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Abstract

Because sunlight is essential for human survival, we have developed complex mechanisms for
detecting and responding to light stimuli. The eyes and skin are major organs for sensing light and
express several light-sensitive opsin receptors. These opsins mediate cellular responses to
spectrally-distinct wavelengths of visible and ultraviolet light. How the eyes mediate visual
phototransduction is well studied, but less is known about how the skin detects light. Both human
and murine skin express a wide array of opsins, with one of the most highly expressed being the
functionally elusive opsin 3 (OPN3). In this review we explore light reception, opsin expression
and signaling in skin cells; and compile data elucidating potential functions for human OPN3 in
skin, with emphasis on recent studies investigating OPN3 regulation of melanin within epidermal
melanocytes.

1. INTRODUCTION

Life on earth depends on sunlight; it is a sine qua non condition for human survival. Because
sunlight can, arguably, only penetrate skin-deep, its complex effects must be mediated by
those organs that light can reach under physiological conditions—our eyes and skin. How
light evokes responses in retinal cells to mediate vision has been investigated for many
decades (Hisatomi and Tokunaga, 2002; Shichida and Imai, 1998). In addition to rods and
cones that mediate vision, the retina also contains cells responsible for the light-dependent
entrainment of circadian rhythm (Berson, 2002; Provencio et al., 2000) and other visual and
non-visual functions (Berson, 2007; Panda et al., 2002; Sikka et al., 2014). These light-
induced responses in the retina are mediated by opsins, a family of light-sensitive G-protein
coupled receptors (GPCRs) that covalently bind a retinal chromophore.

"to whom correspondence should be addressed: elena_oancea@brown.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Olinski et al.

Page 2

Skin, the largest organ of our body, is also constantly exposed to sunlight. While specific
skin responses to visible light remain a matter of debate, exposure to solar ultraviolet (UV)
radiation has a plethora of short- and long-term effects on skin: DNA damage, oxidative
stress, increased pigmentation and photoaging (Cui et al., 2007; Holick, 2008; Honigsmann,
2002; Kiyonaka et al., 2013). Solar UV radiation is comprised of ~95% long wavelength
UVA and ~5% short wavelength UVB, each activating distinct signaling pathways in the
skin. UVB induces DNA damage, triggering the increase in pigmentation within many hours
to days (Cui et al., 2007), while physiological doses of UVA trigger a retinal-dependent G-
protein coupled signaling pathway causing immediate pigment darkening via activation of
an unknown receptor (Bellono et al., 2013; 2014; Wicks et al., 2011). The retinal-
dependence and involvement of G-proteins in the UVA pathway makes it tempting to
speculate that the skin, similar to the eye, uses retinal-bound opsin receptors to respond to
light. Here we review recent findings related to the expression and function of opsins in skin
cells, particularly focusing on elucidating the elusive roles of opsin 3 (OPN3).

2. VISUAL PHOTOTRANSDUCTION

Retinal cells respond to different wavelengths of light via activation of opsins with distinct
spectral sensitivities [reviewed in (Terakita, 2005)]. An opsin’s light sensing ability is due to
its interaction with a light-sensitive chromophore (Pitt et al., 1955). In an inactive form, the
opsin apoprotein forms a covalent bond with an endogenously-produced, vitamin A-derived
chromophore, most often 11-c¢isretinal in mammals. Absorption of photons by the bound
retinal induces its isomerization from 11-c/sto all-#rans conformation, subsequently causing
a conformational change in the opsin moiety that renders the opsin active, able to bind a G-
protein and potentiate a signaling cascade (T. Hara and R. Hara, 1973; Pitt et al., 1955;
Terakita, 2005). Differences in the opsins’ amino acid sequences in the chromophore
binding pocket and bond dynamics with the chromophore give rise to an array of different
spectral sensitivities across the visible and ultraviolet ranges of light (Menon et al., 2001;
Sekharan and Morokuma, 2011; Zhukovsky and Oprian, 1989).

In this review, we focus on five primary opsins found in mammals, opsins 1-5 (OPN1-5).
The quintessential opsins that mediate visual phototransduction are blue, green and red cone
opsins (OPN1s) and rhodopsin (OPN2). The three OPN1s—blue short wavelength (OPN1-
SW1, absorbance maximum Aax ~355-445 nm and OPN1-SW2, A pax ~400-470 nm),
green medium wavelength (OPN1-MW, A yax ~527 nm), red long wavelength (OPN1-LW,
Amax ~557 nm)—and OPN2 (A max ~ 500 nm) mediate photonic and scotopic visual
responses, respectively. In response to light, OPN1s and OPN2 couple to transducin, a G-
protein alpha subunit in the Gai family (Fung et al., 1981; Manning and Gilman, 1983).
Also found in the retina, although not for visual purposes, is melanopsin (OPN4, Apmax ~490
nm) which signals via Ga.q and mediates pupil size and entrainment of the circadian clock,
among other functions (Berson, 2002; Newman et al., 2003; Panda et al., 2002; Provencio et
al., 2000; Sikka et al., 2014). Moving beyond the retina, neuropsin (OPN5, Amax ~380 nm),
as its name suggests, is present in several tissues including the brain, where it couples to Gai
and may influence circadian rhythms in mice (Buhr et al., 2015; Tarttelin et al., 2003;
Yamashita et al., 2010). The remaining opsin, OPN3, was initially identified in the brain
where it was aptly named encephalopsin (Blackshaw and Snyder, 1999; Halford et al.,
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2001), then was later discovered in several other tissues and renamed panopsin (Blackshaw
and Snyder, 1999; Halford et al., 2001). Unlike for other members of the opsin family, the
G-protein coupling, light sensitivity and function of mammalian OPN3 remain poorly
characterized.

