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Linking Parkinson’s disease and
melanoma: the impact of copper-driven
cuproptosis and related mechanisms

M| Check for updates

Quan Wang', Yinghui Duan', Yu Xu?, Hao Li*/< & Yi Yang'

Patients with Parkinson’s disease (PD) exhibit an increased risk of melanoma, implying shared yet
incompletely understood molecular mechanisms. This study aimed to delineate these common and
distinct pathways by analyzing gene expression profiles from the Gene Expression Omnibus. A total of
90 differentially expressed genes (DEGs) were commonly regulated, while 173 DEGs exhibited
divergent regulation between PD and melanoma. Protein-protein interaction analysis identified SNCA
as a central node within a 21-protein network. LASSO regression revealed 13 hub genes (e.g., CCNB1,
CCNH, CORO1C, and GSN) with high diagnostic accuracy (AUC >0.93) across both conditions. Gene
set enrichment analysis implicated copper-induced cell death (cuproptosis) in PD neurons and
melanoma cells, linking this process to hub genes. RT-qPCR confirmed increased SNCA expression
during cuproptosis. Additional analyses identified macrophage involvement and WNT-f-catenin
signaling as relevant. These findings suggest cuproptosis as a potential therapeutic target in PD and

melanoma.

Parkinson’s disease (PD) is a neurodegenerative disorder primarily char-
acterized by the progressive loss of dopaminergic neurons in the substantia
nigra, a brain region crucial for movement control'. These neurons are
distinguished by their production of neuromelanin, a dark pigment that
contributes to their characteristic appearance”.On the other hand, mela-
noma is a malignant tumor originating from melanocytes, the pigment-
producing cells commonly found in the skin, which derive from neural crest
cells’.

Accumulating epidemiological evidence has revealed a significant
association between PD and melanoma, with PD patients exhibiting a
higher incidence of melanoma compared to the general population”.
Initially, it was hypothesized that this increased risk might be attributable to
levodopa treatment, a standard treatment for PD. As levodopa is a precursor
in melanin biosynthesis, it was speculated to promote both melanin pro-
duction and melanoma proliferation, potentially accelerating the growth of
preexisting melanoma lesions'*”". However, subsequent reviews and studies
have largely dismissed a direct causal relationship between levodopa therapy
and melanoma, suggesting instead that shared underlying mechanisms
might contribute to the co-occurrence of these conditions’™’.

Recent research has unveiled several shared genetic variants between
PD and melanoma, with particular attention given to the PARK2 gene,
which encodes the Parkin protein. PARK2 mutations, frequently associated

with early-onset PD, have also been identified in melanoma tissues'*".
Interestingly, Parkin protein is expressed in melanocytes but absent in most
melanoma cell lines, and reintroducing Parkin in these cell lines significantly
reduces their proliferation'. Additionally, the hallmark pathological feature
of PD is the aggregation of the neuronal protein a-synuclein into Lewy
bodies within the brain'”'. Recent investigations have detected a-synuclein
aggregates in peripheral tissues, which are being explored as potential pre-
symptomatic markers for PD'**’. Notably, phosphorylated a-synuclein has
been observed in skin biopsies, raising the possibility of utilizing cutaneous
detection for early diagnosis®**’. Furthermore, a-synuclein has been iden-
tified within melanocytes of PD patients and is highly expressed in both
primary and metastatic melanoma, indicating a potential molecular con-
nection between PD and melanoma™ ™.

Despite shared molecular pathways, PD and melanoma exhibit fun-
damentally distinct cellular outcomes. In PD, the progressive degeneration
and death of neurons are central to the disease’s devastating effects on the
nervous system. In stark contrast, melanoma is driven by the unchecked
proliferation and malignant transformation of melanocytes. This juxtapo-
sition underscores the necessity of investigating the intricate regulatory
mechanisms behind cell death and survival in these diseases. A focused
exploration of programmed cell death (PCD), differentially expressed genes
(DEGs), and key signaling pathways could provide invaluable insights into
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the divergent processes of neurodegeneration in PD and oncogenesis in
melanoma, advancing our understanding of both diseases and opening
potential therapeutic avenues.

In the present study, we utilized gene expression data from the Gene
Expression Omnibus (GEO) database to perform an in-depth analysis of
gene expression profiles in both PD and melanoma tissues. We focused on
identifying key genes involved in PCD pathways and other potential hub
genes or molecular networks implicated in both diseases. Furthermore, we
aimed to validate the expression of these hub genes in melanoma cells. By
identifying critical DEGs and elucidating their role in shared molecular
pathways, our goal is to identify potential therapeutic targets that could
inhibit neuronal death in PD, offering novel opportunities for clinical
intervention and treatment development.

Results

Characteristics of datasets

The study methodology is illustrated in Fig. 1, summarizing the analysis of
six datasets from the GEO database. This includes three datasets for PD:
GSE7621, GSE20141, and GSE49036, and three for melanoma: GSE100050,
GSE114445, and GSE238207. Hierarchical clustering and principal com-
ponent analysis (PCA) confirmed consistent dimensional distributions
across the combined datasets (Fig. 2A, B for PD; 2D, E for melanoma).
Additionally, two datasets were employed for external validation: GSE20292
for PD and GSE15605 for melanoma.

DEGs shared and distinct between PD and melanoma

Using predefined criteria, we identified 1097 DEGs in PD, including 419
upregulated and 678 downregulated genes (Fig. 2C), and 2897 DEGs in
melanoma, with 1587 upregulated and 1310 downregulated genes (Fig. 2F)
compared to control samples. Intersection analysis of DEGs between PD
and melanoma datasets revealed several categories: 76 genes upregulated in

PD but downregulated in melanoma, 97 genes downregulated in PD but
upregulated in melanoma, and 44 genes consistently upregulated and 46
genes consistently downregulated across both conditions (Fig. 2G). The 90
consistently regulated genes were combined into a gene set termed com-
DEGs, while the remaining 173 genes formed another gene set named
dif-DEGs.

