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Background: Vitiligo is an acquired skin depigmentation disease. It can be misdiagnosed at an early stage and tend to relapse. Serum
markers are essential to monitoring the progression of vitiligo. Exosomal miRNAs act as the communication mediator between
melanocytes and immune cells. Our study aimed to use serum exosomal miRNAs as a reference for evaluating vitiligo progression.
Methods: The miRNAs were extracted from the serum exosomes of ten progressive vitiligo patients (before and after treatment) and
ten healthy individuals. We profiled miRNAs expression by RNA sequencing and screened out potential miRNAs and plotted their
receiver operating characteristic (ROC) curves to explore their sensitivity and specificity as prognostic biomarkers in vitiligo
progression. We examined the correlation between miRNA expression and the lesion area. Different databases were used to predict
gene targets of miRNAs, which were analyzed by gene ontology and Kyoto encyclopedia of genes and genomes (KEGG).

Results: Our results showed that 141 miRNAs were differentially expressed in serum exosomes of progressive vitiligo patients, and
365 miRNAs were differentially expressed in these patients after treatment compared to healthy individuals. The expression of hsa-
miR-487b-3p was significantly lower in these patients compared to healthy individuals. Still, there was no difference in its levels in
patients after corticosteroid treatment compared to healthy controls. ROC curve analysis (area under curve = 0.840) indicated that hsa-
miR-487b-3p could serve as a biomarker for the prognosis of vitiligo progression. Its expression positively correlated with the lesion
area. A total of 41 target genes of hsa-miR-487b-3p were predicted via different databases. KEGG pathways were enriched in
phenylalanine metabolism, glycan degradation, and protein export.

Conclusion: Serum exosomal hsa-miR-487b-3p can be a biomarker to detect vitiligo progression. The predicted target genes of hsa-
miR-487b-3p were enriched in catabolism. Thus, its in progressive vitiligo may accelerate catabolism in melanocytes and cause its
impairment.
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Introduction

Vitiligo is an acquired autoimmune disease that causes skin depigmentation, characterized by epidermal melanocyte
destruction. The global incidence of vitiligo in a community-based study was around 0.2%, while it was about 1.8% in
a hospital-centered study.' It is currently thought to be related to autoimmunity, oxidative stress, mental stress, metabolic
toxins, and genetic factors.” The different shapes of white patches or spots on exposed areas of the body severely affect
the quality of life and mental health due to the feeling of shame created by depigmentation.’ However, the exact
pathogenesis of vitiligo remains unknown. A growing body of literature reported that exosomes play an important role in
the autoimmune mechanism of vitiligo. The antigen-presenting cells can recognize the melanocyte-specific antigens, heat
shock proteins, lipids, and miRNAs in exosomes and can play a role in the accelerated maturity of auto-reactive T cells or
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autoimmune attacks on melanocytes.
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Due to their immunomodulatory properties, exosomal miRNAs have been linked to autoimmune diseases.’ They have
immunosuppressive effects on CD8" T cells in the cancer microenvironment.® In this regard, regulatory T cells (Tregs)
can produce exosomes and exert immune inhibitory effects.” Furthermore, studies exhibited that active macrophages can
act as an exosomal miRNAs reservoir. These functional miRNAs can be translocated to other cells such as endothelial
cells, tumor cells, monocytes, and keratinocytes via exosomes.® B lymphocytes may influence the function of CD8"
T cells and macrophages via exosomes.®’ Consequently, exosomes are involved in the integration of balance between
immune cells. A recent study directly demonstrated that mesenchymal stem cells-derived exosomes increased Tregs and
decreased the proportion of CD4" T, Th17, and CD8" T cells in murine.'® Therefore, the profile of exosomal miRNAs
may represent the pathophysiological status and characteristics of autoimmune diseases. Hence, exosomes and miRNAs
have a significant diagnostic value in autoimmune diseases because of their therapeutic properties.” According to the
literature, the down-expression of let-7b-5p may serve as a biomarker for psoriatic arthritis patients.'' In systemic lupus
erythematosus patients, the up-regulation of serum exosomal miR-21 and miR-155 may be a possible biomarker.'?
Peripheral blood exosomal miR-17 is up-regulated in rheumatoid arthritis patients and may contribute to the disease by
interfering with Tregs maintenance."?

