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Abstract

Several studies have emphasized the role of DNA methylation in vitiligo. However, its profile in human skin of individuals
with vitiligo remains unknown. Here, we aimed to study the DNA methylation profile of vitiligo using pairwise comparisons
of lesions, peri-lesions, and healthy skin. We investigated DNA methylation levels in six lesional skin, six peri-lesional skin,
and eight healthy skin samples using an Illumina 850 K methylation chip. We then integrated DNA methylation data with
transcriptome data to identify differentially methylated and expressed genes (DMEGs) and analyzed their functional enrich-
ment. Subsequently, we compared the methylation and transcriptome characteristics of all skin samples, and the related genes
were further studied using scRNA-seq data. Finally, validation was performed using an external dataset. We observed more
DNA hypomethylated sites in patients with vitiligo. Further integrated analysis identified 264 DMEGs that were mainly
functionally enriched in cell division, pigmentation, circadian rhythm, fatty acid metabolism, peroxidase activity, synapse
regulation, and extracellular matrix. In addition, in the peri-lesional skin, we found that methylation levels of 102 DMEGs
differed prior to changes in their transcription levels and identified 16 key pre-DMEGs (ANLN, CDCA3, CENPA, DEPDCI,
ECT2, DEPDCIB, HMMR, KIF18A, KIFI18B, TTK, KIF23, DCT, EDNRB, MITF, OCA2, and TYRP1). Single-cell RNA
analysis showed that these genes were associated with cycling keratinocytes and melanocytes. Further analysis of cellular
communication indicated the involvement of the extracellular matrix. The expression of related genes was verified using
an external dataset. To the best of our knowledge, this is the first study to report a comprehensive DNA methylation profile
of clinical vitiligo and peri-lesional skin. These findings would contribute to future research on the pathogenesis of vitiligo
and potential therapeutic strategies.
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Recently, increasing attention has been paid to the role of
epigenetic modifications in skin diseases. During skin aging
and tumorigenesis, epigenetic mechanisms such as DNA
methylation become deregulated, resulting in impaired cel-
lular function and identity (Kohler and Rodriguez-Paredes
2020). However, in some autoimmune, allergic, and inflam-
matory skin disorders, the role of epigenetic regulation has
only recently been recognized and investigated. In systemic
lupus erythematosus and systemic sclerosis, (Javierre et al.
2010; Lei et al. 2009) the expression of genes involved in
the immune response and cell activation are decreased. In
other common autoimmune skin diseases such as alopecia
areata and pemphigus, (Zhao et al. 2012 Feb; Zhao et al.
2012) increased global DNA methylation levels have been
observed. In addition, DNA methylation has also been
reported to play a role in the pathogenesis of inflammatory
skin diseases, such as psoriasis and atopic dermatitis (Zhou
et al. 2016; Chen et al. 2022).

As vitiligo is thought to be caused by a combination
of genetic and environmental influences, several studies
have focused on the potential role of epigenetic modifica-
tions in its formation and development. Zhao et al. reported
increased genomic DNA methylation in peripheral blood
mononuclear cells of patients with vitiligo (Zhao et al.
2010). Furthermore, our previous study on the DNA meth-
ylation in vitiligo melanocyte cell lines also identified its
importance (Pu et al. 2021). However, there is still a lack
of studies directly analyzing DNA methylation levels in the
lesions of patients with vitiligo.

The present study analyzed the DNA methylation profiles
of lesions and peri-lesions from patients with vitiligo. Our
comparative and integrated analyses were aimed at elucidat-
ing methylation and transcriptome changes during vitiligo
progression. We identified 2 functional modules involving
16 genes whose methylation levels changed separately from
the transcriptome levels. We further confirmed their dis-
tribution using single-cell RNA sequencing and validated
their expression using an external dataset. To our knowl-
edge, this is the first study on DNA methylation in vitiligo
skin lesions and the findings suggest a subclinical vitiligo
methylated state in the peri-lesions, which are clinically non-
depigmented. We expect our findings to provide new ideas
and targets for treatment and prevention of vitiligo.