Enrichment analysis of PD and melanoma

Dynamic KEGG enrichment analysis of the merged PD dataset identified
the top ten functional pathways, highlighting significant neurodegenerative
and infectious disease pathways. Key pathways include those associated with
amyotrophic lateral sclerosis, Huntington’s disease, and PD, alongside
oxidative phosphorylation and proteasome pathways, which reflect the
complex pathophysiology of PD. Notably, pathways related to neurode-
generation, proteasome function, and the synaptic vesicle cycle emphasize
the importance of cellular and molecular mechanisms in PD (Fig. 3A).
Conversely, the KEGG enrichment analysis of the merged melanoma
dataset revealed pathways primarily involved in immune response and cell
cycle regulation. These pathways include antigen processing and pre-
sentation, IL-17 signaling, rheumatoid arthritis, as well as the cell cycle and
proteasome pathways, underscoring the critical role of immune interactions
and cellular proliferation in melanoma progression (Fig. 3C).

The dynamic GO enrichment analysis of the PD dataset highlighted
pathways centered on synaptic and vesicular functions, including axon
terminus, synaptic vesicle, and vesicle-mediated transport in synapses.
These results indicate the critical role of neuronal communication and
mitochondrial functions in PD. Additionally, the analysis underscored the
involvement of inner mitochondrial membrane protein complexes and
mitochondrial protein-containing complexes, reflecting mitochondrial
dysfunction in PD pathology (Fig. 3B). In parallel, the GO enrichment
analysis of the melanoma dataset emphasized regulatory processes involved
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Fig. 3 | Enrichment analysis results. A Top ten functional pathways in KEGG
enrichment analysis of the merged PD dataset. B Top ten functional pathways in GO
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enrichment analysis of the merged melanoma dataset. D Top ten functional path-
ways in GO enrichment analysis of the melanoma dataset.

in chromosome segregation and cell cycle transitions. Key findings included
negative regulation of chromosome segregation, mitotic phase transitions,
and spindle checkpoint signaling, revealing the significance of precise cell
division control in melanoma development and progression (Fig. 3D).

Enrichment analysis of shared DEGs and protein—protein inter-
action (PPI) network construction

A PPI network analysis of the differential expressed genes (dif-DEGs)
was performed using the STRING database, resulting in a network of 58
nodes and 70 edges. KEGG enrichment analysis identified significant
pathways, including adherens junction, breast cancer, endometrial
cancer, and acute myeloid leukemia, indicating the involvement of these
genes in cancer-related pathways (Fig. 4A). GO enrichment analysis
revealed significant cellular component associations, particularly in
chromosomal and spindle structures such as chromosomal region,
kinetochore, and condensed chromosome, which are critical for main-
taining genomic integrity during cell division. Additional highlights
included complexes related to protein kinase activity and actin cytos-
keleton dynamics, underscoring the roles of regulatory and structural
proteins in cellular processes (Fig. 4B).

Biological processes enriched in the GO analysis focused on chro-
mosome segregation, mitotic nuclear division, and cell cycle regulation,
essential for accurate cell division and genome stability. Notably, the
analysis also emphasized the regulation of neurotransmitter secretion
and transport, linking these DEGs to synaptic function (Fig. 4C).
Molecular function analysis underscored roles in protein kinase reg-
ulation, kinase activation, and metallochaperone activity, highlighting
the regulatory functions of these DEGs within kinase signaling pathways
(Fig. 4D).

Using Cytoscape software with the MCODE plug-in, a key functional
module of the PPI network was constructed, yielding a network of 21 nodes
and 42 edges, visualized and color-coded based on MCODE scores, with
highly connected genes highlighted in red to indicate their potential central
roles (Fig. 4E).

Additionally, PPI network analysis of common DEGs (com-
DEGs) produced a network with 36 nodes and 35 edges. KEGG
enrichment analysis of these genes identified systemic lupus erythe-
matosus as a significant pathway (Supplementary Fig. 1A). GO
enrichment analysis highlighted key cellular components related to
cation channel complexes and transmembrane transport complexes
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Fig. 5 | Identification and diagnostic validation of hub genes. A Mean squared
error as a function of Log()) in Lasso regression. B Regression coefficients as a
function of Log(\) in Lasso regression. C Wilcoxon test results for the lambda.min
and lambda.lse models in distinguishing PD patients from controls (P < 0.001).

D ROC curve analysis showing AUC values of 0.934 for the lambda.min model and
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0.93 for the lambda.1se model in PD. E Wilcoxon test results for melanoma samples
indicate significant differences (P < 0.001). F ROC curve analysis demonstrating
AUC values of 0.935 for both models in melanoma. G Individual gene analysis
reveals AUC values greater than 0.638 for all hub genes in PD. H Individual gene
analysis reveals AUC values greater than 0.666 for all hub genes in melanoma.

(Supplementary Fig. 1B). Biological processes included muscle sys-
tem processes, regulation of ion transmembrane transport, cardiac
muscle contraction, and sensory perception of temperature and pain
(Supplementary Fig. 1C). Molecular functions emphasized ion
channel activities, voltage-gated channel activities, and structural
constituents of chromatin (Supplementary Fig. 1D). A functional
module constructed with Cytoscape and the MCODE plug-in yielded
two networks, each with four nodes and six edges, with highly con-
nected genes indicated in red, signifying their potential central roles
in the network (Supplementary Fig. 1E).

