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ABSTRACT

The skin is the interface between the organism and the external environment,
acting as its first barrier. Thus, this organ is constantly challenged by physical stimuli
such as UV and infrared radiation, visible light, and temperature as well as chemicals and
pathogens. To counteract the deleterious effects of the above-mentioned stimuli, the skin
has complex defense mechanisms such as: immune and neuroendocrine systems;
shedding of epidermal squamous layers and apoptosis of damaged cells; DNA repair; and
pigmentary system. Here we have reviewed the current knowledge regarding-which
stimuli affect the molecular clock of the skin, the consequences to skin-related biological
processes and, based on such knowledge, we suggest some therapeutic targets. We also
explored the recent advances regarding the molecular clock disruption in'melanoma, its

impact on the carcinogenic process, and its therapeutic value‘in.melanoma treatment.
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THE SKIN

The skin is the largest organ in human body, and it accounts for 16% of total body
weight. It consists of several specialized cells which make this organ sensitive to several
stimuli such as touch, pain, pressure, itching, light and radiation, and temperature [1]. The

epidermis is mainly comprised by keratinocytes, melanocytes, CD8" T, Langerhans and

Merkel cells. It is divided into five layers: stratum basale, stratum spinosum, stratum
granulosum, stratum lucidum, and stratum corneum. There are no blood vessels in the
epidermis and, therefore, the dermis provides all the nutrients and oxygen to the epidermis
[1,2].

The various layers of the epidermis represent different stages. of. keratinocyte
maturation. In this process, the epidermal stem cells differentiate into keratinocytes which
migrate upwards and begin to express several structural proteins, adhesion molecules, and
lipid-producing enzymes. In the strata lucidum and corneum, keratinocytes lose their
nuclei and form a lipid barrier — the epidermal barrier [1,3]. In addition to keratinocytes,
in the stratum basale reside the melanocytes which.synthesize the pigment melanin that
protects the skin against the deleterious effects of ultraviolet radiation B (UVB), A
(UVA), and visible light [4,5].

Below the epidermis is the dermis, which is mainly composed of fibroblasts and
contains lymph vessels, nerve endings, hair follicles, and glands. The dermis also has

several types of immune cells such=@s innate lymphoid, CD4"* T and mast cells,

macrophages, dendritic and-invariant natural killer cells [2]. The dermis is divided into

reticular and papillary layers: the latter contains the nerves and capillaries while the
former is composed of collagen and elastic fibers, which provide the physical support
[1,3].

The hypodermis is no longer considered as part of the skin [1]; however, its

influénce on the skin cannot be ignored. For instance, dermal adipocytes are involved in

hairgrowth [6], wound healing [7], skin aging [8,9], temperature regulation [10,11], and

immune response as well as influence the development and progression of several

cutaneous disorders [12-14]. Additionally, visible light has been shown to affect in vitro

mouse and human subcutaneous white adipocytes, leading to decreased lipid droplet size,

increased basal lipolysis rate, and alterations in adiponectin and leptin secretion [15].

These findings, therefore, show an interesting and yet unexplored action of visible light

on the hypodermis. In addition to its traditional histological classification, the skin can

also be classified into 4 functional barriers: the microbiome barrier (skin surface), the
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chemical barrier (stratum corneum), the physical barrier (epidermis), and the immune

barrier (dermis) [2].

The skin is the first barrier that protects the organism [16,17] and thus it is
susceptible to several external stimuli such as UVA, UVB and infrared radiation, visible
light, temperature, chemicals, and pathogens [18,19]. To counteract such stressors, the
skin displays elegant and complex mechanisms of defense such as: immune [3,20] and
neuroendocrine systems [21,22], increased epidermal thickness and cytokeratin, regular
shedding of epidermal squamous layers and apoptosis of damaged cells [23], DNArepair
machinery [23-26], and skin pigmentary system that acts as a natural sunscreen[4,23,27-
29]. Not surprisingly, many of these protective systems were shown to display rhythmic
and circadian oscillation in their defensive role as described in depth below.

This review is divided into two sections. In the first-section our focus will be to
describe how external time is interpreted by the circadian. machinery and how time affects
the biological processes in the skin. In the second section, we will explore how the
circadian mechanism is affected in cancer cells, focusing malignant melanocytes, the

recent advances in the field, and putative therapeutic applications in melanoma treatment.

THE MOLECULAR CLOCK - HOW OUR ORGANISM KEEPS TRACK OF
TIME

The statement: “Timing is everything” has an important meaning in many areas
of science, and particularly-in biology. The functions in the human body are not constant
along the day. In fact, several biological functions have a time-dependent behavior such
as: heart rate and blood pressure [30]; memory; cognitive performance; awareness and
sleep onset [31,32]; DNA repair [24], and energy metabolism [33-35] among others. The
temporalization and temporal segregation of physiological processes are prominent
features that allow the organism to adapt to the oscillatory conditions posed by the
environment. Since environmental alterations take place in a predictable fashion within
24 h period, the presence of a biological system able to track and interpret time, and based
on this information, anticipate and regulate several physiological processes, is key for
organism survival [36,37].

In mammals, the suprachiasmatic nuclei (SCN) are the central pacemaker [38],
which is comprised of approximately 26,608 16,000 neurons (8,000 in each nucleus) [39].
The retina is the responsible organ feeding the SCN with the external timing information:

Light information is converted by a subset of intrinsically photosensitive cells that express
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melanopsin (OPN4) — a photopigment — into electric stimuli that reach the SCN through
the retinohypothalamic tract [40-42]. At the core of this temporal controlling mechanism
lie the clock genes, whose oscillation along the day is the molecular basis for keeping
track of the time. The clock gene machinery may be explained in the following way
(Figure 1): Clock (Circadian Locomotor Output Cycles Kaput) (or Npas2, Neuronal PAS-
containing protein-1, in the SCN) and Bmall (Aryl hydrocarbon receptor nuclear
translocator-like protein 1) are translated into proteins in the cytoplasm and form the
heterodimer CLOCK:BMALL1, which migrates to the nucleus where it binds to-genes
harboring E-box sequences in their promoters. Among these genes, Per (Period) and Cry
(Cryptochrome) are transcribed and once translated into proteins they form:heterodimers
PER:CRY [43-45] that are phosphorylated by casein kinase 16 (CK18) or CKle and
migrate back to the nucleus [46,47]. The heterodimer. PER:CRY inhibits the
transcriptional activity displayed by CLOCK:BMALL1 [47,48]; in addition to clock genes,
several other genes also harbor E-box elements in the prometer regions, rendering these
genes clock-controlled (CCGs, Figure 1) [49].

Another loop of regulation is /also ' exerted through E-box activation:
CLOCK:BMALL activates Rev-Erbo/ (also.known as Nr1d1/2) and Rora/f (also known
as Nri1f1/2) expression. REV-ERBa/p competes with RORao/f for the orphan receptor
response element (RORE) sequence present in Bmall promoter. It is known that REV-
ERBo/p inhibits while RORa/B stimulates Bmall expression [50-52]. Since PER:CRY
inhibits the stimulatory action of CLOCK:BMAL1, consequently less Per and Cry genes
are transcribed, and in addition to the continuous degradation of PER and CRY proteins,
the inhibition displayed. by PER:CRY on CLOCK:BMALL is reduced, and then
CLOCK:BMAL1 binds to E-box regions and a new cycle of transcription starts
[46,49,53-57]. Importantly, when light information reaches the SCN, a glutamate
signaling takes places that leads to the fast transcription of several genes such as Per
[58,59] with subsequent clock gene machinery reset (Figure 1).

The clock gene machinery is not restricted solely to the SCN. In fact, to date the
clock gene machinery has been found in nearly all body cells, which shows that each
tissue has its own local temporal control [49,53]. Approximately 5 to 20% of genes
expressed in several organs were demonstrated to undergo circadian oscillation at the
mRNA level [60]. Based on the temporal information from the environment, the SCN
signals to several regions in the brain which control many physiological processes

through nervous outputs, hormones, and body temperature [53,61]. Light and temperature
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information from the environment is considered first order zeitgebers (time giver or
synchronizer), but only light feeds the SCN with the external time, as SCN neurons are
irresponsive to temperature variation. The organism also uses second order zeitgebers
such as activity, food intake, body temperature, and social interaction to reset the various
peripheral clocks [37,62]. These zeitgebers may be redundant and allow the whole
organism to be under the influence of a single time zone, i.e., in internal synchrony.
Interestingly, this internal synchrony between the central and peripheral
pacemakers is viewed as one of the — if not the most — important role of the circadian
system [37,57,62]. Not surprisingly, this internal synchrony is acutely lost in people with
jetlag syndrome or is chronically disrupted in shift workers [63,64], and the-loss of proper
timing, i.e. chronodisruption, is associated with several diseases such as

neurodegenerative, metabolic and sleep disorders, and cancer [37,63-68].

CIRCADIAN ORGANIZATION OF THE SKIN

How clock genes are regulated within the skin.and how the SCN controls the skin
clock is still not fully comprehended. Thus far, only.one study has addressed this question
[69]. As expected, the mouse skin displays.rhythmic expression of clock genes when the
animal is kept in light-dark cycle (LD) or in constant dark (DD). Upon SCN lesion, the
oscillatory profile of clock gene expression in the skin is lost. Thus, based on this study
[69], it has been suggested that the clock gene machinery within the skin is “blind” to
external stimuli, being only:-regulated by the SCN [70] (Figure 2).

Accordingly, the skin clock fits the so-called “Orchestra Model” [71,72]: In this
model, the central clock displays a coordinating role among different organs and systems,
I.e., each/organ “plays its own instrument” but the coordination and synchrony of the song
is exerted by the central clock. However, recently, a new model of organization between
the central and peripheral clocks has been set forth: The “Federated Model”, which is
based on-animals with specific deletion of Bmall in the SCN [62,73] or in the forebrain
[74] rather than physical lesion of the SCN. When mice were subject to light-dark (LD)
cycles, a rhythm of locomotor activity was found, but in DD no rhythm was detected [73-
75]. A similar profile was found for clock gene expression in peripheral organs, i.e., when
mice were kept in LD the expression of peripheral clock genes was synchronized and the
phase was preserved while in DD clock gene rhythm still persisted, although dampened
[73].
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The new insights and knowledge brought by the “Federated Model” have opened
a new perspective regarding the regulation of peripheral clocks exerted by the SCN. In
this line, the “Federated Model” suggests that the SCN is required to synchronize the
organism only in the absence of zeitgebers; in this scenario the peripheral clocks rely on
coordinating timing signals from the SCN, resembling a hierarchical organization. When
zeitgebers are present, peripheral clocks are aligned to external timing, in a “federated”
and SCN-independent fashion [62].

Unfortunately, how the molecular clock of the skin behaves when Bmall is
selectively knockout in the SCN has not been investigated. Nonetheless, an interesting
study has shown that restricting feeding time affects the phase and amplitude of several
diurnally expressed clock and clock-controlled genes [76]. These data have unexpectedly
shown that a classic metabolic zeitgeber also modulates thes-molecular clock of the skin
[76]. Further studies are required to understand the role.of the SCN and other zeitgebers

in the skin clock.

Skin Molecular Clock: A Historical View

The first evidence of clock genes in.the skin was provided in 2000 by Zanello and
colleagues. The authors demonstrated the presence of CLOCK and PER1 mRNA and
protein in primary cultures of human keratinocytes, melanocytes, dermal fibroblasts, and
in A375, an immortalized melanoma cell line [77]. In the following year, the expression
of CLOCK, PER1, CRYZ1;-and BMAL1 was detected in human skin and oral mucosa.
PER1, CRY1, and BMAL1 displayed rhythmic expression while CLOCK was constitutive
[78]. In 2002, a study demonstrated that the molecular clock of primary culture of human
keratinocytes was responsive to ultraviolet radiation B (UVB, 0.1 kJ/m?) since this
stimulus led to a downregulation of PER1, CLOCK, and BMALL1 expression [79].

From 2002 to 2011, no investigation — to the best of our knowledge — addressing
the role of clock genes in the skin was published, and only in 2012 the interest in the
molecular clock of skin cells reemerged. Currently, it is widely accepted that fibroblasts,
keratinocytes, and melanocytes have a local circadian machinery, which displays phase
relationship and period of clock gene expression in a cell specific manner after
dexamethasone synchronization [80]. These data, therefore, argue in favor of a local
multi-oscillatory temporal system in skin that could be responsible for controlling several
aspects of this organ in a time-dependent fashion [70,80,81]. It is known that the

functionality of the biological clock in the skin starts two months after birth while in aged
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rats the phase of clock gene expression is more variable compared to younger animals
[81].

Recently, an elegant study demonstrated that the reconstruction of 24 h long gene
expression was possible by sampling a small number (n = 20) of individuals along 24 h
and a larger population at a single time point (n = 219). With this approach, hundreds of
rhythmically expressed genes were found in human epidermis; in addition, several genes
were classified as biomarkers, and thus they could be used to easily assess the circadian
time of patients [82].

Over the past decade excellent reviews addressing the role of circadian clock in
the skin have been published [3,26,70,83-86]. In the next pages, we will address the
effects of ambient and endogenous factors on the skin biological clock (Figure 2), and the
processes known to be regulated by the molecular clock of the skin (Figure 3). We also
invite the reader to explore insightful ideas and views abeut the cutaneous circadian clock
[87].

Ambient and Endogenous Stimuli Affecting the Skin Clock

UV radiation and visible light

The skin possesses a photosensitive system, comprised by opsins, that can detect
light and trigger biological events in response to light stimulus [88-97]. In addition to the
opsin-mediated light perception, the skin also senses light and radiation through their
interaction with chromophores. other than retinaldehydes such as flavins, porphyrins,
nitrosated proteins (as reviewed by Garza and colleagues [98], and melanin [99].

In synchronized human keratinocytes, UVB radiation (280 — 320 nm, 0.2 kJ/m?)
was shown to immediately downregulate the expression of CLOCK, which was
normalized 12 h later [100]. Similar phenomenon has been previously appreciated by
Kuwara and coworkers [79]. In the skin of human volunteers, 6.88 kJ/m?2of UV radiation
(64% UVB, 16% UVA, and 19% visible light) also led to a downregulation of CRY2 24
h after irradiation compared to non-exposed controls [101]. Based on the literature, we
suggest that in both scenarios, the mechanism underlying UVB-induced clock gene
downregulation may be a UVB-induced ATP reduction, an event known to lead to a
phenomenon called UVB-induced energy crisis [102,103]. In addition to the above-
mentioned studies, UVB radiation (0.05 kJ/m?) was shown to acutely reduce BMAL1 and
CLOCK transcripts, but 24 h later BMAL1 and CLOCK levels were increased and

normalized, respectively, in immortalized and primary culture of human keratinocytes

8
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[104]. Upon BMALL1 or CLOCK gene silencing, increased cell viability and reduced
number of late apoptotic cells were found. The reduced UVB-induced apoptosis was
correlated with decreased expression of the cell cycle inhibitor p21, and the DNA damage
marker y- H2AX, in immortalized keratinocytes and in terminally differentiated primary
keratinocytes [104]. Furthermore, Park and coworkers [100] found reduced mRNA levels
of Tissue Inhibitor of Metalloproteinase 3 gene (TIMP3) due to UVB-induced inhibition
of mRNA synthesis, or when CLOCK was silenced. Remarkably, upon UVB radiation
the reduction on CLOCK and TIMP3 transcripts resulted in increased secretion of
metalloproteinases (MMP), TNF-a, and inflammatory cytokines, events that contribute
to the well-known effects of UVB-induced inflammation [49]. Another link between the
molecular clock and MMP was recently reported as knockdown of PER2 ‘and PER3
increased the expression of MMP1 mRNA and protein.in immortalized human
keratinocytes, in which PER3 reduced the expression of MMP1 in a cAMP-dependent
pathway [105]. Remarkably, PER1 was shown to act as-positive regulator of MMP1.

In human skin, UVB radiation (1 to 4-fold.the minimal erythema dose) led to
increased erythema index in the same skin phototype 11and 111 individuals who received
the radiation in the evening compared to the morning. Interestingly, basal CRY2
expression correlated with erythema response, and increased p53 protein was reported in
morning exposed-subjects compared to evening-exposed ones [101]. Additionally, UV
radiation (6.88 kJ/m?, 64% UVB, 16% UVA, and 19% visible light) downregulated CRY2
in human skin but upregulated CRY1 expression in subcutaneous adipose tissue, which
shows an interesting response to UVB radiation in a tissue that is not directly affected by
UVB radiation [106].

Récently, UVC (0.05 kJ/m?) radiation has been shown to synchronize the

molecular clock of NIH-3T3 fibroblasts; however, the cytotoxic effect of UVC was not

investigated and, therefore, the physiological relevance of such data is difficult to assess

[107]. Inaddition, NIH-3T3 embryonic fibroblasts harboring Per2 promoter-driven
firefly luciferase (Per2-Luc), upon genotoxicity dose of UVB radiation (254 nm, 20 to
200 kJ/m?), showed a rhythmic Per2 expression pattern. The UVB-induced Per2
expression was absent in embryonic fibroblasts of Heat shock factor (Hsf) knockout mice.
Chromatin immunoprecipitation assays (ChlIP) demonstrated that UVB radiation induced
HSF1 binding to the heat shock response element (HSE) site 2 on Per2 promoter, thereby
enhancing its expression. Interestingly, p53 can suppress Per2 expression hours after

UVB radiation, thus modulating its expression. It was shown that UVB radiation firstly

9
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activated HSF1 pathway, which then activated p53, and that BMALL regulated both
pathways through BMAL1/HSF1, leading to molecular clock synchronization [108].
Most of the studies in the literature are focused on keratinocytes or fibroblasts, and
only a few on melanocytes. Our group has shown that visible light (400 — 700 nm, 0.85
kJ/m?) and UVA radiation (365 nm, 4.4 kJ/ m?) have a minor effect on the molecular
clock of murine melanocytes when compared to malignant cells [93,109]. We have found
a correlation between the increased levels of melanin content and reduced clock
expression in malignant cells compared to normal cells [93,109,110], a phenomenon
initially demonstrated by Hardman and colleagues [111] in clock gene-silenced human

melanocytes.