Methods

Study samples

This study followed the principles of the Declaration of
Helsinki and was approved by the Ethics Committee of the

First Affiliated Hospital of Chongqing Medical Univer-
sity (No.:2023-126). All patients and control subjects who
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participated in skin biopsies for DNA methylation analy-
sis signed an informed consent form. The inclusion crite-
ria for the case group were as follows: no previous oral or
topical medication taken for vitiligo, no other serious skin
conditions, and no contraindications for skin biopsy. Con-
sequently, six patients with non-segmental vitiligo, who
were diagnosed using the Wood’s lamp examination, were
included in the case group. From each patient, two 4 mm
skin lesions were obtained using skin biopsy. One was from
the vitiligo lesion, and the other was from the peri-lesion,
defined as 5 mm outside the vitiligo lesion. Based on sex
and age matching, eight healthy participants served as the
control group and a 4 mm skin lesion was taken from each
participant.

The mRNA profiles of ten patients with non-segmental
vitiligo and ten healthy controls were obtained from the
Gene Expression Omnibus database GSE65127 (Regaz-
zetti et al. 2015). Similarly, the lesions obtained for mRNA
profiling were vitiligo lesions and peri-lesions, which were
derived from a 5 mm area outside the vitiligo lesions.
Lesions from healthy participants served as controls. In
addition, scRNA-seq data were obtained from six patients
with vitiligo from the GSE203262 dataset, including six skin
lesions and six matched non-lesional skin samples (Shiu
et al. 2022).

DNA methylation chip analysis

DNA was isolated from each skin sample using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany). Using
EZ DNA Methylation Kits (Zymo Research, USA), 500 ng
of DNA from each sample was used for bisulfite conver-
sion and then placed into 850 K BeadChips according to
the manufacturer’s instructions (Illumina). Later, using the
ChAMP package in R, P values were calculated to repre-
sent the DNA methylation level. The BMIQ method was
then used to normalize the  value matrix, and Combat was
applied to correct the batch effect caused by the BeadChip
Slide and array. The adjusted p values were computed using
the Benjamini—-Hochberg method.

Differential DNA methylation analysis

CpGs with IAf1>0.10 and adjusted p values <0.05 were con-
sidered as differential methylation sites (DMSs), including
hyper- and hypo-DMSs. Pairwise comparisons were per-
formed for lesions vs. healthy controls (L vs. HC), peri-
lesions vs. healthy controls (PL vs. HC), and lesions vs. peri-
lesions (L vs. PL). Moreover, strong differential methylation
was recognized as IAfI>0.2 and adjusted p values <0.05.
To further analyze the differentially methylated genes
(DMGs) mapped from DMSs and exclude universally
expressed genes, we used weighted gene co-expression
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network analysis (WGCNA) to analyze the mRNA profiles
of vitiligo-related gene modules. After intersecting the mod-
ules with our DMGs, we performed Gene Ontology (GO)
analysis to reveal the functional enrichment of DMGs in
each comparison.

Differentially methylated and expressed genes
identification in vitiligo lesions

We identified differentially expressed genes (DEGs) in the
mRNA profile GSE65127 by pairwise comparisons with
the threshold of [log2FCI> 0.5 and adjusted p value <0.05.
Subsequently, by integrating DMGs in the DNA methylation
data of the L vs. HC comparison and DEGs in the corre-
sponding mRNA profile, we identified differentially meth-
ylated and expressed genes (DMEGs) between L vs. HC,
which were regarded as upregulated and hypomethylated
or downregulated and hypermethylated genes. Venn dia-
grams were used to visualize overlaps. Subsequently, based
on the findings for the DMEGs, we conducted functional
enrichment analysis, protein—protein interaction (PPI) net-
work construction, and functional module identification in
Cytoscape using the MCODE app software package.

Differentially methylated genes preceding
differential expression in peri-lesions

In pairwise comparisons of the DEGs and DMGs, some
DMEGs were differentially methylated before being dif-
ferentially expressed in the peri-lesions. We named these
DMEGs “pre-DMEGs”. These DMEGs were identified
following visualization using a Venn diagram. Functional
enrichment analysis, PPI network, and module identifica-
tion were performed. Genes in important functional mod-
ules were identified as key pre-DMEGs. The correlation
between genes in different important functional modules was
explored by calculating the Pearson’s correlation coefficient
and visualized using a correlation heat map.

