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Background: Signaling pathways play crucial roles in tumor cells. However, functional heterogeneity of signaling pathways in skin 
cutaneous melanoma (SKCM) has not been established.
Methods: Based on a recent computational pipeline, pathway activities between SKCM and normal samples were identified.
Results: The results showed that high activities in 12 pathways were associated with poor prognoses, while high activities in 17 
pathways were associated with favorable prognoses. Interestingly, elevated metabolic pathway activity was unfavorable, whereas 
elevated immune activity was favorable for SKCM. Unfavorably elevated metabolic pathways strongly correlated with Wnt/beta- 
catenin signaling. Conversely, favorable pathways, such as glycosaminoglycan biosynthesis and keratan sulfate, were strongly 
correlated with anti-tumor pathways. Moreover, the activities of favorable pathways were strongly positively correlated with 
infiltrating CD8+ T cells, macrophages M1, immune score, and stromal score, all of which were favorable for SKCM.
Conclusion: Taken together, our study provides insights into the characteristics of several pathways in SKCM.
Keywords: skin cutaneous melanoma, pathway activity, immune infiltration, prognosis, bioinformatics, tumor microenvironment

Introduction
Metabolic pathways play a vital role in providing cancer cells with energy, maintaining redox balance, and supplying the 
raw materials for biomacromolecule synthesis.1,2 Metabolic reprogramming, which is the abnormal metabolic change in 
tumor cells, has been recognized as a critical factor in the local nutrient environment, pentose phosphate pathway, tissue 
origin, synthesis of nucleic acids, somatic mutations, and oxygen-derived free radicals.3–8 The immune system is a key 
component of the body’s defense mechanism. The innate immune system has the ability to inhibit tumor metastasis and 
proliferation by recognizing malignant cells and displaying anti-tumor functions.9–11 Studies on mice models and patients 
have demonstrated that boosting the adaptive immune response can significantly improve antitumor immunity and extend 
survival time.12–14 Other pathways, such as genetic information processing, environmental information processing, 
cellular processes, and human diseases, may also play a role in tumor proliferation, metastasis, progression, pathogenesis, 
or the antitumor response. Given the significance of these pathways, it is imperative to clarify their impact on tumor cells.

Over the last few decades, advances in the study of the tumor microenvironment (TME) have revealed the roles of 
infiltrating immune cells and non-immune cells in TME. For instance, the presence of immune cell infiltration and non- 
immune stromal cells within TME is closely tied to the prognosis of tumor patients.15 Recently, various bioinformatic 
algorithms have been developed to evaluate the immune status of TME, including the reliable and fast CIBERSOR and 
ESTIMATE algorithms.16–20 However, no studies have comprehensively investigated the relationship between pathway 
activities and immune infiltration in SKCM.

Clinical, Cosmetic and Investigational Dermatology 2025:18 47–59                                         47
© 2025 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Clinical, Cosmetic and Investigational Dermatology                          

Open Access Full Text Article

Received: 7 November 2024
Accepted: 1 January 2025
Published: 8 January 2025

C
lin

ic
al

, C
os

m
et

ic
 a

nd
 In

ve
st

ig
at

io
na

l D
er

m
at

ol
og

y 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-6425-956X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


In recent years, metabolic reprogramming and immune infiltration have gained significant attention as critical factors 
in cancer progression and therapy response. However, the heterogeneity of signaling pathways in SKCM presents unique 
challenges. While metabolic and immune-related pathways are well-documented in cancer biology, the complex inter
actions and differential activities of these pathways in SKCM remain underexplored. This gap is particularly pronounced 
in SKCM due to its distinct tumor TME, where immune cells, stromal cells, and metabolic shifts can create unique 
cellular landscapes that influence tumor progression and therapeutic responses. Additionally, existing SKCM treatments, 
including immune checkpoint inhibitors, often show limited success due to the variability in immune infiltration and the 
unpredictable activity of key signaling pathways. The need for a deeper understanding of how pathway heterogeneity and 
immune infiltration influence SKCM prognosis is critical for identifying new therapeutic strategies and biomarkers. In 
this study, we aim to address this gap by investigating the relationship between pathway activities and immune cell 
infiltration in SKCM, providing novel insights into how these factors affect clinical outcomes and may guide more 
effective treatment approaches.

