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Background: Vitiligo is an autoimmune disorder characterized by selective melanocyte loss, largely driven by interferon-gamma 
(IFN-γ)-induced Janus kinase/signal transducers and activators of transcription (JAK–STAT) activation. While the immune aspects of 
JAK–STAT signaling are well-documented, its downstream transcriptional mediators within melanocytes remain incompletely 
understood.
Methods: We integrated multi-omics analyses, including cross-tissue and single-tissue transcriptome-wide association studies 
(TWAS), conditional and joint analysis (COJO), and summary data-based Mendelian randomization (SMR), using genome-wide 
association study (GWAS) data comprising 391 vitiligo cases and 465,673 controls. These were combined with single-cell RNA 
sequencing (scRNA-seq) data from 15 samples (10 vitiligo lesions and 5 healthy controls) and in vitro functional assays to identify 
causal JAK-responsive genes associated with vitiligo.
Results: Mediator complex subunit 15 (MED15) emerged as a robust gene associated with increased vitiligo risk (significance 
thresholds were set at P < 0.05, with False Discovery Rate [FDR] corrections detailed in Supplementary Data). Single-cell 
transcriptomic data revealed significant upregulation of MED15 in melanocytes from lesional skin, positively correlated with 
STAT1 expression and enrichment of the JAK–STAT pathway. Functional assays confirmed that MED15 overexpression profoundly 
inhibited melanocyte proliferation and suppressed intrinsic melanin synthesis, both of which were significantly reversed by JAK 
inhibition with Ruxolitinib. Furthermore, dual-luciferase reporter assays confirmed that MED15 is a direct transcriptional target of 
STAT1, governed by upstream JAK signaling.
Conclusion: MED15 functions as a JAK-responsive transcriptional cofactor contributing to melanocyte proliferation and melanogen
esis dysfunction in vitiligo. These findings establish a direct STAT1–MED15 transcriptional axis driving melanocyte injury, offering 
new insights into transcriptional mechanisms and potential therapeutic targets. MED15 may represent a complementary therapeutic 
target alongside JAK inhibition.
Keywords: vitiligo, JAK–STAT signaling, MED15, melanocyte, TWAS, single-cell RNA-seq

Introduction
Vitiligo is a common acquired depigmenting disorder characterized by the selective loss of functional melanocytes,1 

leading to well-demarcated white macules and patches on the skin. It affects approximately 0.5–2% of the global 
population and imposes a substantial psychosocial burden on affected individuals.2 Although the precise etiology of 
vitiligo is multifactorial, accumulating evidence supports an autoimmune basis, in which interferon-γ (IFN-γ)–driven 
inflammation and activation of the JAK–STAT signaling pathway play central roles in mediating melanocyte 
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destruction.3 In the vitiligo microenvironment, CD8+ T cell-derived IFN-γ exerts dual pathogenic effects. It not only 
enhances CXCL10–CXCR3 chemotaxis to promote further immune infiltration,4–6 but also triggers severe intracellular 
stress directly within melanocytes. Activation of the JAK-STAT axis in these cells induces senescence, structural damage, 
and apoptosis, while actively suppressing melanogenesis. The clinical efficacy of JAK inhibitors in repigmentation 
further highlights the importance of this pathway in vitiligo pathogenesis.7

Despite recognition of JAK signaling as a pathogenic driver, the downstream transcriptional mediators and cellular 
consequences of JAK activation in melanocytes remain poorly understood. Genome-wide association studies (GWAS) 
have identified numerous vitiligo susceptibility loci involved in immune regulation and melanocyte function,8–10 yet most 
lie in non-coding regions, making it difficult to pinpoint causal genes. Transcriptome-wide association studies (TWAS) 
provide an integrative framework that links genetic variation to gene expression, allowing the identification of genes 
whose expression mediates disease risk.11 However, a major challenge is that skin tissue eQTL reference panels measure 
expression from a bulk mixture of resident cell types, in which melanocytes represent only a minor fraction. To overcome 
this, bulk TWAS signals can be systematically integrated with high-resolution single-cell RNA-sequencing (scRNA-seq). 
This integrative multi-omics approach successfully deconvolutes the bulk tissue mixture, allowing for the precise 
identification of melanocyte-specific causal genes that might otherwise be masked in conventional bulk analyses.

