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Objectives: Myosin IG (MYO1QG) plays a vital role in triggering an immune
response via regulating T cell migration to detect antigen-presenting cells.
However, the biological and clinical significance of MYO1G DNA methylation
and gene expression in melanoma and its immune microenvironment
remains unknown.

Materials and methods: We investigated and corroborated the correlations of
MYO1G DNA methylation with gene expression, and clinicopathologic
parameters in 461 melanomas from The Cancer Genome Atlas (TCGA).
Subsequently, we associated MYOI1G gene expression with overall survival in
two independent cohorts including 94 immunotherapy-treated melanoma
patients and 54 stage IV melanoma patients, respectively. Finally, the
quantitative methylation-specific PCR (gMSP) assays were developed to
measure the methylation levels of the ¢cg22111043 and cg10673833 CpG sites
located on MYO1G promoter region, and targeted bisulfite sequencing assay was
used to validate accuracy of gMSP. We linked the methylation levels of the two
CpG sites with MYO1G expression and progression-free survival in our cohort of
104 melanoma patients treated with immunotherapy. we used the Al-based cell
segmentation and classification software Hover-Net to perform cell count and
statistical analysis on the whole-slide images of pathology from 104
melanoma patients.

Results: We observed that MYO1G gene expression exhibited a significantly
inverse correlation with its promoter methylation. Moreover, hypomethylation
in MYO1G promoter (corresponding to high gene expression level) was
significantly associated with enhanced infiltration levels of immune cells (CD8+
T cell, M1 macrophage, activated natural killer cells estimated by gene
expression), increased cytolytic activity, augmented expression level of
immune checkpoint molecules (PDCD1, LAG3, CTLA4, CD274, BTLA, TIGIT,
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and HAVCR?2) and favorable prognosis in melanoma. In the independent
melanoma cohorts receiving immune checkpoint blockade treatment, high
MYOI1G expression was significantly linked to improved clinical outcome. In
our cohort, patients with MYO1G promoter hypomethylation showed
significantly elevated tumor-infiltrating lymphocytes level and prolonged
progression-free survival after immunotherapy.

Conclusion: Our study highlights MYOI1G promoter methylation as a key
regulator of gene expression and a potential prognostic and predictive
biomarker for immunotherapy response in melanoma. These findings offer
new insights into the role of MYO1G in enhancing immune response in tumors.

immune cell infiltration, promoter methylation, MYO1G, immune checkpoint,

immunotherapy

Introduction

Melanoma is a highly aggressive and fatal cancer, which
accounts for up to 1.5% of all cancer-related deaths (1). Immune
checkpoint blockade-based immunotherapy has provided
remarkable clinical benefits to melanoma patients, but most
‘immune-cold’” melanomas without T cells infiltration in tumor
microenvironment are not responsive (2). T cell-mediated
immunotherapy depend on the success of T cell priming,
trafficking, infiltration, as well as antigen recognition and killing
of the tumor (3). The migration of immune cells to the tumor site is
essential for initiating an anti-tumor immune response to eliminate
tumor cells, subsequently impacting patient clinical prognosis and
immunotherapy response (4, 5). Antigen-presenting cells such as
dendritic cells, macrophages and B cells migrate to tumor regions to
capture tumor antigens, after which these cells present the antigens
to T cells and then prime T cell response (6). Immune effector cells
such as activated CD8+ T cells and NK cells migrate to a tumor and
eliminate cancer cells (7, 8). Immune cell migration in complex
microenvironment is regulated by intracellular and extracellular
factors. Chemokines guide the migration of both immunoactive and
immunosuppressive cell types to tumor sites (9). In addition,
actomyosin cytoskeleton plays a key role in immune cell
migration by controlling the intrinsic nature of leukocytes (10).

Abbreviations: ICB, immune checkpoint blockade; BTLA, band T lymphocyte
attenuator; CTLA-4, cytotoxic T lymphocyte antigen-4; GEO, Gene Expression
Ominibus; GSEA, gene set enrichment analysis; LAG3, lymphocyte activation
gene 3; MYOIG, plasma membrane-associated class I myosin; OS, overall
survival; PD-1, programmed death 1; PFS, progression-free survival; ssGSEA,
single sample gene set enrichment analysis; TCGA, The Cancer Genome Atlas;
TIGIT, T cell immunoreceptor with Ig and ITIM domains; TILs, Tumor-
infiltrating lymphocytes; TIM-3, T-cell immunoglobulin and mucin domain

protein; TME, tumor microenvironment.
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The MYOIG gene is located on the short arm of chromosome 7
(I1). It encodes a plasma membrane-associated class I myosin,
which is involved in the regulation of the cytoskeleton and highly
expressed in lymphocytes (11, 12). The unconventional myosin
MYOIG, an actin-based motor protein, plays a crucial role in
mechanotransduction and immune regulation by coordinating
cytoskeletal dynamics at the immunological synapse (IS). Studies
suggest that MYOIG modulates T cell receptor (TCR) signaling and
immune synapse stability, influencing T cell activation and
exhaustion (13). Its involvement in membrane remodeling and
actin organization further implicates MYOIG in regulating immune
cell motility and interactions with antigen-presenting cells (14).
MYOIG generates membrane tension and regulates T cell
migration by cell-intrinsic mechanism (14, 15). In addition,
MYOIG plays a vital role in maintaining cell stiffness (16),
adhesion, and migration of B cells (17, 18). B cell and T
lymphocytes filtration to tumor are associated with immune
checkpoint blockade-based treatment response (19-21). With
regard to DNA methylation, the circulating tumor DNA
methylation of MYOIG has been reported to be a promising
biomarker for the diagnosis and disease monitoring of colorectal
cancer (22) and Hepatocellular Carcinoma (23). In addition, the
overexpression of MYOIG is detected in peripheral blood
mononuclear cells from pediatric leukemia patients (24). MYO1G
is a new potential markers of mixed lymphocyte reaction response
(25). Our previous study demonstrated that MYOIG gene
expression was negatively associated with promoter methylation
in squamous cell lung carcinoma (26). However, how DNA
methylation of MYOIG impacts its gene expression, tumor
immune microenvironment, and clinical outcome of
immunotherapy for melanoma patients remains unknown.

DNA methylation is an important epigenetic modification
regulating gene expression. Alterations in DNA methylation
frequently occur in various tumor types, impacting lymphocytes
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infiltration and immunotherapy response (27). It remains unknown
that the effect of MYOIG DNA methylation on the gene expression,
immune cell infiltration and immunotherapy response of
melanoma. In this study, we investigate the associations of
MYOIG DNA methylation with gene expression, immune cell
infiltration and clinicopathological features, as MYOIG is highly
expressed in lymphocytes and regulates lymphocyte migration. Our
data shows that MYOIG promoter DNA methylation might
regulate its gene expression and immune cell infiltration,
therefore affecting clinical outcome.

Material and methods
Sample collection and resources

The analyzed results in this study are partly based on skin
cutaneous tumor (SKCM) data generated by The Cancer Genome
Atlas Research Network (TCGA, http://cancergenome.nih.gov/).
The methylation, RNA-seq and clinicopathological data of 472
skin cutaneous tumor samples were collected from TCGA. Out of
these samples, 461 samples included clinical information.
Therefore, 358 metastatic SKCM samples were used as a
discovering dataset; 103 primary SKCM samples as a validating
dataset. Expression profiles generated by Illumina human-6 v2.0
expression beadchip platform and clinical data of 54 stage IV
melanomas were required from Gene Expression Omnibus
database with the accession number of GSE22153 (28).RNA-seq
data of tumor tissues derived from 91 melanoma patients treated
with immunotherapy were obtained from the European Nucleotide
Archive by accession number PRJEB23709, and the clinical
summary of patients was available in Supplementary Table S2 of
the original paper (29). The transcriptome and clinical data of 53
baseline tumors from a cohort of melanoma patients treated with
immunotherapy were accessed from Newell’s study (2).

Patients’ collection at the First Affiliated
Hospital of Zhengzhou University

For the in-house validation cohort, we retrospectively gathered
formalin-fixed, paraffin-embedded (FFPE) tumor samples and
clinical data from 104 melanoma patients who received PD-1/PD-
L1 immune checkpoint blockade (ICB) therapy at the First
Affiliated Hospital of Zhengzhou University (FAHZZU).
Response assessment was prospectively conducted using RECIST
1.1 criteria. Patients were categorized as good responders if they had
a RECIST complete response (CR), partial response (PR), or stable
disease (SD) for more than 6 months; poor responders were those
whose best response was RECIST progression or SD lasting 6
months or less. The detailed clinical information listed in
Supplementary Table S1. The inclusion of patients and analysis of
samples at FAHZZU were approved by the Institutional Review
Board (IRB) of the First Affiliated Hospital of Zhengzhou University
(Project ID 2024-KY-0801-002). All procedures in this study were
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conducted in accordance with the ethical standards of the
institutional research committee and the 1964 Helsinki
Declaration, along with its subsequent amendments.

