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Background: Gastric cancer (GC) is a highly phenotypically heterogeneous disease and is caused by a combination of factors. 
Retinol binding protein 4 (RBP4) is a member of a family of lipid transport proteins that are involved in the transport of substances 
between cells and play a crucial role in a variety of cancers. However, the expression and role of RBP4 in GC remain unknown.
Methods: In this study, we explored the expression, prognostic significance, immune microenvironment, drug responsiveness and 
function of associated signaling pathways of RBP4 in GC using web-based bioinformatics tools. Immunohistochemistry and real-time 
quantitative PCR were utilized to analyze the tissue and cell expression levels of RBP4. CCK-8, colony formation, EDU incorporation, 
wound healing and transwell assays were applied to demonstrate the effect of RBP4 on GC cell function. Flow cytometric detection of 
apoptosis after RBP4 knockdown. Nude mice xenograft model elucidates the role of RBP4 for GC in vivo. Related proteins of the 
RAS signaling pathway were analyzed by employing Western blot assays.
Results: RBP4 is highly expressed in GC. RBP4 is closely associated with patient survival and sensitivity to a wide range of 
antitumor agents. Knockdown of RBP4 promoted apoptosis and inhibited cell proliferation, invasion and migration. RBP4 promotes 
GC tumorigenesis in vivo. Finally, RBP4 modulates the RAS/RAF/ERK axis.
Conclusion: RBP4 may promote gastric carcinogenesis and development through the RAS/RAF/ERK axis and is expected to be 
a novel target for GC treatment.
Keywords: RBP4, gastric cancer, invasion, migration, RAS/RAF/ERK axis

Introduction
Gastric cancer (GC) is a malignant tumor originating from the epithelium of the gastric mucosa and is currently the fifth 
most prevalent cancer globally. Statistics show that there are more than 1 million new cases of GC annually.1 Geographic 
differences across the globe have contributed to the highest incidence rates in East Asia and Eastern Europe, while 
Northern Europe and North America generally have lower incidence rates.2 Common risk factors for GC include 
Helicobacter pylori infection, genetics, smoking, and alcohol consumption. Besides, the incidence of GC is twice as 
high in males as in females.3 Nowadays, the incidence of the disease in people aged <50 years is gradually increasing in 
both moderately dangerous and extremely dangerous countries.4 Despite the frequent occurrence of GC, most patients are 
diagnosed at an advanced stage with a poor prognosis because there are no definite clinical symptoms, and the median 
survival for metastatic GC is less than 1 year.5 In recent years, for patients with advanced GC, in addition to surgery and 
cytotoxic chemotherapy, molecularly targeted drugs are gradually becoming prevalent. For example, for HER-2-positive 
patients, common drugs include trastuzumab, lapatinib, and margetuximab, and these targeted therapies can improve 
survival and reduce toxicity.5 As a result, the identifying of novel therapeutic targets for GC is of great significance in 
both diagnosis and treatment of patients with advanced GC.
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Retinol binding protein 4 (RBP4) belongs to the of the lipid transport protein family and the major transporter protein 
for vitamin A in the circulation.6 RBP4 is secreted primarily by the liver and secondarily by adipose tissue. In normal 
human conditions, RA-bound RBP4 and thyroid transport protein (TTR) participate in human biological functions 
together as the holo-RBP4-TTR complex.7 It has been shown that STRA6, as a cell surface receptor, can participate 
in bidirectional retinol transport thereby balancing RBP4 in the circulatory system with intracellular vitamin 
A metabolism and storage and counteracting vitamin A insufficiency or oversupply.8 Changes of RBP4 levels in mice 
have been stated to be closely links to numerous diseases. For example, mice with a mixed genetic background lacking 
RBP4 revealed impaired retinal function and visual perception during the first few months, but subsequent feeding of 
retinol-containing food restored vision to normal by 4–5 months of age.9 RBP4 mutations have been linked to 
osteoarthritis, and hypercholesterolemia and acne in people. Furthermore, RBP4 drives migration of ovarian cancer 
cells and exhibits high expression in hepatocellular carcinoma cells.10,11 Nevertheless, there have been no correlation 
studies of RBP4 expression and potential mechanisms in GC.

The aim of this study was to investigate the expression of RBP4 in GC tissues and cells and its effect on the 
occurrence and progression in GC. We used small interfering RNA tools and lentiviral infection techniques to inhibit 
RBP4 levels in GC cells. On the one hand, in vitro experiments revealed that silencing of RBP4 inhibited the 
proliferation, invasion and migration of GC cells and promoted apoptosis. On the other hand, in vivo experiments 
further validated this biological process based on the size and weight of the mouse hormone tumors. At the final stage of 
the experiment, we explored the joint function of RBP4 and its closely associated signaling pathways for GC.

