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Background: Depigmentation of specific areas of the skin is a persistent and long-lasting dermatologic disorder known as vitiligo,
stemming from the impairment and disruption of melanocytes both structurally and functionally, leading to the loss of pigmentation in
those regions.

Aim: Our objective was to identify the pivotal genes and upstream regulators, transcription factors (TFs), microRNAs (miRNAs), and
pathways implicated in the pathogenesis of vitiligo.

Methods: An integrated analysis was conducted using microarray datasets on vitiligo obtained from the Gene Expression Omnibus
(GEO) database. The functional annotation and potential pathways of differentially expressed genes (DEGs) were additionally
investigated through Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Various
bioinformatics approaches were utilized, making use of publicly accessible databases to identify appropriate TFs and miRNAs.
Results: Our investigation identified TYR, MLANA, TYRP1, PMEL, OCA2, SLC45A2, GPR143, DCT, TRPM1, and EDNRB as the
most appropriate genes associated with vitiligo. Our suggestion is that the identified biological processes include developmental
pigmentation (GO:0048066) and pigment metabolic processes (GO:0042440) as the most suitable biological processes. In contrast, the
KEGG pathways that showed significance in our analysis are Tyrosine metabolism (Path: hsa00350) and Melanogenesis (Path:
hsa04916). We hypothesized the involvement of ten TFs and 73 miRNAs in the regulation of genes related to vitiligo.
Conclusion: TYR, MLANA, TYRPI1, PMEL, OCA2, SLC45A2, GPR143, DCT, TRPM1, and EDNRB are the top ten genes that are
pivotal in the progression and exhibition of vitiligo. The biological, cellular, molecular, and KEGG pathways of those genes has an
imperative role in the pathogenesis of vitiligo. TFs and miRNAs that interact with this gene are listed, shedding light on the regulatory
mechanisms governing the expression of these key genes in vitiligo.
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Introduction

Patches of depigmented white skin result from the autoimmune destruction of epidermal melanocytes in vitiligo, which is
a prevalent disorder.' The gradual loss of pigmentation in this condition has posed challenges as effective treatments
were limited until recent advancements.” Vitiligo is a complex disorder that stems from a combination of environmental
factors and genetic predisposition. It exhibits the hallmarks of a classic polygenic disorder, where each genetic element
has a minimal impact on the overall manifestation of the disease.” Despite being a polygenic disorder, the level of
polygenicity in vitiligo is relatively low compared to other complex traits, while its heritability remains considerably
high.* As a result, researchers have found it more manageable to uncover and understand the genetic makeup of vitiligo
compared to the genetic complexities seen in most other multifaceted traits.’
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The significance of genetic factors in vitiligo was an early point of interest due to the frequent clustering of symptoms
within families. Research conducted by Das et al delved into genetic epidemiology, revealing a complex interplay of
multifactorial, polygenic inheritance patterns.® This groundbreaking work brought to light the concept of vitiligo as
a “complex disease”, a notion that continues to shape current understandings in the field. In the 1960s and 1970s,
investigations into potential genetic markers for vitiligo such as ABO, haptoglobin, erythrocyte enzymes, and various
blood proteins were commonplace, yet the outcomes yielded no significant correlations. The 1970s saw a surge in studies
exploring the role of HLA in vitiligo, resulting in a body of literature that presented mixed and often perplexing findings,
adding layers of complexity to the genetic landscape of the condition. The evolving nature of genetic research in vitiligo
underscores the intricate web of factors influencing disease development and progression, highlighting the need for
further exploration and clarification in this intricate field.” After this, numerous additional potential genes were
scrutinized and associated with vitiligo; nevertheless, currently, only PTPN22 and possibly CTLA4, both of which
encode immune modulators, are deemed highly reliable. The discovery of SLEV1 on chromosome 17p13, a genetic
marker in families with systemic lupus erythematosus that also included at least one individual with vitiligo, indicated
a causal genetic connection between these two conditions and marked the inception of the contemporary epoch of genetic
investigations on widespread vitiligo.® Subsequent investigations unveiled that SLEV1 was actually NLRP1 (NALP1),
a critical regulator of the innate immune system.’

Aim of the Study

Our research endeavor was undertaken with the overarching objective of identifying the pivotal genes and upstream regulators
implicated in the pathogenesis of vitiligo. To accomplish this goal, we conducted a rigorous screening process to pinpoint the
pathogenic genes associated with vitiligo through an integrated analysis of microarray datasets sourced from the Gene
Expression Omnibus (GEO) database. This meticulous approach involved leveraging bioinformatics tools and methodologies
to discern genes that exhibit a specific and significant association with the development and progression of vitiligo. Moreover,
our investigation is particularly focused on elucidating the crucial role played by microRNAs (miRNAs) in regulating the
molecular pathways involved in the pathophysiology of vitiligo. Additionally, we are dedicated to identifying the most
pertinent transcription factors (TFs) that exert control over the expression of the identified genes, thereby shedding light on the
intricate regulatory networks underpinning vitiligo. Through the employment of this comprehensive and systematic strategy,
we envision the discovery of innovative therapeutic targets and the exploration of state-of-The-art investigative approaches
aimed at revolutionizing the management and treatment of vitiligo.