MYO1G DNA methylation and gene
expression correlation analysis

Methylation data of 470 SKCM samples were generated by the
Infinium HumanMethylation450 BeadChip (Illumina, San Diego,
California, USA) and included about 450000 CpG site Beta values
(considered as methylation level). The Beta value data for each
sample was merged into a Beta-value matrix in which columns
corresponded to samples and rows to CpGs. Then we used the Beta-
mixture quantile normalization method wrapped in ChAMP R
package (30) to normalize the Beta-value matrix. Genomic
coordinate information of 9 CpG sites that are located on
MYOIG gene body and promoter region were obtained and saved
as a bed format file. We used Ensembl genome browser 109 to
visualize CpG sites and genomic structure of MYOIG based on the
bed file. The beta value of 9 CpG sites were extracted from
normalized Beta-value matrix.

Normalized gene expression matrix generated by RNA-Seq
analysis with fragments per kilobase of transcript per million
mapped reads (FPKM), were downloaded from TCGA webpage.
The gene expression value of MYOIG was extracted from
expression data. To explore the potential epigenetic regulation of
MYOIG gene expression via DNA methylation, we conducted
Pearson correlation analysis between the 9 CpG sites and gene
expression of MYOIG. CpG sites with absolute value of correlation
coefficients >0.6 and p value < 0.01 were selected to stratify patients
to high and low methylation groups with mean methylation value of
these CpG sites.

Whole transcriptome comparison analysis

The raw gene counts of 469 SKCM samples were downloaded
from TCGA. Then we performed differential expression analysis
between high and low methylation groups with DESeq2 (31).
Genes with the Benjamini-Hochberg adjusted p value less than
0.05 and log2 fold-change more than 1.0 were considered
differentially expressed.

Gene set enrichment analysis

We collected 50 hallmark gene sets and 186 KEGG pathway
signatures from Molecular Signatures Database (MSigDB
v2022.1.Hs, https://www.gsea-msigdb.org/gsea/msigdb) (32).
Based on high and low promoter methylation groups, gene set
enrichment analysis was carried out to identify MYOIG promoter
methylation-related gene sets with clusterProfiler (33). The
predictive signatures of immunotherapy, such as a six-gene IFNy
signature (IFNY-6), a related 18-gene expanded immune signature
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(IFNy expanded immune 18) (34), an effector T cell signature
(effector T-cell) (35) and a combined IFNy Effector T-cell
signature (36), were collected and used to calculate single sample
gene set enrichment scores of each sample with the GSVA R
package (37).

Immune cell infiltration estimation

TIMER 2.0 web application (38) was used to estimate the
correlations of MYOIG gene expression with the tumor purity
and infiltration levels of B cell, CD8+ T cell, CD4+ T cell,
macrophage, neutrophil and dendritic cell. The absolute fraction
data of 22 infiltrating immune cells, which was inferred by the
CIBERSORT algorithm (39) based on gene expression profiles, was
downloaded from the TIMER database (38) (http://
timer.cistrome.org/infiltration_estimation_for_tcga.csv.gz). And
the leukocyte fraction data (TCGA_all_leuk_estimate.masked.
20170107.tsv), which was estimated based on DNA methylation
in Thorsson’s study (40), was retrieved from https://gdc.cancer.gov/
about-data/publications/panimmune. The tumor-infiltrating
lymphocyte (TIL) percentage evaluated by pathological images of
TCGA tumors via deep learning method, is available in the
supplementary table (Supplementary Table SI) in Saltz’s study
(41). Then we compared immune cell infiltration, leukocyte
fraction and TILs between high and low promoter groups.

For 104 melanoma patients who received PD-1/PD-L1 immune
checkpoint blockade (ICB) therapy at the First Affiliated Hospital of
Zhengzhou University (FAHZZU), digital histopathological whole
slide images were scanned with the TEKSQRAY SQS-600P. We
then used the cell segmentation and classification AI software
Hover-Net (42) to perform lymphocyte count analysis based on
the histopathological whole slide images.

Quantitative methylation-specific PCR

Methylation analysis of the validation cohort of 105 melanoma
patients from FAHZZU was conducted using bisulfite-specific
quantitative real-time PCR, employing methylation-unspecific
primers and probe pairs that specifically and competitively bind
to methylated and unmethylated template DNA, respectively. This
quantitative methylation-specific PCR (qMSP) is described in detail
by Lehmann and Kreipe (43). Tumor tissue was macrodissected
from FFPE blocks for DNA extraction with a Tissue DNA Kit
(Amoy Diagnostics Co., Xiamen, China) and subsequently
underwent bisulfite conversion using the EpiArt Magnetic DNA
Methylation Bisulfite Kit (Nanjing Vazyme Biotech Co.,Ltd)
according to the manufacturer’s protocol. We developed the
qMSP assay targeting the CpG site as probed by Illumina
HumanMethylation450 BeadChip bead ¢g22111043 and
cgl0673833 (Figure 1). Uncalibrated methylation levels,
approximately considered percent methylation, were computed
using cycle threshold (CT) values obtained from the probes
specifically binding to methylated (CT methylated) and
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unmethylated (CT unmethylated) DNA, respectively (methylation
[%]=100%/(1 + 2€T methylated-CT unmethylated) ‘7o herformed 20 uL
triplicate PCR reactions using a buffer composition containing
20 ng bisulfite converted DNA (quantified via UV-VIS
spectrophotometry) and 0.2 uM each probe and 0.2 uM each
primer (qQMSP for cg22111043 CpG site forward primer:
gttagagttatttgtgggattttaaaga, reverse primer: aattctaacttaaa
aaacacacacaacc, probe methylated: 6-VIC- attttttgatgtgatt-MGB-1,
probe unmethylated: FAM- ttttttgacgtgatt-MGB-1; qMSP for
cgl0673833 CpG site forward primer:gygttttataaggaggttgtgtttaa,
reverse primer: ccaacraaaaaccctccaaaac, probe methylated: 6-VIC-
aacatccaaccc-MGB-1, probe unmethylated: FAM-aacatccgacc-
MGB-1; qMSP for cg06787669 CpG site forward primer:
gttttagttttgggaggggtte, reverse primer: aatcaaaccrttaaacaacaacctc,
probe methylated:6-VIC- ttataaaacacaaaaa-MGB-1, probe
unmethylated: FAM-tataaaacgcaaaaa-MGB-1; qMSP for
cg21188037 CpG site forward primer: gagagggggagggaaggttag,
reverse primer: ccacttcctactttacaccaacact, probe methylated:6-VIC-
caaaacaaaaac-MGB-1, probe unmethylated: FAM- caaaacgaaaac-
MGB-1). QMSP was carried out using a Bio-Rad CFX96 real-time
PCR detection system (Bio-Rad Laboratories, Hercules, CA) with
the following temperature profile: 20 min at 95°C and 45 cycles with
50 s at 95°C, 50 s at 57°C and 50 s at 72°C.

Targeted bisulfite sequencing assay

DNA extraction and bisulfite conversion were performed as
previously described (59, 60). Based on the genomic coordinate of
€g22111043 and cgl10673833 CpG sites, we designed two paired
primers (cg22111043 targeted bisulfite sequencing assay forward
primer: tgggtttttttygttttgga, reverse primer: aaaaacacacacaacc
aaataac; cgl0673833 targeted bisulfite sequencing assay forward
primer: ggggttgtttttygtatttgtta, reverse primer: aaaaaaccaacr
aaaaaccc) to detect it. The net-PCR was performed first to
amplify the targeted DNA sequence. Then, the designed DNA
fragments were sequenced by Illumina Hiseq 2000. BSseeker2,
one of the most commonly used tools for analyzing the bisulfite
sequencing results, was applied in our study for mapping bisulfite-
treated reads as well as for methylation calling (61). After calling
methylation, we obtained the bisulfite conversion rate for each
sample, and samples with bisulfite conversion rate <98% were
firstly filtered out. After the preliminary analysis, we then calculated
the average coverage as well as the missing rate for each CpG site.
The CpG sites with average coverage less than 20x and/or with
missing rate >0.20 were further filtered out. In addition, the
samples with missing rate > 0.30 were filtered out.