Materials and Methods
Bioinformatic Analysis
Data on gene expression profiles and clinical information were acquired from the TCGA database available at https:// 
portal.gdc.cancer.gov. The expression of RBP4 was investigated across different cancer types, focusing on a GC cohort 
(STAD). Two groups, high and low expression levels, were compared using the “DESeq2” package. Gene set enrichment 
analysis (GSEA) was conducted based on logFC values. Survival analyses and exploration of RBP4 mutations were 
conducted utilizing the cBioPortal database (https://www.cbioportal.org/). Data on drug sensitivity were acquired from 
the CellMiner online repository (https://discover.nci.nih.gov/cellminer/home.do), followed by conducting a Pearson 
correlation analysis with RBP4. The Kaplan-Meier survival analysis was conducted based on the groupings obtained 
from the Kaplan-Meier plotter tool available at https://kmplot.com/analysis/. Protein-protein interaction analysis for 
RBP4 was performed using the String database (https://string-db.org/).

Patients and GC Specimens
We gathered 80 pairs of formalin-fixed and paraffin-embedded human GC specimens, ages 50 to 80, between 
January 2023 and January 2024. The specimens used in this study were provided by the Northern Jiangsu People’s 
Hospital. Notably, neither of the patients had chemotherapy prior to surgery. This project has been approved by the Ethics 
Committee (Yangzhou, China), Yangzhou University School of clinical Medicine, and Northern Jiangsu People’s 
Hospital. Permission number 2019KY-022. Written informed consent was provided by each participant before to the 
trial. This study was conducted in accordance with the principles set out in the Declaration of Helsinki.

Immunohistochemistry (IHC)
The tissue sections of TMA were placed in an oven at 65°C for a duration of 2 hours. Following this, they were allowed 
to cool to room temperature and then deparaffinized using a mixture of xylene and ethanol in a range of 100% to 50%. 
Antigen repair was performed using sodium citrate (Solarbio, Beijing, China) for 20 minutes, and endogenous peroxidase 
activity was blocked using 5% H2O2. After closure with drops of goat serum for 20 minutes (OriGene, Jiangsu, China), 
the primary antibody RBP4 (1:50, Proteintech, China) was added overnight at 4°C in the refrigerator. On the 
following day, a rabbit secondary antibody (OriGene, Jiangsu, China) was added dropwise and incubated for 25 minutes 
at 37°C in an incubator. After three rinses with phosphate buffered saline (PBS), staining was performed for 5 minutes 
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using DAB chromogenic solution (OriGene, Jiangsu, China), followed by a reaction using hematoxylin (Beyotime, 
Shanghai, China) for 3 minutes. After sealing the slices with resin, TMA tissues were observed and photographed using 
an Olympus microscope. The obtained images are scored on the following scale: Scoring for staining was as follows: 
Absence of staining = 0, weak-to-strong complete nuclear staining in less than 25% of tumor cells = 1, weak-to-strong 
complete nuclear staining in 25% to 50% of tumor cells = 2, strong complete nuclear staining in 50% or more of tumor 
cells = 3. Expression levels were categorized as low (scores 0 and 1) or high (scores 2 and 3).12 The results were 
independently scored by two excellent pathologists.

Cell Lines and Cell Culture
The Bank of the Chinese Academy of Sciences provided us with 4 GC cell lines (AGS, N87, HGC-27 and BGC-823) as 
well as the normal human stomach cell lines (GES1). The cell lines were cultured in RPMI1640 medium (Eallbio, 
Beijing, China),37°C (5%CO2) incubator. For better cell growth, we added 10% fetal bovine serum (Solarbio, Beijing, 
China), 1% penicillin and streptomycin (Vazyme, Nanjing, China). No signs of mycoplasma or fungal contamination 
were found during the experiment.

