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Objective: The treatment of vitiligo is often challenging to dermatologists. There is ample evidence to suggest that hydroxychlor-
oquine (HCQ) is effective for vitiligo treatment; nonetheless, the underlying mechanism remains unknown. In the present study, we
sought to uncover the molecular targets of HCQ by an integrated network-based pharmacologic and transcriptomic approach.
Methods: The potential targets of HCQ were retrieved from databases based on the crystal structure. Targets related to vitiligo were
screened and intersected with potential targets of HCQ. A protein-protein interaction network of the intersected targets was generated.
Interactions between the targets were verified by molecular docking. Moreover, human vitiligo immortalized melanocytes (PIG3V)
were evaluated after treatment with HCQ (1pg/mL) for 24h. The total RNA of PIG3V was extracted and determined by RNA-seq
transcriptomics for differential gene expression analysis. Network pharmacology was then used to identify the relationships between
putative targets of HCQ and differentially expressed genes.

Results: Molecular docking analysis revealed four putative key targets (ACHE, PNMT, MC,R, and VDR) of HCQ played important
roles in vitiligo treatment. According to the transcriptomic results, the melanosomal biogenesis-related gene BLOC1S5 was upregu-
lated 138005.020 fold after HCQ treatment. Genes related to protein repair (MSRB3) and anti-ultraviolet (UV) effect (UVSSA) were
upregulated 4.253 and 2.603 fold, respectively, after HCQ treatment.

Conclusion: The expression of the BLOCISS5 gene is significantly upregulated, indicating upregulated melanosomal biogenesis after
HCQ treatment. In addition, HCQ yields a protective effect on melanocytes by upregulating genes associated with damaged protein
repair (MSRB3) and anti-UV effect (UVSSA). The protective effects of HCQ are mediated by binding to putative targets ACHE,
PNMT, MC,R, and VDR according to network pharmacology and docking verification.
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Introduction

Vitiligo is an autoimmune depigmentation disorder characterized by the loss of functional melanocytes and patchy skin
pigmentation." It has been reported that at least 0.5% of the population suffers from vitiligo worldwide.> Importantly,
vitiligo can lead to stigma, shame and embarrassment in this patient population.® Until now, the mechanisms that belie
the pathogenesis of vitiligo remain unknown. An increasing body of evidence suggests that both the adaptive and innate
immune systems are involved in the pathogenesis of vitiligo.* Moreover, interferon (IFN) y-inducible chemokines and
CDg" T cells can be initiated by external triggers such as ultraviolet (UV) and chemical stimuli.” Mitochondria generate
reactive oxygen species (ROS) in response to oxidative stimuli, disrupting the normal functions of organelles such as
mitochondria, lysosome, endoplasmic reticulum (ER), etc.® ER injury has been reported to lead to the generation of
unfolded proteins.” Besides, it has been established that damaged proteins and exosomes secreted by melanocytes can be
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recognized by antigen-presenting cells to stimulate autoreactive T cell maturation.® The positive feedback of melanocyte-
specific CDg" T cells recruitment induced by chemokines can reportedly potentiate the autoimmune attack towards
melanocytes.” Notwithstanding that unprecedented progress has been achieved in understanding the pathophysiology, the
specific mechanisms have not been clearly elucidated, accounting for the difficulty dermatologists face in treating this
disease during clinical practice, hence emphasizing the need for future studies.'®

