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Background: Programmed cell death (PCD) has been implicated in various autoimmune disorders, but its role in vitiligo remains
poorly understood. This study aimed to identify PCD-related genes and elucidate their potential contribution to vitiligo pathogenesis
through integrative bioinformatics analysis.

Methods: Three GEO datasets (GSE65127, GSE53146, GSE75819) were merged to obtain a combined cohort of 40 controls and 30
vitiligo samples. Differentially expressed genes (DEGs) were identified using limma. GSVA was applied to assess 11 PCD pathways.
Summary-data-based Mendelian randomization (SMR) and HEIDI testing integrated eQTL data with vitiligo to pinpoint causal genes.
Bayesian colocalization and immune infiltration analyses were further performed.

Results: A total of 922 DEGs were identified, with pyroptosis and cuproptosis signatures upregulated in vitiligo whereas overall
autophagy- and lysosome-dependent cell death-related gene expression was decreased. In contrast, pathway-level GSVA using
a broader autophagy-related gene set indicated upregulated autophagy signaling, highlighting the context dependence of autophagy-
related signatures. Overlapping DEGs with PCD gene sets yielded 75 differentially expressed PCD-related genes. SMR analysis
prioritized 602 genes associated with vitiligo risk, and intersection with PCD genes highlighted PARK7 and SLC1A5 as key candidates.
Bayesian colocalization analysis provided strong genetic support for SLC1AS as a candidate gene, with lead SNP rs8105903 showing
consistent eQTL and GWAS signals. GSVA revealed downregulated melanogenesis and tyrosine metabolism alongside upregulated
autophagy and NOD-like receptor signaling in vitiligo. Single-gene enrichment linked SLC1A45 to glycosphingolipid biosynthesis and
melanogenesis. Immune infiltration analysis showed elevated aDC, T helper, and Th2 cells but reduced NK CD56bright cells in
vitiligo. SLC1A45 was significantly downregulated in vitiligo samples and demonstrated moderate diagnostic value.

Conclusion: This study identifies SLC/A45 as a genetically anchored PCD-associated gene potentially involved in vitiligo through
metabolic reprogramming and immune modulation, and provides strong genetic evidence supporting SLC1A5 as a candidate for further
mechanistic and translational investigation, while recognizing that functional studies are required before it can be considered
a therapeutic target.
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Introduction

Vitiligo is a complex autoimmune disorder characterized by progressive destruction of melanocytes, resulting in patchy
depigmentation of the skin.'* It affects approximately 0.5-2.0% of the global population, across all ethnic groups, and
can develop at any age.”” Beyond the visible depigmentation, vitiligo is associated with substantial psychological and
social burden, including stigmatization, diminished quality of life, and increased rates of anxiety and depression.*> The
chronic course, frequent resistance to therapy, and high relapse rates further underscore its clinical and public health
importance.® Despite its prevalence, the underlying molecular and genetic mechanisms contributing to vitiligo pathogen-

esis remain poorly understood. Current evidence suggests that immune dysregulation plays a pivotal role, and
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transcriptomic studies have highlighted altered immune responses, oxidative stress, and apoptosis as significant con-
tributors to melanocyte degeneration.”® Furthermore, programmed cell death (PCD) mechanisms, including apoptosis,
pyroptosis, ferroptosis, necroptosis, autophagy-related cell death, and lysosome-dependent cell death, have emerged as
critical pathways in cellular homeostasis and autoimmune disorders, yet their specific roles and interactions in vitiligo
remain unexplored.'®'?

Genetic studies have made significant progress in identifying risk variants associated with vitiligo susceptibility. Genome-
wide association studies (GWAS) have localized several candidate loci, including variants within or near HLA class I and II
regions, CD80, CCR6, CD44, TYR, TYRPI, and MCIR, which implicate both immune regulatory and melanocyte-specific
pathways in disease risk.'>'* However, connecting these findings to functional genes and pathways relevant to melanocyte
biology has proven challenging, particularly because many risk variants reside in noncoding regions and may exert their
effects through context-specific regulation of gene expression. Integrative approaches utilizing transcriptomic, epigenetic, and
genetic data are thus essential to fully elucidate the molecular landscape of vitiligo.