Western Blot
Tissues and cells were lysed on ice using RIPA lysis solution (Solarbio, Beijing, China). The lysate from the reaction was 
collected by centrifugation at 14,000 rpm at 4°C for ten minutes. The protein lysates’ absorbance values at 570 nm were 
determined using a BCA kit (Yeasen, Shanghai, China). The absorbance of each sample was counted to make a protein 
standard curve. It was mixed with an appropriate amount of 5X Loading buffer and boiled for 7 minutes. Subsequently, 
the samples were electrophoresis on an SDS-PAGE gel for 2 hours and transferred to a PVDF membrane (Immobilon-P, 
Merck Millipore, Ireland). After closure utilizing 5% skimmed milk, the first antibody was incubated at 4°C for the 
whole night. The investigation employed the following antibodies: RBP4 (1:800, Proteintech), GAPDH Rabbit mAb 
(1:8000, Abclonal), E-cadherin (1:800, Affinity), N-cadherin (1:700, Affinity), MMP2 (1:800, Affinity), MMP3 (1:800, 
Affinity), MMP9 (1:800, Affinity), P53 (1:700, ZEBIO), BAX (1:1000, ZEBIO), BCL2 (1:1000, ZEBIO), Caspase3 
(1:800, Proteintech), Cleaved-Caspase3 (1:700, Proteintech), Caspase9 (1:600, Proteintech), Cleaved-Caspase9 (1:600, 
Proteintech), RAS (1:600, Proteintech), RAF (1:600, Proteintech), ERK (1:600, Proteintech). On the next day, the PVDF 
membrane was placed in Goat anti-Rabbit IgG (1:7000, Abclonal) and Goat anti-Mouse IgG (1:7000, Abclonal) after 
1 hour incubation at room temperature, developed using ECL reagent (Vazyme, Nanjing, China). Data were analyzed 
using ImageJ and the experiment was repeated three times.

Real-Time Quantitative PCR (RT-qPCR) Assays
The RNA was isolated from the cell lines by employing Trizol reagent (Yeasen, Shanghai, China) and then transformed 
into cDNA through the utilization of a reverse transcription kit (Yeasen, Shanghai, China), followed by RT-qPCR 
conducted with a SYBR Green PCR kit (Vazyme, Nanjing, China). The amplification program for this experiment used 
a two-step method with the following settings: 95°C for 5 minutes, 5 seconds at 95°C, 30 seconds at 60°C, and a total of 
40 cycles. The primers were provided by Gene Pharma, Suzhou, China, and the specific sequences are as follows:RBP4- 
forward (5′-AGGAGAACTTCGACAAGGCTC-3′), RBP4-reverse (5′-GAGAACTCCGCGACGATGTT-3′), GAPDH 
forward (5′-TGACATCAAGAAGGTGGTGAAGCAG-3′), GAPDH reverse (5′-GTGTCGCTGTTGAAGTCAGAG 
GAG-3′). The relative expression of experimental cells was determined using the 2−ΔΔCt method, with GAPDH serving 
as the internal reference.

Transient Transfection and Lentivirus Infection
GenePharma (Shanghai, China) prepared the small interfering RBP4 (si-RBP4) and negative control (NC). The following are 
the sequences: NC-forward (5′-UUCUCCGAACGUGUCACGUTT-3′), NC-reverse (5′-ACGUGACACGUUCGGAGAATT 
-3′), si1-RBP4-forward (5′-GCUUCCGAGUCAAGGAGAATT-3′), si1-RBP4-reverse (5′-UUCUCCUUGACUCGGAAG 
CTT-3′), si2-RBP4-forward (5′-GCACCUGUGCUGACAGCUATT-3′), si2-RBP4-reverse (5′-UAGCUGUCAGCACAGGU 
GCTT-3′). The RBP4-silencing lentivirus (shRBP4) was constructed by Genechem (Shanghai, China). The specific sequence 
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is as follows: shRBP4 (5′-CTCAGTCTTCAGCTCTATTTA-3′). In 6-well plates, 2×105 GC cells were seeded and allowed for 
growth for a whole night. On the following day, a mixture of small interfering RNA and lipofectamine 2000 (Invitrogen, USA) 
was transfected into GC cells, and transient transfection was completed. GC cells were infected with lentivirus for 72 hour and 
then uninfected GC cells were removed by adding 2μg/mL of Puro-mycin to the culture medium, and the stably RBP4 
knockdown cell lines was successfully constructed.

Cell Counting Kit-8 (CCK-8) Assay
Cells were cultured in a 96-well plate with 1000 cells per well, and the medium was removed using a pipette gun at 24, 
48, 72, and 96 hours after incubation. The CCK-8 reagent (MedChemExpress, USA) was prepared and added to the cells. 
To generate a standard curve, the cells’ absorbance value at 450 nm was measured with a microplate reader.

Colony Formation Assay
In a 6-well plate, 500 GC cells that have been transfected and infected were added. Following two weeks of cultivation in 
a 37°C (5%CO2) cell incubator, the cells had three PBS washes, were fixed with 4% paraformaldehyde and were stained 
for 7 minutes with 5% crystal violet solution. Data statistics were performed using ImageJ.

EDU Incorporation Assay
The experimental cells were placed into 6-well plates and treated with EDU reagent (Invitrogen) after 48 hours. The 
cells were then permeabilized for 8 minutes using 0.5% TritonX-100 and fixed with 4% paraformaldehyde. Utilizing 
a Click-iT EDU Assay kit (Invitrogen), EDU incorporation was identified. Using a fluorescence microscope, the 
images of cells in five distinct viewpoints were captured and subsequently analyzed with Image-Pro Plus software. 
Cells that were positive for DAPI were tallied as the overall cell count, while cells stained with EDU were tallied as 
EDU-positive cells.

