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Summary

Background Human skin, which is constantly exposed to solar ultraviolet radiation
(UVR), has a unique ability to respond by increasing its pigmentation in a pro-
tective process driven by melanogenesis in human epidermal melanocytes
(HEMs). However, the molecular mechanisms used by HEMs to detect and
respond to UVR remain unclear.
Objectives To investigate the function and potential mechanism of opsin 5 (OPN5),
a photoreceptor responsive to UVR wavelengths, in melanogenesis in HEMs.
Methods Melanin content in HEMs was determined using the NaOH method, and
activity of tyrosinase (TYR) (a key enzyme in melanin synthesis) was determined
by the L-DOPA method. OPN5 expression in UVR-treated vs. untreated HEMs
and explant tissues was detected by reverse-transcription quantitative polymerase
chain reaction (RT-qPCR), Western blotting and immunofluorescence. Short
interfering RNA-mediated OPN5 knockdown and a lentivirus OPN5 overexpres-
sion model were used to examine their respective effects on TYR, tyrosinase-re-
lated protein 1 (TRP1), TRP2 and microphthalmia-associated transcription factor
(MITF) expression, under UVR. Changes in expression of TYR, TRP1 and TRP2
caused by changes in OPN5 expression level were detected by RT-qPCR and
Western blot. Furthermore, changes in signalling pathway proteins were assayed.
Results We found that OPN5 is the key sensor in HEMs responsible for UVR-in-
duced melanogenesis. OPN5-induced melanogenesis required Ca2+-dependent G
protein-coupled receptor- and protein kinase C signal transduction, thus con-
tributing to the UVR-induced MITF response to mediate downstream cellular
effects, and providing evidence of OPN5 function in mammalian phototransduc-
tion. Remarkably, OPN5 activation was necessary for UVR-induced increase in
cellular melanin and has an inherent function in melanocyte melanogenesis.
Conclusions Our results provide insight into the molecular mechanisms of UVR
sensing and phototransduction in melanocytes, and may reveal molecular targets
for preventing pigmentation or pigment diseases.

What is already known about this topic?

• Ultraviolet radiation (UVR) induces a protective response to DNA damage mediated

by melanin synthesis in human epidermal melanocytes (HEMs).

• Tyrosinase (TYR), with tyrosinase-related proteins (TRP1, TRP2), are the key

enzymes for melanin synthesis.

• Microphthalmia-associated transcription factor regulates key genes for melanocyte

development and differentiation, and can stimulate melanogenesis by activating

transcription of TYR and other pigmentation genes, including TRP1.
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• Opsin 5 (OPN5) is known to function as a photoreceptor responsive to wave-

lengths in the near UV spectrum.

What does this study add?

• UVR induces melanogenesis in HEMs via OPN5.

• OPN5 regulates expression of TYR, TRP1 and TRP2 through the calcium-dependent

G protein-coupled and protein kinase C signalling pathways.

• OPN5 has an inherent role in HEMs in mediating melanogenesis.

What is the translational message?

• OPN5 was discovered as a key sensor for UVR-induced melanogenesis in human

skin melanocytes.

• It could be a target for early treatment of pigmentation or pigment diseases, to

provide a more personalized and economically feasible method.

Skin provides a protective barrier from the external environ-

ment.1,2 Solar ultraviolet radiation (UVR) is known as the

main factor for stimulating pigmentation of the skin.3,4 UVR-

induced pigmentation is a protective response mediated by

melanogenesis in human epidermal melanocytes (HEMs) to

shield DNA from UVR-induced damage.2,5 Solar UVR at the

Earth’s surface is comprised of � 95% UVA (320–400 nm)

and � 5% UVB (280–320 nm),6 and human skin elicits dif-

ferent responses to the two types of UVR.

When the skin is exposed to UVB radiation, keratinocytes

synthesize various biochemical factors, such as a-melanocyte

stimulating hormone, endothelin-1, stem cell factor and pros-

taglandin E2.
7 These keratinocyte-derived factors are trans-

ported to melanocytes in a paracrine manner, and through a

series of signal transduction events they induce microph-

thalmia-associated transcription factor (MITF) activation,

which leads to transcriptional activation of tyrosinase-related

proteins (TRPs) in HEMs, and to melanogenesis.7

UVA causes primarily oxidative damage and leads to immedi-

ate pigment darkening within minutes8 via an unknown mech-

anism. Some recent studies have found that the UVA activation

pathway in HEMs is mediated by TRP channels and leads to

rapid Ca2+ release from internal stores and Ca2+-dependent early

melanogenesis.2 However, little is known about the mechanism

of UVR (UVA) sensing and phototransduction in HEMs.

Opsins (OPNs) belong to the photosensitive G protein-coupled

receptor (GPCR) superfamily, which mediate phototransduction

through GPCR signalling pathways.9–12 Opsins are light sensitive

due to a bound chromophore, retinal, which, in either the cis or

all-trans form, initiates UV-activated signal transduction.2 Opsins

act as photoreceptors in animals and participate in light adapta-

tion to the external environment. Recently, expression of pho-

toreceptors (opsins) in skin has been reported in several

organisms, including humans and mice.13–19 The functions of

these opsins are still being determined. Neuropsin (OPN5) is

another opsin family member. The gene was previously found

in mouse and human genomes, with mRNAs detected in mam-

malian neural tissue, and the protein found in skin and eyes of

mice and humans.17,20–27 Studies have shown that OPN5 can

respond to the wavelength of violet light

(kmax = 380 nm).21,28,29 Some researchers observed that OPN5

is involved in regulating the seasonal breeding behaviour of birds

and the activity cycle of mice;22,30 it also mediates the entrain-

ment of circadian light in the retina.26 Another study showed

that the OPN5–dopamine pathway mediates light-dependent

development of blood vessels in mouse eyes.21 In addition, a

study has shown that OPN5 is expressed in the hypothalamus

and mediates phototransduction of violet light to inhibit thermo-

genesis of hypothalamic neurons.24 Although current research

indicates that OPN5 may participate in mammalian physiological

responses as a photoreceptor,24 the role of OPN5 in the HEM

reaction to UVR leading to melanogenesis is still unclear.

