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RIPK1 regulates the survival of human melanocytes
upon endoplasmic reticulum stress
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Abstract. Vitiligo is a common congenital or acquired disfig-
uring skin disorder. At present, endoplasmic reticulum (ER)
stress has been identified to serve a critical role in the pathogen-
esis of vitiligo. Receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) is a protein serine/threonine kinase. The
specific molecular mechanism of RIPK1 in human melano-
cytes upon ER stress remains to be determined. In the present
study, RIPK1 was significantly downregulated in tunicamycin
(TM)-induced ER stressed-human melanocytes. Subsequently,
to explore the role of RIPK1 in ER stress-induced human mela-
nocytes, human melanocytes were transfected with control or
RIPK1 plasmids for 24 h and then treated with 3 uM TM for
48 h. Reverse transcription-quantitative PCR and western blot
analysis indicated that the expression levels of protein kinase
R-like endoplasmic reticulum kinase, eukaryotic translation
initiation factor 2 subunit 1 and CCAAT-enhancer-binding
protein homologous protein were significantly increased in the
TM-treated group compared with the controls. In addition, the
effect of high RIPK1 expression on ER stress-induced human
melanocyte survival was studied. The present results indicated
that TM inhibited cell viability and promoted apoptosis in
human primary epidermal melanocytes. Western blot analysis
demonstrated that the expression of Bax and caspase-3 was
upregulated and the expression of Bcl-2 was downregulated
in TM-treated human melanocytes. The effects of TM on
human melanocytes were reversed by RIPK1 overexpression.
Therefore, RIPK1 overexpression may have an effect on the
PIBK/AKT/mTOR signaling pathway in human melanocytes
under ER stress. The results of the current study demonstrated
that RIPK1 could protect human melanocytes from cell damage
induced by ER stress by regulating the PI3K/AKT/mTOR and
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ER stress signaling pathways, thereby serving a protective role
in the occurrence and development of vitiligo.

Introduction

Vitiligo is a common congenital or acquired disfiguring skin
disorder related to melanocyte destruction. The incidence of
vitiligo is 0.5-1.0% worldwide (1,2), and causes the skin to lose
its natural pigmentation (3). The incidence of vitiligo is not
related to age, sex, skin type or ethnicity (4). The endoplasmic
reticulum (ER) is an important organelle that is mainly respon-
sible for protein biosynthesis, folding and the maintenance of
cell homeostasis (5). However, under certain physiological
and pathological conditions, protein folding may be severely
impaired, causing ER stress (6). As a result, a specific ER
stress response pathway will be activated, which can lead to
apoptosis (7). Tyrosinase is a rate-limiting enzyme that cata-
lyzes the production of melanin in melanocytes (8). Tyrosinase
is critical for melanogenesis and plays a key role in a number
of pigment-deficient diseases. Le Poole et al (9) indicated that
vitiligo-related gene 1 expression was decreased in vitiligo
patients compared with the healthy controls, which may be
due to the transfer of tyrosinase in the ER, but the specific
mechanism behind this process remain to be elucidated.

Receptor-interacting serine/threonine-protein kinase 1
(RIPK1) was first reported to serve a crucial role in necrop-
tosis (10). Necroptosis is a form of programmed cell death in
development, inflammation and tissue homeostasis (11). The
function of necroptosis is to regulate downstream molecules
through post-transcriptional modifications, including phos-
phorylation and ubiquitination (12). RIPK1 has a major impact
on liver pathogenesis and liver disease prognosis (13,14).
Previous research has indicated that RIPK1-mediated necrotic
apoptosis can also occur in neuronal cells, leading to neurode-
generative disease (15). However, to the best of our knowledge,
the role of RIPK1 in vitiligo remains undetermined.

A previous study reported that the PI3K/AKT/mTOR
pathway is associated with cell survival in response to oxida-
tive stress (16). Growth factors may protect against oxidative
stress-induced apoptosis through the activation of the AKT
and mTOR pathways (17-19). Furthermore, another study
suggested that a-melanocyte-stimulating hormone stimulated
melanogenesis through activating the mitogen-activated
protein kinase kinase/ERK or PI3K/AKT pathways (20).
Regulation of the PI3K/AKT/mTOR signaling pathway has
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been reported to be a novel approach for the clinical treatment
of vitiligo (21). Moreover, the association between RIPK1 and
the PI3K/AKT/mTOR pathway in melanocytes under ER stress
remains largely unclear. Therefore, the present study aimed to
explore the mechanisms of action of RIPK1 in ER-stressed
human melanocytes.