Wound Healing Assay
The cells were inoculated in Petri dishes and cultured in serum-free RPMI-1640 medium. When the cell density reached 
90% or more, the cell monolayer was scraped perpendicular to the petri dish with a lance tip of 200μL volume, and the 
cell debris was washed with PBS. Cell migration was observed and recorded at 0 and 24th hour using an Olympus 
microscope, and each photograph was taken in an independent field of view.

Transwell Migration and Invasion Assays
In migration experiments, 200μL of serum-free RPMI-1640 cell mixture (number of cells:2×104) was added to the upper 
section of every chamber (Coring, USA) and 500μL of serum-containing RPMI-1640 medium was filled into the lower 
layer of the chamber. In the invasion experiment, 50μL of diluted artificial matrix gel (BD Biosciences, USA) was spread 
in the upper chamber one night in advance, and when the matrix gel solidified, 200μL of RPMI-1640 cell mixture was 
filled into the upper chamber, while 500μL of FBS-containing medium was added into the lower chamber. After 48 
hours, cells were immobilized using 4% paraformaldehyde, dyed with 1% crystal violet for a duration of 15 minutes, then 
captured in five different areas through light microscopy. The data was subsequently processed and analyzed for 
statistical significance with the assistance of ImageJ software.

Flow Cytometry
GC cells were collected by centrifugation (1000r/min, 5 min) after treatment with trypsin, and the cells were processed 
according to the instructions of the apoptosis detection kit (Aladdin Biochemical, Shanghai, China). After three washes 
with PBS, 500μL of pre-cooled PBS was added, followed by 15μL of AnnexinV-fluorescein isothiocyanate (FITC) and 
7μL of propidium iodide (PI). Following a 30-minute incubation at 4°C in the absence of light, the examination was 
carried out utilizing flow cytometry.
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Tumor Xenograft Model
Randomly, the adult nude mice (JiBiological, Nanjing, China) were divided into four groups (A, B, C, D) with three mice 
in each group. AGS cells (shRBP4) that had been infected with lentivirus were injected into B. Similarly, HGC-27 cells 
(shRBP4) that had been infected with lentivirus were injected into D to construct a mice subcutaneous tumor xenograft 
model. A and C are blank control groups. Tumor volumes in mice were measured on a weekly basis and computed using 
the formula V= (Length×Width2)/2. After four weeks, every mouse was euthanized, and the xenograft tumors were 
removed and weighed. Experiments involving animals are authorized by the Ethics Committee for Experimental Animals 
at Yangzhou University and carried out in compliance with the National Institutions of Health Guidelines for the Care 
and Use of Laboratory Animals.

Statistical Analysis
Experimental data were analyzed statistically with GraphPad Prism 9 (SanDigeo, CA, USA). The student’s test was used 
to compare differences between the two groups, and one-way ANOVA was employed for analyzing three or more groups. 
Statistical significance was determined using the following criteria: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Results
Genetic Alterations and Mutational Landscapes of RBP4
Examining RBP4’s relative expression in 26 different types of cancer revealed high expression in GC (Figure 1A). 
Analysis on cBioPortal revealed an overall mutation rate of RBP4 at 1%, with GC (STAD) exceeding the average and 
ranking 9th (Figure 1B). Furthermore, we explored the mutation sites and types of RBP4, identifying nonsense 
mutations, splice mutations, truncating mutations, amplifications, and deep deletions (Figure 1C). Notably, deep deletions 
represented the majority of mutations (Figure 1D). Survival analysis indicated that high RBP4 gene mutations were 
associated with a negative impact on overall survival across various cancers (21.51 vs 50.63 months, P=0.003845) 
(Figure 1E).

Relationship Between RBP4 Expression and Tumor Immune Infiltration, Drug 
Sensitivity Analysis
Using the TISIDB database, we investigated the potential impact of RBP4 on tumor immune infiltration and its 
relationship with current immunological agents. Our findings suggest that RBP4 negatively regulates common immune 
cells in GC, showing a weak but very limited association with certain immune stimulants and inhibitors (Figure 2A). 
Furthermore, the weaker immune infiltration of RBP4 in GC seems to correlate with targeted drugs. To identify potential 
drug targets, we utilized the Cellminer database. Our analysis demonstrated a positive association between RBP4 and 
caffeic acid (R=0.4; P=0.001) as well as Kahalide F (R=0.36; P=0.007), while BP-1-102 (R=−0.36; P=0.005) and LY- 
2606368 (R=−0.38; P=0.003) were negatively associated with RBP4 (Figure 2B). These results provide valuable insights 
for tailoring treatment regimens for patients exhibiting high RBP4 expression.