Material and Methods

Microarray Expression Profiling in GEO

The study received ethical approval from ethical committee of Shaqra University (CMD/DWD/SU/2023/03/043). The
National Centre for Biotechnology Information is responsible for the creation and management of the largest database of
high-throughput gene expression data known as the GEO dataset. To identify gene expression profiling studies related to
vitiligo, a thorough search was conducted within the GEO dataset available at http://www.ncbi.nlm.nih.gov/geo/. The

search strategy included specific keywords such as “gse” [Filter], “Homo sapiens” [porgn], AND “vitiligo” [MeSH
Terms] OR “vitiligo” [All Fields]. Various selection criteria were applied to ensure the relevance and quality of the
retrieved data. Following a meticulous screening process, a single vitiligo mRNA data set meeting the established criteria
was successfully identified. The essential characteristics of the chosen dataset included the presence of genome-wide
mRNA transcriptome data, the origin of data from skin tissue samples obtained from individuals diagnosed with vitiligo,
and the availability of both normalized and raw datasets for analysis. Subsequently, the differentially expressed genes
(DEGs) within the dataset were singled out for further investigation. By comparing the gene expression profiles in
lesional tissues with those in healthy tissues, the DEGs specific to vitiligo-affected skin were successfully pinpointed and
characterized.

According to the predetermined inclusion criteria, we acquired a singular microarray study sourced from the NCBI
GEO database, specifically identified with the GEO access number GSE65127 https://www.ncbi.nlm.nih.gov/geo/query/
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acc.cgi?acc=GSE65127 and utilizing the Platform GPL570 (HG-U133 Plus 2) Affymetrix Human Genome U133 Plus
2.0 Array, constituting a total of 10 healthy and 10 lesional samples.'®

Analysis of Microarray Set GSE65127
The GSE65127 set analyzed by GEO2R tool available in NCBI https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE65127. We
define groups into healthy and lesional. The data analyzed was classified into upregulated and downstream genes, and we

selected upregulation in the analysis.

Protein-Protein Interactions Network and Module Analysis
The Search Tool for the Retrieval of Interacting Genes STRING, available at http://string-db.org and specifically version

10.5, was harnessed in this study to forecast interactions among DEGs. This online database was effectively utilized to
identify potential interactions between genes.'' Following this, a network of Protein-Protein Interactions (PPI) was
meticulously crafted using Cytoscape, which was at version 3.7.1 during the implementation of this research project.
Furthermore, within Cytoscape, the CytoHubba tool was applied to ascertain and rank the top ten proteins along with
DEGs, providing crucial insights into the network topology and potential key players within the system.

Biological, Cellular, Molecular Process, and KEGG Pathway Analysis
The examination of the biological, cellular, and molecular process pathways through enrichment analyses was conducted
by utilizing the Shiny GO 0.80 software available at http://bioinformatics.sdstate.edu/go/ with a stringent criterion of

FDR < 0.05."? Simultaneously, the investigation involved the utilization of the Amigo gene ontology database found at
https://amigo.geneontology.org/amigo. Moreover, the KEGG pathway was scrutinized using the Shiny GO 0.80 software,

maintaining the criteria of FDR < 0.05, in conjunction with https://www.genome.jp/kegg/pathway.html. This compre-

hensive approach facilitated a detailed exploration of the intricate biological, cellular, and molecular mechanisms
underlying the pathways of interest, enhancing the depth of understanding in this research endeavor. The utilization of
these sophisticated tools and databases exemplifies a rigorous methodology aimed at uncovering valuable insights into
the complex interplay of biological processes at a fundamental level.

Prediction and Selection of Suitable TFs
TFs were anticipated through the utilization of the online TFEA tool ChEA3 https://maayanlab.cloud/chea3/#top. The
submission of the top ten gene lists to the website led to the acquisition of ten potential TFs based on their top rank as

determined by the amalgamation of various databases. The construction of molecular networks is facilitated and analyzed
through Cytoscape software.

Prediction and Analysis of Suitable miRNAs for Genes
We used various tools such as the TargetScan https://www.targetscan.org/vert 80/, miRDB https://mirdb.org/, MiRTarBase
9.0 https://mirtarbase.cuhk.edu.cn/, and miRWalk http://mirwalk.umm.uni-heidelberg.de/databases to anticipate their poten-

tial target genes with a confidence interval (Cls) of 95%. The construction of molecular networks is facilitated and analyzed
through Cytoscape software.

Results

DEGs in the Integrated Analysis of Microarray Datasets

According to the predetermined inclusion criteria, we acquired a singular microarray study sourced from the NCBI GEO
database, specifically identified with the GEO access number GSE65127 and utilizing the Platform GPL570 (HG-U133
_Plus 2) Affymetrix Human Genome U133 Plus 2.0 Array, constituting a total of 10 healthy and 10 lesional samples.
Through a comprehensive integrated analysis approach, a substantial total of 54,093 genes were scrutinized, leading to
the identification of 582 DEGs, 367 downregulated DEGs, and 216 upregulated DEGs, all meeting the strict statistical
criteria (FDR < 0.05, |Combined ES| > 1). The detailed outcomes of this analytical investigation are meticulously
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Figure | (A) Volcano plots showing the upregulated and downregulated genes in GSE65127 (The volcano plots shown identify genes that are p < 0.05 and are used as
criteria for significance). (B) Principal component analysis (PCA) map of DEGs. The data was analyzed by GEO2R on NCBI website.

depicted in [Figure 1A and B], offering a visual representation of the identified DEGs and their respective expression
patterns for further scientific scrutiny and interpretation.