Distribution of pre-DMEGs in scRNA-seq data

The Seurat R package was used to analyze the sScRNA-seq
data from GSE203262. After data normalization using the
SCTransform method, clusters were generated, and the best
resolution was chosen from the clustering tree. We then
manually annotated cell clusters based on published cell
markers (Shiu et al. 2022; Gellatly et al. 2021), including
spinous keratinocytes (high KRT1 and KRT10 expression),
basal keratinocytes (high KRTS5 and KRT14 expression),
granular keratinocytes (high KRT2 and KLK11 expres-
sion), cycling keratinocytes (high TOP2A expression),
melanocytes (high PMEL expression), DCs (high CD207
expression), and T cells (high CD3D expression). Uniform

Manifold Approximation and Projection (UMAP) plots were
used to visualize the cell clusters. Next, we examined the
distribution of key pre-DMEGs in different cell clusters and
illustrated them using violin diagrams. Furthermore, we
applied the CellChat R package to explore ligand-receptor
interactions and intercellular communications in vitiligo,
especially in the cell populations of interest.

Validation in an external dataset

We collected external mRNA data from the GSE75819 data-
set, which contained 15 lesions and 15 controls, as our vali-
dation set (Singh et al. 2017). We studied the differences in
expression levels of key pre-DMEGs in lesions and controls
and further explored the relevance between key pre-DMEGs
and immune cells in the GSE75819 dataset. We performed
immune cell infiltration analysis of the samples using the
CIBERSORT algorithm and calculated the Pearson’s corre-
lation coefficient between the immune cell infiltration score
of each sample and the expression level of key pre-DMEGs.
Additionally, in order to reduce data dimension and predic-
tion error, the least absolute shrinkage and selection operator
(LASSO) algorithm were employed to obtain biomarkers
using the glmnet R package. Receiver operating character-
istic (ROC) curves were drawn and the area under curve
(AUC) values were calculated to examine the performance
of each biomarker in validation set.

Statistical analyses

All bioinformatics and statistical analyses were processed
using R (version 4.3.1) from Statistical Computing, Vienna,
Austria. All correlation analyses were performed by calcu-
lating the Pearson’s correlation coefficient. Student’s ¢ tests
were performed to assess the significance between the cases
and controls. Results with p values <0.05 were considered
statistically significant.

Results

Global DNA methylation profile of L, PL, and HC

A total of 705,399 sites were obtained across all pairwise
comparisons, and the number of DMSs identified is shown
in Fig. 1A. Hypomethylated sites were more abundant than
hypermethylated sites in vitiligo lesions. Compared with
healthy controls, the number of differential methylated
sites of vitiligo lesions was similar to that of peri-lesions
when |Ap| was either >0.10 or >0.20. The Venn diagram
showed considerable overlap (78,591 sites) of methylated
sites in the vitiligo and peri-lesions (Fig. 1B). In addi-
tion, 21,743, 20,931, and 1058 DMGs were mapped from
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Fig.1 A Distribution of differentially methylated sites in the pair-
wise comparisons of L, PL, and HC. B Venn plots of the overlap of
DMSs in the pairwise comparisons. C Relationship between mod-
ules and traits in the weighted gene co-expression network analysis.
D Display of the tope terms of gene ontology enrichment obtained
upon intersecting the genes in vitiligo-related modules with the dif-
ferentially methylated genes in L vs. HC. E Display of the top terms

the DMSs of L vs. HC, PL vs. HC, and L vs. PL groups,
respectively. WGCNA analysis confirmed eight vitiligo-
related gene modules (p values < 0.05) represented as
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of gene ontology enrichment obtained upon intersecting the genes in
vitiligo-related modules with the differentially methylated genes in
PL vs. HC. F Display of gene ontology enrichment of the top terms
obtained upon intersecting the genes in vitiligo-related modules with
the differentially methylated genes in L vs. PL. L lesion; HC healthy
control; PL peri-lesion

green, grey60, light green, yellow, light yellow, blue, tan,
and turquoise in Fig. 1C; these modules contained 5867,
5665, and 357 DMGs for the L vs. HC, PL vs. HC, and L
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vs. PL groups, respectively. Further GO analysis based on
DMG:s in vitiligo-related modules showed high similarity
between lesions and peri-lesions (Fig. 1D-F).