Here, we demonstrate that OPN5 is the key sensor in HEMs

responsible for UVR-induced melanogenesis. OPN5-mediated

melanin production is activated by protein kinase C (PKC)

through the G protein–calcium signalling pathway. After phos-

phorylation of PKC, MITF is further activated, and finally,

expression of tyrosinase (TYR), TRP1 and TRP2 is upregu-

lated. In addition, OPN5 plays an inherent role in the synthe-

sis of melanocyte pigments. Our research provides insights

into the molecular mechanisms of UVR in human skin mela-

nocytes and may reveal molecular targets for preventing

pigmentation or pigment diseases.

Materials and methods

Cell and explant culture

HEMs from children’s foreskin, acquired from Affiliated

Hospital of Guizhou Medical University, Guiyang, China, were

cultured in Medium 254 (M254500; Cascade Biologics�,

Thermo Fisher Scientific, Waltham, MA, USA) and Human
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Melanocyte Growth Supplement (S0165; Cascade Biologics),

and propagated for ≤ 7 population doublings. PIG1 (an

immortalized human melanocyte cell line) was purchased

from ATCC (ATCC� CRL-2208TM; ATCC, Manassas, VA, USA)

and maintained in Gibco Dulbecco’s Modified Eagle Medium

(DMEM) (11965092; Thermo Fisher) supplemented with 10%

fetal bovine serum (FBS) (FBSSA500-S; AusGeneX, Molendinar,

QLD, Australia). Foreskin explants were cultured in DMEM sup-

plemented with 10% FBS. Cells and explants were cultured at

37 °C in a humidified incubator with 5% CO2.

Pharmacological preparation and storage

All-trans retinal [R2500; Sigma-Aldrich (Shanghai) Trading Co.

Ltd., Shanghai, China] stocks (12 mmol L–1) were prepared in

100% ethanol under dim red light and stored in the dark in

brown glass vials at –20 °C until use.

ML329 (HY-101464; MedChemExpress, Princeton, NJ,

USA) stocks (12 mmol L–1) were prepared in 100% dimethyl

sulfoxide and stored in the dark in brown glass vials at –
20 °C or –80 °C until use.

Cell viability tests: optimization of ultraviolet radiation

and all-trans retinal dose

Cell viability was determined using the Cell Counting Kit-8

(CCK-8; Dojindo, Kumamoto, Japan). HEMs were incubated

overnight in 96-well culture plates at a concentration of

1�2 9 104 cells per well. When 70–80% confluence was

reached, cells were irradiated with UVR. Following 48 h of

incubation, 10 µL CCK-8 solution was added and incubated at

37 °C for an additional 2 h. Absorbance at 450 nm was then

measured, and cell viability was calculated as the percentage

of the absolute optical density of each sample relative to that

of the control value. To optimize UVR dose and all-trans retinal

dose, we first determined the effects of different doses of UVR

(1�5, 2�5, 3�5, 4�5 or 5�5 J cm–2) and of all-trans retinal (0�1,
0�25, 0�5, 1, 2, 4 or 6 µmol mL–1) on the viability of HEMs,

as described (Figure S1; see Supporting Information). The

1�5-J cm–2 UVR dose and 0�5 µmol mL–1 all-trans retinal were

used in subsequent experiments.

Ultraviolet radiation assays

UVR irradiation was carried out using a UV light therapy

unit (Sigma High-tech Co., Ltd, Shanghai, China). We used a

dichroic mirror (280–400 nm) combined with 280-nm long-

pass and 400-nm shortpass filters for total UVR. The UV dose

was measured using a UV radiometer (Sigma High-tech). The

UVR radiation dose (1�5 J cm–2, 30 W cm–2 for 1–1�5 min)

was applied at a controlled temperature (37 � 0�5 °C), and

cells were harvested after 24 or 48 h for use in experiments.

After each stimulus, explants or cells were returned to the

original incubator at 37 � 0�5 °C. Control cells were also

subjected to similar conditions but were not exposed to

UVR.

Melanin identification and quantification

Fontana-Masson staining

HEMs were seeded into 12-well plates at a density of

1�2 9 104 cells. After 24 h in the plates, the cells were

exposed to 1�5 J cm–2 UVR for 48 h, then fixed with 4%

paraformaldehyde (30525-89-4; Sigma-Aldrich, St Louis, MO,

USA) for 10 min. Tissue processing and preparation of paraf-

fin-embedded tissue blocks were performed by fixing the tis-

sue in 10% neutral-buffered formalin solution for 24 h at

4 °C. Then, Fontana-Masson staining was performed on HEMs

and foreskin explants (Figure S2a–d; see Supporting Informa-

tion), according to the manufacturer’s instructions (G2031;

Beijing Solarbio Science & Technology Co., Ltd, Beijing,

China). After the end of the procedure, the cells were imme-

diately analysed by an inverted microscope (Nikon, Tokyo,

Japan). Quantification analysis was performed by ImageJ

(https://imagej.nih.gov/ij/, 1997-2018). At least three fields

for each condition or timepoint were quantified.