In this study, we utilized a new computational pipeline21 to assess the 186 pathways from 471 SKCM bulk RNA-seq 
arrays and 1809 normal bulk RNA-seq arrays. Our analysis uncovered differential pathway activities between SKCM and 
normal samples, and we characterized the prognostic value of these 186 pathways in SKCM. Furthermore, we 
investigated the relationships between infiltrating immune cells and the pathways, which impact SKCM prognoses. In 
conclusion, our study sheds light on how pathway activities influence the clinical outcomes of SKCM and immune 
infiltration within the tumor microenvironment.

Materials and Methods
Ethics Statement
All experimental procedures and protocols used in this research underwent thorough review and received approval from 
the committee of Dermatology Hospital of Southern Medical University (2023173).

Data Acquiring and Processing
We obtained the bulk RNA-seq samples of skin cutaneous melanoma (SKCM) from the TCGA database (https://portal. 
gdc.cancer.gov/), and normal bulk RNA-seq samples were sourced from the GTEx database (https://gtexportal.org/home/ 
datasets). The expression levels of the arrays were quantified using the log2 (1+TPM) transformation.

Identification of Pathway Activities
The quantification of pathway activities in the bulk RNA-seq samples was carried out using the methods described in 
a previous study.21 Prior to pathway activity quantification, RNA-seq data were preprocessed to ensure high-quality 
input. This included quality control steps (such as removal of low-quality reads), normalization, and batch effect 
correction if necessary, to ensure consistency and reduce technical variation. Pathway activity was quantified based on 
gene expression profiles using established algorithms. To identify differential pathway activities between SKCM and 
normal samples, we set a threshold of |SKCM pathway activity - normal pathway activity| ≥ 0.2. The resulting pathway 
activity scores were visualized using the pheatmap package, which generated heatmap representations of high and low 
pathway activities in SKCM. These modifications provide transparency in our preprocessing and analysis pipeline to 
facilitate reproducibility.

Kaplan-Meier Survival Analyses
We utilized Kaplan-Meier survival analysis to examine the correlation between the five-year survival rate of SKCM 
patients and the differential pathway activities. The analysis was conducted using the survival and survminer packages in 
R. Statistical significance was assessed using the Log rank test, with a significance threshold of P<0.05. Pathways with 
a significant correlation to clinical outcomes were further investigated in subsequent research. These analyses included 
the subsequent examination of immune cell infiltration in the tumor microenvironment and Cox regression analyses.
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Cox Regression Analyses
Univariate and multivariate Cox regression analyses were performed to examine the relationship between five-year and 
overall survival of SKCM patients with screened pathways and infiltrating immune cells. The analyses were conducted 
using the survival package in R, and the results were visualized using the forestplot package.

Immune Infiltration Within TME
The CIBERSORT algorithm was utilized to determine the proportions of 22 immune cell populations present in the TME 
of SKCM. Meanwhile, the ESTIMATE algorithm was employed to estimate the levels of stromal and immune 
infiltration, as well as tumor purity, within the TME.