3. SKIN PHOTOTRANSDUCTION

Human skin is structured in layers: the uppermost layer, the epidermis, is comprised of
keratinocytes surrounding a single basal layer of melanin-producing melanocytes; the dermis
comprises a middle fibrous layer; and the subcutis is a cushioning layer upon which the
epidermis and dermis rest (Simpson et al., 2011). How deep solar UV radiation penetrates
the skin layers depends on its energy: high energy UVA penetrates through both the
epidermis and dermis, whereas UVB is primarily confined to the epidermis (Costin and
Hearing, 2007; Kanavy and Gerstenblith, 2011; Narayanan et al., 2010) (Fig. 1).

How does skin detect and respond to UV radiation? UVB is directly absorbed by DNA to
cross-link pyrimidine bases, causing mutations and subsequent activation of DNA repair
pathways (Cadet et al., 2005; Setlow, 2019). The effect of UVB on skin requires genotoxic
damage to occur, triggering a signaling cascade on the timescale of hours to days (Cui et al.,
2007; Park et al., 1999). The DNA repair mechanism, through a series of molecular steps,
leads to production of pro-opiomelanocortin (POMC) in keratinocytes and melanocytes,
which is cleaved into a-melanocyte stimulating hormone (aMSH) and other peptide
hormones that are secreted (Chakraborty et al., 1996). aMSH is the agonist for the main
melanogenic receptor expressed in melanocytes, the Gas-coupled melanocortin-1 receptor
(MC1R). MC1R increases the cytosolic concentration of cyclic adenosine monophosphate
(cAMP) through stimulation of adenylyl cyclase (AC). As a second messenger, CAMP
activates protein kinase A (PKA), which, in turn, phosphorylates the cCAMP responsive
element-binding protein (CREB). Phosphorylated CREB stimulates activity of
microphthalmia-associated transcription factor (MITF) resulting in an increase in
melanogenic enzymes like tyrosinase (TYR), ultimately leading to an increase in melanin
(Cronin and Bok, 2016; Cui et al., 2007; Honigsmann, 2002). Melanin is synthesized and
stored in specialized organelles called melanosomes and is subsequently transferred to, and
dispersed in, keratinocytes, causing the increase in skin pigmentation we know as tanning
(Hearing, 2011; Lin and Fisher, 2007; Tran et al., 2008) (Fig. 1A).

How UVA is detected by the skin is less well-understood. Skin exposure to high UVA doses
causes immediate pigment darkening on the timescale of minutes to a few hours
(Honigsmann, 2002; Pathak et al., 1962), but how physiological doses of UVA are detected
and lead to cellular responses in skin is yet to be fully understood. Our group has recently
made progress in understanding UVA phototransduction in human epidermal melanocytes
via a novel mechanism (Bellono et al., 2014; 2013; Wicks et al., 2011). We found that
human epidermal melanocytes exposed to physiological doses of UVA radiation elicit a
UVA-specific, retinal-dependent transient increase in cytosolic calcium (CaZ*). Moreover,
the Ca2*-mediated response to UVA only occurred in melanocytes, not neighboring
keratinocytes (Bellono et al., 2014; 2013; Wicks et al., 2011). We showed that in
melanocytes, physiological doses of UVA activate a retinal-dependent, Ga.g/11-coupled
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pathway that stimulates phospholipase C-p (PLCP) to hydrolyze phosphatidylinositol 4,5-
bisphosphate (PIP,) into inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 binds to
the 1P receptor (IP3R) in the endoplasmic reticulum, releasing Ca2* in the cytosol. This
pathway also triggers the opening of transient receptor potential A1 (TRPAL) ion channels at
the plasma membrane, further increasing intracellular Ca2* levels. The combined increase in
intracellular Ca2* from internal and external sources is necessary for the rapid augmentation
in melanin levels detected on the order of minutes to hours (Bellono et al., 2014; 2013;
Wicks et al., 2011) (Fig. 1B). Although we characterized the molecular steps that mediate
the downstream signaling pathway evoked by UVA in melanocytes, the identity of the UVA
receptor is yet to be determined. The combined light-sensitivity, G-protein coupling, and
retinal-dependence of the UVA-evoked responses led us to hypothesize that UVA could be
detected by opsins in melanocytes.