NaOH method

HEMs were seeded into a six-well plate at a density of

1�2 9 104 cells and cultured for 24 h. HEMs were irradiated

with UVR, then 24 or 48 h after irradiation, 400 µL of cell

culture medium were collected and transferred to a 1�5-mL

test tube containing 400 µL of 1 mol L–1 NaOH to determine

extracellular melanin. The remaining medium was discarded

and cells were harvested after digestion with 0�25% trypsin/

0�01% ethylenediaminetetraacetic acid (EDTA) solution. We

added 200 µL of the cell suspension to 200 µL trypan blue

(Solarbio, China) solution, and live and non-live cells were

counted in a haemocytometer. The residual volume of the cell

suspension (800 µL) was centrifuged (1000 g, 5 min), the

supernatant was discarded, and 400 µL of 1 mol L–1 NaOH

was added to the pellet. Melanin-containing tubes were heated

at 75 °C for 2�5–3 h, centrifuged (1000 g, 10 min), and the

supernatant collected. We added five copies (100 µL) of each

sample to the wells of a 96-well flat-bottomed plate, and total

absorbance of melanin at 405 nm was measured with a

microplate reader (BioTek Agilent, Winooski, VT, USA). This

value was interpolated from the standard curve of synthetic

melanin (Sigma-Aldrich). Total melanin content is shown

(Figure S2e) as the sum of the intracellular and extracellular

melanin content normalized by the number of cells in each

well. Statistical analyses were performed with the raw data,

which were graphed as the percentage relative to the mean of

each HEM control group.

Assay of tyrosinase activity

TYR activity was measured 24 h and 48 h after UVR irradia-

tion by the L-DOPA method as follows. HEMs were seeded

into a six-well plate at a density of 1�2 9 104 cells and cul-

tured for 24 h. Twenty-four hours or 48 h after UVR
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radiation stimulation, the medium was discarded, and HEMs

washed twice with phosphate-buffered saline (PBS) and har-

vested with 0�25% trypsin/0�01% EDTA, then centrifuged

(1000 g, 5 min). The pellet was washed with PBS, centrifuged

(1000 g, 5 min), and the pellet incubated with 1% Triton X-

100 at �80 °C for 1 h. After this period, samples were

thawed at room temperature and centrifuged (10000 g,

10 min). The supernatant was transferred to a 1�5-mL tube,

and protein concentration determined by the BCA assay

according to manufacturer’s instructions (Beijing Solarbio

Science & Technology Co., Ltd, Beijing, China). A volume

containing 50 µg of protein and 50 µL of 10 mmol L–1

L-DOPA was added to a 96-well flat bottom plate, completing

with 1% Triton X-100 solution up to 100 µL. After incuba-

tion at 37 °C for 1 h, total absorbance of each sample in

duplicate was measured at 490 nm (Figure S2f).

Immunofluorescence

Cellular immunofluorescence

Cells were inoculated onto coverslips at a density of

1�2 9 104 cells per well. After the cells were irradiated with

UVR, they were washed three times with PBS. The cells were

fixed with 95% ethanol at room temperature for 10 min and

then dried at room temperature. Cells were blocked with 10%

FBS in PBS for 30 min In a 5% CO2 incubator at 37 °C. Pri-
mary antibodies were incubated overnight at 4 °C. Incubation
with fluorescence-labelled secondary antibody was for 45 min

at room temperature. Primary and secondary labelled antibod-

ies used were as follows: anti-TYR mouse monoclonal anti-

body (ab738; Abcam, Cambridge, UK) conjugated to Alexa

Fluor 488-labelled goat antimouse IgG (A0428; Beyotime

Biotechnology, Haimen, Jiangsu, China); anti-MITF mouse

monoclonal antibody (ab12039; Abcam) conjugated to Cy3-

labelled goat antimouse IgG (A0521; Beyotime); and anti-

OPN5 rabbit polyclonal antibody (bs-12024R; Bioss, Beijing,

China) conjugated to Alexa Fluor 488-labelled goat antirabbit

IgG (A0423, Beyotime). Nuclear staining was performed with

40,6-diamidino-2-phenylindole. Cells were mounted and visu-

alized under a confocal microscope (Carl Zeiss AG, Oberko-

chen, Germany). (See Figure S2g, h.)

Immunofluorescence staining of tissue sections

Samples were processed after the explants had been irradiated

with UVR for 48 h. Samples were immediately placed in 4%

paraformaldehyde at 4 °C overnight, washed with PBS and

then paraffin embedded. Sections were cut at 5–8 µm, dried

at 37 °C, deparaffinized in xylene, hydrated in a graded series

of ethanol, and subjected to microwave EDTA antigen retrie-

val. Samples were blocked with 5% bovine serum albumin

and 0�5% Tween-20 in PBS. Slides were incubated with pri-

mary antibodies overnight at 4 °C. Incubation with fluores-

cence-labelled secondary antibody was for 50 min at room

temperature. Primary and secondary labelled antibodies used

were as follows: anti-TYR mouse monoclonal antibody

(ab738; Abcam) conjugated to Cy3-labelled goat antimouse

IgG (A0521; Beyotime); anti-MITF mouse monoclonal anti-

body (ab12039; Abcam) conjugated to Cy3-labelled goat anti-

mouse (A0521; Beyotime); anti-MelanA mouse monoclonal

antibody (ab140503; Abcam) conjugated to Cy3-labelled goat

antimouse (A0521, Beyotime); and anti-OPN5 rabbit poly-

clonal antibody (bs-12024R; Bioss) conjugated to Alexa Fluor

488-labelled goat antirabbit (A0428; Beyotime). (See

Figure S2i.)

