein A/G magnetic 
beads were added and co-incubated for 1 h; in the IgG group, 
IgG antibodies and Protein A/G magnetic beads were added 
and co-incubated for 1 h. Subsequently, the beads were 
washed multiple times with pre-chilled washing buffer PBS 
to remove non-specifically bound proteins and RNA. RNA 
was extracted from the eluate using RNA extraction reagent 
(Trizol reagent) and further purified through ethanol precipi-
tation or column purification methods. The extracted RNA 
was converted into cDNA libraries following the standard 
RNA-seq library construction process on a high-throughput 
sequencing platform (Illumina platform). The constructed 
cDNA libraries were subjected to high-throughput sequenc-
ing to generate a large number of short sequences reads. 
The sequencing data were subjected to quality control and 
removal of low-quality reads and adapter sequences using 
Trimmomatic (version: 0.39). STAR (version: 2.7.3a) 
was utilized to align the clean reads to the human genome 
GRCh38. MACS2 (version 2.2.7.1) was used to detect peaks 
from the alignments under the option of -nomodel, with a 
q-value cutoff set at 0.05.

KEGG and GO function enrichment analysis

To investigate the functional and pathway enrichment of 
DEGs, Gene ontology (GO) and Kyoto encyclopedia of 
genes and genomes (KEGG) for DEGs were performed 
using the R package “clusterprofiler”. GO enrichment anal-
ysis included the categories of Biological Process (BP), 
Cellular Component (CC), and Molecular Function (MF). 
The significance of each GO term was assessed by calcu-
lating p-values, with terms having p-values < 0.05 consid-
ered significantly enriched. Additionally, we employed the 
“enrichplot” package to generate bar plots. We utilized the 
“GOplot” package to calculate the z-score for each enriched 
term and visualize the GO and KEGG enrichment results. 
Additionally, we employed “ggplot2” packages to generate 
bar charts, further enhancing the readability of the results.

Table 3   Multivariate cox regression analysis of prognostic factor in 
GC patients

Variable P value Hazard_Ratio Confidence_interval

NXF3 high 0.0397 1.43 1.185–2.09
Age > 60 0.034 1.57 1.03–2.37
Gender female 0.0885 0.699 0.463–1.06
Number_of_lymph-

nodes_positive_by_
he > 3

0.037 1.67 1.03–2.71

M M1 0.0076 2.52 1.28–4.95
N N1-3 0.561 1.21 0.631–2.34
T T3-4 0.768 1.08 0.634–1.85
Stage stage III-IV 0.756 1.11 0.572–2.16
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Statistical analysis

Statistical analyses were carried out using GraphPad Prism 
8.0. The data summary was presented as mean ± standard 
deviation (SD) and obtained from at least three independent 
experiments that were each performed in triplicate. Paired 
Student's t-test or ANOVA was employed for analysis with 
multiple comparisons. P < 0.05 is considered statistically 
significant.

Results

NCTP model effectively evaluates the prognosis 
of gastric cancer patients

A total of 105 NCTPs were obtained by retrieving the 
Nucleocytoplasmic transport (NCT) pathway gene set from 
the KEGG pathway database. Firstly, Univariate regression 
analysis was used to evaluate the relationship between these 
105 NCTPs and the prognosis of GC patients, revealing 
that 9 NCTPs are closely associated with the prognosis of 
GC patients (Fig. 1A and Supplementary Fig. 1), includ-
ing NXF3, RANGAP1, THOC2, NUP85, NDC1, GLE1, 
NUP62, NUP43, and NUP50. To further reduce gene num-
bers in the model, LASSO regression analysis was conducted 
on these 9 NCTPs (Fig. 1B). Subsequently, 3 NCTPs-related 
prognosis risk model was constructed, where NXF3 was 
identified as a high-risk gene, while GLE1 and RANGAP 
were protective genes. Risk score curve, three-point survival 
distribution graph, and heatmap of prognosis-related NCTPs 
was plotted using R software (Fig. 1C). Kaplan–Meier sur-
vival analysis demonstrated that the high-risk group had 
significantly lower survival rates than the low-risk group in 
the training set (P = 0.0022) (Fig. 1D and F). Finally, ROC 
curves verified that NCTP-related prognostic risk model can 
effectively evaluate the prognosis of gastric cancer patients 
(Fig. 1E).