DMEGs in vitiligo and their functional enrichment

There were 520, 374, and 80 DEGs between the L vs. HC,
PL vs. HC, and L vs. PL groups, respectively (Fig. S1A).
The functional enrichment results of the GO analysis
implied that peri-lesions were more similar to the healthy
skin samples at the transcriptional level than to the vitiligo
lesions, especially in terms of pigmentation and develop-
ment (Fig. S1B-D).

We then intersected the DEGs and DMGs of L vs. HC
and found 167 hyper methylated genes with downregulated
expression, and 97 hypomethylated genes with upregulated
expression (Fig. 2A). Furthermore, these DMEGs were
mainly concentrated in the GO terms “pigmentation” and
“collagen-containing extracellular matrix” (Fig. 2B). The
PPI network results are shown in Fig. S2A. Furthermore,
MCODE enrichment analysis identified eight functional
modules: module 1 was related to the cell cycle and cell
division; module 2 was involved in the process of pig-
mentation; module 3 was associated with the circadian
rhythm; modules 4 and 5 were both related to fatty acid
metabolism; module 6 was associated with peroxidase
activity; module 7 was linked to the regulation of syn-
apses; and module 8 was associated with the extracellular
matrix (Fig. 2C).

Identification of pre-DMEGs

The results of DEGs and DMGs (Figs. 1 and S1) suggested
that peri-lesions were more closely related to lesions at the
methylation level but were closer to healthy skin at the tran-
scriptional level. Thus, we assumed that during the devel-
opment of vitiligo, the methylation levels of some genes
changed prior to differences in transcriptome levels, and
that these genes played a role in vitiligo progression. Using
Venn diagrams, we identified 102 pre-DMEGs (Fig. 3A).
The PPI network of these 102 pre-DMEGs was shown in
Fig. S2B. Moreover, functional enrichment analysis high-
lighted the close link of these pre-DMEGs to “cell division”
and “pigmentation,” which consisted of 11 genes (ECT2,
DEPDCI, HMMR, CDCA3, KIFI8A, KIF18B, TTK, KIF23,
ANLN, CENPA, and DEPDCIB) in module 1, and five
genes (TYRPI, EDNRB, DCT, OCA2, and MITF) in mod-
ule 2 (Fig. 3B,and C). We further analyzed the correlation
between the expression levels of modules 1 and 2, which
revealed an overall negative correlation with p values <0.05
(Fig. 3D).

ScRNA-seq data processing and distribution
of pre-DMEGs

In 6 pairs of skin lesions, we identified 19 cell clusters using
unsupervised clustering analysis (Fig. 4A). The clusters
were divided into seven cell types by matching published
markers from the dataset (Fig. 4B and C). We then exam-
ined the distribution and expression of pre-DMEGs in the
scRNA-seq data and found that “cell division”-related genes
were expressed in cycling keratinocytes and “pigmentation”-
related genes were expressed in melanocytes (Fig. 4D). Sub-
sequently, the CellChat analysis of intercellular communi-
cations showed that, compared with the control groups, the
communication of cells in vitiligo samples was enhanced,
including between cycling keratinocytes and melanocytes
(Fig. 5). We further examined the potential communica-
tion network of cycling keratinocytes and melanocytes, and
ligand-receptor interactions in both vitiligo lesions and con-
trols (Table 1). The results showed that the enhancement of
cellular communication was mainly related to extracellular
matrix components such as collagen and laminin.

Validation in the external dataset

We verified the expression levels of pre-DMEGs in the
GSE75819 dataset. Figure 6A shows that most genes were
significantly differentially expressed, except CDCA3 and
MITF. KIF18B was not detected because of the use of dif-
ferent platforms. Most “cell division-related genes exhib-
ited significantly upregulated expression (p value < 0.05) in
vitiligo lesions, while “pigmentation”-related genes had sig-
nificantly downregulated expression (p value <0.05). More
detailed information is listed in Table S1. Moreover, the
immune cell infiltration analysis suggested that the propor-
tions of activated dendritic cells, M1 and M2 macrophages,
resting mast cells, and regulatory T cells were significantly
different between the vitiligo lesions and controls (Fig. 6B).
These immune cells were significantly correlated with most
pre-DMEGs (p value < 0.05), as displayed by a correlation
heat map (Fig. 6C). Additionally, analysis using the LASSO
algorithm yielded four genes, DCT, EDNRB, OCA2, and
TTK, as biomarkers (Figure S3). The performance assess-
ment of each biomarker in the validation dataset using ROC
analysis revealed high AUC values for these biomarkers,
suggesting that their use is promising (Fig. 6D).