3.1. OPSIN EXPRESSION IN HUMAN SKIN

While dermal photoreception in lower organisms has been extensively studied for more than
half a century (Steven, 1963), photoreception in mammalian skin has only recently come
into the spotlight. In the early 2000s, Denda and Fuziwara determined that different
wavelengths of light have different effects on human epidermal permeability (Denda and
Fuziwara, 2008), indicating a potential array of spectrally distinct light receptors within the
skin. Shortly thereafter, OPN1s and OPN2 were identified in human epidermal skin
(Tsutsumi et al., 2009). OPN2 was found in human epidermal keratinocytes (KERs) (Kim et
al., 2013), human basal layer keratinocytes and hair follicle stem cells (Buscone et al.,
2017), and, as we found, in primary human epidermal melanocytes (HEMs) (Wicks et al.,
2011). To initially test whether opsins were present in HEMs, we used degenerated opsin
primers and identified only OPN2 mRNA and subsequently, OPN2 protein (Wicks et al.,
2011). To test if OPN2 could sense light in melanocytes, we performed UVA-induced Ca2*
imaging in HEMs with endogenous or reduced levels of OPN2 and saw a decrease in Ca2*
flux when OPN2 was reduced, initially giving hope that OPN2 acts as the UVA-sensitive
receptor mediating our signaling cascade (Wicks et al., 2011). However, the differences in
spectral sensitivity and G-protein coupling between OPN2 (Amax ~500 nm, canonically
coupled to Gali) and the putative UVA-sensitive GPCR (A ~320-400 nm, coupled to
Gag/11) suggest that OPN2 does not function by itself as the melanocyte UVA receptor.
Rather, OPN2 may work in conjunction with an unidentified UVA-sensitive receptor to
mediate UVA phototransduction in HEMs.

Of the five mammalian opsins OPN1-5, OPN4 is the only one known to couple to Gaq, and
thus was the most likely candidate for the UVA-sensitive receptor in melanocytes. Using
more sensitive techniques, we performed real-time quantitative PCR and RNA-Seq of HEMs
and KERs from light- and dark-pigmented donors to determine if, in addition to OPN2,
other opsins are present in human epidermal skin. We identified mMRNA expression of
several opsins in both HEMs and KERs, albeit at different levels, including OPN1-SW,
OPNZ2, OPNS3, and OPN5 (Haltaufderhyde et al., 2015; Haltaufderhyde and Oancea, 2014)
(Fig. 2). Unfortunately, we did not detect significant expression of OPN4 mRNA, our
hypothesized candidate for the UVA receptor. Instead, we found that the most highly
expressed opsin was OPN3 in both HEMs and KERs. Because at the time human OPN3 had
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unknown G-protein coupling and spectral sensitivity, it became the most prospective opsin
candidate for the elusive melanocyte UVA sensor. As we now know, OPN3 is not a UVA
receptor, but amidst our experiments, we and others have identified novel functions for
OPN3 in melanocytes, keratinocytes, dermal fibroblasts and hair follicles within the skin.

3.2. OPSIN EXPRESSION IN MURINE SKIN

Mouse skin shares similarities to human skin: the same layered organization from epidermis,
to dermis, to subcutis, but also differences: human skin is thicker (> 100 um) with 5-10
layers of keratinocytes in the epidermis compared to mouse skin (< 25 um), which only has
2-3 layers of keratinocytes; humans have epidermal melanocytes, whereas mice have
melanocytes primarily in the hair follicles within the dermis (Khavari, 2006) with some
epidermal melanocytes present in the non-hair covered skin of the ears, tail and soles of the
feet (Gerson and Szabo, 1968). The first indication that mouse skin may also express opsins
came in 2001, when it was demonstrated that mouse skin and cultured murine melanocytes
express OPN2 mRNA and protein (Miyashita et al., 2001). Since then, more studies have
detected OPN1-SW, OPN4 (de Assis et al., 2016), and OPN5 (Kojima et al., 2011) in normal
and malignant mouse melanocytes. Castrucci and her colleagues have led the forefront in
studying OPN2 and OPN4 in mouse melanocytes, suggesting that both opsins function as
part of local circadian clocks and as potential UVA sensors mediating melanogenesis (de
Assis et al., 2017; 2018; Moraes et al., 2017). The differential expression of OPN4 in mouse
but not human skin, indicates that some opsins may serve species-specific functions in the
skin.

After discovering OPN3 expression in human melanocytes, we wondered if mice also
express OPN3 in their skin and, thus, could be used as model organisms to investigate OPN3
function. The lack of reliable antibodies against human and mouse OPN3s represents a
significant impediment in evaluating OPN3 expression and function; to overcome this
impediment, we have recently generated a novel knock-in mouse model with mCherry
inserted in-frame at the C-terminus of OPN3, under the endogenous OPN3 promoter
(Olinski et al., (in preparation)). We used this OPN3-mCherry mouse model to perform
immunostaining on mouse ears, which contain epidermal melanocytes (Fig. 3). We now
show that in mouse skin OPN3 is expressed in epidermal melanocytes, keratinocytes and in
a subset of cells in the dermis, likely dermal fibroblasts, as well as in the hair follicle of
mouse ears (Fig. 3). The similar OPN3 expression pattern in mouse and human skin lends
promise that mouse models can be used to study the function of OPN3 in the skin.

4. OPN3 PROPERTIES AND FUNCTION IN SKIN

OPNS3 was first discovered in 1999 in the mouse brain (Blackshaw and Snyder, 1999).
Shortly after, human OPN3 was found to be expressed in a wide array of peripheral tissues
including the brain, placenta, retina, liver, heart, lung, skeletal muscle, pancreas (Halford et
al., 2001; Haltaufderhyde et al., 2015), and skin (Halford et al., 2001; Haltaufderhyde et al.,
2015), affording the colloquial name panopsin. Paradoxically, OPN3 is equipped to be light-
sensitive (see below), yet it is expressed in an array of tissues not exposed to light under
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physiological circumstances. Despite its widespread expression—or possibly because of it—
OPNS3 has gained limited scientific attention.