As one of the autoimmune diseases, melanocyte destruction in vitiligo is closely linked to the imbalance of CD8" T,
Tregs, and Th17 cells. In autoimmune diseases like vitiligo, miRNAs carried by exosomes also have important immune
regulatory effects.'®'* ' Ly et al'” reported that miR-155 could inhibit the proliferation of CD8" T cells through Tregs in
vitiligo. Also, exosomes serve as a messenger between keratinocytes and melanocytes during melanogenesis. Earlier
reports suggested that exosomal miR-196a-2 can affect tyrosinase (TYR) and tyrosinase-related protein-1 (TYRP-1)
heterodimeric complexes, thus influencing the susceptibility of vitiligo. The miR-183-5p can regulate microphthalmia-
associated transcription factor (MITF) expression in vitiligo skin depigmentation.'®'® Zhao et al*° reported that exosomal
miR-200c secreted by keratinocytes could enhance melanogenesis genes, which are down-regulated in vitiligo lesions. In
addition, miRNAs are involved in melanocyte survival in response to environmental stimuli. Researchers reported that in
vitiligo, over-expression of miR-25 detected in serum during oxidative stress could promote the destruction of melano-
cytes, and miR-211 can regulate mitochondrial energy metabolism.”'**

Exosomal miRNAs have important roles in vitiligo pathogenesis and in representing pathophysiological status and
disease characteristics. They can be used as potential biomarkers or therapeutic targets in this disease. Early prognosis
and timely intervention after vitiligo recurrence are critical because its treatment remains a challenge in dermatological
clinics. Our research intended to explore the potential biomarkers for the prognosis of vitiligo progression, further
understand the role of miRNAs in progressive vitiligo and provide new insights for its treatment.

Materials and Methods

Patients and Controls
A total of 10 patients were recruited from the dermatology department of our hospital between June and July 2022. The
patients included four males and six females, ranging in age from 18 to 72 years. The area of lesions ranged from 1.6—
15.4% of body surface area (BSA), with disease duration ranging from two months to 18 years. The control group
consisted of 10 age and gender-matched healthy individuals. All patients and healthy controls were informed about the
research and included in the study after signing the consent forms. The demographic and clinical details of patients and
controls are given in Supplementary Table. Our study was conducted following the principles of the Declaration of
Helsinki, 2013 edition, and approved by the Ethics Committee of Hangzhou Third People’s Hospital (N0.2020KA001).
The inclusion criteria followed were as follows: 1) the patients were diagnosed by Wood’s lamp or reflectance laser

confocal microscopy (RCM); 2) vitiligo disease activity (VIDA) score was >3. Exclusion criteria included the follow-
ing: 1) segmental vitiligo patients; 2) patients who had received systemic corticosteroid therapy or phototherapy in the
last three months; 3) the patients who could not return to the clinic for follow-up or take the prescribed medication; 4)
patients with other autoimmune diseases; 5) patients who were pregnant or under the age of 18.

The treatment regimen for patients was oral prednisone for three months (the dose was 0.3 mg per kg/d for one
month, then 5 mg every two weeks and maintained at 5 mg/d). A total of 30 serum exosome samples were collected from
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ten healthy controls and ten progressive vitiligo patients (before treatment and three months after systemic corticosteroid
treatment).'*

Exosomes Isolation, RNA Extraction and Microarray Analysis

Serum (supernatant liquid) was extracted by centrifugation of peripheral blood samples in a TGL-16B centrifuge
machine (Anting Corporation, Shanghai, China), firstly at 3000 rpm (4 °C for 15 min) and then at 12,000 rpm (4 °C
for 20 min), and were stored at —80 °C. Exosomes were isolated from serum using Serum Exosome Purification Kit
(Norgen 57,600, ON, Canada) according to the manufacturer’s instructions. Total RNA was extracted from serum
exosomes using the Exosomal RNA Isolation Kit (Norgen 58,000, ON, Canada), which was then quantified on
NanoDrop ND-2000 (Thermo Fisher Scientific, Lafayette, LA, USA). RNA integrity was tested with Agilent
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Followed by miRNA libraries establishment, cDNA
libraries were constructed with TruSeq Small RNA Preparation Kit (Illumina, San Diego, CA, USA) and sequenced
using Illumina HiSeq 2500 system (Lcbio, Hangzhou, China) according to the manufacturer’s standard protocols.
ACGT101-miR program (LC Sciences, Houston, TX, USA) was used to dispose of raw reads and remove junk, adapter
dimers, repeats, and other RNA families. Differentially expressed miRNAs were screened with fold change and P-value
(Student’s #-test). A volcano and heatmap were used for visualization.'