Temperature

In addition to detecting light, the skin is also equipped to detect temperature via
classically known thermoreceptors such as the temperature-sensitive transient receptor
potential (TRP) channels [112-115]. Our group.has demonstrated that normal and
malignant melanocytes sense temperature (39°C for one hour) that leads to biological
clock activation in a non-canonical melanopsin-dependent fashion [116]. Thus, our
findings in melanocytes along with the data in human sperm cells [117], clearly
demonstrate that opsins are dual sensors, detecting both light and temperature in
mammals (Figure 2) [118], a concept that has been previously established in Drosophila
larvae [119-121].

Human skin displays an oscillatory profile on surface temperature with higher and
lower values in the evening and morning, respectively [122,123]. In 2011, Sporl and
colleagues showed that temperature cycles (37/33°C during 12/12 h) entrained the
biological clock of dexamethasone-synchronized human keratinocytes, in which several
rhythmic genes were identified. Within this line, approximately 300 genes have been
shown to'oscillate in a circadian manner in human epidermis; among them, Krippel-like
factor 9 (KLF9), which is involved in proliferation and differentiation of keratinocytes,
was identified as a responsive gene to cortisol and temperature cycle [124].

The first link between clock gene activation and temperature was reported by

Tsuchiya and colleagues in mouse NIH-3T3 fibroblasts [125]. Several years later Tamaru

and coworkers showed that Per2 expression was induced by heat shock (43°C) in NIH-
3T3 mouse fibroblasts, and upon knockout or mutation in Hsf the heat-induced clock

activation was lost [126]. In primary culture of rat dermal fibroblasts kept in temperature

10
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ranging from 32 to 39°C, an oscillation on Perl expression was found; however, cells
kept at 32 and 35°C showed increased Perl gene amplitude compared to the ones
maintained at 37 and 39°C [81]. There is just one report in the literature regarding the
effect of temperature on the molecular clock of melanocytes: Our group demonstrated
that heat pulse (39.5°C during 1 h) increased Perl transcript levels in synchronized
murine melanocytes [116].

In vivo experiments are also scarce. In skin of hairless rats kept under DD or LD
cycles at constant temperature (22°C), trans-epidermal water loss (TEWL) and stratum
corneum hydration (SCH) displayed an oscillatory pattern; however, LD cycles with high
temperature (28°C) in the light phase affected the TEWL but not the SCH.rhythms [127].

It is a well-known fact that the skin temperature in humans is lower than care temperature

[128,129] and that it is not constant, i.e., it oscillates displaying.its lowest levels at night

compared to the day in kids and young adults of both.sexes [123,130]. Although core

temperature is classically assessed by a rectal thermometerpwhich is the gold standard

method, evaluation of skin temperature has been.suggested as an alternative method

[131,132] to evaluate circadian rhythms [133,134]<and a putative marker for circadian
disruption in humans [133,135-137].

Reactive oxygen species

The skin possesses several complex protective mechanisms against oxidative
stress that assure its homeostasis against external threatening agents such as UV radiation,
visible light, temperature, chemicals, as well as endogenous reactive oxygen species
(ROS) [3,18,138]. Components of the antioxidative system include catalase (CAT)
[139,140], glutathione peroxidase (GPx) [141,142], superoxide dismutase (SOD)
[143,144], which are known to be rhythmically active, and antioxidants like vitamins A,
C, and E, melatonin, and glutathione (GSH) [3,138,145]. In the literature few studies

relate.the"molecular clock with oxidative stress in the skin [138]; on the other hand, the

link between molecular clock and oxidative stress in other organs, for instance the liver,

is well comprehended [146,147]. Interestingly, it has been shown that the epidermis

displays a higher antioxidant activity compared to the dermis [148].

The molecular clock of keratinocytes has also been linked to antioxidant responses
since synchronized human keratinocytes (HACAT cells) exhibited a more efficient
response, mainly by a faster migration of the nuclear factor erythroid 2—related factor 2

(NRF2) protein to the nucleus, and rapid induction of Bmall transcription compared to

11
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non-synchronized cells [149]. In another line of human epidermal keratinocytes (NHEK),
a decrease in ATP synthesis and an increase in hydrogen peroxide (H202) level were
found in synchronized cells after nutritional starvation, or UVB (0.1 kJ/m?) irradiation,

compared to unsynchronized cells [150]. One has to bear in mind, however, that the above

studies [149,150] compared two different cell populations (synchronized vs. non-

synchronized), and the diverse results may be due to factors other than a direct link with

the molecular clock. On the other hand, a strong evidence linking anti-oxidative activity

and circadian system was provided -H-in mouse NIH-3T3 fibroblasts, in which near=lethal

doses of ROS werereported-to-reset the bielegical-clock in a Bmall- and Hsf-dependent
fashion, leading to cell survival [151].

Hormones

The skin is widely recognized as a neuroendocrine organ that displays equivalents

to the hypothalamic—pituitary—adrenal (HPA) and hypothalamic—pituitary—thyroid (HPT)

axes, catecholaminergic, cholinerqic, steroidogenic, melatoninergic  and

secosteroidogenic systems, that regulate several cutaneous biological processes [22,152-
156].

Melatonin is an indoleamine synthesized during the night by the pineal gland,

known as one of the most important hormones involved with circadian synchronization

of peripheral tissues. Melatonin translates the photoperiod information into a hormone

signal [157]. It is also synthesized in a variety of extrapineal organs [158], including the

skin where melatonin is.produced locally under both physiological and pathological

conditions and is_an_important player in skin biology [159,160]. Classically melatonin

synthesis involves the participation of arylalkylamine N-acetyltransferase (AANAT),

which catalyzes the conversion of serotonin into N-acetylserotonin (NAS), and

acetylserotonin O-methyltransferase (ASMT), which catalyzes the methylation of NAS
into_melatonin [159,161-165]. AANAT is the rate-limited enzyme in the pineal gland

being activated by nocturnal noradrenalin stimulation. Mammalian skin possesses the

entire enzymatic machinery to synthesize melatonin, including AANAT. Interestingly,

C57 mouse strain does not express functional AANAT [166], but are proficient in skin

melatonin production. In this condition, melatonin synthesis is allowed by the action of

arylamine N-acetyltransferase (NAT), that leads to serotonin acetylation in an AANAT -
independent pathway [161,167].

12
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Interestingly, melatonin levels are higher in human epidermis compared to

circulating levels, which arques in favor that skin-produced melatonin is mainly used

locally in the skin; moreover, melatonin levels in the skin is dependent on race, gender,

and age, and African-American skin shows the highest level of this hormone compared

to Caucasian skin [160,163]. An interesting difference between human and mouse skin

lies on the fact that the former expresses melatonin receptor 1 (MT1) and (MT2)
[168,169]_while mouse skin predominantly expresses MT2 [170,171], which are both

affected by UVB radiation [169]. Regarding its metabolism, melatonin can be degraded

in the skin not only via indolic or kynuric pathways [163,172,173], but also/dy a direct

and non-enzymatic action of UVB radiation [174].

This indole hormone displays several protective functions in.the skin such as, but

not limited to, protection against light and oxidative stressgrinduction of DNA repair,

requlation of barrier function, pigmentation, and immune system, and thermoreqgulation
(reviewed in [159,163]. In fact, the melatoninergic systemof.ithe skin protects against UV

radiation [175,176], through an interaction with mitechondrion function [159,162], and

by increasing the levels of several antioxidant. enzymes [177], consequently leading to
the attenuation of UV-induced DNA damage [177,178].
Therefore, melatonin could be pharmacologically exploited to treat skin related

diseases, cancer, and aging [161,176]. Despite its well-known effects on skin biology,

only an in vitro study has evaltuated the-effect of this hormone on the molecular clock of

skin cells in which melatonin applied, at different times of the day, affected the molecular

clock of rat primary culture of dermal fibroblasts [81]. In addition, in a non-mammalian

vertebrate, it was demonstrated that Perl displayed a circadian oscillation when Xenopus

laevis melanophores were submitted to LD cycles [179];_melatonin applied in the

photophaSe, but not in the scotophase, led to a reduction of Opn4x transcripts [180], the

opsin_respansible for light perception in this model [181,182], which could lead to

impairment of -the circadian requlatory system in melanophores.

The modulation of the molecular clock of human hair follicle by thyroxine (T4),

a hormone from the HPT axis, has also been described. Twenty-four hour long T4

led to a reduction on mRNA and protein levels of BMAL1 and PERL1. In long-term

treatment (> 6 days) mMRNA level of several core clock genes were upregulated compared
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to control, whereas PER1 and BMAL1 showed increased and unchanged protein
expression levels, respectively [183].

Glucocorticoids are classically associated with the requlation of the molecular

clock in vitro and in vivo [184,185]. In fact, glucocorticoids, as well as melatonin, are

important hormonal temporal cues for the organism [37,53]. The skin possesses its own

local steroidogenic system that is closely regulated [186-189]. Interestingly, UVB

radiation has been shown to affect the central and the skin HPA axes [190-192]. However

just one study has evaluated the action of dexamethasone on the skin molecular-clock:

dexamethasone synchronizes the molecular clock of primary culture ©f human

fibroblasts, keratinocytes, and melanocytes, which showed cell-type-specific oscillating

periods [80]. These findings first demonstrated the concept of several molecular clocks
in the skin [80]. Estradiol, another hormone synthesized by‘the skin [22,193,194], was

shown to activate the molecular clock of malignant murine melanocytes while no effect

was found in normal cells, which was associated with a reduction on melanin content only

in malignant melanocytes [110].

Although the skin displays an important part in the biosynthesis of vitamin D

[22,195], only one study demonstrated the role of.itamin D in the synchronization of the

molecular clock of adipose-derived stem cells [196]. Interestingly, it has been shown that

endogenous non-calcemic and non=classical vitamin D derivatives may act as antagonist

and/or inverse agonist of RORa/y [197;198], and that vitamin D protects against UVB-

induced DNA damage viasactivation of DNA repair pathways which are dependent on
NRF2 and p53 [199].

Food

Restricted food regimens are known to affect the molecular clock of metabolic
organs [200], but their effect on skin clock was unknown, although they modify several
traits in skin physiology and pathology [201,202]. Based on this gap of knowledge, Wang
and coworkers (2017) demonstrated that time-restricted feeding shifted the phase and
altered the amplitude of many diurnally expressed clock and clock-controlled genes in
the skin. It also affected the expression of about 10% of skin transcriptome, most
prominently metabolic genes; nevertheless, restricted feeding regimens did not alter the
phase of DNA synthesis. Remarkably, mice fed at night showed increased sensitivity

when exposed to UVB radiation during the night than during the day [76].
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pH

The oscillation of clock gene expression in primary culture of human skin
fibroblasts kept in medium with pH 6.7 displayed shorter period, increased amplitude,
and slower damping rate compared to cells kept in pH 7.2. These effects were not related
to cellular death and/or viability, thus demonstrating a direct effect of pH on the biological
clock of fibroblasts [203]. These data show how important is to rigorously control

medium pH in assessing temporal variation of gene expression.

Biological Processes Regulated by the Molecular Clock of the Skin

Pigmentation

Another prominent feature of the skin is its ability to produce melanin, a polymer
that blocks and mitigates the UV-induced damage [204-206]. In 2015, Hardman and
colleagues first reported that the molecular clock negatively controls the pigmentation
process, through gene silencing strategies, in human melanocytes [111]. In the following
year, our lab corroborated these findings as we demonstrated a reduction on the molecular
clock expression with increased levels of melanin content in malignant melanocytes
compared to healthy cells [93,110]. Interestingly, we reported that estradiol did not affect
melanin content in normal melanocytes but reduced pigmentation in malignant cells. This
effect was associated with an increase on clock gene expression shown by malignant

melanocytes while no effect was seen:in'normal cells [110].

Immune system

One of the first reports about skin rhythmic response was made by Reinberg and

colleagues who demonstrated a circadian profile in erythema and weal in response to

histamine Injections in _human subjects [207]. The skin immunity is dependent on

conserved pattern recognition receptors (PRRs), including several isoforms of toll-like
receptors'which play an important role in innate immune system. This system provides
the response to a variety of immunogenic stimuli including bacterial, fungal, and viral
molecules [20,208]. In addition, the skin also harbors an immune adaptive system that
leads to humoral and cell-mediated immunity [20].

In Clock or Per2 knockout mice imiquimod-induced dermatitis improved and
worsened, respectively, compared to wild type mice. These responses were associated
with decrease or increase of interleukin 23 receptor (IL-23R) in y/3+ T cells in Clock or

Per2 mutant mice, respectively [209]. A time-dependent reaction in passive cutaneous
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anaphylactic reaction is lost in Per2 knockout mice, which also display reduced
sensitivity of mast cells to the inhibitory effects of glucocorticoid both in vitro and in vivo
[210]. Remarkably, increased incidence of psoriasis has been reported in rotating night
shift women [211].

In atopic dermatitis, ROR« has been shown to restrain allergic skin inflammation.
Deletion of ROR« did not affect the number of skin-resident T regulatory cells (Tregs) but
increased the type 2 allergic skin inflammation in response to a topical agent. In fact, the
deletion of RORa led to increased inflammatory influx that included T cells, basophils,
neutrophils, mast cells and a selective enrichment in eosinophils, and altered the
expression of important genes involved in chemotaxis, function and inflammation of Tregs

[212]. The role of the molecular clock in atopic dermatitis has been recently reviewed

[213]. Interestingly, nocturnal pruritus has been associated with disruption in circadian
rhythms, but its underlying mechanism is still poorly known [214]. For more in-depth
understanding of the role of the biological clock in the skin immune system, the reader is
referred to other reviews [3,70].

DNA repair

The skin is chronically exposed to UV radiation and temperature, which are known
factors that can generate DNA damage [55,205,206,215,216]. DNA repair is, therefore,
an important feature among the skin defense mechanisms. Interestingly, DNA damage in
response to ionizing radiation has been reported to reset the molecular clock in vitro and
in vivo [217]. DNA repair has been shown to oscillate in murine skin with increased
activity in the afternoon/evening and decreased activity in the morning [24]. The
relevance of these findings is clear when mice exposed to UV radiation in the morning
displayed increased number of skin tumors when compared to mice exposed in the
afternoon/evening [24]. Since DNA repair is less efficient in the morning, the UVB-
induced damage is associated with DNA polymerase stalling in regions harboring
unrepaired DNA damage, which leads to increased p53 activity with subsequent apoptosis
and erythema [25].

In quiescent and dexamethasone-synchronized human fibroblasts, DNA damage
induction and repair efficiency in response to UVB radiation are time-dependent [218].
In human skin, CRY2 basal expression correlated with erythema response, and increased
p53 protein expression was reported in morning UVB-exposed individuals compared to

evening-exposed ones [101]._Moreover, in lymphocytes of healthy volunteers daily
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oscillation and higher activity in the morning of 8-oxoguanine DNA glycosylase (0GG1)

level compared to the evening were reported. As expected, pharmacologically-induced

oxidative DNA damage in lymphocytes was lower in the morning than in the evening.

Remarkably, the molecular clock was associated with OGG1 oscillatory profile since
BMAL1 knockdown in human fibroblasts abolished OGG1 circadian oscillation but

increased OGG1 activity, thus leading to a faster oxidative injury repair [219]. A very

interesting review on the effects of circadian clock on DNA repair has been published
[26].

Cellular division and stem cell growth

Another important aspect of the skin is the different gene expression profile found
in skin at telogen and anagen phases since the former has-a predominant set of genes
involved in cell division, circadian rhythm and metabolism [220]. Furthermore, in telogen
skin there is a temporal segregation between the oxidative phosphorylation, known to
produce increased ROS, and S-phase — the most susceptible stage of DNA. Remarkably,
when Bmall is specifically deleted in keratinocytes, time-dependent cell division is
obliterated, leading to constitutively elevated cell proliferation and ROS levels [220].

In the epidermis, a daily self-renewal pracess takes place, in which epidermal stem
cells differentiate into keratinocytes that undergo proliferation followed by terminal
differentiation [221,222]. The skin, hair follicles, and sebaceous glands are known to
possess a population of stem cells [70,222,223].

In mice, epidermal progenitors display the highest proportion of S-phase during
the night (3 AM) while in.humans it peaks in the afternoon (3 PM) [224]. It is worth to
note that'S phase takes places when glycolytic activity and oxidative phosphorylation are
at its highest.and lowest, respectively; thus, avoiding the elevated levels of ROS when
DNA is at Its most susceptible stage [225]. Mouse epidermal stem cells showed a similar
pattern and displayed higher proliferation rate at night compared to day [226].
Interestingly, upon specific deletion of Bmall in keratinocytes, the proportion of cells in
S phase was high and constant, which clearly shows the important role of Bmall in
regulating cell cycle and proliferation in a time-dependent manner [220]. Within this line,
KIf9 was classified as a circadian transcriptional factor that control cell proliferation in
the epidermis [124].

It is interesting to observe that human epidermis displays the S phase in the

afternoon, when solar radiation is at its highest; thus, making our skin particularly
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sensitive to UV and visible light deleterious effects. It is yet to be defined whether this
clock-regulated mechanism contributes to skin cancer incidence in humans [24]. For a
more detailed aspect regarding the role of clock genes in stem cells, the reader is referred

to two reviews [70,222].

Hair follicle growth

Hair growth cycle is a remarkable clock-regulated process [227,228]. The hair
cycle starts with an involution process in which most of the epithelial cells undergo
apoptosis, the so-called catagen, followed by telogen, in which the hair follicle remains
quiescent. Anagen is the stage where the activation of epithelial stem and progenitor cells,
localized in bulge and secondary hair germ, and the proliferation and differentiation of

progeny keratinocytes take place, thus leading to hair growth [228]. Hair cycle is also

linked with melanogenesis as melanin is synthesized only in the anagen phase of hair

growth cycle. In the catagen phase, melanogenesis is trned off and remains inactive
throughout telogen [229,230].

