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Purpose: Tumor growth induces the tumor margin to become a transition zone rich in immune cells. EVPL is a potential prognostic 
biomarker for melanoma. Melanoma is difficult to cure because of its high metastasis, so it is urgent to find effective genes to inhibit 
tumor progression and regulate tumor microenvironment.
Methods: Firstly, differentially expressed genes (DEGs) among normal skin, nevus and melanoma samples in GSE3189 were 
screened. Bioinformatics was used to further explore the hub genes and enriched pathways closely related to the inflammatory 
response of DEGs in melanoma. We selected EVPL, which is associated with the Ras/Raf signaling pathway, for in vitro study. CCK- 
8, colony formation, wound healing, Transwell and flow cytometry assays were respectively used to evaluate the proliferation, 
migration, invasion, and apoptosis of cancer cells. Enzyme-linked immunosorbent assay was conducted for the monitoring of changes 
in the tumor microenvironment. To evaluate the effect of EVPL on macrophage recruitment, we established a co-culture system in 
a Transwell chamber. The polarization of macrophages was examined after treatment of cells with RAS/ERK signaling inhibitors 
SCH772984 and sh-EVPL. Additionally, changes in the expression of pathway proteins were measured by Western blot.
Results: Among the screened hub genes, EVPL was associated with the Ras/Raf pathway, a key signaling pathway in melanoma, and 
may be involved in regulating the inflammatory microenvironment of melanoma. Oe-EVPL was proved to suppress melanoma cell 
malignant progression. By inhibiting EVPL expression, the inhibitory effects on melanoma progression induced by the addition of 
SCH772984 were reversed. Furthermore, EVPL was found to inhibit the expression of chemokines, the recruitment of macrophages, 
and the polarization of macrophages through the Ras/Raf/ERK signaling pathway.
Conclusion: EVPL can inhibit the progression of melanoma through the RAS/ERK signaling pathway, change the inflammatory 
tumor microenvironment of melanoma, and inhibit the recruitment of macrophages.
Keywords: melanoma, inflammatory tumor microenvironment, EVPL, Ras/Raf/ERK signaling pathway, macrophages

Introduction
Melanoma, characterized by the uncontrolled melanocyte proliferation, is a highly malignant and invasive tumor with 
a poor prognosis.1 The prognosis of primary melanoma remains challenging despite the option to tailor resection ranges 
based on tumor thickness due to the high incidence of metastasis.2 The efficacy of targeted therapy, chemotherapy, and 
immunotherapy in treating metastatic melanoma is impeded by issues such as drug resistance and immune tolerance.3 

The highly aggressive nature of melanoma results in a significant number of patients dying from its metastasis.4 

Therefore, it is urgent to find effective treatment modalities and prognostic approaches to improve the survival outcomes 
for patients with melanoma.
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Within the tumor microenvironment, macrophages constitute the predominant immune cell population. Tumor- 
associated macrophages exhibit remarkable plasticity and can be polarized in different directions under the influence 
of cytokines and growth factors, in contrast to their normal macrophage counterparts. In response to tissue or organ 
damage, macrophages will first polarize into pro-inflammatory M1 phenotype, releasing pro-inflammatory cytokines and 
exerting anti-tumor effects. However, the prevailing milieu within most tumor sites favors the pro-tumor anti- 
inflammatory M2 phenotype, which promotes angiogenesis, microenvironment remodeling, ectopic growth and immu-
nosuppression by secreting anti-inflammatory cytokines to promote tumor progression.5,6 Currently, targeting M2 
macrophages is recognized as a potential adjuvant approach in anti-cancer therapy, as inhibiting M2 macrophage 
polarization holds the potential to suppress tumor progression.7

In this study, we conducted weighted co-expression network analysis (WGCNA) and differential gene expression 
analysis on a GEO dataset to identify genes associated with melanoma. This was complemented by protein-protein 
interaction (PPI) and immune infiltration analyses. Our study revealed that Envoplakin (EVPL) is involved in the 
inflammatory responses in melanoma, with macrophages being the primary immune cell type associated with EVPL in 
the tumor microenvironment. EVPL, a member of the desmosome plaque protein family, exhibits connections with 
desmosome cadherins and keratin filaments.8 While prior research has acknowledged EVPL as a key gene in squamous 
cell carcinoma and its role in keratinocyte differentiation in metastatic melanoma,9,10 EVPL is also expected to be a novel 
biomarker for the treatment of metastatic melanoma.11 Its specific involvement in regulating the inflammatory tumor 
microenvironment of melanoma remains to be extensively studied. Based on the above basis, the molecular mechanism 
through which the inflammatory tumor microenvironment influences macrophage polarization is ready to be clarified.