4.1. OPN3 TOPOLOGY AND STRUCTURAL FEATURES

To be classified as an opsin, a seven-transmembrane GPCR must possess essential features.
All opsins, including OPN3, contain a lysine residue within the seventh transmembrane
domain which forms a Schiff base linkage with the retinal chromophore. The retinal is
stabilized in a chromophore binding pocket by a negatively charged counterion residue
(usually aspartate or glutamate) in the third or fourth transmembrane domain (Nathans,
2002; Sakmar et al., 1989; Zhukovsky and Oprian, 1989) (K299 and D117 for human
OPNS3; Fig. 4). OPN3 sequence and topology is highly conserved across species, from
mosquitoes to pufferfish to mammals.

One of the most unique features of OPN3 is its unusually long C-terminus (78 residues; Fig.
4). With the exception of OPN4 with ~100 residues in its C-terminus, the other human
opsins have an average C-terminal length of 29 residues. The expansive C-terminus of
OPNB3 has little homology to that of any GPCR, let alone to any member of the opsin family,
yet it remains conserved across species. How the long C-terminus of OPN3 contributes to its
function has not been investigated. We examined whether the C-terminus is required for
OPNB3 trafficking and localization. Full-length OPN3 localizes to both the plasma membrane
and to intracellular vesicles (Ozdeslik et al., 2019) and the same localization pattern was
observed for C-terminal-truncated OPN3 (Oancea Lab, data not published), suggesting that
the unique C-terminus is likely not involved in localization. Based on its residues, the C-
terminus may then be involved in OPN3 desensitization, internalization or arrestin binding.
The C-terminus contains 13 potential phosphorylation sites (10 serine and 3 threonine
residues; Fig. 4) which may play an important role in arrestin-mediated internalization of the
receptor (Calebiro et al., 2010). Interestingly, when trying to determine the spectral
sensitivity of mosquito and pufferfish OPN3 homologs, Koyanagi et al. found greater protein
yields for spectrophotometric analysis when the C-terminus of mosquito OPN3 was
removed (Koyanagi et al., 2013). Similarly, when we performed UV-visible spectrometry on
human OPN3, our protein yields were far greater when the C-terminus was not present
(Ozdeslik et al., 2019). These experimental observations strengthen the idea that the C-
terminus of OPN3 across species may have a role in protein lifespan. It is possible that by
removing the C-terminus, OPN3 is not internalized as efficiently and high yields of protein
can then accumulate over a shorter period of time.

We have found that human melanocytes express OPN3 mRNA encoding the full-length
protein and a splice variant missing exon 2 and encoding a truncated peptide comprising
only the first three transmembrane domains (Haltaufderhyde et al., 2015). Six other splice
variants were found in human placenta, four of which result in truncation after exon 1; one
includes two novel exons between exons 1 and 2 encoding a six-exon peptide; and one
includes a novel exon replacing exon 2, encoding a protein with identical N- and C-termini
as full-length OPN3 but different transmembrane domains and connecting loops (Kasper et
al., 2002). It is not clear if splice variants are present in all cell types or if they are tissue
specific. The lack of specific anti-OPN3 antibodies makes it difficult to determine whether
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the peptides encoded by the splice variants are functional proteins or are degraded. The
numerous splice variants encoding truncated OPN3 peptides brings into question published
results that form conclusions based on OPN3 mRNA expression; if the primers used to
detect OPN3 mRNA were based on a small fragment within OPN3, rather than on the full-
length coding sequence, the data may be the combined detection of full-length OPN3 and its
potentially non-functional splice variants. Until specific OPN3 antibodies become widely
available, evidence of the full-length OPN3 coding sequence is a must for inferring the
presence of OPN3 protein.

4.2. OPNS LIGHT ABSORBANCE AND RETINAL BINDING

Based on its GPCR structure and the presence of both a chromophore-binding lysine and
negatively charged counterion, OPN3 possesses the necessary features to signal in a light-
sensitive and G-protein-dependent manner. However, whether OPN3 homologs across all
species absorb light and whether their functions are light-dependent is still a matter of
debate.

OPN3 homologs in pufferfish (teleost multiple tissue opsin, pufTMT), mosquito, and
zebrafish absorb blue-green light (Amax = 470, 500, and 465 nm, respectively) as measured
by UV-visible spectroscopy. These homologs also bind 11-cisretinal which photoisomerizes
to all-#rans retinal after light irradiation, strongly suggesting that these homologs are bistable
(Koyanagi et al., 2013; Sugihara et al., 2016). Koyanagi et al. have also shown that pufTMT
and mosquito OPN3 can signal through Ga.i/o to decrease cAMP in a light-dependent
manner (Koyanagi et al., 2013). Attempts by the same group to determine the spectral
sensitivities of anole, chicken, mouse and human OPN3 failed to identify any light
absorption, citing low protein yield. Consistently, no light-dependent changes in CAMP were
measured for native zebrafish, anole, chicken, mouse or human OPN3s (Koyanagi et al.,
2013; Sugihara et al., 2016). These discrepancies across species further fuel the confusion
surrounding the ability of mammalian OPN3 to function in a light-dependent manner.
Nevertheless, published results seem to agree on the lack of UV-visible absorption and light-
induced G-protein coupling for both mouse and human OPN3. Because mammalian OPN3
is phylogenetically distinct, yet closely related to vertebrate visual and non-visual opsins
(Terakita, 2005), it possible that it possesses a divergent, non-light sensitive function from
other known OPN3 homologs.