According to current guidelines, topical glucocorticoids, calcineurin inhibitors, vitamin D3 derivatives, and photo-
therapy remain the mainstay of treatment for vitiligo. Systemic glucocorticoids are indicated with rapid progression of
the lesions.' ™ Indeed, efficient vitiligo treatment is often difficult, with low repigmentation rates and high relapse rates.
Currently, HCQ is recommended to treat rheumatic diseases such as systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), antiphospholipid antibody syndrome, and Sjogren’s syndrome, which are autoimmune-related."' "> In
addition, HCQ is reportedly effective in treating vitiligo, chronic actinic dermatitis, chronic urticaria, dermatomyositis,
vasculitis, lichen planus, etc.'* In RA and SLE patients presenting with vitiligo, it was observed that HCQ treatment also
promotes pigmentation in vitiligo lesions.'®'® In addition, skin pigmentation after HCQ treatment was observed in RA
and SLE patients without vitiligo.'®'” It is widely believed that HCQ exerts an anti-inflammatory effect that can disrupt
T-cell receptor-related Ca>" signaling and antigen processing.'® Importantly, Li DG et al'® showed that HCQ could
protect melanocytes from autoantibody-induced damage by reducing the formation of antigen-antibody complexes.

At present, the mechanisms underlying the therapeutic effect of HCQ in vitiligo are unclear. Current evidence
suggests that HCQ could be a multi-target drug given its wide range of effects. Indeed, the immunoregulatory effect of
HCQ plays a key role in its pharmacological mechanisms. In recent years, the rapid development of computer technology
and big data analytics has led to the advent of network pharmacology, which provides a new strategy for the research of
multi-targets drugs. Network pharmacology integrates poly-pharmacology, bioinformatics and systems biology for multi-
targets drug research and evaluation. Importantly, network pharmacology emphasizes the “multi-targets network/drug”
pattern in contrast to the conventional “one target/ one drug” paradigm.’’?* In the present study, human vitiligo
immortalized melanocytes (PIG3V) were used to conduct differential gene expression analysis by RNA-sequencing
after HCQ treatment. Transcriptomic, GO annotation, and KEGG enrichment analyses were conducted to claborate
changes in gene expression and biological functions after HCQ treatment. Finally, network pharmacology and transcrip-
tomic results were integrated to uncover the mechanisms of HCQ in treating vitiligo, providing a foothold for future
studies on its potential use for vitiligo treatment.

Methods and Materials

The predicted target proteins were retrieved from the database according to the crystal structure and chemical groups of
HCQ. Then, vitiligo-related proteins were collected from disease databases. Data on these proteins were imported into
Cytoscape software (v.3.8.2). The two groups of proteins were then intersected. A protein-protein interaction (PPI)
network of the intersected proteins was constructed with the plugin Bisogenet of Cytoscape software. Subsequently, all
intersected targets and hub proteins in the PPI network were chosen for molecular docking with HCQ. Then, gene
expression in PIG3V was explored after treatment with HCQ. Transcriptomic, GO annotation and KEGG enrichment
analyses were conducted. Finally, we integrated network pharmacology and transcriptomic results to assess the relation-
ships between HCQ molecular docking targets and differentially expressed genes after HCQ treatment in PIG3V cells
(Figure 1). According to the guidelines of Ethics Committee of Hangzhou Third People’s Hospital, the human public
databases we used in this research were exempted from approval, because only studies of identifiable human specimens
or data need to be approved by ethics committee.

Predicted Targets of HCQ and Identification of Vitiligo-Related Proteins and Core

Targets

The chemical structure (Canonical SMILES) of HCQ was retrieved from PubChem database (https://pubchem.ncbi.nlm.
nih.gov/): CCN(CCCC(C)NC1=C2C=CC(=CC2=NC=CI1)Cl)CCO. The SMILES molecular formula of HCQ was
imported into the SwissTargetPrediction database (http://www.swisstargetprediction.ch/index.php). Then predicted
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Figure | The flow chat of strategy layout. The mechanisms of HCQ in treating vitiligo were predicted by network pharmacology. Hub targets were verified by molecular
docking. The efficacy of HCQ on vitiligo were then observed on PIG3V cell line. Differential gene expression was analyzed and linked to HCQ targets that verified by
docking.

