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A B S T R A C T   

At present, surgical resection is the most effective method for the treatment of gastric cancer. 
However, death caused by inoperable metastasis is still very common, despite research in this 
area. The mechanisms underlying the occurrence, development, and metastasis of gastric cancer 
are not fully understood. Ezrin, a plasma membrane-microfilament junction participates in a 
variety of cellular activities and is closely related to tumorigenesis and development. Few studies 
have explored the relationship between the tumor immune microenvironment and ezrin 
expression in gastric cancer. In this study, we used proteomic techniques to analyze the differ-
entially expressed proteins between the gastric cancer cell lines MKN-45 and HGC-27 and 
screened ezrin as the target protein. We collected patient information from The TCGA and GEO 
databases, and the results showed that ezrin was positively correlated with adverse clinical fea-
tures. We further explored the relationship between ezrin expression levels, immune microen-
vironment, and genomic changes. We found that ezrin was involved in immune regulation and 
genomic instability in gastric cancer. When the expression of ezrin is high, immune cell infil-
tration also increases. We also predicted that ezrin is closely related to immunotherapy and 
chemosensitivity. Single-cell transcriptome data showed that the ezrin gene was mainly expressed 
in B cells and epithelial cells, and the expression of EZR in these epithelial cells was positively 
correlated with the epithelial-mesenchymal transformation pathway and Pi3k-AKT pathway 
score. Through functional verification of the stably transfected cell line constructed by lentivirus, 
the results of the liver metastasis model in nude mice suggested that high expression of ezrin leads 
to the formation of more metastatic foci. In summary, our results clarify the prognostic, immu-
nological, and therapeutic value of ezrin in gastric cancer and provide a theoretical basis for more 
accurate treatment.   

* Corresponding author. Department of General Surgery, The First Affiliated Hospital of Jiamusi University, Heilongjiang Province, Jiamusi 
154000, China. 
** Corresponding author. Jiamusi University School of Basic Medicine, Jiamusi 154007, China. 

E-mail addresses: czx6892551@yeah.net (Z. Cheng), lius@jmsu.edu.cn (S. Liu).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e27155 
Received 27 November 2023; Received in revised form 15 February 2024; Accepted 26 February 2024   

mailto:czx6892551@yeah.net
mailto:lius@jmsu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e27155
https://doi.org/10.1016/j.heliyon.2024.e27155
https://doi.org/10.1016/j.heliyon.2024.e27155
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e27155

2

1. Introduction 

Gastric cancer is one of the most common malignant tumors worldwide [1]. According to statistics from the World Health Or-
ganization, over one million people are diagnosed with gastric cancer every year, and about 700,000 of them die from the disease [2]. 
The incidence of gastric cancer varies significantly across different regions, with the highest rates observed in Asian countries, 
particularly China, Japan, and Korea [3]. 

Epidemiological studies of gastric cancer mainly focus on several aspects, including population characteristics, environmental 
factors, genetic factors, and pathological types, among others [4]. In terms of population characteristics, research has shown that the 
risk of gastric cancer is higher in males, older individuals, those with a lower socioeconomic status, and certain occupation groups such 
as farmers and miners. Environmental factors have also been found to be closely associated with the development of gastric cancer, 
such as dietary habits (high-salt, high-fat diet), smoking, and alcohol consumption, all of which are considered potential risk factors for 
gastric cancer [5,6]. 

In addition, genetic factors play an important role in the occurrence of gastric cancer. Studies on familial gastric cancer have found 
that specific gene mutations may increase the risk of developing gastric cancer [7]. For example, in some cases of familial gastric 
cancer, there is an association between mutations in the BRCA1 and BRCA2 genes and the occurrence of gastric cancer [8]. 

Pathological type is another aspect that needs to be emphasized. Gastric cancer can be classified into two types: non-invasive and 
invasive. Non-invasive gastric cancer is usually detected earlier, while invasive gastric cancer tends to be more hidden. In-depth 
research on the pathological types of gastric cancer can help improve the accuracy of early diagnosis and treatment effectiveness 
[9]. Although epidemiological research on gastric cancer has made some progress, further exploration of its mechanisms and risk 
factors is needed to improve prevention, early diagnosis, and treatment measures for gastric cancer. 

Ezrin belongs to the Ezrin-Radixin-Moesin (ERM) family and plays an important role in cell morphological changes and cell 
movement [10]. Recent studies have found that the expression of Ezrin in tumors is related to the development and metastasis of 
malignant tumors [11]. Ezrin is a transmembrane protein that connects the extracellular matrix with the intracellular cytoskeleton. It 
acts as a bridge between the cell membrane and the cytoplasm, regulating cell morphology and movement [12]. Ezrin can affect the 
proliferation of tumor cells by regulating the cell cycle and apoptosis pathways. Studies have found that overexpression of Ezrin is 
associated with increased proliferative activity of tumor cells, while inhibition of Ezrin can suppress the proliferation of tumor cells. 
High expression of Ezrin is also associated with increased invasive and metastatic abilities of tumor cells. Research has shown that 
Ezrin can regulate the reorganization of the cell cytoskeleton, enabling tumor cells to acquire invasive abilities and participate in 
maintaining the migratory capabilities of tumor cells [13]. Based on the important role of Ezrin in tumors, researchers have begun to 
explore the possibility of targeting it for therapy. Currently, some studies have reported the design and development of Ezrin inhibitors 
as potential therapeutic targets, with the hope of providing new avenues for tumor treatment [14]. However, the exact mechanisms of 
Ezrin in gastric cancer are still not fully understood, and further research is needed to elucidate its regulatory mechanisms and explore 
more effective treatment strategies. 

Immunotherapy has made significant progress in tumor research, and new immunotherapies such as immune checkpoint in-
hibitors, CAR-T cell therapy, and tumor vaccines have brought new hope for the treatment of cancer patients [15,16]. However, there 
are still challenges, such as treatment resistance and side effects [17,18]. To better apply immunotherapy, further exploration of the 
mechanisms of immunotherapy, optimization of treatment regimens, and strengthening of monitoring and management of side effects 
are needed in future research. In this study, we aim to explore the role of Ezrin in the immune microenvironment of gastric cancer using 
public databases, providing a solid theoretical basis for immunotherapy of gastric cancer. 

Gastric cancer, a predominant malignancy of the digestive system, presents with high incidence and mortality rates globally [19]. 
While various factors contribute to its pathogenesis, the mechanisms of cell death, particularly non-apoptotic cell death, have garnered 
significant attention in recent years. Unlike apoptosis, which is a programmed form of cell death, non-apoptotic cell death encompasses 
diverse pathways such as necroptosis, ferroptosis, pyroptosis, and autophagy, each with distinct biochemical and morphological 
characteristics. These non-apoptotic pathways play crucial roles in determining tumor progression, response to therapies, and the 
modulation of the tumor microenvironment. The intricate balance between apoptotic and non-apoptotic cell death can influence the 
fate of tumor cells, impacting disease progression and therapeutic outcomes. Within this context, our research delves into the role of 
Ezrin, a molecule implicated in tumorigenesis and tumor progression, and its potential interplay with these non-apoptotic cell death 
pathways in the landscape of gastric cancer. 