Next, we downloaded the GEO datasets GSE62254 and 
GSE84437 to validate the NCTP model; risk score curve, 
three-point survival distribution graph, and heatmap of 

prognosis-related nuclear transport proteins were validated 
and plotted using R software in the GSE84437 (Supple-
mentary Fig. 2A) and GSE62254 (Supplementary Fig. 2D). 
Kaplan–Meier survival analysis showed the low-risk group 
has higher survival rates than the high-risk group in the 
GSE84437 (Supplementary Fig. 2B) and GSE62254 (Sup-
plementary Fig. 2E). ROC curves verified that NCTP-related 
prognostic risk model can effectively evaluate the prognosis 
of gastric cancer patients in the GSE84437 (Supplementary 
Fig. 2C) and GSE62254 (Supplementary Fig. 2F). The above 
result suggested that NCT is a key process related to gastric 
cancer progression.

High‑expression of NXF3 predicts poor prognosis 
in gastric cancer

Next, we sought to identify key NCTP that influence the 
malignant progression of gastric cancer, and analyzed the 
differential expression of these 105 NCTPs in gastric can-
cer tissues and adjacent tissues. As shown in Fig. 2A, the 
heatmap displays 11 differentially expressed NCTPs in 
between gastric cancer tissues and adjacent tissues, includ-
ing 11 significantly increased NCTPs (NXF3, NUP210L, 
POM121L2, NUP107, RANBP17, IPO4, KPNA2, NDC1, 
XPO5, NUP155, CSE1L) and 0 significantly decreased 
NCTP. We intersected the differentially expressed NCTP 
with the 9 prognosis-related NCTP, and the Venn diagram 
shows 2 shared NCTP (NDC1 and NXF3) (Fig. 2B). NDC1 
is significantly increased in gastric cancer (Fig. 2C), but 
gastric cancer patients with low NDC1 expression have a 
shorter overall survival rate compared to those with high 
NDC1 expression (Fig. 2D). Notably, NXF3 is significantly 
highly-expressed in gastric cancer, with consistent unfa-
vorable survival rate, indicating that gastric cancer patients 
with high NXF3 expression have a poor overall survival 
than those with low NXF3 expression. Additionally, we 
analyzed the NXF3 protein in gastric cancer tissues using 
IHC staining through The Human Protein Atlas online data-
base [16], and representative IHC images were shown in 
Figs. 2E. As shown in Figs. 2F, gastric cancer patients with 
low NXF3 protein expression shows a longer survival time 
than those with high NXF3 expression in another dataset of 
Kaplan–Meier Plotter. Therefore, nuclear transport protein 
NXF3 is considered a hazardous prognostic marker in gas-
tric cancer.

To determine whether NXF3 expression is an independ-
ent prognostic factor, we conducted multivariate Cox regres-
sion analysis, adjusting for other clinical variables such 
as age, gender, lymph node metastasis, M stage, N stage, 
T stage, Stage (Table 3). The results showed that NXF3 
expression, age > 60 years, and lymph node metastasis (≥ 3 
positive nodes) are independent prognostic factors for gastric 
cancer patients in this analysis. M1stage is a strong predictor 

Fig. 3   NXF3 acts as an oncogene in  vitro. A The transfection effi-
ciency of NXF3 shRNA-1, −2, −3 were validated through RT-qPCR 
experiments. B-C CCK-8 assay was used to explore the effect of 
NXF3 shRNA2 on the proliferation of BGC-823 (B) and AGS cells 
(C). (D) Flow cytometry assay was used to verify the effect NXF3 
shRNA2 on the apoptosis of BGC-823 and AGS cells. E–F Cell cycle 
detection after silencing NXF3 in BCG-823 and AGS cells; analysis 
of the proportion of cells in G0/G1 phase, S phase, and G2/M phase; 
(G) Transwell assay was used to detect the cell invasion (H) Cell 
migration number of NC and NXF3 shRNA2 groups. I Wound heal-
ing assay was performed to explore the cell migration. J Area wound 
healed (%) of NC and NXF3 shRNA2 groups. * P < 0.05, ** P < 0.01, 
*** P < 0.001. 