RBP4 Expression Was Upregulated in GC and Correlated with Patient Survival
We produced volcano plots through the DEGs of the STAD cohort showing that RBP4 is located in the highly expressed 
fraction (Figure 3A). Furthermore, the boxplot revealed that RBP4 was highly expressed in GC (Figure 3B). GC patients 
with higher RBP4 expression have significantly poorer survival rates according to Kaplan Meier-plotter database 
(Figure 3C and D). Therefore, in order to validate the expression of RBP4 in GC, we used IHC and Western blot 
experiments on tissues to verify that RBP4 was markedly upregulated in GC tissues (Figure 4A and B). In addition to 
validation at the tissue scale, we also analyzed at the cellular scale. Using RT-qPCR, we learned that the mRNA 
expression of RBP4 was significantly higher in GC cells than in normal cells (Figure 4C), and since the results of the 
Western blot experiments on cell lines were basically the same as those of RT-qPCR (Figure 4D), we chose AGS and 
HGC-27 cells, which had relatively high expression of RBP4, for the knockdown experiments in cells. Knockdown of 
RBP4 in both groups of cells using small interfering RNA technology found that both si1-RBP4 and si2-RBP4 were 
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Figure 1 Genetic alterations and mutational landscapes of RBP4. (A) Relative expression of RBP4 in 26 different types of cancers. (B) Distribution of RBP4 mutations across 
various cancer types. (C) Comprehensive overview of RBP4 mutations in pan-cancer. (D) Mutation sites identified within the RBP4. (E) Survival analysis of alterations in 
RBP4. **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2 Relationship between RBP4 expression and tumor immune infiltration, drug sensitivity analysis. (A) Relationship between RBP4 and multiple tumor immune 
infiltration, immune stimulants/inhibitors. (B) The association between RBP4 expression and drug sensitivity.
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statistically significant compared to the NC group (Figure 4E), so both small interferences will be used together as 
a follow-up experiment.

Knockdown of RBP4 Inhibits Proliferation, Migration and Invasion in GC Cells
The CCK-8 assay is an important criterion for testing the cell proliferation ability. In AGS cells, the proliferation ability 
of the experimental group was found to be markedly reduced at 48, 72 and 96 hours (Figure 5A), and in HGC-27 cells, it 
was found that the absorbance values at 450 nm were statistically significant in the si1-RBP4 and si2-RBP4 groups 
compared to NC group after 48 hours (Figure 5B). Using colony formation assays, it was demonstrated that the colony 
formation ability of the knockdown group was markedly reduced in both AGS and HGC-27 cells compared to the 

Figure 3 RBP4 showed high expression in GC analyzed by online database. (A) The Volcano map showed all differentially expressed genes. (B) RBP4 expression in tumor 
tissues and normal tissues was analyzed using the TCGA database. (C and D) Kaplan–Meier plotter database indicated that GC patients with high RBP4 expression had 
a poor prognosis (two probes: probe ids: 219140_s_at and 222049_s_at).
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Control cells (Figure 5C). Moreover, we found that the EDU positive rate of cells knocking down RBP4 in AGS and 
HGC-27 cells was significantly different from that of Control cells by using EDU incorporation experiments (Figure 5D). 
The above experiments validated that silencing of RBP4 inhibited the proliferation ability of GC cells. To understand 
better the other biological functions of RBP4 in GC cells, we know that the migration ability of AGS and HGC-27 cells 
knocked down by RBP4 was significantly reduced after 24 hours compared with that of non-knocked down RBP4 cells 
by wound healing assay (Figure 6A). Besides, we demonstrated that the migration and invasion abilities of AGS and 
HGC-27 cells were markedly decreased when knocking down RBP4 by using Transwell assay (Figure 6B). Epithelial 
mesenchymal transition (EMT) is an important biological behavior that confirms invasion and migration capabilities.13 

Therefore, we demonstrated that in AGS cells, the levels of N-cadherin, MMP2, MMP3, and MMP9 decreased to various 
degrees after knockdown of RBP4, whereas the level of E-cadherin was obviously increased, by using Western blot assay 
(Figure 6C). In HGC-27 cells, knockdown of RBP4 cells showed a significantly decreased level of N-cadherin, MMP2, 
and MMP9, however, there was no noticeable variance in MMP3, and the level of E-cadherin was markedly increased 
(Figure 6C). In summary, knockdown of RBP4 suppressed the proliferation, migration and invasion in GC cells.