targets of HCQ were calculated and retrieved from the SwissTargetPrediction database based on the crystal structure. The
species was set as “Homo sapiens”. The top 100 potential targets were selected according to the calculated
parameters.>**> Vitiligo-related proteins were searched using the keywords and species (“vitiligo” and “Homo sapiens™)
across four databases, including Genecards (https://www.genecards.org/), OMIM (https://omim.org/), Drugbank (https://

go.drugbank.com/) and DisGeNET (https://www.disgenet.org/). A total of 1185 vitiligo-related proteins were

screened.”®?” The bisogenet plugin of Cytoscape was used for the PPI network construction. The intersected proteins
between vitiligo and HCQ were entered into bisogenet. The topological features “degree”, “betweenness” and “close-
ness” were used to select the putative targets using the Cytoscape plugin CytoNCA.?®

Computational Biology Verification

Along with the intersection targets between HCQ and vitiligo, the core targets screened in the previous step were chosen
as candidates for molecular docking. The spatial interactions between target proteins and HCQ were analyzed by
AutoDock (v.4.2) software. First, the 3-dimensional crystal structure of HCQ was retrieved from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) database. Then, modifications such as
water and ligand removal, amino acid optimization and patching, and hydrogen addition were manipulated in AutoDock.
ChemBioDraw 3D (v.15.1) software was used for 3-D visualization and energy minimizing. Finally,
MolegroVirtualDocker software was used to compute docking targets by comparing the conformation with the existing
3-D crystal structure of HCQ.?

PIG3V Cells Cultivation and HCQ Treatment

The Human vitiligo melanocyte cell line PIG3V was a gift from Professor Chunying Li (Xijing Hospital of Air Force
Medical University, Xi’an, China) and cultured (2x10° cells/mL) in a 6-well plate (2mL/well) supplemented with
DMEM/F12, 10% FBS, basic fibroblast growth factor (10ng/mL), phorbol myristate acetate (10ng/mL), and penicillin/
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streptomycin (10000U/mL, 10000pg/mL) at 37°C in 5% CO, for 24 hours.*° The cultured PIG3V cells were randomly
divided into an HCQ group and a control group. Cells in the HCQ group were treated with 1pug/mL HCQ (Sigma-Aldrich
Corp., St. Louis, MO, USA) for 24 hours. The HCQ powder was dissolved in phosphate-buffered saline (PBS). In
contrast, cells in the control group were treated with PBS for 24 hours. Finally, the total RNA of PIG3V cells was
purified and extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA).

mRNA Library Construction and Sequencing and Analysis

RNA samples extracted from PIG3V cells were quantified by NanoDrop (Wilmington, DE, USA) and Bioanalyzer (Agilent,
CA, USA).>'? Poly (A) RNA was extracted from total RNA by 2 rounds of purification with Dynabeads Oligo (Thermo
Fisher, CA, USA). Small pieces of Poly A RNA were returned through Magnesium RNA Fragmentation Module (NEB,
USA) under the condition of 94°C for 5 minutes. Subsequently, SuperScript Reverse Transcriptase (Invitrogen, USA) was
used to reverse-transcribe the cleaved RNA pieces into cDNA. Then, U-labeled second-stranded DNAs were synthesized.
After addition of A-base to each strand, index read preparation, and heat-labile UDG enzyme treatment, PCR amplification
was conducted. PCR consisted of preheating at 95°C for 3 minutes; 8 cycles of 98°C for 15 seconds, annealing at 60°C for 15
seconds and extension at 72°C for 5 minutes. Ultimately, RNA sequencing was performed according to the protocol of
Illumina Novaseq™ 6000 (LC-Bio Technology CO., Ltd., Hangzhou, China).>*** Genes differential expression analysis was
performed by DESeq2 software between two different groups. After calculation, differentially expressed genes were
screened by fold change (FC)>2 or FC<0.5 and p value<0.05. These genes underwent GO and KEGG functional enrichment

analyses. Hypergeometric test was used to calculate p value in GO and KEGG enrichment.**-°

The Relationships Between HCQ Targets and Differentially Expressed Genes of
PIG3V After HCQ Treatment

According to the value of | log>(FC) |, the top 30 upregulated and downregulated genes in PIG3V cells were selected.
To screen genes related to synthesis, transport, metabolism of melanin, melanocyte protection and other mechanisms
associated with vitiligo, the functions of these genes/proteins and previous studies were retrieved from the databases
of UniProt (https://www.uniprot.org/) and NCBI PubMed (https://www.ncbi.nlm.nih.gov/). Then these differentially

expressed genes along with docking HCQ targets were input into Cytoscape software. A PPI network was constructed
37,38

to explore the interactions between HCQ targets and vitiligo-related differentially expressed genes.