Results
Heterogeneous Pathway Activities Between SKCM and Normal Samples
We assessed the pathway activities in both SKCM and normal samples, calculating 186 activities in total. The 
distributions of these activities were comparable between the two types of samples, as depicted in Figure S1, suggesting 
a lack of global difference between SKCM and normal samples. We analyzed the correlation between pathway activities 
in SKCM and normal samples using Pearson’s correlation analysis. Unexpectedly, we found a strong and significant 
negative correlation (r=−1, p<0.0001) between the pathway activities in SKCM and normal samples, as depicted in 
Figure S2. That suggested significant heterogeneity in pathway activities between the two types of samples. Additionally, 
our analysis revealed that metabolic pathways were generally more active in SKCM (Figure 1A), potentially playing 
a role in the metabolic reprogramming associated with SKCM. We observed that several cell metabolic pathways were 
up-regulated in SKCM, including glycosaminoglycan biosynthesis keratan sulfate, galactose metabolism, amino sugar 
and nucleotide sugar metabolism, phenylalanine metabolism and pyruvate metabolism. Additionally, we noted that up- 
regulated pathways included several immune-associated pathways, such as antigen processing and presentation, B cell 
receptor signaling, natural killer cell-mediated cytotoxicity, T cell receptor signaling, and chemokine signaling 
(Figure 1A). However, only 29 pathways were upregulated in normal samples (Figure 1B), suggesting that abnormal 
high activities of pathways may be present in SKCM. Significantly, the TGF beta signaling pathway, p53 signaling 
pathway, and Wnt signaling pathway were downregulated in SKCM. These results indicate the existence of heterogeneity 
in pathway activities between SKCM and normal samples.

Identification of Favorable and Unfavorable Pathways in SKCM
To test the hypothesis that the differences in pathway activities between SKCM and normal samples might impact 
clinical outcomes, we conducted a five-year survival analysis of these differential pathways in SKCM. We found that 
high activities of 12 pathways were associated with poor prognosis, the majority of which were metabolic pathways 
(Figure 2). On the other hand, high activities of 17 pathways were associated with favorable prognoses, where the 
majority were immune-associated pathways and all were up-regulated in SKCM, with the exception of asthma and 
linoleic acid metabolism (Figure S2).

We then investigated the impact of differential pathways on clinical outcomes through Multivariate Cox regression 
analysis. Surprisingly, the p-values of the unfavorable pathways were all non-significant (above 0.05) in the 5-year 
analysis, indicating no independent risk factors based on this model (Figure 3A). However, in the overall survival 
analysis, aminoacyl tRNA biosynthesis was found to be an unfavorable independent risk factor for SKCM (Figure 3B). 
Interestingly, contrary to the 5-year survival analysis, glycosaminoglycan biosynthesis keratan sulfate was found to be 
a favorable independent factor according to the overall survival analysis (Figure 3B). This discrepancy may be due to the 
effect of follow-up data beyond 5 years on the clinical outcomes of glycosaminoglycan biosynthesis keratan sulfate. We 
also found that B cell receptor signaling pathway and asthma were independent protective factors in SKCM (Figure 3C). 
All favorable pathways were not found to be independent factors in the overall survival analysis (Figure 3D). In 
conclusion, we have identified several favorable and unfavorable pathways, as well as several independent factors 
among these pathways.
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Favorable Pathways Strongly Positively Correlated with Antitumor Associated 
Pathways
We analyzed the relationships between the screened pathways and antitumor-associated pathways using Pearson 
correlation analysis. The results showed that the favorable pathways had strong positive correlations with pathways 
involved in TNFA signaling via NFKB, Interferon-gamma response, Interferon-alpha response and inflammatory 
response (Figure 4A). The favorable pathways were also positively correlated with the reactive oxygen species pathway 
and apoptosis (Figure 4A and B). However, the T cell receptor signaling pathway had a strong positive correlation with 
TGF beta signaling (r=0.42, p<0.0001, Figure 4A and B), suggesting a balance in immune regulation in SKCM. Notably, 
the favorable pathways were generally negatively correlated with DNA repair and WNT beta catenin signaling 
(Figure 4A and B), enhancing their protective effects. In contrast, the unfavorable pathways were generally negatively 
correlated with antitumor-associated pathways and even positively correlated with DNA repair and WNT beta catenin 
signaling (Figure 4A and B). The glycosaminoglycan biosynthesis keratan sulfate was strongly positively correlated with 
TGF beta signaling (r=0.41, p<0.0001, Figure 4A and B), and cell cycle had a strong correlation with PI3K AKT mtor 