Figure 4 RBP4 expression is upregulated in GC tissues and cells. (A) Immunohistochemistry was performed on 80 pairs of GC specimens and showed representative 
images of RBP4 staining. (B) 12 pairs of tissues were randomly selected from 80 pairs of specimens to verify the expression level of RBP4 by Western blotting experiments 
and the associated grey value analysis of its results (N: Normal, (T) Tumor). GAPDH as a reference. (C) RBP4 mRNA expression levels in normal gastric cell (GES1) and GC 
cells (AGS, N87, HGC-27, BGC-823). (D) Protein levels of RBP4 in normal stomach cells and GC cells. (E) Silencing of RBP4 protein expression levels in AGS and HGC-27 
cells (Control: blank control, NC: Negative Control, si1-RBP4: The first small interference, si2-RBP4: The Second small interference). ns: not significant. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001.
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Knockdown of RBP4 Promotes Apoptosis in GC Cells
As knockdown of RBP4 inhibited the proliferation ability of GC cells, we verified whether RBP4 was associated with 
apoptosis. It was revealed by flow cytometry that the apoptosis capacity of cells in both the si1-RBP4 and si2-RBP4 
groups in AGS and HGC-27 cells was significantly increased in comparison to the NC group (Figure 7A). Therefore, we 
utilized Western blot assay to analysis whether GC cells knocking down RBP4 are closely associated with relevant 
apoptosis molecules. The results (Figure 7B) of the experiments showed that in AGS cells, the levels of P53, BAX, 
Cleaved-Caspase3, and Cleaved-Caspase7 were markedly elevated in the cells after knockdown of RBP4, whereas the 

Figure 5 Knockdown of RBP4 inhibited the proliferation of GC cells. (A) In AGS cells, after silencing RBP4 by si-RNA1 and si-RNA2, the proliferation ability of the cells was 
detected using the CCK-8 assay. (B) The changes in cell proliferation ability after knockdown of RBP4 in HGC-27 cells. (C) The colony formation assay demonstrates 
a reduction in the ability to form colonies following the suppression of RBP4 in AGS and HGC-27 cell lines. (D) EDU incorporation assay revealed that silencing of RBP4 
suppressed the proliferation ability of AGS and HGC-27 cells. **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 6 Knockdown of RBP4 inhibited the migration and invasion ability of GC cells. (A) Confirmation of migration ability of AGS and HGC-27 cells by wound healing 
assay. (B) Knockdown of RBP4 in AGS and HGC-27 cells was demonstrated to inhibit the migratory and invasive ability of GC cells using transwell assay. (C) The protein 
levels of E-cadherin, N-cadherin, MMP2, MMP3, and MMP9 were analyzed through Western blot experiments following the knockdown of RBP4 in AGS and HGC-27 cells. 
ns: not significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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level of BCL2 was significantly reduced, and there was no obvious change in the levels of Caspase3 and Caspase7. In 
HGC-27 cells, P53, Cleaved-Caspase3 and Cleaved-Caspase7 were significantly elevated and BCL2 levels were 
decreased and no obvious fluctuation of BAX, Caspase3 and Caspase7 was observed for si1-RBP4 group. In the si2- 
RBP4 group, P53, BAX, Cleaved-Caspase3, and Cleaved-Caspase7 were markedly increased, however, BCL2 levels 

Figure 7 Silencing of RBP4 inhibits apoptosis in GC cells. (A) The effect of RBP4 knockdown on apoptosis in AGS and HGC-27 cells was tested by flow Cytometry. (B) 
Western blot analysis of the expressions of P53, BAX, BCL2, cleaved-caspase3/caspase3, cleaved-caspase7/caspase7, in Control cells, NC cells, and RBP4-knockdown cells of 
AGS and HGC-27 cell lines. ns: not significant. *P<0.05, **P<0.01, ***P<0.001.
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were decreased, and there were no obvious changes in Caspase3 and Caspase7. The above experiments show that RBP4 
is involved in regulation of apoptosis process.

Knockdown of RBP4 Inhibited the Growth of GC Cells in vivo
In vitro experiments basically explained the role of RBP4 in GC progression, nevertheless, in vivo experiments are 
essential to verify the involvement of RBP4 in the process of GC occurrence. In this study, we established a GC 
xenograft tumor model in mice by injecting AGS and HGC-27 cells expressing shRBP4 lentivirus infection into mice, 
and we divided them into four groups (A=AGS-Control, B=AGS-shRBP4, C=HGC-27-Control, D=HGC-27-shRBP4) 
(Figure 8A–D). Among groups A and B, we measured the subcutaneous tumor volume of mice weekly and found that the 
tumor volume of group B mice injected with AGS cells after weeks 3 and 4 was markedly lower than that of group 
A mice without any treatment (Figure 8B). Tumors were removed from the mice at week 4 of execution to measure the 
weights and it was found that the weights in the shRBP4 group were statistically lower than those in the Control group 
(Figure 8C). Similarly, the results of groups C, D demonstrated that the volume and weight of tumors in group D mice 
injected with HGC-27 cells were significantly different from those in untreated group C (Figure 8E and F). The above 
results indicated that knockdown of RBP4 inhibited the growth of GC cells in mice.