Receiver Operating Characteristic (ROC) Curve and the Lesions Area Correlation
with miRNAs

We screened significantly up-regulated or down-regulated miRNAs in progressive vitiligo patients before and after
systemic corticosteroid treatment compared to healthy controls. The screened miRNAs were evaluated by ROC curve
analysis. We explored the correlation between the expression of miRNAs and the area of lesions by Spearman correlation
coefficient using IBM® SPSS Statistics Software (V27.0).%

Target Genes Prediction of miRNAs, GO, and KEGG Analyses

The target genes of screened miRNAs were predicted using three databases: TargetScanHuman (http://www.targetscan.

org/vert 80/), miRDB (http://www.mirdb.org/), and microRNA.org (http://www.microrna.org/). The miRNA-mRNA

network was visualized in Cytoscape software (V3.8.1). All predicted gene targets were processed by gene ontology
(GO) and Kyoto encyclopedia of genes and genomes (KEGG) analyses, including cellular components, molecular
functions, biological processes, and enriched pathways.'*

Results
Profiles of Serum Exosomal miRNAs in Progressive Vitiligo Before and After Systemic

Corticosteroid Treatment

A total of 5425 miRNAs were detected in all exosomal samples. Our results showed that 141 miRNAs were differentially
expressed in progressive vitiligo patients (before treatment) compared with healthy controls (P<0.05). After three months
of systemic corticosteroid treatment, no new expanded lesions were captured, and the lesions remained stable as
determined by RCM detection. A total of 265 differentially expressed miRNAs were detected in patients after three
months of treatment compared to healthy controls. The results are summarized with a volcano, heatmap, and sector
diagram in Figure 1. We screened miRNAs with P<0.05, [log,FC|>1 (FC = fold change) middle or high-intensity signals.
Table 1 lists the top 15 differentially expressed miRNAs in vitiligo patients (before treatment) and healthy controls.
Table 2 lists differentially expressed miRNAs in vitiligo patients (after treatment) and healthy controls.

A Prognostic Biomarker for Vitiligo Progression and Its Correlation with BSA

According to RNA sequencing results, hsa-miR-487b-3p expression in progressive vitiligo patients (before treatment)
was significantly lower than in healthy individuals (FC = 0.45, P = 0.006). The lesions became temporarily stable after
three months of systemic corticosteroid treatment according to RCM. Meanwhile, the hsa-miR-487b-3p expression was
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Figure | Length distribution of total miRNAs and volcano map and heat map of differential expressed miRNAs (A) Length distribution of 5425 miRNAs; (B) volcano map of
differential expressed miRNAs between progressive vitiligo patients (before treatment) and healthy controls; (C) heat map of differential expressed miRNAs between vitiligo
patients (before treatment) and healthy controls and healthy controls, with P<0.01, middle or high intensity signal.

significantly up-regulated in patients after treatment (FC = 2.27, P = 0.025). There was no significant difference in hsa-
miR-487b-3p expression between patients after treatment and healthy individuals (FC = 1.02, P = 0.935), as displayed in
Figure 2A—C. Interestingly, hsa-miR-487b-3p expression was positively correlated with the area of lesions (P = 0.004) in
progressive vitiligo, as depicted in Figure 2D. ROC curve was made to show the sensitivity and specificity of hsa-miR
-487b-3p as a prognostic biomarker for vitiligo progression (Figure 2E). The hsa-miR-487b-3p was found to be an
appropriate exosomal miRNA prognostic biomarker (AUC = 0.840, P = 0.001).
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Table | A Total of Top |5 Differential Expressed miRNAs Between Vitiligo Patients (Before Treatment)
and Healthy Controls