Methods
Data Retrieval and Processing
The GSE3189 dataset, containing melanoma-related expression matrix, was downloaded. This dataset comprises seven 
normal skin samples (GSM71671-GSM71677), 18 benign nevus samples (GSM71678-GSM71695), and 45 melanoma 
samples (GSM71696-GSM71740). For the purpose of validation, the TCGA + GTEX dataset of melanoma was down-
loaded, including 470 cancer samples and 556 normal samples.

Identification of Differentially Expressed Genes (DEGs)
To identify DEGs between normal and melanoma samples, as well as between melanoma and nevus samples, Limma 
package was used for analysis in GSE3189. The screening criteria was | log2FC | > 2.0 and P < 0.05. Visualization of the 
results was completed using the pheatmap package (v 1.0.12). The identified DEGs were then intersected to obtain a set 
of common DEGs (co-DEGs).

Functional Enrichment Analysis and Annotation
To elucidate the functions of the co-DEGs, they were analyzed using the David database. The analysis encompassed 
Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome and Wiki Pathways for metabolic 
pathway enrichment analysis. The top 20 key pathways were selected for presentation.

WGCNA
The GSE3189 dataset was subjected to WGCNA. Clustering analysis was performed on each sample, and outliers were 
subsequently removed. Calculation was made to obtain a suitable soft threshold for the correlation coefficient calculation, 
and the scale-free simulation coefficient R2 was obtained. Then, a co-expression network was constructed, and highly 
correlated gene expression patterns were divided into different modules. The module-trait relationship was detected to 
identify key modules. Key genes were selected based on Gene significance (GS) > 0.6 and module membership (MM) > 
0.8. These key genes were plotted against the co-DEGs to obtain differential genes (referred to as “inflammatory-DEGs”) 
that were significantly associated with the inflammatory response in a Venn diagram.

https://doi.org/10.2147/JIR.S447934                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 1688

Cai and Chen                                                                                                                                                        Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


PPI Network Construction
Based on the inflammatory-DEGs obtained above, a PPI network was constructed using the STRING database (https:// 
string-db.org/). Subsequently, Cystoscope was used for module analysis and visualization of the constructed PPI network. 
The top three module genes (referred to as motif genes) were selected for GO, KEGG and Reactome enrichment analysis, 
conducted through the DAVID database.

Correlation Analysis of Immune Cell Infiltration of the Motif Genes
The number of different types of immune cells in the GSE3189 dataset was analyzed on the cibersortx website. We 
conducted a differential expression analysis of 22 immune cells in normal, nevus, and melanoma samples, and assessed 
the correlations among these immune cells using Pearson correlation analysis. Furthermore, the correlation between the 
mentioned 29 transcription factor genes and these immune cells was evaluated through correlation analysis.

Hub Gene Screening
The motif genes significantly associated with normal, nevus and melanoma samples were further analyzed using machine 
learning techniques, including the Random Forest (RF) model, the Support Vector Machine Recursive Feature 
Elimination (SVM-RFE) algorithm, and LASSO regression, for the screening of hub genes. The RF model was 
established using the random Forest package (v 4.7.1.1). The SVM-RFE algorithm was implemented using the e1071 
package (v 1.7.13), while LASSO regression was conducted using the glmnet package (v 4.1.7). The final set of screened 
genes was intersected to obtain hub genes.

Validation of Hub Gene Expression
Hub gene expression was analyzed in the normal, nevus and melanoma samples from the GSE3189 dataset and the 
TCGA+GTEX dataset using the ggpubr package (v 0.6.0).

Immune Cell Infiltration Analysis and Single Gene Enrichment Analysis of Hub Genes
The six hub genes were subjected to CIBERSORT analysis using the cibersortx website, and also underwent single-gene 
enrichment pathway analysis. Pearson correlations between the 22 immunocytes and the six hub genes were calculated.