Given the established role of JAK activation in melanocyte stress, we hypothesized that specific transcriptional 
cofactors are induced downstream of JAK signaling to mediate cell injury. One such candidate is the Mediator complex 
subunit 15 (MED15). As a core component of the Mediator complex, MED15 bridges sequence-specific transcription 
factors—including the STAT family—to RNA polymerase II, thereby coordinating targeted gene expression. While its 
specific role in melanocyte biology was previously uncharted, MED15 is fundamentally involved in cellular stress 
responses, lipid metabolism, and immune-related transcriptional reprogramming. This makes it a highly plausible 
candidate for translating inflammatory JAK-STAT signals into melanocyte dysfunction.

In this study, we aimed to systematically identify and functionally validate JAK-responsive genes involved in vitiligo 
pathogenesis. We conducted cross-tissue and single-tissue TWAS using UTMOST and FUSION, followed by conditional 
and joint analysis (COJO) and summary data–based Mendelian randomization (SMR) to prioritize independent causal 
signals. By integrating these robust genetic findings with vitiligo scRNA-seq datasets, we sought to map these signals to 
specific cell populations. Finally, through extensive in vitro functional assays and promoter-level validation in melano
cytes, we aimed to establish the direct molecular axis linking JAK activation to MED15-driven melanocyte depletion and 
melanogenesis failure.

Methods
Transcriptome-Wide Association Study (TWAS)
Data Sources and Overall Design
A transcriptome-wide association study (TWAS) was conducted to identify potential candidate genes associated with 
vitiligo susceptibility. TWAS integrates genome-wide association study (GWAS) summary statistics with expression 
quantitative trait loci (eQTL) reference panels to infer gene-level associations based on genotype–expression correlations. 
The overall analytical framework comprised three complementary components: (1) cross-tissue association analysis 
using UTMOST; (2) single-tissue validation using FUSION; and (3) conditional and joint analysis (COJO) to test signal 
independence.

GWAS Summary Statistics
Vitiligo GWAS summary statistics were obtained from the FinnGen Release 12 (R12) cohort,12 a large population-based 
biobank encompassing millions of genetic variants. The dataset comprised 391 vitiligo cases and 465,673 healthy 
controls. Variants lacking rs identifiers, with minor allele frequency (MAF) < 0.01, or with imputation quality (INFO) 
< 0.8 were excluded. All variants were aligned to the GRCh37/hg19 reference genome, and only autosomal single- 
nucleotide polymorphisms (SNPs) were retained to ensure consistency with the eQTL reference panels.
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Cross-Tissue TWAS Using UTMOST
Cross-tissue TWAS was performed using the Unified Test for Molecular Signatures (UTMOST) framework.13 This 
model simultaneously estimates both shared and tissue-specific eQTL effects across multiple tissues. Gene-expression 
prediction models were trained on GTEx v8 data covering 49 human tissues, including both sun-exposed and non-sun- 
exposed skin. For each gene, single-tissue TWAS statistics were first computed and then combined using the generalized 
Berk–Jones framework to obtain a unified gene-level association score. Genes with P < 0.05 were considered suggestive 
and were retained for downstream analyses. To rigorously account for multiple testing in genome-wide analyses, False 
Discovery Rate (FDR) corrections were subsequently applied, and the fully adjusted results are detailed in the 
Supplementary Tables.

Single-Tissue Validation Using FUSION
To validate the cross-tissue findings, a single-tissue TWAS was conducted using FUSION (Functional Summary-based 
Imputation).14 FUSION integrates GWAS summary statistics, linkage disequilibrium (LD) reference data, and pre- 
computed expression weights to evaluate tissue-specific gene–trait associations.

