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ARTICLE INFO ABSTRACT

Keywords: Objective: This study aimed to use bioinformatics techniques to screen biomarkers related to vitiligo.
Bioinformatics Methods: Firstly, the gene expression profiles of vitiligo were obtained from the GEO database, and differentially
Vitiligo

expressed genes (DEGs) were identified. Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were performed on these differentially expressed genes. Through
weighted gene co-expression network analysis (WGCNA), the core genes in the module most closely related to
vitiligo were identified, and an intersection analysis was conducted with the DEGs. Next, a protein-protein
interaction (PPI) network analysis was carried out on the intersection genes. Key genes were further screened
using Cytohubba and least absolute shrinkage and selection operator (LASSO) regression analysis, and the roles
of these key genes in immune cell infiltration were explored through single-sample gene set enrichment analysis
(ssGSEA). In addition, the diagnostic effectiveness of the key genes was verified by the receiver operating
characteristic (ROC) curve, and drugs related to the key genes were predicted using databases. Finally, the
expression levels of these key genes were verified through reverse transcription quantitative polymerase chain
reaction (RT-qPCR) and Western blot experiments.

Resuits: A total of 667 DEGs were identified, and the enrichment analysis mainly involved cell adhesion mole-
cules, T cell receptor signaling pathway, etc. Nineteen core genes were screened out from the five algorithms of
Cytohubba, and LASSO regression analysis further determined four key genes (IL7R, GZMH, CD3G, and UBD).
Immune cell infiltration analysis showed that these four key genes had high expression in immune cells. The
prediction results of traditional Chinese medicine showed that 15 traditional Chinese medicines were related to
the key genes. The results of RT-qPCR showed that the expressions of IL7R, GZMH, and CD3G were significantly
upregulated (*P < 0.05, **P < 0.01, ***P < 0.001), and Western blot showed obvious expressions of IL7R,
GZMH, CD3G, and UBD.

Conclusion: This study used bioinformatics methods to explore the biomarkers of vitiligo, and verified the po-
tential of IL7R, GZMH, and CD3G as novel candidate genes through in vitro experiments. These genes may
become new targets for the diagnosis, prognosis, and treatment of vitiligo.

Immune infiltration
LASSO regression analysis
Weighted gene co-expression network analysis

1. Introduction autoimmune disease with an estimated prevalence of 0.5%-2% of the
global population.? At present, the pathogenesis of vitiligo is not clear,

Vitiligo is a common acquired depigmentation of the skin mucosa but it may be related to autoimmunity, oxidative stress, melanocyte
that occurs when the body's immune system attacks skin cells that self-destruction, neurochemical factors, heredity, and environment.®
produce melanin, the body's natural pigment.! It is also a chronic Existing studies have found that adaptive immunity plays a central role
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in the pathogenesis of vitiligo, and in recent years, the important role of
innate immune cells and immune-related pathways in the pathogenesis
of vitiligo has been gradually clarified. Therefore, it has become an
important direction to study the occurrence and development of vitiligo
from the perspective of immunity.

This study first used R packages to screen differentially expressed
genes (DEGs) between normal skin samples and vitiligo skin samples
from microarray data of vitiligo. After performing enrichment analysis
on DEGs and intersecting them with results from Weighted Gene Co-
expression Network Analysis (WGCNA), key genes influencing vitiligo
pathogenesis were identified using Cytohubba and LASSO regression
analysis. The relative content of 28 types of immune cells in vitiligo was
evaluated via single-sample gene set enrichment analysis (ssGSEA), and
the correlation between key genes and immune cell infiltration was
analyzed to screen immune-related key genes. Receiver operating
characteristic (ROC) curves were plotted based on the specificity of key
genes to assess their diagnostic efficacy. Databases such as Coremine and
BenCaozuJian were used to predict traditional Chinese medicines
associated with key genes, while the L1000 FWD database was
employed to predict drug components related to key targets for molec-
ular docking. Finally, in vitro experiments using RT-qPCR and Western
blot were conducted to verify the mRNA expression levels of these key
genes. This study aims to provide a theoretical basis for exploring the
molecular mechanisms underlying vitiligo development.