Among the genes and pathways implicated in immune regulation and cellular stress responses, amino acid transporters and
glutamine metabolism have gained increasing attention. Solute carrier family members, including SLCIA435, play key roles in
glutamine uptake, metabolic reprogramming, redox balance, and activation of immune cells.'>'® SLCIA45, a high-affinity
neutral amino acid transporter, has been shown to regulate T cell function, cytokine production, and susceptibility to various
forms of PCD in other disease contexts.'”'® However, its potential involvement in melanocyte biology, cutaneous immunity,
and vitiligo pathogenesis has not been systematically investigated. Given that glutamine availability and amino acid transport
can influence oxidative stress responses, immune activation, and cell survival, SLCIA5 represents a biologically plausible
candidate linking genetic susceptibility, metabolic regulation, and PCD in vitiligo.

The present study aims to address existing gaps by comprehensively investigating PCD-related pathways, genetic
susceptibility, and immune dysfunction in vitiligo, with a particular focus on SLCIA45 and amino acid transport. Utilizing
transcriptomic and genomic datasets, we hypothesize that specific genes within PCD pathways act as central mediators
linking immune dysregulation and genetic susceptibility. To test this hypothesis, we combined differential expression
analysis, Summary-data-based Mendelian randomization (SMR), regional colocalization, and pathway enrichment
methods to identify key genes and pathways.'®*° More specifically, this study aimed to: (1) identify differentially
expressed PCD-related genes in vitiligo; (2) prioritize genetically supported candidate genes using SMR and colocaliza-
tion analysis; (3) explore functional pathways associated with the leading candidate gene, with emphasis on SLC/A45 and
glutamine metabolism; and (4) assess its relationship with immune infiltration and diagnostic performance. This multi-
disciplinary approach offers new insights into molecular drivers of autoimmune dysfunction and melanocyte destruction
in vitiligo, providing direction for future therapeutic development.

Methods

Data Acquisition and Preprocessing
The gene expression datasets GSE65127, GSE53146, and GSE75819 were downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Raw data in CEL format were processed using R and

Bioconductor packages. Preprocessing involved background correction via the robust multi-array average (RMA) method,
normalization, and imputation of missing values using the “affy” and “impute” packages. Probe-to-gene annotation was
performed by mapping probes to gene symbols using annotation files provided by the array manufacturers. Duplicate probe
sets corresponding to the same gene were resolved by calculating the median expression value, and probes without
matching gene symbols were excluded. Sample characteristics are summarised in Table S1. Briefly, GSE65127 contributed
ten non-lesional epidermis samples and ten healthy controls, plus ten lesional epidermis samples. No further clinical details
were available for the healthy controls in this dataset. GSE53146 included five lesional epidermis samples and five healthy
controls; the control skin was obtained from age- and site-matched excision tips without pathology. GSE75819 provided
fifteen lesional and fifteen non-lesional epidermis samples, without healthy controls. Across the three datasets, no
information on treatment status, disease activity, or vitiligo subtype could be retrieved. Controls were not uniformly
matched by age, sex, or anatomical site due to inconsistent reporting, nor were all platforms identical (GPL570, GPL14951,
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GPL6884). After merging, the integrated matrix contained 40 control samples (non-lesional or healthy) and 30 vitiligo
lesional samples. Batch effects were assessed and corrected with the sva package.

Differential Expression Analysis

DEGs between vitiligo and control groups were identified using the “limma” package. Statistical significance was
determined using an adjusted p-value < 0.05, with |log2 fold change| > 1 set as the differential expression threshold.
Volcano plots illustrating DEGs were generated using the “EnhancedVolcano” package, while heatmaps of the top 50

DEGs were constructed using the “ComplexHeatmap” package for visualization.

GSVA Analysis of PCD Pathways

To investigate PCD mechanisms, 11 gene sets related to cell death modalities, including apoptosis, pyroptosis, ferrop-
tosis, necroptosis, and others, were curated from literature sources.>' The pathway activity levels of these PCD gene sets
were evaluated using GSVA with the “GSVA” package. Pathway scores were compared between vitiligo and control
groups using a Wilcoxon test, and results were visualized using “ggplot2”.