The inputs included: (1) the FinnGen R12 vitiligo GWAS dataset; (2) European LD reference data from the 1000 
Genomes Project; and (3) skin-tissue expression weight files from GTEx v8. Genes showing consistent directionality and 
statistical significance (P < 0.05) in both UTMOST and FUSION analyses were regarded as validated.

Conditional and Joint Analysis (COJO)
To determine whether TWAS-identified genes represented independent association signals, conditional and joint analyses 
were performed using the FUSION–COJO framework.15 Within each genomic region, the TWAS association of a target gene 
was re-evaluated while controlling for the predicted expression of other significant genes in the same locus. Genes that 
remained significant after conditioning were defined as “jointly significant”, whereas those that lost significance were defined 
as “marginally significant”.This procedure helped disentangle overlapping signals and prioritize potentially causal genes.

Summary Data–Based Mendelian Randomization (SMR)
To further explore causal relationships between gene expression and vitiligo risk, a summary data–based Mendelian 
randomization (SMR) analysis was performed.16

eQTL data from GTEx v8 skin tissues served as the exposure, and vitiligo GWAS data from FinnGen R12 served as 
the outcome. Analyses were conducted using SMR v1.3.1, assessing associations between eQTL-driven expression levels 
and disease susceptibility.

The HEIDI (Heterogeneity in Dependent Instruments) test was used to distinguish pleiotropic from linkage effects. 
Results were visualized through scatter plots and forest plots to display genome-wide gene-level associations.

Single-Cell Transcriptomic Validation
Data Acquisition
To validate the key genes identified through TWAS, publicly available single-cell RNA-sequencing (scRNA-seq) data 
were obtained from the Genome Sequence Archive (GSA) under accession number PRJCA006797.17 All participants 
were from the same ethnic background. Vitiligo biopsies (3 × 3 mm2) were collected from the junction between 
depigmented lesions and adjacent non-lesional skin from multiple body sites, including the arm, face, back, neck, 
vulva, buttock, scalp, shoulder, and waist, while matched samples from healthy donors served as controls.

Data Processing, Clustering, and Annotation
Single-cell data processing was performed using the Seurat (v4.4.0) R package.18

Quality-control criteria included:

(1) 200–7000 detected genes per cell;
(2) total unique molecular identifiers (UMIs) > 1000 per cell; and
(3) mitochondrial transcript fraction < 20%.
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Batch effects were corrected using Harmony.
Cells were clustered using the FindNeighbors and FindClusters functions and annotated into eight major cell 

populations based on canonical markers and reference annotations from the original study. Dimensionality reduction 
for visualization was performed using the nonlinear RunUMAP algorithm.19 Differential expression analysis was carried 
out with FindAllMarkers, applying an adjusted P < 0.05 and |log2 fold change| ≥ 0.25 as significance thresholds.

Visualization and Gene-Expression Analysis
Violin and box plots were generated using ggplot2, ggpubr, and ggbeeswarm to visualize gene-expression differences 
among cell types and between groups. Between-group comparisons were assessed using the Wilcoxon rank-sum test. 
Melanocyte subsets were further examined to characterize cell-type-specific expression changes relevant to vitiligo.

Pathway Enrichment Analysis
Gene-set enrichment analysis (GSEA) was conducted using the clusterProfiler and msigdbr R packages.20,21 

Differentially expressed genes were ranked by average log2 fold change and compared against the MSigDB C2 
collection, with a particular focus on the KEGG JAK–STAT signaling pathway. Significance was defined as P < 0.05 
after Benjamini–Hochberg correction.

MC-1 Cell Overexpression Validation
To further investigate the functional role of MED15 in melanocyte biology, an overexpression plasmid (OE) encoding 
MED15 was constructed and transfected into MC-1 melanocytes. Cells were divided into three experimental groups: 
vector control (Mock), MED15-overexpression (OE), and OE + Ruxolitinib. For the pharmacological rescue group, 
transfected cells were treated with Ruxolitinib at an exact concentration of 1 μM.