Figure 1 Pathway activities in the bulk RNA-seq samples of SKCM and normal. Up-regulated pathway activity was observed in SKCM (A), while down-regulated pathway 
activity was seen in normal samples (B). The red color indicates increased pathway activity and blue represents decreased pathway activity.
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Figure 2 Kaplan-Meier survival analyses in five-years of unfavorable pathways. Yellow lines represent the high pathway activities, and blue lines represent the low pathway 
activities.
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signaling (r=0.45, p<0.0001, Figure 4A and B). Overall, the favorable pathways were closely related to antitumor- 
associated pathways, while the unfavorable pathways were linked to tumor-promoting pathways.

Favorable Pathways Were Strongly Correlated with the Infiltration of Antitumor 
Immune Cells
The CIBERSORT algorithm was used to study the immune cell populations in TME of SKCM. Results showed that most 
immune cells were present in the TME (Figure 5). Macrophages M0, M2, resting memory CD4+ T cells, CD8+ T cells, 
and naive B cells made up the majority of these cells. Further analysis using Cox regression models revealed that high 
infiltration of activated memory CD4+ T cells, CD8+ T cells, monocytes, and macrophages M1 were associated with 
a favorable prognosis in five-year survival (Figure 6A). Activated memory CD4+ T cells and CD8+ T cells were also 
identified as independent factors for favorable prognosis (Figure 6B). Similarly, CD8+ T cells, activated memory CD4+ 

T cells, plasma cells, and macrophages M1 were protective factors in overall survival according to univariate Cox 
regression (Figure 6C). However, only CD8+ T cells were found to have independent protective effects in overall survival 
using multivariate Cox regression (Figure 6D). These results suggest that several infiltrating immune cells are associated 
with a favorable prognosis, indicating their protective effects.

Figure 3 Forest plots of Multivariate Cox regression analyses about differential pathways. (A) Multivariate Cox regression analyses in five-year and overall survival (B) of 
unfavorable pathways. (C) Multivariate Cox regression analyses in five years and overall survival (D) of favorable pathways.
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We performed Pearson correlation analysis to identify the relationship between pathway activities and infiltrating 
immune cells in SKCM. Our results showed that favorable pathways were positively correlated with high levels of 
infiltrating CD8+ T cells, macrophages M1, and activated memory CD4+ T cells, which were associated with a favorable 
prognosis (Figure 7A and B). The favorable pathways were also positively correlated with immune score and stromal 

Figure 4 Pearson’s correlation analyses between screened pathways and antitumor or tumor-promoting hallmark pathways. (A) Pearson’s r values. (B) p values of Pearson’s 
correlation.
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Figure 5 Heatmap showed the proportions of infiltrating immune cells. Blue represents low immune cell infiltration, while yellow indicates high immune cell infiltration.

Figure 6 Forest plots of Univariate and Multivariate Cox regression analyses about infiltrating immune cells. (A) Univariate and Multivariate (B) Cox regression analyses in 
five years of infiltrating immune cells. (C) Univariate and Multivariate (D) Cox regression analyses in overall survival of infiltrating immune cells.
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score, which may be protective factors in SKCM. Kaplan-Meier survival analysis revealed that high immune score was 
linked to a favorable prognosis (Figure S3A). However, the results of the analysis of the stromal score were not 
statistically significant (p=0.051, Figure S3B). Although not significant, the Kaplan-Meier curve showed a higher 

Figure 7 Pearson’s correlation analyses between screened pathways and infiltrating immune cells. (A) Pearson’s r values. (B) p values of Pearson’s correlation.
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survival probability with high stromal score compared to low stromal score after 2 years (Figure S3B). On the other hand, 
unfavorable pathways were negatively correlated with infiltrating CD8+ T cells, macrophages M1, immune score, stromal 
score, and activated memory CD4+ T cells (Figure 7A and B). Furthermore, several metabolic pathways were strongly 
positively correlated with tumor purity (Figure 7A and B), which was linked to a worse prognosis in SKCM (Figure 
S3C). Our results indicate that both favorable and unfavorable pathways play a role in regulating immune cell infiltration 
and have either antitumor or tumor-promoting functions in SKCM.