Summary-Data-Based Mendelian Randomization (SMR) Analysis

To identify putatively causal genes whose expression levels influence vitiligo susceptibility, we performed a SMR
analysis.? Vitiligo GWAS summary statistics (95 cases and 337,064 controls of European ancestry) were sourced from
the IEU OpenGWAS Project platform (https://gwas.mrcieu.ac.uk/, accession ukb-a-115).%> Genetic instruments for gene

expression were defined using cis-expression quantitative trait loci (cis-eQTL) data. For each gene, the most significantly
associated single nucleotide polymorphism (SNP) within a £1000 kb window of the gene’s transcription start site was
selected as the instrumental variable, provided its GWAS p-value met a genome-wide significance threshold of 5x107%.
An initial gene-level association with vitiligo risk was assessed under a liberal pSMR threshold of 0.05. To distinguish
causality from confounding due to linkage disequilibrium (LD), we applied the heterogeneity in dependent instruments
(HEIDI) test. Associations with a pHEIDI value < 0.05 were considered evidence of pleiotropy/LD and were subse-
quently excluded from the final set of candidate causal genes.”* The SMR and HEIDI analyses were performed using
SMR software (version 1.3.1).

Bayesian Colocalization Analysis

To assess whether SLCIA5 expression and vitiligo risk share the same causal genetic variant, we performed Bayesian
colocalization analysis using the coloc package (version 5.2.3, https://github.com/chrlswallace/coloc) in R (version 4.2.0).
Summary statistics for the vitiligo GWAS (ukb-a-115) and SLCIA45 expression quantitative trait loci (eQTL) were
integrated via the ieugwasr to_coloc function. We defined a symmetric genomic window centered on SLCI1A5, correspond-
ing to £250 kb around the gene locus, and included all SNPs present in both the GWAS and eQTL datasets within this
region. For each region, we report the total number of overlapping SNPs used in the colocalization analysis. The coloc.abf

function was then applied with default prior probabilities (p1 = 1.0x10™* for association with vitiligo, p2 = 1.0x10™* for
association with SLC1A45 expression, and p12 = 1.0x10"> for a shared causal variant), to estimate the posterior probability
for each of the five hypotheses: HO (no association with either trait), H1 (association with vitiligo only), H2 (association
with SLCI1A5 expression only), H3 (both traits associated but with distinct causal variants), and H4 (both traits associated
and sharing a common causal variant). We report the full posterior probability distribution (PP.HO—PP.H4), rather than PP.
H4 alone, to distinguish between shared and distinct causal signals. A PP.H4 > 80% was considered strong evidence for
a shared causal variant, whereas a high PP.H3 was interpreted as evidence for distinct causal variants in the same region.
Regional plots and locus-specific visualizations were generated using the locuscompare function from the locuscompare
package (https://github.com/boxiangliu/locuscompare), allowing direct comparison of GWAS and eQTL association

signals across the genomic region of SLCI/A45.
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Gene Set Variation Analysis (GSVA) and Single-Gene Enrichment Analysis
To evaluate pathway activity differences between control and vitiligo samples, GSVA was performed using the GSVA package.
Gene sets were obtained from the Molecular Signatures Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/).

GSVA was run with default parameters, using the normalized expression matrix. The resulting enrichment scores were compared
between groups to identify differentially activated pathways. For single-gene enrichment analysis of SLCI/A45, we employed
a gene set enrichment analysis (GSEA)-like approach. Samples were stratified based on SLCIA45 expression levels, and
differential expression analysis was performed between high- and low-expression groups using the limma package. GSEA
was conducted using the clusterProfiler package with the GSEA function, using 1000 permutations and default parameters.
Enrichment scores (ES) and nominal P-values were computed for each gene set. Visualization of leading edge pathways was
performed using the enrichplot package.

Immune Cell Infiltration Analysis

Immune cell infiltration analysis was conducted to assess the immunological landscape of vitiligo using expression data
from the integrated datasets. Single-sample Gene Set Enrichment Analysis (ssGSEA) was performed with the “GSVA”
R package to quantify infiltration levels of various immune cell subsets based on predefined immune-related gene sets
obtained from publicly available databases and literature.>> Correlation analysis between SLC1A45 expression levels and
the abundance of each immune cell type was conducted using Spearman’s rank correlation test, implemented with the
cor.test function in R. The results of the correlation analysis were visualized as lollipop plots using the ggplot2 package.