Materials and methods

Cell culture and treatment. Human primary epidermal melano-
cytes were acquired from American Type Culture Collection.
Cells were cultured in Medium 254 (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with human melanocyte growth
supplement (Gibco; Thermo Fisher Scientific, Inc.) at 37°C and
5% CO,.

To induce ER stress, human primary epidermal mela-
nocytes (1x10° cells per well) were treated with 3 yM
tunicamycin (TM; Sigma-Aldrich; Merck KGaA) (22) at 37°C
for 24,48 and 72 h.

Primary epidermal melanocytes were transfected with 1 ug
control plasmid (cat no. sc-437275; Santa Cruz Biotechnology,
Inc.) or 1 g RIPK1 plasmid (cat no. sc-422681-ACT; Santa Cruz
Biotechnology, Inc.) for 24 h using Lipofectamine® 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with
the manufacturer's protocol. Reverse transcription-quantitative
PCR (RT-gPCR) and western blot analysis were used to detect
the efficiency of cell transfection. 24 h after cell transfection,
subsequent experiments were performed.

RT-qPCR. Total RNA was isolated from human primary
epidermal melanocytes using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific Inc.) and cDNA was synthesized using
a High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) following the manu-
facturer's protocol. The following thermocycling conditions
were used: 70°C for 5 min, 37°C for 5 min and 42°C for 60 min.
Subsequently, qPCR was performed using the SYBR Green PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The following thermocycling conditions were used for the qPCR:
Initial denaturation at 95°C for 5 min; 40 cycles of 95°C for 10 sec,
60°C for 20 sec and a final extension at 72°C for 30 sec. The
following primer pairs were used for the jPCR: GAPDH forward,
5'"TGTTGCCATCAATGACCCCTT-3' and reverse, 5'-CTC
CACGACGTACTCAGCG-3'; RIPK1 forward, 5-AGGCTT
TGGGAAGGTGTCTC-3' and reverse, 5'-CGGAGTACTCAT
CTCGGCTTT-3"; protein kinase R-like endoplasmic reticulum
kinase (PERK) forward, 5“-TCCTGCTTTGCATCGTAGCC-3'
and reverse, 5'-GATGGAAAAGCCTGCGCA-3'; eukaryotic
translation initiation factor 2 subunit 1 (eIF2a) forward, 5'-CTC
CTGAAAGCAGCAACCTC-3" and reverse, 5'-GACCGAGAT
GAAGCATCGTG-3' and CCAAT/enhancer-binding protein
epsilon (CHOP) forward, 5-CTTCCATGTAGCGGAGTCCT-3'
and reverse, 5'-GTGAGAGCCAGTCTCCCTTT-3'. Relative
gene expression was quantified using the 244°4 method (23).
GAPDH was used as the internal control.

Western blot analysis. Total protein was extracted using
ice-cold RIPA buffer (Beyotime Institute of Biotechnology)
according to the manufacturer's protocol. BCA assays
(Thermo Fisher Scientific, Inc.) were used to measure the
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protein concentrations. Protein samples (40 ug/lane) were sepa-
rated by 12% SDS-PAGE and transferred to PVDF membranes
(EMD Millipore). The membranes were blocked with 5% skim
milk in TBS containing 0.1% Tween for 2 h at room tempera-
ture. The membranes were then incubated with the following
primary antibodies: RIPK1 (cat. no. 3493; 1:1,000; Cell
Signaling Technology, Inc.), PERK (cat. no. 5683; 1:1,000; Cell
Signaling Technology, Inc.), eIF2a (cat. no. 5324; 1:1,000;
Cell Signaling Technology, Inc.), CHOP (cat no. 2895; 1:1,000;
Cell Signaling Technology, Inc.), caspase-3 (cat. no. 14220;
1:1,000; Cell Signaling Technology, Inc.), Bcl-2 (cat. no. 3498;
1:1,000; Cell Signaling Technology, Inc.), Bax (cat. no. 5023;
1:1,000; Cell Signaling Technology, Inc.), phospho (p)-AKT
(cat. no. 4060; 1:1,000; Cell Signaling Technology, Inc.),
p-mTOR (cat. no. 5536; 1:1,000; Cell Signaling Technology,
Inc.), p-PI3K (cat. no. BS4811; 1:1,000; Biogot Technology
Co., Ltd.) and GAPDH (cat. no. 5174; 1:1,000; Cell Signaling
Technology, Inc.) overnight at 4°C. Subsequently, the
membranes were incubated with horseradish peroxidase-conju-
gated anti-mouse/anti-rabbit Immunoglobulin G secondary
antibodies (cat. nos. 7076 and 7074; 1:1,000; Cell Signaling
Technology, Inc.) at room temperature for 2 h. Protein bands
were visualized by enhanced chemiluminescence (EMD
Millipore). GAPDH was used as the loading control. ImageJ
version 2.0 software (National Institutes of Health) was used
to quantify the band intensity.