Clock and Bmall knockout mice’showed no dysfunction in hair follicle
morphogenesis but both mutant mice displayed a delay in anagen progression, which was
more pronounced in Bmall knockout mice [227]. Isolated cultured human hair follicles
exhibited a circadian profile in gene and protein of core clock and clock-controlled genes;
knockdown of BMALL1 or PER1 prolonged the anagen phase [231]. Bmall knockout mice
exhibited a reduction on phosphorylated retinoblastoma protein levels (pRB), a cell cycle
progression marker, compared to wild type hair follicles, which led to cell cycle arrest
[227]. These findings demonstrate the autonomy of hair-follicle clock and suggest an
interesting pharmacological target for hair growth [231].

A cyclic and time-dependent growth of hair follicles has been reported in vivo as
hair growth was faster in the morning compared to evening. When y-radiation was applied
to mice during morning or evening, hair loss was evident in morning-exposed mice since
cells.were dividing in the morning and therefore were more susceptible to y-radiation.
These time-dependent effects were lost in Cryl and Cry2 double knockout mice [232].

Using hair follicles, an interesting and non-invasive approach to evaluate circadian
timing in patients has been reported: By collecting a small number of hair follicles of
healthy individuals in controlled environment, circadian clock gene expression was
determined [233]. Similar strategy was also used by the same group to evaluate the

biological clock of shift workers, which are known to display circadian disruption
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[234,235]. In a follow-up study, the ex vivo culture of whole hair root through
bioluminescence analysis was successfully used to compare circadian timing of healthy
patients and patients with severe dementia; no difference on the biological clock
parameters was reported [236]. A recent study using beard hair follicle assessed the
molecular clock of regular, one-night, and consecutive night shift workers. As expected,
shift work affected the clock machinery in comparison to daytime workers; however,
substantial variabilities were reported mainly due to a heterogeneous population and lack
of standard conditions [237].

Aging

Aging can be defined as the time-dependent decline of biological processes, that
affects most living organisms, and can currently be summarized in nine hallmarks: stem
cell exhaustion; altered intercellular communication;. genomic instability; telomere
attrition; epigenetic alterations; loss of proteostasis; deregulated nutrient sensing;
mitochondrial dysfunction; and cellular senescence [238]. Regarding the molecular clock
of the skin, detectable rhythmic expression was found in two-month old rats, and as rat
ages the phase of the clock is more variable when compared to younger mice [81].
Disruption in the molecular clock has been implicated in aging-related alopecia [228] and
wound closure [239]. For a deeper view the reader is referred to two reviews which have

fully addressed the role of aging in the-molecular clock of the skin [70,86].

Other processes

In addition to. the-above-mentioned processes controlled by the local temporal
system in the skin, time-dependent oscillation has also been found in hydration of the
stratum corneum in humans [83,122]. The molecular mechanism underlying this
phenomenon was reported to be dependent on Clock since this gene was shown to control
the rhythmic expression of aquaporin3 in mouse skin and human keratinocytes [240].
These data demonstrated that skin permeability is higher in the evening and night than in
the morning, and thus, it could be relevant for dermatological and cosmetic aspects
[83,122]. In addition, wound healing is also regulated by the molecular clock as Bmall
knockout mice showed less epithelial coverage and reduced fibroblast proliferation after

wound [239]. Npas2 knockout mice showed faster wound healing in vivo compared to

control, which was associated with increased proliferation, migration, cell contraction,

and collagen synthesis compared to wild type dermal fibroblasts in in vitro assays [241].
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Other processes of the skin such as blood flow, protection barrier [242-244],
surface pH, trans-epidermal water loss [122,123,245], sebum production [123,246,245],
skin lipidomic profile [247], and the visibility of wrinkles [248] were shown to be

rhythmic along 24 h in skin of healthy individuals (Figure 3).

In addition to circadian rhythmicity, some studies have demonstrated seasonal

variations in skin functions. For instance, healthy men and women show seasonal

differences in finger temperature and blood flow that were lower in winter compared to

summer, despite controlled experimental conditions. Such differences wergs=more

pronounced in women than in men as well as in women with primary/Raynaud's

phenomenon, which is characterized by cold-induced vasospasm of the mierovasculature

of the fingers [249]. Furthermore, seasonal differences in skin temperature [250], skin

hydration, number of corneocytes, TEWL [251,252], skin caler and melanin content of

pigmented spots [253], sebum production, and skin elasticity [252] have been reported in

healthy women. The activity of the antioxidative enzyme, CAT, in the skin, was reported

to be reduced and increased respectively in the summer and/winter in the same person,

while no difference in SOD activity was observed[254]. Additionally, a reduction in

stratum corneum, lipids, facial cholesterol,.ceramides, several fatty acids [255-257], and

skin hydration [258] was shown in winter compared to summer [258]. These findings

help to explain the increased hand dermatitis [259] and susceptibility to irritant skin

agents [260]_in winter compared to summer [261,262]. For a deeper view about the role

of seasonal rhythms and environmental temperature in skin biology, the reader is referred

to a recent review [263]. Despite the well-known reported effects of season rhythms on

the skin biology, how thesmolecular clock of the skin is affected by different seasons, its

contribution to skin.physiological as well as pathological responses is still completely

unknown.

In the current literature, there are some inconsistencies and variation among the
studies which are probably due to different experimental designs, number of time points,
sampling location sites, and environmental control [86,264]. Despite these limitations,
the comprehension of the rhythmic features of the skin [264] could lead to important
therapeutic implication in skin-related diseases such as, but not limited to, eczema,
psoriasis, acne and wrinkles, and for the application of cosmeceuticals — as addressed by
Luber and colleagues [83] — as well as in cancer as detailed in the next pages.
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THE MOLECULAR CLOCK IN CANCER

Cancer is a complex disease with hundreds of types and subtypes, that affects most
organs and tissues, and is responsible for the death of millions of people worldwide [265].
Understanding how the carcinogenic process takes place is a crucial step to the
development of drugs and treatments. Thus far it is accepted that cancer may display up
to ten hallmarks, which guarantee its development, proliferation, metastasis, and
resistance to treatment [266,267]. The classical hallmarks are: sustained proliferative
signaling; evading growth suppressors; activation of invasion and metastasis; enabled
replicative immortality; induced angiogenesis, and cell death resistance [267]. In
addition, four new hallmarks have been set forth: deregulated cellular energetics;immune
system avoidance; tumor-promoting inflammation; and genome instability and mutation
[266].

Despite increased evidence that chronodisruption plays a significant role in
cancer, chronodisruption has not been appreciated as a.possible cancer hallmark; on the
other hand, several studies have shown that alteration of the clock gene machinery is
indeed associated with the following cancers in mice and/or humans: colorectal
[268,269]; liver [270]; oral squamous cell carcinoma [271,272]; breast [66,273-275];
prostate [276,277]; hematologic [278,279]; lung [280]; endometrial [281]; melanoma
[93,282-285], and others [65,66]. It is-a matter of intense and ongoing research on how
the carcinogenic process affects the-molecular clock [286]. In fact, it is relevant to
mention that the role of bielogical clock in cancer cannot be generalized as it is dependent
on each type of cancer and often varies among its subtypes. More intriguing is the cause-
relationship of ' chronedisruption and the carcinogenic process i.e., whether
chronodisruption is the cause or consequence of the carcinogenic process remains
unknown.

Despite these open questions, growing evidence regarding the relationship
between “chronodisruption and cancer development has accumulated and led the
International Agency for Research on Cancer (IARC) to classify shiftwork that involves
circadian disruption as probably carcinogenic to humans (Group 2A) [287,288]. However
—eleven years later — no update on this classification has been made despite the increased

knowledge reported in the literature over the last decade.
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Cutaneous Melanoma (CM) and the Molecular Clock

Melanoma is the result of uncontrolled proliferation of melanocytes, and it can be
subdivided, according to its primary site of location, into cutaneous, mucosal, or uveal.
CM —which will be the focus of this review — is one of the most aggressive and treatment-
resistant cancers with escalating incidence worldwide. Melanoma represents less than 5%
of all cutaneous skin cancer but it accounts for a significant majority of skin cancer related
deaths [289-291]. The economic burden caused by melanoma is massive as it comprises
$ 3.3 billion (~41%) of a total of $ 8.1 billion — that is the total annual direct costof all
skin related cancers [291,292].

The etiology of CM is multifactorial and includes risk factors such.as:UV radiation
exposure, genetic susceptibility, high nevus density, reduced skin pigmentation, and
immunosuppression [293,294]. Caucasian population accounts.for the highest incidence
while African Americans are the least affected, representing 27.3 and 1.1. per 100 cases,
respectively [295]. Men are more susceptible in developing melanoma compared to
females [295]. Regarding its primary prevention,.it.is recommended to avoid indoor
tanning and sun exposure during high UV.incident hours; in addition, the usage of
sunscreen, protective clothes and hat is also.strongly encouraged [291,296].

According to high-throughput sequencing, CM is classified into four principal
subtypes based on their most prevalent mutations: mutant B-Raf proto-oncogene,
serine/threonine kinase (BRAF), mutant-Kirsten rat sarcoma viral proto-oncogene (RAS),
mutant neurofibromin 1 (NF1), and triple wild type [297]. Subsequent studies using
whole-genome sequencing in cutaneous, acral, and mucosal melanoma reported
fascinating insights into-the molecular biology of these different types of melanoma.
Marked differences in the genomic landscape of acral and mucosal melanoma were
demonstrated as compared to CM [298], which interestingly displays the highest rate of
somatic mutation among all cancers [299], what may represent a therapeutic challenge as
well as an opportunity.

It has been suggested an evolutionary progression model of CM, described as
follows: mutation in BRAF (most common V600E mutation) activates the mitogen-
activated protein kinase (MAPK) signaling, leading to limited clonal expansion, and this
cascade represents the initiating event of nevus formation. Intermediate stage comprises
additional mutations in NRAS, other BRAF mutations (V600K), and telomerase reverse
transcriptase (TERT), leading to melanoma in situ. As the carcinogenic process advances,

subsequent mutations on cyclin dependent kinase inhibitor 2A (CDKN2A) leads to G1-
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to-S-phase checkpoint disruption, which favors the progression to invasive melanoma.
Additional mutations on phosphatase and tensin homolog (PTEN) and tumor protein P53
(TP53) also contribute to invasive melanoma. Remarkably, point-mutation burden
increases from benign, intermediate lesions to invasive melanoma, with a strong
correlation of UV-induced mutation signatures; however, genome instability is prevalent
in metastatic CM [300]. All the genetic alterations described above result in a complex
signaling that overstimulates MAPK, phosphoinositide- 3-kinase (P13K), protein kinase
B (AKT), PTEN, and mammalian-target-of-rapamycin (mTOR) pathways [301].

When primary tumors are detected, the recommended treatment is surgical
excision with different safety margins — depending on the Breslow thickness.of the tumor
[302]; however, tumor recurrence with subsequent metastasis is frequent..Due to the low
efficacy of the standard chemotherapeutic regimes used until. 2011 (dacarbazine), the
overall survival of metastatic melanoma was extremelydow (5 months) [303]. However,
the development of new therapies that target BRAF, MAPK, and immune checkpoint
inhibitor like cytotoxic T-lymphocyte associated protein 4 (CTLA-4), programmed cell
death 1 (PD-1) and its ligand PD-L1 has significantly changed the landscape of melanoma
treatment. In fact, the combination of these new drugs boosted the overall survival from
months into years, thus creating a hallmark in melanoma treatment [301,302,304-307].
Despite the fact that the molecular _biology of melanoma is well established
[297,298,308], the investigation of clock gene role in CM has been very limited. The first
report in 2013 described that clock genes were downregulated in melanoma as compared

to normal adjacent tissue; interestingly, the reduced clock gene expression was associated

with increased tumor thickness and mitotic level [282]._Following this study, it was

demonstrated that RORa and RORYy expression is reduced in melanomas compared to

nevi, and as melanoma progresses the expression levels of both proteins decrease. In

addition, higher nuclear RORa and RORy and higher cytoplasmic RORy levels were

correlated with longer overall and disease-free survival; thus, providing an exciting

discovery for a putative druggable target in melanoma [309].

In 2016, our group reported that the molecular clock of cultured mouse malignant
melanocytes was significantly downregulated compared to normal ones [93], as well as
of tumors compared to healthy skin in vivo [283], and in human primary and metastatic
melanoma compared to human healthy skin [283,284]. Therefore, in CM the molecular
clock is significantly impaired, i.e., chronodisrupted, a fact that has been reported in
several other cancers [286,310,311].
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We have also demonstrated that the molecular clock of malignant melanocytes in
vitro — although severely less expressed — was more responsive to several stimuli such as
visible light [93], UVA radiation [109], temperature [116], and estradiol [110] compared
to normal melanocytes. Kiessling and colleagues [285] were able to activate the molecular
clock of malignant melanocytes with intratumoral dexamethasone injection, resulting in
reduced tumor growth — but not cell death. Taking these findings together an interesting
and intriguing speculation arises: Could the activation of the molecular clock by light,
radiation, temperature, or hormones lead to cell death or cell cycle arrest? Furthermore,
it seems reasonable to speculate that these clock-mediated responses are theresult of a

residual activity of molecular clock, which could be pharmacologically explored and/or

boosted into new drugs and therapeutic options in CM [312]. It should.be emphasized

that the increased response of the molecular clock was found ifvin vitrostudies. Therefore,

additional in vivo studies aiming to activate the cloeck with light/radiation and/or

temperature are required to consolidate whether the molecular.clock might be a new target

for CM treatment.

In addition to in vitro studies, our in vivo datashowed an interesting and yet poorly
comprehended event: the systemic chronodisruption caused by tumor macro-environment
(TMaE) [283]. It is known that tumors are not completely isolated from the organism
itself. In fact, tumor-borne molecules like growth factors-, mMRNA-, and miRNA-
containing micro-vesicles can be found-in the bloodstream of cancer patients [313,314].
Classical effects of TMaE are related to cancer-associated cachexia, systemic
inflammation, immune system suppression, and altered coagulation [313,314].

Two studies using.different experimental models of cancer induction reported
interesting results. In the first approach, adenovirus-mediated lung-specific activation and
deletion of Kras and Tp53, respectively, led to a non-metastatic lung adenocarcinoma. In
this model, time-dependent hepatic metabolism via a pro-inflammatory pathway was
rewired with no change in the clock core machinery [315]. In another model, a non-
metastatic breast cancer model, an altered pattern of clock gene expression was detected
in the liver of the tumor-bearing mice [316]. These studies, therefore, proved that TMaE
can affect the molecular clock of organs distant from the tumor site.

We performed a study of a non-metastatic model of melanoma subcutaneously
inoculating B16-F10 cells in C57BL/6J mice. During the two-week long experiment, no
metastasis was found, thus making this an excellent scenario to evaluate TMaE effects.

We reported that the expression of the molecular clock was significantly reduced in the
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melanoma tumor compared to healthy and tumor-adjacent skin [283]. Interestingly, we
found that the molecular clock of tumor-adjacent skin displayed an intermediate profile
compared to healthy skin from saline-inoculated animals. Thus, these data suggest that
tumor-adjacent tissue does not represent a good reference control tissue as it is under the
close influence of the tumor, what has been previously discussed [317].

We also reported that tumors show an ultradian profile of melanin synthesis,
displaying increased levels of pigment at 9 AM and 9 PM compared to 3 PM and 3 AM
in in vivo assays. This was— to the best of our knowledge — the first report that tumors
display a rhythmic synthesis of melanin [283]. Since increased melanin content is a
negative prognostic factor and directly affects the outcome of radiotherapy success [318],
we suggest that — if this event is conserved in human CM —chronomodulated radiotherapy
could beneficiate patients.

Regarding TMaE, we demonstrated that the.presence of a non-metastatic
melanoma tumor significantly disrupts the molecular-clocks of liver, lungs, and the
central clock (SCN). Tissue-specific alterations in the.molecular clock were found, but in
every analyzed organ, Bmall expression was significantly impaired, which shows that
this gene is an interesting cancer “rheostat”. In addition, we reported for the first time that
TMaE also affects the SCN. Therefore, our data indicate that TMaE, through unknown
mechanisms, affects the central and the peripheral clocks. It remains an open question
what the consequences of the systemic.chronodisruption might be.

Despite the findings:described above, an important limitation of the in vivo study

lies on the fact that B16-F10 inoculation is an artificial xenograft system that does not

mimic the carcinagenic process. Thus, further studies using a progression model of cancer

development, such as the one described by Masri and colleagues [315], is required to

better establish the deleterious influence of a non-metastatic tumor in peripheral and

central clocks.

The relationship of the molecular clock with human CM was explored using
public data from The Cancer Genome Atlas (TCGA). Since in TCGA database samples
were not collected around the clock, analysis of the circadian clock expression is not
possible; however, a tool to characterize the status of the molecular clock by using a
coexpression matrix with samples collected in a single time point was developed. Using
this approach, healthy tissues should display the classic antiphase relationship between
PER and BMAL1. Thus, based on this premise, we found that in metastatic CM the

molecular clock displayed reduced amplitudes of antiphase, a fact that was corroborated
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with a significant downregulation of clock gene transcripts compared to healthy skin
[284]. In addition, we evaluated whether clock genes were a prognostic factor in CM: In
fact, high BMALL expression was associated with longer survival. Further analyses
demonstrated that high BMAL1 was also positively associated with stronger immune
system activation.

Increased immune system activation was correlated with a deficiency in base-
excision repair (BER) pathway in high BMALL expressing tumors with consequent
increase of total mutational burden and neoantigen presentation. All these events
contributed to the increased immune system activation in tumors expressing high BMAL1
transcripts [284]. An interesting result from this study was a positive correlation of high
BMAL1 expression with T-cell inhibitors and exhaustion markers. Remarkably, there is
evidence that patients with high BMALL expression<in_ pretreatment biopsies
demonstrated improved response to anti-PD1 immunotherapy in comparison to patients
expressing low BMAL1 levels [284]. Therefore, BMAL1 could be used, along with other
biomarkers, to discriminate patients that will benefit. from immunotherapy related
therapeutic regimes. In fact, the search for biomarkers that will help decide whether
immunotherapy should or should not be implemented is urgently needed since only a
subset of patients benefit from immunotherapy [319,320].

Furthermore, a recent study has provided an advance in cancer treatment through

molecular clock interaction. REV-ERBs agonists were reported to be effective in a wide

variety of tumors — including melanoma — demonstrating a low toxicity and higher

selectivity for malignant cells. Such antitumor activity was reported to be dependent on

the inhibition of de novo lipogenesis and autophagy [321].