Quantitative reverse transcriptase PCR

qRT-PCR was used to quantify MYOIG mRNA expression
levels in 109 melanoma samples of the FAHZZU cohort. RNA
extraction was performed using a FFPE DNA/RNA extraction Kit
(AmoyDx, Xiamen, China) according to the manufacturer’s
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MYO1G promoter methylation is negatively associated with it's gene expression in 366 metastatic melanomas from TCGA. (A) Overview of CpG sites
and genomic structure of MYO1G. The illustration showing chromosome 7: 44,952,687-44,989,088 region, including MYO1G gene, its transcripts
and regulatory elements (promoter, promoter flank, enhancer, CTCF, open chromatin and transcription fac tor binding); the illustration (modified)
exported from www.ensembl.org (release 113). (B-E) Pearson correlations of MYO1G gene expression (log2 of normalized expression) with methylation
levels of CpG sites. cg21188037 (B), cg06787669 (C), cg10673833 (D), cg22111043 (E) among 358 metastatic melanoma patients. (F) Pearson correlation
of MYOL1G gene expression with mean methylation level of these four CpG sites. Pearson correlation analyses were performed using the stat_cor

function from the ggpubr package in R.
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instructions. Complementary DNA (cDNA) was synthesized using
500 ng of total RNA using the HiScript IIT RT SuperMix for gPCR
(+gDNA wiper) (Vazyme, Nanjing, China) according to the
manufacturer’s instructions. The qRT-PCR assay was performed
in 20 pl volumes using Taq Pro Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China) containing 20 ng cDNA and 0.2 uM each
primer (MYOIG forward primer: atcacctggcagagcgttgagt, MYOIG
reverse primer: gattcggtcagtgatggtgeca). The housekeeping genes
ACTB and GAPDH were used as references for normalization
(ACTB forward primer: atgtggccgaggactttgatt, ACTB reverse
primer: agtggggtggcttttaggatg; GAPDH forward primer:
tgcaccaccaactgcttage, GAPDH reverse primer: ggcatggactgtggtc
atgag). qRT-PCR was carried out using a Bio-Rad CFX96 real-
time PCR detection system (Bio-Rad Laboratories, Hercules, CA)
with the following temperature profile: 30 s at 95°C and 40 cycles
with 10 s at 95°C, and 30 s at 60°C. Relative MYOIG expression
levels were calculated using the ACT method.

Statistical analysis

All Statistical analyses were carried out in R environment.
Correlations between two variables were calculated by Pearson
correlation analysis with cor.test function in R. Continuous value
comparisons between two groups were tested with Wilcoxon-
Mann-Whitney U. Kaplan-Meier estimate and log-rank testing
was used to conduct the survival analysis for overall survival (OS)
and progression-free survival (PFS). The multi-variate Cox
proportional hazard model was used to investigate the association
of the combination of MYOIG promoter methylation, clinical
tumor stage, age, and gender with survival.

Results

Association of MYO1G methylation and
MRNA expression

DNA methylation is an important epigenetic mechanism
involving the regulation of gene expression. The methylation of
CpG island in promoter region results in the silencing of gene
expression (44, 45). According to coordinate information of 9 CpG
sites provided by the Infinium HumanMethylation450 BeadChip,
we visualized the 9 CpG sites and genomic structure of MYOIG
with Ensemble genome browser (Figure 1A). MYOIG had 8
transcripts, among which MYO1G-201 and MYO1G-208 were
protein-coding transcripts and shared the same transcription start
site. Near the transcription start site, the localization of a promoter
and its flank was predicted. The 5 CpG sites were located in
promoter region, and the remaining 4 CpG sites are located on
gene body region. To investigate whether MYOIG expression is
regulated by DNA methylation, we correlated the methylation levels
of 9 CpG sites within the MYOIG gene with expression value
among 358 melanoma samples from TCGA.
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We observed significant inverse correlations between MYOIG
gene expression and DNA methylation of the 5 CpG sites, such as
cg21188037 (Figure 1B, R = -0.83), cg06787669 (Figure 1C, R=-
0.81), cgl0673833 (Figure 1D, R = -0.83), cg22111043 (Figure 1E, R
= -0.79), cgl2416569 (Supplementary Figure 1E, R = -0.46). The
methylation level of 4 CpG sites located on gene body were
positively correlated with MYOIG gene expression, but the
Pearson correlation coefficients of them were less than 0.4
(Supplementary Figures 1A-D). To understand the impact of
promoter methylation on gene expression, we selected 4 CpG
sites (cg21188037, cg06787669, cgl0673833 and cg22111043) with
R < -0.6 to calculate the mean methylation level of these CpG sites,
and defined it as the promoter methylation level of MYOIG. In
conclusion, the hypermethylation of CpG sites in MYOIG promoter
may lead to the silencing of gene expression.

Prognostic value of MYO1G promoter
methylation and gene expression

To investigate whether MYOIG promoter methylation and gene
expression could predict the prognosis of melanoma, we stratified the
358 metastatic SKCM into two group (high and low groups) based on
Beta values of four CpG sites and FPKM of MYOIG respectively, and
correlated the two groups with overall survival. We observed that
hypomethylation of cg21188037 (Figure 2A, P=0.012), cg06787669
(Figure 2B, P=0.0085), cgl10673833 (Figure 2C, P = 0.0061) and
€g22111043 (Figure 2D, P = 0.06) were significantly associated with
prolonged overall survival time. Based on MYOIG promoter
methylation defined by the mean methylation level of the 4 CpG
sites, we also observed the melanoma patients belonging to low
methylation group have longer overall survival (P=0.005) than those
belonging to high methylation group (Figure 2E). The promoter
hypomethylation of MYOIG mirrored high gene expression level of
this gene. As expected, we also found that increased expression of
MYOIG was associated with prolonged overall survival time
(Figure 2F). We integrated multiple variables including the tumor
stage, gender, age and promoter methylation into the Cox
proportional-hazards model to investigate the independent
prognostic value of promoter methylation, and found that the
hypomethylation of promoter remained an independent prognostic
factor with hazard ratio=0.62 and P value=0.003 (Figure 2G). Overall,
MYOIG promoter hypomethylation correlates with increased mRNA
expression, both of which can be used as predictive biomarkers of
favorable prognosis.

Associations of MYO1G promoter
methylation and gene expression with
immune cell infiltration in TME

Tumor-infiltrating Immune cells have been reported to be
independent predictors of prognosis (46). Therefore, we
investigated whether MYOIG promoter methylation and gene
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FIGURE 2

Prognostic analysis in 358 metastatic melanoma patients from TCGA stratified according to MYO1G methylation and gene expression. (A-D) Kaplan-

Meier curves of overall survival in melanoma patients stratified according to

median Beta values of four CpG sites. (E) Kaplan-Meier curves of overall

survival in these patients stratified according to median promoter methylation defined by mean Beta value of four CpG sites. (F) Kaplan-Meier curves
of overall survival in these patients stratified according to MYOL1G gene expression. (G) Multivariate Cox regression analysis on four variables (group
[high/low promoter methylation groupl, gender, tumor stage, and age). All Kaplan-Meier survival analyses were performed using the R package

survminer. *P < 0.05; **P < 0.01.

expression impacted the immune cell infiltration in TME of
metastatic SKCM. TIMMER 2.0 web application analysis results
indicated that increased MYOIG gene expression was inversely
correlated with tumor purity (Figure 3A), suggesting that MYOIG
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may play an important role in controlling tumor growth. When
looking at immune cells, MYOIG gene expression showed a positive
correlation with the infiltration level of B cell, CD8+ T cell, CD4+ T
cell, macrophage, neutrophil and dendritic cell (Figure 3A),
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FIGURE 3

Correlations of MYO1G gene expression and promoter methylation with immune cell infiltration among 366 metastatic melanomas from TCGA.

(A) the correlations of MYOLG gene expression with tumor purity and the infiltration levels of immune cells (B cell, CD8+ T cell, CD4+ T cell,
Macrophages, Neutrophil and Dendritic cells) estimated by TIMER2.0(http://timer.cistrome.org/). (B) The comparison of the absolute fraction of TME cells
between the high and low promoter methylation groups. (C-E) Box plots show the differences of leukocyte fraction (C), TIL percentage (D) and cytolytic
activity (E) between two groups. All statistical differences of two classes were compared by Wilcoxon rank-sum test; *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001. ns, no significance.

indicating that MYOIG may impact lymphocytes infiltration. To
explore whether MYO1G promoter methylation was also linked
with immune cell infiltration, we compared the 22 immune cells
infiltration level estimated by CIBERSORT (39) between high and
low MYOIG promoter methylation groups of metastatic SKCM
patients. We found that 15 immune cell types were significantly
enriched in the low promoter methylation group (Figure 3B),
among which CD8 T cell (21), memory B cell, naive B cell (47)
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and M1 macrophage were previously reported to be associated with
favorable prognosis of SKCM. leukocyte fraction (Figure 3C)
imputed by methylation data and tumor-infiltrating lymphocyte
percentage (Figure 3D) evaluated by pathological images were also
higher in the low promoter methylation group. The cytolytic
activity defined as the geometric mean of GZMA and PRFI
expression value is associated with anti-tumor immune response
and prognosis (48). We found that the low promoter methylation
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group had a higher the cytolytic activity score than high
methylation group (Figure 3E). These results indicated that
hypomethylation of MYOIG promoter and high MYOIG mRNA
expression was associated with high immune cell infiltration level,
and subsequently impacted prognosis.