Flow cytometric analysis of apoptosis. Cell apoptosis was
detected using the Annexin-V/propidium iodide (PI) Apoptosis
Detection kit [cat. no. 70-AP101-100; Hangzhou Multi Sciences
(Lianke) Biotech Co., Ltd.]. Human melanocytes were plated in
six-well plates at a density of 2-3x10° cells per well overnight.
Cells were then transfected with control or RIPK1 plasmids for
24 h, followed by treatment with 3 uM TM for 48 h. Cells were
then collected by centrifugation (1,000 x g; 5 min; 4°C), and
resuspended in 100 pl of FITC-binding buffer. Subsequently,
the buffer was added to 5 ul ready-to-use Annexin V-FITC
(BD Biosciences) and 5 ul PI. Cells were incubated in the
dark for 30 min at room temperature. Annexin V-FITC and
PI fluorescence were assessed using a BD FACSCalibur flow
cytometer (BD Biosciences), and the data were analyzed using
FlowlJo software (version 7.6.1; FlowJo LLC).

MTT assay. Human melanocyte viability was determined
using an MTT assay. Human melanocytes were plated in
96-well plates at a density of 5x10° cells/well. Human mela-
nocytes were transfected with control or RIPK1 plasmids for
24 h and then treated with 3 uM TM for 48 h. Subsequently,
20 ul MTT reagent (Sigma-Aldrich; Merck KGaA) was added
into each well for another 4 h at 37°C. Subsequently, 150 pul
DMSO (Sigma-Aldrich; Merck KGaA) was added into each
well and shaken for 15 min. The optical density values were
read at a wavelength of 490 nm using the FLUOstar® Omega
Microplate Reader (BMG Labtech GmbH).

Statistical analysis. Data are presented as the mean + stan-
dard deviation of at least three independent experiments.
One-way ANOVA followed by Tukey's post-hoc test was used
for multiple comparisons. Unpaired Student's t-test was used
to analyze the statistical significance between two groups.
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Figure 1. RIPK1 expression is downregulated with the increase of TM treatment time. (A) Western blot analysis was performed to detect the expression of
PERK, elF2a and CHOP in human melanocytes treated with 3 uM TM for 24, 48 or 72 h. (B) MTT assay was performed to detect cell viability. (C) Flow
cytometry plots and (D) cell apoptosis rates of cells treated with 3 uM TM. (E) Reverse transcription-quantitative PCR and (F) Western blot analysis were
performed to detect RIPK1 expression. "P<0.05 and “P<0.01 vs. 0 h TM treatment group. RIPK1, receptor-interacting serine/threonine-protein kinase 1;
PERK, protein kinase R-like endoplasmic reticulum kinase; eIF2a, eukaryotic translation initiation factor 2 subunit 1; CHOP, CCAAT-enhancer-binding

protein homologous protein; TM, tunicamycin.

P<0.05 was considered to indicate a statistically significant
difference.

Results

Expression of RIPKI in human melanocytes induces ER
stress. To explore the role of RIPK1 in ER stress-induced
human melanocytes, cells were treated with 3 uM TM for
24, 48 and 72 h. Firstly, the expression of ER stress-related
proteins in human melanocytes induced by ER stress was
investigated. Western blot analysis indicated that the expres-
sion of ER stress-related proteins, including PERK, e[F20 and

CHOP was upregulated in a time-dependent manner (Fig. 1A),
indicating that 3 M TM activated ER stress in human melano-
cytes. MTT assay indicated that TM significantly inhibited cell
viability (Fig. 1B) and induced cell apoptosis (Fig. 1C and D)
in a time-dependent manner in human melanocytes compared
with the control. RT-qPCR and western blot analysis results
indicated that RIPK1 expression decreased with the increase
of TM treatment time (Fig. 1E and F). RIPK1 expression was
decreased in human melanocytes induced by ER stress.