◂
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Fig. 4   Silencing NXF3 inhibited GC cell growth in vivo. A Morpho-
logical images of mice and harvested tumors in both groups (n = 5); 
B Tumor weight was determined in both groups (n = 5); C The tumor 
volume was measured every 3 days (n = 5); D The mice body weight 

was determined in both groups (n = 5); E Ki-67 protein expression 
was detected in both groups by IHC staining; F Statistical analysis of 
Ki-67 protein IHC score in both groups. * P < 0.05, ** P < 0.01, *** 
P < 0.001 
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Fig. 5   NXF3 regulated cell cycle in GC cells. A Heat map showing 
differentially expressed genes in the sh-NXF3 and control groups, 
with red representing significantly increased genes and blue repre-
senting significantly decreased genes; B Volcano plot displaying the 
top 10 increased or decreased genes between the sh-NXF3 group 
and control group; C Functional enrichment analysis of differentially 
expressed genes, including Biological Processes (BP), Cellular Com-

ponents (CC), and Molecular Functions (MF); D Enrichment analysis 
of KEGG signaling pathways for downstream differentially expressed 
genes of NXF3; (E–G) RT-qPCR assay was used to detect the mRNA 
level of CCND1(E), CDKN1(F), and CDKN3(G) in NC and NXF3-
shRNA2 groups of BCG-823 and AGS cells. * P < 0.05, ** P < 0.01, 
*** P < 0.001 



	 C. Zhang et al.  100   Page 12 of 20



Nuclear translocation of CDK5RAP3 regulated by NXF3 promotes the progression of gastric cancer﻿	 Page 13 of 20    100 

of poor prognosis. Other factors such as gender, N stage, T 
stage, and overall stage did not show significant associa-
tions with prognosis in this multivariate analysis. This find-
ing suggests that NXF3 can serve as a robust biomarker for 
predicting clinical outcomes in GC. 

NXF3 knockdown represses gastric cancer 
malignant properties and tumor growth in vitro 
and in vivo

The function of NXF3 in gastric cancer remains unclear and 
requires further investigation. First, we transfected three 
shRNAs (shRNA1, shRNA2 and shRNA3) into gastric can-
cer cell lines AGS and BCG-823. As a result, RT-qPCR 
assays indicated that shRNA2 displayed the most signifi-
cant efficiency for NXF3 knockdown among BGC-823 and 
AGS cells (Fig. 3A). Moreover, the efficiency of NXF3 
knockdown was validated using Western blot analysis. WB 
results showed a significant reduction in NXF3 protein levels 
in NXF3 shRNA2 groups compared to NC, shRNA1, and 
shRNA3 groups of BGC-823 and AGC cells (Supplemen-
tary Fig. 3A and 3B). The malignant properties of NXF3 
knockdown were evaluated with various cell assays. Knock-
down of NXF3 resulted in significant inhibition of the pro-
liferation of BGC-823 and AGC cells, as evidenced by the 
CCK-8 assay (Fig. 3B, C). The effect of NXF3 on apoptosis 
was then analyzed using flow cytometry, revealing that its 
knockdown induced higher rates of cell apoptosis (15.93% 
vs 4.98%) in BGC-823 cell and (9.68% vs 4.24%) in AGS 
cell (Fig. 3D). Flow cytometry analysis was performed to 
determine effect of NXF3 knockdown on cell cycle arrest. 
As a result, knocking down NXF3 with shRNA significantly 
reduced the percentage of cells in the G0/G1 phase and 
increased the percentage of cells in the G2/M phase in both 
BGC-823 (Fig. 3E) and AGS cells (Fig. 3F). Furthermore, 
the results of the transwell and wound healing assays exhib-
ited that compared to the control group, the invasion and 
migration capabilities of cells in the NXF3 shRNA2 group 
are reduced (Fig. 3G–J). Collectively, these results revealed 
that NXF3 acts as an oncogene in vitro for gastric cancer.