Discussion

To the best of our knowledge, this is the first study to report
a genome-wide analysis of the DNA methylation pro-
file of vitiligo in the human skin. We observed that viti-
ligo lesions generally had more hypomethylated sites than
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and controls and found that during the development of viti-
ligo, changes in DNA methylation seemed to precede tran-
scriptome changes. Further analysis using single-cell data
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confirmed that this might be related to enhanced communi-
cation between cycling keratinocytes and melanocytes.
Our previous study on DNA methylation of vitiligo mel-
anocyte cell lines preliminarily revealed the role of DNA
methylation modifications in vitiligo and identified three
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MLANA, SOX10, and TYRP1), and the regulation of cellular
responses to stress (involving three genes: BCL2L1, PTGS?2,
and HSP90AAI) (Pu et al. 2021). These results from cell
lines are consistent with the results of the present study of
clinical skin samples. The eight functional modules iden-
tified in the present study were related to “cell division,”
“the process of pigmentation,” “circadian rhythm,” “fatty
acid metabolism,” “peroxidase activity,” “the regulation
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Fig.4 A UMAP plot of 19 clusters in all cells. B Marker gene of
each cluster. C UMAP plot of different cell types. D Violin plot of
the expression and distribution of “cell division”-related genes in dif-
ferent cell types. The red violins represent the vitiligo group while

of synapses,” and “extracellular matrix.” The circadian
rhythm plays a role in CD4 + cells and natural killer cell
from the peripheral blood of patients with vitiligo (Moz-
zanica et al. 1989, 1990, 1992,). Furthermore, some stud-
ies preliminarily explored the characteristics of fatty acid
metabolism in vitiligo and a potential relationship between
fatty acid-binding proteins and the diagnosis of vitiligo was
identified (Ye et al. 2022; Farag et al. 2022). Moreover, oxi-
dative stress is widely known to lead to melanocyte death

@ Springer

the brown violins represent the control group. E Violin plot of the
expression and distribution of “pigmentation”-related genes in differ-
ent cell types. The pink violins represent the vitiligo group while the
brown violins represent the control group

through dysregulation of molecules and immune responses
(Xuan et al. 2022). The modules and genes identified here
may aid further research on these aspects.

We found that in the peri-lesions, which are clinically the
same as normal skin, the methylation level of some genes
was altered before the transcription level. However, in viti-
ligo lesions, these genes showed significant differences at
both the methylation and transcription levels. Therefore, we
concluded that there was subclinical vitiligo-methylation in
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Fig.5 A Inferred cellular communication networks of all cell types in
non-lesions. B Inferred cellular communication networks of cycling
keratinocytes in non-lesions. C Inferred cellular communication net-
works of melanocytes in non-lesions. D Inferred cellular communi-

the peri-lesions, which might be useful for predicting vitiligo
progression and identifying therapeutic targets. The charac-
teristics of non-lesional skin in patients with skin diseases
have been studied. In psoriasis, a chronic inflammatory
immunological skin disease, many differential DNA meth-
ylation sites have been found in the uninvolved epidermis
compared with healthy controls, which prompt a pre-psori-
atic state in uninvolved skin (Verma et al. 2018; Roberson
et al. 2012). Additionally, some microRNAs and cytokines
showed a robust trend of increased expression from non-
lesions to peri-lesions, and then to paired lesions (Deli¢
et al. 2020; Rasheed et al. 2016). Moreover, patients with
squamous cell carcinoma, a common form of skin malig-
nancy, have been reported to exhibit enhanced metabolic
activity in peri-tumoral regions, characterized by increased
consumption of glucose and glutamine (Mei et al. 2022).
For vitiligo, previous studies have reported some factors
found in the non-depigmented skin of patients with vitiligo
and their potential pathogenic role. Interestingly, Regazzetti
et al. found that the expression of CXCL10 increased in peri-
lesions and non-depigmented skin rather than in vitiligo
lesions (Regazzetti et al. 2015). Moreover, in non-lesional
skin, scRNA-seq analysis of vitiligo patients revealed a sub-
clinical activated state of T cells and a subclinical inflamma-
tory state caused by the cell type-specific responses to IFN-y
(Gellatly et al. 2021). In the present study, we also proposed
a subclinical vitiligo-methylation state after analyzing DNA
methylation data as well as transcriptome data. Therefore,

cation networks of all cell types in lesions. E Inferred cellular com-
munication networks of cycling keratinocytes in lesions. F Inferred
cellular communication networks of melanocytes in lesions

investigating non-depigmented skin, especially peri-lesions,
might be a direction for future research on skin diseases and
could serve as a starting point for identifying biomarkers of
dermatosis-prone skin before onset.

