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Abstract. Vitiligo is a common localized or generalized 
skin pigmentation disorder. Endoplasmic reticulum (ER) 
stress may be implicated in the development of vitiligo. 
microRNA‑421 (miR‑421) has been reported to be dysregu-
lated in various human tumors. However, there is no report 
to date on the role of miR‑421 in vitiligo development. The 
present study demonstrated that 3 µM tunicamycin (TM) 
increased the expression of the ER stress‑related proteins 
protein kinase RNA‑like endoplasmic reticulum kinase 
(PERK), α subunit of eukaryotic translation initiation 
factor 2 (eIF2α) and C/EBP homologous protein (CHOP) 
in human primary epidermal melanocytes. Moreover, TM 
suppressed melanocyte viability and induced apoptosis. 
Reverse transcription‑quantitative PCR analysis demon-
strated that TM promoted miR‑421 expression in human 
melanocytes. Next, TargetScan and dual luciferase reporter 
gene assay indicated that receptor‑interacting serine/threo-
nine kinase 1 (RIPK1) was a direct target of miR‑421. RIPK1 
expression was significantly downregulated in TM‑induced 
human melanocytes. Subsequently, the effect of miR‑421 
downregulation on the damage of human melanocytes 
induced by ER stress was investigated. Human melanocytes 
were transfected with inhibitor control, miR‑421 inhibitor, 
miR‑421 inhibitor  +  control‑short hairpin (sh)RNA, or 
miR‑421 inhibitor + RIPK1‑shRNA for 24 h and then treated 
with TM (3 µM) for 48 h. TM was found to upregulate PERK, 
eIF2α and CHOP protein expression in human melanocytes, 
which was reduced by an miR‑421 inhibitor. In addition, the 
miR‑421 inhibitor increased viability and reduced apoptosis 
in TM‑treated melanocytes. Furthermore, all these effects of 

the miR‑421 inhibitor on TM‑induced human melanocytes 
were reversed by RIPK1‑shRNA. Further analyses revealed 
that the miR‑421 inhibitor activated the phosphoinositide 3 
kinase/protein kinase B/mammalian target of rapamycin 
signaling pathway in TM‑induced human melanocytes. 
These data collectively suggest that miR‑421 may serve as a 
new treatment target in vitiligo development.

Introduction

Vitiligo is a common idiopathic disease that is characterized 
by the destruction of melanocytes (1,2). Although the preva-
lence of vitiligo is <1% globally, it may be as high as 3% in 
some populations (2). At present, patients with vitiligo have no 
other symptoms except for skin discoloration, but the quality 
of life of some patients may be severely compromised (3,4). 
Vitiligo is an autoimmune disease and it has been reported 
that multiple immune response genes may be involved in its 
development  (5). Previous studies have demonstrated that 
vitiligo may be caused by T‑cell‑mediated oxidative stress and 
may involve certain mediators such as tumor necrosis factor 
(TNF)‑α, heat shock protein 70 and interleukin‑1β  (6‑8). 
The destruction of melanocytes is caused by the imbalance 
of reactive oxygen species, which leads to damage of skin 
melanocytes by free radicals, leading to structural damage of 
proteins, apoptosis, activation of cytokines and endoplasmic 
reticulum (ER) damage (6‑8). The ER is an important organ-
elle, which is mainly responsible for protein biosynthesis 
and folding. ER stress is characterized by accumulation and 
aggregation of unfolded and/or misfolded proteins in the ER 
lumen (9).

MicroRNAs (miRNAs/miRs) are small and highly 
conserved regulatory RNA molecules ~22  nucleotides in 
length  (10). miRNAs can regulate gene expression at the 
post‑transcriptional level by targeting their 3'‑untranslated 
region (UTR) to promote degradation or inhibit translation 
of mRNA (11). Accumulating evidence has demonstrated that 
miRNAs participate in the development and progression of 
various human cancers (12‑14). The expression of miR‑421 was 
found to be abnormal in several types of cancer. A previous 
study demonstrated that miR‑421 acted as a tumor promoter 
in pancreatic cancer through targeting DPC4/mothers against 
decapentaplegic homolog 4 (15). Wu et al (16) reported that 
miR‑421 was significantly upregulated in human gastric 
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cancer tissues and promoted proliferation of gastric cancer 
cells by downregulating caspase‑3 expression. However, the 
role of miR‑421 in vitiligo patients is unclear. 