Alterations in immunological molecular
characteristics related to MYO1G promoter
methylation

To reveal transcriptomic molecular characterizations associated
with MYOIG promoter methylation, differential expression analysis
was performed between high and low promoter methylation groups
of 366 metastatic SKCM. 3049 genes were identified to be
significantly upregulated in the low promoter methylation group
(Supplementary Table S2), including 8 immune checkpoint genes
(TIGIT, PDCDI, LGA3, BTLA, HAVCR2, CD274, Cl0Oorf54 and
SIGLEC7[P <0.01]) (Figure 4A). Unbiased gene set enrichment
analysis demonstrated that 9 hallmark gene sets and 39 KEGG
pathways (FDR <0.05) were significantly enriched in the low
promoter methylation group (Supplementary Table S3). Of note,
the anti-tumor immune response-related hallmark gene sets and
KEGG pathways including inflammatory response, interferon alpha
response, interferon gamma, antigen processing and presentation,
cytokine-cytokine receptor interaction, natural killer cell medicated
cytotoxicity, T cell receptor signaling pathway, were significantly
enriched in the low methylation group (Figure 4B, FDR < 0.001).
Additionally, we observed a significant inverse correlation between
the methylation level of four CpG sites and the expression of immune
checkpoint genes. MYOIG gene expression was significantly and
positively correlated with the expression of immune checkpoint genes
(Figure 4C, P < 0.001), suggesting that MYOIG promoter
methylation regulated gene expression and subsequently impacted
anti-tumor immune response. Furthermore, we explored the
expression of four gene sets previously reported to be associated
with immunotherapy response, and found that these genes were
significantly up-regulated in the low methylation group (Figure 4D).
Gene set enrichment scores of these gene sets, including a six-gene
IFNy signature (34) (Figure 4E), a related 18-gene IFNy signature (34)
(Figure 4F), an effector T cell signature (35) (Figure 4G), a combined
IFNy/effector T cell signature (36) (Figure 4H) were significantly
higher in low methylation group compared with high
methylation group.

Correlation of MYO1G promoter
methylation with gene expression and
immune cell infiltration in primary SKCM

To validate the correlations of MYOIG promoter methylation
with biological, immune features and prognosis in SKCM, we
conducted the same analysis on 103 primary SKCM samples from
the TCGA. Consistent with metastatic SKCM, the methylation levels
of ¢g21188037 (R=-0.68, Figure 5A), cg06787669 (R=-0.7, Figure 5B),
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cgl0673833 (R=-0.68, Figure 5C), and cg22111043 (R=-0.64,
Figure 5D) were significantly and inversely correlated with MYOIG
gene expression. As expected, the mean methylation level of these
CpG sites showed a significant inverse correlation with MYOIG gene
expression (R=-0.7, Figure 5E). When we examined immune cell
infiltration, we also observed significant positive correlations between
MYOIG gene expression and the infiltration levels of B cells, CD8+ T
cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells
(Figure 5F). Based on the mean methylation level of the four CpG
sites, we divided the 103 primary SKCM samples into high and low
methylation groups. Similar to metastatic SKCM, we found that the
cell fractions of multiple immune cell types, such as CD8+ T cells,
activated memory CD4+ T cells, T follicular helper cells, activated NK
cells, and M1 macrophages, were significantly higher in the low
methylation group than in the high methylation group (Figure 5G).
The leukocyte fractions estimated by DNA methylation (Figure 5H)
and cytolytic activity scores (Figure 5I) were higher in the low
methylation group. We also investigate prognostic significance of
MYOI1G expression and promoter methylation in 103 TCGA
primary SKCM patients. Consistent with metastatic SKCM, we
observed that higher MYOIG gene expression was notably
associated with longer overall survival (Figure 5], P=0.0045) and
progression-free survival (Figure 5K, P=0.0088) in primary SKCM.
With regard to MYOIG promoter methylation, although the overall
survival didn’t show a significant difference between high and low
methylation groups (Figure 5L, P=0.14), the progression-free survival
of the low methylation group was significantly longer than that of the
high methylation group (Figure 5M, P=0.034).Overall, our findings
based on 103 primary SKCM samples further validate significant
correlations of MYOIG promoter hypomethylation with elevated
gene expression, enhanced immune cell infiltration and favorable
prognosis in SKCM.

The correlation of MYO1G expression and
promoter methylation with prognosis and
immunotherapy response in independent
melanoma cohorts

Furthermore, we conducted an overall survival analysis on
54 stage IV SKCM patients based on MYOIG gene expression
and confirmed that high MYOIG gene expression was correlated
with prolonged overall survival (Figure 6A, P=0.02). To investigate
whether MYOIG expression can be a predictor of immunotherapy
response, we carried out an overall survival analysis on 91 SKCM
patients treated with immunotherapy. The result indicated that
patients with high MYOIG gene expression had a better prognosis
than those with low MYOIG gene expression (Figure 6B, P=0.014).
We further verified the prognostic value of MYOIG gene expression
in a melanoma cohort treated with immunotherapy from Newell’s
study (2). We also found that high MYOIG mRNA expression level
was significantly associated with prolonged progression-free
survival among 53 melanoma patients treated with
immunotherapy (Figure 6C, P=0.04). Our comparative analysis in
the FAHZZU melanoma cohort showed that patients who
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FIGURE 4

Molecular and pathway alterations related to MYO1G promoter methylation. (A) Volcano plot showing differentially expressed genes between high
and low promoter methylation groups of 358 metastatic melanomas from TCGA. Genes with log2 fold change > 1 were considered to be up-
regulated in low promoter methylation group. (B) Unbiased gene set enrichment analysis with clusterProfiler of 3 hallmark gene sets and 4 KEGG
pathways, considered enriched (adjusted p value < 0.01)in low promoter methylation group. (C) The correlations of MYO1G gene expression and the
Beta values of four CpG sites with immune checkpoint genes. The figure generated by R package corrplot. (D) The heatmap showing gene
expression level for gene sets with a significant difference (Mann-Whitney U test, p < 0.05) between high and low promoter methylation groups.
(E-H) Box plots of gene set enrichment scores. Box plots show the median, first and third quartiles and the whiskers extend to 1.5 times the
interquartile range and p values were calculated using two-sided Wilcoxon rank sum. (E) IFNy-6. (F) IFNy expanded immune 18. (G) Effector T cell.
(H) IFNy/Effector T cell. All statistical differences of two classes were compared by Wilcoxon rank-sum test with R software; ****P < 0.0001.
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Validation of the correlations between MYO1G promoter methylation, gene expression, immune cell infiltration and prognosis in 103 primary
melanomas from TCGA. (A-D) Pearson correlations between the Beta value of four CpG sites and MYO1G gene expression. (E) Pearson correlations
between MYOL1G promoter methylation and it's expression. (F) The correlations of MYO1G gene expression with the infiltration levels of immune

ls (B cell, CD8+ T cell, CD4+ T cell, Macrophages, Neutrophil and Dendritic cells

). (G) The comparison of the absolute fraction of TME cells

between the high and low promoter methylation groups. (H, 1) Box plots show the differences of leukocyte fraction (H) and cytolytic activity (1)
between two groups. All statistical differences of two classes were compared by Wilcoxon rank-sum test; *P < 0.05; **P < 0.01; ****P < 0.0001. (J,
K) Kaplan-Meier analysis of overall survival (J) and progression-free survival (K) based on MYO1G gene expression. (L, M) Kaplan-Meier analysis of
overall survival (L) and progression-free survival (M) based on MYO1G promoter methylation. All Kaplan-Meier survival analyses were performed

using the R package survminer. ns, no significance.

responded well to immunotherapy had higher MYO1G expression
levels (Figure 6D), and those with elevated expression also exhibited
longer progression-free survival (Figure 6E). We also performed
methylation and expression analysis on 104 melanoma patients
from our FAHZZU cohort. We found a significant negative
correlation between the methylation levels of cg22111043(R=-
0.42, P <0.001) and cgl10673833(R=-0.26, P <0.001) CpG sites
quantified by the qMSP assay and the MYOIG gene expression
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quantified by the qPCR. But, there are no significant correlations
between the methylation levels of cg06787669 (R=-0.049, P =0.38)
and ¢g21188037 (R=-0.039, P =0.69) CpG sites quantified by the
qMSP assay and the MYOIG gene expression quantified by the
gPCR. Therefore, we focused on cg22111043 and cgl0673833 CpG
sites. We compared the methylation level of ¢gl0673833 and
€g22111043 between good responders and poor responders in our
FAHZZU cohort treated with immunotherapy. Then we found that
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FIGURE 6

Validation of prognostic values of MYO1G gene expression and promoter methylation in independent melanoma cohorts. (A) Kaplan-Meier analysis
of overall survival based on MYO1G gene expression in 54 melanoma patients from GEO databased with accession number GSE22153. (B) Kaplan-
Meier analysis of overall survival based on MYO1G gene expression in 94 melanoma patients treated with immunotherapy from European Nucleotide
Archive database with accession number PRIJEB23709. (C) Kaplan-Meier analysis of progression-free survival based on MYO1G gene expression in 53
melanoma patients treated with immunotherapy from Felicity's study. (D) Box plot show differential expression level of MYO1G quantified by gPCR in
our FAHZZU melanoma cohort. (E) Kaplan-Meier analysis of progression-free survival based on MYO1G expression (qPCR) in our FAHZZU melanoma
cohort. (F, G) Box plots show differential methylation level of cg10673833 (F) and cg22111043 (G) between good and poor responders in our
FAHZZU melanoma cohort. (H-J) Kaplan-Meier analysis of progression-free survival based on the methylation levels of cg22111043 (H), cg10673833
() CpG sites and promoter (J) in 104 melanoma patients treated with immunotherapy from our FAHZZU melanoma cohort. (K, L) The correlations
between the methylation levels of cg22111043 (K) and cg10673833 (L) CpG sites quantified by gMSP and those quantified by targeting methylation
sequencing. All Kaplan-Meier survival analyses were performed using the R package survminer. All statistical differences of two classes were

compared by Wilcoxon rank-sum test; *P < 0.05.
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good responders have significantly lower methylation level of
cgl0673833 than poor responders (Figure 6F, P=0.048).With
regard to cg22111043, the good responders tend to show lower
methylation level of this CpG site than poor responders
(Figure 6G). We further analyzed the correlations between the
methylation levels of the cg22111043 (Figure 6H, P=0.03) and
cgl0673833 (Figure 61, P=0.042) sites, and progression-free
survival (PFS) and found that immunotherapy patients with
lower methylation levels exhibited significantly longer PFS. When
we looked at the promoter methylation level defined by mean value
of ¢g22111043 and cgl0673833, we also found the patients with
lower methylation levels showed prolonged PFS (Figure 6], P=0.06).
To validate the accuracy of QMSP quantification for these sites, we
performed targeted methylation sequencing and correlated the
methylation levels of ¢g22111043 (Figure 6K, R=0.94, P<0.0001)
and cg10673833 (Figure 6L, R=0.83, P<0.0001) CpG sites calculated
by targeted bisulfite sequencing assay with that by qMSP. The
results demonstrated a strong consistency between the methylation
levels measured by qMSP and those obtained through targeted
methylation sequencing.