In this study, subclinical vitiligo-methylation state-related
genes were mainly associated with cell division and pig-
mentation. Further analysis of the scRNA-seq data revealed
that they were distributed in cycling keratinocytes and mel-
anocytes. In general, keratinocytes control the proliferation
behavior and localization of epidermal melanocytes (Brand-
ner and Haass 2013). In addition, keratinocyte-derived fac-
tors and proteins have been found to be related to melano-
genesis (Lopez et al. 2015). A previous study suggested that
proliferating keratinocytes are involved in the proliferation,
pigmentation, and dendritogenesis of melanoblasts or mel-
anocytes, which might be related to the secretion of some
mitogens and melanogens by keratinocytes in the epidermis
(Hirobe et al. 2002). However, the mechanism underlying
this occurrence is still unclear. Herein, we predicted the cel-
lular communication between cycling keratinocytes and mel-
anocytes and found that their enhanced communication may
be mainly associated with the extracellular matrix (ECM).
The ECM plays a vital role in cell migration, homeostasis,
the physical framework of cellular constituents, and urgent
biomechanical initiation (Abedin and King 2010; Michel
et al. 2010). It contains many fibrous proteins such as col-
lagens, fibronectin, and laminins, and adhesion components
such as E-cadherin and integrins. Interest in the role of the
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Table 1 The prediction of cellular communication networks between cycling keratinocytes and melanocytes

Group Source Target Ligand Receptor Prob P Pathway_name Annotation Evidence

Non-lesions Cycling Melanocytes CD99 CD99 7.34E-06 0O CD99 Cell-Cell Con- KEGG: hsa04514
tact

Non-lesions Melanocytes Cycling FN1 ITGAV_ITGB1 1.01E-07 O FN1 ECM-Receptor  KEGG: hsa04512

Non-lesions Melanocytes Cycling FN1 CD44 6.87E-07 0O FN1 ECM-Receptor  KEGG: hsa04512

Non-lesions Melanocytes Cycling FN1 SDC1 3.05E-07 0O FN1 ECM-Receptor  KEGG: hsa04512

Non-lesions Melanocytes Cycling FN1 SDC4 2.86E-07 0 FN1 ECM-Receptor  KEGG: hsa04512

Non-lesions Melanocytes Cycling CD99 CD99 7.34E-06 0O CD99 Cell-Cell Con- KEGG: hsa04514
tact

Lesions Cycling Melanocytes CD99 CD9%9 1.94E-05 0 CD99 Cell-Cell Con- KEGG: hsa04514
tact

Lesions Cycling Melanocytes CD99 CD99L2 4.98E-07 0 CD9%9 Cell-Cell Con- KEGG: hsa04514
tact

Lesions Cycling Melanocytes CDHI1 CDH1 3.99E-07 0.01 CDH Cell-Cell Con- KEGG: hsa04514
tact

Lesions Cycling Melanocytes MIF CD74_CD44 3.73E-05 0O MIF Secreted Signal- PMID: 29637711;
ing PMID: 26175090

Lesions Melanocytes Cycling CD46 JAG1 1.33E-07 0 CD46 Cell-Cell Con- PMID: 23086448
tact

Lesions Melanocytes Cycling CD99 CD99 1.94E-05 0 CD99 Cell-Cell Con- KEGG: hsa04514
tact

Lesions Melanocytes Cycling CDH1 CDHI1 3.99E-07 0.01 CDH Cell-Cell Con- KEGG: hsa04514
tact