Our initial hypothesis that human OPN3 functions as a melanocyte photoreceptor prompted
us to measure human OPN3 absorption spectra using UV-visible spectroscopy. To obtain
high enough protein yield for accurate spectral measurements, we expressed human OPN3
with a truncated C-terminus, which does not appear to alter spectral characteristics of other
OPN3 homologues (Koyanagi et al., 2013; Sugihara et al., 2016) or OPN3 localization.
Human OPN3 showed no light absorption in the 300-700 nm range, despite being able to
bind retinal (Ozdeslik et al., 2019). One possible explanation is that OPN3 might have
undergone selective pressure across species and, at least in humans, may no longer be
photosensitive. Such light-independent functions for OPN3 could explain its expression in
tissues that are not physiologically exposed to light. Interestingly, despite detecting no light
absorption within the visible range, we found that human OPN3 binds 11-cis or all-trans
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retinal (Ozdeslik et al., 2019), suggesting that the binding of OPN3 to retinal has additional
critical roles than just conferring potential light sensitivity. Whether the binding of retinal in
human OPN3 has a specific function—such as stabilizing the conformation of the opsin or
aiding in any interactions OPN3 may have—is a topic for further investigations.

4.3. OPNS3 FUNCTION IN HUMAN SKIN

4.3.1. OPN3 in melanocytes—Our initial studies of OPN3 function in melanocytes
were designed to test whether OPN3 was the UVA receptor upstream of the Ca2*-melanin
cascade in HEMs, but the UVA-induced Ca2* measurements quickly dismissed this
hypothesis. However, HEMs with reduced OPN3 levels had visibly higher melanin levels,
surprisingly in the absence of any light stimulation. Our subsequent studies revealed that
OPN3 is a negative regulator of melanogenesis, independent of UVA, UVB, blue or green
light. We found that OPN3 specifically regulates the MC1R-dependent cAMP melanogenic
pathway (Ozdeslik et al., 2019). We showed that human OPN3 couples to Ga.i, similar to the
Gai/o coupling of mosquito OPN3 and pufTMT (Koyanagi et al., 2013), and that human
OPNS3 negatively regulates the MC1R- mediated and Gas-coupled melanogenic pathway in
HEMs. Furthermore, downstream of cAMP, OPN3 negatively regulates MITF and TYR
protein levels leading to a decrease in melanin levels, all independent of light stimulation

(Fig. 6).

In addition to the functional relationship between OPN3 and MC1R, we also determined
through coimmunoprecipitation that OPN3 and MC1R form a molecular complex. OPN3
and MCL1R colocalize on the plasma membrane and in intracellular vesicles and may
translocate as part of this complex. We hypothesize that OPN3 interacts with MCL1R, either
directly or indirectly, to regulate the amount of MC1R available to signal at the plasma
membrane. Like other GPCRs with long C-termini, the C-terminus of OPN3 could also act
as a binding site for accessory proteins that mediate complex formation with MC1R (Zezula
and Freissmuth, 2009). OPN3 may act in a two-pronged manner: (1) OPN3 at the plasma
membrane negatively regulates MC1R signaling by coupling to Gai and (2) OPN3 interacts
with MC1R to facilitate translocation of the complex, limiting MC1R signaling by reducing
MCI1R availability at the plasma membrane (Ozdeslik et al., 2019).

In our experiments, OPN3 did not respond (via CAMP or Ca2*) to external light sources, yet
clearly had an effect on melanin levels. These light-independent results are in line with our
UV-visible data (Ozdeslik et al., 2019) and the UV-visible experiments from Sugihara et al.
indicating no light absorption of human OPN3 (Koyanagi et al., 2013; Sugihara et al., 2016).
Although human OPN3 does not appear to be photosensitive, the caveats of our
experimental methods must also be considered. OPN3, unlike other known mammalian
opsins, might respond to wavelengths—such as infrared— outside of the 300-700 nm range
tested in the UV-visible spectroscopic experiments. Regardless of the caveats, our functional
studies showed that human OPN3 does not depend on light for its MC1R- mediated
function. A light-independent function for OPN3, however, has recently been opposed by a
study implicating OPN3 in the positive regulation of a blue-light-dependent pathway in
melanocytes (Regazzetti et al., 2018).
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Regazzetti et al. reports that blue light (415 nm) increased pigmentation in normal human
melanocytes (NHMs) via OPN3 photoactivation (Regazzetti et al., 2018). The study showed
that irradiating NHMs, but not keratinocytes, was necessary for an increase in pigmentation.
Through quantitative PCR, the study showed that OPN3 mRNA is expressed in NHMs,
although its expression did not change with blue light irradiation. Blue light-dependent
increases in Ca2* were diminished when OPN3 was downregulated, which led the
investigators to conclude that OPN3 acts as a blue light receptor mediating a Ca?*-
dependent melanogenic pathway involving calmodulin-dependent protein kinase Il,
phosphorylation of CREB, extracellular signal-regulated kinase, p38, upregulation of MITF,
and increased expression of the melanogenic enzymes TYR and dopachrome tautomerase in
NHMs. However, many of the conclusions are based on Ca2* measurements that cannot be
fully assessed by the reader, as no Ca* imaging traces are shown. The study is also missing
a direct link between OPN3 and melanin levels, suggesting that further investigations are
needed to understand whether human OPN3 may function as a blue-light receptor for this
melanogenic pathway.