Identification and validation of hub genes

To identify key hub genes, we employed LASSO regression on the merged
PD dataset, which served as the training dataset. From the 21 genes in the
critical functional module constructed with Cytoscape using the MCODE
plug-in, we identified 13 hub genes: ACTN4, CCNH, CENPE, CENPK,
COROIC, FOX03, RAD52, RMI2, SIRT2, ZWILCH, and ZWINT, which
were significant for both the lambda.min and lambda.1se models; CCNB1
was selected exclusively for lambda.min model, and GSN solely for lamb-
da.1se model (Fig. 5A, B). Notably, ACTN4, FOXO3, GSN, RAD52, and
SIRT2 were upregulated in PD and downregulated in melanoma, while
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Fig. 6 | PCD pathway analysis in PD and melanoma. A ssGSEA results show
upregulation of necroptosis and pyroptosis in PD tissues. B ssGSEA results indicate
significant increases in various PCD forms, including necroptosis and pyroptosis, in

melanoma tissues. C Correlation analysis of hub genes with PCD pathways in PD.
D Correlation analysis of hub genes with PCD pathways in melanoma.

CCNBI1, CCNH, CENPE, CENPK, COROIC, RMI2, ZWILCH, and
ZWINT exhibited the opposite trend (Fig. 2G).

To assess the diagnostic performance of the LASSO regression models in
differentiating PD patients from controls, we conducted Wilcoxon tests and
generated ROC curves. In the training dataset, both models demonstrated
significant differences between PD and control samples, with the lambda.min
model (P=2.8e-12) and the lambda.lse model (P=5.3e-12) showing
excellent diagnostic efficiency (Fig. 5C). The lambda.min model achieved an
AUC of 0.934, and the lambda.1se model achieved an AUC of 0.93 (Fig. 5D).
In the merged melanoma dataset, both models also revealed significant dif-
ferences between melanoma and control samples, with P values of 6.2e-10 for
both models (Fig. 5E), and both models achieved an AUC of 0.935 (Fig. 5F).
Moreover, individual gene analysis indicated all hub genes had AUC values
greater than 0.6, further validating their diagnostic potential (Fig. 5G, H).

We further validated these models using two external datasets. In the
PD dataset GSE20292, both models demonstrated satisfactory diagnostic
accuracy, with AUC values of 0.914 for the lambda.min model and 0.934 for
the lambda.1se model (Supplementary Fig. 2A). Statistical analysis using the
Wilcoxon test revealed significant differences, with P values of 6.7e-05 for
the lambda.min model and 2.1e-05 for the lambda.1se model (Supple-
mentary Fig. 2B). In the melanoma dataset GSE15605, both models also

exhibited strong diagnostic performance, with AUC values of 0.829 for the
lambda.min model and 0.815 for the lambda.1se model (Supplementary Fig.
2C). The differences between melanoma and control samples were statis-
tically significant, with P values of 6.4e-05 for the lambda.min model and
0.00013 for the lambda.1se model (Supplementary Fig. 2D). Collectively,
these results provide robust evidence that the identified hub genes and
LASSO regression models possess strong discriminative ability for differ-
entiating PD and melanoma patients from control groups across multiple
independent datasets.

Programmed cell death (PCD) in PD and melanoma
To investigate the role of PCD in PD and melanoma, we conducted single-
sample gene set enrichment analysis (ssGSEA) using PCD-related gene sets
from integrated datasets, employing the GSVA R package. Our analysis
revealed a statistically significant but modest upregulation of necroptosis
and pyroptosis in PD tissues (Fig. 6A). In contrast, melanoma tissues
showed a pronounced increase in various PCD forms, including necroptosis
and pyroptosis (Fig. 6B).

We examined the relationships between the identified hub genes and
PCD pathways. In melanoma, significant correlations were observed
between these hub genes and PCD pathways (Fig. 6D). Conversely, the
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Fig. 7 | Cellular population analysis and cuproptosis in PD and melanoma.

A xCell analysis showing a significant reduction in neuronal populations in PD
tissues. B, C xCell analysis indicating decreased neuronal and melanocyte popula-
tions in melanoma tissues. D Association of hub genes with neuronal populations in
PD. E Association of hub genes with melanocyte populations in melanoma.

CENPE
CCNB1

CORO1C

F Elevated cuproptosis levels in PD neurons. G Elevated cuproptosis levels in mel-
anoma melanocytes. H Sankey diagram illustrating the relationships between hub

genes and cuproptosis in PD neurons. I Sankey diagram illustrating the relationships
between hub genes and cuproptosis in melanoma melanocytes.

associations in PD were less consistent, suggesting a more complex rela-
tionship between hub genes and PCD pathways (Fig. 6C).

Additionally, xCell analysis revealed a significant reduction in neuronal
populations within PD tissues, indicative of neurodegeneration (Fig. 7A).
Melanoma tissues exhibited reductions in both neuronal and melanocyte
populations (Fig. 7B, C). Detailed xCell analysis results are shown in Sup-
plementary Fig. 3. Among the hub genes, ACTN4, CCNB1, CCNH,
COROIC, FOX03, GSN, and ZWINT were significantly associated with
neurons in PD and melanocytes in melanoma, highlighting a parallel role of
neurons in PD and melanocytes in melanoma, while indicating contrasting
relationships between neurons in both conditions (Fig. 7D, E).

Further investigation revealed significantly elevated cuproptosis in
neurons affected by PD (Fig. 7F) and in melanocytes within melanoma (Fig.
7G). These findings suggest shared pathological mechanisms underlying

neuronal degeneration in PD and melanocyte dysfunction in melanoma,
indicating a potential avenue for therapeutic exploration. The Sankey dia-
gram illustrates the relationships between various hub genes and cuprop-
tosis in both conditions, with CCNBI, CCNH, CORO1C, and GSN
associated with cuproptosis in PD neurons (Fig. 7H) and ACTN4, CCNB1,
CCNH, CENPE, CENPK, CORO1C, GSN, RMI2, and ZWINT linked to
cuproptosis in melanoma melanocytes (Fig. 7I). These results enhance our
understanding of the complex interplay between PCD and cellular
pathology in PD and melanoma, warranting further investigation into
therapeutic interventions targeting these pathways.