To confirm the in-vitro effects, we studied the effect of 
NXF3 silencing on tumor growth by inducing tumor forma-
tion in nude BALB/c mice through subcutaneous injection 

of tumor cells. The mice were randomly divided into two 
groups: the control group (NC) and the group with stable 
transfection of NXF3 shRNA into AGS cells. Tumor size, 
volume, and weight of the mice in each group were meas-
ured to assess tumor growth. Compared to the control group, 
tumor growth was significantly decreased in the NXF3 
shRNA group (Fig. 4A). There was no significant differ-
ence in the body weight change of the mice between the two 
groups, which may indicate that NXF3 shRNA treatment 
had minimal impact on the overall health and physiological 
status of the mice (Fig. 4B). The results of plotting the tumor 
growth curve indicated NXF3 shRNA significantly inhib-
ited tumor growth compared to the control group (Fig. 4C). 
Tumor size was significantly reduced in the NXF3 shRNA 
group compared to the control group (Fig. 4D). Next, Ki-67 
protein (a cell proliferation marker related to cell cycle [17]) 
expression was detected by IHC staining, and NXF3 silenc-
ing significantly inhibited Ki-67 expression (Fig. 4E and 
F). These results suggested that silencing of the NXF3 gene 
showed a significant inhibitory effect on tumor growth, and 
provides evidence for potential tumor therapy strategies tar-
geting the NXF3 in GC.

NXF3 regulates the cell cycle and oncogenic 
pathways

The above functional and phenotype of NXF3 paves us to 
explore the underlying mechanism of NXF3 in gastric can-
cer. In order to explore the impact of NXF3 silencing on 
tumor related pathways, we knocked down NXF3 in AGS 
cells and conducted RNA-Seq to detect changes in down-
stream gene expression, followed by biological pathway and 
functional enrichment analysis. The heatmap shows signifi-
cantly differentially expressed genes in between the control 
group and the sh-NXF3 group (Fig. 5A). The volcano plot 
displays the top 10 significantly increased and decreased 
genes in AGS cells of the control group and sh-NXF3 group 
(Fig.  5B). Subsequently, differentially expressed genes 
(DEGs) were subjected to GO functional enrichment analy-
sis, showing that NXF3 impacts the biological processes of 
mitotic cell cycle G1/S transition, wound healing, mitotic 
cell cycle phase transition and intrinsic apoptotic signaling 
pathway in response to DNA damage (Fig. 5C). KEGG path-
way enrichment analysis indicated that NXF3 affects the cell 
cycle, p53 signaling pathway, ferroptosis and Rap1 signaling 
pathway (Fig. 5D). Furthermore, RT-qPCR assay confirmed 
that NXF3 decreased the cell cycle related genes (CCND1, 
CDKN1, and CDKN3) mRNA level in BGC-823 and AGS 
cells (Fig. 5E-5J). Above results revealed that NXF3 pro-
motes the malignant progression of gastric cancer by influ-
encing cell cycle related pathways.

Fig. 6   piRNA sequencing and functional enrichment analysis of tar-
get genes of piRNAs. A Volcano plot displaying the significantly 
increased or decreased piRNAs between the sh-NXF3 group and con-
trol group; B Venn diagram shown a total of 509 NXF3-regulated tar-
get genes through piRNAs regulation; C Functional enrichment anal-
ysis of differentially expressed genes, including Biological Processes 
(BP), Cellular Components (CC), and Molecular Functions (MF); D 
Enrichment analysis of KEGG signaling pathways for downstream 
differentially expressed genes of NXF3; E piRNAs-target genes-sign-
aling pathway network was created

◂
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NXF3 modulates cellular senescence related 
oncogenic pathways via piRNA‑target network

Researchers have discovered that NXF3 can bind to RNAs 
and participate in abnormal nuclear-cytoplasmic transloca-
tion [18], in which piRNA is regulated by NXF3 during 

spermatogenesis. However, it is unknown whether NXF3 
affects piRNA in tumors. To elucidate the role of NXF3 
in gastric cancer through piRNA regulation, we conducted 
piRNA sequencing and mRNA sequencing. First, a total 
of 53 differentially expressed piRNAs were identified 
between NC and sh-NXF3 groups of AGS cells (Fig. 6A). 