Receptor‑interacting serine/threonine kinase 1 (RIPK1) is 
a crucial regulator of TNF receptor 1 (TNFR1) signaling (17). 
RIPK1 plays a major role in the pathogenesis and prognosis 
of liver diseases (18,19). Previous research demonstrated that 
RIPK1‑mediated necrotic apoptosis may also occur in neurons, 
leading to the development of neurodegenerative diseases (20). 
However, the expression and role of RIPK1 in vitiligo patients 
remain unclear. 

The phosphoinositide 3‑kinase (PI3K)/protein kinase B 
(AKT)/mammalian target of rapamycin (mTOR) pathway has 
been found to be associated with cell survival in response to 
oxidative stress (21). Growth factors may protect against oxida-
tive stress‑induced apoptosis through activation of the AKT and 
mTOR pathways (22‑24). In addition, indirect data indicated 
that α‑melanocyte‑stimulating hormone (MSH) stimulates 
melanogenesis through the activation of MEK/extracellular 
signal‑regulated kinase (ERK) or PI3K/AKT (25). Modulation 
of the PI3K/AKT/mTOR signaling pathway may be a novel 
approach to the clinical management of vitiligo (26). However, 
the association between miR‑421 and the PI3K/AKT/mTOR 
pathway in melanocytes under ER stress remains unclear.

The aim of the present study was to determine the role of 
miR‑421 in vitiligo development and to explore the underlying 
mechanism.

Materials and methods

Cell culture and transfection. Primary epidermal melanocytes 
were obtained from the American Type Culture Collection 
(cat no. ATCC® PCS‑200‑013) and cultured in Medium 254 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
human melanocyte growth supplement (Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C with 5% CO2. Primary epidermal 
melanocytes (1x106 cells per well) were transfected with the 
inhibitor control (5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'; 
Guangzhou Ribobio Co., Ltd.), miR‑421 inhibitor (5'‑GCG​
CCC​AAU​UAA​UGU​CUG​UUG​AU‑3'; Guangzhou Ribobio 
Co., Ltd.), 0.2  µM control‑shRNA (cat no.  sc‑108060; 
Santa Cruz Biotechnology, Inc.), 0.2  µM RIPK1‑shRNA 
(cat no.  sc‑44326‑SH; Santa Cruz Biotechnology, Inc.), 
miR‑421 inhibitor  +  control‑shRNA, or miR‑421 inhib-
itor + RIPK1‑shRNA for 24 h using Lipofectamine 2000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. The transfection efficiency 
was determined by reverse transcription‑quantitative PCR 
(RT‑qPCR) 24 h after cell transfection.

ER stress induction. To establish ER stress in human mela-
nocytes, the cells were treated with 3 µM tunicamycin (TM; 
Sigma‑Aldrich; Merck KGaA) for 48 h according to a previous 
study (9).

RT‑qPCR analysis. Total RNA was extracted from cells 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific 
Inc.) and stored at ‑80˚C. Subsequently, total RNA was 
reverse transcribed into complementary DNA using a reverse 
transcription kit (Vazyme) according to the manufacturer's 

protocol. RT‑qPCR was carried out by SYBR Green PCR 
Master Mix (Vazyme) following the manufacturer's proto-
cols. U6 or GAPDH was used for normalization. The primer 
sequences used were as follows: U6, forward 5'‑GCT​TCG​
GCA​GCA​CAT​ATA​CTA​AAA​T‑3' and reverse 5'‑CGC​TTC​
ACG​AAT​TTG​CGT​GTC​AT‑3'; GAPDH, forward 5'‑TGT​TGC​
CAT​CAA​TGA​CCC​CTT‑3' and reverse 5'‑CTC​CAC​GAC​GTA​
CTC​AGC​G‑3'; miR‑421, forward 5'‑CTC​ACT​CAC​ATC​AAC​
AGA​CAT​TAA​TT‑3' and reverse 5'‑TAT​GGT​TGT​TCT​GCT​
CTC​TGT​GTC‑3'; and RIPK1, forward 5'‑AGG​CTT​TGG​GAA​
GGT​GTC​TC‑3' and reverse 5'‑CGG​AGT​ACT​CAT​CTC​GGC​
TTT‑3'. The thermocycling conditions were as follows: Initial 
denaturation at 95˚C for 5 min, followed by 40 cycles of dena-
turation at 95˚C for 15 sec and annealing/elongation at 60˚C 
for 30 sec. The relative expression of genes was calculated by 
the 2‑ΔΔCq method (27). Each experiment was performed in 
triplicate.

