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A prognostic signature derived
from ac4C-associated genes
strati�es survival and tumor
immune microenvironment in
cutaneous melanoma
Qiaoying Jin1, Na Jiang1, Guoxiu Chen1, Jiarui Zhu1, Haiyu Niu2,
Yiheng Han1, Chao Li1, Shixiong Wang3* and Yali Liu1*

1Cuiying Biomedical Research Center, The Second Hospital & Clinical Medical School, Lanzhou
University, Lanzhou, China, 2Department of Oncology, The Second Hospital & Clinical Medical
School, Lanzhou University, Lanzhou, China, 3Department of Cardiac Surgery, Shanghai Fourth
People’s Hospital, Shanghai, China
The clinical management of cutaneous melanoma (SKCM) is particularly
challenging due to the disease’s high degree of heterogeneity, which leads to
unpredictable patient outcomes and highly variable responses to therapy.
Clinicians are in urgent need of a reliable molecular pro� le system to predict
patient trajectory and guide therapeutic decisions. Recent research emphasizes
the pivotal role of N4-acetylcytidine (ac4C) modi� cation, a novel epigenetic
mechanism, in promoting diverse human diseases pathogenesis and
progression. Nevertheless, its speci� c impact and the clinical relevance of
ac4C-associated genes in SKCM remain to be elucidated. This study aimed to
develop an “ac4C-associated Gene Signature” (AGS) to stratify patient prognosis,
inform therapeutic decisions, and advance biological insight into cutaneous
melanoma. Through integrative analysis of ac4C-related genes in SKCM, we
identi� ed 41 differentially expressed candidates and derived three molecular
subtypes with distinct clinical outcomes. We subsequently constructed a stable
seven-gene signature using Cox-LASSO regression, which effectively strati� ed
patients into high- and low-risk groups in the TCGA cohort and was validated in
an independent GEO dataset. The AGS not only predicted survival but also
characterized the tumor-immune microenvironment, distinguishing
immunologically “hot” from “cold” phenotypes, and suggested potential
responses to immunotherapy and chemotherapy. Additional support from the
HPA database, cell line models, and RT� qPCR experiments supported the
model’s biological relevance. In summary, this study provides a clinically
applicable prognostic tool for risk strati� cation and personalized treatment
planning in SKCM.
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1 Introduction

Cutaneous malignant melanoma (SKCM) accounts for
approximately 5% of all cancer diagnoses. Its high malignancy
and strong metastatic potential make it a signi�cant threat to
human health. The clinical management of SKCM remains
challenging, as patient responses to surgery, targeted therapy, and
immunotherapy are often unpredictable. A core dif�culty lies in the
lack of reliable biomarkers for predicting therapeutic ef�cacy and
patient prognosis. Therefore, establishing a robust biomarker
system for risk strati�cation, treatment response prediction, and
toxicity assessment is critical for improving SKCM outcomes (1).

In recent years, epitranscriptomics has emerged as a promising
�eld for uncovering novel regulatory mechanisms in cancer. This
discipline examines how chemical modi�cations to RNA govern its
function, enabling dynamic and reversible regulation of gene
expression without altering the underlying nucleotide sequence -
a form of “epigenetics at the RNA level” (2). To date, over 170
distinct RNA modi�cations have been characterized. Among these,
N6-methyladenosine (m6A) is the most extensively studied,
regulating key mRNA processes like splicing, stability, and
translation, and is implicated in all stages of tumorigenesis (3–5).
This has spurred growing interest in other modi�cations, including
N4-acetylcytidine (ac4C), pseudouridine (Y), 5-methylcytidine
(m5C), and N1-methyladenosine (m1A) (6, 7).

These modi�cations can alter RNA structure, mediate RNA-
protein interactions, or recruit effector molecules, collectively
forming a complex “RNA modi�cation regulatory network” with
pro- or anti-tumor roles in various cancers. Advances in this �eld
have not only deepened our understanding of tumor mechanisms
but also provided new opportunities for developing biomarkers and
targeted therapies. For example, inhibitors targeting m6A
regulatory proteins (e.g., “writers” and “erasers”) have entered
early-stage drug development (8), underscoring the translational
potential of epitranscriptomics in precision oncology.