Cell Culture
A375, A2058, A875, and Sk-mel-28 (melanoma cells) were purchased from Procell Life Science & Technology Co., Ltd. HaCaT 
(normal cells) were procured from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured 
in DMEM medium (Thermo Fisher, 10,564,011) supplemented with 10% fetal bovine serum (Vazyme, F102-01).12 The human 
monocyte line (THP-1) was purchased from the Cell Bank of the Chinese Academy of Sciences, cultured in RPMI1640 (Thermo 
Fisher, 11,875,119) supplemented with 10% fetal bovine serum, HEPES (10 MM) (Beyotime, C0215) and β-mercaptothion 
(0.05 mM) (Sigma, M6250), and treated with 25 nM PMA (Sigma, P8139) to induce the M0 macrophage phenotype.13

qRT-PCR
RNA was reverse transcribed into cDNA using HiScript III RT SuperMix for qPCR (Vazyme, R323-01). Following the 
manufacturer’s protocol (Vazyme, Q111-02), cDNA was added, and GAPDH and EVPL primers (Supplementary 
Table 1) (Sangon Biotech) were individually included in the mixing tube. The expression of EVPL was detected using 
the StepOneTM (Thermo Fisher).

Western Blot
20 μg of protein was added to SDS-PAGE as quantified. After protein separation, the membrane was transferred using 
activated PVDF membrane (Thermo Fisher, 22,860). The membrane was incubated with specific antibodies. 
Subsequently, the PVDF membrane was incubated with the HRP secondary antibody at room temperature. The 
antibodies used were as follows: Ras (abcam, ab180772), Raf (abcam, ab200653), Erk1/2 (Thr202/Tyr204) (Cell 
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Signaling Technology, 9101S), p-ERK1/2 (Thr202, Tyr204) (Thermo Fisher, 14–9109-82) and GAPDH (Cell Signaling 
Technology, 2118). They were diluted according to the manufacturer’s instructions.

Immunocytochemical Staining
After planting cells at the appropriate density on the culture plate, they were cultured for a certain period of time until 
adherence to the wall. Subsequently, the cells were fixed with 4% paraformaldehyde (Beyotime, P0099), followed by the 
addition of a blocking solution. Antibodies included CD68 (abcam, ab213363), CD11c (abcam, ab254183), CD163 
(abcam, ab182422) and EVPL (abcam, ab204237). After being washed with PBS, the corresponding secondary 
antibodies were incubated for 2 h. Finally, the slides were sealed with DAPI containing mounting solution, and pictures 
were taken with Zeiss.

Cell Treatment and Co-Culture
oe-EVPL and sh-EVPL plasmids (Gene Pharma) were designed and synthesized, Transfection reagents were prepared 
(Invitrogen, L3000001) and used after 15-minute incubation at room temperature. The cells were pre-treated with an 
inhibitor targeting the ERK signaling pathway, SCH772984 inhibitor (200 nM) (MedChemExpress, HY-50846).14 Co- 
cultures were established using Trans-well chambers, as described in the literature. M2 macrophages were inoculated into 
the upper chamber, while tumor cells were seeded in the lower chamber.15 After a certain period of incubation, migrated 
cells were fixed with 4% PFA and stained with crystal violet. The floating color was subsequently washed away with 
clean water, and the recruitment of macrophages was examined under a microscope.

CCK-8 Assay
After treatment, cells were seeded in 96-well plates at appropriate density, and cell proliferation was detected at 24 h, 48 
h, 72 h, and 96 h, respectively. A mixture of CCK-8 solution and medium, in a 1: 9 ratio, was added as per the provided 
instructions. After incubation, the absorbance at 450 nm was measured using an enzyme marker (Thermo Fisher).

Colony Formation Experiment
The agarose gel and medium were mixed in a 1:1 volume ratio and carefully added to a six-well plate. The cells were 
digested into a single-cell suspension, supplemented with agarose gel and medium mixture, and then added to the 
aforementioned six-well plate. Following the solidification of the upper layer at room temperature, it was transferred to 
an incubator for incubation. After 14 days of incubation, the number of cell colonies was counted using crystal violet 
staining and photographed.16

Trans-Well Experiments
Matrigel was applied to coat the bottom of the Trans-well chambers, followed by incubation at 37 °C within a cell culture 
incubator. An artificial basement membrane formed by polymerizing Matrigel into a gel. After digestion, the cells were 
seeded into the Trans-well chamber. Subsequently, following an appropriate incubation period, the remaining cells on the 
chamber membrane were gently swabbed, fixed with 4% paraformaldehyde, and subsequently photographed and counted 
after crystal violet staining.