2. Methods

2.1. Chip data collection, processing, and screening of differentially
expressed genes

Using the keyword "vitiligo" to search the public GEO database (htt
ps://www.ncbi.nlm.nih.govgeo/), the vitiligo datasets GSE53146 and
GSE75819 were obtained. The GSE53146 dataset, based on the
GPL14951 platform, contains 5 lesional skin samples from vitiligo pa-
tients and 5 normal skin samples as controls, serving as the meta-dataset.
GSE75819 was used as the validation set, comprising 15 vitiligo patient
skin samples and 15 normal skin samples. Data processing was per-
formed using R software with the limma package for analysis. This
included outlier processing, filtering of low-expression genes, normali-
zation, and log2 transformation. GEO2R analysis (utilizing the Limma
and Heatmap packages in R) was applied to process the GSE53146 meta-
dataset, with thresholds set at P < 0.05 and |log2 FC|>0.5 to identify
upregulated and downregulated genes. Relevant volcano plots and
heatmaps were subsequently generated.

2.2. Functional enrichment analysis and weighted gene co-expression
network analysis (WGCNA) of DEG

The "ClusterProfiler" package in R was employed to perform Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses on the identified differentially expressed
genes (DEGs). A significance threshold of P < 0.05 was established for
screening, and a pathway map illustrating the functional enrichment
related to these DEGs was analyzed (Fig. 2). Additionally, WGCNA can
be utilized to construct a weighted gene co-expression network, identify
gene modules, discover genes that exhibit strong correlations with dis-
eases, correlate gene modules with clinical features into a co-expression
module, and pinpoint core genes within those modules.* Using the
WGCNA package for weighted gene co-expression network analysis, the
top 25% of genes based on expression variance were selected as a
screening criterion to eliminate genes with low variation. A total of 13,
724 genes were used to construct the co-expression network. The dy-
namic tree-cutting method was employed to identify gene modules, and
the module with the highest correlation (*P < 0.05) was selected.
Finally, the genes from the highest-correlation module were intersected
with the DEGs identified in the analysis.
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2.3. Key genes associated with vitiligo were identified through cytoscape
software and LASSO regression analysis

In the fields of cell biology and systems biology, elucidating the in-
teractions between proteins within a cellular context through the eval-
uation and analysis of protein-protein interaction (PPI) networks can
significantly enhance our understanding of protein functionality.>°

The STRING database (https://cn.string-db.org/) was utilized to
analyze PPIs, and PPI networks were constructed for the intersection of
WGCNA and differential genes. The minimum interaction score was set
to the highest confidence level (0.400), with disconnected nodes
excluded from the analysis. The resulting PPI network generated in
STRING was imported into Cytoscape 3.9.3 software for further exam-
ination. Five algorithms from Cytohubba, a plugin within Cytoscape
3.9.3, were employed to rank and identify the top 20 central genes in the
network, with core genes determined by selecting intersections among
these five algorithms. Subsequently, LASSO regression analysis on the
selected core genes was conducted using the glmnet package in R,
allowing for the identification of additional critical core genes.

2.4. Analysis of immune cell infiltration

The expression of data set GSE53146 in 28 kinds of immune infil-
trating cells was investigated by immune cell infiltration analysis. A
single sample gene set ssGSEA algorithm and an assembled reference
gene set of 782 marker genes in 28 immune cell types were used to
evaluate the infiltration level of 28 immune cells based on the reference
gene set.” The expression profiles of the GSE53146 dataset across 28
immune cell types were analyzed, resulting in the generation of corre-
lation heat maps and violin plots to visualize these expression patterns.
Spearman correlation analysis was conducted to elucidate the relation-
ship between key genes and immune cell infiltration, with the 'ggcorr-
plot' package in R employed to present the findings.

2.5. Validate the selected key genes through an external validation set

Through the public database GEO (https://www.ncbi.nlm.nih.
gov/geo/), the dataset GSE75819 of vitiligo was obtained as an
external validation set by searching with the keyword "vitiligo". The
ggpubr package, ggplot2 package, and ggrepel package in R software
were used to draw the expression boxplots of key genes. The expression
profiles of key genes in the normal group and the vitiligo group were
analyzed, and the pROC package and ggplot2 package in R software
were used to draw the ROC curves to screen out the biomarkers with
high diagnostic value for vitiligo. The ROC curves were drawn using the
PROC package in R, and the area under the curve (AUC) value was ob-
tained to determine the effective diagnostic value of key genes. Packages
such as "ggrepel" and "ggpubr" were used for visualization to obtain
boxplots to compare the differences in expression levels between the
normal group and the disease group in the dataset. Using R packages, the
expression levels of key genes in the normal group and the disease group
were compared, and the results were visualized through heatmaps.