Validation of correlation between MYO1G
promoter hypomethylation and
lymphocyte infiltration in FAHZZU
melanoma cohort

To assess the level of lymphocyte infiltration, we used the AI-
based cell segmentation and classification software Hover-Net to
perform cell count and statistical analysis on the whole-slide images
of pathology from 104 melanoma patients. Based on the cell
classification results, we visualized the types of cells present in the
pathology images, with lymphocytes marked in green and other cell
types marked in black (Figure 7A). We then calculated the
proportion of lymphocytes in each pathology image and
compared the lymphocyte proportions between the low and high
MYOI1G promoter methylation groups. The results showed that
patients in the low MYOIG promoter methylation group had
significantly more lymphocyte infiltration (Figure 7B). Theses
results demonstrated that MYOIG promoter hypomethylation
was associated with elevated lymphocyte infiltration.

Discussion

In this study, we explored the epigenetic regulation of MYOIG
gene expression through the DNA methylation in the promoter
region and evaluated the MYOIG promoter methylation and gene
expression as biomarkers associated with immunotherapy response,
overall survival, progression free survival and immune cell
infiltration in melanoma. Our results suggested that MYOIG gene
expression was regulated by promoter methylation. Our findings
demonstrated that promoter hypomethylation was significantly
associated with increased gene expression of MYOIG, prolonged
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overall and progression free survival, and enhanced immune cell
infiltration in melanoma. Overall, our study confirmed that
MYOIG promoter methylation and gene expression were
predictive biomarkers for immune cell infiltration in the tumor
microenvironment, prognosis and immunotherapy response of
cutaneous melanoma patients.

The abnormal alterations in DNA methylation were involved in
many human diseases (49). Aberrant promoter methylation was
considered an important epigenetic mechanism involved in
silencing of gene expression in human cancers (50, 51). Our
study firstly identified significant inverse correlations of MYOIG
gene expression with methylation level of 4 CpG sites including
cg21188037, cg06787669, cgl0673833 and cg22111043 in 358
metastatic melanoma samples, which were located on MYOIG
promoter region. As expected, the mean methylation level of the
four CpG sites was negatively associated with MYOIG gene
expression. Then we robustly validated the correlations of
promoter methylation with MYOIG gene in two cohorts
including the 103 primary melanoma samples from TCGA and
104 advanced melanoma samples from this study. These findings
strongly support the notion of epigenetic regulation of MYOIG
gene expression via it’s promoter DNA methylation.

The detection of DNA methylation has gradually become a novel
paradigm for tumor diagnosis and prognostic prediction (52).
Genome-wide methylation interrogation with machine learning
methods has allowed for clinical-grade classifier development in the
central nervous system and soft tissue tumors. Methylation of the
MGMT promoter is utilized as a biomarker to predict clinical
response to a chemotherapeutic agent in glioma (53).With regard
to MYOIG, cgl0673833 located on MYOIG promoter region was
reported to be a biomarker in the diagnosis and disease monitoring of
colorectal cancer (22). Additionally, hypermethylation of MYOIG
gene is a potential diagnostic biomarker for hepatocellular carcinoma
(23). However, the clinical significance of MYOIG promoter
methylation in melanoma is still unknown. In this study, we first
demonstrated that the hypomethylation of cg21188037, cg06787669,
cgl0673833 and cg22111043 were significantly associated with
favorable prognosis in the metastatic melanoma cohort of 358
patients. As expected, MYOIG promoter hypomethylation defined
as the mean methylation level of four CpG sites was significantly
correlated with prognosis. Furthermore, the multiple variable COX
regression model integrating gender, age, tumor stage and promoter
methylation, indicates that promoter hypomethylation remains
independently predictive of favorable prognosis in metastatic
melanoma. We also validated that the MYOIG promoter
hypomethylation could predict prolonged progress-free survival in
primary melanoma. Owing to the limited sample size, we were unable
to observe a significant association between MYOIG promoter
methylation and progression-free survival in melanoma patients
receiving immunotherapy. However, patients with promoter
hypomethylation tended to exhibit prolonged progression-free
survival. Our study validated that MYOIG gene expression was
negatively correlated with promoter methylation. In contrast to
promoter methylation, higher MYOIG gene expression can predict
a better prognosis in melanoma. The prognostic value of MYOIG
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The lymphocyte infiltration analysis based on whole-slide digital pathology images from 104 melanoma patients in the FAHZZU cohort. (A) The HE
stained pathology images show the infiltration level of lymphocytes in high and low methylation groups. Lymphocytes are labeled in green, and
other cells are labeled in black with Hover-Net. (B) Box plot shows difference of lymphocyte ratio between high and low methylation groups with R
package ggpubr. All statistical differences of two classes were compared by Wilcoxon rank-sum test; *P < 0.05.

gene expression was robustly validated in 103 primary melanomas
from TCGA and 54 stage IV melanomas from GSE22153.
Additionally, MYOIG gene expression was validated to be
associated with a favorable prognosis of 91 patients treated
with immunotherapy.
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Immune cell infiltration in melanoma tumor microenvironment
is significantly associated with prognosis and immunotherapy
response. Specifically, ‘immune-cold’ tumors without T
lymphocytes infiltration don’t respond to immune checkpoint
blockade-based immunotherapy (3). Previous studies demonstrated
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that MYO1G plays an important role in the regulation of lymphocyte
migration (14, 17). However, the biological significances of MYOIG
gene expression and promoter methylation in tumors are still unclear.
In this study, we demonstrated that MYOIG gene expression is
positively correlated with infiltration levels of lymphocyte cells
including B cells, CD8+ T cells, neutrophils and dendritic cells in
primary and metastatic melanoma The accumulated evidence
suggests that B cells (54), M1 macrophage (2) and CD8+ T cell
infiltration (55) in melanoma are critical factors for predicting
prognosis and immunotherapy response (7, 20), therefore, the
positive correlations of MYOIG expression with infiltration levels
of these immune cells support the prognostic value of MYOIG.
Intriguingly, the correlation coefficient between dendritic cell
infiltration levels and MYOIG expression exceeds 0.7, which
reinforces the findings of prior research suggesting that MYOIG
plays a crucial role in enhancing the interactions between T cells and
dendritic cells during lymph node surveillance (14). On the other
hand, tumor purity defined as the percentage of cancer cells (56, 57) is
negatively correlated with MYOIG expression, suggesting that a high
expression level of MYOIG may promote anti-tumor immune
response to suppress tumor cell proliferation in melanoma. With
regard to methylation, the melanoma patients were divided into high
and low methylation group based on MYOIG promoter methylation
level. The low methylation group with high MYOIG expression had
higher cell fractions of immune cells including CD8+ T cell, M1
macrophage, activated NK cell and so on. Leukocyte fraction
estimated by the genome-wide methylation profile and the
evaluated tumor-infiltrating lymphocyte (TIL) percentage through
pathological images are also higher in the low methylation group.
Cytolytic activity which is associated with anti-tumor immune
responses and improved prognosis (48), is significantly higher in
the low methylation. A high density of lymphocyte infiltration (4, 5)
is associated with favorable prognoses such as longer progression-free
survival or improved overall survival. In line with previous studies,
our study demonstrates that melanoma patients belonging to low
promoter methylation group with high infiltration of lymphocytes
and enhanced cytolytic activity showed favorable prognosis. In
summary, MYOIG promoter hypomethylation may regulate gene
expression, then promote immune cell migration to tumors and
intrigue anti-tumor immune response, resulting in improved
prognosis of patients.