Hub gene expression alterations during cuproptosis
To investigate the effects of cuproptosis on gene expression in A2058
melanoma cells, we treated the cells with elesclomol and CuCl, at

npj Parkinson’s Disease| (2025)11:74


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-00928-x

Article

concentrations of 100 nM (low) and 200 nM (high), with PBS as a control.
After a 24-h incubation, Western blot analysis demonstrated a significant
reduction in FDX1 protein levels in elesclomol-treated cells, confirming
cuproptosis induction (Fig. 8A, B).

Subsequent RT-qPCR analysis revealed significant changes in the
expression of various hub genes. Notably, genes associated with cell cycle
regulation and mitosis, including CCNB1, CCNH, CENPE, CENPK,
ZWILCH, and ZWINT, were upregulated. Additionally, genes involved in
cytoskeletal organization (CORO1C, GSN) and DNA repair (RMI2) also
exhibited increased expression. In contrast, FOXO3, associated with oxi-
dative stress response, was downregulated. Furthermore, the PD-related
gene SNCA and the sirtuin family gene SIRT2 were upregulated during
cuproptosis induction (Fig. 8C). These results underscore the complex
regulatory dynamics of gene expression during cuproptosis in melanoma
cells and provide insights into the molecular pathways implicated in this
copper-dependent cell death process.

Immune cell infiltration in PD and melanoma

xCell analysis revealed no significant changes in immune cell infiltration
within PD tissues (Supplementary Fig. 3A). In contrast, melanoma exhib-
ited marked alterations in immune cell types (Supplementary Fig. 3B). A
further immune cell infiltration analysis using CIBERSORT indicated an
increase in resting memory CD4 + T cells in PD (Fig. 9A). Conversely,
melanoma showed significant increases in regulatory T cells, y§0 T cells,
activated memory CD4 + T cells, neutrophils, M1 macrophages, and M0
macrophages, while resting memory CD4 + T cells, activated natural killer
(NK) cells, resting mast cells, eosinophils, resting dendritic cells, and acti-
vated dendritic cells decreased (Fig. 9B).

The patterns of resting memory CD4+ T cells varied distinctly
between PD and melanoma. Correlation analyses between the identified
hub genes and infiltrating immune cell populations revealed that in PD, hub
genes were predominantly associated with M2 macrophages (Fig. 9C),
whereas in melanoma, they correlated with M1 macrophages (Fig. 9D).

Additionally, we explored the relationship between PCD and immune
cell infiltration, reinforcing the notion of differing macrophage populations
in PD and melanoma. In PD, hub genes were associated with M2 macro-
phages (Fig. 9E), while in melanoma, they were linked to M1 macrophages
(Fig. 9F). Given that cuproptosis is associated with both neurons in PD and
melanocytes in melanoma, the functional distinctions between M1 and M2
macrophages may significantly influence the divergent outcomes observed,
specifically the neurodegeneration in PD versus melanocyte survival in
melanoma. This differential immune response provides valuable insights
into the pathophysiology of these conditions and potential therapeutic
strategies.

Molecular pathways in PD and melanoma

We conducted a comprehensive analysis of molecular pathways using 50
Hallmark gene sets from MsigDB to identify distinct and overlapping
mechanisms in PD and melanoma. In PD, key pathways such as coagula-
tion, IL2-STATS5 signaling, K-Ras signaling, TNF-a signaling via NF-«B,
and WNT-B-Catenin signaling were significantly upregulated, while the
spermatogenesis pathway was notably downregulated (Fig. 10A). Similarly,
melanoma exhibited upregulation of coagulation, IL2-STAT5 signaling,
K-Ras signaling, and TNF-a signaling via NF-«B; however, the spermato-
genesis and WNT-f-Catenin pathways showed opposite regulatory trends
compared to PD (Fig. 10B). A complete analysis of all 50 Hallmark pathways
is detailed in Supplementary Fig. 4.

Further investigation revealed strong associations between previously
identified hub genes and spermatogenesis and WNT-B-Catenin signaling
pathways, particularly in melanoma (Fig. 10C, D). Additionally, analysis of
cell types identified by xCell indicated a strong correlation of neurons in PD
and melanocytes in melanoma with the spermatogenesis and WNT-
B-Catenin pathways (Fig. 10E, F). Notably, the WNT-B-Catenin and IL2-
STATS5 signaling pathways were divergently associated with cuproptosis in
PD and melanoma (Fig. 11A, B). These findings indicate that the divergent

regulation of the WNT'-f-Catenin pathway may represent critical molecular
distinctions between PD and melanoma, potentially influencing contrasting
cellular outcomes through interactions with cuproptosis.

Discussion

In this study, we performed a comprehensive analysis of the molecular
mechanisms shared and distinct between PD and melanoma. Our investi-
gation identified 90 DEGs that are commonly regulated across both con-
ditions, as well as 173 DEGs that display divergent regulation.
Protein—protein interaction analysis revealed a prominent network centered
around the SNCA gene, which encodes the key pathological protein alpha-
synuclein, suggesting its significant role in both diseases. Notably, we
uncovered cuproptosis as a critical mechanism of PCD in both PD neurons
and melanoma melanocytes, with RT-qPCR confirming significant
expression changes in the associated hub genes. Furthermore, our findings
revealed distinct macrophage populations and the WNT-f-catenin pathway
as important correlates of hub gene expression in both conditions, indi-
cating their potential involvement in the cuproptosis mechanism.