Knockdown of opsin 5 gene expression with short

interfering RNA

Four pooled short interfering (si)RNA oligos targeting OPN5 or

negative control siRNAs were purchased from TransheepBio

(Shanghai, China). Knockdown of OPN5 in HEMs was per-

formed using siRNA technology according to the manufac-

turer’s protocol. The silencing efficiency of four different siRNA

sequences (below) were analysed 48 h post transfection via

reverse-transcription quantitative polymerase chain reaction

(RT-qPCR) compared with that of negative control siRNA not

targeting any known gene. The siRNA sequence with the stron-

gest silencing effect on OPN5 was used for the follow-up study

(Figure S3a, b; see Supporting Information). Third-passage

HEMs were seeded into six-well plates at a concentration of

1 9 104 cells per well. When 30–40% confluence was reached,

the cells were transfected using Lipofectamine 2000 (Tran-

sheepBio) with a final siRNA concentration of 60 nmol L–1.

After siRNA transfection, the cells were cultured for 48 h for

further detection. The OPN5 siRNA sequences were as follows:

50-CCCGCUGAAAUAAUGACUATT-30, 50-GCUGAGACCCGCUG
AAAUATT-30, 50-GGAAAUGGAUAUGUCCUUUTT-30, 50-CCCG
CUGAAAUAAUGACUATT-30, and 50-UUCUCCGAACGUGUCA
CGUTT-30 as the sequence of the control.

Transfection of PIG1 cells with a lentiviral system to

overexpress opsin 5

PIG1 cells were transfected with lentivirus vector containing

either the full-length DNA sequence of human OPN5 (LV-

EFS>h OPN5-CMV>eGFP/T2A/Puro) or a control sequence

(LV-CMV > EGFP/T2A/Puro) (both purchased from Cyagen

Biosciences Inc., Guangzhou, China). To overexpress OPN5,

PIG1 cells were transfected with control or OPN5 high-expres-

sion vectors for 48 h. The fluorescence expression of OPN5

transfection was observed using a fluorescence microscope.

Then, the expression level of OPN5 in the transfected PIG1

cells was determined by RT-qPCR and Western blot. (See

Figure S3c–f.)

Quantitative real-time reverse-transcription polymerase

chain reaction analysis

Total RNA was isolated with the RNAprep Pure Cell Kit

[DP430, TIANGEN Biotech (Beijing) Co. Ltd, Beijing, China].
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Next, total RNA (2�5 µg) was reverse transcribed to obtain

cDNA with the Fastking gDNA Dispelling RT SuperMix reverse

transcriptase kit (KR170801: TIANGEN). Quantitative real-

time SYBR Green RT-qPCR technology (TIANGEN) was used

to determine expression levels of the selected target genes. Ther-

mocycling conditions were 95 °C for 3 min, followed by 40

cycles at 95 °C for 5 s and 60 °C for 15 s. When the tempera-

ture rose from 65 °C to 95 °C, the signal was detected every

0�5 °C, and the melting curve was drawn. Primer sequences

[Generay Biotech (Shanghai) Co., Ltd, Shanghai, China] used are

as follows: OPN5 forward, 50-CTAGACGAAAG
AAGAAGCTGAGACC-30, OPN5 reverse, 50-GCGGTGACAAAAGCAA
GAGA-30; GAPDH forward, 50-GACATCCGCAAAGACCTG-30,
GAPDH reverse, 50-GGAAGGTGGACAGCGAG-30; TRP1 forward,

50-AGGATAGCCTCCGGCATT-30; TRP1 reverse, 50-TTCCACCTCC
ACAAGACT-30; TRP2 forward, 50-AACTGCGAGCGGAAGAAAC
C-30, TRP2 reverse, 50-CGTAGTCGGGGTGTACTCTCT-30; MITF

forward, 50-CGACGGGAGAAAGGGTGT-3’, MITF reverse, 50-CCTC
GGAACTGGGACTGA-30; TYR forward, 50-TGCACAGAGACGACT
CTTG-30, TYR reverse, 50-GAGCTGATGGTATGCTTTGCTAA-30.

Western blot analysis

RIPA buffer (R0010; Beijing Solarbio) was used to prepare cell

lysates. After the protein was quantified and denatured, the

lysate (40 µg) was separated by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis, and transferred to a nitrocellu-

lose membrane. The membranes were incubated with the

following primary antibodies: anti-OPN5 (GTX100173; Gene-

Tex, Irvine, CA, USA), anti-TYR (GTX16389, GeneTex), anti-

TRP1 (ab235446; Abcam), anti-TRP2 (ab221144; Abcam),

anti-MITF (ab12039; Abcam), anti-phospho-MITF (ab59201;

Abcam), anti-PKC (AF6197; Affinity Biosciences, Cincinatti,

OH, USA), anti-phospho-PKC (AF3197; Affinity), anti-phos-

pho-CAMKII (MD1677-100; MDL Medical Discovery Leader

Biotech Co., Ltd, Beijing, China; mdlbiotech.com), anti-CAM-

KII (MD2007-100; MDL), anti-actin (MD409-020), anti-p38

MAPK (MD2025-100; MDL), anti-phospho-p38 MAPK

(MD2084-100; MDL), anti-ERK1/2 (MD1853-100), anti-

phospho-ERK1/2 (MD1412-100; MDL), anti-JNK (MD1929-

20; MDL) and anti-phospho-JNK (MD1483-20; MDL) for

specific protein detection, and then incubated with horseradish

peroxidase-conjugated secondary antibodies. Specific bands

were visualized using a chemiluminescent reaction (electro-

generated chemiluminescence) (E003-50; 7Seabiotech, Shang-

hai, China; 7seapharmatech.com).