Results
|dentification of DEGs and PCD Pathways in Vitiligo

Figure 1 shows the flowchart for this study. To correct for technical batch effects across the three GEO datasets
(GSE65127, GSE53146, GSE75819), we applied the ComBat method. As shown in Figure S1, the UMAP plot after
batch correction revealed substantial intermingling of samples from the three datasets, indicating effective removal of
platform- and study-specific biases while preserving biological variability. To characterize the transcriptional landscape
of vitiligo, we first performed differential expression analysis on the merged dataset, identifying a total of 922 DEGs
(Figure 2A). Among these, the top 50 DEGs were selected for hierarchical clustering, and the resulting heatmap
demonstrated clear segregation between control and vitiligo samples, reflecting substantial disease-associated transcrip-
tomic shifts (Figure 2B). To further explore the involvement of regulated cell death mechanisms, we applied GSVA to
evaluate eleven common PCD pathways; notably, pyroptosis and cuproptosis signatures were enriched in vitiligo
samples, whereas autophagy and lysosome-dependent cell death pathways were downregulated relative to controls
(Figure 2C). Integration of DEG analysis with PCD-related gene sets enabled the identification of 75 DEGs directly
associated with programmed cell death, representing a critical subset of genes potentially driving pathogenic processes in
vitiligo (Figure 2D). These findings provide insight into the interplay between PCD mechanisms and vitiligo pathogen-
esis, highlighting avenues for targeted research and therapeutic exploration.

|dentification of Putative Causal Genes Linking Genetic Variants to Vitiligo

To identify putative causal genes linking genetic variants to vitiligo pathogenesis, we performed a SMR analysis
integrating cis-eQTL data with large-scale GWAS summary statistics, followed by HEIDI testing to prioritize likely
causal associations over those driven by linkage (Figure 3A and Table S2). Because none of the tested genes remained
significant after FDR correction (FDR < 0.05), we adopted an exploratory threshold of nominal pSMR < 0.05 combined
with HEIDI P-value > 0.05, in line with previously published SMR studies.”® Using this criterion, this integrative
genomics approach identified 602 genes whose expression levels were nominally associated with vitiligo risk
(Figure 3B). Overlapping these risk-associated genes with the previously identified PCD-related gene set yielded
a refined list, and further intersection analysis pinpointed two key PCD-associated genes (PARK7 and SLCIAS5) as
potential core targets linking genetic susceptibility to cell death dysregulation in vitiligo (Figure 3C and D).
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Regional Association and Colocalization Analysis

As shown in Table 1, colocalization analysis was further performed to assess whether the two identified PCD-related
genes shared causal variants with vitiligo risk. For SLC1435, the lead SNP rs8105903 yielded an odds ratio of 0.998 (95%
CI: 0.998-0.999) with a SMR P-value of 0.034 and a HEIDI P-value of 0.476, indicating no evidence of pleiotropy, and
the posterior probability of colocalization (PP.H4) reached 1.000, providing very strong statistical support that the GWAS
and eQTL signals are consistent with a shared causal variant. For PARK7, the top SNP rs35675666 showed an OR of
1.000 (95% CI: 1.000-1.001), a SMR P-value of 0.003, a HEIDI P-value of 0.588, and a PP.H4 of 0.538, suggesting
a moderate probability of colocalization. Together, these results support SLC1A45 as a genetically prioritized PCD-related
candidate gene potentially involved in vitiligo pathogenesis, while acknowledging that colocalization alone does not
establish biological causality or therapeutic actionability. To further illustrate the genetic colocalization at the SLCIA45
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Figure 2 Comprehensive analysis of DEGs and PCD pathways in vitiligo. (A) Volcano plot illustrating DEGs identified from the integrated vitiligo dataset based on differential
expression analysis. (B) Heatmap displaying hierarchical clustering of the top 50 DEGs, highlighting distinct expression patterns between vitiligo and control samples. (C) GSVA
of || common programmed cell death pathways comparing vitiligo and control groups. ns indicates no statistically significant difference, *p < 0.05, **p < 0.01, **p < 0.001. (D)
Venn diagram demonstrating the intersection between DEGs and programmed cell death-related genes.

locus, we performed a detailed regional association analysis. Figure 4A presents a scatter plot comparing the strength of
association (-log;o(P-value)) for SNPs in the SLC/A45 region between the vitiligo GWAS and the eQTL data. The high
correlation (r?) between the two trait associations, visually represented by the color gradient of the data points, suggests
a shared genetic signal. The lead variant, rs8105903, is prominently positioned within this correlated cluster. This
observation is further substantiated in Figure 4B, which shows the coordinated peak of association for both the vitiligo
GWAS (ukb-a-115) and the SLC145 ¢QTL (eqtl-a-ENSG00000105281) precisely at the genomic position of rs8105903
on chromosome 19. The aligned peaks, coupled with a low local recombination rate in this interval, are consistent with
the hypothesis that the same variant influences both SLC/A5 expression and vitiligo susceptibility, in line with the high
posterior probability for colocalization, but should be interpreted as evidence for a shared genetic signal rather than
definitive proof that SLCIA45 is the causal gene or a validated therapeutic target.
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Pathway Activity Profiling and Functional Enrichment Analysis of SLCIA5