Western blotting assay. After treatment, cells were washed 
three times with ice‑cold phosphate‑buffered saline and then 
treated with RIPA lysis solution (Beijing Solarbio Science 
& Technology Co., Ltd.) for 30  min to extract cellular 
proteins. Equal amounts (40 µg/lane) of protein were sepa-
rated by 12% sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis and then transferred to polyvinylidene 
fluoride membranes (EMD Millipore). The membranes were 
blocked with 5% skimmed milk in TBST containing 0.1% 
Tween at room temperature for 2 h, followed by incubation 
with primary antibodies at 4˚C overnight. Subsequently, the 
membranes were incubated with horseradish peroxidase 
(HRP)‑conjugated secondary antibody at room tempera-
ture for 2  h. The protein band was visualized using the 
enhanced chemiluminescence method using ECL reagent 
(EMD Millipore). GAPDH served as the loading control 
for normalization. The primary antibodies were as follows: 
Anti‑protein kinase RNA‑like endoplasmic reticulum kinase 
(PERK; cat no. 5683; 1:1,000), anti‑α subunit of eukaryotic 
translation initiation factor 2 (eIF2α; cat no. 5324; 1:1,000), 
anti‑C/EBP homologous protein (CHOP; cat no.  2895; 
1:1,000), anti‑RIPK1 (cat no. 3493; 1:1,000), anti‑phosphor-
ylated (p)‑AKT (cat no. 4060; 1:1,000) and anti‑p‑mTOR 
(cat no. 5536; 1:1,000) and they were purchased from Cell 
Signaling Technology, Inc. Anti‑p‑PI3K was obtained from 
Biogot Technology, Co., Ltd. (cat no.  BS4811; 1:1,000). 
The secondary antibodies were as follows: Anti‑mouse 
IgG, HRP‑conjugated antibody (cat no. 7076; 1:1,000) and 
anti‑rabbit IgG, HRP‑conjugated antibody (cat no. 7074; 
1:1,000) were purchased from Cell Signaling Technology, 
Inc. Protein expression was quantified by performing 
AlphaView 3.4.0 software (ProteinSimple). 

Flow cytometry analysis. Cell apoptosis detection was 
performed using the Annexin‑V/propidium iodide (PI) 
Apoptosis Detection kit (Beyotime Institute of Biotechnology). 
Briefly, human melanocytes were plated into 6‑well plates at a 
density of 2x105 cells per well. On the following day, the cells 
were transfected with inhibitor control, miR‑421 inhibitor, 
miR‑421 inhibitor + control‑shRNA, or miR‑421 inhibitor + 
RIPK1‑shRNA. After transfection for 24 h, the cells were 
treated with 3 µM TM for 48 h. Subsequently, the cells were 
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collected, centrifuged with low temperature at high speed 
(1,000 x g; 5 min; 4˚C) and re‑suspended in 100 µl fluorescein 
isothiocyanate (FITC)‑binding buffer. Subsequently, ~5 µl 
ready‑to‑use Annexin V‑FITC (BD Bioscience) and 5 µl PI 
were added to the buffer and the cells were incubated for 
30 min at room temperature in the dark. Annexin V‑FITC 
and PI fluorescence were assessed by BD FACSCalibur 
flow cytometer (BD Biosciences; Becton, Dickinson and 
Company). FlowJo software (version 7.6.1; FlowJo LLC) was 
used to analyze the data.

Dual‑luciferase reporter assay. The bioinformatics software 
TargetScan 7.2 (http://www.targetscan.org/vert_72/) was used 
to predict the association between miR‑421 and RIPK1, and the 
results demonstrated that miR‑421 had binding sites for RIPK1. 
Subsequently, to confirm the binding sites between miR‑421 
and RIPK1, a dual‑luciferase reporter assay was performed. In 
brief, luciferase reporter plasmids (psi‑CHECK2) containing 
the wild‑type as well as the mutant 3'UTRs of RIPK1, were 
manufactured by TsingKe Biotech. Human melanocytes were 
co‑transfected with the wild‑type or mutant 3'UTR lucif-
erase reporter plasmids and the miR‑421 mimic or the mimic 
control, respectively, using Lipofectamine 3000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). Cells were harvested after 
transfection for 24 h and the luciferase activity was measured 
using the Dual‑glo luciferase assay system (Promega 
Corporation) following the manufacturer's protocol. Firefly 
luciferase was used as a normalization control.