Fig. 7   RIP-Seq and nuclear-cytoplasmic RNA-Seq reveals NXF3 
binding RNAs. A The Venn diagram shows the intersection of genes 
with RIP-Seq and Nuclear/Cytoplasmic > 0 B The heatmap illustrates 
the expression of genes regulated by NXF3 in the nucleus and cyto-

plasm of the control group and shNXF3 group; C The nuclear-cyto-
plasmic ratio changes of genes regulated by NXF3 in the control and 
shNXF3 groups
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Notably, several piRNAs were significantly upregulated 
(e.g., piRNA_4134518, piRNA_2647569) and downregu-
lated (e.g., piRNA_3457319, piRNA_448895) in response 
to NXF3 knockdown. To explore the functional impact of 
these differentially expressed piRNAs, we predicted their 
downstream target genes and intersected these with differ-
entially expressed genes from RNA-seq analysis. The Venn 
diagram showed a total of 509 target genes regulated by 
NXF3 through piRNA-mediated mechanisms (Fig. 6B). GO 
function enrichment analysis indicated that the piRNA-regu-
lated target genes were enriched in pathways related to tumor 
cell proliferation, migration, and other processes (Fig. 6C). 
Specifically, the tope enriched terms included the BP of 
Cell cycle progression, DNA damage response, and cellular 
senescence, and the CC of Nucleus, cytoplasmic vesicles, 
and mitochondria. KEGG pathway enrichment analysis 
revealed that piRNA-regulated target genes were enriched in 
RAP1 signaling pathway, Cellular senescence, and p53 sign-
aling pathway (Fig. 6D). Furthermore, we constructed a net-
work of piRNA-target genes-signaling pathways (Fig. 6E). 
Notably, oncogenic pathways related mRNAs and piR-
NAs were enriched, including piRNA_3457319-CCND1/
CDKN1A-p53 signaling pathway, piRNA_2847077-TGFB3/
TGFBR2-Cellular senescence, piRNA_448895-IGF1/PDG-
FRA/ACTB/MAP2K6-Rap1 signaling pathway.p53 Signal-
ing Pathway: Key genes such as CCND1 and CDKN1A were 
identified as potential targets of piRNA_3457319, which is 
regulated by NXF3. Rap1 Signaling Pathway: Genes like 
IGF1, PDGFRA, ACTB, and MAP2K6 were found to be 
regulated by piRNA_448895. Cellular Senescence Pathway: 
piRNA_2847077 was shown to target TGFB3 and TGFBR2, 
which are critical for cellular senescence. These findings 
suggest that NXF3 modulates oncogenic pathways in gastric 
cancer by regulating the expression and function of piRNAs, 
which in turn target key genes involved in cell cycle progres-
sion, cellular senescence, and apoptosis.

NXF3 functions in gastric cancer cells by affecting 
RNA export

NXF3 is a nuclear RNA export factor, involved in the trans-
portation of mRNA (messenger RNA) and other small RNA 
molecules from the nucleus to the cytoplasm. Next, we con-
ducted RIP-Seq analysis to investigate the mRNA interact-
ing with NXF3 protein. The RIP-Seq results revealed that 
a total of 10,294 RNAs interacting with NXF3 (Fig. 7A, 
Table 1). Furthermore, we utilized nuclear-cytoplasmic tran-
scriptomics to study the impact of NXF3 knockdown on 
RNA localization inside the cell. The nuclear-cytoplasmic 
transcriptomics results showed that the knockdown of NXF3 
significantly increased 512 genes mRNA nuclear retention 
(Fig. 7A, Table 2), suggesting an impact of NXF3 in RNA 
nuclear-cytoplasmic transportation. By intersecting the 

RIP-Seq and nuclear-cytoplasmic transcriptomics results, 
we identified 60 genes whose mRNA nuclear retention was 
influenced by NXF3. The heatmap illustrates the expression 
of these 60 genes in the nucleus and cytoplasm of both the 
control group and the sh-NXF3 group (Fig. 7B). Changes 
of the 60 genes nuclear-cytoplasmic ratio are depicted in 
Fig. 7C, including RPP21, CDK5RAP3, GNRH1, LCN12 
and etc.