RBP4 Knockdown Inhibits GC Growth by Regulating Inactivation of the RAS/RAF/ERK 
Axis
Because of the complexity of cancer, its malignant behavior is often the result of multiple sets of microscopic molecules 
working together. Initially we used the String database to find the top ten most relevant genes for RBP4 (Figure 9A). 

Figure 8 RBP4 promotes tumorigenesis in vivo. (A) The mice xenograft tumor model was established by injecting AGS cells that had been infected with RBP4 lentivirus into 
the mice. (B) Tumor volume in mice within 4 weeks. (C) Tumor weight after resection. (D) The mice xenograft tumor model was established by injecting HGC-27 cells 
already infected with RBP4 lentivirus into the mice. (E) Tumor volume. (F): Tumor weight (Control (A) No cells injected, shRBP4 (B) Injection of RBP4 lentivirus-infected 
AGS cells, Control (C) No cells injected, ShRBP4 (D) Injection of RBP4 lentivirus-infected HGC-27 cells). *P<0.05, **P<0.01.
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Next, based on the median expression, we categorized the STAD cohort into one high levels of expression and one with 
low level of expression. After GSEA analysis, we found that RBP4 could potentially play a role in the modulation of 
numerous common pathways associated with cancer (Figure 9B and C), which were shown to be closely related to the 
RAS signaling pathway by differential analysis (Figure 9D). To verify this hypothesis, we observed a significant decrease 

Figure 9 RBP4 regulates the RAS/RAF/ERK axis. (A) RBP4-related proteins were analyzed using the String tool. (B and C) Pathways enriched to GSEA based on RBP4 
expression. (D) RBP4 high expression group for KRAS pathway modulation. (E) Variation of RAS, RAF and ERK protein levels in Control, NC, si1-RBP4 and si2-RBP4 groups 
after knockdown of RBP4 in AGS and HGC-27 cells. *P<0.05, **P<0.01.
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in the levels of RAS, RAF, and ERK proteins in AGS cells following the knockdown of RBP4 (Figure 9E). Similarly, in 
HGC-27 cells, the expression of RAS, RAF, and ERK showed a marked decrease in si1-RBP4 and si2-RBP4 than in the 
NC group (Figure 9E). In conclusion, RBP4 may regulate the proliferation, invasion and migration of GC through the 
RAS/RAF/ERK axis. Finally, we made a mechanism map based on the relevant molecules involved in the regulation of 
RBP4 in this study (Figure 10).

Discussion
Gastric cancer (GC) is a highly heterogeneous disease that is molecularly complex and characterized by a myriad of 
interactions among genetic, environmental, and host factors. Over the past few years, advancements in biomedicine have 
led to significant progress in treating advanced GC and metastatic GC through molecular targeted therapy. Therefore, 
identifying novel GC targets is crucial for the creation of innovative medications for clinical use. Our research discovered 
that the expression of RBP4 was upregulated in GC, which may promote the development of GC through the RAS/RAF/ 
ERK axis, and suggests that RBP4 may be a biological target for GC.

Figure 10 Diagram illustrating the molecular mechanism of RBP4 involvement in related pathways.
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RBP4 is a lipid transport protein with a protein molecular weight of 21 KD, a single polypeptide chain in humans 
comprising 201 amino acids and 3 disulfide bonds.14,15 It has been found that RBP4 is mainly composed of an N-terminal 
helix, a C-terminal α-helix and a characteristic β-barrel core.16 One of the β-barrel cores can specifically house a retinol 
molecule, making this hydrophobic vitamin soluble in an aqueous environment. Due to its properties, over 99% of RBP4 
get absorbed again by the proximal renal tubules, rendering RBP4 a remarkably accurate marker of renal tubular 
dysfunction.17 Notably, the lack of megalux specific to the kidney in mice resulted in a decrease in the excretion of 
retinol in urine and retinol in the liver, as well as causing a decrease in urinary RBP4 levels. This indicates a more 
intricate function of the kidney in the in vivo regulation of vitamin A analogs.18 RBP4 acts as a transporter of retinol and 
is recognized as the sole binding protein in the circulation,19 and changes in RBP4 have been associated with a range of 
human ailments, including vision impairments and ocular disease,20 disturbances in glucose and lipid homeostasis,21 and 
cardiovascular disease.22 Moreover, RBP4 has been reported in a variety of cancers, such as there is RBP4 expression up- 
regulated in colorectal cancer,23 and RBP4 modulates trophoblast cell proliferation and invasion via the PI3K/AKT 
pathway.24 However, RBP4 has not been completely explained in GC.