MTT assay. Cell viability was evaluated using the MTT assay 
(Beijing Solarbio Science & Technology Co., Ltd.). Human 
melanocytes seeded in 96‑well plates were treated according 
to the purpose of the experiment and 20 µl MTT reagent was 
added into each well for another 4 h of incubation at 37˚C. 
Subsequently, 150 µl dimethyl sulfoxide was added into each 
well and shaken for 15 min. The optical density values were 
read at 490 nm using a microplate reader.

Statistical analysis. All data are presented as the mean ± standard 
deviation. The SPSS 22.0 software (IBM Corp.) was used 
for statistical analysis and differences between groups were 
determined by Student's t‑test or one way‑analysis of variance 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression of miR‑421 in human melanocytes induced by 
ER stress. To evaluate the role of miR‑421 in human melano-
cytes induced by ER stress, the levels of miR‑421 expression 
were measured by RT‑qPCR. Human melanocytes were 
treated with 3 µM TM for 48 h. A western blotting assay 
demonstrated that the expression of ER stress‑related 
proteins, such as PERK, eIF2α and CHOP, was upregulated 
(Fig. 1A), indicating that 3 µM TM activated ER stress in 
human melanocytes. MTT assay and flow cytometry indi-
cated that TM significantly inhibited the viability (P<0.01; 
Fig. 1B) and induced apoptosis (P<0.01; Fig. 1C and D) of 
human melanocytes. Moreover, an RT‑qPCR assay was 
performed to detect the expression of miR‑421 in human 

melanocytes. RT‑qPCR analysis demonstrated that miR‑421 
expression was significantly upregulated in TM‑induced 
human melanocytes compared with the control group 
(P<0.01; Fig. 1E). Taken together, these findings confirmed 
that miR‑421 expression was increased in human melano-
cytes induced by ER stress.

RIPK1 is a direct target gene of miR‑421. In order to study 
the underlying molecular mechanism, the TargetScan bioin-
formatic predication algorithms were used to predict the 
potential targets of miR‑421. The results revealed the binding 
sites between RIPK1 and miR‑421 (Fig. 2A). Subsequently, a 
dual‑luciferase reporter assay was performed to confirm the 
binding sites between RIPK1 and miR‑421. It was observed 
that the miR‑421 mimic significantly increased the level of 
miR‑421 in human melanocytes compared with the control 
group (Fig.  2B). miR‑421 co‑transfection with wild‑type 
RIPK1 3'‑UTR reporter inhibited the luciferase activity, but 
miR‑421 exerted no effect on the reporter containing the 
mutant sequence (Fig. 2C). Therefore, RIPK1 was confirmed 
as a direct target gene of miR‑421. 

The expression of RIPK1 in TM‑induced human melano-
cytes was next examined. Western blotting and the RT‑qPCR 
assay demonstrated that, compared with the control group, 
TM significantly reduced the expression of RIPK1 in human 
melanocytes (Fig. 2D and E).

Effect of miR‑421 inhibitor on the expression of ER 
stress‑related proteins in TM‑induced human melanocytes. 
Human melanocytes were transfected with the inhibitor 
control, miR‑421 inhibitor, control‑shRNA, RIPK1‑shRNA or 
miR‑421 inhibitor + RIPK1‑shRNA for 24 h and then treated 
with TM (3 µM) for 48 h. The results indicated that, compared 
with the control group, the miR‑421 inhibitor significantly 
reduced the expression of miR‑421 in human melanocytes 
(Fig. 3A). Compared with the control group, RIPK1‑shRNA 
significantly decreased the expression of RIPK1 in human 
melanocytes (Fig. 3B and C). In addition, RIPK1 expression 
was increased by the miR‑421 inhibitor, which was obviously 
abolished by RIPK1‑shRNA (Fig. 3D and E).

The expression of ER stress‑related proteins was next 
examined. A western blotting assay revealed that, compared 
with the control group the protein expression of PERK, eIF2α 
and CHOP was markedly increased in the TM treatment group; 
compared with the TM treatment group, the protein expression 
of PERK, eIF2α and CHOP was obviously decreased in the 
TM + miR‑421 inhibitor group, and this effect was eliminated 
by RIPK1‑shRNA (Fig. 3F).