Transfection efficiency of RIPKI plasmid in human melano-
cytes. Human melanocytes were transfected with control or
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Figure 2. Transfection efficiency of RIPK1 plasmid in human melanocytes. (A) Reverse transcription-quantitative PCR and (B) western blot analysis were
performed to detect the expression of RIPK1 in human melanocytes transfected with control or RIPK1 plasmids for 24 h. “P<0.01 vs. control group. RIPK1,
receptor-interacting serine/threonine-protein kinase 1.
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Figure 3. RIPK1 upregulation reduces the expression of endoplasmic reticulum stress-related proteins in human melanocytes. Human melanocytes were
transfected with control or RIPK1 plasmids for 24 h and treated with 3 xM TM for 48 h. (A) Western blot analysis was performed to detect the expression
of RIPK1, PERK, elF20 and CHOP in human melanocytes. Reverse transcription-quantitative PCR was performed to detect the expression of (B) RIPK1,
(C) PERK, (D) elF2a and (E) CHOP in human melanocytes at the mRNA level. “"P<0.01 vs. control group; “P<0.05 and *P<0.01 vs. TM treatment group.
RIPK]1, receptor-interacting serine/threonine-protein kinase 1; PERK, protein kinase R-like endoplasmic reticulum kinase; eIF2a, eukaryotic translation
initiation factor 2 subunit 1; CHOP, CCA AT-enhancer-binding protein homologous protein; TM, tunicamycin.
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Figure 4. Effect of RIPK1 upregulation on the growth of human melanocytes induced by endoplasmic reticulum stress. Human melanocytes were transfected
with control or RIPK1 plasmid for 24 h and treated with 3 xM TM for 48 h. (A) MTT assay was performed to investigate cell viability. (B) Flow cytometry
plots and (C) cell apoptosis rates of cell. (D) Western blot analysis was performed to detect the expression of Bax, caspase-3 and Bcl-2 at protein level. “P<0.01
vs. control group; #P<0.01 vs. TM treatment group. RIPK1, receptor-interacting serine/threonine-protein kinase 1; TM, tunicamycin.

RIPK1 plasmids for 24 h. RT-qPCR and western blot analysis
were performed to detect transfection efficiency. RT-qPCR
results demonstrated that compared with the control group, the
mRNA expression of RIPK1 significantly increased in RIPK1
plasmid-transfected human melanocytes (Fig. 2A). Similar
results were observed in the western blot analysis assay (Fig. 2B).

Effect of RIPKI upregulation on the expression of ER
stress-related proteins in human melanocytes. To investigate
the effect of high RIPK1 expression on the expression of ER
stress-related proteins in human melanocytes, the expression of
PERK, elF20 and CHOP were examined using RT-qPCR and
western blot analysis. The results revealed that RIPK1 protein
expression decreased while PERK, elF2a and CHOP protein
expression increased in the TM-treated group compared with
the control group (Fig. 3A). Additionally, RIPK1 expression
increased (Fig. 3A) while protein expression of PERK, elF2a
and CHOP decreased in the TM + RIPKI1-plasmid group

compared with the TM-treated group (Fig. 3A). Similar results
were observed in the RT-qPCR assays (Fig. 3B-E).

Effect of RIPKI upregulation on the survival of ER
stress-induced human melanocytes. The effect of high RIPK1
expression on the survival of ER stress-induced human mela-
nocytes was investigated. MTT and flow cytometry assays
revealed that compared with the control group, the cell viability
of human melanocytes was significantly reduced, while cell
apoptosis significantly increased in the TM treatment groups.
RIPK1 plasmid transfection was indicated to significantly
increase cell viability (Fig. 4A) and decrease cell apoptosis
compared with the TM treatment groups (Fig. 4B and C). The
expression of apoptosis-related proteins was also assessed.
The results of western blot analysis indicated that compared
with the control group, the protein expression of Bax and
caspase-3 increased while Bcl-2 expression decreased in the
TM treatment group. RIPK1 plasmid transfection decreased
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Figure 5. Relationship between high RIPK1 expression and the PI3K/AKT/mTOR signaling pathway in endoplasmic reticulum stress-induced human mela-
nocytes. Human melanocytes were transfected with control or RIPK1 plasmids for 24 h and treated with 3 uM TM for 48 h. (A) Western blot analysis
was performed to detect the expression of p-PI3K, p-AKT and p-mTOR. The relative protein levels of (B) p-PI3K, (C) p-AKT and (D) p-mTOR in human
melanocytes. “P<0.01 vs. control group; “P<0.01 vs. TM treatment group. RIPK1, receptor-interacting serine/threonine-protein kinase 1; TM, tunicamycin;

p-PI3K, phospho-PI3K; p-AKT, phospho-AKT; p-mTOR, phospho-mTOR.