2. Materials and methods 

2.1. Collection of clinical samples 

From 2021 to 2023, a total of 62 samples of non-metastatic primary gastric cancer tissues along with matched peritumor gastric 
cancer tissues were obtained from individuals at the First Affiliated Hospital of Jiamusi University in China. Additionally, serum 
samples were collected from both patients and healthy individuals. All protocols and procedures were reviewed and approved by the 
Ethics Committee of the First Affiliated Hospital of Jiamusi University (ID: 2023-600-02), and informed consent was obtained from all 
patients before the initiation of the study. 
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2.2. Plasma collection procedure 

Blood samples were obtained from patients with gastric cancer and healthy volunteers. Venous blood was collected using 5-mL 
blood vials containing 3.2% sodium citrate. Subsequently, the blood samples were centrifuged at 1200 rpm for 10 min. The upper 
plasma was carefully separated and transferred into 1.5-mL EPP tubes, which were then stored in a freezer set at − 20 ◦C until further 
use in the experiments. 

2.3. Scratch experiment 

To conduct the scratch experiment, a sterile 6-hole plate was prepared, and a horizontal line was drawn evenly behind the plate 
using a marker pen. Each hole was passed through three lines to ensure accurate photo positioning later on. Previously treated gastric 
cancer cell lines were then evenly inoculated into the wells, with approximately 5 × 106 cells in each well. The following day, using a 
200-μL pipette tip, scratches were made on the cell layer perpendicular to the drawn line on the back of the plate from the previous day. 
The cells were then washed three times with sterile PBS to remove any detached cells. A serum-free medium was added to each well 
and the cells were cultured in an incubator. At specific time points (0, 24, 48, and 72 h), the cells were observed and photographed 
under a microscope. The cell migration ability was subsequently calculated using ImageJ software. 

2.4. Immunohistochemical staining (IHC) 

The gastric cancer tissues and corresponding paracancerous tissues were used for immunohistochemical staining (IHC). The sec-
tions were dewaxed in xylene and rehydrated in decreasing concentrations of alcohol. After antigen retrieval with citric acid buffer, the 
slices were treated with 3% H2O2 to block endogenous peroxidase activity. The primary antibody was incubated with the slices 
overnight at 4 ◦C. The secondary antibody, labeled with horseradish peroxidase (HRP), was applied, followed by staining with 
3magin3-diaminobenzidine chromogenic solution (DakoEnVision). Hematoxylin was used for counterstaining. The slides were 
sequentially immersed in different concentrations of alcohol for dehydration. A neutral resin was used to seal the slides, which were 
then covered with a glass slide and allowed to dry. The photographs were captured using a microscope. 

2.5. Immunofluorescence staining 

The gastric cancer cell lines, HGC-27 and MKN-45, were inoculated into 24-well plates, and the experiment was carried out after the 
cell adhesion growth density reached 80%. The medium was removed from the 24-well plate, the cells were washed with PBS three 
times, after which 4% paraformaldehyde was added (1 mL per well) for 20 min to fix the cells. The samples were then placed in 
paraformaldehyde and washed three times with PBS (5 min each time). The samples were then sealed with 10% goat serum ho-
mologous to the secondary antibody (prepared in PBS) for 2 h. Diluted anti-EZR (1 AF594 1000) was incubated overnight at 4 ◦C, the 
first antibody was absorbed, and the samples were washed in PBS three times. Diluted AF594 antibody was then added and the culture 
allowed to incubate for 60 min. The nucleus was stained with DAPI and photographed by confocal microscope after sealing. 

2.6. Animal model 

BALB/c nude mice were purchased from Weitong Lihua Co. Ltd. All mice were anesthetized with inhalation before operating. The 
mouse liver metastasis model, 75- 125ul of HGC-27/MKN-45 cell suspension was injected into the spleen. After ligating the blood 
vessels around the spleen, the spleen was severed. Tumor tissues were collected for follow-up experiments. 

2.7. Survival analysis 

The data analyses were conducted using the RNAseq data (level 3) and corresponding clinical information of GC from the cancer 
genome map (TCGA) dataset available at https://portal.gdc.com. The R software package survival and survminer were used for this 
analysis. The KM survival curve was generated to compare the survival distribution of different groups of samples in the TCGA dataset. 
The log-rank test was used to assess the differences between the groups, and the 95% confidence interval (CI) represented the hazard 
ratio (HR) confidence interval. The median survival time (Medaintime) in years was determined as the corresponding time at which 
50% of the samples in each group survived. 

2.8. TMT quantitative proteomic analysis 

This analytical procedure was performed with the assistance of Hangzhou Jingjie Biotechnology Co., Ltd. To prepare the protein 
samples, when the cultured HUVECs density reached 90%, the cells were stimulated with 0.4 μg/mL NETs for 24 h and centrifuged at 
12,000 g and 4 ◦C for 10 min, after which cell deposition was collected. There were three samples each in the stimulation group and 
three samples in non-stimulation group, and the number of cells in each sample exceeded 5 million. The collected fine cell precipitates 
were stored at − 80 ◦C for TMT and PRM experiments. 

The isobaric analysis was based on relative and absolute quantitative (iTRAQ) proteomics. By searching the UniProt database, the 
functions of numerous kinds of protein was obtained. The following thresholds were used: P < 0.05 and 1.2 times. All differentially 
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Fig. 1. The invasion and metastasis ability of metastatic gastric cancer cell line MKN-45 is stronger than that of in situ gastric cancer cell line HGC 
-27 A. Transwell test verified the invasive ability of MKN-45 and HGC -27 B. Scratch test verifies the migration ability of MKN-45 and HGC-27 C. 
Analysis of E-cad and N-cad expression levels in MKN -45 and HGC -27 by immunofluorescence staining. 
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Fig. 2. Proteomic techniques reveal the heterogeneity of gastric cancer cells A. Differential protein volcano chart B. The up-regulated differential 
protein and EMT data set were taken to overlap C. Enrichment Analysis of differential proteins by KEGG. 
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expressed proteins were selected for enrichment analysis using a heat map and the Kyoto Encyclopedia of Genes and Genomes (KEGG). 

2.9. Single-cell clustering analysis 

We carried out ScRNA-seq analysis on 10 newly acquired human tissue samples obtained from 6 patients. These samples included 3 

Fig. 3. Analysis of the correlation between the expression level of Ezrin and clinical features of gastric cancer A. The expression level of Ezrin in 
tumor tissue and corresponding normal tissue B. KM Survival Curve Distribution of different groups of samples (Ezrin High expression Group, Ezrin 
low expression Group, Cancer in situ Group, and liver Metastasis Group) C. Analysis of Ezrin expression level, clinicopathological characteristics, 
and tumor-related signal Pathway Activation in TCGA data set. 
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Fig. 4. Analysis of the correlation between Ezrin expression level and tumor microenvironment genomic instability A. Comparison of gene mutation 
load between high and low Ezrin expression groups. B. Gene mutation heat map illustrating differences between high and low Ezrin expression 
groups. C. Overall distribution landscape of gene mutations in high and low Ezrin expression groups. 
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primary tumor samples (designated as PT1, PT2, and PT3), one adjacent non-tumor sample (designated as NT1), and 6 metastatic 
samples (MT). After conducting quality control measures (with a threshold of nFeature_RNA >200), we ultimately obtained 42,871 
cells with 11,327 transcripts. 