To determine the optimal expression window and cellular response, total RNA was extracted at 48 h post-transfection 
and treatment, and MED15 expression levels were quantified by quantitative PCR (qPCR) using three technical replicates 
per group. Concurrently, cell-proliferative activity was continuously monitored using the CCK-8 assay at 0, 24, 48, and 
72 h post-treatment. The CCK-8 assay was performed with six technical replicates (wells) per group to systematically 
assess the dynamic effects of MED15 overexpression and targeted JAK-pathway inhibition. All experiments in this study 
were conducted in three independent biological replicates.

Melanin Content Assay
To evaluate the functional impact of MED15 on melanogenesis independent of cell proliferation changes, an intracellular melanin 
content assay was performed using the NaOH lysis method with protein normalization. MC-1 melanocytes were seeded into 
6-well plates at a density of 2 × 105 cells/well and divided into three groups: Mock, MED15-overexpression (OE), and OE + 
Ruxolitinib. After 48 h of treatment, cells were harvested by trypsinization and washed with cold PBS. To account for variances in 
cell number, the cell suspension was strictly aliquoted: 10% of the suspension was lysed to determine the total protein 
concentration using a BCA Protein Assay Kit, while the remaining 90% was utilized for melanin extraction.

The cell pellets for melanin extraction were resuspended in 200 μL of 1 mol/L NaOH solution containing 10% DMSO and 
incubated at 80°C for 1 h with intermittent vortexing to fully solubilize the melanin. Following centrifugation at 12,000 rpm for 
5 min to remove cellular debris, 150 μL of the clarified supernatant was transferred to a 96-well plate. The absorbance was 
measured at 405 nm using a microplate reader. The relative melanin content was calculated by normalizing the melanin 
absorbance value to the corresponding total protein concentration of each sample, and the results were expressed as 
a percentage relative to the Mock group. All experiments in this study were conducted in three independent biological replicates.

Dual-Luciferase Reporter Assay
To determine the direct transcriptional regulation of MED15 by STAT1, a dual-luciferase reporter assay was conducted. The 
wild-type (WT) promoter region of the human MED15 gene, containing the putative STAT1 binding motif, was synthesized and 
cloned into the pGL3-basic vector (Promega) to generate the pGL3-MED15-WT reporter plasmid. Concurrently, a mutant 
reporter plasmid (pGL3-MED15-Mut) was constructed by deleting the specific STAT1 binding sequence. MC-1 melanocytes 
were seeded in 24-well plates and co-transfected with either the WT or Mutant reporter plasmids, alongside a STAT1 
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overexpression plasmid (or empty vector), and the pRL-TK Renilla luciferase internal control plasmid using Lipofectamine 3000 
(Invitrogen). For the inhibition assay, transfected cells were treated with 1 μM Ruxolitinib. After 48 h of incubation, the cells 
were lysed, and the luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega) according 
to the manufacturer’s protocol. The relative luciferase activity was calculated by normalizing the Firefly luciferase activity to the 
Renilla luciferase internal control. All experiments in this study were conducted in three independent biological replicates.

Caspase-3/7 Activity Assay for Apoptosis
To determine whether the reduction in cell viability was associated with apoptosis, Caspase-3/7 activity was measured 
using the UA-Glo® Caspase 3/7 Assay kit (U-A Biotech, China), according to the manufacturer’s instructions. Briefly, 
MC-1 melanocytes were cultured in 96-well plates and subjected to the aforementioned transfections and Ruxolitinib 
(1 μM) treatments. After 48 h of incubation, the Caspase-3/7 assay reagent was added to each well and incubated at room 
temperature in the dark for 1 h. The luminescence was then recorded using a microplate reader. Caspase-3/7 activity was 
normalized to the total protein concentration and expressed as a fold change relative to the Mock control group. This 
assay was performed in three independent biological replicates, with three technical replicates per group.