Effect of the miR‑421 inhibitor on ER stress‑induced human 
melanocyte damage. In order to investigate the effect of 
low expression of miR‑421 on ER stress‑induced damage of 
human melanocytes, an MTT assay and flow cytometry were 
performed. The results indicated that, compared with the 
control group, cell viability (Fig. 4A) was decreased and cell 
apoptosis (Fig. 4B and C) was increased in the TM treatment 
group. Compared with the TM treatment group, the miR‑421 
inhibitor significantly increased the viability of human mela-
nocytes (Fig. 4A) and decreased cell apoptosis (Fig. 4B and C). 
All these changes were notably reversed by RIPK1‑shRNA.
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Effect of the miR‑421 inhibitor on the PI3K/AKT/mTOR 
signaling pathway in TM‑induced human melanocytes. To 
investigate whether PI3K/AKT/mTOR signaling was involved 
in the effect of the miR‑421 inhibitor on TM‑induced human 
melanocytes, the expression of p‑PI3K, PI3K, p‑AKT, AKT, 
mTOR and p‑mTOR in human melanocytes was examined. 
The western blot assay revealed that, compared with the 
control group, the protein expression of p‑PI3K, PI3K, p‑AKT, 

AKT, mTOR and p‑mTOR and the ratio of p‑PI3K/PI3K, 
p‑AKT/AKT and p‑mTOR/mTOR were significantly decreased 
in the TM treatment group and, compared with the TM treat-
ment group, the miR‑421 inhibitor significantly increased the 
protein expression of p‑PI3K, p‑AKT and p‑mTOR in the TM 
+ miR‑421 inhibitor group. The effect of the miR‑421 inhibitor 
on TM‑induced human melanocytes was markedly eliminated 
by RIPK1‑shRNA (Fig. 5). Taken together, these findings 

Figure 1. miR‑421 is upregulated in human melanocytes induced by ER stress. (A) Western blot assay was used to estimate the protein expression of PERK, 
eIF2α and CHOP in human melanocytes treated with 3 µM TM for 48 h. (B) MTT assay was performed to detect cell viability. (C) Flow cytometry and 
(D) analysis was performed to detect cell apoptosis. (E) Reverse transcription‑quantitative PCR assay was performed to detect the expression of miR‑421. Data 
are presented as the mean ± standard deviation. **P<0.01 vs. the control. ER, endoplasmic reticulum; PERK, protein kinase RNA‑like endoplasmic reticulum 
kinase; eIF2α, α subunit of eukaryotic translation initiation factor 2; CHOP, C/EBP homologous protein; FITC, fluorescein isothiocyanate; TM, tunicamycin; 
PI, propidium iodide; miR, microRNA.
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indicate that miR‑421 inhibitor activated the PI3K/AKT/mTOR 
signaling pathway in TM‑induced human melanocytes.

Discussion

The present study demonstrated that the expression of the 
ER stress‑related proteins PERK, eIF2α and CHOP was 
upregulated in human melanocytes treated with 3  µM 
TM for 48 h. Moreover, TM inhibited human melanocyte 
viability and induced apoptosis. The results demonstrated 
that TM increased the expression of miR‑421 in human 
melanocytes. To explore the role of miR‑421, bioinformatics 
analysis was performed to predict its potential target genes. 
TargetScan predicted that RIPK1 was a potential target gene 
of miR‑421. Dual‑luciferase reporter gene assay further 
verified the association between miR‑421 and RIPK1. The 
expression of RIPK1 was downregulated in human mela-
nocytes treated with 3 µM TM for 48 h. Next, the effect 
of the downregulation of miR‑421 on ER stress‑induced 
damage of human melanocytes was investigated. miR‑421 
inhibitor reduced the expression of the ER stress‑related 

proteins PERK, eIF2α and CHOP in human melanocytes 
treated with TM. In addition, the miR‑421 inhibitor 
promoted human melanocyte viability and decreased apop-
tosis, and these effects were reversed by RIPK1‑shRNA. 
Finally, it was observed that the effect of the miR‑421 
inhibitor on human melanocytes was associated with the 
PI3K/AKT/mTOR signaling pathway.