Calcium imaging and calcium flux analysis

Cells treated with 0�5 lmol L–1 all-trans retinal were stimulated

with UVR and incubated in Ca2+-free extracellular buffer. Cells

were incubated in the dark for 20 min in extracellular solu-

tion with 3 lmol L–1 Fluo-3 AM (CAS 121714-22-5; AAT

Bioquest, Inc., Sunnyvale, CA, USA) and transferred to the

imaging chamber. Cells incubated in all-trans retinal, but not

irradiated, were analysed in parallel in each experiment and

used for normalization. In addition, cells were incubated in

the dark for 20 min in extracellular solution with 3 lmol L–1

Fluo-3 AM. Cells were centrifuged at 1000 g for 5 min at

room temperature, washed again with PBS, and then resus-

pended in 0�5 mL PBS buffer solution. Then the intracellular

calcium ion concentration was measured by flow cytometry

(BD Biosciences, San Jose, CA, USA).

Statistical analysis

All experiments were performed independently at least three

times. All values are expressed as mean � SEM. Statistical sig-

nificance was determined by one-way ANOVA followed by

Tukey’s test. Differences were considered significant at

P < 0�05. All analyses were carried out in GraphPad Prism

Version 8.0 (GraphPad Software, San Diego, CA, USA).

Results

Opsin 5 senses ultraviolet radiation in human epidermal

melanocytes

Because recent studies have shown that in HEMs, UVR induces

a retinal- and Ca2+-dependent increase in cellular melanin

concentration within hours of exposure,2,8 and the mechanism

involved appears to be different from that of UVB-induced

pigmentation, we studied the effect of UVR stimulation on

HEMs, to determine the underlying mechanism.

Firstly, we studied the effects of different doses of UVR or

all-trans retinal on the viability of HEMs. At a dose of

1�5 J cm–2 UVR, all cells remained viable 48 h later (Fig-

ure S1): this dose was used in all subsequent experiments.

Exposure of HEMs to UVR resulted in a measurable increase

in melanin and the increase in melanin depended on the pres-

ence of all-trans retinal (Figure S2a–e).2,8 We also tested

tyrosinase activity using the L-DOPA method (Figure S2f), as

well as testing the expression of TYR and MITF by

immunofluorescence (Figure S2g–i). The TYR and MITF

immunofluorescence intensity of the UVR treatment group

was higher than that of the control group. Simultaneously, we

further tested the expression of TYR, TRP1, TRP2 and MITF at

the protein and gene levels via Western blotting and RT-qPCR.

Compared with the control group, expression of TYR, TRP1,

TRP2, MITF protein and genes in the UVR irradiation group

increased significantly (Figure S2j–n). These results suggest

that UVR induces melanogenesis in HEMs.

Next, we investigated whether HEMs can express direct sen-

sors of UVR. OPN5 has an absorption spectrum in the shorter

wavelengths of visible light.20,21,28,29 Mouse and human OPN5

is a known UV-sensitive photoreceptor linked to a Gi-type G

protein, with maximum absorption peaks in the UV (380-nm)

and visible light (471-nm) regions.26 A recent study showed

that in cocultured human melanocytes and keratinocytes, the

expression level of OPN5 increased in a dose-dependent manner

after UVA irradiation.31 Based on these findings, we investi-

gated whether OPN5 responds to UVR in HEMs.
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Firstly, we tested the expression of OPN5 in HEMs via RT-

qPCR and Western blotting (Figure 1a, b) and by immunofluo-

rescence (Figure 1c). Following UVR irradiation, expression

levels of the OPN5 gene in HEMs appeared to increase signifi-

cantly (Figure 1d), while the protein level increased slightly,

compared with controls (Figure 1e). In the explant model, we

used immunofluorescence staining to label melanocytes with

anti-MelanA antibody, and found that the OPN5 immunofluo-

rescence intensity of the UVR irradiation group was higher than

that of the control group (Figure 1f). These results show that,

in our study, OPN5 in HEMs responds to UVR irradiation.

Does opsin 5 mediate melanogenesis in human

epidermal melanocytes?

Effects of opsin 5 knockdown on tyrosinase, tyrosinase-

related protein and microphthalmia-associated

transcription factor expression

To investigate whether OPN5 can mediate melanogenesis in

HEMs, we knocked down OPN5 in HEMs with si-OPN5. The

efficiency of siRNA was tested by RT-qPCR and Western blot-

ting (Figure S3a, b). Melanin was measured using the NaOH

method and, interestingly, we found that the amount of

melanogenesis in the si-OPN5 group was significantly lower

than that in the control group (Figure 2a). RT-qPCR was used

to analyse changes of TYR and MITF gene expression in HEMs,

and Western blotting was used to analyse changes of TYR,

TRP1, TRP2 and MITF protein expression. Expression levels in

the si-OPN5 group were seen to be significantly lower than

those in the control group (Figure 2b–d). These results indi-

cate that OPN5 has a role in melanogenesis in HEMs.