Results
Integrative TWAS, COJO, and SMR Analyses Identified MED15 as a JAK-Related Risk 
Gene for Vitiligo
To systematically identify candidate genes associated with vitiligo risk, we performed integrative transcriptome-wide 
association analyses (TWAS) using both UTMOST and FUSION frameworks. The cross-tissue and single-tissue analyses 
identified several genes that reached nominal significance (P < 0.05), with four genes, APOL4, MED15, USP40, and 
ARSJ, remaining significant after conditional and joint (COJO) validation (Table 1). These genes therefore represent 
independent TWAS signals potentially contributing to vitiligo susceptibility.

A dual-axis scatter plot revealed a strong concordance between UTMOST T-scores and FUSION Z-scores across 
multiple genes (Figure 1A). The bubble size represents −log10(P-FUSION), and color indicates the Z-score direction. 
Several genes, including MED15, USP40, and ARSJ, exhibited consistent positive associations in both models. The 
complete lists of genes showing nominal significance (P < 0.05) in the cross-tissue and single-tissue TWAS analyses are 
provided in Tables S1 and S2, respectively.

Subsequent conditional and joint (COJO) analyses were conducted to evaluate the independence of these signals. 
Four genes—APOL4, MED15, USP40, and ARSJ—retained significant associations after adjustment for regional linkage 
disequilibrium, confirming their independent effects (Figure 1B). The detailed summary of conditional and joint analyses 
confirming independent association signals is presented in Table S3.

An UpSet plot demonstrated that MED15 was among the overlapping significant genes jointly detected by both 
UTMOST and FUSION (Figure 1C).

To further assess the causality between gene expression and vitiligo risk, we performed summary-data–based Mendelian 
randomization (SMR) analyses integrating eQTL and GWAS summary statistics. Scatter plots revealed concordant eQTL– 
GWAS effect sizes for APOL4, MED15, and USP40, suggesting shared genetic regulation across loci (Figure 1D).

Forest plot visualization showed that MED15 and USP40 conferred increased risk (odds ratio > 1), whereas APOL4 
exhibited a protective association (odds ratio < 1) (Figure 1E).

Finally, SMR locus plots displayed the regional colocalization patterns for these three genes, showing strong eQTL– 
GWAS overlap within ±500 kb windows around their transcription start sites (Figure 1F). Comprehensive SMR statistics 
for the three prioritized genes (APOL4, MED15, and USP40) are summarized in Table S4.

Single-Cell Transcriptomic and Experimental Validation Identified MED15 as a 
JAK-Responsive Gene
To validate the transcriptomic findings from TWAS at the cellular level, we analyzed a single-cell RNA sequencing 
(scRNA-seq) dataset (GSA: PRJCA006797) derived from lesional and non-lesional skin of vitiligo patients as well as 
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healthy controls. As shown in Figure 2A and B, the integrated UMAP embedding revealed eight major skin cell 
populations, including keratinocytes, melanocytes, fibroblasts, endothelial cells, and immune cell subsets. The identities 
of these clusters were confirmed by canonical marker expression (Figure 2C). Cellular composition analysis demon
strated that vitiligo lesions were characterized by an increased proportion of T cells and a decreased proportion of 
melanocytes compared with normal skin (Figure 2D).

Expression profiling across all cell types showed that MED15 was predominantly enriched in melanocytes and was 
significantly upregulated in lesional samples relative to normal controls (Figure 2E and F). Integrated transcription factor 
target prediction using hTFtarget, ChIP-Atlas, GTRD, and ENCODE databases identified 75 potential upstream regula
tors of MED15. Among these, three transcription factors exhibited notably higher expression in melanocytes from 
lesional skin. Correlation analysis revealed that MED15 expression was positively associated only with STAT1 within 
melanocytes of vitiligo lesions (Figure 2G), suggesting that STAT1 may serve as a key upstream transcriptional regulator 
of MED15. Gene set enrichment analysis (GSEA) further demonstrated that the JAK–STAT signaling pathway was 
significantly enriched in melanocytes with high MED15 expression (Figure 2H).