Having in mind that melatonin is a major output signal of the mammalian central

clock, one may suggest that melatonin might be an important player in the carcinogenic

process of €M. This argument resides on the fact that melatonin and its metabolites

protect against the deleterious effects of UV radiation [175,178], as well as display direct

antiproliferative effects on melanoma growth [169,322-325]. In high-grade glioma

patients, an interesting approach evaluated the expression ratio between ASMT and

CYP1B1, qgenes that encode enzymes responsible for melatonin synthesis and

degradation, respectively. Low ASMT:CYP1B1 ratio value, which suggested decreased

melatonin levels, was associated with poor survival [326]. Although this index has not

been evaluated in cutaneous melanoma, it is an interesting strateqy to be investigated for

prognosis and therapeutical marker of this skin cancer. Despite the well-known effects of
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melatonin in cutaneous melanoma, how this hormone affects the molecular clock of

melanoma cells is still a matter of investigation.

Taken altogether the in vitro, in vivo, mouse and human studies reported in the
literature regarding CM clearly demonstrate that the molecular clock is an interesting and
exciting field of study, but still poorly comprehended and, therefore, its putative clinical
and therapeutic implications remain largely unexplored. Thus, further studies are
necessary to better understand the role of the molecular clock in tumor development,

progression, and metastasis.

CONCLUSIONS, OPEN QUESTIONS, AND FUTURE DIRECTIONS

Our knowledge regarding the role of the molecular clock "in"the skin has
significantly increased over the past decade. Currently, we know that several functions of
the skin are rhythmic, which could be pharmacologically explored; however, the specific
part played by the molecular clock in each skin cell type'is still largely unknown as most
of the studies have used global knockout animals. To.provide important advancements in
this field, the deletion of core clock genes in.a.specific skin cell type is required, which
could be achieved through the usage of Cre-Lox systems. Another important limitation
that reduces the scientific progress is the lack of standard experimental conditions among
different laboratories, such as: light exposure (light source, wavelength, and irradiance);
period of the day in which animals-are exposed to light; maintenance in neutral
temperature; and the time-or period that experiments were carried out.

In addition to the physiological approach, it is also necessary to understand the
participation of the timing system in diseases that affect the skin, what could lead to
therapy improvement. Within this line, the participation of the molecular clock in cancer
is even less investigated. Since the molecular clock is important to regulate in a time-
dependent fashion the physiology of the whole body, in addition to the fact that this
system is disrupted in cancer, we speculate that clock machinery disruption could
represent a new cancer hallmark. An important question that has not been answered yet,
but when addressed, will bring significant advance, is: does chronodisruption take place
in early, intermediate, or advanced stages of melanoma? Furthermore, how the loss of
proper temporal control of the physiological processes affects the development of the
hallmarks of cancer. In this approach, understanding the function of the molecular clock
in cancer could lead to important breakthroughs, which could be translated into clinical

gain to CM patients.
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Another hypothesis raised by our group is based on the fact that the skin possesses
complex — and yet not fully known — photosensitive [93,94,109] and thermosensitive
systems [116] based on opsins [151] whose function may be altered by the carcinogenic
process. Ultimately, our hypothesis suggests that melanomas are more sensitive to
external and internal cues, i.e., light, temperature and hormones than normal melanocytes;
this altered sensitive system then would feed the disrupted clock with external timing, in
a SCN-independent fashion. In fact, Masri and colleagues [315] have clearly
demonstrated the potential consequences of a tumor to the biological clock of the liver,
acting as an endogenous circadian organizer. Therefore, all these tumor-induced
alterations could favor cancer development, progression, and then, they could be
pharmacologically targeted.

Taken altogether, understanding the participation of the molecular clock and the
processes and mechanisms it regulates is an active, ongoing, complex, and fascinating
field that can provide important knowledge regarding skin biology at both the
physiological and pathological levels. Therefore, comprehending how time affects our
skin will expand our knowledge into clinical application and will result in increased life

expectancy and/or quality.

FUNDING

This work was partially supported by the Sao Paulo Research Foundation
(FAPESP, grants 2018/14728-0 and 2012/50214-4), by the National Council of
Technological and Scientific Development (CNPq, grants 301293/2011-2 (AMLC),
303070/2015-3 and 428754/2018-0 (MNM)) and by the Coordination for the
Improvement of Higher Education Personnel (CAPES). LVMA is a fellow of FAPESP
(2018/16511-8 and 2013/24337-4) and MNM was a fellow of FAPESP (2014/16412-9).

CONFLICT OF INTEREST

All authors state no conflict of interest that could have impacted the development

of this study.

AUTHOR CONTRIBUTIONS

28



©CO~NOOOTA~AWNPE

944
945
946
947
948
949
950
951

952

953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986

de Assis, L.V.M. designed the manuscript’s outline and content, reviewed the
current literature, and drafted the first version of the manuscript. Moraes, M.N. and
Castrucci, A.M.L. critically revised the manuscript and provided substantial contribution
and improvements to the manuscript. All authors have approved the definitive version of
the manuscript and agreed to be accountable for all aspects of the study in ensuring that
questions related to the accuracy or integrity of any part of the study are appropriately
investigated and resolved. Each person designated as authors qualify for authorship, and

all those who qualify for authorship are listed.

REFERENCES

1. McLafferty E, Hendry C, Alistair F (2012) The integumentary system: anatomy,
physiology and function of skin. Nurs Stand 27 (3):35-42

2. Eyerich S, Eyerich K, Traidl-Hoffmann C, Biedermann T (2018).Cutaneous barriers
and skin immunity: Differentiating a connected network. Trends Immunol 39
(4):315-327. d0i:10.1016/j.it.2018.02.004

3. van Spyk E, Greenberg M, Mourad F, Andersen B (2016) Regulation of cutaneous
stress response pathways by the circadian clock: from molecular pathways to
therapeutic opportunities. In: Wondrak GT (ed) Skin Stress Response Pathways:
Environmental Factors and Molecular. Opportunities. Springer International
Publishing, Cham, pp 281-300. doi;10.1007/978-3-319-43157-4_14

4. Sklar LR, Almutawa F, Lim HW, Hamzavi | (2013) Effects of ultraviolet radiation,
visible light, and infrared radiation on erythema and pigmentation: a review.
Photochem Photobiol Sci 12 (1):54-64. doi:10.1039/c2pp25152¢

5. Fajuyigbe D, Young AR (2016) The-impact of skin colour on human photobiological
responses. Pigment Cell Melanoma Res 29 (6):607-618. do0i:10.1111/pcmr.12511

6. Festa E, Fretz J, Berry R, Schmidt B, Rodeheffer M, Horowitz M, Horsley V (2011)
Adipocyte lineage cells contribute to the skin stem cell niche to drive hair cycling.
Cell 146 (5):761-771.d0i:10.1016/j.cell.2011.07.019

7. Alexaki VI, Simantiraki D, Panayiotopoulou M, Rasouli O, Venihaki M, Castana O,
Alexakis D, Kampa M, Stathopoulos EN, Castanas E (2012) Adipose tissue-derived
mesenchymal cells support skin reepithelialization through secretion of KGF-1 and
PDGF-BB: comparison with dermal fibroblasts. Cell Transplant 21 (11):2441-
2454, d0i:10.3727/096368912x637064

8.Luo Y, Toyoda M, Nakamura M, Morohashi M (2002) Morphological analysis of skin
in senescence-accelerated mouse P10. Med Mol Morphol 35 (1):31-45.
doi:10.1007/s007950200004

9. Sun LQ, Lee DW, Zhang Q, Xiao W, Raabe EH, Meeker A, Miao D, Huso DL, Arceci
RJ (2004) Growth retardation and premature aging phenotypes in mice with
disruption of the SNF2-like gene, PASG. Genes Dev 18 (9):1035-1046.
doi:10.1101/gad.1176104

10. Gregory EL (1989) Thermoregulatory aspects of adipose tissue. Clin Dermatol 7
(4):78-92. doi:10.1016/0738-081X(89)90044-8

11. Tansey EA, Johnson CD (2015) Recent advances in thermoregulation. Adv Physiol
Educ 39 (3):139-148. doi:10.1152/advan.00126.2014

29



©CO~NOOOTA~AWNPE

987

988

989

990

991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29

Rivera-Gonzalez G, Shook B, Horsley V (2014) Adipocytes in skin health and
disease. Cold Spring Harb Perspect Med 4 (3). doi:10.1101/cshperspect.a015271
Kruglikov IL, Scherer PE (2016) Dermal adipocytes: From irrelevance to metabolic
targets? Trends Endocrinol Metab 27 (1):1-10. doi:10.1016/j.tem.2015.11.002

Zhang LJ, Chen SX, Guerrero-Juarez CF, Li F, Tong Y, Liang Y, Liggins M, Chen
X, Chen H, Li M, Hata T, Zheng Y, Plikus MV, Gallo RL (2019) Age-related loss
of innate immune antimicrobial function of dermal fat is mediated by transforming
growth factor beta. Immunity 50 (1):121-136.e125.
doi:10.1016/j.immuni.2018.11.003

Ondrusova K, Fatehi M, Barr A, Czarnecka Z, Long W, Suzuki K, Campbell S,
Philippaert K, Hubert M, Tredget E, Kwan P, Touret N, Wabitsch M, Lee KY, Light
PE (2017) Subcutaneous white adipocytes express a light sensitive signaling
pathway mediated via a melanopsin/TRPC channel axis. Sci Rep 7 (1):16332.
doi:10.1038/s41598-017-16689-4

Elias PM (2008) Skin barrier function. Curr Allergy Asthma Rep 8 (4):299-305

Elias PM (2007) The skin barrier as an innate immune element.'Semin Immunopathol
29 (1):3-14

Krutmann J, Bouloc A, Sore G, Bernard BA, Passeron T:(2017) The skin aging
exposome. J Dermatol Sci 85 (3):152-161. doi:10.1016/j.jdermsci.2016.09.015

Slominski AT, Zmijewski MA, Plonka PM, Szaflarski JP, Paus R (2018) How UV
light touches the brain and endocrine system through skin, and why. Endocrinology
159 (5):1992-2007. doi:10.1210/en.2017-03230

Bangert C, Brunner PM, Stingl G (2011) Immune functions of the skin. Clin Dermatol
29 (4):360-376. doi:10.1016/j.clindermatol.2011.01.006

Slominski AT, Zmijewski MA, Skobowiat C; Zbytek B, Slominski RM, Steketee JD
(2012) Sensing the environment: regulation of local and global homeostasis by the
skin's neuroendocrine system. Adv Anat Embryol Cell Biol 212:v, vii, 1-115

Slominski A, Wortsman J (2000).-Neuroendocrinology of the skin. Endocr Rev 21
(5):457-487. doi:10.1210/edrv.21.5.0410

Brenner M, Hearing VJ (2008) The protective role of melanin against UV damage in
human skin. Photochem Photobiol 84 (3):539-549. do0i:10.1111/j.1751-
1097.2007.00226.x

Gaddameedhi:S, Selby CP, Kaufmann WK, Smart RC, Sancar A (2011) Control of
skin cancer by the circadian rhythm. Proc Natl Acad Sci USA 108 (46):18790-
18795. doi:10.1073/pnas.1115249108

Gaddameedhi S, Selby CP, Kemp MG, Ye R, Sancar A (2015) The circadian clock
controls sunburn apoptosis and erythema in mouse skin. J Invest Dermatol 135
(4):1119-1127. doi:10.1038/jid.2014.508

Dakup P, Gaddameedhi S (2017) Impact of the circadian clock on UV-induced DNA
damage response and photocarcinogenesis. Photochem Photobiol 93 (1):296-303.
doi:10.1111/php.12662

Lin JY, Fisher DE (2007) Melanocyte biology and skin pigmentation. Nature 445
(7130):843-850. d0i:10.1038/nature05660

Solano F (2014) Melanins: skin pigments and much more - types, structural models,
biological functions, and formation routes. N J Sci 2014:28.
doi:10.1155/2014/498276

. Nasti TH, Timares L (2015) MC1R, eumelanin and pheomelanin: their role in

determining the susceptibility to skin cancer. Photochem Photobiol 91 (1):188-200.

doi:10.1111/php.12335

30



©CO~NOOOTA~AWNPE

1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Kovac J, Husse J, Oster H (2009) A time to fast, a time to feast: the crosstalk between
metabolism and the circadian clock. Mol Cells 28 (2):75-80. doi:10.1007/s10059-
009-0113-0

Gerstner JR, Yin JC (2010) Circadian rhythms and memory formation. Nat Rev
Neurosci 11 (8):577-588. doi:10.1038/nrn2881

Kyriacou CP, Hastings MH (2010) Circadian clocks: genes, sleep, and cognition.
Trends Cogn Sci 14 (6):259-267. doi:10.1016/j.tics.2010.03.007

Perelis M, Ramsey KM, Bass J (2015) The molecular clock as a metabolic rheostat.
Diabetes Obes Metab 17 Suppl 1:99-105. doi:10.1111/dom.12521

Gerhart-Hines Z, Lazar MA (2015) Circadian metabolism in the light of evolution.
Endocr Rev 36 (3):289-304. doi:10.1210/er.2015-1007

Brown SA (2016) Circadian metabolism: from mechanisms to metabolomics and
medicine. Trends Endocrinol Metab 27 (6):415-426.
doi:10.1016/j.tem.2016.03.015

Hogenesch JB, Ueda HR (2011) Understanding systems-level properties:. timely
stories from the study of clocks. Nat Rev Genet 127 (6):407-416.
doi:10.1038/nrg2972

West AC, Bechtold DA (2015) The cost of circadian desynchrony: Evidence, insights
and open questions. Bioessays 37 (7):777-788. doi:10.1002/b1es.201400173

Ralph MR, Foster RG, Davis FC, Menaker M (1990) Transplanted suprachiasmatic
nucleus determines circadian period. Science 247 (4945).975-978

van den Pol AN (1980) The hypothalamic suprachiasmatic nucleus of rat: Intrinsic
anatomy. J Comp Neurol 191 (4):661-702. doi:10,1002/cne.901910410

Panda S, Provencio I, Tu DC, Pires SS, Rollag MD, Castrucci AM, Pletcher MT, Sato
TK, Wiltshire T, Andahazy M, Kay. SA, Van Gelder RN, Hogenesch JB (2003)
Melanopsin is required for non-image-forming photic responses in blind mice.
Science 301 (5632):525-527. doi:10.1126/science.1086179

Panda S, Sato TK, Castrucci AM, Rollag MD, DeGrip WJ, Hogenesch JB, Provencio
I, Kay SA (2002) Melanopsin (Opn4) requirement for normal light-induced
circadian phase shifting. Science 298 (5601):2213-2216.
doi:10.1126/science:1076848

Graham DM, Wong KY (2008) Melanopsin-expressing, intrinsically photosensitive
retinal ganglion cells (ipRGCs). In: Kolb H, Fernandez E, Nelson R (eds)
Webvision: The Organization of the Retina and Visual System. Salt Lake City (UT)

Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR, Jin X, Maywood ES,
Hastings MH, Reppert SM (1999) mCRY1 and mCRY?2 are essential components
of the negative limb of the circadian clock feedback loop. Cell 98 (2):193-205

Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves |, Zheng B, Kume K,
Lee CC, van der Horst GT, Hastings MH, Reppert SM (2000) Interacting molecular
loops in the mammalian circadian clock. Science 288 (5468):1013-1019

Gekakis N, Staknis D, Nguyen HB, Davis FC, Wilsbacher LD, King DP, Takahashi
JS, Weitz CJ (1998) Role of the CLOCK protein in the mammalian circadian
mechanism. Science 280 (5369):1564-1569

Gallego M, Virshup DM (2007) Post-translational modifications regulate the ticking
of the circadian clock. Nat Rev Mol Cell Biol 8 (2):139-148. doi:10.1038/nrm2106

Lee C, Etchegaray JP, Cagampang FR, Loudon AS, Reppert SM (2001)
Posttranslational mechanisms regulate the mammalian circadian clock. Cell 107
(7):855-867

Lowrey PL, Takahashi JS (2011) Genetics of circadian rhythms in mammalian model

organisms. Adv Genet 74:175-230. doi:10.1016/B978-0-12-387690-4.00006-4

31



©CO~NOOOTA~AWNPE

1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134

49.

50.

51.

52.

53.

54.

55.

56.

57.

Takahashi JS (2017) Transcriptional architecture of the mammalian circadian clock.
Nat Rev Genet 18 (3):164-179. doi:10.1038/nrg.2016.150

Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht U, Schibler
U (2002) The orphan nuclear receptor REV-ERBalpha controls circadian
transcription within the positive limb of the mammalian circadian oscillator. Cell
110 (2):251-260

Sato TK, Panda S, Miraglia LJ, Reyes TM, Rudic RD, McNamara P, Naik KA,
FitzGerald GA, Kay SA, Hogenesch JB (2004) A functional genomics strategy
reveals Rora as a component of the mammalian circadian clock. Neuron 43 (4):527-
537. d0i:10.1016/j.neuron.2004.07.018

Zhang Y, Fang B, Emmett MJ, Damle M, Sun Z, Feng D, Armour SM, Remsberg JR,
Jager J, Soccio RE, Steger DJ, Lazar MA (2015) Gene regulation. Discrete
functions of nuclear receptor Rev-erbalpha couple metabolism to the clock. Science
348 (6242):1488-1492. doi:10.1126/science.aab3021

Brown SA, Azzi A (2013) Peripheral circadian oscillators in mammals. Handb Exp
Pharmacol (217):45-66. doi:10.1007/978-3-642-25950-0_3

Buhr ED, Takahashi JS (2013) Molecular components of the mammalian circadian
clock. Handb Exp Pharmacol (217):3-27. doi:10.1007/978-3-642-25950-0 1

Purschke M, Laubach HJ, Anderson RR, Manstein.D (2010) Thermal injury causes
DNA damage and lethality in unheated surrounding cells: active thermal bystander
effect. J Invest Dermatol 130 (1):86-92. doi:10.1038/j1d.2009.205

Partch CL, Green CB, Takahashi JS (2014) Molecular architecture of the mammalian
circadian clock. Trends Cell Biol 24 (2):90-99..d0i:10.1016/j.tcb.2013.07.002

Buijs FN, Leon-Mercado L, Guzman-Ruiz M, Guerrero-Vargas NN, Romo-Nava F,
Buijs RM (2016) The circadian system: a regulatory feedback network of periphery
and brain. Physiology (Bethesda) 31 (3):170-181. doi:10.1152/physiol.00037.2015

58. Albrecht U, Sun ZS, Eichele G, Lee CC (1997) A differential response of two putative

59.