PPl Network Construction for Upregulate Genes

We have successfully identified the interaction network of the top 106 upregulated DEGs using the String tool, followed
by calculation and filtering through the Cytoscape software to focus on the top 10 genes for further analysis. The
graphical representation of this analysis can be observed in [Figure 2]. It is important to note that the network comprises
nodes and edges, with nodes symbolizing the proteins and edges denoting the interactions between them. The top 10
networks are specifically comprised of 10 nodes and 15 edges, exhibiting an average number of neighbors amounting to
3.33. Additionally, the network diameter is measured at 3, while the network radius stands at 2. In terms of network
characteristics, the average pathway length is determined to be 1.61, accompanied by a clustering coefficient of 0.54.
Furthermore, the network density is calculated to be 0.417, with a network heterogeneity of 0.51 and a network
centralization value of 0.589. Among the genes analyzed, those with higher degrees were identified as TYR with
a degree of 9, MLANA with a degree of 8, TYRP1 with a degree of 4, PMEL with a degree of 4, OCA2 with a degree of

GPR143 EDNRB

Figure 2 The PPl network of the top 10 DEGs in vitiligo. The red color indicates the highest degree, and yellow indicates the lowest degree. The analysis was done by
Cytoscape software and CytoHubba tool.
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4, SLC45A2 with a degree of 4, GPR143 with a degree of 2, DCT with a degree of 2, TRPM1 with a degree of 1, and
EDNRB with a degree of 1.

Functional Enrichment Analysis for Top Ten Genes
We carried out an analysis of GO and KEGG categories to explore the biological functions of the identified DEGs by utilizing
the web-based tool Shiny GO 0.80. Our investigation revealed that the GO term enriched for Biological Process was
developmental pigmentation (GO:0048066) with an FDR of 4.15E-15 and a Fold Enrichment of 326.8. This pathway was
linked to 7 genes including DCT, OCA2, TYRP1, EDNRB, SLC45A2, TYR, and GPR143. Additionally, we observed
enrichment in the pigment metabolic process (GO:0042440) with an FDR of 6.78E-14 and a Fold Enrichment of 188.4,
involving 7 genes such as TYR, DCT, OCA2, TYRP1, SLC45A2, PMEL, and GPR143. Furthermore, the melanin
biosynthetic process (GO:0042438) showed significant enrichment (FDR = 1.865E-14, Fold Enrichment = 572.025) with 6
genes participating, including TYR, DCT, OCA2, TYRP1, SLC45A2, and PMEL. Likewise, the melanin metabolic process
(GO:0006582) exhibited enrichment (FDR = 1.93E-14, Fold Enrichment = 549.1) with 6 shared genes like TYR, DCT, OCA2,
TYRP1, SLC45A2, and PMEL, and the secondary metabolite biosynthetic process (GO:0044550) also displayed enrichment
(FDR = 2.1E-14, Fold Enrichment = 528.0) with 6 involved genes consisting of TYR, DCT, OCA2, TYRP1, SLC45A2, and
PMEL as depicted in [Figure 3A].

On the other hand, the GO terms related to Cellular Processes included melanosome (GO:0042470) with an FDR of 2.69E-
16 and a Fold Enrichment of 122, where 8 out of the top 10 genes were involved such as DCT, GPR143, OCA2, TYRPI,
MLANA, PMEL, TYR, and SLC45A2. Additionally, the pigment granule pathway (GO:0048770) exhibited enrichment
(FDR = 2.679E-16, Fold Enrichment = 122) with 8 involved genes like DCT, GPR143, OCA2, TYRP1, MLANA, PMEL,
TYR, and SLC45A2. Moreover, the melanosome membrane (GO:0033162) showed enrichment (FDR = 2.679E-16, Fold
Enrichment = 762.7) with 6 genes involved, including GPR143, OCA2, TYR, DCT, TYRPI, and SLC45A2, and the
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Figure 3 Gene Ontology functional enrichment and KEGG pathways of DEGs (FDR < 0.05). (A) Biological process. (B) Cellular components. (C) Molecular functions. (D)
KEGG pathway. FDR, false discovery rate. The charts are designed by Shiny GO 0.80 tool.
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chitosome (GO:0045009) displayed enrichment (FDR = 2.679E-16, Fold Enrichment = 762.7) with 6 genes participating like
GPR143, OCA2, TYR, DCT, TYRPI, and SLC45A2 as shown in [Figure 3B].