NO Name of miRNAs Up/Down FC log,FC P value
| PC-5p-68634_136 Up 32.78 5.03 0.0492
2 mmu-miR-5119_R-1_1ss5TA Up 16.84 4.07 0.0079
3 hsa-mir-3648-1-p5 Up 9.62 3.27 0.0444
4 PC-5p-120360_87 Up 9.16 3.20 0.0332
5 hsa-miR-4683 Up 7.29 2.86 0.0122
6 mmu-miR-5100_1ss21TC Up 7.13 2.83 0.0426
7 hsa-miR-6803-3p_R-1 Up 5.16 237 0.0364
8 mmu-miR-5106_R-4_Iss|AG Up 4.96 231 0.0129
9 PC-5p-905_23133 Up 4.89 2.29 0.0474
10 hsa-mir-3665-p5_1ss2CA Up 4.44 2.15 0.0387
I hsa-mir-8086-p3_Iss| |AG Up 429 2.10 0.0445
12 mmu-mir-1895-p3_1ss9CT Up 4.19 2.07 0.0261
13 mmu-miR-5126_L-4_1ss18CT Up 4.04 2.0l 0.018lI
14 hsa-mir-1285-1-p5_1ss12AG Up 3.86 1.95 0.0350
15 ssc-mir-1285-p5_1ss20TC Up 3.80 1.93 0.0182
16 hsa-miR-376c-3p Down 0.50 —1.00 0.0189
17 hsa-miR-429 Down 0.50 -1.00 0.0063
18 hsa-miR-19a-3p Down 0.50 —-1.01 0.0170
19 hsa-miR-493-3p Down 0.49 -1.02 0.0352
20 hsa-miR-136-5p_R-1 Down 0.49 —1.04 0.0381
21 hsa-miR-136-3p Down 0.49 —1.04 0.0207
22 hsa-miR-410-3p Down 0.48 —1.05 0.0225
23 hsa-miR-542-3p Down 0.48 —-1.07 0.0461
24 hsa-miR-758-3p_R-| Down 0.48 -1.07 0.0376
25 hsa-miR-377-3p Down 0.47 -1.09 0.0188
26 hsa-miR-1 197 Down 0.47 -1.09 0.0418
27 hsa-miR-381-3p Down 0.46 =111 0.0114
28 mdo-miR-200a-3p_R+2 Down 0.45 —-1.14 0.0315
29 hsa-miR-494-3p_R+1 Down 0.45 -1.16 0.0177
30 hsa-miR-487b-3p Down 0.45 —-1.16 0.0056

Abbreviation: FC, fold change.

Target Genes of Hsa-miR-487b-3p, GO, and KEGG Analyses

A total of 41 target genes were found after the prediction of hsa-miR-487b-3p with three databases; TargetScanHuman,
miRDB, and microRNA.org (Figure 3A). The results of a comprehensive biological enrichment evaluation using GO and
KEGG analyses revealed that cellular components of these target genes were mainly enriched in coveolae, vacuolar
lumen, and plasma membrane receptor complex (Figure 3B). Molecular functions were primarily enriched in neuregulin
binding, connexin binding, and aldehyde dehydrogenase [NAD(P)+] activity (Figure 3C). Biological processes were
mainly enriched in midbrain-hindbrain boundary development, rostrocaudal neural tube patterning, embryonic camera-
type eye morphogenesis, and regulation of endoplasmic reticulum (ER) associated degradation (ERAD) pathway
(Figure 3D). KEGG pathways were mainly enriched in phenylalanine metabolism, other glycan degradation, glycosa-
minoglycan degradation, and protein export (Figure 3E). Among these genes, LRP6, ALDH1A3, PAKS, ZICl, and
GRMS3 are related to melanocytes.>* ** DIABLO, also named SMAC, has been closely linked to vitiligo pathogenesis.?’

Discussion
Vitiligo is a depigmented autoimmune disease characterized by the death of epidermal melanocytes. Treatment of
vitiligo is still a challenge in dermatological clinics. Thus, early prognosis and timely intervention after vitiligo
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Table 2 A Total of Top 15 Differential Expressed miRNAs Between Vitiligo Patients (After Treatment) and
Healthy Controls