Epidemiological studies have shown that while most cancer rates are
lower in individuals with PD, melanoma is one of the few malignancies with
an increased incidence in this population****”. Although early theories
proposed that this elevated melanoma risk was linked to levodopa therapy,
recent comprehensive studies have largely dismissed a direct causal rela-
tionship, instead highlighting shared molecular mechanisms as likely dri-
vers of this co-occurrence’™". A hallmark of PD pathology is the aggregation
of a-synuclein into Lewy bodies within the brain, and recent studies have
detected a-synuclein aggregates in peripheral tissues, with phosphorylated
forms found in skin biopsies, offering a promising approach for early, non-
invasive PD diagnosis”’ . High a-synuclein expression in PD melanocytes
and melanoma cells further suggests a molecular link between PD and
melanoma™’.

In this study, an intersection analysis of DEGs between PD and mel-
anoma datasets uncovered both significant overlaps and important dis-
tinctions, indicating potential shared molecular signatures. These
overlapping genes point to common biological pathways, with notable
enrichment in pathways involving cation or monoatomic ion channels and
the transmembrane transport of monoatomic or metal ions. Of particular
interest, melanin, and neuromelanin are synthesized from tyrosine through
the copper-dependent enzyme tyrosinase, highlighting the essential role of
metal jon transport in maintaining appropriate copper levels in both
dopaminergic neurons and melanocytes™”’. This copper homeostasis is
crucial not only for supporting biosynthetic processes but also for pre-
venting melanocyte death and preserving SOD1 activity, which has been
shown to protect against neuronal loss in PD**"'. One of the most com-
pelling findings of our study is the shared involvement of cuproptosis
pathways in the neurons affected by PD and the melanocytes associated with
melanoma. Disruptions in metal ion transport that lead to copper overload
may contribute to the pathogenesis of PD through copper-dependent PCD
in dopaminergic neurons. This finding aligns with evidence from Wilson
disease—a genetic disorder marked by defective copper metabolism that
causes copper accumulation in the brain and other organs. The neurological
symptoms of Wilson's disease, such as tremors, rigidity, and bradykinesia,
resemble those in PD, suggesting a significant role of copper dysregulation
in movement-related brain damage™. Furthermore, elevated free copper in
PD has been associated with oxidative stress, alpha-synuclein aggregation,
and increased iron in affected brain regions, all of which are linked to
intensified neuronal damage™*. Together, these findings underscore the
importance of copper homeostasis in both PD and melanoma, with
potential implications for copper-focused therapeutic strategies in neuro-
degenerative and oncological contexts.

Protein—protein interaction analysis of differentially regulated genes in
PD and melanoma revealed a network centered around the SNCA gene,
which encodes a-synuclein. This network highlights SNCA as a pivotal gene
potentially influencing both PD-related neurodegeneration and melanoma
tumorigenesis. Interestingly, SNCA expression was downregulated in PD,
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expression post-cuproptosis induction, including upregulation of cell cycle-related
genes (CCNB1, CCNH, CENPE, CENPK, ZWILCH, ZWINT), cytoskeletal orga-
nization genes (CORO1C, GSN), and the DNA repair gene (RMI2), as well as
downregulation of FOXO3. Upregulation of the PD-associated gene SNCA and the
sirtuin gene SIRT?2 is also observed, with data presented as mean + SEM (n = 3).
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Fig. 9 | Immune cell infiltration analysis in PD and melanoma. A CIBERSORT
analysis in PD tissues. B CIBERSORT analysis in melanoma tissues. C Correlation of
hub genes with immune cell populations in PD. D Correlation of hub genes with

immune cell populations in melanoma. E Correlation of immune cell populations
with PCD in PD. F Correlation of immune cell populations with PCD in melanoma.
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Fig. 11 | Divergent association of signaling pathways with cuproptosis in PD and melanoma. A Correlation of molecular pathway with PCD in PD. B Correlation of

molecular pathway with PCD in MM.

likely due to feedback inhibition from accumulated a-synuclein, whereas it
was upregulated in melanoma, where it may support melanocyte survival
and proliferation. To further explore SNCA expression in the context of
cuproptosis, we performed RT-qPCR in melanoma cells, confirming that
SNCA is indeed upregulated during this process. This finding suggests that
a-synuclein may contribute to maintaining optimal intracellular copper
levels. Studies have shown that copper binds strongly to monomeric a-
synuclein via the N-terminal amine and His50, and readily incorporates into
amyloid fibers. This copper binding may mitigate copper dys-homeostasis
in PD, protecting neurons from copper-induced oxidative stress”. These
results indicate a potentially protective role for monomeric a-synuclein in
melanin- or neuromelanin-producing cells. Therefore, therapeutic strate-
gies that maintain a-synuclein in its soluble, monomeric state—rather than
simply reducing its levels—may offer clinical benefits. Targeting pathways
to prevent a-synuclein aggregation while preserving its normal, soluble
form could present a promising direction for disease-modifying thera-
pies in PD.

Using LASSO regression, we identified a set of hub genes—ACTN4,
CCNBI1, CCNH, CENPE, CENPK, CORO1C, FOXO3, GSN, RAD52,
RMI2, SIRT2, ZWILCH, and ZWINT—with significant diagnostic poten-
tial for both PD and melanoma. These genes showed a strong association
with disease states and consistently high diagnostic performance, reflected
by high AUC values across multiple datasets for both lambda.min and
lambda.1se models, underscoring their robustness as biomarkers to dis-
tinguish PD and melanoma patients from healthy controls. Further inves-
tigation revealed that genes CCNB1, CCNH, COROIC, and GSN are

implicated in cuproptosis in PD-affected neurons, while ACTN4, CCNBI1,
CCNH, CENPE, CENPK, COROIC, GSN, RMI2, and ZWINT are asso-
ciated with cuproptosis in melanoma melanocytes. RT-qPCR analysis in
melanoma cells confirmed upregulation of CCNB1, CCNH, CENPE,
CENPK, COROIC, GSN, RMI2, and ZWINT during cuproptosis. Inter-
estingly, DEGs indicated downregulation of CCNB1, CCNH, CENPE,
CENPK, CORO1C, RMI2, and ZWINT in PD, contrasting with the upre-
gulation of GSN, highlighting disease-specific expression patterns that may
further inform therapeutic targeting in these conditions.