To further investigate the functional impact of SLCIAS5, the prioritized causal gene from our genetic analysis, we
conducted pathway activity and single-gene enrichment analyses. As shown in Figure 5A, GSVA revealed distinct
pathway activity profiles between Con and Vitiligo samples. Notably, pathways directly relevant to melanocyte biology
and cellular homeostasis were dysregulated. The MELANOGENESIS and TYROSINE METABOLISM pathways were
significantly downregulated, aligning with the core pathology of pigment loss. In our earlier analysis of eleven curated
PCD gene sets, we observed that the AUTOPHAGY and LYSOSOME-DEPENDENT CELL DEATH pathways were
downregulated in vitiligo (Figure 2C). By contrast, in the broader GO-based GSVA shown in Figure 5A, the
REGULATION OF AUTOPHAGY pathway appeared upregulated. This apparent discrepancy reflects differences in
gene set composition and analytic focus: the PCD-specific GSVA captures a decrease in autophagy/lysosomal cell death—
related effector genes, whereas the REGULATION OF AUTOPHAGY gene set is enriched for upstream regulatory and
stress-response components that may be activated despite reduced downstream autophagic execution. Concurrently,
pathways associated with cellular stress and programmed cell death, including REGULATION OF AUTOPHAGY and
NOD_LIKE RECEPTOR SIGNALING PATHWAY, were upregulated, suggesting an activated state of pro-death
signaling. Furthermore, a broad upregulation was observed in core metabolic and biosynthetic pathways such as
RIBOSOME, OXIDATIVE PHOSPHORYLATION, and CELL_CYCLE, indicating potential cellular dysfunction or
metabolic reprogramming. Subsequently, single-gene enrichment analysis for SLC1A5 revealed that this gene positively
correlated with several pathways, most notably glycosphingolipid biosynthesis with an enrichment score (ES) of 0.6092
and nominal P-value (NP) of 0.0000, followed by fructose and mannose metabolism (ES=0.5937, NP=0.0082),
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Table | Causal Associations and Colocalization Analysis of Potential Therapeutic Targets in Vitiligo

eQTL Gene Probe_bp topSNP topSNP_chr topSNP_bp Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI nsnp_HEIDI OR_95CI PP. PP.
Source H3 H4
Blood SLCIAS 47284995 rs8105903 19 47288150 0.474 0.000 0.000 0.032 0.153 0.009 0.000 —0.001 0.000 0.034 0.476 20 0.999 (0.999-1.000) 0.000 1.000
Blood PARK?7 8029958 rs35675666 | 8021973 0.160 0.000 0.000 0.003 0.409 0.011 0.000 0.000 0.000 0.003 0.588 20 1.000 (1.000-1.001) 0.160 0.538

Abbreviations: GWAS, genome-wide association study; eQTL, expression quantitative trait locus; SMR, summary-data-based Mendelian randomisation; OR, odds ratio; Cl, confidence interval; HEIDI, heterogeneity in dependent
instruments (test for horizontal pleiotropy); PPH3, posterior probability that both traits are associated but have distinct causal variants; PPH4, posterior probability that both traits share a single causal variant; b_ GWAS, effect size of the
SNP on vitiligo risk from GWAS; b_eQTL, effect size of the same SNP on gene expression; b_SMR, estimated causal effect of gene expression on disease risk from SMR (derived from b_GWAS and b_eQTL); Freq, effect allele frequency;
se, standard error.
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glycosaminoglycan degradation (ES=0.5135, NP=0.0388), tyrosine metabolism (ES=0.4525, NP=0.0220), amino sugar
and nucleotide sugar metabolism (ES=0.4271, NP=0.0099), melanogenesis (ES=0.4008, NP=0.0060), and arginine and
proline metabolism (ES=0.3662, NP=0.0414) (Figure 5B). These findings implicate SLC/A5 in the dysregulation of
glycosphingolipid metabolism and melanin biosynthesis pathways, potentially linking genetic susceptibility to metabolic
reprogramming in vitiligo.