NO Name of miRNAs Up/Down FC log,FC P value
| PC-5p-17405_580 Up 27.26 4.77 0.0043
2 hsa-miR-561-5p Up 20.40 435 0.0404
3 hsa-miR-4772-5p Up 19.09 425 0.0017
4 hsa-miR-5582-3p_L+IR-I_1ss22GT Up 14.18 3.83 0.0143
5 hsa-miR-29a-5p_R-1 Up 11.50 3.52 0.0027
6 mmu-mir-1983-p5_1ss|GA Up 11.28 3.50 0.0017
7 hsa-mir-1302-1-p5_1ss9AG Up 11.05 3.47 0.0049
8 hsa-miR-190a-3p_L+I Up 10.63 341 0.0036
9 hsa-miR-5586-3p Up 9.91 3.31 0.0131
10 hsa-miR-3176_R+2 Up 8.82 3.14 0.0181
I hsa-miR-5690_R+1 Up 8.70 3.12 0.0017
12 hsa-miR-616-3p_L+ IR+ Up 8.35 3.06 0.0084
13 PC-3p-92643_105 Up 8.10 3.02 0.0385
14 hsa-miR-301b-5p Up 8.05 3.0l 0.0320
15 hsa-miR-548w_R-1| Up 7.92 2.99 0.0035
16 PC-5p-5980_1907 Down 0.00 —8.07 0.0001
17 pal-miR-9993b-3p_Iss9GT Down 0.00 -1.77 0.0008
18 PC-3p-41069_236 Down 0.01 —-7.40 0.0193
19 oga-miR-100_R+1_1ss9GT Down 0.0l -6.99 0.0015
20 PC-3p-22717_440 Down 0.01 —6.76 0.0242
21 PC-5p-40052_242 Down 0.02 -5.97 0.0011
22 pal-miR-9995-3p_ Iss9GT Down 0.02 —5.89 0.0008
23 cgr-miR-15b-5p_L+2 Down 0.02 —5.85 0.0013
24 mmu-miR-362-5p_R-1_1ss9GT Down 0.04 —4.77 0.0194
25 mmu-miR-5124a_L-1R-1_1ss5CA Down 0.04 —4.57 0.0004
26 mmu-miR-5124a_L-1_1ss5CA Down 0.07 -3.92 0.0004
27 bta-miR-2478_L+2 Down 0.07 —-3.89 0.0076
28 PC-3p-83939_113 Down 0.09 -3.52 0.0036
29 PC-5p-40181_241 Down 0.09 —3.47 0.0406
30 hsa-miR-4433b-3p_L+1_Iss9GT Down 0.09 —3.46 0.0019

Abbreviation: FC, fold change.

recurrence are pivotal.! Various miRNAs are important in vitiligo pathogenesis as they regulate autoimmune tolerance,
melanogenesis, melanocyte survival, and cell metabolism under oxidative stress.'®™'® Mansuri et al’” studied the miRNA
signatures in the whole blood and peripheral blood mononuclear cells of vitiligo patients. Their research showed that
miR-1, miR-184, miR-211, miR-328, miR-383, and miR-577 could be the potential markers of vitiligo. By analyzing
their target genes, the researchers demonstrated that miRNAs are involved in many aspects of vitiligo pathogenesis, such
as autoimmune regulation, skin pigmentation, and cellular apoptosis in response to the oxidative stimulus. In addition,
Utpreksha et al’' reported a group of six miRNAs (miR-185, miR-202-3p, miR-525-5p, miR-326, miR-518a-5p, and
miR-518c) down-regulated TRP1 expression in keratinocyte which inhibited the crosstalk in melanosomes transfer from
melanocytes to keratinocytes, causing skin pigmentation in vitiligo. All of these miRNAs may regulate target genes
associated with vitiligo pathogenesis. These genes are classified into the following categories: 1) anti-oxidative, damage
repair, and melanocyte survival-related genes (PRDX3, G6PD, TMX4, HSP70, SERP1, SIRT1, and TRPMI); 2)
melanogenesis-related genes (TYR, TYRP1, TYRP2, and MITF); 3) vesicular trafficking genes (VAMP1, RAB2S,
and RAB27a).°>°3! Since miRNAs play important roles in all aspects of vitiligo pathogenesis, further research is
particularly important.