Migration Experiment
A special Transwell chamber (Corning, USA, Cat. No: 3422) was used for performing the scratch test. Following cell 
digestion, the cell suspension concentration was adjusted, and an appropriate amount of cell suspension was added to the 
chamber, ensuring complete coverage of cells after overnight culture. The chambers were vertically removed the 
next day, washed three times with PBS, and then cultured in serum-free medium. Cell migration was assessed by 
capturing images using a microscope, and the results were counted using Image J.
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Flow Cytometry
Cells were digested and collected through centrifugation. Following resuspension with PBS, the cell supernatant was discarded 
after centrifugation. Annexin V-FITC was added for cell suspension, followed by the addition of another 5 μL of Annexin 
V-FITC, propidium iodide for light-proof incubation. Then, flow cytometry (Thermo Fisher) was used for detection.

Enzyme-Linked Immunosorbent Assay (ELISA)
We detected the secretion of CXCL5, CCL20, CCL2, IL10, IL-4 and TNF-α. The commercial ELISA kits were 
purchased from Thermo Fisher, and the procedures were carried out following the provided instructions.

Data Statistics
GraphPad Prism 8.0 was used for data visualization, with results presented as mean ± standard deviation. T test was used 
for comparisons between two groups, while variance analysis was performed for comparisons involving multiple groups. 
p<0.05, p<0.01, and p<0.001 were denoted as ** ** * *respectively.

Results
Screening of DEGs
Normal skin samples from GSM71671-GSM71677, benign nevus samples from GSM71678-GSM71695, and 
melanoma samples from GSM71696-GSM71740 were analyzed. A total of 1082 DEGs were identified between 
melanoma and normal samples, consisting of 383 up-regulated genes and 699 down-regulated genes (Figure 1A and 
B). Additionally, 492 DEGs were screened out between melanoma and nevus samples, including 113 up-regulated 
genes and 379 down-regulated genes (Figure 1C and D). The intersection of the above DEGs revealed a set of 366 
co-DEGs (Figure 1E).

Enrichment Analysis of Co-DEGs
GO analysis revealed enrichment of the co-DEGs mainly in cell adhesion, cell periphery and spatially complex binding 
(Figure 2A-C). KEGG analysis showed that co-DEGs were predominantly closely related to an ECM-receptor interaction 

Figure 1 Screening of DEGs. (A) Volcano plot of the DEGs between melanoma and normal samples. (B) Heat map of the DEGs between melanoma and normal samples. 
(C) Volcano plot of the DEGs between melanoma and nevus samples. (D) Heat map of the DEGs between melanoma and nevus samples. (E) Venn diagram of the DEGs.
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(Figure 2D). Reactome analysis illustrated their enrichment in pathways such as Laminin interactions (Figure 2E). Wiki 
Pathways analysis demonstrated their primary enrichment in pathways including GPR143 in melanocytes and retinal 
pigment epithelium cells (Figure 2F).

WGCNA Analysis and Related Key Module Identification
GSE3189 was also included in the analysis. Upon conducting WGCNA, no outlier samples were identified through 
sample clustering (Figure 3A). According to the clustering results, the soft threshold was selected as 12, the average 
connectivity approached the minimum value, and the scale-free fitting coefficient was 0.85 (Figure 3B). The merging of 
modules exhibited similar performance (Figure 3C). Furthermore, the correlation between gene co-expression modules 
and inflammatory responses was analyzed. Notably, the brown, green, turquoise, and yellow modules showed 
a significant correlation with inflammatory response (Figure 3D and E).

Figure 2 Enrichment analysis of co-DEGs. (A) Biological process, BP. (B) Cell component, CC (C) Molecular function, MF (D) KEGG pathway analysis. (E) Reactome 
pathway analysis (F) Wiki Pathways analysis.
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Figure 3 Identification of PM melanoma differential gene modules by WGCNA. (A) Dendrogram. (B) Network topology analysis under different soft threshold values; the 
soft threshold was selected as 12, and the scale-free fitting index R2 was 0.85. (C) Different colors under the gene tree indicate different gene modules. (D) Heat map of 
feature gene adjacency (E) Heat map of correlation between gene co-expression modules and inflammatory response, with correlation coefficients and p-values shown in 
each block.
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Screening of WGCNA Key Module Genes
To identify the key genes within the four modules and illustrate the correlation scatter plots of GS and MM, genes with 
an absolute correlation greater than 0.75 were filtered, consequently identifying 1642 genes with strong correlation 
(Figure 4A-D). Additionally, a Venn diagram was plotted that overlapped these genes with the co-DEGs, revealing 337 
DEGs related to inflammatory (inflammatory -DEGs) (Figure 4E).