The only two studies to investigate OPN3 function in human melanocytes have contradictory
conclusions (Ozdeslik et al., 2019; Regazzetti et al., 2018): Regazzetti et al. observed OPN3-
dependent changes in Ca2* with and without blue light in NHMs, but Ozdeslik et al. did not
detect any OPN3-dependent differences in Ca2* in HEMs irradiated with blue light, despite
both studies using similar LED lamps. In addition, Regazzetti et al. showed decreases in
MITF and TYR when OPN3 levels were reduced in NHMs, in direct contradiction with our
finding that these levels, along with melanin levels, are increased in HEMs with reduced
levels of OPN3. These contradicting results in Ca2*, MITF, TYR, and melanin data could be
due to differences in light doses or in the culture methods for the melanocytes used.
Regazzetti et al. used a total of 50 J/cm? of 415 nm light over 33 minutes, whereas we used a
total of 200 mJ/cm? over 10 s. Even efficient light sources release ~75% of their light energy
as heat (Ahn et al., 2014), so the total amount and time of light irradiation may be a factor
explaining the difference in results, perhaps by temperature-dependent changes in OPN3 or
other cellular functions. Both studies used primary human epidermal melanocytes, but
Regazzetti et al. used media supplemented with tetradecanoyl phorbol acetate (TPA) and
forskolin (FSK), whereas Ozdeslik et al. used media without these additives. Because FSK is
known to increase melanogenesis (D’Orazio et al., 2006), and TPA is a non-physiological
mitogen that could increase transcription of MITF, TYR and dopachrome tautomerase
(Donatien et al., 2004; Prince et al., 2003), their presence in the culture media could affect
melanocyte differentiation, melanin levels, and opsin expression. Indeed, we have found
expression of OPN1-SW, OPN2, OPN3, and OPN5 in our HEMs (Haltaufderhyde et al.,
2015) whereas Regazzetti et al. only detected OPN3 expression in NHMs cultured with TPA
and FSK.

Although some progress has been made, more studies are needed to clarify the function of
OPN3 in melanocytes. OPN3 may have several, even opposing, functions because the
regulation of melanin is critically important to life. Too much melanin can lead to an
increase in oxidative damage as a result of the melanogenic process (Cunha et al., 2012;
Jenkins and Grossman, 2013), whereas too little melanin leaves the skin susceptible to
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radiation-induced DNA damage (D’Orazio et al., 2013; 2006). A complete understanding of
the signaling and function of OPN3 in melanocytes and in the skin awaits further study.

4.3.2. OPNB3 in keratinocytes, hair follicles, and dermal fibroblasts—In addition
to epidermal melanocytes, OPN3 is also expressed in other skin cell types, including
epidermal keratinocytes (KERs) (Haltaufderhyde et al., 2015; Regazzetti et al., 2018), hair
follicles (Buscone et al., 2017), and dermal fibroblasts (Buscone et al., 2017; Castellano-
Pellicena et al., 2018; Lan et al., 2019). Castellano-Pellicena et al. sought to determine
OPNBS function in keratinocytes. The study confirmed that OPN3, together with OPN1-SW
and OPNS5, are expressed in human primary epidermal keratinocytes. Blue light irradiation
of keratinocytes with reduced levels of OPN3 resulted in a slight decrease in keratinocyte
differentiation, but had no effect on their proliferative capacity, compared to wildtype cells
(Castellano-Pellicena et al., 2018). Interestingly, OPN3-dependent keratinocyte
differentiation was only detected in response to blue light. Because OPN1-SW is also
expressed in keratinocytes and is known to absorb blue light, OPN1-SW may be the actual
blue-light sensor that directly or indirectly interacts with OPN3 to regulate downstream
effects on keratinocyte differentiation.

Keratinocytes, making up the majority of the human epidermis, accept and distribute
melanin transferred from melanocytes (Marks and Seabra, 2001; Raposo and Marks, 2002;
X. Wu and Hammer, 2014). Because OPN3 is present in both epidermal melanocytes and
keratinocytes (Castellano-Pellicena et al., 2018; Haltaufderhyde et al., 2015), a recent report
investigated whether it may play a role in the solar UV-induced transfer of melanosomes
from melanocytes to keratinocytes. They detected no change in OPN3 mRNA expression
with UV exposure, despite an increase in melanosomal transfer (Hu et al., 2017), a result
that is neither causative nor conclusive as to whether OPN3 may have a role in melanin
transfer. Whether OPN3 might serve complimentary functions in melanocytes and
keratinocytes remain to be investigated.

OPN3 was also shown to be expressed in human anagen hair follicles, particularly in the
inner root sheath keratinocytes of terminal and vellus hair follicles by PCR, quantitative
PCR and immunofluorescence (Buscone et al., 2017). OPN3 mRNA was also found in
follicular stem cells and outer root sheath keratinocytes, although immunostaining of skin
samples did not detect OPN3 protein in these locations. Despite this, the study determined
the effect of OPN3 downregulation on the transcriptome of outer root sheath keratinocytes
and found an inhibitory effect on the metabolic activity of these cells (Buscone et al., 2017).
The direct causality, potential mechanism and light-dependence of these effects remains
unclear. More research needs to be done to determine the physiological function of OPN3 in
the hair follicle; it may be particularly interesting to determine if OPN3 regulates
melanogenesis in follicular melanocytes to influence hair color.