Results
The Putative Targets of HCQ

The predicted targets of HCQ were computed and retrieved from databases by analyzing the 2 and 3-dimensional
chemical structure (Figure 2A). The top 100 potential targets (Figure 2B) were retrieved according to the index of
possibility. These predicted targets were mainly classified as G protein-coupled receptors (29%), kinases (26%) and
surface antigens (13%) (Figure 2C).

Vitiligo-Related Proteins and Topological Network Analysis

The intersection between vitiligo-related proteins (n=1185) and top 100 potential HCQ targets yielded 15 proteins
(Table 1). A PPI network of the intersected targets was generated by Cytoscape using the plugin Bisogenet. Then, 1686
additional proteins closely linked to the 15 intersected proteins were retrieved from Bisogenet. Finally, a total of 42,371
interactions (edges) between 1686 targets (nodes) were identified (Figure 3A). A topological degree greater than 62 was
used to screen vital nodes in these 1686 targets (Figure 3B). Then, 459 nodes and 18,251 edges were screened according
to a betweenness value greater than 734.84 and closeness value greater than 0.50. The 78 hub proteins and their 1452
interactions which may play important roles in the therapeutic effects of HCQ in treating vitiligo, were retrieved
(Figure 3C). The top 10 hub proteins are listed in Table 2.
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Figure 2 Predicted targets of HCQ. (A) 3 dimensional and 2 dimensional structure of HCQ; (B) top 100 predicted targets of HCQ from databases; (C) categories of the

predicted targets.

Computational Biological Verification by Molecular Docking
The intersected 15 proteins and the top 10 hub proteins of the PPI network were chosen as target candidates for molecular
docking verification (Tables 1 and 2), providing them visual explanations of spatial interactions with HCQ. A docking

Table | The Intersection of HCQ Predicted Targets and Vitiligo-Related Proteins

No. Symbol Name No. Symbol Name

| ACHE Acetylcholinesterase 9 PRKDC DNA-dependent protein kinase

2 MCIR Melanocortin receptor | 10 KIT Stem cell growth factor receptor

3 NOS2 Nitric oxide synthase 11 BAD Bcl2-antagonist of cell death (BAD)

4 HRH2 Histamine H2 receptor 12 MC4R Melanocortin receptor 4

5 PDEI0A Phosphodiesterase |0A 13 CXCR3 C-X-C chemokine receptor type 3

6 MDM2 p53-binding protein Mdm-2 14 PNMT Phenylethanolamine N-methyltransferase
7 F2 Thrombin 15 IGFIR Insulin-like growth factor | receptor

8 MMP2 Matrix metalloproteinase 2
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Figure 3 The PPl network conducted with |5 mutual genes of vitiligo and HCQ potential targets. (A) PPl network of the enlarged 1686 nodes; (B) the nodes and edges
after the first screening; (C) the nodes and edges after the second screening.

score below —20 demonstrated that HCQ could effectively combine with target proteins. Acetylcholinesterase (ACHE),
Phenylethanolamine N-methyltransferase (PNMT), Melanocortin receptor 1 (MC1R), and Vitamin D3 receptor (VDR)
were identified by molecular docking analysis as the putative targets of HCQ during vitiligo treatment (Table 3). The 4
key targets exhibited the most solid chemical binding forces and spatial conjunctions with HCQ. Importantly, the docking
results showed that ionic bonds, hydrogen bonds and n-n stacking interactions were the predominant chemical forces. For
instance, the hydroxyl, carbonyl and amino groups within HCQ formed hydrogen bonds with target proteins. The
benzene and aromatic rings of HCQ formed n-n stacking interactions with target proteins (Figure 4).