Lesions Melanocytes Cycling COL4A2 SDCI1 5.31E-07 0 COLLAGEN  ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling COL6A1 SDCI1 5.31E-07 0 COLLAGEN ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling COL6A2 SDCI1 1.59E-06 0 COLLAGEN  ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling COL4A2 SDC4 5.31E-07 0 COLLAGEN  ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling COL6A1 SDC4 5.31E-07 0 COLLAGEN  ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling COL6A2 SDC4 1.59E-06 0O COLLAGEN ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling FN1 SDC1 5.31E-07 0O FN1 ECM-Receptor  KEGG: hsa04512

Lesions Melanocytes Cycling FN1 SDC4 5.31E-07 0O FN1 ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling LAMA4 ITGA6_ITGB1 1.33E-07 0O LAMININ ECM-Receptor  KEGG: hsa04512

Lesions Melanocytes Cycling LAMB2 ITGA6_ITGB1 9.96E-08 0 LAMININ ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling LAMA4 ITGA6_ITGB4 1.33E-07 0O LAMININ ECM-Receptor  KEGG: hsa04512

Lesions Melanocytes Cycling LAMB2 ITGA6_ITGB4 9.96E-08 0 LAMININ ECM-Receptor KEGG: hsa04512

Lesions Melanocytes Cycling MIF CD74_CD44 7.67E-06 0 MIF Secreted Signal- PMID: 29637711;
ing PMID: 26175090

Lesions Melanocytes Cycling TNFSF12 TNFRSF12A 1.33E-07 0O TWEAK Secreted Signal- KEGG: hsa04060

ing

ECM in vitiligo has increased in recent years. Several stud-
ies have highlighted differential expression of ECM com-
ponents in vitiligo lesions (Rani et al. 2023; Bastonini et al.
2016; Poole et al. 1997). They observed aberrant expression
of collagen, elastin, fibronectin, E-cadherin, and integrins,
which can inhibit the adhesion and binding of melanocytes
and lead to the loss of melanocytes in vitiligo. However,
the specific role of DNA methylation in the ECM of viti-
ligo skin is unknown and may be a valuable topic for future
investigations.

Although we preliminarily analyzed the DNA meth-
ylation profile in vitiligo skin samples in this study, there

@ Springer

are some limitations. First, owing to data limitations, our
external validation dataset only covered the expression of
genes in vitiligo, rather than the expression and methyla-
tion status of genes in peri-vitiligo. Although our DNA
methylation dataset, which included six patients and eight
controls, and the transcriptome dataset, which included ten
patients and ten controls, appear to be sufficient for this
analysis, larger multi-omics datasets and external com-
prehensive validation datasets are still needed. Moreo-
ver, it will be valuable to ascertain whether changes in
DNA methylation levels are related to the progression of
vitiligo, which could shed light on the treatment of this
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Fig.6 A Expression levels of ‘“cell division”-related genes and
“pigmentation”-related genes in vitiligo lesions and controls. B
Analysis of immune cell infiltration using CIBERSORT. C Correla-
tion heat map between the expression levels of key pre-DMEGs and

condition. Furthermore, it is worth experimentally veri-
fying the association between cycling keratinocytes and
melanocytes in vitiligo and whether the ECM plays an
important role in the pathogenesis of vitiligo. The role of
DNA methylation in the ECM may become the next hot
topic in vitiligo research, and it would be interesting to
explore this in future studies.

immune infiltration scores of cells. D ROC curves for predicted bio-
markers in the validation dataset. *p <0.05, **p <0.01, ***p <0.001,
*##%p <0.0001. ns no significance, ROC receiver operating charac-
teristic

Conclusions

In conclusion, we performed a preliminary DNA methyla-
tion study on human vitiligo skin samples and found that
hypomethylated sites were more abundant than hypermeth-
ylated sites. Further integrative analysis of transcriptome
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data identified 264 DMEGs and their enrichment in cell
division, pigmentation, circadian rhythm, fatty acid
metabolism, peroxidase activity, synapse regulation, and
the ECM. After comparative analysis of DNA methylation
and transcriptome profiles of vitiligo lesions, peri-lesions,
and healthy controls, misalignment of DNA methylation
and transcriptional changes in peri-lesions was observed.
The related genes were found to be distributed in cycling
keratinocytes and melanocytes, and the potential role of
the ECM was identified in scRNA-seq data analysis. This
study provides new insights into the occurrence and devel-
opment of vitiligo and direction for potential therapeutic
developments.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00439-023-02630-5.
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