Furthermore, the GO terms associated with molecular processes included copper ion binding (GO:0005507) with an
FDR of 0.015 and a Fold Enrichment of 72.6, where 2 genes were involved, namely TYR and DCT. Additionally, the
monooxygenase activity (GO:0004497) demonstrated enrichment (FDR = 0.015, Fold Enrichment = 37.8) with 2 genes
participating such as TYR and TYRP1. Moreover, the oxidoreductase activity acting on paired donors with incorporation
(GO:0016705) displayed enrichment (FDR = 0.015, Fold Enrichment = 23.4) with 2 involved genes including TYR and
TYRPI1, and the cation transmembrane transporter activity (GO:0008324) showed enrichment (FDR = 0.015, Fold
Enrichment = 9.8) with 3 genes participating like TRPM1, SLC45A2, and OCA?2 as depicted in [Figure 3C].

KEGG analysis revealed a significant enrichment of DEGs. The analysis indicated a notable enrichment of DEGs in
Tyrosine metabolism (Path: hsa00350) with an FDR value of 1.703E-06 and a Fold Enrichment of 190.6. Among the top
10 genes, three genes, namely DCT, TYR, and TYRPI, were found to be involved in this pathway. Furthermore, the
analysis also showed enrichment in Melanogenesis (Path: hsa04916) with an FDR of 5.84E-07 and Fold Enrichment of
90.6. Out of the top 10 genes in this pathway, four genes (DCT, EDNRB, TYR, and TYRP1) were identified. These
findings are visually represented in [Figures 3D, 4 and 5].

The genes that have been identified and predicted within the context of this particular study are expected to provide
significant insights that will greatly facilitate a more comprehensive understanding of the intricate molecular
mechanisms underlying the condition known as vitiligo. Particularly in relation to their influence on T-cells and the
subsequent ramifications that these interactions may have on the overall functioning of the immune system, especially
considering.

TFs Prediction and Analysis for the Top Ten Selected Genes
TFs were predicted using the online TFEA tool ChEA3, which allowed for the identification of potential TFs based on
the submission of ten gene lists to the website. The top ten TFs were determined through the amalgamation of data from
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various databases in accordance with their rank as illustrated in [Figure 6]. It is crucial to note that the level of certainty
in these predictions increases as the mean rank decreases. The regulatory network involving these TFs and the GO
analysis linked to them are depicted in [Figure 7A and B]. Additionally, visual representations of the potential
interactions among these TFs and the local network are presented in [Figure 8A]. The analysis of the network, as
shown in [Figure 8A], consisted of 20 nodes, 55 edges, an average number of neighbors of 5.5, a network diameter of 1,
a network radius of 1, a characteristic path length of 1, a clustering coefficient of 0.0001, and a network density of 0.145.
Furthermore, the cluster heatmap analysis is detailed in [Figure 8C], where the red color signifies multiple TFs sharing
a gene. The correlation between the TFs and the ten genes is outlined in [Table 1], revealing that MITF controlled 10
genes, followed by SOX10 controlling 9 genes, and ALX1 and TFAP2A controlling 7 genes each.

miRNAs Prediction and Analysis for the Top Ten Selected Genes
To investigate thoroughly the potential target miRNAs of the differentially expressed top ten genes, an analysis was carried out
using the esteemed miRWalk tool, renowned for its reliability in such studies. This extensive analysis involved the application
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Figure 6 Bar charts corresponding to the top TFs of the selected library display the -logl0 (p-value) for ChEA TF target library results and an integrated rank score for the
integrated library results. The top 10 TFs are on the y-axis.
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Figure 7 Global network analysis representation of top-ranked TFs displaying putative interactions according to tissue-specific, based on averaged integrated ranks across
multiple libraries and databases (ChEA3 libraries). (A) Based on TCGFA TF network (The blue color indicates the top ten TFs). (B) Based on GTEx network.

of numerous target prediction algorithms, such as TargetScan, mirDB, and MirTarBase, among others. The central aim of this
analysis was to categorize and provide annotations for the miRNAs located within the 3’UTR. The selection process for these
target miRNAs was based on a precise set of criteria, which included factors like high binding probability, low binding energy,
and the presence of Adenylate-uridylate (AU)-rich elements (AREs) known for their significance. The data retrieved from the
miRWalk tool revealed information about approximately 2793 miRNAs. This dataset was then filtered based on specific
conditions, including a binding energy equal to, or exceeding —15, an AU content equal to or greater than 0.412, and a binding
probability of 1. These stringent criteria allowed for the identification of suitable miRNAs for nine out of the ten selected
genes. We identified a total of 73 miRNAs that are considered appropriate for the regulation of nine specific genes associated
with vitiligo. These genes are further categorized as 15 for EDNRB, 1 for OCA2, 2 for TYR, 1 for TYRP1, 13 for MLANA, 9
for TRPM1, 13 for DCT, 18 for SLC45AC, and 1 for PMEL, showcasing the intricate regulatory network involved in the
pathogenesis of this skin disorder., as outlined in [Table 2].