Immune Cell Infiltration Analysis and SLCIA5 Expression in Vitiligo

The immune cell infiltration analysis between vitiligo and control samples (Figure 6A) revealed significant differences in
several immune cell subsets. Specifically, aDC, T cells, T helper cells, Tcm, and Th2 cells exhibited higher infiltration
levels in vitiligo, while NK CD56bright cells, NK CD56dim cell levels, and Th17 cells appeared relatively reduced.
Given that Th17-related pathways are frequently implicated in autoimmune diseases, the observed decrease in Th17 cells
in this dataset should be interpreted with caution. This pattern may reflect characteristics of the included cohorts (eg,
lesion site, disease stage, or treatment status), limitations of the deconvolution algorithm and gene signatures used to
infer cell populations, or the possibility that Th17 involvement varies across different phases or subtypes of vitiligo
Therefore, the Th17 result is considered exploratory rather than definitive. Correlation analysis between SLCIAS5
expression and immune cell infiltration (Figure 6B) demonstrated that SLCIAS5 is positively correlated with NK
CD56bright cells, iDCs, and NK CD56dim cells, indicating its potential role in regulating immune microenvironments.
However, negative associations were observed with certain T cell subsets such as Th2 cells and Tem. Furthermore,
differential expression analysis (Figure 6C) revealed a significant downregulation of SLCIAS5 in vitiligo samples
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Figure 6 Immune cell infiltration analysis and SLCIA5 expression in vitiligo. (A) Immune cell infiltration levels in control and vitiligo groups analyzed using ssGSEA. ns
indicates no statistically significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. (B) Correlation between SLCIA5 expression and immune cell infiltration levels. (C)
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compared to controls. The ROC curve (Figure 6D) validated the diagnostic potential of SLCI/A45 for distinguishing
vitiligo from controls, with an AUC of 0.733, indicating moderate predictive accuracy. These findings suggest that
SLCIA5 may play an essential role in immune regulation associated with vitiligo pathogenesis, although the inferred
immune-cell alterations, require validation in independent cohorts and with orthogonal experimental methods.

Discussion

This comprehensive bioinformatics analysis reveals a previously underappreciated role of programmed cell death
mechanisms in vitiligo pathogenesis, with particular emphasis on the genetic and functional prioritization of SLC1A5.
Our integrative approach, combining transcriptomic analysis, MR, and colocalization studies, provides computational
evidence that dysregulated PCD pathways contribute to vitiligo susceptibility through genetically-anchored mechanisms
involving amino acid transport and cellular metabolism.

The identification of 75 PCD-related DEGs in vitiligo skin samples, coupled with the enrichment of pyroptosis and
cuproptosis signatures, suggests that inflammatory cell death pathways are aberrantly activated in this autoimmune
condition.?” Particularly noteworthy is the concurrent downregulation of protective autophagy and lysosome-dependent
clearance mechanisms, which may create a cellular environment conducive to melanocyte dysfunction and death.
Through rigorous genetic analysis integrating cis-eQTL data with large-scale GWAS statistics, we prioritized SLCI45
as a candidate gene linking genetic susceptibility to PCD dysregulation, supported by strong colocalization evidence at
the rs8105903 variant. However, it is important to emphasize that colocalization indicates a shared genetic signal
between SLCIA45 expression and vitiligo risk, and does not, by itself, prove that SLC/A5 is the causal gene or that it
is therapeutically actionable.

Our findings align with and extend previous observations regarding the role of oxidative stress and cellular
dysfunction in vitiligo pathogenesis. The enrichment of pyroptosis, a highly inflammatory form of cell death, is
consistent with recent studies demonstrating elevated levels of inflammasome activation and IL-1p signaling in vitiligo
lesions.®***° The identification of cuproptosis enrichment represents a novel finding, suggesting that copper-mediated
cell death mechanisms may contribute to melanocyte loss, potentially through disruption of mitochondrial metabolism
and protein aggregation pathways. The downregulation of autophagy pathways observed in our analysis corroborates
earlier reports indicating impaired autophagic clearance in vitiligo melanocytes.”*>" This dysfunction likely compro-
mises the cellular capacity to manage oxidative stress and protein aggregation, thereby sensitizing melanocytes to various
death stimuli. Our genetic prioritization of SLCIA45, encoding the neutral amino acid transporter ASCT2, provides
a hypothesis-generating link between these cellular processes and inherited susceptibility factors.*> SLCIA5 has been
extensively studied in cancer biology due to its role in glutamine transport and metabolic reprogramming.®®> However, its
involvement in autoimmune skin disorders represents a relatively unexplored area. Our functional enrichment analysis
revealing SLC1AS5’s positive correlation with glycosphingolipid biosynthesis and melanogenesis pathways suggests that
this transporter may influence melanocyte survival through metabolic mechanisms rather than direct effects on pigment
production. These inferences are based on bulk-tissue transcriptomic associations and should be interpreted as hypotheses
requiring experimental validation in melanocyte and immune-cell models.