2.10. Collection of non-apoptotic cell death-related gene sets 

Non-apoptotic cell death-related genes were collected from published studies (10.1016/j.ijsu.2022.106936) [20]. 

2.11. Data analysis 

The data presented in this study are represented as mean ± standard deviation (SD). Statistical analysis was performed using SPSS 
software version 22.0. The t-test was conducted to determine the differences between the groups. A value of P < 0.05 was considered to 
be statistically significant. 

3. Results 

3.1. Metastatic gastric cancer cell lines showed a stronger ability for migration, invasion, and epithelial-mesenchymal transformation 

The results of the Transwell and the scratch test showed that MKN-45 had a stronger ability to migrate and invade than HGC-27 
(Fig. 1A and B). At the same time, we used immunofluorescence staining to label the representative protein N-cad and Vimentin of EMT 
and found that the expression level of MKN-45 was higher (Fig. 1C). The above results suggest that our cell lines from different sources 
have different biological characteristics, and the mechanism is worth exploring. 

3.2. Unveiling the diversity of gastric cancer cells through proteomic techniques 

Tandem mass spectrometry tags (TMT) -based quantitative proteomics is a highly robust method for analyzing differentially 
expressed proteins (DEPs). It boasts the highest throughput, minimal systematic errors, and remarkable functional capabilities. With its 
qualities of sensitivity, separation ability, and throughput, TMT quantitative proteomics was employed to investigate intra-tumor 
heterogeneity by comparing the differential proteins between gastric cancer cell lines MKN-45 and HGC-27. The analysis revealed 
that 1484 proteins were upregulated while 1434 proteins were downregulated in MKN-45/HGC-27 (Fig. 2A). As tumor cell metastasis 
is primarily associated with epithelial-mesenchymal transition (EMT), we intersected the upregulated proteins with EMT-related genes 
in the TCGA database, resulting in 128 proteins (Fig. 2B). These 128 differential proteins were subjected to functional analysis 
(Fig. 2C–Table S1) to gain insight into their biological role. 

3.3. The expression of Ezrin showed a positive correlation with the unfavorable clinical features of gastric cancer 

By utilizing the TCGA and GTEx databases, it was determined that gastric cancer tissue exhibited higher levels of Ezrin expression 
compared to normal tissue, confirming its overexpression in tumors (Fig. 3A). RNAseq data (level 3) and accompanying clinical in-
formation on gastric cancer were sourced from the TCGA dataset (https://portal.gdc.com). Analysis revealed that patients with distant 
metastasis and high Ezrin expression experienced shorter survival times (Fig. 3B). In gastric cancer, elevated levels of Ezrin tran-
scription were associated with more unfavorable clinicopathological features, including advanced clinical stages, pathological grades, 
and activation of pathways linked to tumor progression (Fig. 3C). These findings indicate a strong association between increased Ezrin 
levels and disease progression. 

3.4. The expression level of Ezrin has an impact on the genomic instability of the tumor microenvironment 

Cancer is characterized by genomic instability and mutations. This instability can be observed in various malignant tumors and 
precancerous lesions and is also associated with drug resistance. Using Fisher’s exact test, we determined the mutation frequency ratio 
between the high and low Ezrin groups and sorted them based on increasing p values. Compared to the high Ezrin group, the low Ezrin 
group had extremely low mutation loads for CILP2 and SSTR5, while having higher mutation loads for MUC16 and ADGRV1 (Fig. 4A). 
We then obtained a correlation heat map showing the relationship between different gene mutations, with colors representing the 
corresponding P values, and marking those with P < 0.05 and P < 0.01 (Fig. 4B). 

The overall distribution of mutations revealed that TTN mutations were enriched in both the high and low Ezrin groups (61% and 
53%, respectively) (Fig. 4C). MUC16 mutations were more common in the high Ezrin group (51%) and partially observed in the low 
Ezrin group (25%). In the high Ezrin group, the three most common mutations were TP53 (50%), LRP1B (38%), and ARID1A (37%). In 

Fig. 5. Analysis of the correlation between Ezrin expression level and gastric cancer immune microenvironment A. Relationship between Ezrin 
expression level and ESTIMATE score, immune score, and stromal score. B. Relationship between Ezrin expression level and clinicopathological 
features and activation of immune-related signaling pathway. C. Correlation between Ezrin estimated by three types of immune infiltration and 
neutrophil infiltration. 
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Fig. 6. Immunotherapy and chemotherapy response in TCGA-STAD based on Ezrin expression level A. Analysis of Ezrin expression level in TCGA- 
STAD and its correlation with immune checkpoint ability. B. Sensitivity analysis of common chemotherapeutic drugs in the high and low Ezrin 
expression groups. 
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the low Ezrin group, there was a significant mutation (Fig. 4C) of TP53 (46%). 

3.5. The immune microenvironment of gastric cancer is regulated by the expression level of Ezrin 

The tumor microenvironment includes immune cells, and their infiltration characteristics are determined using ESTIMATE, MCP 
counter, ssGSEA, and TIMER algorithms from the TCGA dataset. It is important to mention that there was a positive correlation be-
tween Ezrin expression and matrix score, immune score, and tumor purity (Fig. 5A). Furthermore, Ezrin expression showed significant 
correlations with various immune cell infiltrations, particularly noteworthy was the positive correlation with neutrophil infiltration 
(Fig. 5B and C). 

3.6. The expression of Ezrin in patients with gastric cancer has an impact on their response to immunotherapy and chemotherapy 

The advent of immunotherapy has provided new hope for cancer patients, particularly with the success of PD-1/PD-L1 monoclonal 
antibody drugs. This success has paved the way for tumor immune cell therapy, and immunotherapy is now considered a growing trend 
in cancer treatment. The findings in Fig. 6A demonstrate that the response to immunotherapy varies between the high Ezrin group and 
the low Ezrin group. Specifically, gastric cancer patients with high Ezrin expression are more likely to respond positively to immu-
notherapy (Fig. 6A), which is of significant importance for the accurate selection of patients suitable for this type of treatment. 
Additionally, we also assessed the differences in response to various chemotherapeutic drugs between the high Ezrin group and the low 
Ezrin group. The results indicated that the high expression group exhibited lower sensitivity to the following chemotherapeutic drugs: 
Afatinib, 5-Fluorouracil, BMS-345541, Trametinib, Sapitinib, OTX015, AZD5153, ERK, VSP34, Ibrutinib, Acetalax, and Cediranib 
compared to the low expression group (Fig. 6B). Therefore, targeting Ezrin may prove beneficial for a larger number of patients 
undergoing chemotherapy. 