The genes CCNB1 and CCNH, essential for cell cycle regulation,
interact with CDKs to control mitotic entry and DNA repair, with their
upregulation linked to accelerated growth rates™”. This finding suggests
that cyclins activating CDK1/cdc2, the primary G2/M phase kinase, may
play a role in melanoma tumorigenesis™™*. Cyclin activation may also
support melanoma cell survival during cuproptosis by regulating cell divi-
sion and managing DNA repair, potentially buffering cuproptosis-induced
cell stress. Conversely, in neurons affected by PD, cyclin expression appears
downregulated, reducing their potential protective effect. In models of PD,
such as neurons exposed to the toxin 1-methyl-4-phenylpyridinium ion
(MPP +), CCNB1 expression is decreased, indicating a possible link
between cyclin downregulation and neurodegeneration'*’. Studies also
show that CDK inhibitors can offer neuroprotection, suggesting a potential
protective role of cyclins in mitigating neurodegeneration even in non-
dividing neurons***. Together, these findings indicate that while neurons in
PD may lack the proliferative benefit from cyclin activity, cyclins could still
provide essential protective functions against degeneration.
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Both CORO1C and GSN are key regulators of the actin cytoskeleton,
playing critical roles in maintaining cell shape, motility, and migration.
COROIC is essential for the proper organization of cytoskeletal compo-
nents, including actin filaments, microtubules, and vimentin intermediate
filaments, and is involved in cell proliferation, migration, and lamellipodia
formation®. Additionally, CORO1C is crucial for mitochondrial position-
ing within cells and facilitates endoplasmic reticulum-associated endosome
fission***’. GSN, a calcium-regulated actin-binding protein, modulates actin
filaments by binding to their barbed ends, preventing monomer exchange
while promoting filament nucleation and severing”. In response to copper
stress, which can disrupt cytoskeletal integrity through oxidative mod-
ifications, CORO1C and GSN may stabilize actin filaments, potentially
buffering cells against cuproptosis-induced damage. Emerging evidence
links COROI1C to PD pathogenesis through interactions with LRRK2, a
gene associated with PD. Variants within or near CORO1C may influence
the penetrance of LRRK2 mutations, and decreased CORO1C expression
observed in PD could impair LRRK2 function’’. Meanwhile, GSN, encoding
gelsolin, is implicated in the formation of Lewy bodies in PD, with studies
indicating that gelsolin can accelerate a-synuclein aggregation®™". Inter-
estingly, reduced levels of gelsolin have been observed in plasma extra-
cellular vesicles from individuals with dementia with Lewy bodies compared
to controls and Alzheimer’s samples, suggesting a role for gelsolin in Lewy
body formation™. Gelsolin also modulates neuroinflammation, a critical
component of neurodegenerative diseases, by inhibiting LPS-induced
inflammatory processes’. While GSN mRNA levels appear upregulated in
PD, previous findings show that soluble gelsolin levels are reduced, likely
due to its aggregation with a-synuclein, leading to decreased availability of
functional gelsolin™.

The immune cell infiltration profiles in PD and melanoma revealed
striking differences. While PD tissues showed minimal changes in immune
cell populations, melanoma tissues were marked by significant alterations in
immune cell infiltration, particularly an increase in pro-inflammatory cells
such as regulatory T cells, y§ T cells, and M1 macrophages. This highlights
the divergent roles of the immune system in neurodegenerative versus
oncogenic contexts. The pronounced immune response in melanoma aligns
with its immunogenic nature, where cancer progression is closely linked to
the evasion of immune surveillance and the recruitment of immunosup-
pressive cells to the tumor microenvironment™. In contrast, the subtle
immune changes in PD suggest that neuroinflammation, although present,
may not be the primary driver of neuronal death. Interestingly, cuproptosis
and related hub genes in melanoma correlated with M1 macrophages,
indicating that macrophage polarization plays distinct roles in the patho-
physiology of the disease. M1 macrophages, generally recognized for their
anti-tumor properties, may increase melanoma in response to tumor
growth®’. Meanwhile, PD shows limited immune cell infiltration compared
to melanoma, M2 macrophages associated with cuproptosis, and related
hub genes indicate potential therapeutic targets. Studies have suggested that
M1 macrophage activation can drive neurodegeneration in PD, while M2
macrophages may inhibit M1 states and promote repair and healing”.
Additionally, research has identified central nervous system (CNS)-resident
macrophages, specifically border-associated macrophages, as critical med-
iators of a-synuclein-related neuroinflammation, further highlighting
immune cell specialization in PD pathology™.

Our pathway analysis reveals that the WNT-B-Catenin signaling
pathway exhibits inverse regulatory trends and divergent associations
with cuproptosis in PD and melanoma, while maintaining consistent
patterns in relation to neurons in PD and melanocytes in melanoma.
These findings suggest that the divergent regulation of WNT-B-Catenin
signaling may underlie the contrasting cellular outcomes in PD-affected
neurons and melanoma cells. In melanoma, increased nuclear B-catenin
activity through the WNT-[-Catenin pathway correlates with improved
prognosis and decreased cellular proliferation, highlighting its ther-
apeutic potential in oncology’®. Conversely, in PD, disruptions in
WNT-B-Catenin signaling, such as gene hypermethylation and reduced
protein expression, compromise dopaminergic neurons, while pathway

activation has been shown to support neuronal growth and mitochon-
drial function®"*.