Construction of PPI Network to Obtain Key Motif Genes
A PPI network was constructed for the inflammatory-DEGs, from which the top three module genes (motif 1–3) were 
obtained (Figure 5A-D). Motif 1 was mainly enriched in pathways such as cell adhesion, single organism cell adhesion 
and immune system (Figure 5E). Motif 2 displayed primary enrichment in pathways such as cellular component 
organization and cell-cell organization (Figure 5F). Motif 3 demonstrated notable enrichment in pathways such as 
pigmentation and melanin biosynthesis (Figure 5G). Finally, 29 motif genes were obtained.

Immune Correlation Analysis of Motif Genes
To further investigate the differences in the proportion of various immune cells in melanoma inflammatory tumor 
microenvironment compared to healthy tissue, the cibersortx database was used to estimate the infiltration of 22 types of 
immune cells in the GSE3189 dataset (Figure 6A). Macrophages M0 had the strongest positive correlation with the 
inflammatory tumor microenvironment of melanoma, while Macrophages M2 displayed the strongest negative correla-
tion with the inflammatory tumor microenvironment of melanoma (Figure 6B). Additionally, most of these immune cells 
were correlated with each other (Figure 6C). All 29 motif genes were correlated with both Macrophages M0 and 
Macrophages M2 (p<0.001) (Figure 6D).

Figure 4 Screening of WGCNA key module genes. (A-D) Correlation scatter plots of GS and MM in MEbrown module, MEgreen module, MEturquoise module and 
MEyellow module. (E) The intersection gene of WGCNA key genes and co-DEGs.
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Identification of Hub Genes Associated with Inflammatory Tumor Microenvironment
The TCGA+GTEX dataset of melanoma was used as the validation set. A total of 29 motif genes were screened out using 
the RF model, with the lowest error rate observed when the number of genes was 29 (Figure 7A and B). 22 feature genes 
were identified via the SVM-RFE algorithm, with the lowest error rate when the number of feature gene was 22 
(Figure 7C and D). Six genes were screened out by LASSO regression (Figure 7E and F). Finally, six hub genes, TYR, 
KRT10, PMEL, PPL, EVPL, and SPRR1B, were obtained after interesting the genes identified through the above three 
methods (Figure 7G).

Validation of Hub Gene Expression
In the GSE3189 dataset, the expression levels of EVPL, KRT10, PPL and SPRRIB were down-regulated in the 
melanoma group compared to the normal and nevus groups, while the expression levels of PMEL and TYR were up- 
regulated (Figure 8A). In the TCGA + GTEX dataset, a similar expression pattern was observed, with EVPL, KRT10, 
PPL and SPRRIB being down-regulated in the cancer group, and PMEL and TYR being up-regulated in the cancer group 
compared to the normal group (Figure 8B).

Figure 5 PPI network construction to obtain key motifs. (A-D) PPI network was constructed by the STRING software. (E-G) The top three motif gene-related enrichment 
pathways.
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Immune Cell Infiltration Analysis of the Hub Genes
The cibersortx database was used to analyze the correlation between the six hub genes and the 22 types of immune cells. 
EVPL, KRT10 and PPL exhibited significant positive correlations with Macrophages M2 (p<0.001), while demonstrating 
a significant negative correlation with Macrophages M0 (p<0.001) (Figure 9A-C). Conversely, PMEL and TYR were 
significantly positively correlated with Macrophages M0 (p<0.001), but significantly negatively correlated with 
Macrophages M2 (p<0.001) (Figure 9D and E). Furthermore, SPRR1B was positively correlated with Mast cells resting 
(p<0.001), but negatively correlated with Macrophages M0 (p<0.001) (Figure 9F).

Hub Gene Enrichment Analysis
Single-gene GSEA revealed association of specific hub genes with distinct signaling pathways. As revealed, EVPL was 
related to the Ras signaling pathway (Figure 10A); KRT10 was related to the Coronavirus-COVID-19 signaling pathway 
(Figure 10B); PMEL and TYR were associated with the Cytokine receptor interaction signaling pathway (Figure 10C and 
F); PPL was associated with the Coronavirus disease-COVID-19 signaling pathway (Figure 10D); and SPRR1B was 
related to the Staphylococcus aureus infection signaling pathway (Figure 10E).