2.6. Prediction of potential intervention of key genes in traditional
Chinese medicine

Utilizing the Coremine Guide (https://coremine.com/medical/) and
the Medica Group database (http://herb.ac.cn/), we projected key genes
related to traditional Chinese medicine (TCM) based on the Pharmaco-
poeia of the People's Republic of China (2020) and conducted a query of
Chinese materia medica concerning their properties and efficacy in
TCM. Radar plot maps were created to visualize the Four Natures, Five
Tastes, and Meridian Tropism of herbs via the chiplot online data
analysis platform.®
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2.7. Molecular docking of chemical components and the proteins of key
genes

Predict potential candidate drug compounds for key genes using the
online L1000 FWD (https://maayanlab.cloud/11000fwd/). List the top 5
candidate drugs ranked by P-value. Input the obtained drug names into
the PubChem (https://pubchem.ncbi.nlm.nih.gov/) database and
download the 3D structures of the active ingredients in SDF format. Use
the Open Babel 3.1.1 software to convert them into mol2 format and
minimize their energy. Then, obtain the 3D structure of the receptor
protein in PDB format from the RCSB PDB (https://www.rcsb.org/). Use
the PyMOL software to remove the ligands and water molecules from the
receptor protein and save it in PDB format for later use. Next, upload the
prepared ligands and receptors to the AutoDockTools 1.5.6 software for
molecular docking to obtain the lowest binding energy. Create a heat-
map of the binding energy using R language. Finally, use the PyMOL
software for visualization and plotting.

2.8. Quantitative real-time PCR (RT-qPCR) analysis was performed for
validation in vitro

PIG1 and PIG3 cells (normal epidermal melanin cell line PIG1 and
vitiligo melanin cell line PIG3V purchased from Shanghai Chinese
Academy of Sciences) were inoculated on 6-well plates (1 x 10A6/well),
respectively, and cultured under 37 °C and 5% CO; conditions to 80%
fusion. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, item
number: 74104), and purity was determined by NanoDrop (A260/A280
> 1.9, A260/A230 > 2.0). 1 pg RNA was reverse-transcribed into cDNA
(25 °C 10 min, 37 °C 120 min, 85 °C 5 min). qPCR reaction system: SYBR
Green Master Mix 10 pL, cDNA 2 pL, primers 0.3 pM, ddH2O supple-
mentation to 20 pL. Cycle procedure: 95 °C 10 min — (95°C 15, 60 °C
60 s) x 40 cycles — Melt curve analysis: 2722t method was used to
calculate the relative gene expression of each gene and GAPDH gene.
Biological repeats were repeated 3 times in each group. The primer se-
quences of each gene are shown in Table 1. The obtained data is drawn
by using ggplot2 and dplyr packages in R.

2.9. Western blotting experiments

After the cells grow to the logarithmic phase, discard the culture
medium, wash twice with pre-cooled PBS, add RIPA lysis buffer (con-
taining protease inhibitors), and lyse on ice for 30 min. Centrifuge at 4
°C and 12,000 rpm for 15 min, collect the supernatant, and determine
the protein concentration by the BCA method. Take 20 pg of the protein
sample, perform SDS-PAGE electrophoresis, and then transfer it to a
PVDF membrane. Block with 5% skimmed milk for 1 h. Add primary
antibodies against IL7R, GZMH, CD3G, UBD, and GAPDH, respectively
(dilution ratio 1:1000), and incubate at 4 °C overnight. Wash the
membrane three times with TBST, add the HRP-labeled secondary
antibody (1:5000), and incubate at room temperature for 1 h, then
perform ECL development. Use the Image Lab software to analyze the
gray value of the bands, and calculate the relative expression level of the
target protein with GAPDH as the internal reference. Repeat the
experiment 3 times, and the data are expressed as mean + standard
deviation. Use Graphpad Prism9.5 for the t-test and the preparation of
the bar chart. A P < 0.05 indicates a statistically significant difference.

Table 1
PCR primer sequences.