Despite the comprehensive nature of this study, several limitations
should be considered. First, our analysis primarily relied on publicly avail-
able gene expression datasets, which may introduce variability stemming
from differences in sample collection, processing, and experimental con-
ditions. This heterogeneity could affect the reproducibility and general-
izability of our findings. Second, while we identified cuproptosis as a novel
shared pathway of PCD between PD and melanoma, the functional vali-
dation of cuproptosis in these diseases remains limited. Further in vitro and
in vivo studies are necessary to establish causal relationships and fully elu-
cidate the biological significance of cuproptosis in PD and melanoma
pathogenesis. Third, although we investigated macrophage populations and
WNT-B-catenin signaling in relation to hub genes associated with
cuproptosis, further research is needed to fully characterize their roles in
cuproptosis regulation and their therapeutic potential. Another limitation of
our study lies in the inconsistency of the brain regions sampled across the
PD datasets. While most PD datasets were derived from the frontal cortex,
the validation dataset was sourced from the Globus Pallidus interna (GPi), a
region implicated in PD but not specifically the substantia nigra, which is
central to PD pathology. Although datasets from the same experimental
platform (GPL570) were used to ensure methodological consistency, the
lack of a substantia nigra-specific validation dataset may limit the general-
izability of our findings. Future studies incorporating more uniform, region-
specific datasets, particularly from the substantia nigra, would strengthen
the validation of the molecular mechanisms identified in this study. Addi-
tionally, the merged analysis approach for both PD and melanoma datasets,
while enhancing statistical power, may have overlooked disease-specific
nuances that could be better captured through an intersection-based
approach. However, due to the relatively small sample sizes in the PD
datasets derived from human tissues, the intersection-based approach did
not yield robust differentially expressed genes (DEGs). Future studies with
larger sample sizes may address this limitation. Despite the application of
batch effect correction, the potential for residual batch effects from com-
bining datasets with different technical characteristics remains a
consideration.

This integrative study elucidates the intricate molecular connections
between PD and melanoma, highlighting both shared and distinct disease
mechanisms. Central to our findings is the role of cuproptosis, a copper-
driven pathway of programmed cell death, in both conditions. The hub
genes identified in this study, closely associated with cuproptosis, exhibit
significant diagnostic potential for both diseases. Moreover, the divergent
macrophage populations and WNT-B-catenin signaling patterns observed
in PD and melanoma are correlated with these hub genes, underscoring
their relationship with cuproptosis. These interactions are critical in
determining the distinct fates of PD neurons and melanoma melanocytes,
suggesting that modulating cuproptosis may be pivotal in protecting PD
neurons from degeneration while simultaneously inhibiting the malignant
proliferation of melanoma cells. These findings pave the way for future
research aimed at elucidating the precise roles of cuproptosis, along with the
associated immune profiles and WNT-B-catenin signaling, in disease pro-
gression. Ultimately, this work contributes to the development of targeted
therapies that address both the unique and overlapping aspects of PD and
melanoma, positioning cuproptosis and its related pathways at the forefront
of innovative treatment strategies.

Methods

Acquisition and preparation of datasets

Gene expression datasets were retrieved from the Gene Expression Omni-
bus (GEO), a comprehensive functional genomics database maintained by
the National Center for Biotechnology Information (NCBI). We conducted
specific queries using the terms “Parkinson’s disease” and “melanoma” to
identify relevant gene expression profiles derived from human tissue studies.
For PD, we selected datasets derived from human brain tissue, ensuring
methodological consistency and compatibility across experimental
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Table 1 | Summary of datasets used in this study

Dataset ID Condition Platform Number of samples Origin of samples
GSE7621 PD GPL570 16 patients and 9 controls Substantia Nigra
GSE20141 PD GPL570 10 patients and 8 controls Substantia Nigra
GSE49036 PD GPL570 15 patients and 13 controls Substantia Nigra
GSE100050 melanoma GPL570 6 patients and 6 controls Tumor or normal tissue
GSE114445 melanoma GPL570 16 patients and 18 controls Tumor or normal tissue
GSE238207 melanoma GPL570 6 patients and 20 controls Tumor or normal tissue
GSE20292 PD (validation) GPL96 11 patients and 18 controls Substantia nigra
GSE15605 melanoma (validation) GPL570 58 patients and 16 controls Tumor or normal tissue

platforms. This approach guarantees that the datasets are comparable and
that the findings are both robust and reproducible across various PD-related
contexts. For melanoma, we chose datasets derived from primary mela-
noma tissues or control normal tissues, with consistent methodologies and
experimental platforms. This ensures that the datasets capture the most
biologically relevant and accurate gene expression profiles for melanoma
while maintaining methodological consistency. In total, datasets GSE7621,
GSE20141, and GSE49036 were selected for PD, and GSE238207,
GSE100050, and GSE114445 were chosen for melanoma, based on their
comprehensive coverage of disease-specific gene expression data. Detailed
experimental metadata, including sample sizes and experimental condi-
tions, are provided in Table 1. To address potential batch effects resulting
from merging these datasets, we applied the sva (version 3.50.0). Specifically,
we employed the ComBat function implemented in the sva package to
adjust for batch effects and minimize unwanted variation attributable to
batch differences.