To experimentally validate these observations, MED15 was overexpressed in MC-1 melanocytes with or without the 
JAK inhibitor Ruxolitinib. Quantitative PCR confirmed substantial MED15 upregulation in the overexpression group. 
Notably, while Ruxolitinib does not directly inhibit the constitutive plasmid promoter, it partially attenuated the overall 
MED15 mRNA levels (Figure 3A), likely by blocking the endogenous STAT1-driven positive feedback loop. 
Functionally, MED15 overexpression markedly reduced melanocyte proliferative activity, while Ruxolitinib treatment 
partially restored cell viability (Figure 3B).

To further elucidate whether the reduced melanocyte viability was driven by apoptosis, we assessed the intracel
lular Caspase-3/7 activity. Consistent with the CCK-8 results, MED15 overexpression triggered a profound pro- 
apoptotic response, evidenced by a highly significant increase in Caspase-3/7 activity compared to the Mock group 
(Figure 3C, P < 0.01). Strikingly, blocking the upstream JAK signaling with Ruxolitinib effectively abrogated this 
apoptotic cascade, returning Caspase-3/7 activity to near-basal levels (P < 0.01). This indicates that the JAK-STAT1- 
MED15 axis actively drives melanocyte depletion through the induction of apoptosis.

Table 1 Significant Genes for Vitiligo Risk in Cross-Tissue TWAS Analysis 
and Single-Tissue Validation

Gene Chr T-score P UTMOST rs ID Z score P FUSION

POLR1A 2 2.874 0.020 rs1019592 2.316 0.021

MAPRE3 2 4.180 0.010 rs920433 2.715 0.007

USP40 2 2.412 0.045 rs12472244 3.184 0.001
MED15 22 2.097 0.038 rs5995708 2.325 0.020

APOL4 22 5.709 0.002 rs132717 −2.457 0.014

INO80B 2 3.071 0.033 rs17009998 2.336 0.019
OTX1 2 3.771 0.033 rs2422011 2.128 0.033

IMMT 2 1.672 0.045 rs4569473 −2.209 0.027
CGREF1 2 2.591 0.045 rs2289360 2.601 0.009

KHK 2 4.113 0.008 rs2304681 2.595 0.009

GALNT13 2 4.224 0.013 rs6748364 2.317 0.021
UVSSA 4 2.113 0.032 rs6599308 2.217 0.027

ARSJ 4 3.208 0.033 rs12505253 2.496 0.013

FAM228B 2 2.503 0.027 rs1134516 2.363 0.018

Notes: The T-score and P UTMOST represent the test statistic and nominal P-value derived from 
the cross-tissue TWAS analysis, respectively. The Z-score and P FUSION denote the test statistic 
and nominal P-value from the single-tissue validation model. Statistical significance was defined as 
P < 0.05. 
Abbreviations: Chr, Chromosome; TWAS, transcriptome-wide association study; UTMOST, 
Unified Test for Molecular Signatures; FUSION, Functional Summary-based Imputation; rs ID, 
Reference SNP cluster ID.
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Furthermore, to determine whether the MED15-induced melanocyte dysfunction extends beyond proliferative inhibi
tion to strictly impair melanogenesis, we quantified intracellular melanin content with total protein normalization. 
Consistent with the functional decline observed in vitiligo, overexpression of MED15 significantly impaired the 
melanogenic capacity of MC-1 cells, resulting in a marked reduction of relative melanin content to approximately 
52% of the control level (Figure 3D, P < 0.001). Crucially, targeted blockade of the JAK pathway with Ruxolitinib 
partially but significantly rescued this functional deficit, restoring melanin synthesis to approximately 84% of the basal 
level (P < 0.01). These normalized data confirm that MED15 actively drives melanocyte functional impairment, and its 
detrimental effects on pigmentation can be therapeutically mitigated by JAK inhibition.