To reveal specific immune-related molecule and pathway
alterations which are impacted by MYOIG promoter methylation
and gene expression, whole-transcriptome comparison analysis
between high and low promoter methylation groups is performed
and we identified significant upregulation of multiple immune
checkpoint genes and MYOIG in low methylation group. Of note,
TIGIT (58), PDCDI (59), HAVCR2 (60), CTLA4 (61) and BTLA
(62) expression were reported to be predictive for favorable
prognosis and immunotherapy response in melanoma.
Furthermore, we demonstrate the positive correlations of MYOIG
expression and the negative correlations of promoter methylation
with expression of immune checkpoint genes, supporting that
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MYOIG expression and promoter methylation may be associated
with favorable prognosis and immunotherapy response.
Furthermore, four gene signatures for predicting immunotherapy
response, including a six-gene IFNY signature (34), a related 18-
gene IFNYy signature (34), an effector T cell signature (35), a
combined IFNy/effector T cell signature (36), were significantly
up-regulated in melanoma patients belonging to low promoter
methylation group with high MYOIG gene expression level,
supporting that MYOIG expression can predict prognosis in
melanoma patients treated with immune checkpoint blockade.

Our findings suggest that MYOIG promoter hypomethylation
is associated with increased MYOIG expression and elevated
immune infiltration in melanoma. Interestingly, we also observed
correlations between MYO1G methylation status and the expression
of key immune checkpoint genes such as TIGIT, PDCDI and LAG3,
which are canonical markers of CD8" T cell exhaustion. This raises
the possibility that MYOIG hypomethylation may not only reflect a
more active immune microenvironment but also coexist with an
exhausted T cell phenotype. One possible explanation is that
elevated MYOIG expression in immune cells may participate in
shaping the tumor immune landscape, potentially promoting T cell
infiltration while simultaneously being involved in chronic
stimulation and exhaustion signaling pathways. This duality has
been observed in other cancers, where hypomethylation of
immune-related genes correlates with both immune activation
and immune regulatory mechanisms (63-65). Given that MYOIG
is expressed in T cell or B cell (14, 17, 18), and involved in actin
remodeling and membrane dynamics, its expression may influence
T cell migration or interaction with antigen-presenting cells,
thereby affecting exhaustion status. Notably, actin cytoskeletal
regulators have been shown to modulate immune synapse
stability and T cell receptor signaling, which are critical for
sustaining T cell function versus exhaustion (13). Further
experimental validation, such as single-cell methylation or co-
localization of MYOIG with exhausted T cell subsets in
melanoma tissue, would help clarify this relationship.

Our study has some limitations. While we demonstrated that
MYOIG promoter hypomethylation may regulate gene expression
and immune cell infiltration in melanoma patients based on multi-
omics data from TCGA, it is important to acknowledge that these
observations are derived from correlative bioinformatic analyses. The
epigenetic regulation of gene expression and the tumor immune
microenvironment is a multifactorial and dynamic process involving
a network of interactions that cannot be fully captured by
computational methods alone. Therefore, to validate the biological
relevance of our findings, future research will focus on performing
functional experiments, including gene knockdown/overexpression,
CRISPR-based epigenetic editing, and immune cell co-culture
systems. In particular, we plan to utilize in vivo melanoma models
to investigate how MYOIG methylation status affects tumor
progression and immune response in a physiological context. These
follow-up studies will provide critical mechanistic insights and
strengthen the translational significance of our findings.

frontiersin.org


https://doi.org/10.3389/fonc.2025.1585450
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xia et al.

Conclusions

In conclusion, we first introduce the notion that MYOIG gene
expression is regulated by promoter DNA methylation in melanoma.
The associations of MYOIG gene expression and promoter
hypomethylation with immune cell infiltrations and immune-
related molecules reflect the impacts of MYOIG on anti-tumor
immune response. Robust correlations of MYOIG gene expression
and promoter hypomethylation with clinicopathological features and
anti-tumor immune response firstly demonstrate that MYOIG gene
expression and promoter hypomethylation are potential predictive
biomarkers for immune cell infiltration, prognosis and
immunotherapy response in melanoma. Our study also provides
new insight for understanding the biological significance of MYOIG
expression and promoter methylation in lymphocytes infiltration into
tumor, which may help turn immune-cold tumor to hot and
enhancing immunotherapy response.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://zenodo.org/records/15537847.

Ethics statement

The studies involving humans were approved by the
Institutional Review Board (IRB) of the First Affiliated Hospital of
Zhengzhou University. The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to
participate in this study.

Author contributions

YX: Formal analysis, Investigation, Resources, Data curation,
Methodology, Visualization, Writing - original draft. YZ: Data
curation, Formal analysis, Investigation, Methodology, Writing —
original draft, Software. CZ: Data curation, Formal analysis,
Resources, Validation, Visualization, Writing - original draft. JW:
Investigation, Software, Supervision, Writing - original draft. WD:
Investigation, Data curation, Resources, Writing — original draft.
MZ: Investigation, Formal analysis, Validation, Visualization,
Writing - original draft. MY: Formal analysis, Investigation,

Frontiers in Oncology

16

10.3389/fonc.2025.1585450

Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by Henan Province medical science and technology research project:
LHGJ20230285 to MY and Doctoral Research Project Start-up Fund
of Xinxiang Medical University: xyyfy2019BS-001 to YX.

Acknowledgments

We acknowledge TCGA and GEO database for providing their
platforms and contributors for uploading their meaningful datasets.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1585450/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

Correlations of the methylation level of CpG sites with MYO1G gene
expression. X-axis corresponds to Beta value of CpG site; Y-axis to log2-
transformed gene expression value of MYO1G.

frontiersin.org


https://zenodo.org/records/15537847
https://www.frontiersin.org/articles/10.3389/fonc.2025.1585450/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1585450/full#supplementary-material
https://doi.org/10.3389/fonc.2025.1585450
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xia et al.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer ] Clin. (2017)
67:7-30. doi: 10.3322/caac.21387

2. Newell F, Pires da Silva I, Johansson PA, Menzies AM, Wilmott JS, Addala V, et al.
Multiomic profiling of checkpoint inhibitor-treated melanoma: Identifying predictors
of response and resistance, and markers of biological discordance. Cancer Cell. (2022)
40:88-102.e107. doi: 10.1016/j.ccell.2021.11.012

3. Zhang J, Huang D, Saw PE, Song E. Turning cold tumors hot: from molecular
mechanisms to clinical applications. Trends Immunol. (2022) 43:523-45. doi: 10.1016/
j.it.2022.04.010

4. Azimi F, Scolyer RA, Rumcheva P, Moncrieff M, Murali R, McCarthy SW, et al.
Tumor-infiltrating lymphocyte grade is an independent predictor of sentinel lymph
node status and survival in patients with cutaneous melanoma. J Clin Oncol. (2012)
30:2678-83. doi: 10.1200/JC0.2011.37.8539

5. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The immune contexture in
human tumours: impact on clinical outcome. Nat Rev Cancer. (2012) 12:298-306.
doi: 10.1038/nrc3245

6. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle.
Immunity. (2013) 39:1-10. doi: 10.1016/j.immuni.2013.07.012

7. Farhood B, Najafi M, Mortezaee K. CD8(+) cytotoxic T lymphocytes in cancer
immunotherapy: A review. J Cell Physiol. (2019) 234:8509-21. doi: 10.1002/jcp.v234.6

8. Guillerey C, Huntington ND, Smyth M]J. Targeting natural killer cells in cancer
immunotherapy. Nat Immunol. (2016) 17:1025-36. doi: 10.1038/ni.3518

9. Kohli K, Pillarisetty VG, Kim TS. Key chemokines direct migration of immune
cells in solid tumors. Cancer Gene Ther. (2022) 29:10-21. doi: 10.1038/s41417-021-
00303-x

10. Moreau HD, Piel M, Voituriez R, Lennon-Dumenil AM. Integrating physical
and molecular insights on immune cell migration. Trends Immunol. (2018) 39:632-43.
doi: 10.1016/j.it.2018.04.007

11. Pierce RA, Field ED, Mutis T, Golovina TN, Von Kap-Herr C, Wilke M, et al.
The HA-2 minor histocompatibility antigen is derived from a diallelic gene encoding a
novel human class I myosin protein. J Immunol. (2001) 167:3223-30. doi: 10.4049/
jimmunol.167.6.3223

12. Patino-Lopez G, Aravind L, Dong X, Kruhlak MJ, Ostap EM, Shaw S. Myosin 1G
is an abundant class I myosin in lymphocytes whose localization at the plasma
membrane depends on its ancient divergent pleckstrin homology (PH) domain
(MyolPH). ] Biol Chem. (2010) 285:8675-86. doi: 10.1074/jbc.M109.086959

13. Blumenthal D, Burkhardt JK. Multiple actin networks coordinate
mechanotransduction at the immunological synapse. J Cell Biol. (2020) 219.
doi: 10.1083/jcb.201911058

14. Gérard A, Patino-Lopez G, Beemiller P, Nambiar R, Ben-Aissa K, Liu Y, et al.
Detection of rare antigen-presenting cells through T cell-intrinsic meandering motility,
mediated by myolg. Cell. (2014) 158:492-505. doi: 10.1016/j.cell.2014.05.044

15. Olety B, Wiilte M, Honnert U, Schillers H, Bahler M. Myosin 1G (MyolG) is a
haematopoietic specific myosin that localises to the plasma membrane and regulates
cell elasticity. FEBS Lett. (2010) 584:493-9. doi: 10.1016/j.febslet.2009.11.096