Gene Forward primer (5-3") Reverse primer (5-3")

IL7R GCTGGCTCTGGTCTTCCTAA TGGCTGTGTTGGTGTTGTCT
GZMH CAGCCAGACCTTCCTCAACAT TGGTGGTGTTGCTGTCTTCA
CD3G GACCTGGGCTACCTGAAGAT CTGCTGTGCTTCCTGGTCTT
UBD AGCCCTTCCTGAAGACCTGT GCTGCACAGTGTCCTTCAGA
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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3. Results
3.1. Chip data quality control and differential gene expression results

Multiple R packages in R, such as GEOquery, tidyverse, limma, and
ggfortify, were used to analyze the quality standard of the dataset
GSE53146, and the relative expression values of the data were
normalized, and the results of data principal component analysis were
visualized. Then, two groups of data in GSE53146 were analyzed. The
conditions were set as P < 0.05, |log2FC|>0.5. A total of 667 differen-
tially expressed genes were screened out and visualized by volcano map,
in which 320 genes were up-regulated and 347 genes were down-
regulated. The top 25 genes with great differences were visualized by
heat map, as shown in Fig. 1.

3.2. GO enrichment analysis and KEGG signal pathway results

R software was used to analyze the functions of differential genes and
their potential mechanisms of action. Under condition P < 0.05, a total
of 17 GO items were obtained in the GO functional enrichment analysis,
which were mainly classified as biological process (BP) and cell
composition (CC). Bar charts and bubble charts were visualized for the
GO analysis results (Fig. 2 A—B). Where BP entry, it mainly involves
monocyte differentiation, T cell selection, thymus T cell selection,
lymphocyte differentiation, antigen receptor-mediated signaling
pathway, T cell differentiation, immune response activation signaling
pathway, T cell receptor signaling pathway, a-p T cell activation, im-
mune response regulatory signaling pathway, immune response acti-
vated cell surface receptor signaling pathway, T cell differentiation in
the thymus, immune response regulatory cell surface receptor signaling
pathway, positive T cell selection, etc. CC articles mainly involve the
outer plasma membrane, cytolysed particles, and a-p T cell receptor
complexes. In terms of the KEGG pathway (Fig. 2C—D), these genes are
mainly enriched in cell adhesion molecules, T cell receptor signaling
pathways, Th7 cell differentiation, primary immunodeficiency, and the
intestinal immune network that produces immunoglobulin A (IgA).
WGCNA in the R package was used to eliminate genes with small dif-
ferences by using the expression variance of the top 25% genes as the
screening condition, and a value of 10 was selected as the best soft
threshold (R? = 0.9) to establish a scale-free network (Fig. 3A). Subse-
quently, cluster analysis was used to identify highly similar modules,
and gene cluster trees (Fig. 3B) and module-trait information association
analysis charts (Fig. 3C) were made respectively, with the minimum
module size set to 60. Ten gene modules were obtained by dynamic
cross-shear method, among which the red module (265 genes) had the
highest correlation with vitiligo (cor = 0.73; P = 0.02), (Fig. 3C). The
genes in the red module were intersected with the differential genes
obtained by analysis, and the results were shown in venn diagram
(Fig. 3D), 124 intersecting genes were obtained.

3.3. Cytoscape software and LASSO regression analysis were used to
identify the results of vitiligo core genes

The differential gene PPI network file constructed by STRING data-
base was calculated through five algorithms of cytoscape plugin cyto-
Hubba (MCC, MNC, Degree, Closeness, and Radiality), and the top 20
key genes were calculated. Then, the intersection results of the five al-
gorithms were obtained. 19 Overlapping key genes were screened,
including CD2, CD27, IL7R, GZMA, CD3E, NKG7, CD3D, CD247, GZMH,
CD163, CD96, CD3G, SELL, IL10RA, UBD, JAML, GBP5, KIR2DL3, and
TBC1D10C. The 19 hub genes obtained in R packages such as glmnet,
caret, randomForest, and shape were used for LASSO regression. Four
key maker genes were obtained by LASSO regression analysis, namely
IL7R, GZMH, CD3G, and UBD. LASSO algorithm results were shown in
Fig. 4.
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3.4. Immune cell infiltration and its relationship with diagnostic genes

Fig. 5A shows the distribution heatmap of 28 kinds of immune cells
in the GSE53146 dataset. Fig. 5C, the violin map, showed significant
differences between the normal group and the vitiligo group in the 28
kinds of immune cells (*P < 0.05, **P < 0.01, ***P < 0.001). In order to
further confirm the associations between 4 key genes and these immune
cells, Spearman correlation analysis was performed for each key gene
and 28 kinds of immune cells. Related heat Fig. 5BD indicated that the
key genes IL7R, GZMH, CD3G, and UBD were highly correlated with a
variety of immune infiltrating cells.