60.

61.

62.

63.

64.

65.

66.

mammalian circadian regulators, mperdl and mper2, to light. Cell 91 (7):1055-1064

Porterfield VM, Piontkivska H, Mintz EM (2007) Identification of novel light-
induced genes in the suprachiasmatic nucleus. BMC Neurosci 8:98.
do0i:10.1186/1471-2202-8-98

Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB (2014) A circadian
gene expression atlas in mammals: implications for biology and medicine. Proc
Natl Acad Sci USA 111 (45):16219-16224. doi:10.1073/pnas.1408886111

Astiz.M, Heyde I, Oster H (2019) Mechanisms of communication in the mammalian
circadian timing system. Int J Mol Sci 20 (2). doi:10.3390/ijms20020343

Husse J, Eichele G, Oster H (2015) Synchronization of the mammalian circadian
timing system: Light can control peripheral clocks independently of the SCN clock:
alternate routes of entrainment optimize the alignment of the body's circadian clock
network  with external time. Bioessays 37 (10):1119-1128.
d0i:10.1002/bies.201500026

Baron KG, Reid KJ (2014) Circadian misalignment and health. Int Rev Psychiatry 26
(2):139-154. doi:10.3109/09540261.2014.911149

Boivin DB, Boudreau P (2014) Impacts of shift work on sleep and circadian rhythms.
Pathol Biol (Paris) 62 (5):292-301. doi:10.1016/j.patbio.2014.08.001

Savvidis C, Koutsilieris M (2012) Circadian rhythm disruption in cancer biology. Mol
Med 18 (1):1249-1260. doi:10.2119/molmed.2012.00077

Kelleher FC, Rao A, Maguire A (2014) Circadian molecular clocks and cancer.
Cancer Lett 342 (1):9-18. doi:10.1016/j.canlet.2013.09.040

32



©CO~NOOOTA~AWNPE

1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Videnovic A, Lazar AS, Barker RA, Overeem S (2014) 'The clocks that time us'--
circadian rhythms in neurodegenerative disorders. Nat Rev Neurol 10 (12):683-693.
doi:10.1038/nrneurol.2014.206

Roenneberg T, Merrow M (2016) The circadian clock and human health. Curr Biol
26 (10):R432-443. doi:10.1016/j.cub.2016.04.011

Tanioka M, Yamada H, Doi M, Bando H, Yamaguchi Y, Nishigori C, Okamura H
(2009) Molecular clocks in mouse skin. J Invest Dermatol 129 (5):1225-1231.
doi:10.1038/jid.2008.345

Plikus MV, Van Spyk EN, Pham K, Geyfman M, Kumar V, Takahashi JS, Andersen
B (2015) The circadian clock in skin: implications for adult stem cells, tissue
regeneration, cancer, aging, and immunity. J Biol Rhythms 30 (3):163-182.
doi:10.1177/0748730414563537

Dibner C, Schibler U, Albrecht U (2010) The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev Physiol
72:517-549. doi:10.1146/annurev-physiol-021909-135821

Richards J, Gumz ML (2012) Advances in understanding the peripheral circadian
clocks. FASEB J 26 (9):3602-3613. doi:10.1096/fj.12-203554

Husse J, Leliavski A, Tsang AH, Oster H, Eichele G (2014) The light-dark cycle
controls peripheral rhythmicity in mice with a genetically ablated suprachiasmatic
nucleus clock. FASEB J 28 (11):4950-4960. doi:10.1096/fj.14-256594

Izumo M, Pejchal M, Schook AC, Lange RP, Walisser JA, Sato TR, Wang X,
Bradfield CA, Takahashi JS (2014) Differential effects of light and feeding on
circadian organization of peripheral clocks in.a forebrain Bmall mutant. Elife 3.
doi:10.7554/eLife.04617

Husse J, Zhou X, Shostak A, Oster H, Eichele G (2011) Synaptotagmin10-Cre, a
driver to disrupt clock genes in the SCN. J Biol Rhythms 26 (5):379-389.
doi:10.1177/0748730411415363

Wang H, van Spyk E, Liu Q, Geyfman M, Salmans ML, Kumar V, lhler A, Li N,
Takahashi JS, Andersen B.(2017) Time-restricted feeding shifts the skin circadian
clock and alters UVB-induced DNA damage. Cell Rep 20 (5):1061-1072.
doi:10.1016/j.celrep:2017.07.022

Zanello SB, Jackson DM, Holick MF (2000) Expression of the circadian clock genes
clock and wperiodl. in human skin. J Invest Dermatol 115 (4):757-760.
doi:10.1046/j.1523-1747.2000.00121.x

Bjarnason GA, Jordan RC, Wood PA, Li Q, Lincoln DW, Sothern RB, Hrushesky
WJ, Ben-David Y (2001) Circadian expression of clock genes in human oral
mucosa and skin: association with specific cell-cycle phases. Am J Pathol 158
(5):1793-1801. d0i:10.1016/s0002-9440(10)64135-1

Kawara S, Mydlarski R, Mamelak AJ, Freed I, Wang B, Watanabe H, Shivji G,
Tavadia SK, Suzuki H, Bjarnason GA, Jordan RC, Sauder DN (2002) Low-dose
ultraviolet B rays alter the mRNA expression of the circadian clock genes in
cultured human Kkeratinocytes. J Invest Dermatol 119 (6):1220-1223.
do0i:10.1046/j.1523-1747.2002.19619.x

Sandu C, Dumas M, Malan A, Sambakhe D, Marteau C, Nizard C, Schnebert S,
Perrier E, Challet E, Pevet P, Felder-Schmittbuhl MP (2012) Human skin
keratinocytes, melanocytes, and fibroblasts contain distinct circadian clock
machineries. Cell Mol Life Sci 69 (19):3329-3339. doi:10.1007/s00018-012-1026-
1

Sandu C, Liu T, Malan A, Challet E, Pevet P, Felder-Schmittbuhl MP (2015)
Circadian clocks in rat skin and dermal fibroblasts: differential effects of aging,

33



©CO~NOOOTA~AWNPE

1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234

82

83.

84.

85.

86.

87.

88.

89.

90

91.

92

93

94

95

96

temperature and melatonin. Cell Mol Life Sci 72 (11):2237-2248.
doi:10.1007/s00018-014-1809-7
.Wu G, Ruben MD, Schmidt RE, Francey LJ, Smith DF, Anafi RC, Hughey JJ, Tasseff
R, Sherrill JD, Oblong JE, Mills KJ, Hogenesch JB (2018) Population-level
rhythms in human skin with implications for circadian medicine. Proc Natl Acad
Sci USA 115 (48):12313-12318. doi:10.1073/pnas.1809442115
Luber AJ, Ensanyat SH, Zeichner JA (2014) Therapeutic implications of the circadian
clock on skin function. J Drugs Dermatol 13 (2):130-134
Cho K, Gajula RP, Porter KI, Gaddameedhi S (2016) The cutaneous circadian clock
as a determinant of environmental vulnerability: molecular pathways and chrono-
pharmacological opportunities. In: Wondrak GT (ed) Skin Stress Response
Pathways: Environmental Factors and Molecular Opportunities. Springer
International Publishing, Cham, pp 415-432. doi:10.1007/978-3-319-43157-4_20
Gutierrez D, Arbesman J (2016) Circadian dysrhythmias, physiological aberrations,
and the link to skin cancer. Int J Mol Sci 17 (5). doi:10.3390/ijms17050621
Matsui MS, Pelle E, Dong K, Pernodet N (2016) Biological rhythms in the skin. Int J
Mol Sci 17 (6). doi:10.3390/ijms17060801
Slominski AT, Hardeland R, Reiter RJ (2015) When the circadian clock meets the
melanin  pigmentary system. J Invest .Dermatol 135 (4):943-945.
doi:10.1038/jid.2014.553
Miyashita Y, Moriya T, Kubota T, Yamada K, Asami K(2001) Expression of opsin
molecule in cultured murine melanocyte. J Investig Dermatol Symp Proc 6 (1):54-
57
Lopes GJ, Gois CC, Lima LH, Castrucci AM (2010) Modulation of rhodopsin gene
expression and signaling mechanisms evoked by endothelins in goldfish and murine
pigment cell lines. Braz J Med Biol Res 43 (9):828-836
. Tsutsumi M, Ikeyama K, Denda S, Nakanishi J, Fuziwara S, Aoki H, Denda M (2009)
Expressions of rod and cone ‘photoreceptor-like proteins in human epidermis. Exp
Dermatol 18 (6):567-570..d01:10.1111/j.1600-0625.2009.00851.x
Wicks NL, Chan JW, Najera JA, Ciriello JM, Oancea E (2011) UVA
phototransduction drives early melanin synthesis in human melanocytes. Curr Biol
21 (22):1906-1911. d0i:10.1016/j.cub.2011.09.047
. Kim HJ, Son ED, Jung JY, Choi H, Lee TR, Shin DW (2013) Violet light down-
regulates the expression of specific differentiation markers through Rhodopsin in
normal human epidermal Kkeratinocytes. PLoS One 8 (9):e73678.
doi:10.1371/journal.pone.0073678
. de Assis LV, Moraes MN, da Silveira Cruz-Machado S, Castrucci AM (2016) The
effect of white light on normal and malignant murine melanocytes: A link between
opsing, clock genes, and melanogenesis. Biochim Biophys Acta 1863 (6 Pt
A):1119-1133. doi:10.1016/j.bbamcr.2016.03.001
. de Assis LVM, Moraes MN, Magalhaes-Marques KK, Castrucci AML (2018)
Melanopsin and rhodopsin mediate UVA-induced immediate pigment darkening:
Unravelling the photosensitive system of the skin. Eur J Cell Biol 97 (3):150-162.
doi:10.1016/j.ejcb.2018.01.004
. Buscone S, Mardaryev AN, Raafs B, Bikker JW, Sticht C, Gretz N, Farjo N,
Uzunbajakava NE, Botchkareva NV (2017) A new path in defining light parameters
for hair growth: Discovery and modulation of photoreceptors in human hair follicle.
Lasers Surg Med 49 (7):705-718. doi:10.1002/Ism.22673
. Regazzetti C, Sormani L, Debayle D, Bernerd F, Tulic MK, De Donatis GM,
Chignon-Sicard B, Rocchi S, Passeron T (2018) Melanocytes sense blue light and

34



©CO~NOOOTA~AWNPE

1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282

regulate pigmentation through opsin-3. J Invest Dermatol 138 (1):171-178.
doi:10.1016/j.jid.2017.07.833

97. Castellano-Pellicena I, Uzunbajakava NE, Mignon C, Raafs B, Botchkarev VA,
Thornton MJ (2018) Does blue light restore human epidermal barrier function via
activation of Opsin during cutaneous wound healing? Lasers Surg Med.
doi:10.1002/Ism.23015

98. Garza ZCF, Born M, Hilbers PAJ, van Riel NAW, Liebmann J (2018) Visible blue
light therapy: Molecular mechanisms and therapeutic opportunities. Curr Med
Chem 25 (40):5564-5577. d0i:10.2174/0929867324666170727112206

99. Young AR (1997) Chromophores in human skin. Phys Med Biol 42 (5):789-802

100. Park S, Kim K, Bae IH, Lee SH, Jung J, Lee TR, Cho EG (2018) TIMP3 is a
CLOCK-dependent diurnal gene that inhibits the expression of UVB-induced
inflammatory cytokines in human keratinocytes. FASEB J 32 (3):1510-1523.
doi:10.1096/f].201700693R

101. Nikkola V, Gronroos M, Huotari-Orava R, Kautiainen H, Ylianttila’'L, Karppinen T,
Partonen T, Snellman E (2018) Circadian time effects on NB=UVB-induced
erythema in human skin in vivo. J Invest Dermatol 138 (2):464-467.
doi:10.1016/j.jid.2017.08.016

102. Park J, Halliday GM, Surjana D, Damian DL.(2010) Nicotinamide prevents
ultraviolet radiation-induced cellular energy loss. Photochem Photobiol 86 (4):942-
948. doi:10.1111/j.1751-1097.2010.00746.x

103. Chen AC, Damian DL, Halliday GM (2014).Oral and systemic photoprotection.
Photodermatol Photoimmunol Photomed 30 (2-3):102-111.
doi:10.1111/phpp.12100

104. Sun Y, Wang P, Li H, Dai J (2018). BMAL1 and CLOCK proteins in regulating
UVB-induced apoptosis and DNA.damage responses in human keratinocytes. J Cell
Physiol 233 (12):9563-9574. doi:10.1002/jcp.26859

105. Yeom M, Lee H, Shin S, Park D, Jung E (2018) PER, a circadian clock component,
mediates the suppression.of MMP-1 expression in HaCaT keratinocytes by camp.
Molecules 23 (4). doi:10.3390/molecules23040745

106. Nikkola V, Miettinen ME, Karisola P, Gronroos M, Ylianttila L, Alenius H,
Snellman E, Partonen T(2018) Ultraviolet B radiation modifies circadian time in
epidermal:skin and in subcutaneous adipose tissue. Photodermatol Photoimmunol
Photomed. doi:10.1111/phpp.12440

107. Kim-\W, Kim DY, Lee KH (2019) Ultraviolet-C (UVC) ray acts as a synchronizing
cue for circadian rhythm control in murine fibroblast. Biochem Biophys Res
Commun. doi:10.1016/j.bbrc.2019.03.059

108. Kawamura G, Hattori M, Takamatsu K, Tsukada T, Ninomiya Y, Benjamin I,
Sassone-Corsi P, Ozawa T, Tamaru T (2018) Cooperative interaction among
BMALL, HSF1, and p53 protects mammalian cells from UV stress. Commun Biol
1:204. doi:10.1038/s42003-018-0209-1

109./de Assis LVM, Moraes MN, Castrucci AML (2017) Heat shock antagonizes UVA-
induced responses in murine melanocytes and melanoma cells: an unexpected
interaction. Photochem Photobiol Sci 16 (5):633-648. doi:10.1039/c6pp00330c

110. Poletini MO, de Assis LV, Moraes MN, Castrucci AM (2016) Estradiol differently
affects melanin synthesis of malignant and normal melanocytes: a relationship with
clock and clock-controlled genes. Mol Cell Biochem 421 (1-2):29-39.
doi:10.1007/s11010-016-2781-3

35



©CO~NOOOTA~AWNPE

1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Hardman JA, Tobin DJ, Haslam IS, Farjo N, Farjo B, Al-Nuaimi Y, Grimaldi B,
Paus R (2015) The peripheral clock regulates human pigmentation. J Invest
Dermatol 135 (4):1053-1064. doi:10.1038/jid.2014.442

Romanovsky AA (2014) Skin temperature: its role in thermoregulation. Acta Physiol
(Oxf) 210 (3):498-507

Poletini MO, Moraes MN, Ramos BC, Jeronimo R, Castrucci AM (2015) TRP
channels: a missing bond in the entrainment mechanism of peripheral clocks
throughout evolution. Temperature (Austin) 2 (4):522-534.
d0i:10.1080/23328940.2015.1115803

Wang H, Siemens J (2015) TRP ion channels in thermosensation, thermoregulation
and metabolism. Temperature (Austin) 2 (2):178-187.
doi:10.1080/23328940.2015.1040604

Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge P, Lilly J,
Silos-Santiago I, Xie Y, DiStefano PS, Curtis R, Clapham DE (2002) TRPV3'is a
calcium-permeable temperature-sensitive cation channel. Nature 418 (6894):181-
186. doi:10.1038/nature00882

Moraes MN, de Assis LVM, Magalhaes-Marques KK, Poletini MO; de Lima L,
Castrucci AML (2017) Melanopsin, a canonical light receptor, mediates thermal
activation of clock genes. Sci Rep 7 (1):13977. doi:10.1038/s41598-017-13939-3
Perez-Cerezales S, Boryshpolets S, Afanzar O, Brandis A, Nevo R, Kiss V,
Eisenbach M (2015) Involvement of opsins in mammalian sperm thermotaxis. Sci
Rep 5:16146. doi:10.1038/srep16146

Leung NY, Montell C (2017) Unconventional roles of opsins. Annu Rev Cell Dev
Biol. doi:10.1146/annurev-cellbio-100616-060432

Shen WL, Kwon Y, Adegbola AA, Luo J, Chess A, Montell C (2011) Function of
rhodopsin in temperature discrimination in Drosophila. Science 331 (6022):1333-
1336. doi:10.1126/science.1198904

Sokabe T, Chen HC, Luo J, Maontell C (2016) A switch in thermal preference in
drosophila larvae depends. on multiple rhodopsins. Cell Rep 17 (2):336-344.
doi:10.1016/j.celrep.2016.09.028

Lee Y, Montell C (2013) Drosophila TRPA1 functions in temperature control of
circadian rhythm in pacemaker neurons. J Neurosci 33 (16):6716-6725.
doi:10.1523/jneurosei.4237-12.2013

Yosipovitch G, Xiong GL, Haus E, Sackett-Lundeen L, Ashkenazi I, Maibach HI
(1998) Time-dependent variations of the skin barrier function in humans:
transepidermal water loss, stratum corneum hydration, skin surface pH, and skin
temperature. J Invest Dermatol 110 (1):20-23. doi:10.1046/].1523-
1747.1998.00069.x

Le Fur I, Reinberg A, Lopez S, Morizot F, Mechkouri M, Tschachler E (2001)
Analysis of circadian and ultradian rhythms of skin surface properties of face and
forearm of healthy women. J Invest Dermatol 117 (3):718-724. doi:10.1046/].0022-
202x.2001.01433.x