No consistent and effective biomarkers for the prognosis of vitiligo progression have been discovered until now. Our
study extracted serum exosomal miRNAs from ten non-segmental progressive vitiligo patients and ten healthy
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Figure 2 Expression of hsa-miR-487b-3p, correlation with BSA and ROC curves. (A) differential expression of hsa-miR-487b-3p in progressive vitiligo (before treatment)
and healthy controls tested by RNA sequencing; (B) differential expression of hsa-miR-487b-3p in progressive vitiligo before and after 3 months systemic corticosteroid
treatment; (C) differential expression of hsa-miR-487b-3p in patients after treatment and healthy controls; (D) correlation of hsa-miR-487b-3p expression with total lesions
area in progressive vitiligo patients; (E) hsa-miR-487b-3p ROC curve of progressive vitiligo before treatment vs after treatment.

Note: *¥P<0.05.

Abbreviations: ROC, receiver operating characteristic curve; AUC, area under ROC curve; BSA, body surface area; vitiligo (before): the progressive vitiligo patients before
treatment; vitiligo (after): the progressive patients became stable after treatment.

individuals before and after systemic corticosteroid treatment. We found that 141 miRNAs were differentially expressed
in progressive vitiligo (before treatment) compared to healthy individuals (Figure 1). The profile of miRNAs expression
changed after systemic corticosteroid treatment. The hsa-miR-487b-3p was down-regulated in progressive vitiligo but
was significantly up-regulated three months after treatment (Figure 2A), without significant difference compared to
healthy individuals (Figure 2C). According to ROC analysis (Figure 2D), serum exosomal hsa-miR-487b-3p could be
a marker for the prognosis of vitiligo progression (Figure 2E). In other words, it could serve as a biomarker for vitiligo
recurrence surveillance. In addition, our results showed that hsa-miR-487b-3p was positively correlated with the total
lesion area in progressive vitiligo patients. The higher the area, the more hsa-miR-487b-3p is expressed in serum
exosomes. However, it remains unknown what roles this miRNA plays in the pathogenesis of vitiligo. So far, there has
been little research on hsa-miR-487b-3p. It was reported to be down-regulated in human osteosarcoma cells and
ossification of the posterior longitudinal ligament.**** It may increase in U251 glioma cells after treatment with glial
cell line-derived neurotrophic factor.>* There has been no reported research on it regarding vitiligo. More specific
mechanisms will need to be investigated in the future.

Target genes are important for understanding miRNA functions because a single miRNA could bind to multiple target
genes and inhibit their expression.*® Thus, we predicted the target genes of hsa-miR-487b-3p and analyzed them using
GO and KEGG enrichment analyses. These genes were mostly involved in the negative regulation of organ growth, such
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Figure 3 Structure of miRNA-mRNA network and biological enrichment (A) network of hsa-miR-487b-3p and target mRNAs (genes); (B) cellular component; (C)
molecular function; (D) biological process; (E) KEGG pathway.

as glycan degradation, protein export, phenylalanine metabolism, and ER-associated degradation (Figure 3). In the case
of progressive vitiligo, the low expression level of hsa-miR-487b-3p was unable to effectively inhibit these genes,
resulting in abnormal substance metabolism of melanocytes. The imbalance of melanocyte metabolism could further
induce autoimmune attacks and accelerate the progression of vitiligo. Among these genes, LRP6, ALDH1A3, PAKS,
ZIC1, and GRM3 were related to the physiological functions of melanocytes.>**®* However, their more specific
mechanisms in vitiligo pathogenesis have not been studied. DIABLO, also known as Smac, has been closely linked to
vitiligo pathogenesis. A high level of DIABLO protein was detected in keratinocytes from perilesional vitiligo skin. It
was found to play an important role in keratinocyte damage via the p38/MAPK pathway in vitiligo patients.?’ However,
there is no functional evidence that hsa-miR-487b-3p affects these genes and pathways in vitiligo pathogenesis, which

needs further exploration.

Conclusion
In general, the serum exosomal miRNAs profile of patients with progressive vitiligo differed significantly from those of

healthy individuals. The hsa-miR-487b-3p could be an effective serum biomarker for diagnosing vitiligo progression. Its
predicted target genes were enriched in catabolism. Down-regulation of hsa-miR-487b-3p in progressive vitiligo may
decrease the inhibition of these genes because miRNA can bind to target genes and inhibit its expression. Accordingly,
we speculated that negative regulation of cell growth, such as glycan degradation, protein export, phenylalanine
metabolism, and ER-associated degradation, could accelerate in melanocytes, leading to their impairment, which could

be one of the mechanisms in vitiligo progression. However, more specific studies are needed.
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