Effects of opsin 5 overexpression on tyrosinase,

tyrosinase-related protein and microphthalmia-associated

transcription factor expression change

To further confirm the function of OPN5 in melanocytes, PIG1

cells were transfected with a lentivirus vector designed to over-

express OPN5, and the effects on OPN5 gene and protein expres-

sion were observed by immunofluorescence, RT-qPCR and

Western blotting (Figure S3c–e). Gene and protein expression

changes of TYR, TRP1, TRP2 and MITF were analysed by RT-

qPCR and Western blot, respectively. Overexpression of OPN5

resulted in upregulated expression of TYR, TRP1, TRP2 and

MITF (Figure 2e–i). These findings further indicate that OPN5

is involved in melanogenesis in melanocytes.

Ultraviolet radiation upregulates tyrosinase, tyrosine-

related proteins 1 and 2, and microphthalmia-associated

transcription factor, via opsin 5

To study whether OPN5 is a UVR-induced melanogenesis sen-

sor. HEMs were irradiated with UVR after si-OPN5 mediated

OPN5 gene knockdown. Expression of TYR, TRP1, TRP2 and

MITF proteins in the experimental group did not change sig-

nificantly (Figure 3a). To further confirm that OPN5 may act

as a UVR sensor, OPN5-overexpressing PIG1 cells were irradi-

ated with UVR. Expression levels of TYR, TRP1, TRP2 and

MITF proteins in the UVR irradiation group were observed to

be significantly higher than those in the control group (Fig-

ure 3b), suggesting that UVR upregulates expression of TYR,

TRP1, TRP2 and MITF via OPN5 in melanocytes.

Next, we tested whether UVR upregulates expression of

TYR, TRP1 and TRP2 via MITF. Previous research reports that

MITF regulates transcription of TYR, TRP1 and TRP2.32

ML329, an inhibitor of MITF, can reduce the expression of

multiple MITF target genes.33 We blocked MITF, which is

essential for the TYR pathway, with ML329. Our results

showed that inhibition of MITF in HEMs significantly reduced

expression of TYR, TRP1 and TRP2 (Figure 3c). Moreover,

after treating HEMs with ML329 and then irradiating with

UVR, we found that expression of TYR, TRP1 and TRP2 did

not change (Figure 3d). These results indicate that OPN5

mediates melanogenesis in HEMs through the MITF signalling

pathway.

Opsin 5 regulates the expression of tyrosinase, tyrosine-

related protein 1 and tyrosine-related protein 2 via the

calcium-dependent G protein-coupled signalling pathway

Previous work has shown that quail OPN5 or rat OPN5 are

involved in the Ca2+ signalling cascade.34 A more recent study

found that OPN5 in a HEK293 human embryonic kidney cell

line and OPN5 in mouse neuroblastoma (Neuro2a) cell lines

mediate light-induced Ca2+ responses.35 Furthermore, a large

number of studies have shown that the Ca2+ reaction is

involved in melanogenesis in melanocytes.2,8,36 Based on these

Figure 1 Opsin 5 (OPN5) senses ultraviolet radiation (UVR) in human epidermal melanocytes (HEMs). (a) OPN5 mRNA levels were normalized

to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels. (b) Western blot analysis of OPN5 protein expression in HEMs and transfected

human melanocyte line PIG1. (c) Representative images show OPN5 protein expression in HEMs (top) and PIG1 cells (bottom). The left panel

represents localization of opsins (Alexa Fluor 488, green) at the plasma membrane, the middle panel represents the nucleus stained with 40,6-
diamidino-2-phenylindole (DAPI) (blue), and the right panel represents an overlay of the middle panel and the phase contrast image. Scale

bars = 20 µm. (d, e) HEMs were irradiated with UVR, and expression levels of OPN5 gene and protein were determined by quantitative real-time

reverse-transcription polymerase chain reaction and Western blot analysis. All data are shown as mean � SEM of three independent experiments.

Beta-actin was used as loading control. Statistical significance was determined by one-way ANOVA. **P < 0�01. (f) OPN5 expression (Alexa Fluor

488, green) colocalized with melanocyte marker MelanA (Cy3, red) in skin explant with immunofluorescence staining, without UVR (left) or

with UVR (right). Scale bars = 50 µm.
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findings, we hypothesized that UVR induces the Ca2+ response

to regulate melanogenesis through OPN5.

To confirm this hypothesis, we measured the intracellular

Ca2+ level in melanocytes with a Fluo-3/AM probe after UVR.

The intracellular Ca2+ in the UVR irradiation group was signifi-

cantly higher than that in the control group (Figure 4a, b), and

UVR stimulated phosphorylation of Ca2+/calmodulin-depen-

dent protein kinase II (CAMKII), a key enzyme in the calcium

pathway.12,19 Then, we measured the UVR-induced response to

si-OPN5 in melanocytes and found that while UVR increased

phosphorylated (p-)CAMKII levels, this is abolished when

OPN5 is silenced (Figure 4c). Next, we measured the UVR-

(a) (b)

(c) (d)

Figure 3 Ultraviolet radiation (UVR) upregulates expression of tyrosinase (TYR), tyrosinase-related protein 1 (TRP1) and TRP2 through opsin 5

(OPN5). (a) Cells were transfected with short interfering (si)RNA against OPN5 irradiated with or without UVR and lysed after 48 h. Lysates

were analysed by Western blotting using the indicated antibodies. (b) Cells were transfected with a lentivirus vector overexpressing OPN5 (H-

OPN5) irradiated with or without UVR and lysed after 48 h. Lysates were analysed by Western blotting using the indicated antibodies. (c, d)

After inhibiting expression of microphthalmia-associated transcription factor (MITF) with ML329, cells were irradiated without or with UVR, and

lysed 48 h later to observe the expression of TYR, TRP1 and TRP2 protein levels. p-, phosphorylated. Beta-actin was used as a loading control.