Discussion
Mounting evidence indicates that multiple factors contribute to the development of tumors.22–24 Immune infiltration, 
metabolic pathways, and antitumor immune pathways are considered key factors in this process.25–30 To better under
stand these relationships, we conducted a series of bioinformatics analyses to evaluate the role of several pathways in 
immune infiltration and clinical outcomes in SKCM.

We first evaluated 186 pathways in SKCM and eventually identified 12 unfavorable and 17 favorable pathways. After 
conducting a five-year survival analysis using multivariate Cox regression, the B cell receptor signaling pathway and 
asthma were found to be independent factors with a favorable prognosis in SKCM. Furthermore, we investigated the 
relationships between the screened pathways and hallmark pathways of antitumor or tumor-promoting functions. The 
favorable pathways were generally positively correlated with the antitumor pathways and negatively correlated with the 
tumor-promoting pathways. For instance, the interferon-gamma response is a pleiotropic antitumor response that serves 
as an antiproliferative and pro-apoptotic factor.31 Similarly, the interferon-alpha response can also induce antiprolifera
tive and apoptotic cellular responses.32 There is a growing body of evidence that reactive oxygen species can trigger 
autophagy, apoptosis, and DNA damage.33–35 The Wnt pathway has also been recognized as playing a crucial role in 
tumor progression and metastasis in various cancers.36–38 These results indicated that favorable pathways may be also 
involved in antitumor process. Likewise, favorable pathways were also positively correlated with antitumor associated 
immune cells in SKCM TME. CD8+ T cells, the most prominent anti-tumor cells, can recognize and clear immunogenic 
cancer cells in early cancer.26 Importantly, our results demonstrated that high CD8+ T cells infiltration would also serve as 
an independent factor and contribute to a favorable prognosis in SKCM. M1-polarized macrophages mediate antitumoral 
response through secretion of high amounts of proinflammatory cytokines, direct cytostatic and cytotoxic effect on tumor 
cells, and the stimulatory effect on T cells.39–41 Our results suggest that favorable pathways in SKCM may also 
contribute to the antitumor process. Additionally, these favorable pathways were positively correlated with antitumor- 
associated immune cells in the SKCM tumor microenvironment. High infiltration of CD8+ T cells, a key player in anti- 
tumor immunity, was found to be an independent factor for a favorable prognosis in SKCM. M1-polarized macrophages, 
which mediate anti-tumoral responses through the secretion of proinflammatory cytokines and direct cytostatic and 
cytotoxic effects on tumor cells, were also shown to have a protective effect in SKCM, though they were not independent 
factors. Furthermore, high infiltration of activated memory CD4+ T cells was found to result in a better prognosis and was 
an independent factor according to our multivariate Cox regression analysis of five-year survival. Immune and stromal 
scores, which were positively correlated with favorable pathways and also had a favorable prognosis, further highlighted 
the protective effects of favorable pathways and their potential to promote immune infiltration.

By contrast, unfavorable pathways have a positive correlation with tumor-promoting pathways and a negative 
correlation with antitumor-associated pathways. The majority of unfavorable metabolism pathways showed a negative 
correlation with infiltrating antitumor immune cells. There is increasing evidence that deregulated metabolism is 
associated with more aggressive tumors and higher degrees of malignancy.42–44 Thus, the strong correlations of 
unfavorable metabolism pathways with a poor prognosis and high tumor purity are understandable.