Ac4C, catalyzed primarily by the acetyltransferase NAT10,
serves as a critical epitranscriptomic modulator. It in�uences
RNA fate by enhancing mRNA structural stability, augmenting
translation ef�ciency, and ensuring translational �delity (5, 9, 10).
Mechanistically, ac4C alters the charge distribution and secondary
structure of RNA, protecting mRNAs from nuclease-mediated
degradation and facilitating ribosome binding, thereby increasing
protein yield and accuracy (11). In tRNA, ac4C modi�cation within
the anticodon loop helps maintain codon recognition accuracy (12).
Through these roles, ac4C establishes a crucial link between genetic
information and functional proteome dynamics.

Emerging evidence has established diverse oncogenic functions
for ac4C across cancer types. It enhances glycolysis and lactate
secretion in tumor cells, shaping an immunosuppressive
microenvironment that ampli�es regulatory T cell (Treg) function
and facilitates immune escape (13). In bladder carcinoma, NAT10-
mediated ac4C deposition on AHNAK transcripts enhances mRNA
stability, ampli�es the DNA damage response, and promotes
platinum-based chemotherapy resistance (14). In triple-negative
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breast cancer, ac4C stabilizes JunB mRNA, driving aerobic
glycolysis and immunosuppression, suggesting that its
pharmacological inhibition could augment immunotherapy
response (15). Additional roles include regulating translation
ef�ciency in esophageal cancer (16), conferring capecitabine
resistance in breast cancer (17), enhancing treatment tolerance
through checkpoint activation (18, 19), and synergizing with m6A
reading proteins to modulate glycolysis in osteosarcoma (20). Ac4C
also stabilizes non-coding RNAs in nasopharyngeal carcinoma (21),
promotes glycolytic addiction in gastric cancer (22), and in�uences
the progression of hematological malignancies (23). However, the
overall functional patterns and clinical signi�cance of ac4C
modi�cation in SKCM remain largely unexplored.

Therefore, we initiated a systematic investigation of ac4C-
associated genes in SKCM. This study aims to: �rst, establish a
molecular classi�cation based on ac4C-associated gene expression
patterns; and second, develop a quanti�able risk assessment
system - the ac4C-associated Gene Signature (AGS) - to predict
p a t i e n t su r v i v a l , c h a r a c t e r i z e t h e t umor immune
microenvironment, and suggest potential therapeutic associations.

We anticipate that the AGS will hold substantial potential for
clinical translation. By integrating diverse data types with machine
learning algorithms, this system may enable accurate prognosis
discrimination and personalized treatment guidance. Furthermore,
elucidating the role of ac4C-associated genes in SKCM could
provide a foundation for novel therapies targeting RNA-
modifying enzymes. These insights are expected to contribute to
the advancement of precision oncology in SKCM, thereby
potentially enhancing therapeutic ef�cacy and long-term survival
for affected individuals.
2 Materials and methods

2.1 Data acquisition

Data Transcriptomic and clinical data were obtained from the
Xena database, comprising 472 skin cutaneous melanoma (SKCM)
samples and 812 normal controls. Specimens lacking complete
survival information were excluded from subsequent analysis. For
independent validation, an external validation cohort was
assembled, including 214 samples from the GSE65904 dataset, as
well as 46 cutaneous melanoma samples and 16 normal controls
f r om the GSE15605 da t a s e t ( a v a i l a b l e a t h t t p s : / /
www.ncbi.nlm.nih.gov/geo/).
2.2 Detection and screening of ac4C-
associated differentially expressed genes

A comprehensive set of 2,156 ac4C-associated genes was
compiled through a systematic literature review (24). This
collection encompasses two categories: (1) known regulatory
proteins of ac4C modi�cation (e.g., the “writer” NAT10); and (2)
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genes whose mRNAs have been experimentally validated as direct
functional targets of ac4C modi�cation in prior studies (e.g.,
identi�ed through ac4C-seq or RIP-qPCR in references (5, 9, 10,
13–15)). Functional enrichment analysis con�rmed that this gene
set is signi�cantly associated with biological processes central to
ac4C function, including mRNA metabolism and translation
(Supplementary Figure 3), thereby supporting its biological
coherence as a foundation for this study. Differential expression
pro�ling between SKCM tumors and normal skin samples from the
TCGA cohort was then applied to this gene set to identify which
ac4C-associated genes were signi�cantly dysregulated. Protein-
protein interaction data for the resulting differentially expressed
genes were obtained from the STRING database (https://
cn.string-db.org).
2.3 Consistent clustering analysis

Consensus clustering was applied to 472 TCGA-SKCM samples
using the CNS platform (https://cnsknowall.com) to explore
associations between ac4C-related differentially expressed genes
and molecular subtypes in cutaneous melanoma. The cluster
count parameter k was evaluated across a range of 2 to 10. To
visualize expression patterns across subtypes, we generated
heatmaps using the CNS package and evaluated survival
differences between clusters via Kaplan–Meier analysis. A Gene
Signature Associated with ac4C for Prognostic Prediction in SKCM.