Bax and caspase-3 protein expression and increased Bcl-2
protein expression compared with the TM treatment group
(Fig. 4D). Therefore, overexpression of RIPK1 reversed cell
growth inhibition induced by TM treatment.

Effect of RIPKI upregulation on the PI3K/AKT/mTOR
signaling pathway in human melanocytes. Western blot
analysis demonstrated that compared with the control group,
the protein expression of p-PI3K (Fig. SA and B), p-AKT
(Fig. 5A and C) and p-mTOR (Fig. 5A and D) significantly
decreased in the TM treated group, but this effect was reversed
by RIPK1 plasmid transfection (Fig. 5). Taken together, the
results indicated that the effect of RIPK1 overexpression
on human melanocyte growth may be associated with the
PI3K/AKT/mTOR signaling pathway.

Discussion

Vitiligo is a common congenital or acquired skin disease that
is characterized by loss of melanocytes, causing progressive
skin depigmentation (24). Currently, vitiligo treatment mainly
prevents disease development and achieves repigmentation in
non-pigmented areas (25,26). Phototherapy is currently the

preferred method of vitiligo treatment, but corticosteroids,
surgery or local immunomodulators are also used (27-29).

The ER stress response is a cellular process that can be
aroused by different conditions that cause homeostatic imbal-
ance (5). ER stress was reported to relate to the pathogenesis
of a variety of diseases, including neurodegeneration, inflam-
mation or cancer (30-33). Emerging evidence has suggested
that pharmacological targeting of ER stress can be an effec-
tive therapeutic strategy for treating tumors (34-36). Different
natural compounds induced ER stress-mediated death in
cancer cells (37). ER stress was also identified to serve a
critical role in the pathogenesis of vitiligo (38-40). However,
to the best of our knowledge, the mechanism behind vitiligo
pathogenesis caused by ER stress remains to be determined.
In the present study, TM enhanced the protein expression
of ER stress-related proteins PERK, e[F2a and CHOP in a
time-dependent manner. TM inhibited cell viability and
induced apoptosis in human melanocytes.

RIPK1 is a crucial regulator of tumor necrosis factor
receptor 1 signaling (41). RIPK1 regulates the balance
between cell survival, apoptosis and necrotic apoptosis after
the stimulation of tumor necrosis factor-a (42). In addition,
several studies have indicated that RIPK1 promotes or inhibits
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the effector functions of caspase-8 and RIPK3 (43-45). In
the present study, RIPK1 expression was demonstrated to be
downregulated in human melanocytes induced by ER stress.

Previous studies have demonstrated that RIPK1 over-
expression may lead to apoptosis in a number of cell
types (16,46). Luan et al (22) demonstrated that RIPK1 is
important for the survival of melanoma cells undergoing phar-
macological ER stress. The results of the present study showed
that TM inhibited the survival of human melanocytes, but
this effect was reversed by RIPK1 plasmid transfection. The
PIBK/AKT/mTOR pathway has been indicated to be associated
with cell survival in response to oxidative stress (20) and mela-
nogenesis (17). Activation of the PI3K/AKT/mTOR pathway
could reduce oxidative stress-induced apoptosis (18,19). The
present study explored whether the role of RIPK1 in melano-
cyte damage induced by oxidative stress was associated with
the PI3K/AKT/mTOR pathway. ER stress-induced inhibition
of the PI3K/AKT/mTOR signaling pathway in human melano-
cytes was significantly suppressed by RIPK1 overexpression.

In conclusion, RIPK1 may protect human melanocytes
from cell damage induced by ER stress by regulating the
PI3K/AKT/mTOR and ER stress signaling pathways. The
results of the current study indicated that RIPK1 might protect
melanocytes from ER stress induced damage. Therefore,
RIPK1 might serve a protective role in the occurrence and
development of vitiligo. The present research provides poten-
tial therapeutic targets and theoretical basis for the treatment
of vitiligo. However, the present study is a preliminary study
exploring the role of RIPK1 in vitiligo. To elucidate the
role of RIPK1 in vitiligo further, future in-depth research is
required. For example, the effect of RIPK1 on melanocytes
from vitiligo patients should be investigated. The relationship
between RIPK1 and PI3K/AKT/mTOR signaling pathway in
human melanocytes also requires more in-depth research. The
effect of RIPK1 in vitiligo should be investigated in vivo in
the future.
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