Incorporating the combination of local treatments, such as radiotherapy, with molecular pathway targeting and 
immune response modulation is particularly relevant in the context of melanoma metastases to “sanctuary” sites like 
the brain. Melanoma brain metastasis presents significant treatment challenges due to the blood-brain barrier and the 
immunosuppressive microenvironment. Recent studies, highlight the potential of combining radiotherapy with immune 
checkpoint inhibitors and targeted therapies to enhance both local tumor control and systemic immune activation.45 

Radiotherapy can increase tumor immunogenicity, making it more responsive to immune therapy. This combination 
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approach offers a promising strategy to overcome the unique barriers of sanctuary sites, potentially improving outcomes 
in patients with advanced melanoma metastases. Future research should focus on optimizing these combinatory therapies 
to enhance efficacy and broaden their clinical application.

The results of this study provide significant insights into the differential pathway activities and immune interactions in 
SKCM. However, one limitation of this analysis is the potential batch effects that may influence the reproducibility and 
interpretation of results when comparing different tumor types. Specifically, when analyzing RNA-seq data from multiple 
cohorts or across different cancer types, batch effects—such as differences in sequencing platforms, sample collection 
methods, and data processing pipelines—can introduce significant variability. This can obscure true biological differ
ences and lead to challenges in comparing pathway activities between SKCM and other cancers.

One notable limitation is the reliance on bulk RNA-seq data, which, while providing valuable insights into overall 
gene expression, is inherently limited in its ability to capture single-cell heterogeneity. Tumors are highly heterogeneous, 
with distinct subpopulations of cells that may exhibit different gene expression profiles, response to treatment, and tumor 
microenvironment interactions. Bulk RNA-seq data, therefore, aggregates these differences and cannot fully account for 
the spatial or cellular diversity within the tumor, potentially masking important variations in pathway activity that are 
critical for tumor progression and response to therapy.

Additionally, sample preparation biases may introduce confounding factors that could affect the accuracy of our 
pathway activity assessments. Variability in tissue collection, RNA extraction methods, and sequencing protocols can 
influence gene expression measurements, which in turn might affect the interpretation of differential pathway activities 
between SKCM and normal tissues. To minimize such biases, we performed stringent quality control and normalization, 
but some residual effects may still impact the results, particularly when comparing samples across different cohorts or 
when integrating datasets from various sources. Another critical consideration is the potential influence of confounding 
factors such as tumor stage and patient treatment history, which may alter the tumor microenvironment and pathway 
activities. For example, advanced stages of SKCM may exhibit different metabolic reprogramming or immune infiltration 
compared to early-stage tumors. Similarly, patients who have undergone prior treatments, such as chemotherapy or 
immunotherapy, may have altered immune cell populations or pathway activity profiles, which could skew our findings. 
Future studies should account for these factors by stratifying patient data based on tumor stage, treatment history, and 
other relevant clinical variables to ensure a more accurate representation of pathway activities and their implications for 
prognosis and therapy.

Regarding the clinical implications of our findings, we have identified several pathways that could serve as 
therapeutic targets or biomarkers in SKCM. For example, immune-related pathways such as those involved in immune 
cell recruitment and activation could be targeted to enhance anti-tumor immunity. Additionally, metabolic pathways may 
offer new avenues for targeted therapies aimed at reprogramming the metabolic landscape of SKCM cells. However, 
practical challenges exist in targeting these pathways. For instance, the complexity of metabolic reprogramming and the 
potential for off-target effects in immune modulation therapies could pose significant hurdles in clinical translation. 
Therefore, careful validation of these pathways through preclinical models and clinical trials is necessary before they can 
be implemented as viable therapeutic options.

Conclusion
Our findings reveal several favorable and unfavorable pathways in SKCM that are associated with clinical outcomes, 
tumor progression, and immune infiltration. These insights provide a deeper understanding of the roles these pathways 
play in SKCM and highlight potential therapeutic targets. Specifically, immune-modulating treatments and pathway 
inhibitors targeting metabolic reprogramming or immune checkpoints could be further developed based on our findings. 
However, the clinical translation of these targets will require careful consideration of pathway heterogeneity, tumor stage, 
and patient treatment history. Future research should focus on validating these pathways as potential biomarkers and 
therapeutic targets in clinical settings.
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