Figure 2 Opsin 5 (OPN5) mediates melanogenesis. (a) Human epidermal melanocytes (HEMs) were transfected with small interfering (si)RNA

directed against OPN5 (si-OPN5), or a negative control (NC-OPN-RNA). After short interfering (si)RNA inhibited OPN5, melanin changes in

HEMs were measured by the NaOH method. (b, c) After siRNA inhibited OPN5, quantitative real-time reverse-transcription quantitative

polymerase chain reaction (RT-qPCR) was used to analyse changes of tyrosinase (TYR) and microphthalmia-associated transcription factor (MITF)

gene expression in HEMs. (d) After siRNA inhibited OPN5, Western blotting was used to analyse the changes of TYR, tyrosinase-related protein 1

(TRP1), TRP2 and MITF protein expression in HEMs. Beta-actin was used as a loading control. (e–i) After OPN5 was overexpressed (as high-

expression H-OPN5-RNAi) in PIG1 cells, RT-qPCR and Western blotting were used to analyse gene and protein expression levels of TYR, TRP1,

TRP2 and MITF. Beta-actin was used as loading control. All data are shown as mean � SEM of three independent experiments. Statistical

significance was determined by one-way ANOVA followed by Tukey’s test. *P < 0�05, **P < 0�01, ***P < 0�001.
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induced CAMKII expression level in the overexpression OPN5

model, and found that the protein level of p-CAMKII increased

significantly (Figure 4d). These results further indicate that the

UVR-induced Ca2+ response is regulated via OPN5.

Skin melanogenesis may be mediated by several melanogen-

esis signalling pathways.37 Some studies have shown that the

increase in Ca2+ can activate the mitogen-activated protein

kinase (MAPK) signalling pathway or the PKC signalling path-

way.35,38 That is, phosphorylation of p38 MAPK39 or PKC40,41

increases the expression of MITF and TYR, which leads to

melanogenesis. In this study, we did not observe a UVR-in-

duced phosphorylation of MAPK (Figure 4e). However, inter-

estingly, we found that UVR irradiation induced

phosphorylation of PKC (Figure 4f). We further demonstrated

that using siRNA-mediated downregulation of OPN5 in HEMs

blocked UVR-induced phosphorylation of PKC (Figure 4g).

These results indicate that OPN5 mediates melanogenesis

through the PKC signalling pathway in melanocytes.

Previous studies have suggested that MITF might be a tran-

scription factor of PKC-b.42 Other studies have shown that MITF

is a downstream phosphorylation target of PKC activity.43,44 To

confirm the upstream and downstream relationship between PKC

and MITF, we used ML329 to inhibit MITF and then assayed PKC

expression. The results showed that after inhibiting MITF, expres-

sion levels of PKC did not change (Figure 4h). We further

demonstrated that after downregulation of MITF with ML329 in

melanocytes, the UVR-induced phosphorylation of PKC was not

blocked (Figure 4i). These results further indicate that PKC is

located upstream of MITF and is involved in melanogenesis.

We conclude that UVR activates OPN5 and leads to

increased intracellular calcium. In response to calcium, CAM-

KII is phosphorylated, further inducing phosphorylation of

PKC, and then MITF finally upregulates expression of TYR,

TRP1 and TRP2 in human melanocytes (Figure 5).

Discussion

The ability of humans or animals to detect and respond to

light stimuli is critical to survival.2 The eye uses opsin (a pho-

toreceptor) to convert light into electrical signals to mediate

visual and nonvisual processes.9 HEMs are capable of rapidly

detecting UVR by first increasing intracellular Ca2+ and later

producing more melanin.2,8,36 We now demonstrate that

OPN5 is critical for UVR signalling in melanocytes and pro-

vide evidence that OPN5 activates Ca2+ channels in a unique

extraocular phototransduction pathway. Activation of this

pathway leads to melanogenesis, thus allowing for rapid UVR

detection and response in melanocytes.

Opsins are a class of GPCRs that convert the energy of a

photon into a cellular signalling response.45–47 Recent studies

have found that opsins (OPN1, OPN2, OPN3, OPN4, OPN5)

are expressed in skin,14–19,24,27 but their functions are not yet

fully understood. Opsins may have different absorption spectra

in different species. Both mouse and human OPN5 act as UV-

sensitive photoreceptors linked to Gi-type G proteins, with

absorption maxima in the 380-nm (UV) and 471-nm (visible

light) regions.26 Some studies indicate that OPN5 may

respond to UVA irradiation in cocultures of human melano-

cytes and keratinocytes.31 Another study suggested that after

UVA irradiation of human melanocytes, the expression level of

OPN5 increased most significantly at 48 h.48 In our study,

OPN5 recognized and responded to UVR in melanocytes (Fig-

ure 1d–f). OPN5 is phylogenetically closely related to peropsin

and retinal photoisomerases that have all-trans retinal chro-

mophores.20 Recent studies have shown that the addition of all-

trans retinal to cells expressing OPN5 protein can reconstruct the

pigment.29 The pigment reconstituted with all-trans retinal has

an absorption maximum in the visible region. This seems to be

consistent with previous reports2,8 that the remodelled pigment

can mediate melanogenesis in HEMs (Figure S2).