The network linking the miRNAs to the nine genes was constructed utilizing the Cytoscape software, a widely used
tool for visualizing biological networks. The resulting network comprised 77 nodes and 73 edges, with an average
number of neighbors calculated at 1.8. Furthermore, the network exhibited a diameter of 1 and a radius of 1, indicating
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Figure 8 (A) Local network analysis representation of top-ranked TFs displaying putative interactions, based on averaged integrated ranks across multiple libraries and
databases (ChEA3 libraries). (B) TFs and genes regulatory network for ten genes using Cytoscape software. The yellow color indicates genes, and the blue color indicates
TFs. (C) Heat map cluster analysis showing relationships between genes and TFs the red color indicates several TFs share in one gene. The analysis was done by ChEA3
libraries.

the compactness of the network structure. The characteristic path length of the network was determined to be 1,
underscoring the efficiency of information transfer within the network. The clustering coefficient, a measure of the
network’s tendency to form clusters, was found to be 0.0001, suggesting a low level of clustering. Lastly, the network
density, which signifies the number of possible connections in relation to the total number of connections, was calculated
at 0.012, indicating a sparse network connectivity [Figure 9].

Discussion

Genome-wide association studies have unveiled numerous susceptibility genes associated with the complex genetic
disease known as vitiligo, demonstrating a connection between immunomodulatory genes and specific melanocyte-
specific genes that contribute to the gradual loss of pigmentation.”'*!'* The research conducted in this study involves the
utilization of microarray data analysis techniques and bioinformatic methodologies to pinpoint the top 10 genes
responsible for regulating vitiligo progression. These identified genes include TYR, MLANA, TYRP1, PMEL, OCA2,
SLC45A2, GPR143, DCT, TRPM1, and EDNRB, all of which play crucial roles in the development and manifestation of
vitiligo. By employing advanced computational tools and genetic analysis, this study sheds light on the intricate
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Table | TFs and Overlapping Genes

TF Overlapping Genes Integrated Library
Scall

Ranking
MITF (Microphthalmia-associated TRPMI, PMEL, OCA2, SLC45A2, GPR143, 6.143E-4* ARCHS4 Coexpression
transcription factor) EDNRB, DCT, MLANA, TYRPI, TYR
DLX3 (Distal-less homeobox 3) TRPMI, DCT, MLANA, TYRPI, TYR 6.223E-4* GTEx Coexpression
ZNF716(Zinc finger protein 716) PMEL, OCA2, TYRPI 7.123E-4* Enrichr Queries
SOXI10 (SRY (sex determining region Y)-box 10) | PMEL, OCA2, SLC45A2, GPR143, EDNRB, DCT, MLANA, TYRPI, TYR 0.001229* ARCHS4 Coexpression
MAFB (V-maf avian musculoaponeurotic TRPMI, DCT, MLANA, TYRPI, TYR 0.001245* GTEx Coexpression
fibrosarcoma oncogene homolog B)
OTX2 (Orthodenticle homeobox 2) PMEL, EDNRB 0.001425* Enrichr Queries
ALXI (ALX homeobox I) TRPMI, PMEL, OCA2, SLC45A2, GPR143, MLANA, TYRPI| 0.001843* ARCHS4 Coexpression
SOX21 (SRY (sex determining region Y)-box 21) | TRPMI, GPR143, DCT, MLANA, TYR 0.001867* GTEx Coexpression
OLIG3(Oligodendrocyte transcription PMEL, EDNRB 0.002137* Enrichr Queries
factor 3)
TFAP2A (Transcription factor AP-2 alpha TRPMI, PMEL, OCAZ2, SLC45A2, GPR143, DCT, TYRPI 0.002457* ARCHS4 Coexpression
(activating enhancer binding protein 2 alpha)

Abbreviations: TRPMI, transient receptor potential cation channel subfamily M member |; PMEL, premelanosome protein; OCA2, melanosomal transmembrane protein;
SLC45A2, solute carrier family 45 members 2; GPR143 G protein-coupled receptor 143; EDNRB, endothelin receptor type B; DCT, dopachrome tautomerase; MLANA,
melan-A; TYRPI, tyrosinase-related protein |; TYR, tyrosinase. * Highly significant differences, p < 0.05.

Table 2 Predicted Target miRNAs for Genes Selected in This Study by Bioinformatics Tools

Gene (Ensemble ID) Reference Sequence Binding Binding AU Rich Region Position
ID Probability Energy Fraction
EDNRB (ENSG00000136160) hsa-miR-200c-3p | —-16.6 0.559 3’'UTR
EDNRB (ENSG00000136160) hsa-miR-640 [ —-16.96 0.5 3'UTR
EDNRB (ENSG00000136160) hsa-miR-885-5p [ -18.9 0.5 3'UTR
EDNRB (ENSG00000136160) hsa-miR-941 [ -17.0 0.676 3'UTR
EDNRB (ENSG00000136160) hsa-miR-942-5p [ —-15.5 0.647 3'UTR
EDNRB (ENSG00000136160) hsa-miR-297 | -16.8 0.779 3'UTR
EDNRB (ENSG00000136160) hsa-miR-378¢ | —-15.5 0.731 3'UTR
EDNRB (ENSG00000136160) hsa-miR-6855-3p | =17.1 0.5 3'UTR
EDNRB (ENSG00000136160) hsa-miR-7159-5p | -15.5 0.647 3'UTR
EDNRB (ENSG00000136160) hsa-miR-9903 | -18.9 0.731 3'UTR
EDNRB (ENSG00000136160) hsa-miR-629-3p | -17.1 0.662 3'UTR
EDNRB (ENSG00000136160) hsa-miR-1183 | —-15.4 0.544 3'UTR
EDNRB (ENSG00000136160) hsa-miR-664a-3p | -17.2 0.662 3'UTR
EDNRB (ENSG00000136160) hsa-miR-6879-5p | -16.2 0.544 3'UTR
EDNRB (ENSG00000136160) hsa-miR-562 | —15.56 0.632 3'UTR
(Continued)
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Table 2 (Continued).