3.5. Box plot of external validation set and diagnostic validity of key
genes

Box plots were used to compare the expression levels of four key
genes in the external validation set GSE75819 between the normal
group and vitiligo group. Compared with the normal group, the

228

expression of all four biomarkers was significantly upregulated in the
validation set. ROC curves were drawn to validate the screening of the
four key genes (Fig. 6). All four key genes had effective diagnostic value,
with AUC values greater than 0.85. The AUC values of the four key genes
were 0.880, 0.920, 0.920, and 0.920, respectively. The heatmap of the
external validation set GSE75819 shows that the four genes all have high
expression levels in the disease group (the redder the color, the higher
the expression).

3.6. Prediction of potential intervention of key genes in traditional
Chinese medicine

In this study, a total of 14 Chinese medicines related to key genes
were predicted. The specific information of relevant Chinese medicines
is shown in Table 2 below. The main Chinese medicines are warm-
related drugs, and the main menstrual normalization is liver, kidney
and lung channels (Fig. 7).
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Fig. 5. Results of immune infiltration. A: the heat map of immune cells between vitiligo and normal tissue samples; B: the heat map of immune cells and 4 key genes;
C: the violin map of the normal (control) group and the vitiligo group, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the control group; D: the spearman

correlation heat map of immune cells and 4 key genes.

3.7. Molecular docking of chemical components and the proteins of key
genes

Five top-ranked drugs were predicted, namely BRD-K58479490,
sappanone-a, QL-X-138, JNJ-26854165, and CAY-10594. After per-
forming molecular docking with key genes, the heatmap of docking
binding energy is shown in Fig. 8. The lower the binding energy between
the relevant compound components and key genes, the better the
binding ability. The binding energy is basically above 7 kcal/mol. Then,
the visualization of these components and targets was carried out
(Fig. 9).

3.8. RT-qPCR analysis was performed for validation in vitro

As can be clearly seen from the bar chart in Fig. 10, the expression
levels of IL7R, GZMH, and CD3G in vitiligo melanin cell line PIG3V were
significantly higher than those of normal epidermal melanin cell line
PIG1. Among them, the expression difference of IL7R and CD3G was
highly significant (P < 0.001), and the expression difference of GZMH
was significant (P < 0.01). There was no significant difference in UBD
gene expression between the two cell lines (P = 0.72). This indicates that
IL7R, GZMH, and CD3G genes may play an important role in the
occurrence and development of vitiligo, and their high expression may
participate in the pathophysiological process of vitiligo, while UBD gene
may have little relationship with the pathogenesis of vitiligo.

3.9. Western blotting experiments

The results of Western blotting experiments showed that compared
with the normal human epidermal melanocyte cell line PIG1, the
expression levels of IL7R, GZMH, and CD3G proteins were significantly
upregulated, while the expression level of UBD was significantly
downregulated in the vitiligo melanocyte cell line PIG3V (Fig. 11). The
loading control protein GAPDH exhibited stable expression across all
groups, indicating the reliability of the experimental results.
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4. Discussion

The pathogenesis of vitiligo is intricately linked to the dysregulation
of the immune system. Identifying key genes that influence the immune
response in vitiligo patients and elucidating their functions are not only
crucial for uncovering the molecular mechanisms underlying vitiligo but
also provide a foundation for early diagnosis and the development of
novel therapeutic strategies.

In this study, we utilized normal skin samples and vitiligo skin
samples from the GSE53146 dataset for differential expression gene
analysis, identifying a total of 667 DEGs, which comprised 320 up-
regulated genes and 347 down-regulated genes (Fig. 1). GO analysis of
these DEGs revealed their involvement in various immune response
pathways (Fig. 2A-B). Furthermore, KEGG analysis indicated that the
DEGs were predominantly enriched in cell adhesion molecules, T cell
receptor signaling pathways, Th7 cell differentiation processes, primary
immunodeficiency mechanisms, and intestinal immune networks
responsible for producing IgA (Fig. 2C-D). These findings provide
compelling evidence that immune dysfunction is intricately linked to the
pathogenesis of vitiligo.