3.7. The expression level of Ezrin is crucial in determining the pattern of non-apoptotic cell death 

Using the ssGSEA algorithm, we assessed the levels of 12 non-apoptotic cell death types in TCGA-STAD and investigated their 
correlation with Ezrin. Our analysis revealed a significant positive association between Ezrin and Pyroptosis, Ferroptosis, Necroptosis, 
Cuproptosis, Entotic cell death, and Alkaliptosis(Fig. 7). 

Fig. 7. Correlation between Ezrin and non-apoptotic cell death.  
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3.8. The comprehensive exploration of all cell types within the tumor microenvironment was achieved through the application of single-cell 
transcriptome analysis 

In this study, we conducted a comprehensive landscape analysis of single-cell transcriptomes for all cell types in the tumor 
microenvironment. Fresh human tissue samples from 6 patients were subjected to single-cell RNA sequencing (scRNA-seq), including 3 

Fig. 8. Single-cell transcriptome analysis was conducted to investigate the general cellular composition of the tumor microenvironment A-C. 
Demonstrates the cell score observed in primary tumor samples, adjacent non-tumor samples, and metastatic samples. Additionally. D- F. Presents 
the distribution of cells in various samples. 
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Fig. 9. Showcases the distribution of Ezrin in different cell types. A-D. The diagram presents the general landscape of Ezrin distribution, as well as 
the expression of Ezrin in normal tissues, orthotopic tumors, and metastatic tumors. Moreover, the figure displays the expression of Ezrin in various 
types of cells, including cancer cells, endothelial cells, fibroblasts, and epithelial cells E. Additionally, the research analyzes the relationship between 
EZR expression and the EMT pathway F. As well as the correlation between EZR expression and the PI3K-AKT pathway. 
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Fig. 10. Investigates the role of Ezrin in gastric cancer metastasis by analyzing its expression in clinical samples and cell lines. A. This was achieved 
through immunohistochemical detection of Ezrin in different stages of gastric cancer and corresponding paracancerous tissues, B. As well as by using 
immunofluorescence to detect its expression and localization in MKN-45 and HGC-27. C. Furthermore, an animal model was employed to 
demonstrate the impact of high and low Ezrin expression on the metastatic ability of gastric cancer cells. 
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primary tumor samples (PT1, PT2, and PT3), one adjacent non-tumor sample (NT1), and 6 metastatic samples (MT). After quality 
control (nFeature_RNA >200 & nFeature_RNA <5000, nUMIs >1000, transcripts mito <20), a total of 42,871 cells and 11,327 
transcripts were obtained. The expression profiles were normalized using the SCTransform function in the R Seurat package, and the 
top 20 principal components were selected for dimensionality reduction. Clustering was performed with the resolution = 0.5 
parameter. We identified B cells (CD19, CD79A), endothelial cells (PECAM1, FLT1), epithelial cells (EPCAM, KRT19), fibroblasts 
(COL1A2, DCN), macrophages (CD68, GPNMB), neutrophils (S100A8, S100A9), natural killer cells (NKG7, GNLY), and T cells (CD3D, 
CD3E) (Fig. 8A). There were significant differences in the proportions of these cell lineages between different primary tumors and 
metastatic tumors, revealing changes in cellular states at different stages of the disease (Fig. 8B–F). 

3.9. Expression of Ezrin in B cells and epithelial cells 

The analysis conducted using featurePlot and Vlnplot revealed that the Ezrin gene exhibited high expression primarily in B cells and 
epithelial cells (Fig. 9A–C, D). This finding raises the possibility of its involvement in promoting epithelial-mesenchymal transition, 
which warrants further investigation. Subsequently, we compared the expression levels of the EZR gene in orthotopic tumors, met-
astatic tumors, and normal tissues. The results demonstrated that EZR gene expression was highest in primary tumors, and its 
expression in the aforementioned epithelial cells (NT-142, PT-1736, MT-522) exhibited a positive correlation with the EMT pathway 
and pi3k-AKT pathway (p < 0.05) (Fig. 9B–E, F). These findings strongly suggest that Ezrin plays a significant role in driving tumor 
progression. 

3.10. The expression of Ezrin significantly facilitates tumor progression, as evidenced by our findings 

To further investigate its involvement in the development of gastric cancer, we utilized clinical samples to generate paraffin 
sections. The results of immunohistochemical staining revealed an increase in Ezrin production in tumor tissue with advancing clinical 
stage (Fig. 10A). To validate these histological results, we conducted immunofluorescence staining in gastric cancer cell lines MKN45 
and HGC-27. Consistent with the histological findings, MKN-45 exhibited stronger fluorescence intensity compared to HGC-27, 
reaffirming the reliability of our histological results (Fig. 10B). Additionally, we established stable cell lines with knocked down 
and overexpressed Ezrin through lentivirus manipulation at the cellular level. By creating a liver metastasis model in nude mice, we 
demonstrated a positive correlation between Ezrin expression levels, gastric cancer cell metastatic ability, and metastatic focus 
(Fig. 10C). Therefore, our findings strongly suggest that Ezrin plays a vital role in promoting gastric cancer metastasis and has potential 
as a clinical therapeutic target. 

4. Discussion 

Based on the latest data from GLOBOCAN, the global incidence of gastric cancer in 2020 was 1.089 million cases, with an age- 
standardized incidence rate of 11.1 per 100,000 population, ranking it fifth among all malignant tumors [1,21]. Gastric cancer also 
ranked fourth in terms of mortality, with 769,000 deaths and an age-standardized mortality rate of 7.7 per 100,000 population, 
following lung, colorectal, and liver cancer. The heterogeneity of the immune microenvironment is a significant factor contributing to 
drug resistance, recurrence, and poor prognosis in cancer [22,23]. Recent advancements in chemotherapy, immunotherapy, and 
combination therapies have provided hope for patients with advanced cancer [24–26]. To better understand the tumor immune 
microenvironment, exploring its heterogeneity is crucial in treatment selection, predicting efficacy, developing combination treatment 
strategies, and identifying new immunotherapy targets. 

In this particular study, we utilized proteomic techniques to analyze the differential proteins between metastatic gastric cancer cell 
line MKN-45 and in situ gastric cancer cell line HGC-27. Through this analysis, we identified Ezrin as the target protein and observed its 
significant association with adverse clinical outcomes in gastric cancer patients. By employing bioinformatics and machine learning 
methods, we discovered that Ezrin has a pronounced immunomodulatory effect on the gastric cancer microenvironment and a notable 
impact on genomic instability. The high expression of Ezrin makes it a promising target for immunotherapy. Furthermore, single-cell 
sequencing results revealed that epithelial cells express the Ezrin gene, indicating its potential role in inducing epithelial-mesenchymal 
transition, which warrants further investigation. Animal experiments demonstrated that inhibiting Ezrin expression significantly re-
duces metastasis incidence. Consequently, targeting Ezrin could represent a promising and effective treatment strategy in the future. 