RNA Sequencing Analysis of PIG3V After HCQ Treatment Suggests a Protective Effect
PIG3V is an immortalized cell line derived from human vitiligo melanocytes. To better understand the state of PIG3V cells
after HCQ (1pg/L) treatment for 24 hours, we analyzed the transcriptome of PIG3V. We found 108 and 97 DEGs were
upregulated and downregulated by 2 fold or more in PIG3V cells, respectively, after HCQ treatment compared to the PIG3V
control (p value<0.05). The top 30 upregulated and down-regulated genes in PIG3V cells were selected according to the
value of | logy(FC) | and displayed in Table 4. As for the melanin synthesis pathway, BLOC1S5 was highly upregulated by
138005.020 fold after HCQ treatment compared to the control group, suggesting that melanin synthesis was significantly
enhanced. In addition, two upregulated DEGs, MSRB3 and UVSSA, were enriched in melanocyte protection, which
indicated an antioxidant effect in PIG3V cells after HCQ treatment. In addition, many upregulated genes were involved in
modulating the activity of the immune system during acute-phase reactions such as ORM1, SAA1, SAA2, HP, FGA, FGB,

Table 2 The Hub Proteins Screened in PPl Network

No. Symbol Name Degree Betweenness Closeness
| SRC Proto-oncogene tyrosine-protein kinase Src 448 177,736.03 0.65
2 GRB2 Growth factor receptor-bound protein 2 255 35,343.29 0.56
3 NTRKI High affinity nerve growth factor receptor 288 28,312.93 0.56
4 EGFR Epidermal growth factor receptor 192 20,056.70 0.55
5 VDR Vitamin D3 receptor 186 21,354.61 0.55
6 TP53 Cellular tumor antigen p53 181 17,254.87 0.55
7 HSP90AAI Heat shock protein HSP 90-alpha 174 15,334.97 0.55
8 APP Amyloid-beta precursor protein 172 28,022.50 0.54
9 PRKCD Protein kinase C delta type 165 47,267.64 0.53
10 FYN Tyrosine-protein kinase Fyn 163 20,846.68 0.53
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Table 3 The Docking Results of Target Candidates

No Symbeol Docking Score No Symbol Docking Score
[ ACHE —30.43 14 MMP2 -9.30
2 PNMT —28.38 15 PRKCD -8.97
3 MCIR —24.93 16 GRB2 —5.84
4 VDR —24.88 17 NTRKI —5.76
5 CXCR3 —19.44 18 SRC —5.64
6 HRH2 —19.40 19 PRKDC —5.59
7 HSP90AAI —-19.15 20 FYN —5.51
8 KIT —-19.08 21 IGFIR —4.66
9 EGFR —18.43 22 PDEIOA —4.52
10 TP53 —-16.77 23 MC4R —4.08
I MDM2 —16.22 24 F2 -3.94
12 APP —-15.16 25 BAD —3.86
13 NOS2 =115

FGG, CRP, AMBP, PTPRC, SERPINA1, and SERPINA3. These “acute-phase genes” may be related to the antibiotic effect
of HCQ, acting as guards against the invasion of harmful microorganisms such as plasmodium.* In contrast to “acute-phase

genes”, some “chronic-phase genes” were downregulated, including COL1A1, DCN, and ELN. The downregulated genes

(A

=)
e @
)
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Val
262

Leu
258

Cc

Figure 4 Molecular docking verification. Target candidates (A) ACHE, (B) VDR, (C) MCIR, and (D) PNMT were shown interacting with HCQ molecule (represented by
a green ball-and-stick model).
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Table 4 Differential Gene Expression of PIG3V After HCQ Treatment