In this study, we integrated five algorithms from the Cytohubba soft-
ware (MCC, MNC, Degree, Closeness, and Radiality) with a LASSO
regression model to identify four key genes closely associated with the
onset and progression of vitiligo: IL7R, GZMH, CD3G, and UBD. To further
elucidate the role of immune infiltration in vitiligo pathogenesis, we
employed the ssGSEA algorithm for immune infiltration analysis on the
GEO dataset. The immunoinfiltration heatmap (Fig. 5A) indicated that the
infiltration ratios of central memory CD4 T cells, plasmacytoid dendritic
cells, immature dendritic cells, myeloid suppressor cells, and activated B
cells were significantly elevated in the vitiligo group. Additionally, the
violin plot comparing immune infiltrating cell populations between
normal and vitiligo tissues (Fig. 5C), revealed that compared to normal
tissue samples, there was a marked increase in infiltrating type 2 T helper
cells (P < 0.001), immature B cells (P < 0.001), myeloid suppressor cells
(P < 0.001), and monocytes (P < 0.001) within vitiligo tissues.
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IL7R is a gene expressing a unique alpha chain of the interleukin-7
(IL-7) heterodimer receptor that is essential for T and B cell develop-
ment, juvenile T cell survival, and memory T cell maintenance.’ Flow
cytometry and single-cell RNA sequencing of bone marrow samples from
healthy controls and IL-7Ra deficient patients, combined with in vitro
models of human B cell differentiation, demonstrated that IL-7R
signaling plays a crucial role in human B lymphocyte generation.'° The
study used the CRISPR/Cas9 system to knock out the interleukin-7 re-
ceptor (IL7R) in zebrafish and found that the lack of IL7R, an essential
molecule for maintaining normal retinal development in zebrafish,
hindered the development of the retina.'! The protein encoded by the

GZMH gene is cytotoxic granzyme, a family member of which GZMH
belongs to. This protein is reported to be constitutively expressed in
natural killer (NK) cells and can act as a cytotoxic arm of innate immune
response by inducing target cell death and by direct lysis of
pathogen-infected cell substrates.'?> A randomized controlled clinical
trial indirectly demonstrated a positive association between GZMH and
inflammation.'® The CD3G gene encodes the CD3y subunit of the T-cell
receptor complex. Dysfunction of this gene is associated with Immuno-
deficiency 17 and immune dysregulation disease with immunodefi-
ciency, and it is involved in processes such as the Adenosine A2b
Receptor (ADORA2B) mediated anti-inflammatory pathway and the
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Traditional Chinese medicine prediction of immune key genes in the pathogenesis of vitiligo.