Figure 6 Correlation analysis of immune response-related key genes and immune cell infiltration. (A) Cibersort analysis of the GSE3189 dataset. (B) Calculation of the 22 
cell infiltration scores of normal, nevus and melanoma samples via ggpubr. (C) Correlation analysis of the 22 immune cells in the GSE3189 dataset. (D) Pearson correlation 
analysis of the motif genes and the 22 immune cells. n.s. means no significant differences between two groups, * represents P< 0.05, ** represents P<0.01, *** represents 
P<0.001, **** represents P<0.0001.
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EVPL is Lowly Expressed in Melanoma
Studies have highlighted the critical role of the Ras/Raf/ERK signaling in melanoma development.17 In this study, 
bioinformatics analysis revealed main enrichment of EVPL at the Ras/Raf/ERK pathway. Therefore, EVPL was 
identified as a key gene regulating the occurrence and development of melanoma, and was thus selected for further 
investigation. Subsequent analyses involved the assessment of EVPL expression in five cell lines12 through qRT-PCR and 
Western blot experiments. A noticeable decrease in EVPL expression was observed in A375, A2058, A875 and Sk-Mel 
-28 cells compared to HaCaT cells. Specifically, A375 and A2058 cell lines exhibited the lowest EVPL expression levels 
(Figure 11A-C). The results of cell immunofluorescence staining showed reduced EVPL expression in A375 and A2058 
cells as compared with HaCaT cells (Figure 11D and E).

EVPL Regulates the Malignant Progression of Melanoma and Its Inflammatory Tumor 
Microenvironment
In vitro experiments were designed to investigate the biological functions of EVPL and its potential role in regulating the 
inflammatory tumor microenvironment. Following EVPL plasmid transfection in A375 and A2058 cells, the oe-EVPL 
group showed highly expressed EVPL compared with oe-NC (Figure 12A). The results of CCK-8 and colony formation 
experiments showed that overexpression of EVPL in A375 and in A2058 cells led to a marked inhibition of cell viability 
(Figure 12B-D). Wound-healing and Trans-well assays revealed that EVPL overexpression inhibited cell invasion and 
migration (Figure 12E-H). Flow cytometry results indicated that EVPL overexpression promoted apoptosis (Figure 12I 

Figure 7 Identification of hub genes in the prognostic model. (A) RF model. (B) 10-fold cross-validation with 29 genes showed the lowest error rate. (C) Dynamic changes 
of error rate in SVM-RFE algorithm when the number of genes was increased. (D) The name, serial number and importance of each gene. (E) Dynamic changes of 
coefficients following the selection of log (Lambda). (F) LASSO-COX regression. (G) Six intersection genes.
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and J). ELISA results illustrated that EVPL overexpression down-regulated the expression of tumor immune-related 
chemokines, including CXCL5, CCL20, CCL2, IL-10, IL-4 and TNF-α (Figure 12K and L). Based on the aforemen-
tioned results, we propose that overexpression of EVPL inhibits the malignant progression of melanoma cells in vitro, 
and regulates the inflammatory tumor microenvironment of melanoma.

EVPL Inhibits Macrophage Recruitment by Regulating the Inflammatory Tumor 
Microenvironment of Melanoma
To investigate the impact of EVPL on macrophage polarization and recruitment within the inflammatory tumor 
microenvironment, an in vitro co-culture model was constructed.5 Trans-well assay results showed that oe-EVPL 
effectively reduced the recruitment of macrophages compared with the oe-NC group (Figure 13A). qRT-PCR results 
demonstrated an increase in the expression of M1 macrophage markers (IL-1b and CD11c) and a decrease in the 
expression of M2 macrophage markers (CD163 and IL-10) in the oe-EVPL group (Figure 13B). Flow cytometry analyses 

Figure 8 Validation of hub gene expression. (A) Box plot of the expression changes of the six hub genes in the normal, nevus and melanoma groups in the GSE3189 dataset. 
(B) Box plot of the expression changes of the six hub genes in the normal and cancer groups in the TCGA + GTEX dataset. n.s. means no significant differences between 
two groups, * Represents P< 0.05, ** Represents P<0.01, *** Represents P<0.001, **** Represents P<0.0001.
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Figure 9 Immune cell infiltration analysis of the hub genes. (A-F) Correlation analysis between the six hub genes and the 22 types of immune cells.

Figure 10 Hub gene enrichment analysis. (A-F) Single-gene enrichment analysis of the hub genes.
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revealed that CD68/CD11c was increased and CD68/CD163 was decreased (Figure 13C). Immunofluorescence staining 
showed that, compared with the oe-NC group, the oe-EVPL group demonstrated reduced expression of M2 polarization 
marker CD68/CD163 and increased expression of M1 polarization marker CD68/CD11c (Figure 13D and E).