Gene (Ensemble ID) Reference Sequence Binding Binding AU Rich Region Position
ID Probability Energy Fraction
OCAZ2 (ENSG00000104044) hsa-miR-361-5p I -15.9 0.544 3UTR
TYR (ENSG00000077498) hsa-miR-3163 I —-17.1 0.559 3UTR
TYR (ENSG00000077498) hsa-miR-3614-5p I —-16.9 0.618 3UTR
TYRPI (ENSG00000107165) hsa-miR-1247-3p I -15.09 0.676 3UTR
MLANA (ENSG00000120215) hsa-miR-135a-3p I —-15.71 0.515 3UTR
MLANA (ENSG00000120215) hsa-miR-34c-3p I 214 0.574 3UTR
MLANA (ENSG00000120215) hsa-miR-520d-3p I -17.1 0.706 3UTR
MLANA (ENSG00000120215) hsa-miR-718 I -183 0.5 3UTR
MLANA (ENSG00000120215) hsa-miR-3121-3p I -15.7 0.721 3UTR
MLANA (ENSG00000120215) hsa-miR-4268 I -15.7 0.632 3UTR
MLANA (ENSG00000120215) hsa-miR-391 | | —-15.74 0.456 3'UTR
MLANA (ENSG00000120215) hsa-miR-5705 | -157 0.471 3'UTR
MLANA (ENSG00000120215) hsa-miR-6074 | -19.4 0.426 3UTR
MLANA (ENSG00000120215) hsa-miR-6771-3p I -16.7 0.618 JUTR
MLANA (ENSG00000120215) hsa-miR-6887-5p | -16.2 0419 JUTR
MLANA (ENSG00000120215) hsa-miR-6892-5p | —-16.80 0.574 3UTR
MLANA (ENSG00000120215) hsa-miR-7112-3p | —-21.56 0.618 3UTR
TRPMI (ENSG00000134160) hsa-miR-105-5p | —-17.1 0.485 3UTR
TRPMI (ENSG00000134160) hsa-miR-371b-5p I —-17.1 0.632 3UTR
TRPMI (ENSG00000134160) hsa-miR-320d I -15.7 0.618 3'UTR
TRPMI (ENSG00000134160) hsa-miR-3925-5p | -16.8 0.618 3'UTR
TRPMI (ENSG00000134160) hsa-miR-4539 I -15.2 0.412 3UTR
TRPMI (ENSG00000134160) hsa-miR-4749-3p | -17.2 0.412 3'UTR
TRPMI (ENSG00000134160) hsa-miR-6512-5p | -16.4 0.485 3'UTR
TRPMI (ENSG00000134160) hsa-miR-516a-5p | —-15.2 0.5 3'UTR
TRPMI (ENSG00000134160) hsa-miR-5681b | -19.4 0.647 3'UTR
DCT(ENSG00000080166) hsa-miR-17-3p I -15.70 0.529 3UTR
DCT(ENSG00000080166) hsa-miR-217-5p I -19.42 0.603 3UTR
DCT(ENSG00000080166) hsa-miR-381-3p I -18.30 0.559 3UTR
DCT(ENSG00000080166) hsa-miR-450a-5p I —15.56 0.662 3UTR
DCT(ENSG00000080166) hsa-miR-585-5p I -16.2 0.544 3UTR
DCT(ENSG00000080166) hsa-miR-1185-2-3p I -15.5 0.544 3UTR
(Continued)
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Table 2 (Continued).

Gene (Ensemble ID) Reference Sequence Binding Binding AU Rich Region Position
ID Probability Energy Fraction
DCT(ENSG00000080166) hsa-miR- 1 185-1-3p I —-15.5 0.544 3UTR
DCT(ENSG00000080166) hsa-miR-873-5p I —-18.8l 0.618 3UTR
DCT(ENSG00000080166) hsa-miR-4259 I —16.4 0.529 3UTR
DCT(ENSG00000080166) hsa-miR-3692-3p I -183 0.721 3UTR
DCT(ENSG00000080166) hsa-miR-4799-5p I —-17.96 0.544 3UTR
DCT(ENSG00000080166) hsa-miR-10523-5p I -16.8 0.588 3UTR
DCT (ENSG00000080166) hsa-miR-520d-3p | -15.2 0.588 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-4269 I -16.9 0.529 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-4524b-5p | -15.5 0.529 3'UTR
SLC45A2 (ENSG00000164175 hsa-miR-200c-3p | —-17.1 0.515 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-37la-5p | -17.1 0.485 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-584-5p | -17.1 0.544 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-621 | -15.7 0.588 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-668-5p I -17.7 0.426 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-1185-1-3p I —-19.42 0.544 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-3163 I —-18.16 0471 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-3184-3p I —-19.42 0.559 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-3150b-5p I —-19.83 0.544 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-4640-5p I —-15.6 0.426 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-4731-3p I —-17.1 0.529 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-5003-5p I —16.1 0.485 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-6730-3p I —15.47 0.515 3UTR
SLC45A2 (ENSG00000164175 hsa-miR-6776-3p | —18.46 0.544 JUTR
SLC45A2 (ENSG00000164175 hsa-miR-6788-3p | —-19.15 0.574 3'UTR
SLC45A2 (ENSG00000164175 hsa-miR-6865-3p I -155 0.5 JUTR
PMEL(ENSGO00000185664) hsa-miR-1247-3p I -175 0.603 JUTR