Vitiligo is a non‑continuous skin disease characterized by 
loss of pigment‑producing skin cells (melanocytes), causing 
progressive skin depigmentation (28). At present, the treatment 
of vitiligo is mainly focused on preventing the develop-
ment of the disease and achieving re‑pigmentation of the 
non‑pigmented area. Phototherapy is currently the preferred 
method of vitiligo treatment, but corticosteroids, surgery or 
local immunomodulators are also considered as treatment 
options for vitiligo (29‑31). As a type of oxidative stress, ER 
stress is affected by adverse factors such as ischemia, hypoxia, 
hypoglycemia, drugs or poisons, which cause unfolded proteins 
to accumulate in the lumen of the ER. When the ability of 
the cell to repair is exceeded, the unfolded protein‑mediated 
apoptosis may be induced. 

Figure 2. RIPK1 is a direct target gene of miR‑421. (A) Prediction of miR‑421 targeting RIPK1 by miRNA target gene database TargetScan. (B) RT‑qPCR 
assay was used to detect the expression of miR‑421. (C) Dual‑luciferase reporter gene assay was used to verify the association between miR‑421 and RIPK1. 
(D) Western blot and (E) RT‑qPCR assays were used to measure the expression of RIPK1. Data were presented as the mean ± standard deviation. **P<0.01 vs. the 
control; ##P<0.01 vs. mimic control. RIPK1, receptor‑interacting serine/threonine kinase 1; RT‑qPCR, Reverse transcription‑quantitative PCR; miR/miRNA, 
microRNA; TM, tunicamycin; MUT, mutant; WT, wild‑type; UTR, untranslated.
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Figure 4. miR‑421 inhibitor promotes viability and inhibits apoptosis in TM‑induced human melanocytes. (A) MTT assay was performed to detect cell 
viability. (B) Flow cytometry and (C) analysis was performed to detect cell apoptosis. Data were presented as the mean ± standard deviation. **P<0.01 vs. 
the control; ##P<0.01 vs. TM; &&P<0.01 vs. TM + miR‑421 inhibitor. TM, tunicamycin; miR, microRNA; sh, short hairpin; FITC, fluorescein isothiocyanate; 
PI, propidium iodide.

Figure 3. Effect of miR‑421 inhibitor on the expression of ER stress‑related proteins in TM‑induced human melanocytes. (A) RT‑qPCR analysis detected the 
expression of miR‑421 in human melanocytes transfected with inhibitor control or miR‑421 inhibitor for 24 h. (B) RT‑qPCR and (C) western blotting assays 
detected the expression of RIPK1 in human melanocytes transfected with control‑shRNA or RIPK1‑shRNA for 24 h. (D) RT‑qPCR assay and (E) western blot-
ting assay were performed to detect the expression of RIPK1 in human melanocytes. (F) Western blot analysis of the protein expression of PERK, eIF2α and 
CHOP in human melanocytes. Data were presented as the mean ± standard deviation. **P<0.01 vs. the control; ##P<0.01 vs. miR‑421 inhibitor. ER, endoplasmic 
reticulum; TM, tunicamycin; RIPK1, receptor‑interacting serine/threonine kinase 1; PERK, protein kinase RNA‑like endoplasmic reticulum kinase; eIF2α, α 
subunit of eukaryotic translation initiation factor 2; CHOP, C/EBP homologous protein; RT‑qPCR, reverse transcription‑quantitative PCR; miR, microRNA; 
sh, short hairpin.
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It was previously demonstrated that miRNAs are involved 
in a number of key developmental pathways and different 
miRNAs may be associated with different diseases, such as 
inflammatory diseases, infections, developmental disorders 
and cancer (32). It has been reported that miR‑211 plays a 
key role in the pathophysiology of human vitiligo and may be 
located at the apex of the normal melanocyte gene network (33). 
Shi et al (34) reported that overexpression of miR‑25 promoted 
H2O2‑induced melanocyte destruction and led to melanocyte 
dysfunction. miR‑421, a specific miRNA, has been shown to 
promote the development of neuroblastoma through targeting 
the tumor suppressor Menin (35). Wu et al (16) indicated that 
miR‑421 may regulate cell apoptosis via mediating caspase‑3 
in gastric cancer. However, to the best of our knowledge, there 
is currently no report on the role of miR‑421 in vitiligo devel-
opment. The results of the present study demonstrated that 
miR‑421 expression was upregulated in human melanocytes 
induced by ER stress. 