16. Lopez-Ortega O, Ovalle-Garcia E, Ortega-Blake I, Antillon A, Chavez-Munguia
B, Patifio-Lopez G, et al. Myolg is an active player in maintaining cell stiffness in B-
lymphocytes. Cytoskeleton (Hoboken). (2016) 73:258-68. doi: 10.1002/cm.21299

17. Cruz-Zarate D, Lopez-Ortega O, Giron-Pérez DA, Gonzalez-Suarez AM, Garcia-
Cordero JL, Schnoor M, et al. Myolg is required for efficient adhesion and migration of
activated B lymphocytes to inguinal lymph nodes. Sci Rep. (2021) 11:7197. doi: 10.1038/
541598-021-85477-y

18. Maravillas-Montero JL, Lopez-Ortega O, Patino-Lopez G, Santos-Argumedo L.
Myosin 1g regulates cytoskeleton plasticity, cell migration, exocytosis, and endocytosis
in B lymphocytes. Eur ] Immunol. (2014) 44:877-86. doi: 10.1002/¢ji.201343873

19. Helmink BA, Reddy SM, Gao J, Zhang S, Basar R, Thakur R, et al. B cells and
tertiary lymphoid structures promote immunotherapy response. Nature. (2020)
577:549-55. doi: 10.1038/s41586-019-1922-8

20. Griss J, Bauer W, Wagner C, Simon M, Chen M, Grabmeier-Pfistershammer K,
et al. B cells sustain inflammation and predict response to immune checkpoint blockade
in human melanoma. Nat Commun. (2019) 10:4186. doi: 10.1038/s41467-019-12160-2

21. Li F, Li C, Cai X, Xie Z, Zhou L, Cheng B, et al. The association between CD8+
tumor-infiltrating lymphocytes and the clinical outcome of cancer immunotherapy: A
systematic review and meta-analysis. EClinicalMedicine. (2021) 41:101134.
doi: 10.1016/j.eclinm.2021.101134

22. Lin WH, Xiao J, Ye ZY, Wei DL, Zhai XH, Xu RH, et al. Circulating tumor DNA
methylation marker MYO1-G for diagnosis and monitoring of colorectal cancer. Clin
Epigenet. (2021) 13:232. doi: 10.1186/s13148-021-01216-0

23. XuF, Zhang L, Xu Y, Song D, He W, Ji X, et al. Hypermethylation of SCAND3
and myolg gene are potential diagnostic biomarkers for hepatocellular carcinoma.
Cancers (Basel). (2020) 12:2332. doi: 10.3390/cancers12082332

Frontiers in Oncology

17

10.3389/fonc.2025.1585450

24. Rodriguez-Tellez RI, Ribas-Aparicio RM, Patino-Lopez G. Detection of myosin
1g overexpression in pediatric leukemia by novel monoclonal antibodies. Int ] Mol Sci.
(2022) 23:3912. doi: 10.3390/ijms23073912

25. Mangelinck A, Dubuisson A, Becht E, Dromaint-Catesson S, Fasquel M, Provost
N, et al. Characterization of CD4(+) and CD8(+) T cells responses in the mixed
lymphocyte reaction by flow cytometry and single cell RNA sequencing. Front
Immunol. (2023) 14:1320481. doi: 10.3389/fimmu.2023.1320481

26. Yang M, Lin C, Wang Y, Chen K, Zhang H, Li W. Identification of a cytokine-
dominated immunosuppressive class in squamous cell lung carcinoma with
implications for immunotherapy resistance. Genome Med. (2022) 14:72.
doi: 10.1186/s13073-022-01079-x

27. Emran AA, Chatterjee A, Rodger EJ, Tiffen JC, Gallagher SJ, Eccles MR, et al.
Targeting DNA methylation and EZH2 activity to overcome melanoma resistance to
immunotherapy. Trends Immunol. (2019) 40:328-44. doi: 10.1016/j.it.2019.02.004

28. Jonsson G, Busch C, Knappskog S, Geisler J, Miletic H, Ringner M, et al. Gene
expression profiling-based identification of molecular subtypes in stage IV melanomas
with different clinical outcome. Clin Cancer Res. (2010) 16:3356-67. doi: 10.1158/1078-
0432.CCR-09-2509

29. Gide TN, Quek C, Menzies AM, Tasker AT, Shang P, Holst ], et al. Distinct
immune cell populations define response to anti-PD-1 monotherapy and anti-PD-1/
Anti-CTLA-4 combined therapy. Cancer Cell. (2019) 35:238-255.e236. doi: 10.1016/
j.ccell.2019.01.003

30. Teschendorft AE, Marabita F, Lechner M, Bartlett T, Tegner J, Gomez-Cabrero
D, et al. A beta-mixture quantile normalization method for correcting probe design bias
in Illumina Infinjum 450 k DNA methylation data. Bioinformatics. (2013) 29:189-96.
doi: 10.1093/bioinformatics/bts680

31. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

32. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The
Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. (2015)
1:417-25. doi: 10.1016/j.cels.2015.12.004

33. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation (N Y). (2021) 2:100141.
doi: 10.1016/j.xinn.2021.100141

34. Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, Kaufman DR, et al.
IFN-gamma-related mRNA profile predicts clinical response to PD-1 blockade. J Clin
Invest. (2017) 127:2930-40. doi: 10.1172/JCI91190

35. Bolen CR, McCord R, Huet S, Frampton GM, Bourgon R, Jardin F, et al.
Mutation load and an effector T-cell gene signature may distinguish immunologically
distinct and clinically relevant lymphoma subsets. Blood Adv. (2017) 1:1884-90.
doi: 10.1182/bloodadvances.2016000786

36. Fehrenbacher L, Spira A, Ballinger M, Kowanetz M, Vansteenkiste ], Mazieres J,
et al. Atezolizumab versus docetaxel for patients with previously treated non-small-cell
lung cancer (POPLAR): a multicentre, open-label, phase 2 randomised controlled trial.
Lancet. (2016) 387:1837-46. doi: 10.1016/S0140-6736(16)00587-0

37. Hinzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-Seq data. BMC Bioinf. (2013) 14:7. doi: 10.1186/1471-2105-14-7

38. Li T, FuJ, Zeng Z, Cohen D, Li ], Chen Q, et al. TIMER2.0 for analysis of tumor-
infiltrating immune cells. Nucleic Acids Res. (2020) 48:W509-14. doi: 10.1093/nar/
gkaad07

39. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods. (2015)
12:453-7. doi: 10.1038/nmeth.3337

40. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al. The
immune landscape of cancer. Immunity. (2018) 48:812-830.e814. doi: 10.1016/
jimmuni.2018.03.023

41. Saltz J, Gupta R, Hou L, Kurc T, Singh P, Nguyen V, et al. Spatial organization
and molecular correlation of tumor-Infiltrating lymphocytes using deep learning on
pathology images. Cell Rep. (2018) 23:181-193.e187. doi: 10.1016/j.celrep.2018.03.086

42. Graham S, Vu QD, Raza SEA, Azam A, Tsang YW, Kwak JT, et al. Hover-Net:
Simultaneous segmentation and classification of nuclei in multi-tissue histology
images. Med Image Anal. (2019) 58:101563. doi: 10.1016/j.media.2019.101563

43. Lehmann U, Kreipe H. Real-time PCR-based assay for quantitative
determination of methylation status. Methods Mol Biol. (2004) 287:207-18.
doi: 10.1385/1-59259-828-5:207

44. Weber M, Hellmann I, Stadler MB, Ramos L, Paabo S, Rebhan M, et al

Distribution, silencing potential and evolutionary impact of promoter DNA
methylation in the human genome. Nat Genet. (2007) 39:457-66. doi: 10.1038/ng1990

45. Boyes J, Bird A. Repression of genes by DNA methylation depends on CpG
density and promoter strength: evidence for involvement of a methyl-CpG binding
protein. EMBO J. (1992) 11:327-33. doi: 10.1002/j.1460-2075.1992.tb05055.x

frontiersin.org


https://doi.org/10.3322/caac.21387
https://doi.org/10.1016/j.ccell.2021.11.012
https://doi.org/10.1016/j.it.2022.04.010
https://doi.org/10.1016/j.it.2022.04.010
https://doi.org/10.1200/JCO.2011.37.8539
https://doi.org/10.1038/nrc3245
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1002/jcp.v234.6
https://doi.org/10.1038/ni.3518
https://doi.org/10.1038/s41417-021-00303-x
https://doi.org/10.1038/s41417-021-00303-x
https://doi.org/10.1016/j.it.2018.04.007
https://doi.org/10.4049/jimmunol.167.6.3223
https://doi.org/10.4049/jimmunol.167.6.3223
https://doi.org/10.1074/jbc.M109.086959
https://doi.org/10.1083/jcb.201911058
https://doi.org/10.1016/j.cell.2014.05.044
https://doi.org/10.1016/j.febslet.2009.11.096
https://doi.org/10.1002/cm.21299
https://doi.org/10.1038/s41598-021-85477-y
https://doi.org/10.1038/s41598-021-85477-y
https://doi.org/10.1002/eji.201343873
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1038/s41467-019-12160-2
https://doi.org/10.1016/j.eclinm.2021.101134
https://doi.org/10.1186/s13148-021-01216-0
https://doi.org/10.3390/cancers12082332
https://doi.org/10.3390/ijms23073912
https://doi.org/10.3389/fimmu.2023.1320481
https://doi.org/10.1186/s13073-022-01079-x
https://doi.org/10.1016/j.it.2019.02.004
https://doi.org/10.1158/1078-0432.CCR-09-2509
https://doi.org/10.1158/1078-0432.CCR-09-2509
https://doi.org/10.1016/j.ccell.2019.01.003
https://doi.org/10.1016/j.ccell.2019.01.003
https://doi.org/10.1093/bioinformatics/bts680
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1172/JCI91190
https://doi.org/10.1182/bloodadvances.2016000786
https://doi.org/10.1016/S0140-6736(16)00587-0
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.celrep.2018.03.086
https://doi.org/10.1016/j.media.2019.101563
https://doi.org/10.1385/1-59259-828-5:207
https://doi.org/10.1038/ng1990
https://doi.org/10.1002/j.1460-2075.1992.tb05055.x
https://doi.org/10.3389/fonc.2025.1585450
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xia et al.