EVPL affects the inflammatory tumor microenvironment and macrophage recruitment in melanoma through the RAS/ 
ERK signaling pathway.

Compared with oe-NC, oe-EVPL down-regulated p-ERK1/2/ERK1/2, with a concomitant decrease in Ras and Raf 
protein expression (Figure 14A). Transfection with sh-EVPL revealed that inhibition of EVPL expression led to the 
activation of p-ERK1/2 in the signaling pathway (Figure 14B). To further elucidate the underlying mechanism of EVPL 
in regulating the inflammatory tumor microenvironment of melanoma, we introduced SCH772984 to study the changes 
of EVPL-related pathways. In comparison to the Control group, the SCH772984 group inhibited the development of 
melanoma. In contrast, when compared with the SCH772984 + sh-NC group, the SCH772984 + sh-EVPL group 
promoted tumor cell proliferation, migration and invasion (Figure 14C-G). Compared with the Control group, the 
addition of SCH772984 inhibited the expression of chemokines, while the expression of chemokines increased when sh- 
EVPL was transfected simultaneously with the addition of SCH772984 (Figure 14H).

Flow cytometry results showed that the SCH772984 group had increased M1-type and decreased M2-type macro-
phages compared to the Control group. Conversely, the SCH772984 group showed decreased M1-type and increased M2- 
type macrophages when compared to the SCH772984 + sh-EVPL group (Figure 14I). Similarly, due to the addition of 
SCH772984, the Ras/Raf / ERK signaling pathway was inhibited, leading to a decrease in the p-ERK1/2. Simultaneous 
transfection of sh-EVPL with SCH772984 increased the p-ERK1/2 compared to the addition of SCH772984 alone 
(Figure 14J). In the co-culture model, the addition of SCH772984 inhibited macrophage recruitment compared with the 
Control group, and the number of macrophages increased in the SCH772984 group compared with the SCH772984+sh- 
EVPL group (Figure 14K). Thus, we propose that EVPL affects the inflammatory tumor microenvironment of melanoma 
through the Ras/ERK signaling pathway.

Discussion
Melanoma is a highly aggressive skin cancer. Nonetheless, the prognosis of patients, commonly determined by 
prognostic indicators such as tumor thickness and infiltration degree, remains uncertain due to the potential risks of 

Figure 11 EVPL is lowly expressed in melanoma. (A) qRT-PCR analysis of EVPL expression changes in different melanoma cells, n=3. (B and C) The expression of EVPL in 
different cells detected by Western blotting, n=3. (D and E) The expression of EVPL in different cells detected by cell immunofluorescence staining, with red denoting EVPL, 
and blue denoting nucleus, n=3. The data in the figures represent the mean±SD. * Represents P< 0.05, ** Represents P<0.01, *** Represents P<0.001.
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progression and metastasis, thus complicating the cure of melanoma.16 As is known, elucidating the interaction between 
chronic inflammation and tumor microenvironment is of paramount significance.18 The tumor microenvironment hosts 
a diverse array of inflammatory and immune cells, including T lymphocytes, natural killer cells, monocytes, and 

Figure 12 EVPL regulates the malignant progression of melanoma and the inflammatory tumor microenvironment of melanoma. (A) Expression changes of EVPL were 
detected by Western blot, n=3. (B) CCK-8 assay was used to detect the viability of A375 and A2058 cells, n = 3. (C and D) Colony formation assay was used to detect the 
proliferation of A375 and A2058 cells, n=3. (E and F) Trans-well invasion assay was used to detect the invasion of A375 and A2058 cells, n = 3. (G and H) Wound-healing 
assay was used to detect the migration of A375 and A2058 cells, n=3. (I and J) Flow cytometry was used to detect the apoptosis rate of A375 and A2058 cells, n=3. (K and 
L) ELISA was used to detect the expression of tumor immune-related chemokines and inflammatory factors in the cell supernatant, n=3. The data in the figures represent 
the mean±SD. * Represents P< 0.05, ** Represents P<0.01, *** Represents P<0.001.
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macrophages.19 Such inflammatory tumor immune microenvironment plays a vital role in tumor progression, with tumor 
cells releasing various cytokines and chemokines to regulate the immune microenvironment.20