STAT1 Directly Transactivates the MED15 Promoter in a JAK-Dependent Manner
While our transcriptomic and cellular assays indicated that the JAK-STAT axis acts upstream of MED15, we sought 
to definitively confirm whether STAT1 directly regulates MED15 transcription. As shown in Figure 3E, over
expression of STAT1 resulted in a robust, multi-fold increase in the luciferase activity driven by the wild-type 
MED15 promoter (P < 0.01). Crucially, site-directed mutagenesis of the putative STAT1 binding site within the 
promoter completely abolished this transcriptional activation, returning the luciferase signal to baseline levels. 
Furthermore, the robust activation of the wild-type promoter was significantly abrogated when cells were treated 

Figure 1 Integrative TWAS, COJO, and SMR analyses identifying MED15 as a JAK-related risk gene for vitiligo. (A) Dual-axis scatter plot showing concordance between 
UTMOST T-scores and FUSION Z-scores across multiple genes. The bubble size represents −log10(P-FUSION), and color indicates the Z-score direction. (B) Conditional 
and joint (COJO) analyses demonstrating genes retaining significant associations after adjustment for regional linkage disequilibrium. (C) An UpSet plot demonstrating that 
MED15 was among the overlapping significant genes jointly detected by both UTMOST and FUSION. (D) Scatter plots of SMR analyses revealing concordant eQTL–GWAS 
effect sizes for APOL4, MED15, and USP40. (E) Forest plot visualization showing that MED15 and USP40 conferred increased risk, whereas APOL4 exhibited a protective 
association. (F) SMR locus plots displaying the regional colocalization patterns for APOL4, MED15, and USP40.
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with the JAK1/2 inhibitor Ruxolitinib (P < 0.01). Collectively, these dual-luciferase reporter results provide 
unequivocal molecular evidence that MED15 is a direct transcriptional target of STAT1, and that this physical DNA- 
binding interaction is strictly governed by the upstream JAK signaling cascade.

Discussion
In this study, we combined multi-omics association analyses, single-cell transcriptomics, and functional validation to 
identify MED15 as a downstream effector of the JAK–STAT pathway that contributes to melanocyte dysfunction in 
vitiligo. Cross-tissue and single-tissue TWAS, together with COJO and SMR analyses, consistently highlighted MED15 
as a gene whose expression is genetically linked to vitiligo susceptibility. Single-cell RNA-sequencing confirmed that 
MED15 is predominantly expressed in melanocytes and significantly upregulated in lesional skin. Correlation analysis 
revealed a positive association between MED15 and STAT1, implicating STAT1 as a potential upstream transcriptional 

Figure 2 Single-cell transcriptomic and experimental validation of MED15 as a JAK-responsive gene. (A and B) Integrated UMAP embedding revealing eight major skin cell 
populations in normal and lesional skin. (C) Dot plot of canonical marker expression confirming cell cluster identities. (D) Cellular composition analysis demonstrating cell 
type proportions, with vitiligo lesions characterized by an increased proportion of T cells and a decreased proportion of melanocytes. (E and F) Violin plots showing MED15 
is predominantly enriched in melanocytes and significantly upregulated in lesional samples relative to normal controls. (G) Correlation analysis revealing a positive 
association between MED15 and STAT1 within melanocytes of vitiligo lesions. (H) Gene set enrichment analysis (GSEA) demonstrating significant enrichment of the JAK- 
STAT signaling pathway in melanocytes with high MED15 expression.
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regulator. Functional experiments further demonstrated that MED15 overexpression reduced melanocyte proliferation 
and triggered significant apoptosis (as evidenced by elevated Caspase-3/7 activity), while JAK inhibition by Ruxolitinib 
intercepted upstream STAT1 activation and effectively protected cells from apoptotic death.