2.4 An ac4C-based prognostic signature:
construction and independent validation

To develop a transcriptome-based prognostic index for
cutaneous melanoma, ac4C-associated genes were initially
screened by univariate Cox regression (P < 0.05) in the TCGA-
SKCM cohort (n = 468). A re�ned gene set was subsequently
derived through LASSO-penalized Cox regression with 10-fold
cross-validation (glmnet R package; minimum l criteria) to
mitigate over�tting while eliminating redundant features. This
process yielded a re�ned seven-gene signature, each gene assigned
a non-zero regression coef�cient (b1–b7). A risk score for each
patient was calculated using the following formula: RiskScore =
Si=1

7 (bi × Ei), where Ei represents the normalized expression level
of gene i. Employing the median risk score from the TCGA cohort
as the cutoff, patients were categorized into high- and low-risk
subgroups. Kaplan-Meier analysis with log-rank testing
demonstrated signi�cant survival disparity between these groups.
Principal component analysis (PCA) con�rmed distinct
transcriptomic pro�les separating the two risk categories. The
model’s prognostic performance was further quanti�ed by time-
dependent ROC analysis, showing predictive accuracy at 1-, 3-, and
5-year intervals. To validate the model, we applied the same
coef�cients and median cutoff value to an independent validation
cohort, GSE65904 (n = 214), which successfully reproduced the risk
strati�cation and allowed for external validation of the
prognostic model.
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2.5 Clinical validation of the prognostic risk
model

To determine whether the derived risk signature retains
prognostic value in the presence of conventional covariates, we
extracted age, sex, TNM stage and histological grade from the
TCGA-SKCM data matrix and subjected these variables, together
with the continuous risk score, to univariate and multivariable
Cox modelling.
2.6 Analysis of tumor immune
microenvironment

The tumor immune landscape was characterized by pro�ling
immune cell composition, checkpoint molecule expression, and
immunophenotypic scores. Abundances of 28 immune cell subsets
in skin cutaneous melanoma were quanti�ed using the ssGSEA
algorithm implemented on the CloudBioSense platform (http://
www.biocloudservice.com/). The resulting in�ltration pro�les were
visualized as a heatmap. The IOBR R package was employed to
investigate alterations in immune in�ltration pro�les and functional
activity across distinct risk strata. Furthermore, checkpoint
molecule expression was systematically compared to elucidate
potential implications for immunotherapeutic responsiveness.

The immunogenicity of tumors and their predicted response to
immune checkpoint blockade were inferred using the
Immunophenoscore (IPS). This composite metric, curated by The
Cancer Immunome Atlas (TCIA; https://tcia.at/), was utilized to
c h a r a c t e r i z e t h e i m m u n o l o g i c l a n d s c a p e o f t h e
tumor microenvironment.
2.7 Chemosensitivity analysis

To investigate the correlation between ac4C-modulated
t r an s c r i p t s and chemosen s i t i v i t y , we s e l e c t ed t en
chemotherapeutic agents commonly used in clinical practice.
Drug sensitivity, estimated by IC50 values through the pRRophetic
R package, was compared across risk strati�cations.
2.8 Experimental validation of the AGS
model using CCLE and HPA databases and
RT-qPCR analysis

To validate our in-silico predictions with experimental
evidence, we strati�ed melanoma cell line transcriptomes from
the Cancer Cell Line Encyclopedia (CCLE) according to the
prognostic risk score. Protein-level expression of candidate
biomarkers was then examined using immunohistochemistry
images from the Human Protein Atlas (HPA), providing
histopathological support for their biological relevance.