RIPK1 is a crucial regulator of TNFR1 signaling (17). It has 
been reported that RIPK1 is a target gene of miR‑24‑3p (36). 
In the present study, it was demonstrated by the dual‑luciferase 
reporter assay that RIPK1 is a target of miR‑421. Moreover, 
RIPK1 expression was downregulated in TM‑induced human 
melanocytes. 

ER stress activates the unfolded protein response pathways 
by inducing PERK, which increases the phosphorylation 
level of eIF2α and the transcription activation of CHOP (37). 
Apoptosis mediators, such as PERK, CHOP and eIF2α, are 
involved in ER stress‑associated cell death (38). These events 
indicate that ER stress activation of PERK, eIF2α and CHOP 
protein expression plays a critical role in TM‑induced human 
melanocyte apoptosis. Furthermore, PERK, eIF2α and CHOP 
protein expression inhibition may inhibit ER stress‑induced 
human melanocyte apoptosis, thus playing a protective role 
in vitiligo. As expected, the present study revealed that TM 
significantly increased the protein level of PERK, CHOP and 

Figure 5. miR‑421 inhibitor activates the PI3K/AKT/mTOR signaling pathway in TM‑induced human melanocytes. (A) Western blot assay was performed to 
detect the protein expression of p‑PI3K, PI3K, p‑AKT, AKT, mTOR and p‑mTOR in human melanocytes. The ratio of (B) p‑PI3K/PI3K, (C) p‑AKT/AKT and 
(D) p‑mTOR/mTOR was calculated and presented. Data were presented as the mean ± standard deviation. **P<0.01 vs. control; ##P<0.01 vs. TM; &&P<0.01 
vs. TM + miR‑421 inhibitor. TM, tunicamycin; PI3K, phosphoinositide3‑kinase; p‑AKT, phosphorylated‑protein kinase B; mTOR, mammalian target of 
rapamycin.
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eIF2α in human melanocytes. The miR‑421 inhibitor reduced 
the expression of the ER stress‑related proteins PERK, eIF2α 
and CHOP in human melanocytes treated with TM, and these 
effects were reversed by RIPK1‑shRNA. Next, it was observed 
that low expression of miR‑421 relieved ER stress‑induced 
human melanocyte damage, but this effect was reversed by 
RIPK1‑shRNA.

The PI3K/AKT/mTOR signaling pathway has been found 
to be associated with cell survival  (21). Growth factors 
may protect against oxidative stress‑induced apoptosis 
through activation of the AKT and mTOR pathways (22‑24). 
AKT/mTOR complex activation suppresses ultraviolet‑induced 
skin cell damage (39). PSORI‑CM02, an empirically devel-
oped Chinese medicinal formula optimized from Yin Xie 
Ling, successfully treated psoriasis by inducing autophagy 
via inhibition of the PI3K/Akt/mTOR pathway  (40). The 
PI3K/AKT/mTOR pathway has also been reported to play a 
critical role in atopic dermatitis (41). In addition, indirect data 
indicated that α‑MSH stimulated melanogenesis through the 
activation of the MEK/ERK or PI3K/AKT pathways  (25). 
Modulation of the PI3K/AKT and mTOR pathway may be a 
novel approach to the clinical management of vitiligo (26). A 
previous study indicated that Nrf2 negatively regulates mela-
nogenesis by modulating the PI3K/Akt signaling pathway (42). 
The α‑MSH‑induced activation of the mTORC1 pathway, 
inhibited by rapamycin, helps to maintain dendrites of mela-
nocytes under oxidative stress (26). Sustained PI3K activity 
can protect melanocytes from apoptosis, thereby indicating 
that the PI3K/AKT pathway plays a pivotal role in melano-
cyte survival (43). In the present study, it was investigated 
whether the miR‑421 inhibitor affected the PI3K/AKT/mTOR 
signaling pathway in human melanocytes under ER stress and 
the results were the first to prove that ER stress inhibited the 
PI3K/AKT/mTOR signaling pathway in human melanocytes 
which was significantly activated by miR‑421 inhibitor, while 
this effect was eliminated by RIPK1‑shRNA. 

In conclusion, the miR‑421 inhibitor may protect human 
melanocytes from ER stress‑induced cell damage through 
regulating PI3K/AKT/mTOR signaling and ER stress signaling 
by targeting RIPK1. The findings of the present study may 
provide a new therapeutic target and a theoretical basis for the 
treatment of vitiligo.
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