46. Barnes TA, Amir E. HYPE or HOPE: the prognostic value of infiltrating immune
cells in cancer. Br J Cancer. (2018) 118:¢5. doi: 10.1038/bjc.2017.417

47. Selitsky SR, Mose LE, Smith CC, Chai S, Hoadley KA, Dittmer DP, et al.
Prognostic value of B cells in cutaneous melanoma. Genome Med. (2019) 11:36.
doi: 10.1186/s13073-019-0647-5

48. Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and genetic
properties of tumors associated with local immune cytolytic activity. Cell. (2015)
160:48-61. doi: 10.1016/j.cell.2014.12.033

49. Schubeler D. Function and information content of DNA methylation. Nature.
(2015) 517:321-6. doi: 10.1038/nature14192

50. Merlo A, Herman ]G, Mao L, Lee DJ, Gabrielson E, Burger PC, et al. 5" CpG
island methylation is associated with transcriptional silencing of the tumour suppressor
p16/CDKN2/MTS1 in human cancers. Nat Med. (1995) 1:686-92. doi: 10.1038/
nm0795-686

51. Esteller M, Silva JM, Dominguez G, Bonilla F, Matias-Guiu X, Lerma E, et al.
Promoter hypermethylation and BRCAL1 inactivation in sporadic breast and ovarian
tumors. J Natl Cancer Inst. (2000) 92:564-9. doi: 10.1093/jnci/92.7.564

52. Papanicolau-Sengos A, Aldape K. DNA methylation profiling: an emerging
paradigm for cancer diagnosis. Annu Rev Pathol. (2022) 17:295-321. doi: 10.1146/
annurev-pathol-042220-022304

53. Esteller M, Garcia-Foncillas ], Andion E, Goodman SN, Hidalgo OF, Vanaclocha
V, et al. Inactivation of the DNA-repair gene MGMT and the clinical response of
gliomas to alkylating agents. New Engl ] Med. (2000) 343:1350-4. doi: 10.1056/
NEJM200011093431901

54. Willsmore ZN, Harris RJ, Crescioli S, Hussein K, Kakkassery H, Thapa D,
et al. B cells in patients with melanoma: implications for treatment with checkpoint
inhibitor antibodies. Front Immunol. (2020) 11:622442. doi: 10.3389/fimmu.
2020.622442

55. Zhu G, Su H, Johnson CH, Khan SA, Kluger H, Lu L. Intratumour microbiome
associated with the infiltration of cytotoxic CD8+ T cells and patient survival in
cutaneous melanoma. Eur J Cancer. (2021) 151:25-34. doi: 10.1016/j.ejca.2021.03.053

Frontiers in Oncology

18

10.3389/fonc.2025.1585450

56. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia
W, et al. Inferring tumour purity and stromal and immune cell admixture from
expression data. Nat Commun. (2013) 4:2612. doi: 10.1038/ncomms3612

57. Aran D, Sirota M, Butte AJ. Systematic pan-cancer analysis of tumour purity.
Nat Commun. (2015) 6:8971. doi: 10.1038/ncomms9971

58. Niebel D, Frohlich A, Zarbl R, Fietz S, de Vos L, Vogt TJ, et al. DNA methylation
regulates TIGIT expression within the melanoma microenvironment, is prognostic for
overall survival, and predicts progression-free survival in patients treated with anti-PD-
1 immunotherapy. Clin Epigenet. (2022) 14:50. doi: 10.1186/s13148-022-01270-2

59. Danilova L, Wang H, Sunshine J, Kaunitz GJ, Cottrell TR, Xu H, et al.
Association of PD-1/PD-L axis expression with cytolytic activity, mutational load,
and prognosis in melanoma and other solid tumors. Proc Natl Acad Sci U S A. (2016)
113:E7769-77. doi: 10.1073/pnas.1607836113

60. Holderried TAW, de Vos L, Bawden EG, Vogt TJ, Dietrich J, Zarbl R, et al.
Molecular and immune correlates of TIM-3 (HAVCR2) and galectin 9 (LGALS9)
mRNA expression and DNA methylation in melanoma. Clin Epigenet. (2019) 11:161.
doi: 10.1186/s13148-019-0752-8

61. Mo X, Zhang H, Preston S, Martin K, Zhou B, Vadalia N, et al. Interferon-
gamma signaling in melanocytes and melanoma cells regulates expression of CTLA-4.
Cancer Res. (2018) 78:436-50. doi: 10.1158/0008-5472.CAN-17-1615

62. Dong X, Song J, Chen B, Qi Y, Jiang W, Li H, et al. Exploration of the prognostic
and immunotherapeutic value of B and T lymphocyte attenuator in skin cutaneous
melanoma. Front Oncol. (2020) 10:592811. doi: 10.3389/fonc.2020.592811

63. CaoJ, Yan Q. Cancer epigenetics, tumor immunity, and immunotherapy. Trends
Cancer. (2020) 6:580-92. doi: 10.1016/j.trecan.2020.02.003

64. Kim JY, Choi JK, Jung H. Genome-wide methylation patterns predict clinical
benefit of immunotherapy in lung cancer. Clin Epigenet. (2020) 12:119. doi: 10.1186/
s13148-020-00907-4

65. Ghoneim HE, Fan Y, Moustaki A, Abdelsamed HA, Dash P, Dogra P, et al. De

novo epigenetic programs inhibit PD-1 blockade-Mediated T cell rejuvenation. Cell.
(2017) 170:142-157.e119. doi: 10.1016/j.cell.2017.06.007

frontiersin.org


https://doi.org/10.1038/bjc.2017.417
https://doi.org/10.1186/s13073-019-0647-5
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1038/nature14192
https://doi.org/10.1038/nm0795-686
https://doi.org/10.1038/nm0795-686
https://doi.org/10.1093/jnci/92.7.564
https://doi.org/10.1146/annurev-pathol-042220-022304
https://doi.org/10.1146/annurev-pathol-042220-022304
https://doi.org/10.1056/NEJM200011093431901
https://doi.org/10.1056/NEJM200011093431901
https://doi.org/10.3389/fimmu.2020.622442
https://doi.org/10.3389/fimmu.2020.622442
https://doi.org/10.1016/j.ejca.2021.03.053
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms9971
https://doi.org/10.1186/s13148-022-01270-2
https://doi.org/10.1073/pnas.1607836113
https://doi.org/10.1186/s13148-019-0752-8
https://doi.org/10.1158/0008-5472.CAN-17-1615
https://doi.org/10.3389/fonc.2020.592811
https://doi.org/10.1016/j.trecan.2020.02.003
https://doi.org/10.1186/s13148-020-00907-4
https://doi.org/10.1186/s13148-020-00907-4
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.3389/fonc.2025.1585450
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	MYO1G promoter hypomethylation correlates with its mRNA expression, lymphocyte infiltration, and immunotherapy response in melanoma
	Introduction
	Material and methods
	Sample collection and resources
	Patients’ collection at the First Affiliated Hospital of Zhengzhou University
	MYO1G DNA methylation and gene expression correlation analysis
	Whole transcriptome comparison analysis
	Gene set enrichment analysis
	Immune cell infiltration estimation
	Quantitative methylation-specific PCR
	Targeted bisulfite sequencing assay
	Quantitative reverse transcriptase PCR
	Statistical analysis

	Results
	Association of MYO1G methylation and mRNA expression
	Prognostic value of MYO1G promoter methylation and gene expression
	Associations of MYO1G promoter methylation and gene expression with immune cell infiltration in TME
	Alterations in immunological molecular characteristics related to MYO1G promoter methylation
	Correlation of MYO1G promoter methylation with gene expression and immune cell infiltration in primary SKCM
	The correlation of MYO1G expression and promoter methylation with prognosis and immunotherapy response in independent melanoma cohorts
	Validation of correlation between MYO1G promoter hypomethylation and lymphocyte infiltration in FAHZZU melanoma cohort

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