Sporl F, Schellenberg K, Blatt T, Wenck H, Wittern KP, Schrader A, Kramer A
(2011) A circadian clock in HaCaT keratinocytes. J Invest Dermatol 131 (2):338-
348. d0i:10.1038/jid.2010.315

Tsuchiya Y, Akashi M, Nishida E (2003) Temperature compensation and
temperature resetting of circadian rhythms in mammalian cultured fibroblasts.
Genes Cells 8 (8):713-720

Tamaru T, Hattori M, Honda K, Benjamin |, Ozawa T, Takamatsu K (2011)
Synchronization of circadian Per2 rhythms and HSF1-BMAL1:CLOCK interaction

36



©CO~NOOOTA~AWNPE

1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

in mouse fibroblasts after short-term heat shock pulse. PLoS One 6 (9):e24521.
doi:10.1371/journal.pone.0024521

Flo A, Diez-Noguera A, Calpena AC, Cambras T (2014) Circadian rhythms on skin
function of hairless rats: light and thermic influences. Exp Dermatol 23 (3):214-
216. doi:10.1111/exd.12338

Benedict FG, Miles WR, Johnson A (1919) The Temperature of the Human Skin.
Proc Natl Acad Sci USA 5 (6):218-222

Xu X, Karis AJ, Buller MJ, Santee WR (2013) Relationship between core
temperature, skin temperature, and heat flux during exercise in heat. Eur J Appl
Physiol 113 (9):2381-2389. doi:10.1007/s00421-013-2674-z

Pronina TS, Rybakov VP (2011) Features of the circadian rhythm of skin
temperature in eight- to nine-year-old children and young adults. Human/Physiol
37 (4):478. doi:10.1134/S0362119711040153

Park S-J, Waterhouse J (2014) A comparison between rhythms in forehead skinand
rectal (core) temperature in sedentary subjects living in a thermally neutral
environment. Biol Rhythm Res 45 (3):415-428.
d0i:10.1080/09291016.2013.830849

Costa CMA, Moreira DG, Sillero-Quintana M, Brito CJ, de:Azambuja Pussieldi G,
de Andrade Fernandes A, Cano SP, Bouzas Marins JC (2018) Daily rhythm of skin
temperature of women evaluated by infrared thermal imaging. J Therm Biol 72:1-
9. doi:10.1016/j.jtherbio.2017.12.002

Scully CG, Karaboué A, Liu W-M, Meyer J, Innominato PF, Chon KH, Gorbach
AM, Lévi F (2011) Skin surface temperature rhythms as potential circadian
biomarkers for personalized chronotherapeutics in cancer patients. Interface focus
1 (1):48-60. doi:10.1098/rsfs.2010.0012

Cuesta M, Boudreau P, Cermakian.N, Boivin DB (2017) Skin temperature rhythms
in humans respond to changes in the timing of sleep and light. J Biol Rhythms 32
(3):257-273. doi:10.1177/0748730417702974

Bracci M, Ciarapica V, Copertaro A, Barbaresi M, Manzella N, Tomasetti M,
Gaetani S, Monaco F, Amati-M, Valentino M, Rapisarda V, Santarelli L (2016)
Peripheral skin temperature and circadian biological clock in shift nurses after a day
off. Int J Mol Sci 17 (5):623. doi:10.3390/ijms17050623

Martinez-Nicolas A, Madrid JA, Rol MA, Guaita M, Santamaria J, Montserrat JM
(2017) Circadian impairment of distal skin temperature rhythm in patients with
sleep-disordered  breathing: The effect of CPAP. Sleep 40 (6).
doi:10.1093/sleep/zsx067

Miyakoshi N, Itoi E, Sato K, Suzuki K, Matsuura H (1998) Skin temperature of the
shoulder: circadian rhythms in normal and pathologic shoulders. J Shoulder Elbow
Surg 7 (6):625-628

Ndiaye MA, Nihal M, Wood GS, Ahmad N (2014) Skin, reactive oxygen species,
and circadian clocks. Antioxid Redox Signal 20 (18):2982-2996.
doi:10.1089/ars.2013.5645

Coto-Montes A, Tomas-Zapico C, Rodriguez-Colunga MJ, Tolivia-Cadrecha D,
Martinez-Fraga J, Hardeland R, Tolivia D (2001) Effects of the circadian mutation
'tau’ on the Harderian glands of Syrian hamsters. J Cell Biochem 83 (3):426-434
Sani M, Sebai H, Gadacha W, Boughattas NA, Reinberg A, Mossadok BA (2006)
Catalase activity and rhythmic patterns in mouse brain, kidney and liver. Comp
Biochem  Physiol B  Biochem Mol Biol 145  (3-4):331-337.
d0i:10.1016/j.cbpb.2006.08.005

37



©CO~NOOOTA~AWNPE

1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431

141

142

143

144

145

146

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

. Baydas G, Gursu MF, Yilmaz S, Canpolat S, Yasar A, Cikim G, Canatan H (2002)
Daily rhythm of glutathione peroxidase activity, lipid peroxidation and glutathione
levels in tissues of pinealectomized rats. Neurosci Lett 323 (3):195-198

. Davies MH, Bozigian HP, Merrick BA, Birt DF, Schnell RC (1983) Circadian
variations in glutathione-S-transferase and glutathione peroxidase activities in the
mouse. Toxicol Lett 19 (1-2):23-27

. Diaz-Munoz M, Hernandez-Munoz R, Suarez J, Chagoya de Sanchez V (1985) Day-
night cycle of lipid peroxidation in rat cerebral cortex and their relationship to the
glutathione cycle and superoxide dismutase activity. Neuroscience 16 (4):859-863

. Martin V, Sainz RM, Mayo JC, Antolin |, Herrera F, Rodriguez C (2003) Daily
rhythm of gene expression in rat superoxide dismutases. Endocr Res 29 (1):83-95

. Hardeland R, Coto-Montes A, Poeggeler B (2003) Circadian rhythms, oxidative
stress, and antioxidative defense mechanisms. Chronobiol Int 20 (6):921-962

. Wilking M, Ndiaye M, Mukhtar H, Ahmad N (2013) Circadian rhythm connections

to oxidative stress: implications for human health. Antioxid Redox Signal 19
(2):192-208. doi:10.1089/ars.2012.4889

Fanjul-Moles ML, Lopez-Riquelme GO (2016) Relationship between oxidative
stress, circadian rhythms, and AMD. Oxid Med Cell Longev 2016:7420637-
7420637. d0i:10.1155/2016/7420637

Shindo Y, Witt E, Han D, Epstein W, Packer L (1994) Enzymic and non-enzymic
antioxidants in epidermis and dermis of human skin. J Invest Dermatol 102 (1):122-
124

Benedusi M, Frigato E, Beltramello M, Bertolueci.C, Valacchi G (2018) Circadian
clock as possible protective mechanism to pollution induced keratinocytes damage.
Mech Ageing Dev 172:13-20. doi:10.1016/j.mad.2017.08.017

Dong K, Pelle E, Yarosh DB, Pernodet N (2012) Sirtuin 4 identification in normal
human epidermal keratinocytes and its relation to sirtuin 3 and energy metabolism
under normal conditions and UVB-induced stress. Exp Dermatol 21 (3):231-233.
d0i:10.1111/j.1600-0625.2011.:01439.x

Tamaru T, Hattori M, Ninomiya Y, Kawamura G, Vares G, Honda K, Mishra DP,

Wang B, Benjamin.l;:Sassone-Corsi P, Ozawa T, Takamatsu K (2013) ROS stress
resets circadian clocks ta coordinate pro-survival signals. PLoS One 8 (12):e82006.
doi:10.1371/journal.pone.0082006

Slominski A, Wortsman J, Luger T, Paus R, Solomon S (2000) Corticotropin

releasing hormone and proopiomelanocortin involvement in the cutaneous response
to stress. Physiol Rev 80 (3):979-1020. doi:10.1152/physrev.2000.80.3.979

Slominski AT, Zmijewski MA, Zbytek B, Tobin DJ, Theoharides TC, Rivier J

(2013) Key role of CRF in the skin stress response system. Endocr Rev 34 (6):827-
884. d0i:10.1210/er.2012-1092

Theoharides TC, Stewart JM, Taracanova A, Conti P, Zouboulis CC (2016)
Neuroendocrinology of the skin. Rev Endocr Metab Disord 17 (3):287-294.
doi:10.1007/s11154-016-9369-9

Slominski A (2005) Neuroendocrine system of the skin. Dermatology (Basel,

Switzerland) 211 (3):199-208. doi:10.1159/000087012

Slominski A, Wortsman J, Kohn L, Ain KB, Venkataraman GM, Pisarchik A, Chung
JH, Giuliani C, Thornton M, Slugocki G, Tobin DJ (2002) Expression of
hypothalamic-pituitary-thyroid axis related genes in the human skin. J Invest
Dermatol 119 (6):1449-1455. doi:10.1046/j.1523-1747.2002.19617.x

Hazlerigg D (2012) The evolutionary physiology of photoperiodism in vertebrates.
Prog Brain Res 199:413-422. d0i:10.1016/b978-0-444-59427-3.00023-x

38



©CO~NOOOTA~AWNPE

1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480

158

159

160.

161.

162

163

164

165

166

167.

168

169.

170:

171

. Acuna-Castroviejo D, Escames G, Venegas C, Diaz-Casado ME, Lima-Cabello E,

Lopez LC, Rosales-Corral S, Tan DX, Reiter RJ (2014) Extrapineal melatonin:
sources, regulation, and potential functions. Cell Mol Life Sci 71 (16):2997-3025.
d0i:10.1007/s00018-014-1579-2

. Slominski AT, Hardeland R, Zmijewski MA, Slominski RM, Reiter RJ, Paus R

(2018) Melatonin: A cutaneous perspective on its production, metabolism, and
functions. J Invest Dermatol 138 (3):490-499. doi:10.1016/j.jid.2017.10.025
Kim TK, Lin Z, Tidwell WJ, Li W, Slominski AT (2015) Melatonin and its
metabolites accumulate in the human epidermis in vivo and inhibit proliferation and
tyrosinase activity in epidermal melanocytes in vitro. Mol Cell Endocrinol 404:1-
8. doi:10.1016/j.mce.2014.07.024

Slominski A, Wortsman J, Tobin DJ (2005) The cutaneous
serotoninergic/melatoninergic system: securing a place under the sun. FASEB J 19
(2):176-194. doi:10.1096/f].04-2079rev

. Slominski AT, Zmijewski MA, Semak I, Kim TK, Janjetovic Z; Slominski RM,

Zmijewski JW (2017) Melatonin, mitochondria, and the skin. Cell Mol Life Sci 74
(21):3913-3925. doi:10.1007/s00018-017-2617-7

. Slominski A, Tobin DJ, Zmijewski MA, Wortsman J, Paus:R (2008) Melatonin in

the skin: synthesis, metabolism and functions. Trends Endocrinol Metab 19 (1):17-
24. d0i:10.1016/j.tem.2007.10.007

. Slominski A, Baker J, Rosano TG, Guisti LW, Ermak G, Grande M, Gaudet SJ

(1996) Metabolism of serotonin to N-acetylserotonin, melatonin, and 5-
methoxytryptamine in hamster skin culture. J Biol Chem 271 (21):12281-12286.
doi: 10.1074/jbc.271.21.12281

. Slominski A, Pisarchik A, Semak |, Sweatman T, Wortsman J, Szczesniewski A,

Slugocki G, McNulty J, Kauser' S, Tobin DJ, Jing C, Johansson O (2002)
Serotoninergic and melatoninergic systems are fully expressed in human skin.
FASEB J 16 (8):896-898. doi:10.1096/fj.01-0952fje

. Roseboom PH, Namboodiri. MA, Zimonjic DB, Popescu NC, Rodriguez IR, Gastel

JA, Klein DC (1998) Natural melatonin 'knockdown' in C57BL/6J mice: rare
mechanism truncates-serotonin N-acetyltransferase. Brain Res Mol Brain Res 63
(1):189-197

Slominski “A, Pisarchik A, Semak 1, Sweatman T, Wortsman J (2003)
Characterization of the serotoninergic system in the C57BL/6 mouse skin. Eur J
Biochem 270 (16):3335-3344

. Slominski A, Pisarchik A, Zbytek B, Tobin DJ, Kauser S, Wortsman J (2003)

Functional activity of serotoninergic and melatoninergic systems expressed in the
skin. J Cell Physiol 196 (1):144-153. doi:10.1002/jcp.10287

Slominski A, Fischer TW, Zmijewski MA, Wortsman J, Semak |, Zbytek B,
Slominski RM, Tobin DJ (2005) On the role of melatonin in skin physiology and
pathology. Endocrine 27 (2):137-148. doi:10.1385/ENDQ:27:2:137

Kobayashi H, Kromminga A, Dunlop TW, Tychsen B, Conrad F, Suzuki N,
Memezawa A, Bettermann A, Aiba S, Carlberg C, Paus R (2005) A role of
melatonin in neuroectodermal-mesodermal interactions: the hair follicle
synthesizes melatonin and expresses functional melatonin receptors. FASEB J 19
(12):1710-1712. doi:10.1096/fj.04-2293fje

. Slominski A, Pisarchik A, Wortsman J (2004) Expression of genes coding melatonin

and serotonin receptors in rodent skin. Biochim Biophys Acta 1680 (2):67-70.
doi:10.1016/j.bbaexp.2004.09.002

39



©CO~NOOOTA~AWNPE

1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Kim TK, Kleszczynski K, Janjetovic Z, Sweatman T, Lin Z, Li W, Reiter RJ, Fischer
TW, Slominski AT (2013) Metabolism of melatonin and biological activity of
intermediates of melatoninergic pathway in human skin cells. FASEB J 27
(7):2742-2755. doi:10.1096/f].12-224691

Slominski AT, Semak I, Fischer TW, Kim TK, Kleszczynski K, Hardeland R, Reiter
RJ (2017) Metabolism of melatonin in the skin: Why is it important? Exp Dermatol
26 (7):563-568. doi:10.1111/exd.13208
Fischer TW, Sweatman TW, Semak I, Sayre RM, Wortsman J, Slominski A (2006)
Constitutive and UV-induced metabolism of melatonin in keratinocytes and cell-
free systems. FASEB J 20 (9):1564-1566. doi:10.1096/fj.05-5227fje

Skobowiat C, Brozyna AA, Janjetovic Z, Jeayeng S, Oak ASW, Kim TK, Panich U,
Reiter RJ, Slominski AT (2018) Melatonin and its derivatives counteract the
ultraviolet B radiation-induced damage in human and porcine skin ex vivo. JPineal
Res 65 (2):e12501. doi:10.1111/jpi.12501
Slominski AT, Kleszczynski K, Semak I, Janjetovic Z, Zmijewski MA, Kim TK,
Slominski RM, Reiter RJ, Fischer TW (2014) Local melatoninergic system as the
protector of skin integrity. Int J Mol Sci 15 (10):27705-17732.
doi:10.3390/ijms151017705
Fischer TW, Kleszczynski K, Hardkop LH, Kruse N, Zillikens D(2013) Melatonin
enhances antioxidative enzyme gene expression (CAT, GPx, SOD), prevents their
UVR-induced depletion, and protects against the formation of DNA damage (8-
hydroxy-2'-deoxyguanosine) in ex vivo human.skin. J Pineal Res 54 (3):303-312.
doi:10.1111/jpi.12018
Janjetovic Z, Jarrett SG, Lee EF, Duprey C, Reiter RJ, Slominski AT (2017)
Melatonin and its metabolites protect human melanocytes against UVB-induced
damage: Involvement of NRF2-mediated pathways. Sci Rep 7 (1):1274.
d0i:10.1038/s41598-017-01305-2
Moraes MN, de Oliveira Poletini M, Ribeiro Ramos BC, de Lima LH, de Lauro
Castrucci AM (2014) Effect of light on expression of clock genes in Xenopus laevis
melanophores. Photochem Photobiol 90 (3):696-701. doi:10.1111/php.12230
Moraes MN, dos Santos LR, Mezzalira N, Poletini MO, Castrucci AM (2014)
Regulation of melanopsins and Perl by alpha -MSH and melatonin in
photosensitive. Xenopus laevis melanophores. Biomed Res Int 2014:654710.
doi:10.1155/2014/654710
Moraes MN, Ramos BC, Poletini MO, Castrucci AM (2015) Melanopsins:
Localization and phototransduction in Xenopus laevis melanophores. Photochem
Photohiol 91 (5):1133-1141. doi:10.1111/php.12484
Isoldi MC, Rollag MD, Castrucci AM, Provencio | (2005) Rhabdomeric
phototransduction initiated by the vertebrate photopigment melanopsin. Proc Natl
Acad Sci U S A 102 (4):1217-1221. doi:10.1073/pnas.0409252102
Hardman JA, Haslam IS, Farjo N, Farjo B, Paus R (2015) Thyroxine differentially
modulates the peripheral clock: lessons from the human hair follicle. PLoS One 10
(3):0121878. doi:10.1371/journal.pone.0121878
Balsalobre A, Brown SA, Marcacci L, Tronche F, Kellendonk C, Reichardt HM,
Schutz G, Schibler U (2000) Resetting of circadian time in peripheral tissues by
glucocorticoid signaling. Science 289 (5488):2344-2347
Dickmeis T (2009) Glucocorticoids and the circadian clock. J Endocrinol 200 (1):3-
22. d0i:10.1677/joe-08-0415
Slominski A, Zbytek B, Szczesniewski A, Semak |, Kaminski J, Sweatman T,
Wortsman J (2005) CRH stimulation of corticosteroids production in melanocytes

40



©CO~NOOOTA~AWNPE

1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579

187

188

189

190

191

192

193

194

195

196

197

198

199

200

is mediated by ACTH. Am J Physiol Endocrinol Metab 288 (4):E701-706.
doi:10.1152/ajpendo.00519.2004

. Slominski A, Zbytek B, Semak I, Sweatman T, Wortsman J (2005) CRH stimulates
POMC activity and corticosterone production in dermal fibroblasts. J
Neuroimmunol 162 (1-2):97-102. doi:10.1016/j.jneuroim.2005.01.014