We propose several interconnected mechanisms through which SLC/A45 dysfunction might contribute to vitiligo
pathogenesis. First, impaired glutamine transport could compromise cellular energy metabolism and antioxidant defense
systems, as glutamine serves as a critical substrate for glutathione synthesis and the tricarboxylic acid cycle.>**> This
metabolic dysfunction may render melanocytes more susceptible to oxidative stress-induced cell death, particularly in the
context of inflammatory immune responses.’® This scenario remains speculative at present and will need to be tested
in vitro using melanocyte cultures and ex vivo patient samples. Second, our observation that SLCIAS5 positively
correlates with NK cell populations while showing negative associations with certain T helper cell subsets suggests
a complex immunomodulatory role. Glutamine availability is crucial for T cell activation and proliferation,'® and
SLCIAS5 dysregulation may skew immune responses toward melanocyte-targeting effector functions. Nevertheless,
these correlations are derived from deconvolution of bulk-tissue data and may be influenced by cell-composition
changes; therefore, they should be viewed as indicative rather than definitive. The reduced SLCIA5 expression in vitiligo
samples could represent either a consequence of chronic inflammation or a predisposing factor that alters local immune
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homeostasis. The strong correlation between SLCIA5 and glycosphingolipid biosynthesis pathways is particularly
intriguing, as these lipid species play crucial roles in membrane stability, cellular signaling, and immune recognition.’”

Dysregulated glycosphingolipid metabolism has been implicated in various autoimmune conditions,***’

and our findings
suggest that SLC1AS5-mediated metabolic alterations may influence melanocyte membrane composition and suscept-
ibility to immune-mediated destruction. Furthermore, the enrichment of cuproptosis signatures in vitiligo samples,
combined with SLC1AS5’s role in amino acid transport, raises the possibility that altered copper homeostasis contributes
to disease pathogenesis. Copper is essential for tyrosinase activity and melanin synthesis, and dysregulated copper
metabolism could simultaneously impair pigment production while promoting copper-dependent cell death
pathways.***! All of these proposed links—glutamine metabolism, glycosphingolipid biosynthesis, copper homeostasis,
and cuproptosis—should be considered working hypotheses generated by integrative analyses, which require confirma-
tion in targeted functional assays and in vivo models.

An important alternative explanation for our observations is bulk-tissue confounding. The skin biopsies analyzed here
contain mixtures of melanocytes, keratinocytes, fibroblasts, endothelial cells, and infiltrating immune cells. Reduced
SLCIAS5 expression in vitiligo lesions could therefore reflect a lower proportion of SLC1AS5-expressing melanocytes or
other cell types, rather than true downregulation within a specific population. Similarly, the inferred immune-cell
differences, including changes in Th17, NK, and dendritic cell signatures, may partly arise from shifts in cellular
composition or limitations of the gene-signature—based deconvolution method. Future studies integrating single-cell or
spatial transcriptomics, along with cell-type—specific validation, will be necessary to disentangle cell-intrinsic expression
changes from alterations in tissue architecture.

The moderate diagnostic accuracy of SLCIAS5 expression suggests potential utility as a biomarker, though additional
validation in larger cohorts is warranted. At this stage, SLCIA5 should be viewed as a promising candidate biomarker and
mechanistic gene rather than a proven therapeutic target. More importantly, our identification of specific PCD pathways and
their genetic determinants opens new avenues for therapeutic intervention. Targeting pyroptosis through NLRP3 inflamma-
some inhibitors or modulating copper homeostasis could represent novel treatment strategies for vitiligo.***> The metabolic
dependencies revealed by our SLCI1A45 analysis also suggest that nutritional interventions or metabolic modulators might
influence disease progression.** However, these potential interventions are speculative and remain to be tested in appropriate
experimental systems, including melanocyte cultures, immune-cell models, patient-derived tissues, and animal models. Given
the central role of glutamine in immune cell function, therapeutic approaches aimed at selectively modulating amino acid
availability in skin microenvironments could potentially restore immune tolerance to melanocytes,'>'® but this concept
requires systematic preclinical evaluation before any clinical application is considered.