Abbreviations: TRPMI, transient receptor potential cation channel subfamily M member |; PMEL, premelanosome protein; OCA?2, melanosomal transmembrane protein;
SLC45A2, solute carrier family 45 members 2; EDNRB, endothelin receptor type B; DCT, dopachrome tautomerase; MLANA, melan-A; TYRPI, tyrosinase-related protein |;
TYR, tyrosinase, 3’'UTR; 3’ untranslated region; AU rich region fraction, adenylate uridylate rich region fraction.

molecular mechanisms underlying vitiligo pathogenesis, offering valuable insights for further research and potential
therapeutic interventions.

Our discoveries are consistent with the research conducted by Jin et al, who also observed noteworthy correlations between
generalized vitiligo and genetic variations in the TYR gene.'> Additionally, the study by Awad et al provided evidence that the
levels of the three proteins Tyr, Tyrpl, and Tyrp2 were reduced, indicating similar changes in the progression of vitiligo.'®
Another investigation, which delved into the rs1847134 and rs1393350 variants of the TYR gene in non-segmental vitiligo
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Figure 9 miRNAs and genes regulatory network for nine genes using Cytoscape software. The yellow color indicates genes, and the blue color indicates miRNAs.

patients, uncovered significant variations between the different groups of subjects. In particular, the rs1393350 polymorphism
of the TYR gene displayed considerable differences among the subject groups, with a statistically significant p-value of less
than 0.001. This suggests a potential role of this genetic variant in the development or manifestation of vitiligo. The findings
from these studies contribute to a better understanding of the genetic factors involved in vitiligo pathogenesis. Furthermore,
they underscore the importance of further research to elucidate the mechanisms underlying these associations and their
implications for potential therapeutic interventions in vitiligo patients. In conclusion, the identification of genetic variations
such as the rs1393350 polymorphism in the TYR gene highlights the complexity of vitiligo etiology and the need for
personalized approaches to treatment based on individual genetic profiles.'’

Our findings align closely with the research conducted by Yuan and his team, who also identified six DEGs (PMEL,
MLANA, DCT, SOX10, TYRPI1, and MCI1R) that play a role in the development of Vitiligo.18 Furthermore, Zhao et al
conducted a study that suggested DCT and KIF1A as potential biomarkers associated with vitiligo.'® In contrast, another
research study proposed TYR, TYRPI, DCT, and LARP7 as potential biomarkers related to vitiligo.?’ These studies
collectively contribute to the growing body of knowledge surrounding the molecular mechanisms underlying vitiligo and
the potential biomarkers that could aid in its diagnosis and treatment.

In the current investigation, we have delineated various sets of biological, cellular, molecular, and KEGG pathways in our
analysis. The most notable biological processes identified include developmental pigmentation (GO:0048066) and pigment
metabolic processes (GO:0042440), characterized by a substantial overlap in gene participation within the pathway, as
evidenced by significant False Discovery Rate (FDR) and Fold Enrichment values. These findings underscore the pivotal
role of these pathways in regulating pigmentation and skin coloration. Moreover, the predominant cellular pathway identified
is the melanosome pathway (G0O:0042470) along with the pigment granule pathway, elucidating their importance in cellular
processes related to pigmentation. Conversely, the KEGG pathways that exhibited significance in our analysis are Tyrosine
metabolism (Path: hsa00350) and Melanogenesis (Path: hsa04916), further emphasizing the intricate network of pathways
governing pigmentation. It is noteworthy that these pathways collectively contribute to the diverse array of biological
mechanisms underlying pigmentation and skin color regulation. Pigmentation, which refers to the distribution of pigment
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in skin, hair, and eyes for color expression, serves as a distinguishing feature due to its association with genetic diversity in the
pathways controlling melanocytes, the pigment-producing cells.?!

Numerous studies have highlighted the involvement of genes associated with human hypo- and hyperpigmentation
disorders in normal phenotypic variations in basal skin color, including TYR, TYRP1, SLC45A2, SLC24A5, SLC24A4,
OCA2, ASIP, IRF4, TPCN2, and MCIR.>'"?*

Mutations and variants in these genes play a direct role in the pigmentation process, underscoring their significance in
regulating skin pigmentation.”’*> This wealth of information corroborates our identification of the top ten genes outlined in
this study and their predicted involvement in the pathways associated with pigmentation. Thus, these findings provide valuable
insights into the complex interplay of genetic factors and pathways influencing pigmentation and skin coloration.