Serial Chinese Latin name of Corresponding Nature and Channel Function and indications
number medicines Chinese genes taste tropism
medicines”
1 tie pi shi hu Dendrobii IL7R Sweet, slightly ~ Stomach, Benefiting stomach and promoting fluid, nourishing Yin and clearing
Officinalis Caulis cold kidney heat
2 yan jing she Naja atra IL7R Sweet, salty, Liver, kidney Channel and collaterals, rheumatism
warm
3 huang qi Astragali Radix IL7R Sweet, warm Lung, spleen Tonifying Qi, rising Yang, strengthening the surface to stop
perspiration, reducing swelling, promoting fluid and blood,
alleviating stagnation and impediment, expelling toxin and draining
pus, restraining sores and producing muscle
4 yu jin Curcumae Radix IL7R Pungent, Liver, heart, Invigorating blood to relieve pain, moving Qi to dissolve stagnation,
bitter, cold lung clearing heart heat and cooling blood, facilitating bile flow to reduce
jaundice
5 she xiang Moschus IL7R Pungent, Heart, spleen Inducing resuscitation and awakening the spirit, activating blood
warm and dredging meridians, dispersing swelling and alleviating pain
6 jiang huang Curcumae Longae IL7R Pungent, Spleen, liver Breaking blood stasis and moving Qi, dredging meridians to alleviate
Rhizoma bitter, warm pain
7 yumi xu Zea mays L. UBD Sweet, light, Bladder, liver, Promote urination and reduce edema; clear heat; calm the liver;
flat gallbladder promote bile flow.
8 bie jia jiao Trionyx sinensis CD3G Salty, cold Lung, liver, Nourishing Yin, tonify blood; clear heat; resolve stasis
Wiegmann kidney
9 bie tou Trionyx sinensis CD3G Sweet, slightly ~ Spleen, large, Prolonged dysentery, postpartum uterine ptosis, vaginal sores
Wiegmann astringent intestine
10 yuan can e Bombyx mori L. CD3G Salty, warm Stomach, Tonifying kidney and strengthening Yang, astringent essence,
spleen, liver hemostasis, detoxification and detumescence
11 bie jia Trionycis Carapax CD3G Salty, cold Liver, kidney Nourishing Yin and latent Yang, reducing heat and removing steam,
soft and hard
12 can sha Bombyx mori CD3G Pungent, Stomach, Dispelling wind dehumidification, and stomach turbid, activating
Linnaeus sweet, warm spleen, liver blood through menstruation
13 gui zhi Cinnamomi GZMH Pungent, Heart, lungs, Assisting yang to transform Qi, pacifying upward surge and directing
Ramulus sweet, warm bladder Qi downward
14 ling zhi Ganoderma GZMH Sweet, flat Heart, lungs, Tonifying Qi to tranquilize the spirit, arresting cough and calming

liver, kidneys panting

@ Based on Chinese Pharmacopoeia (2020) or https://species.sciencereading.cn/home.
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Fig. 7. Radar chart of the four natures, five flavors, and channel tropism of traditional Chinese medicine was predicted. A: four natures of drugs; B: the five flavors;

C: channel.

regulation of actin dynamics during phagocytic cup formation.'* Studies
have shown that CD3G deficient patients have decreased T cell diversity,
decreased inhibitory function, and increased autoimmune clonality.'®
UBD is a member of the ubiquitin-like protein family. It is mainly
expressed in thymus, lymph nodes, and other tissues and organs of the
immune system, and plays an important role in immune regulation such
as immune response, antigen presentation and antiviral infection.'®
Modern studies have confirmed that vitiligo is a loss of pigment caused
by CD8" T cells attacking melanocytes through skin explants.!” The four
key genes identified in this study exhibit elevated expression levels in
CD8™ T cells, potentially influencing the pathogenesis of vitiligo through
various immune mechanisms. The abnormal expression of the four key
genes screened in this study was found to have a certain correlation with
immune cell infiltration (Fig. 5B—D), which provides reference signifi-
cance for in-depth research on the occurrence and development of
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vitiligo. Through the combination of traditional Chinese and Western
medicine prediction, potential active ingredients associated with these
four genes were explored, and 14 traditional Chinese medicines were
identified (Table 2). The results of ROC detection confirmed that all four
key genes had good diagnostic efficacy (Fig. 6), further verifying the
accuracy of the key genes. Finally, in vitro experiments validated by
RT-qPCR showed that the genes IL7R, GZMH, and CD3G had high
expression levels in vitiligo tissues, suggesting they may play important
roles in the occurrence and development of vitiligo, with their high
expression potentially involved in the pathophysiological processes of
vitiligo. Although the UBD gene showed no significant difference in
RT-qPCR but was significant in Western blotting, this discrepancy may
be attributed to differences in the detection targets (protein vs. mRNA),
technical principles (detection basis, sensitivity, etc.), as well as varia-
tions in sample processing, experimental repetition, and operations.
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Fig. 8. Heatmap of binding energy. The redder, the higher of the docking
binding energy.

Notably, IL7R, GZMH, and CD3G showed high expression in both ex-
periments, further confirming their critical roles in the development of
vitiligo.