Analysis of DEGs and identification of shared DEGs

We conducted differential expression analysis in the R programming
environment (version 4.3.3), using stringent statistical thresholds (adjusted
P value <0.05 and absolute log2 fold change >0.5) to identify significantly
altered genes (DEGs). This analysis was applied across both PD and mel-
anoma datasets, generating hierarchical clustering heatmaps, volcano plots,
and principal component analysis (PCA) plots using the tinyarray (version
2.3.2) and ggplot2 (version 3.5.0) R packages. To identify shared and distinct
DEGs between PD and melanoma, we utilized the Venn Diagram R package
(version 1.7.3), classifying DEGs based on their up- or downregulation in
each disease. This comparative analysis provided insights into convergent
and divergent molecular mechanisms underlying PD and melanoma
pathogenesis.

Dynamic enrichment analysis of DEGs

To explore the biological functions of the DEGs, we performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses using the enrichplot R package (version 1.22.0). GO
analysis classified DEGs according to their involvement in biological pro-
cesses, molecular functions, and cellular components, while KEGG pathway
analysis identified key signaling pathways overrepresented by DEGs. This
dynamic enrichment approach allowed us to uncover shared biological
processes and pathways between PD and melanoma, providing a deeper
understanding of the molecular underpinnings of these diseases. Further
enrichment analysis of shared DEGs was performed using the clusterPro-
filer R package (version 4.10.1).

Construction of the protein—protein interaction (PPI) network of
shared DEGs

To elucidate the interactions between shared DEGs, we constructed a
protein-protein interaction (PPI) network using the STRING database
(https://string-db.org/), setting a minimum interaction score of 0.4 to ensure
high-confidence interactions. The resulting PPI network was visualized
using Cytoscape software (version 3.10.2), and significant molecular

complexes were identified using the MCODE plug-in (version 2.0.3), with
customized parameters to detect key functional modules within the net-
work. These analyses provided insights into the functional architecture of
shared DEGs, revealing potential regulatory mechanisms.

Identification of hub genes using least absolute shrinkage and
selection operator (LASSO) regression

Hub genes were identified from shared DEGs using LASSO regression
analysis with the glmnet R package (version 4.1.8), applied to the PD
datasets as the training set. Hub genes were then validated across melanoma
datasets, with differential expression assessed using the Wilcoxon test. The
diagnostic utility was evaluated through Receiver Operating Characteristic
(ROC) curve analysis using the ROCR R package (version 1.0.11), with Area
Under the Curve (AUC) values calculated to determine the diagnostic
efficacy of the identified hub genes. Validation was conducted using addi-
tional external GEO datasets to confirm the robustness of these genes across
diverse experimental conditions.

Correlation analysis of PCD

We examined the involvement of PCD pathways in PD and melanoma
using gene sets associated with 14 types of PCD®. Single-sample gene set
enrichment analysis (ssGSEA) was performed using the GSVA R package
(version 1.40.1) to assess PCD pathway activation across datasets. This
analysis allowed us to quantify the contribution of each PCD mechanism to
the pathophysiology of PD and melanoma, highlighting potential ther-
apeutic targets.

Analysis of hub gene expression during cuproptosis

To explore the role of hub genes in cuproptosis, a copper-dependent cell
death pathway, we treated A2058 melanoma cells with elesclomol and
CuCl, to induce cuproptosis. Protein expression of key cuproptosis
markers was confirmed by Western blot analysis, while hub gene
expression was assessed via RT-qPCR. This dual approach provided
critical insights into the regulation of cuproptosis by identified hub genes
in melanoma cells.

Correlation analysis of cell components

Cellular composition in PD and melanoma tissues was characterized using
the CIBERSORT (version 0.1.0) and xCell (version 1.1.0) R packages. These
analyses enabled the identification of immune and other cell types infil-
trating target tissues, offering insights into the immunological landscape of
PD and melanoma. The cellular localization of hub genes and molecular
pathways was then correlated with specific cell types, particularly neurons in
PD and melanocytes in melanoma.

Correlation analysis of molecular pathways

We performed pathway enrichment analysis using hallmark gene sets from
the Molecular Signatures Database (MsigDB), covering 51 key molecular
pathways. This analysis provided a comprehensive view of the molecular
pathways implicated in PD and melanoma pathogenesis, with particular
emphasis on pathways involved in cell death and cell-type-specific
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processes, such as neuronal death in PD and melanocyte proliferation in
melanoma.

Data availability

The datasets used in this study are available in online repositories. The
specific repository and accession numbers are provided in the article’s
supplementary material. In particular, the datasets GSE7621, GSE20141,
GSE20292, GSE49036, GSE100050, GSE114445, GSE15605, and
GSE238207 can be accessed at NCBI GEO (https://www.ncbi.nlm.nih.gov/
geo/). Experimental data supporting the findings of this study are included
in the manuscript. The original experimental data are available from Q.W.
and Y.Y. upon reasonable request.

Code availability
The code used in this study is available from the corresponding author upon
reasonable request.
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AUC Area Under the Curve

DEGs Differentially Expressed Genes

com-DEGs Differentially Expressed Genes with the Same Expression
in PD and Melanoma

dif- DEGs  Differentially Expressed Genes with Opposing Expression
in PD and Melanoma

GEO Gene Expression Omnibus

GO Gene Ontology

GPi Globus Pallidus Interna

GSVA Gene Set Variation Analysis

KEGG Kyoto Encyclopedia of Genes and Genomes

LASSO Least Absolute Shrinkage and Selection Operator

LRRK2 Leucine-Rich Repeat Kinase 2

MCODE  Molecular Complex Detection (Cytoscape Plug-in)

MPP+ 1-Methyl-4-Phenylpyridinium Ion

MsigDB Molecular Signatures Database

PCA Principal Component Analysis

PCD Programmed Cell Death

PD Parkinson’s Disease

PPI Protein-Protein Interaction

ROC Receiver Operating Characteristic

RT-qPCR  Reverse Transcription Quantitative Polymerase Chain
Reaction

ssGSEA Single-Sample Gene Set Enrichment Analysis
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