The Ezrin protein, a crucial member of the ERM family, has gained recognition in recent years [27]. Encoded by the Vi12 gene on 
chromosome 6q25.2, the mRNA Q26 has a length of 3166bp and results in a protein consisting of 585 amino acids. Initially isolated 
and purified from the brush border of chicken intestinal epithelial cells in 1981, Ezrin, through its association with the mediating 
membrane and cytoskeleton, influences cell morphology, movement, and adhesion [28]. It also plays a significant role in cell signal 
transduction, transmitting signals to the nucleus [29,30]. As a membrane cytoskeleton connector, Ezrin interacts with multiple 
signaling pathways [31]. Studies by Orian-Rousseau et al. demonstrated that CD44v6 and Ezrin activate the ERK signal transduction 
pathway through their interaction, indicating a connection between Ezrin and this pathway [32]. This suggests that the Ezrin protein 
may be involved in various cell activities, including proliferation, migration, and apoptosis, through the ERK and Akt signaling 
pathways [33–35]. Ezrin is closely associated with molecules that regulate PI3K, AKT, Erk1/2, MAPK, and Rho pathways, which are 
crucial in controlling cell survival and migration signals [36]. Numerous studies indicate that abnormal Ezrin protein expression can 
enhance the metastatic capabilities of tumor cells and impact various aspects of tumor metastasis, potentially serving as a determinant 
factor [37–39]. In our study, we observed a significant correlation between Ezrin and adverse clinical features, as well as its 
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involvement in activating cancer-related signal pathways such as p53, cell cycle, NOTCH, and VEGF. 
Furthermore, our research revealed that Ezrin is not only involved in various immune-related pathways such as antigen processing 

and immune cell activation but also plays a crucial role in tumor immune microenvironment (TIME) [40,41]. The TIME has been 
increasingly recognized as an influential factor in tumor growth and metastasis. The unique cellular and molecular characteristics of 
TIME can impact cancer progression by altering the balance between immune suppression and cytotoxicity within the tumor [42]. We 
observed a correlation between increased expression of Ezrin and elevated neutrophil presence. Numerous studies have also 
demonstrated the significant contribution of tumor-associated neutrophils to cancer initiation, development, and progression. Neu-
trophils possess diverse mechanisms through which they can sustain tumor growth, including impeding T cell activation, promoting 
genetic instability, and facilitating tumor cell proliferation, angiogenesis, and metastasis [43,44]. Hence, our findings indicate that 
Ezrin not only affects disease progression via a singular carcinogenic pathway but also interacts with the immune microenvironment to 
influence tumor development. 

Immunotherapy has shown effectiveness in treating gastric cancer [45,46]. Researchers have proposed combining new molecules 
with immunotherapy to enhance its efficacy. However, so far, immune drugs with significant impact on gastric cancer patients have 
not been discovered. Currently, immunotherapy primarily relies on cytotoxic immune cells, monoclonal antibodies, and gene transfer 
vaccines [47]. The use of immune checkpoint inhibitors (ICIs) in particular is increasing rapidly [48–51]. Targeted immunotherapy 
that targets the programmed cell death 1 (PD-1) and programmed death ligand 1 (PD-L1) pathways has been a breakthrough in 
managing solid tumors [52–55]. Our study found that elevated levels of Ezrin, a protein, significantly increase the activation of various 
immune cell signaling pathways, including dendritic cells and natural killer cells. Furthermore, we observed that patients with high 
Ezrin expression were more responsive to PD-1 and CTLA-4 treatments. Therefore, our findings suggest that patients with high Ezrin 
expression may have a favorable immune environment that could benefit from immunotherapy. 

In the broader context of gastric cancer progression, our findings on Ezrin’s role are further illuminated when viewed through the 
lens of non-apoptotic cell death mechanisms. The diverse pathways of non-apoptotic cell death, including necroptosis, ferroptosis, and 
pyroptosis, have been increasingly recognized for their distinct roles in shaping the tumor microenvironment, influencing immune 
responses, and determining therapeutic outcomes. The interplay between Ezrin expression and these non-apoptotic pathways offers a 
deeper layer of complexity. For instance, elevated Ezrin expression might modulate the balance between apoptotic and non-apoptotic 
cell death, potentially favoring one pathway over the other under specific conditions. This balance can have profound implications for 
disease progression, metastatic potential, and therapeutic resistance. 

Despite its contributions, this study has several limitations. Primarily, the sample size for the single-center research is restricted. 
Additionally, the correlation analysis heavily relies on online public databases, warranting the need for external validation using 
clinical datasets for enhanced reliability. 

5. Conclusion 

In this study, we used proteomics, bioinformatics, clinical sampling, and animal experiments to explore the significance of the 
protein Ezrin in gastric cancer. We found that Ezrin is closely related to the tumor microenvironment in gastric cancer. The protein also 
shows potential as a target in immunotherapy and chemotherapy and may have potential in clinical application. These findings 
contribute to the ultimate goal of providing more accurate and personalized diagnosis and treatment of cancer. 

Data availability statement 

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be 
directed to the corresponding author. 

Funding 

The study was funded by the National Natural Science Foundation of Heilongjiang Province (No. LH2023H003) and the Excellent 
Scientific Research Team Project of the First Affiliated Hospital of Jiamusi University China (No.202301). 

Ethics statement 

The animal experiment was carried out at the Animal Experimental Center of the Key Laboratory of Myocardial Ischemia of the 
Second Afliated Hospital of Harbin Medical University in strict accordance with the scheme approved by the Animal Care and Use 
Committee (approval no. SYDW2021-072). 

CRediT authorship contribution statement 

Yanli Zhu: Writing – original draft, Data curation, Conceptualization. Xue Zhang: Software, Data curation. Yi Chen: Formal 
analysis. Qianli Liu: Methodology. Jin Yang: Software. Xiaoxiao Fan: Resources. Hanjun Song: Validation, Software. Zhuoxin 
Cheng: Writing – original draft, Conceptualization. Shuang Liu: Writing – original draft, Conceptualization. 

Y. Zhu et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e27155

17

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e27155. 

References 

[1] X. Cao, S. Ge, W. Hua, X. Zhou, W. Lu, Y. Gu, Z. Li, Y. Qian, A pump-free and high-throughput microfluidic chip for highly sensitive SERS assay of gastric cancer- 
related circulating tumor DNA via a cascade signal amplification strategy, J. Nanobiotechnol. 20 (1) (2022 Jun 11) 271, https://doi.org/10.1186/s12951-022- 
01481-y. PMID: 35690820; PMCID: PMC9188168. 

[2] E.C. Smyth, M. Nilsson, H.I. Grabsch, N.C. van Grieken, F. Lordick, Gastric cancer, Lancet 396 (10251) (2020 Aug 29) 635–648, https://doi.org/10.1016/S0140- 
6736(20)31288-5. PMID: 32861308. 

[3] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, F. Bray, Global cancer statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries, CA Cancer J Clin 71 (3) (2021 May) 209–249, https://doi.org/10.3322/caac.21660. Epub 2021 Feb 4. 
PMID: 33538338. 