Modern medicine believes that the occurrence of vitiligo is the result
of the interaction of heredity, autoimmunity, melanocyte self-
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Relative Expression of Genes in PIG1 and PIG3V Cells
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Fig. 10. mRNA expression levels bar graph. (Compared with the control group
(PIG1 cell group), *P < 0.05, **P < 0.01, ***P < 0.001).

destruction, and oxidative stress.” Traditional Chinese medicine be-
lieves that the occurrence of vitiligo is closely related to the dysfunction
of zang-fu organs and the six external feelings. The Taiping Sheng Hui
Fang states: "Vitiligo manifests as roughened skin with white patches,
arising from heat stagnation in the lung organ, invasion by wind path-
ogens, and the interplay of wind-heat evils. These pathogenic factors
circulate through the Ying-Wei (nutritive and defensive systems), stag-
nate in the muscles, and persist unresolved, ultimately forming the
condition." Modern clinical research in TCM highlights the critical role
of the smooth regulation of liver Qi in the pathogenesis of vitiligo. The

Fig. 9. Visual Results of Molecular Docking. 1-4: BRD-K58479490 with IL7R, GZMH, CD3G, UBD; 5-8: sappanone-a with IL7R, GZMH, CD3G, UBD; 9-12: QL-X-138
with IL7R, GZMH, CD3G, UBD; 13-16: JNJ-26854165 with IL7R, GZMH, CD3G, UBD; 17-20 CAY-10594 with IL7R, GZMH, CD3G, UBD.
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Fig. 11. Western blot detected the expression levels of IL7R, GZMH, CD3G, and UBD in PIG1 and PIG3V cells, respectively. A. The results of a Western blot; B. The
relative expression levels of the four key gene proteins. (Compared with the Normol group (PIG1 cell group), *P < 0.05, **P < 0.01).

characteristic white patches align with TCM theory: the lung governs the
color white (one of the five elemental correspondences), while the
kidney governs black. The lung (metal) and kidney (water) are mutually
nourishing (metal-water interaction), and deficiency in these organs
may disrupt this relationship, contributing to the development of white
patches.'®!° In this study, the traditional Chinese medicine related to
key genes was searched through databases, and its four natures, five
flavors, and channel tropism were analyzed. The predicted results were
consistent with the TCM syndrome differentiation. Therefore, the pre-
dicted Chinese medicine may be a potential medicine for the treatment
of vitiligo.

5. Conclusion

Through integrated bioinformatics analysis and experimental vali-
dation, this study systematically identified immune-related biomarkers
in vitiligo. Using GEO datasets and applying differential gene expression
analysis, WGCNA, and LASSO regression, four key genes (IL7R, GZMH,
CD3G, and UBD) were screened as core participants in the pathogenesis
of vitiligo. Functional enrichment analyses indicated that these genes
are primarily involved in immune pathways, particularly T-cell receptor
signaling and immune cell infiltration. Immune infiltration analysis
further revealed significant correlations between these genes and
elevated populations of immune cells such as CD8" T cells and myeloid-
derived suppressor cells, highlighting their roles in driving autoimmune
responses.

Prediction analysis of traditional Chinese and Western medicines
identified 14 traditional Chinese medicines associated with these key
genes. Validation via RT-qPCR and Western blot experiments confirmed
the significant upregulation of IL7R, GZMH, and CD3G in vitiligo me-
lanocytes, supporting their potential as diagnostic or therapeutic targets.
Explorations of predicted traditional Chinese medicines and molecular
docking studies of Western drugs provided new insights into potential
interventions targeting these genes, aligning with traditional Chinese
medicine theories of immune and organ system regulation.

Although discrepancies in significance for UBD were observed be-
tween the two experimental validations, the robust diagnostic efficacy
(AUC > 0.85) and immune-related functions of the other three genes
underscore their translational value. Future research should focus on
elucidating the mechanistic roles of these genes in melanocyte
destruction and validating the predicted herbal compounds in preclini-
cal models. This study establishes a foundation for advancing precision
medicine in vitiligo, bridging bioinformatics discoveries with experi-
mental and traditional therapeutic strategies.

6. Limitations

This study is constrained by the limited sample size of the meta-
dataset (GSE53146) and potential batch effects in cross-platform vali-
dation, methodological dependencies on parameter-driven algorithms
(e.g., WGCNA, LASSO) that may affect reproducibility, incomplete
experimental validation of UBD and lack of in vivo models, unverified
predictive outcomes for traditional Chinese medicines and molecular
docking interactions, and insufficient incorporation of clinical variables
or non-immune pathways (e.g., oxidative stress) that might synergisti-
cally contribute to vitiligo pathogenesis.
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