To rule out the possibility of NXF3 regulating the cell 
cycle and gastric cancer progression through protein inter-
actions, we identified proteins binding to NXF3 through 
immunoprecipitation followed by mass spectrometry. The 
results showed that there were only 4 proteins specifically 
binding to NXF3 compared to IgG (Table 3), including 
LUC7L, RACK1, LMNA, and SMTN. These proteins 
show weak signals with NXF3 binding. IP-MS confirmed 
that NXF3 functions by affecting RNA output through its 
influence on RNA-binding protein domains.

NXF3 promotes cell cycle progression via nuclear 
export of CDK5RAP3 mRNA

The above results indicate that NXF3 promotes the malig-
nant progression of gastric cancer by influencing the RNA 
nuclear export of RPP21, CDK5RAP3 and etc. We found 
that the expression of CDK5RAP3 is reduced in gastric 
cancer tissues (Fig. 8A) and correlates with poor progno-
sis in gastric cancer patients (Fig. 8B). GSEA functional 
enrichment analysis shows that CDK5RAP3 regulates the 
cell cycle (Fig. 8C). CDK5RAP3 (also known as CDK5 
regulatory subunit-associated protein 3 or Interacting pro-
tein of CDK5 and CDK5RAP3) is a protein associated 
with cell cycle regulation and cell proliferation. To verify 
the effect of NXF3 on CDK5RAP3 mRNA nuclear export, 
RT-qPCR validated a significant increase in CDK5RAP3 
mRNA nuclear export after NXF3 knockdown in BCG-823 
and AGS cells (Fig. 8D). RIP-Seq results demonstrated 
the binding interaction of NXF3 protein with CDK5RAP3 
mRNA (Fig. 8E). RIP-qPCR confirmed the interaction 
between NXF3 protein and CDK5RAP3 mRNA (Fig. 8F).

Furthermore, we further examined the impact of over-
expressing CDK5RAP3 on cell proliferation and cell cycle 
proportions in BCG-823 and AGS cells. Firstly, RT-qPCR 
assay and Western blot assay validated the successful 
transfection of overexpressed CDK5RAP3 in BCG-823 
and AGS cells (Fig. 8G and supplementary Fig. 4). CCK-8 
assay results showed that overexpression of CDK5RAP3 
significantly inhibited cell proliferation in BCG-823 
and AGS cells (Fig. 8H-I). FACS analysis revealed that 
CDK5RAP3 is involved in cell cycle regulation, especially 
at the G1/S and G2/M transition points, affecting cell pro-
liferation and division (Fig. 8J–K). In summary, NXF3 
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promotes the malignant progression of gastric cancer cells 
by affecting the nuclear export of CDK5RAP3 mRNA and 
consequently influencing the cell cycle.

Collectively, the above results showed that after NXF3 
silencing, there were 53 differential piRNAs, and their 
target genes and functions are related to the P53 signal-
ing pathway, Cell cycle, Rap1 signaling pathway and cell 
senescence (Fig. 9).

Discussion

Gastric cancer is a highly malignant tumor with high inva-
siveness, high recurrence rate, and poor prognosis [19]. 
Early identification of adverse prognostic factors and tar-
geted personalized treatments are crucial for improving sur-
vival rates, necessitating more sensitive and reliable bio-
markers [20]. This study systematically analyzed the role of 
nuclear-cytoplasmic transport proteins (NCTPs) in gastric 
cancer (GC) and identified NXF3 as a key regulator of GC 
progression. Our findings highlight the potential of NXF3 as 
a therapeutic target and biomarker for GC, with significant 
clinical and scientific implications.

Through Univariate analysis, nine NCTPs associated 
with the prognosis of gastric cancer patients were identi-
fied (NUP85, NUP50, RANGAP1, THOC2, NXF3, GLE1, 
NUP62, and NDC1). A risk scoring model containing three 
nuclear-cytoplasmic transport genes, including RANGAP1, 
GLE1, NXF3, was constructed. Kaplan–Meier survival 
analysis shows that the risk score can effectively predict 
the prognosis of gastric cancer patients. Low expression of 
NUP85 and NUP43 are significantly associated with poor 
prognosis in gastric cancer [21, 22]. RanBP2 acts as SUMO 
E3 ligase to promote nuclear-plasma transport via combin-
ing with RanGAP1 in gastric cancer [23]. knockdown of 
THOC2 inhibited the growth and metastatic behaviors of 
GC cells [24]. Nup62 is a member of the nuclear pore com-
plex (NPC), NUP62 was increased in GC and related poor 

prognosis, NUP62 promoted metastasis of GC by regulating 
Wnt/β-Catenin and TGF-β signaling pathways [25]. In sum-
mary, we consider abnormal nuclear-cytoplasmic transloca-
tion to be a key pathway in the occurrence and development 
of gastric cancer.