No. Gene Name Chr Fc Log2 (Fc) P value

I BLOCIS5-TXNDC5 chré 138,005.020 17.074 4.758xe '8
2 ORMI chr9 45,199.558 15.464 9.544x¢ 28
3 AC245060 chr22 36,052.110 15.137 1.608xe ¥
4 SAA2 chrll 23,979.962 14.549 2.081xe3!
5 HP chrlé 10,390.087 13.342 2.707xe 3
6 FGB chr4 7948.842 12.956 1.042%xe 2
7 CRP chrl 7466.844 12.866 2295xe "¢
8 FGA chr4 6837.196 12.739 8.535%x¢ 23
9 AMBP chr9 5092510 12.314 1.743%xe "3
10 PTPRC chrl 1437.136 10.488 5.043%xe '®
I FGG chr4 85.637 6.420 2.693xe 4
12 SERPINA3 chrl4 73.015 6.190 4.441xe 2
13 AL671277 chré 49.280 5.622 1.638xe '3
14 SAAI chrl| 43.658 5.448 5.343x¢ 28
I5 AC243964 chrl9 33.484 5.065 7.872%xe 22
16 AC125257 chrl7 25.777 4.688 4.803%x¢ '8
17 LINC00205 chr2l 14.929 3.900 3.110xe
18 TIMM23B-AGAP6 chrl0 9.612 3.264 1.535xe '3
19 SERPINAI chrl4 6.681 2.740 3.023xe
20 EMPI chrl2 4347 2.120 6.636xe %!
21 MSRB3 chrl2 4253 2.088 6.714xe 3
22 UVSSA chr4 2.603 1.380 8.786xe 2
23 GOSR2 chrl7 0.353 -1.500 1.764%xe "
24 COLIALI chrl7 0.148 -2.755 1.385%xe '*
25 ZNF778 chrlé 0.143 -2.798 1.892%xe '
26 RPS26P19 chr2 0.009 —6.765 1.646xe 3!
27 RAB4B-EGLN2 chrl9 0.005 ~7.444 6.570%xe 2°
28 DCN chrl2 0.000 -10.091 1.049%e '*
29 ELN chr7 0.000 -13312 1.818xe 3
30 AC126755 chrlé 0.000 -14.227 1.303xe 28

were associated with decreased collagen synthesis and fibrosis, which are features of chronic inflammation. This finding may
be a potential mechanism of HCQ in treating RA and other rheumatic diseases. Moreover, current evidence suggests that
COLI1A1 and ELN downregulation are associated with skin aging.***' KEGG pathway analysis showed that platelet
activation, protein digestion, absorption, and herpes simplex virus 1 infection were significantly enriched pathways. GO
enrichment analysis showed that GO terms, including acute-phase response, collagen-containing extracellular matrix, and
extracellular matrix organization, were significantly enriched for molecular functions (Figure 5). However, it remains unclear
whether these “acute-phase genes” are linked to vitiligo.

PPl Network Between HCQ Targets and Differentially Expressed Genes

To validate that ACHE, PNMT, MCIR, and VDR were targets of HCQ during vitiligo treatment, the differentially
expressed genes in PIG3V cells were detected by RNA sequencing. Except for acute phase genes and other genes
detected by RNA sequencing, genes potentially related to vitiligo or melanocyte (including BLOC1S5, MSRB3 and
UVSSA) underwent PPI network analysis with docked HCQ targets, yielding a total of 163 nodes (proteins) along with
1019 edges (interactions) (Figure 6).
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Figure 5 Transcriptomics analysis of PIG3V cells treated by HCQ. (A) number of up-regulated and down-regulated genes; (B) heat map of up-regulated and down-
regulated genes; (C) KEGG enrichment of differential expressed genes; (D) volcano map of up-regulated and down-regulated genes; (E) GO enrichment of differential
expressed genes.

Abbreviations: HCQ, hydroxychloroquine treated PIG3V cells group; NG, normal control group (PIG3V without hydroxychloroquine treatment).