To experimentally validate gene expression in clinical samples,
RT�qPCR was conducted on three SKCM tissues alongside
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https://cn.string-db.org
https://cn.string-db.org
https://cnsknowall.com
http://www.biocloudservice.com/
http://www.biocloudservice.com/
https://tcia.at/
https://doi.org/10.3389/fimmu.2025.1727135
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jin et al. 10.3389/fimmu.2025.1727135
matched adjacent normal tissues. Following TRIzol extraction,
RNA quantity and purity were veri�ed on a NanoPhotometer
N50 (Implen). Reverse transcription was carried out with the
SweScript RT Kit (Servicebio, CN), and quantitative PCR was run
in 96-well plates with 2× Universal Blue SYBR Green Master Mix
(Servicebio, CN) on a CFX96 system (Bio-Rad). Transcript
abundance was normalised to GAPDH and expressed as fold-
change calculated by the 2�DDCt algorithm; oligonucleotide
sequences are supplied in Supplementary Table 2 (Tsingke,
Beijing, China).
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3 Results

This study elucidates the functional roles of ac4C-related genes
in cutaneous melanoma (Figure 1), emphasizing their clinical
signi�cance as prognostic biomarkers and potential therapeutic
targets. We began by performing a comprehensive pro�ling of the
ac4C-associated gene expression landscape, which identi�ed three
distinct molecular subtypes. Subsequently, we developed a seven-
gene prognostic signature capable of gauging individual patient risk.
FIGURE 1

Analytical framework for evaluating ac4C-associated genes in SKCM. The results of this study enhance the current comprehension of ac4C’s
functional implications in cutaneous melanoma and offer valuable perspectives for the development of new prognostic biomarkers as well as
therapeutic strategies aimed at the ac4C-related pathway.
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3.1 Identi�cation and characterization of 41
ac4C-associated regulatory genes

Transcriptomic pro�les from 472 SKCM tumor specimens and
812 normal skin samples were acquired via the Xena database.
Analysis of 2,156 ac4C-associated genes for differential expression
between tumor and normal tissues identi�ed screen out 41 ac4C key
molecules with abnormal behavior in SKCM (|log2FC| > 1, p <
0.001), with 15 upregulated and 26 downregulated in tumors
(Supplementary Table 1). A heatmap was created to display
expression pro�les, using blue for low expression and red for high
expression (Figure 2A). Protein–protein interaction was
constructed to investigate functional connections from the list of
genes. A correlation network diagram further illustrated
interconnectivity among the 41 DEGs (Figure 2B), with red edges
denoting positive correlations. The analysis identi�ed 25 highly
connected hub genes, implicating them as key players in
SKCM pathogenesis.
3.2 Identi�cation of three ac4C-associated
molecular subtypes with divergent clinical
outcomes

To explore the biological and clinical implications of the 41
ac4C-related differentially expressed genes (DEGs) in cutaneous
melanoma, we performed consensus clustering on 472 TCGA
patients with complete clinical and survival information. Cluster
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stability was evaluated for k values ranging from 2 to 10, and
consensus cumulative distribution function (CDF) analysis
indicated that three clusters (k = 3) provided the optimal
partitioning and tracking plot analyses (Figures 3A–C). These
genes, exhibiting distinct molecular ‘faces’, enabled the
strati�cation of seemingly homogeneous SKCM patients into
three clinically distinct subgroups. Signi�cant disparities in overall
survival were observed between the subtypes using Kaplan-Meier
analysis (p = 0.017, Figure 3D), underscoring the prognostic value
of this classi�cation. A combined heatmap was generated to
visualize both gene expression and key clinical variables such as
age and survival status (Figure 3E); however, most genes exhibited
minimal variation in clinical pro�les across subtypes.
3.3 Construction of the ac4C-associated
prognostic signature

Utilizing clinical and transcriptomic data from 472 SKCM
patients in TCGA, we conducted univariate Cox regression on 41
ac4C-related DEGs, identifying those signi�cantly linked to prognosis
(p < 0.001). LASSO regression was then applied to re�ne the feature
set, yielding seven robust prognostic genes: DSP, NR1H3, SNX1,
TMEM132A, GTF3C1, NTHL1, and WIZ (Figures 4A, B). The AGS,
a multivariate prognostic signature, was developed using the formula:
Risk score = (0.083356004 × DSP) + (0.069381787 × NR1H3) +
(-0.186326629 × SNX1) + (-0.046685347 × TMEM132A) +
(0.069381787 × GTF3C1) + (0.011591433 × NTHL1) +
FIGURE 2

Expression patterns and interaction networks of 41 ac4C-associated genes. (A) Volcano plot displaying differential gene expression between normal
and tumor tissues (blue: downregulated; red: upregulated). (B) Correlation network of ac4C-related genes, with red edges denoting positive
interactions and blue edges negative ones; color saturation represents correlation strength.
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