In eukaryotic cells, the transport of macromolecules 
in the nucleus-cytoplasm is strictly controlled by NCTPs, 
importins, and exportins [26]. These proteins serve as trans-
port receptors and promote normal transport by binding to 
their cargo through specific nuclear localization signals 
or nuclear export signals (NLS/NES) [27]. Compared to 
normal cells, malignant tumors often overexpress specific 
importins and/or exportins, as the maintenance of the abnor-
mally high growth rate of cancer cells requires additional 
transport demands [28]. Therefore, disrupting the function 
of key nuclear-cytoplasmic transport proteins, preventing 
cancer proteins from being imported into the nucleus, or 
anti-cancer proteins from being exported out of the nucleus, 
represents a promising strategy for developing new cancer 
treatment methods. Our study constructed a prognostic risk 
model based on NCTPs, including NXF3, which effectively 
predicts the prognosis of GC patients. The high expression 
of NXF3 is associated with poor overall survival, suggest-
ing its potential as a prognostic biomarker. This could aid 
clinicians in stratifying patients into high-risk and low-risk 
groups, thereby informing treatment decisions and improv-
ing patient management. Ki-67 is a cell proliferation marker, 
and its expression in the cell cycle is closely related to the 
cell division cycle [17]. The positivity rate of Ki-67 can 
reflect the proliferative activity of tumor cells. The higher 
the positivity rate, the faster the growth rate of tumor cells, 
indicating a higher degree of malignancy and invasiveness 
of the tumor. Next, Ki-67 protein expression was detected 
by IHC staining; NXF3 silencing significantly inhibited 
Ki-67 protein expression NXF3 plays an oncogenic role 
in gastric cancer, and targeting NXF3 holds promise as a 
new therapeutic target for treating gastric cancer. The func-
tional experiments in vitro and in vivo demonstrated that 
NXF3 knockdown significantly inhibits GC cell prolifera-
tion, migration, invasion, and tumor growth. These results 
suggest that targeting NXF3 could be a novel therapeutic 
strategy for GC.

NXF3 is a member of the nuclear RNA export factor 
family, which is involved in the nuclear export processes 
of various RNAs [11, 13]. NXF3 has been identified as a 
novel germ cell-specific export adapter for unsliced piRNA 
precursors, revealing its role in the transport process from 
transcription sites to cytoplasmic piRNAs biogenesis sites 
[12]. Additionally, we also discovered that NXF3 regulates 
piRNAs [14]. In order to preliminarily explore the impact of 
NXF3 silencing on tumor-related pathways, we conducted 
RNA-Seq and found that NXF3 regulated G1/S transition 
of the mitotic cell cycle, wound healing, mitotic cell cycle 

Fig. 8   NXF3 promotes gastric cancer progression by nuclear trans-
port of CDK5RAP3 mRNA and the cell cycle. CDK5RAP3 expres-
sion in GC tissues and normal tissues from the TCGA database; A 
CDK5RAP3 expression was associated with overall survival of 384 
patients with GC from the TCGA database; B GSEA of Cell cycle 
up GSEA gene sets referred to as cell cycle related gene signatures; 
NES, normalized enrichment score; C The levels of nuclear and cyto-
plasmic CDK5RAP3 mRNA were determined by RT-qPCR assay; D 
RIP-Seq assay showed that NXF3 interacted with CDK5RAP3 in GC 
cells; E RIP-qPCR verified that NXF3 interacted with CDK5RAP3 in 
GC cells; F The mRNA expression of CDK5RAP3 was detected by 
using RT-qPCR; G (H-I) CCK-8 assay was used to explore the effect 
of OE-CDK5RAP3 on the proliferation of BGC-823 and AGS cells. 
J–K Cell cycle detection was used to analysis the proportion of cells 
in G0/G1 phase, S phase, and G2/M phase; *P < 0.05; ** P < 0.01, 
*** P < 0.001 

◂
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phase transition, cell cycle, p53 signaling pathway, Ferrop-
tosis, Rap1 signaling pathway. NXF3 regulated genes by 
related oncogenic pathway in GC. Research has found that 
NXF3 can bind to RNA and participate in abnormal nuclear-
cytoplasmic translocation, where piRNAs are regulated by 
NXF3 in sperm development, but it is unclear whether there 
are changes in tumors. Therefore, we conducted two analy-
ses, one for piRNA sequencing and the other for mRNA 
sequencing.