[4] T.H. Patel, M. Cecchini, Targeted therapies in advanced gastric cancer, Curr. Treat. Options Oncol. 21 (9) (2020 Jul 28) 70, https://doi.org/10.1007/s11864- 
020-00774-4. PMID: 32725377. 

[5] T. Liu, Y.L. Feng, R.Y. Wang, S. Yang, Y.L. Ge, T.Y. Zhang, J. Li, C.Y. Li, Y. Ruan, B. Luo, G.Y. Liang, Long-term MNNG exposure promotes gastric carcinogenesis 
by activating METTL3/m6A/miR 1184 axis-mediated epithelial-mesenchymal transition, Sci. Total Environ. 913 (2024 Feb 25) 169752, https://doi.org/ 
10.1016/j.scitotenv.2023.169752. Epub 2023 Dec 30. PMID: 38163601. 

[6] G. Weinmayr, J. Chen, A. Jaensch, L. Skodda, S. Rodopoulou, M. Strak, K. de Hoogh, Z.J. Andersen, T. Bellander, J. Brandt, D. Fecht, F. Forastiere, J. Gulliver, 
O. Hertel, B. Hoffmann, U.A. Hvidtfeldt, K. Katsouyanni, M. Ketzel, K. Leander, P.K.E. Magnusson, G. Pershagen, D. Rizzuto, E. Samoli, G. Severi, M. Stafoggia, 
A. Tjønneland, R. Vermeulen, K. Wolf, E. Zitt, B. Brunekreef, G. Thurston, G. Hoek, O. Raaschou-Nielsen, G. Nagel, Long-term exposure to several constituents 
and sources of PM2.5 is associated with incidence of upper aerodigestive tract cancers but not gastric cancer: results from the large pooled European cohort of the 
ELAPSE project, Sci. Total Environ. 912 (2024 Feb 20) 168789, https://doi.org/10.1016/j.scitotenv.2023.168789. Epub 2023 Nov 22. PMID: 37996018. 

[7] S. Lamouille, J. Xu, R. Derynck, Molecular mechanisms of epithelial-mesenchymal transition, Nat. Rev. Mol. Cell Biol. 15 (3) (2014 Mar) 178–196, https://doi. 
org/10.1038/nrm3758. PMID: 24556840; PMCID: PMC4240281. 

[8] W. Lu, Y. Kang, Epithelial-mesenchymal plasticity in cancer progression and metastasis, Dev. Cell 49 (3) (2019 May 6) 361–374, https://doi.org/10.1016/j. 
devcel.2019.04.010. PMID: 31063755; PMCID: PMC6506183. 

[9] Y. Jiang, Q. Han, H. Zhao, J. Zhang, Promotion of epithelial-mesenchymal transformation by hepatocellular carcinoma-educated macrophages through Wnt2b/ 
β-catenin/c-Myc signaling and reprogramming glycolysis, J. Exp. Clin. Cancer Res. 40 (1) (2021 Jan 6) 13, https://doi.org/10.1186/s13046-020-01808-3. 
PMID: 33407720; PMCID: PMC7788901. 

[10] Y. Song, X. Ma, M. Zhang, M. Wang, G. Wang, Y. Ye, W. Xia, Ezrin mediates invasion and metastasis in tumorigenesis: a review, Front. Cell Dev. Biol. 8 (2020 
Nov 10) 588801, https://doi.org/10.3389/fcell.2020.588801. PMID: 33240887; PMCID: PMC7683424. 

[11] K. Kawaguchi, S. Asano, Pathophysiological roles of actin-binding scaffold protein, Ezrin. Int J Mol Sci. 23 (6) (2022 Mar 17) 3246, https://doi.org/10.3390/ 
ijms23063246. PMID: 35328667; PMCID: PMC8952289. 

[12] G.K. Barik, O. Sahay, D. Paul, M.K. Santra, Ezrin gone rogue in cancer progression and metastasis: an enticing therapeutic target, Biochim. Biophys. Acta Rev. 
Canc 1877 (4) (2022 Jul) 188753, https://doi.org/10.1016/j.bbcan.2022.188753. Epub 2022 Jun 22. PMID: 35752404. 

[13] M.J. Li, D. Xiong, H. Huang, Z.Y. Wen, Ezrin promotes the proliferation, migration, and invasion of ovarian cancer cells, Biomed. Environ. Sci. 34 (2) (2021 Feb 
20) 139–151, https://doi.org/10.3967/bes2021.020. PMID: 33685573. 

[14] Wen-Ting Xu, Ling-Li Shi, Jie Xu, Haiqing Qian, Huifang Zhou, Li-Hong Wang, Ezrin expression in female reproductive tissues: a review of regulation and 
pathophysiological implications, Front. Cell Dev. Biol. 11 (2023) 1125881, https://doi.org/10.3389/fcell.2023.1125881 undefined. 

[15] Z. Pang, M.M. Lu, Y. Zhang, Y. Gao, J.J. Bai, J.Y. Gu, L. Xie, W.Z. Wu, Neoantigen-targeted TCR-engineered T cell immunotherapy: current advances and 
challenges, Biomark. Res. 11 (1) (2023 Dec 1) 104, https://doi.org/10.1186/s40364-023-00534-0. PMID: 38037114. 

[16] B. Yan, S. Wang, C. Liu, N. Wen, H. Li, Y. Zhang, H. Wang, Z. Xi, Y. Lv, H. Fan, X. Liu, Engineering magnetic nano-manipulators for boosting cancer 
immunotherapy, J. Nanobiotechnol. 20 (1) (2022 Dec 31) 547, https://doi.org/10.1186/s12951-022-01760-8. PMID: 36587223. 

[17] K. Pang, Z.D. Shi, L.Y. Wei, Y. Dong, Y.Y. Ma, W. Wang, G.Y. Wang, M.Y. Cao, J.J. Dong, Y.A. Chen, P. Zhang, L. Hao, H. Xu, D. Pan, Z.S. Chen, C.H. Han, 
Research progress of therapeutic effects and drug resistance of immunotherapy based on PD-1/PD-L1 blockade, Drug Resist Updat 66 (2023 Jan) 100907, 
https://doi.org/10.1016/j.drup.2022.100907. Epub 2022 Nov 30. PMID: 36527888. 

[18] J. Fan, K.K.W. To, Z.S. Chen, L. Fu, ABC transporters affects tumor immune microenvironment to regulate cancer immunotherapy and multidrug resistance, 
Drug Resist Updat 66 (2023 Jan) 100905, https://doi.org/10.1016/j.drup.2022.100905. Epub 2022 Nov 30. PMID: 36463807. 

[19] H. Cai, M. Li, R. Deng, M. Wang, Y. Shi, Advances in molecular biomarkers research and clinical application progress for gastric cancer immunotherapy, 
Biomark. Res. 10 (1) (2022 Aug 30) 67, https://doi.org/10.1186/s40364-022-00413-0. PMID: 36042469. 