. Slominski A, Zbytek B, Nikolakis G, Manna PR, Skobowiat C, Zmijewski M, Li W,
Janjetovic Z, Postlethwaite A, Zouboulis CC, Tuckey RC (2013) Steroidogenesis
in the skin: implications for local immune functions. J Steroid Biochem Mol Biol
137:107-123. doi:10.1016/j.jsbmb.2013.02.006

. Slominski AT, Manna PR, Tuckey RC (2015) On the role of skin in the regulation
of local and systemic steroidogenic activities. Steroids 103:72-88.
doi:10.1016/j.steroids.2015.04.006

. Skobowiat C, Slominski AT (2015) UVB activates hypothalamic-pituitary-adrenal
axis in C57BL/6 mice. J Invest Dermatol 135 (6):1638-1648.
doi:10.1038/jid.2014.450

. Skobowiat C, Postlethwaite AE, Slominski AT (2017) Skin exposure to ultraviolet
B rapidly activates systemic neuroendocrine and immunosuppressive responses.
Photochem Photobiol 93 (4):1008-1015. doi:10.1111/php.12642

.Han M, Ban JJ, Bae JS, Shin CY, Lee DH, Chung JH (2017) UV irradiation to mouse
skin decreases hippocampal neurogenesis and synaptic protein expression via HPA
axis activation. Sci Rep 7 (1):15574. doi:10.1038/s41598-017-15773-z

. Shaw CB, Milewich L, Sontheimer RD, Kaimal.\VV (1986) Epidermal keratinocytes:
A source of 5a- dihydrotestosterone production in human skin. J Clin Endocrinol
Metab 62 (4):739-746. doi:10.1210/jcem-62-4-739

. Milewich L, Shaw CB, Sontheimer RD (1988) Steroid metabolism by epidermal
keratinocytes. Ann N 'Y Acad Sci 548:66-89

. Holick MF (1994) McCollum Award. Lecture, 1994: vitamin D--new horizons for
the 21st century. Am J Clin Nutr.60.(4):619-630. doi:10.1093/ajcn/60.4.619

. Gutierrez-Monreal MA, Cuevas-Diaz Duran R, Moreno-Cuevas JE, Scott SP (2014)
A role for lalpha,25-dihydroxyvitamin d3 in the expression of circadian genes. J
Biol Rhythms 29 (5):384-388. d0i:10.1177/0748730414549239

. Slominski AT, Kim TK, Hobrath JV, Oak ASW, Tang EKY, Tieu EW, Li W, Tuckey
RC, Jetten AM (2017) Endogenously produced nonclassical vitamin D hydroxy-
metabolites act as biased" agonists on VDR and inverse agonists on RORalpha and
RORgamma. J Steroid Biochem Mol Biol 173:42-56.
doi:10.1016/j.Jsbmb.2016.09.024

. Slominski AT, Kim TK, Takeda Y, Janjetovic Z, Brozyna AA, Skobowiat C, Wang
J, Postlethwaite A, Li W, Tuckey RC, Jetten AM (2014) RORalpha and ROR
gamma are expressed in human skin and serve as receptors for endogenously
produced noncalcemic 20-hydroxy- and 20,23-dihydroxyvitamin D. FASEB J 28
(7):2775-2789. doi:10.1096/fj.13-242040

. Chaiprasongsuk A, Janjetovic Z, Kim T-K, Holick MF, Tuckey RC, Panich U,
Slominski AT (2018) 274 - Protective effects of novel derivatives of vitamin D3
and lumisterol against UVB-induced damage in human keratinocytes involve
activation of Nrf2 and P53 defense mechanisms. Free Radic Biol Med 128:S116.
doi:doi.org/10.1016/j.freeradbiomed.2018.10.282

. Asher G, Sassone-Corsi P (2015) Time for food: the intimate interplay between
nutrition, metabolism, and the circadian clock. Cell 161 (1):84-92.
doi:10.1016/j.cell.2015.03.015

41



©CO~NOOOTA~AWNPE

1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627

201.

202.

203.

204.

205.

206.

207.

208.
209.

210.

211.

212.

213.

214:

215.

216.

Forni MF, Peloggia J, Braga TT, Chinchilla JEO, Shinohara J, Navas CA, Camara
NOS, Kowaltowski AJ (2017) Caloric restriction promotes structural and metabolic
changes in the skin. Cell Rep 20 (11):2678-2692. doi:10.1016/j.celrep.2017.08.052
Bragazzi NL, Sellami M, Salem 1, Conic R, Kimak M, Pigatto PDM, Damiani G
(2019) Fasting and its impact on skin anatomy, physiology, and physiopathology:
a comprehensive review of the literature. Nutrients 11 (2). doi:10.3390/nu11020249
Lee SK, Achieng E, Maddox C, Chen SC, luvone PM, Fukuhara C (2011)
Extracellular low pH affects circadian rhythm expression in human primary
fibroblasts.  Biochem  Biophys Res Commun 416 (3-4):337-342.
doi:10.1016/j.bbrc.2011.11.037

Slominski A, Tobin DJ, Shibahara S, Wortsman J (2004) Melanin pigmentation in
mammalian skin and its hormonal regulation. Physiol Rev 84 (4):1155-1228.
doi:10.1152/physrev.00044.2003
Desotelle JA, Wilking MJ, Ahmad N (2012) The circadian control of skin and
cutaneous  photodamage. = Photochem  Photobiol 88  (5):1037-1047.
doi:10.1111/j.1751-1097.2012.01099.x
Dupont E, Gomez J, Bilodeau D (2013) Beyond UV radiation: a skin under
challenge. Int J Cosmet Sci 35 (3):224-232. doi:10.1111/ics.12036

Reinberg A, Sidi E, Ghata J (1965) Circadian reactivity rhythms of human skin to
histamine or allergen and the adrenal cycle. J Allergy Clin Immunol 36 (3):273-
283. d0i:10.1016/0021-8707(65)90086-9

Miller LS (2008) Toll-like receptors in skin. Adv. Dermatol 24:71-87

Ando N, Nakamura Y, Aoki R, Ishimaru K, Ogawa H, Okumura K, Shibata S,
Shimada S, Nakao A (2015) Circadian gene clock regulates psoriasis-like skin
inflammation  in mice. J Invest. Dermatol 135 (12):3001-3008.
doi:10.1038/jid.2015.316

Nakamura Y, Harama D, Shimokawa N, Hara M, Suzuki R, Tahara Y, Ishimaru K,
Katoh R, Okumura K, Ogawa H, Shibata S, Nakao A (2011) Circadian clock gene
Period2 regulates a time-of-day-dependent variation in cutaneous anaphylactic
reaction. J Allergy Clin Immunol 127 (4):1038-1045.e1031-1033.
d0i:10.1016/j.jaci.2011.02.006

Li WQ, Qureshi AA, Schernhammer ES, Han J (2013) Rotating night-shift work and
risk of soriasis «in<US women. J Invest Dermatol 133 (2):565-567.
doi:10.1038/jid.2012.285

Malhotra N, Leyva-Castillo JM, Jadhav U, Barreiro O, Kam C, O'Neill NK, Meylan
F, Chambon P, von Andrian UH, Siegel RM, Wang EC, Shivdasani R, Geha RS
(2018) RORalpha-expressing T regulatory cells restrain allergic skin inflammation.
Sci Immunol 3 (21). doi:10.1126/sciimmunol.aa06923

Vaughn AR, Clark AK, Sivamani RK, Shi VY (2018) Circadian rhythm in atopic
dermatitis-Pathophysiology and implications for chronotherapy. Pediatr Dermatol
35 (1):152-157. d0i:10.1111/pde.13364

Patel T, Ishiuji Y, Yosipovitch G (2007) Nocturnal itch: why do we itch at night?
Acta Derm Venereol 87 (4):295-298. doi:10.2340/00015555-0280

Cho S, Shin MH, Kim YK, Seo JE, Lee YM, Park CH, Chung JH (2009) Effects of
infrared radiation and heat on human skin aging in vivo. J Investig Dermatol Symp
Proc 14 (1):15-19. doi:10.1038/jidsymp.2009.7
Calapre L, Gray ES, Ziman M (2013) Heat stress: a risk factor for skin
carcinogenesis. Cancer Lett 337 (1):35-40. doi:10.1016/j.canlet.2013.05.039

42



©CO~NOOOTA~AWNPE

1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676

217

218

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

. Oklejewicz M, Destici E, Tamanini F, Hut RA, Janssens R, van der Horst GT (2008)
Phase resetting of the mammalian circadian clock by DNA damage. Curr Biol 18
(4):286-291. d0i:10.1016/j.cub.2008.01.047

. Bee L, Marini S, Pontarin G, Ferraro P, Costa R, Albrecht U, Celotti L (2015)

Nucleotide excision repair efficiency in quiescent human fibroblasts is modulated
by circadian clock. Nucleic Acids Res 43 (4):2126-2137. doi:10.1093/nar/gkv081

Manzella N, Bracci M, Strafella E, Staffolani S, Ciarapica V, Copertaro A, Rapisarda

V, Ledda C, Amati M, Valentino M, Tomasetti M, Stevens RG, Santarelli L (2015)
Circadian modulation of 8-oxoguanine DNA damage repair. Sci Rep 5:13752,
doi:10.1038/srep13752
Geyfman M, Kumar V, Liu Q, Ruiz R, Gordon W, Espitia F, Cam E, Millar SE,
Smyth P, lhler A, Takahashi JS, Andersen B (2012) Brain and muscle Arnt-like
protein-1 (BMALZ) controls circadian cell proliferation and susceptibility to UVB-
induced DNA damage in the epidermis. Proc Natl Acad Sci USA 109 (29):11758-
11763. doi:10.1073/pnas.1209592109

Blanpain C, Fuchs E (2006) Epidermal stem cells of the skin. Annu Rev Cell Dev

Biol 22:339-373. doi:10.1146/annurev.cellbio.22.010305.104357

Weger M, Diotel N, Dorsemans AC, Dickmeis T, Weger BD.(2017) Stem cells and

the circadian clock. Dev Biol 431 (2):111-123. doi:10.1016/j.ydbio.2017.09.012

Fuchs E (2008) Skin stem cells: rising to the surface..J Cell Biol 180 (2):273-284.

doi:10.1083/jcbh.200708185

Brown WR (1991) A review and mathematical.analysis of circadian rhythms in cell

proliferation in mouse, rat, and human epidermis. J.Invest Dermatol 97 (2):273-280
Stringari C, Wang H, Geyfman M, Crosignani 'V, Kumar V, Takahashi JS, Andersen
B, Gratton E (2015) In vivo single-cell detection of metabolic oscillations in stem
cells. Cell Rep 10 (1):1-7. doi:10.1016/j.celrep.2014.12.007

Janich P, Toufighi K, Solanas G, Luis NM, Minkwitz S, Serrano L, Lehner B,

Benitah SA (2013) Human epidermal stem cell function is regulated by circadian
oscillations. Cell Stem Cell 13(6):745-753. d0i:10.1016/j.stem.2013.09.004

Lin KK, Kumar V, Geyfman M, Chudova D, lhler AT, Smyth P, Paus R, Takahashi

JS, Andersen B (2009) Circadian clock genes contribute to the regulation of hair
follicle cycling. PLoS Genet 5 (7):e1000573. doi:10.1371/journal.pgen.1000573

Geyfman M, Andersen B/(2010) Clock genes, hair growth and aging. Aging (Albany

NY) 2 (3):122-128..d0i:10.18632/aging.100130

Slominski A, Paus R (1993) Melanogenesis is coupled to murine anagen: toward
new.concepts for the role of melanocytes and the regulation of melanogenesis in
hair growth. J Invest Dermatol 101 (1 Suppl):90s-97s

Slominski A, Wortsman J, Plonka PM, Schallreuter KU, Paus R, Tobin DJ (2005)

Hair follicle pigmentation. J Invest Dermatol 124 (1):13-21. doi:10.1111/j.0022-
202X.2004.23528.x

Al-Nuaimi Y, Hardman JA, Biro T, Haslam IS, Philpott MP, Toth BI, Farjo N, Farjo

B, Baier G, Watson REB, Grimaldi B, Kloepper JE, Paus R (2014) A meeting of
two chronobiological systems: circadian proteins Periodl and BMAL1 modulate
the human hair cycle clock. J Invest Dermatol 134 (3):610-619.
d0i:10.1038/jid.2013.366

Plikus MV, Vollmers C, de la Cruz D, Chaix A, Ramos R, Panda S, Chuong CM

(2013) Local circadian clock gates cell cycle progression of transient amplifying
cells during regenerative hair cycling. Proc Natl Acad Sci USA 110 (23):E2106-
2115. doi:10.1073/pnas.1215935110

43



©CO~NOOOTA~AWNPE

1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724

233. Akashi M, Soma H, Yamamoto T, Tsugitomi A, Yamashita S, Yamamoto T, Nishida

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

E, Yasuda A, Liao JK, Node K (2010) Noninvasive method for assessing the human
circadian clock using hair follicle cells. Proc Natl Acad Sci USA 107 (35):15643-
15648. d0i:10.1073/pnas.1003878107
Kervezee L, Cuesta M, Cermakian N, Boivin DB (2018) Simulated night shift work
induces circadian misalignment of the human peripheral blood mononuclear cell
transcriptome.  Proc  Natl Acad Sci USA 115 (21):5540-5545.
doi:10.1073/pnas.1720719115
Srour B, Plancoulaine S, Andreeva VA, Fassier P, Julia C, Galan P, Hercberg S,
Deschasaux M, Latino-Martel P, Touvier M (2018) Circadian nutritional
behaviours and cancer risk: New insights from the NutriNet-sante prospective
cohort study: Disclaimers. Int J Cancer 143 (10):2369-2379. doi:10.1002/ijc.31584
Yamaguchi A, Matsumura R, Matsuzaki T, Nakamura W, Node K, Akashi M (2017)
A simple method using ex vivo culture of hair follicle tissue to investigate intrinsic
circadian characteristics in humans. Sci Rep 7 (1):6824. doi:10.1038/s41598-017-
07268-8
Hattammaru M, Tahara Y, Kikuchi T, Okajima K, Konishi K, Nakajima S, Sato K,
Otsuka K, Sakura H, Shibata S, Nakaoka T (2019) The effect of night shift work on
the expression of clock genes in beard hair follicle cells. Sleep Med.
doi:https://doi.org/10.1016/j.sleep.2019.01.005
Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G (2013) The
hallmarks of aging. Cell 153 (6):1194-1217. doi:10.1016/j.cell.2013.05.039
Kowalska E, Ripperger JA, Hoegger DC, Bruegger P, Buch T, Birchler T, Mueller
A, Albrecht U, Contaldo C, Brown SA (2013) NONO couples the circadian clock
to the cell cycle. Proc Natl Acad . Sci USA 110 (5):1592-1599.
doi:10.1073/pnas.1213317110
Matsunaga N, Itcho K, Hamamura K, Ikeda E, Ikeyama H, Furuichi Y, Watanabe
M, Koyanagi S, Ohdo S (2014) 24-hour rhythm of aquaporin-3 function in the
epidermis is regulated by-molecular clocks. J Invest Dermatol 134 (6):1636-1644.
doi:10.1038/jid.2014.13
Sasaki H, Hokugo AyWang L, Morinaga K, Ngo JT, Okawa H, Nishimura I (2019)
Neuronal PAS domain:2 (Npas2)-deficient fibroblasts accelerate skin wound
healing and dermal collagen reconstruction. Anat Rec 0 (0). doi:10.1002/ar.24109
Yosipovitch G, Sackett-Lundeen L, Goon A, Yiong Huak C, Leok Goh C, Haus E
(2004) Circadian and ultradian (12 h) variations of skin blood flow and barrier
function in non-irritated and irritated skin-effect of topical corticosteroids. J Invest
Dermatol 122 (3):824-829. d0i:10.1111/j.0022-202X.2004.22313.x
Stephenson LA, Wenger CB, O'Donovan BH, Nadel ER (1984) Circadian rhythm in
sweating and cutaneous blood flow. Am J Physiol 246 (3 Pt 2):R321-324.
doiz10.1152/ajpregu.1984.246.3.R321
Denda M, Tsuchiya T (2000) Barrier recovery rate varies time-dependently in human
skin. Br J Dermatol 142 (5):881-884
Latreille J, Guinot C, Robert-Granie C, Le Fur I, Tenenhaus M, Foulley JL (2004)
Daily variations in skin surface properties using mixed model methodology. Skin
Pharmacol Physiol 17 (3):133-140. doi:10.1159/000077240
Verschoore M, Poncet M, Krebs B, Ortonne JP (1993) Circadian variations in the
number of actively secreting sebaceous follicles and androgen circadian rhythms.
Chronobiol Int 10 (5):349-359

44



©CO~NOOOTA~AWNPE

1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773

247.

248.

249.

250.

251.

252.

253.

254.

255.

Jia Y, Zhou M, Huang H, Gan Y, Yang M, Ding R (2019) Characterization of
circadian human facial surface lipid composition. Exp Dermatol.
doi:10.1111/exd.13933

Tsukahara K, Moriwaki S, Hotta M, Fujimura T, Kitahara T (2004) A study of
diurnal variation in wrinkles on the human face. Arch Dermatol Res 296 (4):169-
174. doi:10.1007/s00403-004-0500-5

Gardner-Medwin JM, Macdonald 1A, Taylor JY, Riley PH, Powell RJ (2001)
Seasonal differences in finger skin temperature and microvascular blood flow in
healthy men and women are exaggerated in women with primary Raynaud's
phenomenon. Br J Clin Pharmacol 52 (1):17-23

Martinez-Nicolas A, Meyer M, Hunkler S, Madrid JA, Rol MA, Meyer AH,
Schotzau A, Orgul S, Krauchi K (2015) Daytime variation in ambient temperature
affects skin temperatures and blood pressure: Ambulatory winter/summer
comparison in healthy young women. Physiol Behav 149:203-211.
doi:10.1016/j.physbeh.2015.06.014

Black D, Del Pozo A, Lagarde JM, Gall Y (2000) Seasonal variability in the
biophysical properties of stratum corneum from different anatomical sites. Skin Res
Technol 6 (2):70-76

Nam GW, Baek JH, Koh JS, Hwang JK (2015).The seasonal variation in skin
hydration, sebum, scaliness, brightness and elasticity.in Korean females. Skin Res
Technol 21 (1):1-8. doi:10.1111/srt.12145

Qiu H, Long X, Ye JC, Hou J, Senee J, Laurent A, Bazin R, Flament F, Adam A,
Coutet J, Piot B (2011) Influence of season on some skin properties: winter vs.
summer, as experienced by 354 Shanghaiese women of various ages. Int J Cosmet
Sci 33 (4):377-383. doi:10.1111/j.1468-2494.2011.00639.x

Hellemans L, Corstjens H, Neven A, Declercq L, Maes D (2003) Antioxidant
enzyme activity in human stratum corneum shows seasonal variation with an age-
dependent recovery. J Invest Dermatol 120 (3):434-439. doi:10.1046/j.1523-
1747.2003.12056.x

Rogers J, Harding C, Mayo A, Banks J, Rawlings A (1996) Stratum corneum lipids:
the effect of ageing.and the seasons. Arch Dermatol Res 288 (12):765-770.
doi:10.1007/bf02505294

256. Conti A, Rogers J, Verdejo P, Harding CR, Rawlings AV (1996) Seasonal influences

257.