Based on the comprehensive analysis of the GEO dataset and the four key modules related to melanoma and immune 
response in WGCNA, we screened out six hub genes (EVPL, KRT10, PPL, SPRRIB, PMEL and TYR) that are most 
relevant to melanoma by combining immune infiltration analysis and machine learning. Notably, previous research has 
associated EVPL mutations with the occurrence and development of sporadic esophageal squamous cell carcinoma.21 

The Ras/Raf/MEK/ERK signaling pathway is frequently activated in cutaneous melanomas, which is involved in the 
progression of melanoma.17 Prior studies have suggested EVPL’s potential as a prognostic marker for melanoma.11 This 
study, for the first time, uncovers EVPL’s role as a tumor suppressor by activating the Ras/Raf/ERK signaling pathway 
through single gene enrichment. A series of in vitro cell function experiments demonstrated EVPL’s capacity to inhibit 

Figure 13 EVPL inhibits macrophage recruitment by regulating the inflammatory tumor microenvironment of melanoma. (A) Trans-well assay was used to detect the 
recruitment of EVPL overexpression to macrophages, n=3. (B) The expression changes of M1 and M2 macrophage markers were detected by qRT-PCR, n=3. (C) Flow 
cytometry was used to detect the expression of CD68, CD11c and CD163, n=3. (D and E) Immunofluorescence staining was used to detect the expression changes of 
CD68, CD163 and CD11c, n=3. The data in the figures represent the mean±SD. * Represents P< 0.05, **Represents P<0.01, ***Represents P<0.001.
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Figure 14 EVPL affects the inflammatory tumor microenvironment and macrophage recruitment of melanoma through the RAS / ERK signaling pathway. (A) Raf, Ras, p-ERK1/2 
and ERK1/2 were detected by Western blot, n=3. (B) Expression changes of p-ERK1/2 was detected by Western blot, n=3. (C) Cell viability was detected by CCK-8 assay, n=3. (D) 
Degree of cell proliferation measured by colony formation assay, n=3. (E) Trans-well assay was used to detect cell invasion, n=3. (F) Wound healing assay to detect cell migration, 
n=3. (G) Cell apoptosis rate was detected by flow cytometry, n=3. (H) Expression changes of tumor immune-related chemokines detected by ELISA, n=3. (I) The proportion of M1 
and M2 phenotype macrophages was detected by flow cytometry, n=3. (J) Expression changes of p-ERK were detected by Western blot, n=3. (K) Trans-well co-culture system to 
detect macrophage recruitment, n=3. The data in the figures represent the mean±SD. *Represents P< 0.05, **Represents P<0.01, ***Represents P<0.001.
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the malignant progression of melanoma, alter the expression of chemokines, and ultimately induce changes in the 
inflammatory tumor microenvironment. The above compelling evidence suggests that EVPL may effectively change the 
inflammatory tumor microenvironment in melanoma.

EVPL, a member of the plakin protein family, has been the subject of investigation in studies related to skin-blistering 
diseases.22 Typically expressed in skin and other epithelial tissues, EVPL plays a vital role in maintaining the structure 
and stability of glial cells.23,24 EVPL has shown association with chronic inflammation and immune responses, notably 
with CD4 T cell infiltration in the dermatitis studies,25 indicating its potential role in regulating skin inflammation 
through immune regulation.26 A diverse array of cytokines, growth factors, chemokines and inflammatory mediators can 
be secreted in the tumor microenvironment to promote tumor immunosuppression and accelerate tumor progression.27 In 
this study, a correlation was observed between EVPL and the infiltration of Macrophages, Mast cells resting, and 
Dendritic cells resting. Macrophages are a type of plastic cells that can be influenced by chemokines and cell-cell 
interactions within the tumor microenvironment, enabling them to exert either anti-tumor or tumor-promoting 
activities.28 Macrophages are key cells involved in melanoma progression,29 and are essential for immune response.30 

Our findings suggest that overexpression of EVPL regulates macrophage recruitment and polarization by regulating 
chemokines and inflammatory factors in the inflammatory tumor microenvironment in vitro.

In summary, our findings collectively demonstrate that EVPL inhibits melanoma cell proliferation, migration and 
invasion, and also regulates macrophage polarization by altering the inflammatory tumor microenvironment. 
Nevertheless, it’s essential to acknowledge the limitations of this study. Although the in vitro experiments in this 
study aim to simulate the real physiological conditions, the validation of our conclusions warrants further in vivo 
investigations. Our subsequent investigations will incorporate the design of in vivo experiments to prove the robustness 
of our research findings.

Abbreviations
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