Discussions

In the present study, the transcriptomic results showed that BLOC1S5 gene expression exhibited the highest fold change
(138005.020 fold) after PIG3V cells were treated with HCQ. It has been established that BLOCISS5 encodes a subunit of
the biogenesis of the lysosome-related organelles complex (BLOC-1), which is involved in melanosomal biogenesis.**
Oculocutaneous depigmentation is widely acknowledged as one of the characteristics of Hermansky-Pudlak Syndrome
(HPS). Recent studies have demonstrated the presence of pathogenic BLOC1S5 variants in HPS.**** Moreover, it has
been shown that knockdown of BLOCIS5 in zebrafish led to retinal depigmentation.*> In addition, a significant
association between single nucleotide polymorphism (SNP) of 3 genes, including BLOCI1SS5, involved in skin pigmenta-
tion and 25-(OH)D serum concentration has been found.*® In the present study, network pharmacology analysis
demonstrated that Vitamin D3 receptor (VDR) was a predicted target of HCQ, which may play a role similar to 25-
(OH)D. In addition, another docking target of HCQ, MCIR, is a documented G-protein-coupled receptor that plays
a vital role in skin pigmentation. It has been reported that o melanocyte-stimulating hormone (a-MSH) could stimulate
cAMP signaling and melanin production after combination with MCIR, enhancing the repair of damaged DNA and
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Figure 6 The network between HCQ targets and differential expressed genes of PIG3V cells after the treatment of HCQ. (A) PPI network between docked HCQ targets
and differential expressed genes of PIG3V showed enlarged 163 nodes (proteins) and 1019 edges (interactions); (B) main connections of the PPl network.

protein after UV exposure.*> The MCIR/cAMP/MITF signaling pathway is well-established to regulate UV-induced
pigmentation.*® Although no direct relationship between MC1R/VDR and BLOC1S5 was found in our PPI network, the
highly upregulated BLOC1SS5 indicated modulation of this pathway (Figure 7). Further studies are warranted in the future
to validate this finding.

Current evidence suggests that in vitiligo patients, organelle functions of melanocytes are damaged in response to
external triggers such as UV and chemical stimuli, leading to the attack of the body’s immune system.” Our
transcriptomic analysis showed that DEGs, including MSRB3 and UVSSA, were upregulated 2 fold or more after
treatment with HCQ. These two genes are widely acknowledged for protein and DNA repair and maintaining organelle
homeostasis. It has been shown that MSRB3 encodes methionine-R-sulfoxide reductase (MSR). In response to
environmental stress, many reactive oxygen species (ROS) are produced. ROS can oxidize methionine (Met) residues
in protein peptides to form methionine sulfoxide [Met(O)], which leads to protein function impairment. Importantly,
MSR could catalyze the reduction of Met(O) to restore the function of proteins in response to oxidative damage.
Accordingly, MSRB3 plays a pivotal role in cell protection under environmental stress.*” Moreover, it has been shown
that UVSSA encodes for the UV-stimulated scaffold protein A, a transcription-coupled nucleotide excision repair
(TCNER) factor, in response to UV damage. TCNER stabilizes gene ERCC6 by recruiting the enzyme USP7 into the
TCNER complex, preventing UV-induced ERCC6 degradation by proteasomes.*® TCNER induces the removal of RNA
polymerase II (RNA pol II) from the active genes for transcription. Subsequently, ubiquitination at UV-damaged sites
can accelerate RNA pol II recalling to nucleotide excision repair machinery.** According to the molecular docking and
PPI network analysis results (Figure 6), the MC1R-MSRB3/UVSSA axis could be an essential mechanism of HCQ in
the process of melanocyte protection against oxidative stress, and the MCIR agonist could serve as a cutaneous
pigmentation promoter. An increasing body of evidence suggests that activation of MCIR alleviates oxidative stress
and neuronal apoptosis through protein kinase R-like endoplasmic reticulum kinase (PERK)-nuclear factor erythroid
2-related factor 2 (NRF2) pathway, exhibiting an antioxidant role in the unfolded protein response (UPR) system. As the
UPR system is initiated, impaired (unfolded, misfolded, etc.) proteins are restored by enzymes through a series of
reactions.”>