Importantly, by employing a strictly protein-normalized melanin assay, we confirmed that MED15 overexpression 
profoundly suppresses the intrinsic melanogenic capacity of individual melanocytes, rather than merely reducing the total 
cell pool through anti-proliferative effects. This provides direct functional evidence linking the JAK-STAT1-MED15 axis 
to the loss of pigmentation in vitiligo.

Mechanistically, MED15 encodes a Mediator complex subunit that bridges transcription factors and RNA polymerase 
II, thereby coordinating gene expression in response to extracellular stimuli (22–24). Aberrant activation of the JAK– 
STAT pathway can promote inflammatory transcriptional reprogramming, and our findings extend this paradigm to 
melanocytes. Notably, our dual-luciferase reporter assay provided the missing mechanistic link by demonstrating that 
STAT1 physically binds to the specific motif within the MED15 promoter. The complete abolishment of promoter 
activity upon targeted mutation, coupled with the potent suppression achieved by Ruxolitinib, solidifies a direct “JAK- 
STAT1-MED15” transcriptional axis. This finding robustly explains the aberrant MED15 elevation observed in vitiligo 
lesional melanocytes and offers a precise molecular rationale for the intracellular therapeutic efficacy of JAK inhibitors.

Figure 3 The STAT1–MED15 axis mediates melanocyte apoptosis and melanogenesis dysfunction. (A) Quantitative PCR results confirming MED15 upregulation in the 
overexpression (OE) group and partial attenuation of mRNA levels by Ruxolitinib treatment. (B) CCK-8 assay results showing MED15 overexpression markedly reduced 
melanocyte proliferative activity, while Ruxolitinib treatment partially restored cell viability. (C) Relative Caspase-3/7 activity. MED15 OE induced significant apoptosis, which 
was abrogated by Ruxolitinib. (D) Protein-normalized relative melanin content. MED15 OE impaired melanogenesis, and this defect was partially rescued by Ruxolitinib. (E) 
Dual-luciferase reporter assay. STAT1 directly transactivated the wild-type (WT) MED15 promoter, an effect completely abolished by either promoter mutation (Mut) or 
Ruxolitinib treatment. Data are shown as mean ± SD (n = 3). ns, not significant;**p < 0.01, *** p < 0.001, **** p < 0.0001 by one-way ANOVA with Tukey’s post-hoc test.
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From a translational perspective, these results emphasize the importance of integrating genetic and single-cell data to 
uncover melanocyte-intrinsic mechanisms in vitiligo, complementing previous studies that primarily focused on immune 
dysregulation. MED15 may serve as a biomarker reflecting JAK–STAT pathway activation. Crucially, MED15 may 
represent a complementary therapeutic target alongside JAK inhibition to enhance clinical repigmentation. Nevertheless, 
our findings are subject to several limitations. First, while we applied FDR corrections in our Supplementary Data, the 
reliance on nominal significance thresholds in the initial TWAS screening warrants cautious interpretation. Second, there 
is inherent population specificity in our multi-omics integration, as the GWAS data (FinnGen) was derived from 
a European-ancestry cohort, whereas the scRNA-seq validation dataset was of Asian origin. Third, our functional assays 
relied on the immortalized MC-1 cell line rather than primary human melanocytes, which may not perfectly fully 
recapitulate the in vivo microenvironment. Crucially, while our current data establish a strong association and a plausible 
pathogenic pathway, they do not definitively prove the ultimate direction of control in patients. Future studies employing 
in vivo models, primary melanocytes, direct IFN-γ stimulation assays, and MED15 knockdown rescue experiments are 
warranted to fully establish the causal chain and explore whether modulating MED15-dependent transcription could 
provide additional therapeutic benefits.

Data Sharing Statement
The datasets analyzed during the current study are available in the Mendeley Data repository (DOI: 10.17632/ 
9m9t4xxg8b.1). The data supporting the findings of this study are publicly accessible and can be retrieved from the 
repository.
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Science and Medical Research Involving Human Beings (National Science and Technology Ethics Committee, China).
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