Changes of cell cycle are one of the key steps in the 
occurrence and progression of tumors [29]. Disruption of 

the cell cycle can lead to carcinogenesis. Some charac-
teristics of tumor cells, such as unlimited proliferation, 
self-sufficiency in growth, and insensitivity to growth 
inhibitory signals, may be a direct result of cell cycle 
deregulation [30, 31]. In exploring how NXF3 influences 
the malignant progression of gastric cancer, an interest-
ing finding is that downstream genes of NXF3 are signifi-
cantly enriched in cell cycle-related signaling pathways. 
Additionally, in this study, silencing of NXF3 in gastric 
cancer cells resulted in cell cycle arrest as detected by 
cell cycle analysis. CDK5RAP3 is a protein related to cell 

Fig. 9   A schematic model for the potential roles of the NXF3 in gas-
tric cancer. On one hand, the high expression of NXF3 regulates the 
transport of piRNAs, thereby affecting cell senescence, the p53 sign-

aling pathway, and the Rap1 signaling pathway; on the other hand, 
NXF3 binds to CDK5RAP3 RNA, promoting its nuclear transloca-
tion to influence cell cycle progression
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cycle regulation [32]. CDK5RAP3 plays an important role 
in the cell cycle, especially in cell growth, mitosis, and cell 
death [33]. Studies have shown that CDK5RAP3 is widely 
distributed in the centrosome, spindle apparatus, and endo-
plasmic reticulum, participating in the regulation of vari-
ous cellular activities [34]. When CDK5RAP3 is under-
expressed, the cell cycle is partially halted in the G2/M 
phase, leading to a decrease in cell proliferation rate, but 
this cell cycle arrest does not induce apoptosis [35]. We 
found that NXF3 promotes the malignant progression of 
gastric cancer cells by influencing the nuclear export of 
CDK5RAP3 mRNA, thus affecting the cell cycle.

In conclusion, the abnormal nuclear-cytoplasmic trans-
location of RNA and proteins is a key molecular event in 
the progression of gastric cancer. NXF3 induces malignant 
proliferation and invasive migration of tumor cells with 
mechanisms related to its RNA binding and RNA trans-
port activities. Specifically, the overexpression of NXF3 
regulates piRNAs transport, leading to increased expres-
sion of genes involved in apoptosis, the cell cycle, inva-
sion, and migration. Additionally, the binding of NXF3 to 
CDK5RAP3 RNA activates its nuclear export transition, 
resulting in excessive cell proliferation and promoting gas-
tric cancer progression. Therefore, targeting NXF3 could 
inhibit these effects and have potential therapeutic value 
in treating gastric cancer.

Although studies have revealed the influence of NXF3 
on cell cycle and gastric cancer progression through the 
piRNA-related pathway and nucleocytoplasmic transport 
of CDK5RAP3 mRNA, the specific molecular mechanisms 
and detailed roles of signaling pathways still require further 
investigation. Our study primarily focused on the short-
term effects of NXF3 on gastric cancer cells in vitro and 
in vivo, but long-term efficacy and safety assessments have 
not yet been conducted. While NXF3 has been identified as 
a potential target for gastric cancer treatment, its feasibility, 
safety, and efficacy in clinical applications need validation 
through large-scale clinical trials. In the future, the discovery 
of the mechanism of action of NXF3 as a nucleocytoplasmic 
transport protein in gastric cancer may provide opportuni-
ties for developing new treatment strategies, especially tar-
geted therapy against NXF3. The discovery of NXF3 and 
its related piRNAs and mRNAs provides an opportunity to 
develop new biomarkers, which may aid in the early diagno-
sis and prognosis assessment of gastric cancer.
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