Previous studies have shown that OPN3 may be the sensor

responsible for inducing hyperpigmentation through blue light

in HEMs.19 Interestingly, some studies indicated that OPN3

does not mediate calcium-dependent phototransduction of

UVR, blue light or green light in HEMs and that OPN3 is a

negative regulator of melanin levels in HEMs.49 Recent reports

have confirmed that OPN3 is a key molecule responsible for

the survival of HEMs.27 These findings suggest that the func-

tions of opsins may be diverse, and indeed recent studies have

shown such diversity of function, such as participating in

development of blood vessels in mouse eyes,21 regulating cir-

cadian rhythms in mouse skin,24 and mediating thermogenesis

of hypothalamic neurons.25 In our study, OPN5 acted as a

UVR sensor in HEMs to mediate melanogenesis. When the

OPN5 gene is silenced, UVR no longer upregulates expression

of TYR, TRP1 and TRP2 (Figure 3a).

Figure 4 Ultraviolet radiation (UVR) activates the Ca2+/protein kinase C (PKC)/microphthalmia-associated transcription factor (MITF) signalling

pathway through opsin 5 (OPN5) and upregulates expression of tyrosinase (TYR), tyrosinase-related protein 1 (TRP1) and TRP2. (a, b) Images of

representative human epidermal melanocytes (HEMs) and PIG1 human melanocyte cells loaded with the Ca2+ indicator Fluo-3 and irradiated with

UVR. Scale bar = 20 µm. HEMs and PIG1 calcium fluxes were quantified by flow cytometry. Data are shown as mean � SEM of three independent

experiments. Statistical significance was determined by one-way ANOVA followed by Tukey’s test. **P < 0�01 ***P < 0�001. (c, d) Cells were

transfected with (c) short interfering (si)RNA against OPN5, or (d) lentivirus overexpressing OPN5 (H-OPN5), then irradiated with or without UVR

and lysed after 48 h. Lysates were analysed by Western blotting using the indicated antibodies. (e, f) Cells were irradiated with and without UVR,

and mitogen-activated protein kinase (MAPK) and PKC protein and phosphorylated (p-) protein levels were determined by Western blot analysis. (g)

Cells were transfected with short interfering RNA (RNAi) against OPN5 irradiated with UVR and lysed after 48 h. Lysates were analysed by Western

blotting using the indicated antibodies. (h, i) After inhibiting the expression of MITF with ML329, cells were irradiated with or without UVR, and

lysed 48 h later to observe PKC protein expression. Beta-actin was used as a loading control. CAMKII, calmodulin-dependent protein kinase II.
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We then studied the signalling pathway leading to this

OPN5-mediated phenomenon. Previous studies have reported

that GPCRs drive calcium mobilization in intracellular storage

in melanocytes and participate in the downstream signalling

cascade.2,8,36,50 Several recent studies have shown that OPN5

mediates the light-induced Ca2+ signalling cascade.30,34,35 To

assess the contribution of intracellular Ca2+ to this signalling

pathway, we measured the changes in Ca2+ in HEMs induced

by UVR (Figure 4a, b), and the results are consistent with

previous reports.2,8 Moreover, UVR induced upregulation of

p-CAMKII (Figure 4c), a key enzyme in the calcium path-

way.8,19 To test whether Ca2+ mobilization starts downstream

of OPN5 activation, we knocked down OPN5 in HEMs by si-

OPN5 and found that UVR increased p-CAMKII levels, which

is abolished when OPN5 is silenced (Figure 4c). These results

indicate that the UVR-induced Ca2+ response is mediated

through OPN5. Furthermore, some studies have shown that

the increase in Ca2+ activates the MAPK or PKC signalling

pathways to participate in melanogenesis.19,38 In our research,

we confirmed that the PKC signalling pathway, rather than the

MAPK signalling pathway, is involved in melanogenesis (Fig-

ure 4e–g). Moreover, previous studies have suggested that

MITF may be a transcription factor of PKC-b,42 while some

have reported that MITF is a downstream phosphorylation tar-

get of PKC activity.42,43 To confirm the upstream and down-

stream relationship between PKC and MITF, we used ML329

to inhibit MITF, and then after UVR irradiation, we found that

the phosphorylation level of p-PKC increased (Figure 4i).

These results indicate that UVR upregulates expression of TYR,

TRP1 and TRP2 through the OPN5–calcium-dependent/PKC

signalling pathways (Figure 5).

In summary, our research focuses on the effects of the

inherent and sensor functions of OPN5 on melanogenesis in

HEMs. OPN5 depends on the calcium pathway and PKC sig-

nalling pathway to upregulate the expression of TYR, TRP1

and TRP2. Therefore, it plays an important role in the melano-

genesis of skin epidermal melanocytes. As OPN5 has been

shown to be a key sensor for UVR-induced melanogenesis in

human skin melanocytes, it could be a target for early treat-

ment of pigmentation or pigment diseases, to provide a more

personalized and economically feasible method.
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Figure 5 Summary model of the key findings in this study. Opsin 5 upregulates expression of microphthalmia-associated transcription factor

(MITF), tyrosinase (TYR), tyrosinase-related protein 1 (TRP1) and TRP2 in melanocytes after ultraviolet (UV) radiation exposure through the

calcium-dependent G protein-coupled and protein kinase C (PKC) signalling pathway. CAMKII, calmodulin-dependent protein kinase II.
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