[20] Y. Zou, J. Xie, S. Zheng, W. Liu, Y. Tang, W. Tian, X. Deng, L. Wu, Y. Zhang, C.W. Wong, D. Tan, Q. Liu, X. Xie, Leveraging diverse cell-death patterns to predict 
the prognosis and drug sensitivity of triple-negative breast cancer patients after surgery, Int. J. Surg. 107 (2022 Nov) 106936, https://doi.org/10.1016/j. 
ijsu.2022.106936. Epub 2022 Sep 20. PMID: 36341760. 

[21] H. Li, X. Cai, T. Yi, Y. Zeng, J. Ma, L. Li, L. Pang, N. Li, H. Hu, Y. Zhan, Tumor microenvironment responsive Mn3O4 nanoplatform for in vivo real-time 
monitoring of drug resistance and photothermal/chemodynamic synergistic therapy of gastric cancer, J. Nanobiotechnol. 20 (1) (2022 May 23) 240, https:// 
doi.org/10.1186/s12951-022-01441-6. PMID: 35606848; PMCID: PMC9125909. 

[22] J.X. Wang, S.Y.C. Choi, X. Niu, N. Kang, H. Xue, J. Killam, Y. Wang, Lactic acid and an acidic tumor microenvironment suppress anticancer immunity, Int. J. 
Mol. Sci. 21 (21) (2020 Nov 7) 8363, https://doi.org/10.3390/ijms21218363. PMID: 33171818; PMCID: PMC7664620. 

[23] H. Locy, S. de Mey, W. de Mey, M. De Ridder, K. Thielemans, S.K. Maenhout, Immunomodulation of the tumor microenvironment: turn foe into friend, Front. 
Immunol. 9 (2018 Dec 11) 2909, https://doi.org/10.3389/fimmu.2018.02909. PMID: 30619273; PMCID: PMC6297829. 

[24] J. Galon, D. Bruni, Approaches to treat immune hot, altered and cold tumours with combination immunotherapies, Nat. Rev. Drug Discov. 18 (3) (2019 Mar) 
197–218, https://doi.org/10.1038/s41573-018-0007-y. PMID: 30610226. 

[25] S. Zhu, T. Zhang, L. Zheng, H. Liu, W. Song, D. Liu, Z. Li, C.X. Pan, Combination strategies to maximize the benefits of cancer immunotherapy, J. Hematol. 
Oncol. 14 (1) (2021 Sep 27) 156, https://doi.org/10.1186/s13045-021-01164-5. PMID: 34579759; PMCID: PMC8475356. 

Y. Zhu et al.                                                                                                                                                                                                            

https://doi.org/10.1016/j.heliyon.2024.e27155
https://doi.org/10.1186/s12951-022-01481-y
https://doi.org/10.1186/s12951-022-01481-y
https://doi.org/10.1016/S0140-6736(20)31288-5
https://doi.org/10.1016/S0140-6736(20)31288-5
https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s11864-020-00774-4
https://doi.org/10.1007/s11864-020-00774-4
https://doi.org/10.1016/j.scitotenv.2023.169752
https://doi.org/10.1016/j.scitotenv.2023.169752
https://doi.org/10.1016/j.scitotenv.2023.168789
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://doi.org/10.1016/j.devcel.2019.04.010
https://doi.org/10.1016/j.devcel.2019.04.010
https://doi.org/10.1186/s13046-020-01808-3
https://doi.org/10.3389/fcell.2020.588801
https://doi.org/10.3390/ijms23063246
https://doi.org/10.3390/ijms23063246
https://doi.org/10.1016/j.bbcan.2022.188753
https://doi.org/10.3967/bes2021.020
https://doi.org/10.3389/fcell.2023.1125881
https://doi.org/10.1186/s40364-023-00534-0
https://doi.org/10.1186/s12951-022-01760-8
https://doi.org/10.1016/j.drup.2022.100907
https://doi.org/10.1016/j.drup.2022.100905
https://doi.org/10.1186/s40364-022-00413-0
https://doi.org/10.1016/j.ijsu.2022.106936
https://doi.org/10.1016/j.ijsu.2022.106936
https://doi.org/10.1186/s12951-022-01441-6
https://doi.org/10.1186/s12951-022-01441-6
https://doi.org/10.3390/ijms21218363
https://doi.org/10.3389/fimmu.2018.02909
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1186/s13045-021-01164-5


Heliyon 10 (2024) e27155

18

[26] L.M. Colli, M.J. Machiela, H. Zhang, T.A. Myers, L. Jessop, O. Delattre, K. Yu, S.J. Chanock, Landscape of combination immunotherapy and targeted therapy to 
improve cancer management, Cancer Res. 77 (13) (2017 Jul 1) 3666–3671, https://doi.org/10.1158/0008-5472.CAN-16-3338. Epub 2017 Apr 26. PMID: 
28446466; PMCID: PMC5522610. 

[27] D. Brambilla, S. Fais, The Janus-faced role of ezrin in "linking" cells to either normal or metastatic phenotype, Int. J. Cancer 125 (10) (2009 Nov 15) 2239–2245, 
https://doi.org/10.1002/ijc.24734. PMID: 19588507. 

[28] A. Peloggia, M.P. Andres, M.S. Abrão, Expression of ezrin protein and phosphorylated ezrin in pelvic endometriotic lesions, Clinics 77 (2022 Jul 3) 100074, 
https://doi.org/10.1016/j.clinsp.2022.100074. PMID: 35793608; PMCID: PMC9260236. 

[29] K.L. Gould, A. Bretscher, F.S. Esch, T. Hunter, cDNA cloning and sequencing of the protein-tyrosine kinase substrate, ezrin, reveals homology to band 4.1, EMBO 
J. 8 (13) (1989 Dec 20) 4133–4142, https://doi.org/10.1002/j.1460-2075.1989.tb08598.x. PMID: 2591371; PMCID: PMC401598. 

[30] R.G.M. Buenaventura, G. Merlino, Y. Yu, Ez-Metastasizing, The crucial roles of ezrin in metastasis, Cells 12 (12) (2023 Jun 14) 1620, https://doi.org/10.3390/ 
cells12121620. PMID: 37371090; PMCID: PMC10297006. 

[31] K. Bera, A. Kiepas, I. Godet, Y. Li, P. Mehta, B. Ifemembi, C.D. Paul, A. Sen, S.A. Serra, K. Stoletov, J. Tao, G. Shatkin, S.J. Lee, Y. Zhang, A. Boen, P. Mistriotis, D. 
M. Gilkes, J.D. Lewis, C.M. Fan, A.P. Feinberg, M.A. Valverde, S.X. Sun, K. Konstantopoulos, Extracellular fluid viscosity enhances cell migration and cancer 
dissemination, Nature 611 (7935) (2022 Nov) 365–373, https://doi.org/10.1038/s41586-022-05394-6. Epub 2022 Nov 2. PMID: 36323783; PMCID: 
PMC9646524. 

[32] S. Hasenauer, D. Malinger, D. Koschut, G. Pace, A. Matzke, A. von Au, V. Orian-Rousseau, Internalization of Met requires the co-receptor CD44v6 and its link to 
ERM proteins, PLoS One 8 (4) (2013 Apr 23) e62357, 10.1371/journal.pone.0062357. Erratum in: PLoS One. 2013;8(9). doi:10.1371/annotation/6e6576eb- 
77b0-4892-90d4-ab298c00a216. PMID: 23626807; PMCID: PMC3633891. 