In the present investigation, the top-ranking TFs that coincide with the predicted genes were identified, and through
a concentrated examination of TFs, it was discerned that MITF was found to overlap with 10 genes, while SOX10
exhibited overlap with 9 genes. Additionally, it was observed that ALX1 and TFAP2A demonstrated overlap with 7
genes each, shedding light on their potential regulatory significance. These findings underscore the pivotal regulatory
function of TFs such as MITF, SOX10, ALX1, and TFAP2A in the pathogenesis of vitiligo, thereby highlighting their
crucial involvement in the development and progression of this skin disorder. We can explain the role of TFs
recommended in this study by their effect on the up or down-regulation of key regulatory genes and this mechanism
is very important in developing vitiligo.

Our findings align with Listiawan and his research team, who conducted a study involving biopsies from vitiligo
patients to assess MITF levels both before and after various therapies. They discovered a notable disparity in MITF
quantities in vitiligo patients pre and post-NB-UVB treatment, with statistical significance indicated by a p-value of less
than 0.001 (p=0.05). Their suggestion that MITF can serve as a valuable indicator for monitoring vitiligo treatment
efficacy is noteworthy.?® Additionally, Papaccio et al reported an increase in MITF gene expression among individuals
with vitiligo.?” Blokzijl et al shed light on the role of SOX10 in vitiligo by identifying heightened SOX10 levels in the
serum of both Vitiligo and Melanoma patients.”® Furthermore, a study focusing on SOX10 and SOX19 proposed these
TFs as novel autoantigens associated with vitiligo.*’

The role of TFs highlighted in this research can be elucidated by their involvement in the regulation of key genes,
either through upregulation or downregulation mechanisms. This intricate process plays a crucial role in the pathogenesis
and progression of vitiligo, emphasizing the significance of understanding the molecular mechanisms underlying this skin
condition.*® Further exploration of the interplay between TFs and regulatory genes could provide valuable insights into
potential therapeutic targets for vitiligo management. Investigating the intricate network of transcriptional regulation in
vitiligo may pave the way for personalized treatment approaches tailored to the specific molecular profiles of patients.*'
Understanding the role of TFs in vitiligo pathophysiology is essential for advancing precision medicine strategies aimed
at improving patient outcomes and quality of life.

In the present investigation, a total of 73 miRNAs have been identified as suitable candidates for the regulation of
nine specific genes linked to vitiligo. Among these genes, there are 15 associated with EDNRB, 1 with OCA2, 2 with
TYR, 1 with TYRPI, 13 with MLANA, 9 with TRPM1, 13 with DCT, 18 with SLC45AC, and 1 with PMEL. This
comprehensive categorization highlights the complex and intricate regulatory mechanisms at play in the development of
this skin disorder.

miRNAs, short for miRNAs, represent a category of minuscule noncoding RNA molecules that function by targeting
mRNA to regulate gene expression With a typical length of approximately 22 nucleotides, these miRNAs play a crucial
role in post-transcriptional gene regulation.” Their mechanism of action involves binding in a partially complementary
manner to specific sequences located in the 3'-UTR of the target mRNAs. By doing so, miRNAs effectively modulate the
expression levels of the associated genes through this intricate regulatory process.>*~* It is widely recognized in the
scientific community that both humoral and cellular immunity are essential components in the development of vitiligo.*
Recent studies have identified specific miRNAs that are associated with the immune response, shedding light on their
potential role in this skin disorder. These small regulatory molecules, known as miRNAs, are responsible for modulating
a diverse range of biological processes and have the capacity to influence the immune system’s functioning, particularly

2136 s Clinical, Cosmetic and Investigational Dermatology 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove AbdEIneam et al

in relation to human cutaneous T cells. The intricate interplay between these miRNAs and the immunological imbalance

observed in vitiligo underscores the complexity of the disease etiology.>>**

Conclusion

TYR, MLANA, TYRP1, PMEL, OCA2, SLC45A2, GPR143, DCT, TRPMI1, and EDNRB are the top ten genes that are
pivotal in the progression and exhibition of vitiligo. The biological, cellular, molecular, and KEGG pathways of those
genes has an imperative role in the pathogenesis of vitiligo. TFs and miRNAs that interact with this gene are listed,
shedding light on the regulatory mechanisms governing the expression of these key genes in vitiligo. The significance of
these ten genes in vitiligo is not only noteworthy, but it also sheds light on the complicated interplay between genetic
factors and regulatory components in the development of this dermatological disorder.

Future Recommendation

Future studies in vivo or in vitro focusing on the regulatory functions of TFs and miRNAs in vitiligo may uncover novel
therapeutic avenues that target specific molecular pathways implicated in the disease progression. The identification of
TFs and miRNAs as key players in vitiligo pathogenesis underscores the importance of utilizing targeted interventions
that modulate transcriptional activity to restore skin pigmentation in affected individuals. Expanding our knowledge of
the transcriptional landscape in vitiligo could lead to the development of innovative treatments that address the under-
lying molecular dysregulation driving this dermatological disorder.
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