As molecular docking targets of HCQ, ACHE and PNMT potentially play important roles in vitiligo treatment. Non-
neuronal acetylcholine (ACh) is well-recognized to regulate human keratinocyte (KCs) functions, including cell
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MITF, DKKI, RAB27A, MLPH and MYOS5A encode proteins in membrane or cytoplasm which are involved in signaling pathways of skin pigmentation. PAX3 and SOXI0 are
transcription factors in melanocyte. RACKI is a regulator to the signal transduction in melanocyte. MSRB3 and UVSSA encode proteins that are involved in damaged
proteins/DNA repair under UV. MCIR, VDR, PNMT, and ACHE was targeted by HCQ according to network pharmacology and molecular docking, which could further up-
regulate gene expression of BLOCIS5, MSRB3, and UVSSA, showing the promotion effect of melanosome genesis and melanocyte protection under UV damage.

Abbreviations: MSH, melanocyte stimulating hormone; MCIR, melanocortin | receptor; BLOCISS5, biogenesis of lysosomal organelles complex-| subunit 5; cAMP, 3’,5-
cyclic adenosine monophosphate; PMEL, premelanosome protein; DTNBPI, dystrobrevin binding protein |; PLDN, biogenesis of lysosomal organelles complex-subunit 6;
MITF, microphthalmia-associated transcription factor; PAX3, paired box 3; RACKI, guanine nucleotide binding protein; SOX10, SRY (sex determining region Y)-box 10;
RAB27A, member RAS oncogene family; MLPH, melanophilin; MYOSA, Myosin VA (heavy chain 12, myoxin); UV, ultraviolet; PNMT, Phenylethanolamine
N-methyltransferase; ACHE, Acetylcholinesterase; VDR, Vitamin D3 receptor; Ach, acetylcholine; AD, adrenaline; NA, noradrenaline; HCQ, hydroxychloroquine.

differentiation, cell-cell interaction, secretion, and mitosis. Besides, ACh plays an important role in immune regulation. It
has been established that the Ach receptor is expressed in both KCs and melanocytes.”’ A study reported that the average
levels of ACh were higher in areas of skin depigmentation compared to controls. Interestingly, the level of ACh was
significantly decreased after treatment, which showed a significant positive correlation with the severity of vitiligo.>
A study by Taieb et al>® substantiated the toxic effect of ACh on melanocytes. In addition to ACHE, PNMT, which
catalyzes the synthesis of adrenaline (AD) from noradrenaline (NA), plays an important role in vitiligo. It has been
shown that KCs could synthesize NA and AD. Current evidence suggests that KCs in the lesion area of vitiligo patients
synthesized 4 times more NA than normal skin area, with low PNMT activity.”* Therefore, increasing the activity of
ACHE and PNMT to reduce skin ACh and NA may be one of the mechanisms underlying the efficacy of HCQ in vitiligo
treatment. Nonetheless, further studies are required to increase the robustness of our findings.
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Conclusions

This present study uncovered HCQ targets (ACHE, PNMT, MCIR, and VDR) during vitiligo treatment after screening
by network pharmacology and molecular docking. PIG3V cells were used to explore the mechanisms of HCQ treatment
through transcriptomic analysis. The results of transcriptomic study further showed that through the above targets, HCQ
significantly promoted the expression of genes related to melanin synthesis. In addition, the expression of the genes
which are related to DNA and protein damage repair was also significantly up-regulated, indicating the protective effect
of HCQ on vitiligo melanocytes. In silico methods were used to identify the relationships between HCQ targets and
differentially expressed genes in PIG3V cells. These findings provided the theoretical basis for the mechanisms of HCQ
in treating vitiligo (Figure 7). Nevertheless, there were some limitations in our study. The specific mechanisms and signal
pathways of the MC1R/VDR-BLOCI1SS5 axis and MC1R-MSRB3/UVSSA axis involved in the pigmentation process and
melanocytes protection effect were not explored. In addition, the effect of HCQ on ACHE and PNMT and further
pathways were not assessed, warranting further studies.
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