A recent report on OPN3 in the skin focused on its potential function in dermal fibroblasts
(Lan et al., 2019). Lan et al. confirmed that OPN3 mRNA, as well as OPN1, OPN2, OPN4,
and OPNS5, are present in dermal fibroblasts (Buscone et al., 2017). Contrary to a study that
found no UV-dependent change in OPN3 expression in melanocytes (Hu et al., 2017), Lan et
al. observed an increase in OPN3, OPN1 and OPNS5 expression in dermal fibroblasts after
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high UV exposure (10 J/cm?). High UVA doses also increased intracellular Ca2* through a
PLCp-dependent mechanism, leading to an increase in matrix metalloproteases (MMPSs)
involved in the photoaging of the skin. Reducing OPN3 levels partially reduced UVA-
induced Ca2* flux and abrogated phosphorylation of CREB and calmodulin-dependent
protein kinase 11 and the upregulation of MMPs. Although the immunostaining for OPN3
looks jarringly cytoplasmic for a GPCR and has disputably high colocalization with every
MMP stained for, this study does raise questions as to what role OPN3 may have in dermal
fibroblasts.

Itis intriguing that Lan et al. suggest that OPN3 acts a UVA receptor in dermal fibroblasts;
we have shown that OPN3 does not activate cCAMP or Ca2* cascades in response to UV (or
any visible) light in melanocytes. It is possible that OPN3 may act in conjunction with
another opsin present in dermal fibroblasts to mediate UVA signaling. The authors do note
that UVA exposure does also mediate expression of OPN1 and OPNS5, of which OPNS5 has
been shown to sense UV light (Kojima et al., 2011; Yamashita et al., 2010). Downregulation
of OPN3 also reduces the expression of OPN1 and OPNS5, suggesting a potential interaction
between OPN3, OPN1 and OPN5 which could explain UVA-dependent responses.

There is conflicting data on whether OPN3 signals through Ca2* (Regazzetti et al., 2018) or
CAMP (Ozdeslik et al., 2019) in melanocytes. In dermal fibroblasts, OPN3 may partially
regulate a Ca2* cascade after UVA exposure via PLCP activation. Because PLCP can be
activated by the BA-subunits of G proteins upon GPCR activation (Clapham and Neer, 1993;
D. Wu et al., 1993), OPN3 may signal both through Gai-mediated cAMP and GBA-
mediated Ca2* in dermal fibroblasts and possibly in other skin cells.

5. CONCLUSIONS AND FUTURE DIRECTIONS

The last decade of research brought skin photodetection and photosensitivity into the
spotlight. Although the connection between the ability of our eyes and skin to detect light
might seem obvious because light is a physiological stimulus for both, it was the discovery
that melanopsin (subsequently named OPN4) is expressed in photosensitive dermal
melanophores of Xenopus laevis (Provencio et al., 1998), that brought opsins and dermal
photodetection together. The unexpected finding that visual opsins (OPN1s and OPN2) are
also expressed in mammalian epidermal melanocytes and keratinocytes, inspired many
studies in search of their function in the skin. OPN3 was more recently discovered in
mammalian skin, but its high expression in epidermal skin suggests that it might have one or
more relevant functions. The OPN3-mediated regulation of melanocyte pigmentation via
MCI1R regulation reveals an important function for OPN3 and also a new paradigm for how
an opsin can signal in a light-independent manner in conjunction with another GPCR. The
opsin-mediated effects of blue-light on mammalian skin, suggested by a number of studies,
are awaiting further investigations that, perhaps, will uncover novel photodetection and
phototransduction mechanisms. In conclusion, despite recent progress, much remains to be
understood about how our skin “sees” light.
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6. METHODS

Animals and immunohistochemistry.

All animal care and procedures were performed in accordance with the Brown University
Institutional Animal Care and Use Committee as in compliance with the National Institutes
of Health guide for the care and use of laboratory animals. Animals were housed socially
with ad libitum access to food and water in a light- (12 h light/dark cycle) and temperature-
controlled (21.5 — 22.5°C) facility. OPN3~/~ mice (Buhr et al., 2015) were a generous gift
from Dr. K.-W. Yau, Johns Hopkins University. Both male and female mice were used. Ears
were removed from the head using sharp scissors after euthanasia. Ears were fixed in 4%
paraformaldehyde overnight at 4°C before rinsing in PBS thoroughly and cryopreserving in
increasing concentrations of sucrose-PBS solutions (10%, 20%, 30%) over a period of 14 d,
or until skin sunk to the bottom of the sucrose solution. Skin was cut into ~4 mm sections
and embedded in Tissue-Tek optimal cutting temperature solution (OCT) (Electron
Microscopy Sciences), frozen in dry ice, and stored at —80°C until sectioning into 100 pm
slices using a cryostat (Leica CM3050S). The skin sections were stained using the CytoVista
Tissue and 3D Culture Clearing for 3D Fluorescence Imaging Kit (ThermoFisher Scientific)
following manufacturer’s protocols and mounted with VECTASHIELD antifade mounting
medium with DAPI (Mector Laboratories). Antibodies used: rabbit anti-mCherry (KeraFAST
EMU105, 1:350) and donkey anti-rabbit AF594 (ThermoFisher Scientific, 1:500).
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Figure 1: UVB- and UVA-induced melanogenic signaling in epidermal melanocytes.
A. UVB induces DNA damage, causing the release of pro-opiomelanocortin (POMC) by