Our study benefits from several methodological strengths, including the integration of multiple analytical approaches
and the use of well-validated statistical methods for genetic colocalization. The GSVA-based pathway analysis provides
robust assessment of functional themes, while the SMR approach with HEIDI testing effectively distinguishes causal
associations from confounding linkage effects. However, several limitations should be acknowledged. First, the merged
transcriptomic cohort is relatively small (40 controls, 30 lesional samples), and we did not have access to an independent
external validation cohort. This limited sample size and lack of replication may reduce statistical power and increase the
risk that some findings are dataset-specific. The cross-sectional nature of transcriptomic data limits causal inference
regarding temporal relationships between gene expression changes and disease progression. Second, no experimental
validation was performed in this study. We did not confirm SLC1A5 or other candidate genes at the mRNA or protein level
using JPCR, Western blotting, or immunohistochemistry, nor did we assess their functional roles in melanocytes or immune
cells through in vitro or in vivo assays. Sample metadata are incomplete across the three GEO datasets. Control matching
for age, sex, and anatomical site was only reported for GSE53146; the other two datasets did not provide such matching.
Moreover, the three datasets used different platforms (GPL570, GPL14951, GPL6884), introducing potential technical
heterogeneity despite batch correction. No information on treatment status, disease activity, or vitiligo subtype could be
retrieved from the original entries. Fourth, because our analyses were based on bulk-tissue transcriptomes, the observed
changes in SLCIA45 expression and immune-cell signatures may partly reflect shifts in cell-type composition rather than
genuine within-cell expression changes. No information on treatment status, disease activity, or vitiligo subtype could be
retrieved from the original entries. Fifth, clinical metadata were limited: key variables such as disease stage, lesion site,
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treatment history, and vitiligo subtype were unavailable for most samples, precluding stratified analyses and potentially
introducing uncontrolled clinical heterogeneity. Sixth, the GSVA, immune infiltration, and single-gene enrichment outputs
should be interpreted as hypothesis-generating rather than definitive, given the multiple comparisons involved. The reliance
on skin biopsy samples, while clinically relevant, may not fully capture the systemic nature of vitiligo pathogenesis or the
heterogeneity of disease presentations across different anatomical sites. Seventh, the PCD gene sets and pathway definitions
used in this study were curated from general databases and are not specifically tailored to skin or vitiligo. As a result, they
may omit skin-specific regulators or include genes less relevant to melanocyte biology. Future work should refine these
gene sets with tissue- and disease-specific information. Future studies incorporating single-cell RNA sequencing
approaches could provide more detailed insights into cell type-specific expression patterns and intercellular communication
networks. This work establishes a foundation for understanding the genetic architecture of PCD dysregulation in vitiligo
and highlights SLCIA45 as a promising therapeutic target. Future investigations should focus on experimental validation of
the proposed mechanisms through functional studies in melanocyte culture systems and animal models. Additionally,
longitudinal studies examining the temporal dynamics of SLC1A45 expression and PCD pathway activation during disease
progression could inform optimal timing for therapeutic interventions.

Conclusions

In conclusion, this study establishes a robust, genetics-informed framework for understanding the role of PCD in vitiligo.
We have identified SLC1A45 as a genetically supported, PCD-associated candidate gene that may contribute to linking
genetic predisposition to the metabolic and immunologic aberrations that drive vitiligo pathogenesis. The findings
suggest a potential connection between genetic susceptibility, metabolic regulation, immune infiltration, and melanocyte
dysfunction, but do not demonstrate direct causality. Rather than redefining vitiligo as a primary metabolic fragility of the
melanocyte, our results generate the hypothesis that altered amino acid transport and associated metabolic pathways
might modulate melanocyte vulnerability and local immune responses. This hypothesis-generating perspective opens new
avenues for therapeutic exploration, while emphasizing that strategies aimed at modulating SLC1A435 activity or correcting
downstream metabolic dysregulation will require rigorous experimental and clinical validation before their mechanistic
or therapeutic relevance in vitiligo can be established.
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