This study used bioinformatics to obtain information on the expression of RBP4 in a variety of cancers, as well as on 
the distribution of immune infiltration and drug resistance. The TCGA database revealed an increase in RBP4 expression 
in GC. Additionally, through analysis on the Kaplan-Meier plotter website, it was found that elevated levels of RBP4 
were strongly associated with unfavorable outcomes in GC patients, indicating its potential as a prognostic marker for 
patient survival. For this, we demonstrated that RBP4 is overexpressed in GC tissues and cells at both the level of RNA 
transcriptional and protein translation. EMT is a versatile and pleiotropic transformation in the phenotype of epithelial 
cells as they transition to a mesenchymal state.25 This reaction occurs when cells are stimulated by signals in embryonic 
growth stages and in specific conditions such as cancer.26,27 EMT is involved in the development of tumors, contributing 
to tumorigenesis, invasion and metastasis. Additionally, EMT is linked to immune system suppression within the tumor 
microenvironment, resulting in reduced responsiveness to immune checkpoint inhibitor therapies. The initial discovery of 
this study revealed that knocking down RBP4 resulted in the inactivation of N-cadherin, MMP2, MMP3, and MMP9, as 
well as an increase in E-cadherin levels. This indicates that RBP4 plays a role in promoting the migration and invasion of 
GC cells through its regulation of the EMT pathway.

Apoptosis, a regulatory mechanism for cell death found in animals, involves the release of cytochrome C from mitochon-
dria. This release is controlled by a delicate balance between the proapoptotic and antiapoptotic proteins of the BCL2 family 
and the effector caspases.28 Apoptosis culminates in caspase-6-induced rupture of the nuclear membrane, leading to the 
cleavage of numerous intracellular proteins and breakdown of genomic DNA into nucleosome structures.29,30 The activation 
cascade of caspases downstream of the release of mitochondrial cytochrome C contributes to apoptosis through both intrinsic 
and extrinsic pathways. This process is identified by the permeabilization of the outer membrane of the mitochondria, known 
as MOMP. The intrinsic pathway is activated due to the disruption of internal cellular balance caused by DNA damage, 
whereas the extrinsic pathway is started by the stimulation of receptors on the cell surface. The activation of caspase-3 is 
triggered by MOMP and the release of cytochrome C,31 which is considered to be the point of apoptotic cell death that is 
irreversible. During this process, proapoptotic proteins belonging to the BCL2 family, like BAX, facilitate the release of 
cytochrome C into the cytoplasm. Additionally, the moderation of apoptosis by cyclin-dependent kinases is accomplished 
through the transcriptional repression of sensitizers.32–34 In particular, the transcription factor P53 is a trigger for DNA repair 
mechanisms and cell cycle arrest, along with serving as another proapoptotic factor. In our study, we found that knockdown of 
RBP4 activated proapoptotic proteins such as Caspase3, BAX, and P53, which effectively promoted apoptosis in GC cells.

The RAS pathway is critical for regulating the growth of normal cells and dysregulation of this signaling pathway usually 
arises during tumorigenesis.35,36 Alterations in the constituent molecules of this pathway, specifically the RAS proteins, result 
in significant impacts in many cancers.37,38 Extracellular-signal-regulated kinase (ERK) promotes cell proliferation and 
metastasis, especially through upstream activation of epidermal growth factor receptor (EGFR) and RAS small guanosine 
triphosphatase (GTPases).39 In our experiments, we showed that the activities of ERK, RAS, and RAF were inhibited in cells 
after knocking down RBP4. ERK plays a vital role as a downstream element in the RAS/RAF/ERK signaling cascade. Upon 
phosphorylation, it relocates to the nucleus, resulting in alterations to gene expression.40 Thus, our data suggest that silencing 
RBP4 can inhibit the growth of GC cells by suppressing the RAS/RAF/ERK axis.
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In summary, we reported that RBP4, a novel oncogene in GC, may promote the proliferation of GC cells via the RAS/ 
RAF/ERK axis. Our findings highlight the important role of RBP4 in GC growth and metastasis, providing new and 
important targets for molecular therapy.

Conclusion
RBP4 expression was upregulated in GC cells and tissues, and knockdown of RBP4 promoted apoptosis and inhibited 
proliferation, invasion and migration in GC cells. Knockdown of RB4 inhibited tumor proliferation in vivo. RBP4 may 
promote the growth of GC cells by regulating the RAS/RAF/ERK signaling pathway. This study provides promising 
therapeutic targets for GC patients.
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