[33] M. Noi, K.I. Mukaisho, S. Murakami, S. Koshinuma, Y. Machida, M. Yamori, T. Nakayama, T. Ogawa, Y. Nakata, T. Shimizu, G. Yamamoto, H. Sugihara, 
Expressions of ezrin, ERK, STAT3, and AKT in tongue cancer and association with tumor characteristics and patient survival, Clin Exp Dent Res 6 (4) (2020 Aug) 
420–427, https://doi.org/10.1002/cre2.293. Epub 2020 Apr 13. PMID: 32281236; PMCID: PMC7453773. 

[34] J.C. Lipreri da Silva, F. Saldanha-Araujo, R.C.B. de Melo, H.P. Vicari, A.E. Silva-Carvalho, E.M. Rego, V. Buccheri, J.A. Machado-Neto, Ezrin is highly expressed 
and a druggable target in chronic lymphocytic leukemia, Life Sci. 311 (Pt B) (2022 Dec 15) 121146, https://doi.org/10.1016/j.lfs.2022.121146. Epub 2022 Nov 
3. PMID: 36336127. 

[35] Y. Saygideğer-Kont, T.Z. Minas, H. Jones, S. Hour, H. Çelik, I. Temel, J. Han, N. Atabey, H.V. Erkizan, J.A. Toretsky, A. Üren, Ezrin enhances EGFR signaling and 
modulates erlotinib sensitivity in non-small cell lung cancer cells, Neoplasia 18 (2) (2016 Feb) 111–120, https://doi.org/10.1016/j.neo.2016.01.002. . PMID: 
26936397; PMCID: PMC5005263. 

[36] M. Noi, K.I. Mukaisho, S. Murakami, S. Koshinuma, Y. Machida, M. Yamori, T. Nakayama, T. Ogawa, Y. Nakata, T. Shimizu, G. Yamamoto, H. Sugihara, 
Expressions of ezrin, ERK, STAT3, and AKT in tongue cancer and association with tumor characteristics and patient survival, Clin Exp Dent Res 6 (4) (2020 Aug) 
420–427, https://doi.org/10.1002/cre2.293. Epub 2020 Apr 13. PMID: 32281236; PMCID: PMC7453773. 

[37] C. Spertini, B. Baïsse, O. Spertini, Ezrin-radixin-moesin-binding sequence of PSGL-1 glycoprotein regulates leukocyte rolling on selectins and activation of 
extracellular signal-regulated kinases, J. Biol. Chem. 287 (13) (2012 Mar 23) 10693–10702, https://doi.org/10.1074/jbc.M111.318022. Epub 2012 Feb 6. 
PMID: 22311979; PMCID: PMC3322991. 

[38] Y. Pignochino, G. Grignani, G. Cavalloni, M. Motta, M. Tapparo, S. Bruno, A. Bottos, L. Gammaitoni, G. Migliardi, G. Camussi, M. Alberghini, B. Torchio, 
S. Ferrari, F. Bussolino, F. Fagioli, P. Picci, M. Aglietta, Sorafenib blocks tumour growth, angiogenesis and metastatic potential in preclinical models of 
osteosarcoma through a mechanism potentially involving the inhibition of ERK1/2, MCL-1 and ezrin pathways, Mol. Cancer 8 (2009 Dec 10) 118, https://doi. 
org/10.1186/1476-4598-8-118. PMID: 20003259; PMCID: PMC2804605. 

[39] R. Guan, X. Xu, M. Chen, H. Hu, H. Ge, S. Wen, S. Zhou, R. Pi, Advances in the studies of roles of Rho/Rho-kinase in diseases and the development of its 
inhibitors, Eur. J. Med. Chem. 70 (2013) 613–622, https://doi.org/10.1016/j.ejmech.2013.10.048. Epub 2013 Oct 25. PMID: 24211637. 

[40] C.C. Hedrick, I. Malanchi, Neutrophils in cancer: heterogeneous and multifaceted, Nat. Rev. Immunol. 22 (3) (2022 Mar) 173–187, https://doi.org/10.1038/ 
s41577-021-00571-6. Epub 2021 Jul 6. PMID: 34230649. 

[41] Z. Wang, X. Wang, N. Zhang, H. Zhang, Z. Dai, M. Zhang, S. Feng, Q. Cheng, Pentraxin 3 promotes glioblastoma progression by negative regulating cells 
autophagy, Front. Cell Dev. Biol. 8 (2020 Aug 26) 795, https://doi.org/10.3389/fcell.2020.00795. PMID: 32984316. 

[42] S. Li, N. Zhang, S. Liu, H. Zhang, J. Liu, Y. Qi, Q. Zhang, X. Li, ITGA5 is a novel oncogenic biomarker and correlates with tumor immune microenvironment in 
gliomas, Front. Oncol. 12 (2022 Mar 18) 844144, https://doi.org/10.3389/fonc.2022.844144. PMID: 35371978. 

[43] S. Xiong, L. Dong, L. Cheng, Neutrophils in cancer carcinogenesis and metastasis, J. Hematol. Oncol. 14 (1) (2021 Oct 21) 173, https://doi.org/10.1186/ 
s13045-021-01187-y. PMID: 34674757; PMCID: PMC8529570. 

[44] H. Que, Q. Fu, T. Lan, X. Tian, X. Wei, Tumor-associated neutrophils and neutrophil-targeted cancer therapies, Biochim. Biophys. Acta Rev. Canc 1877 (5) (2022 
Sep) 188762, https://doi.org/10.1016/j.bbcan.2022.188762. Epub 2022 Jul 16. PMID: 35853517. 

[45] A. Högner, M. Moehler, Immunotherapy in gastric cancer, Curr. Oncol. 29 (3) (2022 Mar 2) 1559–1574, https://doi.org/10.3390/curroncol29030131. PMID: 
35323331; PMCID: PMC8946975. 

[46] K. Li, A. Zhang, X. Li, H. Zhang, L. Zhao, Advances in clinical immunotherapy for gastric cancer, Biochim. Biophys. Acta Rev. Canc 1876 (2) (2021 Dec) 188615, 
https://doi.org/10.1016/j.bbcan.2021.188615. Epub 2021 Aug 14. PMID: 34403771. 

[47] X.N. Wu, D. Su, Y.D. Mei, M.Q. Xu, H. Zhang, Z.Y. Wang, L.L. Li, L. Peng, J.Y. Jiang, J.Y. Yang, D.J. Li, H. Cao, Z.W. Xia, W.J. Zeng, Q. Cheng, N. Zhang, 
Identified lung adenocarcinoma metabolic phenotypes and their association with tumor immune microenvironment, Cancer Immunol. Immunother. 70 (10) 
(2021 Oct) 2835–2850, https://doi.org/10.1007/s00262-021-02896-6. Epub 2021 Mar 3. PMID: 33659999. 
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