keratinocytes and melanocytes. POMC is cleaved to aMSH, the endogenous agonist for the
melanocortin-1 receptor (MC1R) in melanocytes. Activation of MC1R signals via Gas to
increase intracellular cAMP levels through activation of adenylyl cyclase (AC). cCAMP
renders protein kinase A (PKA) catalytically active, phosphorylating CAMP response
element binding protein (CREB) which upregulates microphthalmia-associated transcription
factor (MITF). The subsequent MITF-driven increase in expression of melanogenic enzymes
like tyrosinase (TYR) leads to an increase in melanin within melanosomes (brown circles)
and melanin transfer to keratinocytes, which occurs in 12-24 h after UVB exposure.

B. UVA, detected by an as yet unidentified melanocyte photoreceptor, leads to retinal-
dependent activation of Ga.g/11, which stimulate phospholipase C- (PLCP) to hydrolyze
phosphatidylinositol 4,5-bisphosphate (PIP,) to diacylglycerol (DAG) and inositol
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triphosphate (IP3). IP3 binds its cognate receptor IP3R, increasing Ca2* flux from the
endoplasmic reticulum (ER). This pathway also activates transient receptor potential cation
channel A1 (TRPAL), leading to Ca2* influx and a further increase in intracellular Ca2*.
Ca2* from both sources is required for the increase melanin synthesis that can be detected 1
h after exposure (Bellono et al., 2014; 2013; Wicks et al., 2011).
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Figure 2: Opsin expression in human epidermal melanocytes and keratinocytes.
Expression levels in human epidermal melanocytes (HEMs) and human epidermal

keratinocytes (KERs) of mMRNA encoding OPN1-SW, OPN2, OPN3, OPN5 (OPN4 was not
detected) measured by quantitative RT-PCR (Haltaufderhyde et al., 2015). OPN3 is the most
highly expressed opsin in both cell types. The known photosensitivity of opsins lends the
notion that skin can “see” light. Rel.: relative
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Figure 3: OPN3-mCherry expression in mouse skin.
Representative images of horizontal skin sections obtained from ears of OPN3-mCherry

(OPN3-mCh) knock-in mice expressing the fusion protein OPN3-mCherry under the
endogenous OPN3 promoter (bottom) and OPN3~/~ mice, used as a negative control (top).
Ear slices obtained from the OPN3-mch knock-in, but not from the OPN3~/~, mouse exhibit
mCherry immunostaining in the epidermis (star), hair follicle (arrow), and dermis, indicating
OPNS3 expression in mouse skin. White boxes indicate the areas shown at higher
magnification below. DAPI staining (left column) was used to identify individual cells/
nuclei. Scalebars: 100 pm. mCh: mCherry
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Figure 4: Topology and sequence features of human OPN3
Bead diagram of the secondary structure of human full-length OPN3 based on

PredictProtein (Rost et al., 2004). Transmembrane helices are numbered 1-7. The eighth
helix is intracellular and is conserved in opsins 1-5. The unique C-terminus is highlighted in
yellow; K299 retinal binding residue is outlined in red; D117 negatively charged counterion
is outlined in purple; serine and threonine residues within the C-terminus are outlined in
orange.
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OPN3 homologs across species
Species m 4 ' -
Pufferfish
Mosquito TMT Zebrafish Anole Chicken Mouse Human
Brain,
kidney,
. . heart,
Tissue Brain, k?c;ig], Brain Brain Beraén, placenta,
expression n/a liver, Y, ’ ’ ye, pancreas,
ove heart, eye eye testes, muscle
y eye skin u ’
liver,
eye,
skin
Max.
absorption 500* 470 465* ? 470%* ? none*
(nm)
Retinal 9-cis, 9-cis 11-cis
- 11-cis, y 11-cis ? ? ? ’
binding ; 11-cis all-trans
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G protein Gailo Gailo can bind* | canbind®* | can bind* ? Gai

Figure 5: OPN3 characteristics across species.
Known characteristics of OPN3 homologs across invertebrate and vertebrate species.

*spectral sensitivity measured for a C-terminal truncated form of the protein;® OPN3

spectral sensitivity or ability to bind G-proteins inferred based on a chimera of OPN3 and
the intracellular loop 3 of jellyfish Gas-coupled opsin. Data summarized from (Blackshaw
and Snyder, 1999; Halford et al., 2001; Haltaufderhyde et al., 2015; Koyanagi et al., 2013;

Sugihara et al., 2016). TMT: teleost multiple tissue opsin
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Figure 6: OPN3 negatively regulates MC1R-mediated melanogenesis in human melanocytes.
OPNS3 couples to Gai to negatively regulate MC1R-mediated cAMP signaling leading to a

decrease in melanin levels in human epidermal melanocytes. Upon aMSH binding and
activation, MC1R couples to Gas, which stimulates adenylyl cyclase (AC) and the
production of cAMP. OPN3 acts as a brake on the amount of cCAMP produced, therefore
regulating downstream levels of microphthalmia-associated transcription factor (MITF) and
melanogenic enzyme tyrosinase (TYR). OPN3 can also form a molecular complex with
MC1R; both receptors colocalize at the membrane and in intracellular vesicles, suggesting
that OPN3 and MC1R translocate as a complex between the cellular compartments.
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