258.

259.

on stratum corneum.ceramide 1 fatty acids and the influence of topical essential
fatty acids. Int J Cosmet Sci 18 (1):1-12. doi:10.1111/j.1467-2494.1996.tb00131.x
Ishikawa J, Shimotoyodome Y, Ito S, Miyauchi Y, Fujimura T, Kitahara T, Hase T
(2013) Variations in the ceramide profile in different seasons and regions of the
body contribute to stratum corneum functions. Arch Dermatol Res 305 (2):151-162.
d0i:10.1007/s00403-012-1286-5

Nakagawa N, Sakai S, Matsumoto M, Yamada K, Nagano M, Yuki T, Sumida Y,
Uchiwa H (2004) Relationship between NMF (lactate and potassium) content and
the physical properties of the stratum corneum in healthy subjects. J Invest
Dermatol 122 (3):755-763. d0i:10.1111/j.0022-202X.2004.22317.x
Uter W, Gefeller O, Schwanitz HJ (1998) An epidemiological study of the influence
of season (cold and dry air) on the occurrence of irritant skin changes of the hands.
Br J Dermatol 138 (2):266-272

260. Tupker RA, Coenraads PJ, Fidler V, De Jong MC, Van der Meer JB, De Monchy JG

(1995) Irritant susceptibility and weal and flare reactions to bioactive agents in
atopic dermatitis. Il. Influence of season. Br J Dermatol 133 (3):365-370

45



©CO~NOOOTA~AWNPE

1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821

261.

262.

263.

264.

265.

266.

267.
268.

269.

270.

271.

272.

273.

274.

Kikuchi K, Kobayashi H, Le Fur I, Tschachler E, Tagami H (2002) The Winter
season affects more severely the facial skin than the forearm skin: Comparative
biophysical studies conducted in the same Japanese females in later summer and
winter. Exogenous Dermatol 1 (1):32-38. doi:10.1159/000047989
Andersen F, Andersen KH, Kligman AM (2003) Xerotic skin of the elderly: A
summer versus winter comparison based on biophysical measurements. Exogenous
Dermatol 2 (4):190-194. doi:10.1159/000076800
Engebretsen KA, Johansen JD, Kezic S, Linneberg A, Thyssen JP (2016) The effect
of environmental humidity and temperature on skin barrier function and dermatitis,
J Eur Acad Dermatol Venereol 30 (2):223-249. doi:10.1111/jdv.13301
Mehling A, Fluhr JW (2006) Chronobiology: biological clocks and rhythms of the
skin. Skin Pharmacol Physiol 19 (4):182-189. doi:10.1159/000093113
Hanahan D (2014) Rethinking the war on cancer. Lancet 383 (9916):558-563.
doi:10.1016/S0140-6736(13)62226-6
Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144
(5):646-674. doi:10.1016/j.cell.2011.02.013
Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100 (1):57-70
Mazzoccoli G, Colangelo T, Panza A, Rubino R, Tiberio C,;Palumbo O, Carella M,
Trombetta D, Gentile A, Tavano F, Valvano MR, Storlazzi CT, Macchia G, De Cata
A, Bisceglia G, Capocefalo D, Colantuoni V, Sabatino L, Piepoli A, Mazza T
(2016) Analysis of clock gene-miRNA correlation networks reveals candidate
drivers in  colorectal cancer.  Oncotarget -~ 7  (29):45444-45461.
doi:10.18632/oncotarget.9989
Wang Y, Cheng Y, Yu G, Jia B, Hu Z, Zhang L (2016) Expression of PER, CRY,
and TIM genes for the pathological features of colorectal cancer patients. Onco
Targets Ther 9:1997-2005. doi:10.2147/OTT.S96925
Filipski E, Subramanian P, Carriere J, Guettier C, Barbason H, Levi F (2009)
Circadian disruption accelerates liver carcinogenesis in mice. Mutat Res 680 (1-
2):95-105. doi:10.1016/j.mrgentox.2009.10.002
Fu XJ, Li HX, Yang K; Chen-D, Tang H (2016) The important tumor suppressor
role of PERL1 in regulating the cyclin-CDK-CKI network in SCC15 human oral
squamous cell = carcinoma cells. Onco Targets Ther 9:2237-2245.
do0i:10.2147/0TT.S100952
Li HX, Fu XJ, Yang K, Chen D, Tang H, Zhao Q (2016) The clock gene PER1
suppresses expression of tumor-related genes in human oral squamous cell
carcinoma. Oncotarget 7 (15):20574-20583. doi:10.18632/oncotarget.7827
Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J, Woffendin
H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R, Floyd Y, Gray K, Hall
S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould C, Parker A, Stevens C,
Watt S, Hooper S, Wilson R, Jayatilake H, Gusterson BA, Cooper C, Shipley J,
Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-Trench G, Riggins GJ,
Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicholson A, Ho JW, Leung SY,
Yuen ST, Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R, Marshall CJ,
Wooster R, Stratton MR, Futreal PA (2002) Mutations of the BRAF gene in human
cancer. Nature 417 (6892):949-954. doi:10.1038/nature00766
Winter SL, Bosnoyan-Collins L, Pinnaduwage D, Andrulis IL (2007) Expression of
the circadian clock genes perl and per2 in sporadic and familial breast tumors.
Neoplasia (New York, NY) 9 (10):797-800

46



©CO~NOOOTA~AWNPE

1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871

275

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

. Kuo SJ, Chen ST, Yeh KT, Hou MF, Chang YS, Hsu NC, Chang JG (2009)
Disturbance of circadian gene expression in breast cancer. Virchows Arch 454
(4):467-474. doi:10.1007/s00428-009-0761-7
Cao Q, Gery S, Dashti A, Yin D, Zhou Y, Gu J, Koeffler HP (2009) A role for the
clock gene perl in prostate cancer. Cancer Res 69 (19):7619-7625.
doi:10.1158/0008-5472.CAN-08-4199
Jung-Hynes B, Huang W, Reiter RJ, Ahmad N (2010) Melatonin resynchronizes
dysregulated circadian rhythm circuitry in human prostate cancer cells. J Pineal Res
49 (1):60-68. doi:10.1111/j.1600-079X.2010.00767.x

Yang SL, Ren QG, Wen L, Hu JL, Wang HY (2017) Research progress on circadian
clock genes in common abdominal malignant tumors. Oncol Lett 14 (5):5091-5098.
doi:10.3892/01.2017.6856
Taniguchi H, Fernandez AF, Setien F, Ropero S, Ballestar E, Villanueva A,
Yamamoto H, Imai K, Shinomura Y, Esteller M (2009) Epigenetic inactivation of
the circadian clock gene BMAL1 in hematologic malignancies: Cancer Res 69
(21):8447-8454. doi:10.1158/0008-5472.CAN-09-0551
Papagiannakopoulos T, Bauer MR, Davidson SM, Heimann M, Subbaraj L, Bhutkar
A, Bartlebaugh J, Vander Heiden MG, Jacks T (2016) Circadian rhythm disruption
promotes lung tumorigenesis. Cell Metab 24 (2):324-331.
doi:10.1016/j.cmet.2016.07.001
Shih MC, Yeh KT, Tang KP, Chen JC, Chang JG (2006) Promoter methylation in
circadian genes of endometrial cancers detected by methylation-specific PCR. Mol
Carcinog 45 (10):732-740. doi:10.1002/mc:20198
Lengyel Z, Lovig C, Kommedal S, Keszthelyi R, Szekeres G, Battyani Z, Csernus
V, Nagy AD (2013) Altered expression patterns of clock gene mRNAs and clock
proteins in human skin tumors. Tumour Biol 34 (2):811-819. doi:10.1007/s13277-
012-0611-0

de Assis LVM, Moraes MN, Magalhaes-Marques KK, Kinker GS, da Silveira Cruz-
Machado S, Castrucci AML (2018) Non-metastatic cutaneous melanoma induces
chronodisruption in central and peripheral circadian clocks. Int J Mol Sci 19 (4).
d0i:10.3390/ijms19041065

de Assis LVM, Kinker GS, Moraes MN, Markus RP, Fernandes PA, Castrucci AML
(2018) Expression of the circadian clock gene bmall positively correlates with
antitumor immunity. and patient survival in metastatic melanoma. Front Oncol
8:185. doi:10.3389/fonc.2018.00185
Kiessling S, Beaulieu-Laroche L, Blum ID, Landgraf D, Welsh DK, Storch KF,
Labrecque N, Cermakian N (2017) Enhancing circadian clock function in cancer
cells inhibits tumor growth. BMC Biol 15 (1):13. d0i:10.1186/s12915-017-0349-7
Masri S, Sassone-Corsi P (2018) The emerging link between cancer, metabolism,
and circadian rhythms. Nat Med 24 (12):1795-1803. doi:10.1038/s41591-018-
0271-8
IARC (2006) IARC monographs on the evaluation of carcinogenic risks to humans.
International Agency for Research on Cancer 98
Straif K, Baan R, Grosse Y, Secretan B, El Ghissassi F, Bouvard V, Altieri A,
Benbrahim-Tallaa L, Cogliano V, Group WHO (2007) Carcinogenicity of shift-
work, painting, and fire-fighting. Lancet Oncol 8 (12):1065-1066
Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, Thun MJ (2008) Cancer
statistics, 2008. CA Cancer J Clin 58 (2):71-96. doi:10.3322/CA.2007.0010
Siegel RL, Miller KD, Jemal A (2018) Cancer statistics, 2018. CA Cancer J Clin 68
(1):7-30. doi:10.3322/caac.21442

47



©CO~NOOOTA~AWNPE

1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

Matthews NH, Li WQ, Qureshi AA, Cho. E (2017) Etiology and Therapy, Chapter
1. Cutaneous Melanoma. Codon Publications.
doi:10.15586/codon.cutaneousmelanoma.2017.chl
Guy GP, Jr., Machlin SR, Ekwueme DU, Yabroff KR (2015) Prevalence and costs
of skin cancer treatment in the U.S., 2002-2006 and 2007-2011. Am J Prev Med 48
(2):183-187. doi:10.1016/j.amepre.2014.08.036
Markovic SN, Erickson LA, Rao RD, Weenig RH, Pockaj BA, Bardia A, Vachon
CM, Schild SE, McWilliams RR, Hand JL, Laman SD, Kottschade LA, Maples WJ,
Pittelkow MR, Pulido JS, Cameron JD, Creagan ET (2007) Malignant melanoma
in the 21st century, part 1: epidemiology, risk factors, screening, prevention, and
diagnosis. Mayo Clin Proc 82 (3):364-380. doi:10.4065/82.3.364
Vuong K, Armstrong BK, Weiderpass E, Lund E, Adami HO, Veierod MB; Barrett
JH, Davies JR, Bishop DT, Whiteman DC, Olsen CM, Hopper JL, Mann GJ, Cust
AE, McGeechan K, Investigators. AMFS (2016) Development and. external
validation of a melanoma risk prediction model based on self-assessed risk factors.
JAMA Dermatol 152 (8):889-896. doi:10.1001/jamadermatol.2016.0939
Noone AM, Howlader N, Krapcho M, Miller D, Brest A, Yu M, Ruhl"J; Tatalovich
Z, Mariotto A, Lewis DR, Chen HS, Feuer EJ, Cronin KA (2015) SEER Cancer
Statistics Review, 1975-2015, National Cancer Institute.
https://seer.cancer.gov/csr/1975 2015/.
Stanton WR, Janda M, Baade PD, Anderson P (2004) Primary prevention of skin
cancer: a review of sun protection in Australia.and.internationally. Health Promot
Int 19 (3):369-378. doi:10.1093/heapro/dah310
Cancer Genome Atlas N (2015) Genomic classification of cutaneous melanoma. Cell
161 (7):1681-1696. doi:10.1016/j.cell.2015.05.044
Hayward NK, Wilmott JS, Waddell N, Johansson PA, Field MA, Nones K, Patch
AM, Kakavand H, Alexandrov LB, Burke H, Jakrot V, Kazakoff S, Holmes O,
Leonard C, Sabarinathan R,/Mularoni L, Wood S, Xu Q, Waddell N, Tembe V,
Pupo GM, De Paoli-Iseppi-R, Vilain RE, Shang P, Lau LMS, Dagg RA, Schramm
SJ, Pritchard A, Dutton-Regester K, Newell F, Fitzgerald A, Shang CA, Grimmond
SM, Pickett HA, Yang JY, Stretch JR, Behren A, Kefford RF, Hersey P, Long GV,
Cebon J, Shackleton M, Spillane AJ, Saw RPM, Lopez-Bigas N, Pearson JV,
Thompson JF, Scolyer RA, Mann GJ (2017) Whole-genome landscapes of major
melanoma subtypes. Nature 545 (7653):175-180. doi:10.1038/nature22071
Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV,
Bignell GR, Bolli N, Borg A, Borresen-Dale AL, Boyault S, Burkhardt B, Butler
AP, Caldas C, Davies HR, Desmedt C, Eils R, Eyfjord JE, Foekens JA, Greaves M,
Hosada F; Hutter B, llicic T, Imbeaud S, Imielinski M, Jager N, Jones DT, Jones
D, Knappskog S, Kool M, Lakhani SR, Lopez-Otin C, Martin S, Munshi NC,
Nakamura H, Northcott PA, Pajic M, Papaemmanuil E, Paradiso A, Pearson JV,
Puente XS, Raine K, Ramakrishna M, Richardson AL, Richter J, Rosenstiel P,
Schlesner M, Schumacher TN, Span PN, Teague JW, Totoki Y, Tutt AN, Valdes-
Mas R, van Buuren MM, van 't Veer L, Vincent-Salomon A, Waddell N, Yates LR,
Australian Pancreatic Cancer Genome |, Consortium IBC, Consortium IM-S,
PedBrain I, Zucman-Rossi J, Futreal PA, McDermott U, Lichter P, Meyerson M,
Grimmond SM, Siebert R, Campo E, Shibata T, Pfister SM, Campbell PJ, Stratton
MR (2013) Signatures of mutational processes in human cancer. Nature 500
(7463):415-421. doi:10.1038/nature12477
Shain AH, Bastian BC (2016) From melanocytes to melanomas. Nat Rev Cancer 16
(6):345-358. doi:10.1038/nrc.2016.37

48



©CO~NOOOTA~AWNPE

1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

Guterres AN, Herlyn M, Villanueva J (2019) Melanoma. In: eLS. John Wiley &
Sons, Ltd., Chichester. doi:10.1002/9780470015902.a0001894.pub3

Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG, Gutzmer R, Hauschild
A, Stang A, Roesch A, Ugurel S (2018) Melanoma. Lancet 392 (10151):971-984.
d0i:10.1016/S0140-6736(18)31559-9

Song X, Zhao Z, Barber B, Farr AM, Ivanov B, Novich M (2015) Overall survival
in patients with metastatic melanoma. Curr Med Res Opin 31 (5):987-991.
doi:10.1185/03007995.2015.1021904

Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, Dummer R,
Garbe C, Testori A, Maio M, Hogg D, Lorigan P, Lebbe C, Jouary T, Schadendorf
D, Ribas A, O'Day SJ, Sosman JA, Kirkwood JM, Eggermont AM, Dreno B, Nolop
K, Li J, Nelson B, Hou J, Lee RJ, Flaherty KT, McArthur GA, Group B-S (2011)
Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N
Engl J Med 364 (26):2507-2516. doi:10.1056/NEJMo0al1103782

Grimaldi AM, Simeone E, Ascierto PA (2014) The role of MEK-inhibitors in the
treatment of metastatic melanoma. Curr Opin Oncol 26 (2):196-203.
doi:10.1097/CC0O.0000000000000050

Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J, Garbe C,
Jouary T, Hauschild A, Grob JJ, Chiarion Sileni V,; Lebbe C, Mandala M, Millward
M, Arance A, Bondarenko I, Haanen JB, Hansson J, Utikal J, Ferraresi V,
Kovalenko N, Mohr P, Probachai V, Schadendorf D, Nathan P, Robert C, Ribas A,
DeMarini DJ, Irani JG, Casey M, Ouellet D, Martin AM, Le N, Patel K, Flaherty K
(2014) Combined BRAF and MEK inhibition versus BRAF inhibition alone in
melanoma. N Engl J Med 371 (20):1877-1888. doi:10.1056/NEJM0al1406037
Redman JM, Gibney GT, Atkins MB (2016) Advances in immunotherapy for
melanoma. BMC Med 14:20. doi;10.1186/s12916-016-0571-0

Paluncic J, Kovacevic Z, Jansson PJ, Kalinowski D, Merlot AM, Huang ML, Lok
HC, Sahni S, Lane DJ, Richardson DR (2016) Roads to melanoma: Key pathways
and emerging players in melanoma progression and oncogenic signaling. Biochim
Biophys Acta 1863 (4):770-784. doi:10.1016/j.bbamcr.2016.01.025

Brozyna AA, Jozwicki-W, Skobowiat C, Jetten A, Slominski AT (2016) RORalpha
and RORgamma expression inversely correlates with human melanoma
progression.-Oncotarget. doi:10.18632/oncotarget.11211

Kettner NM, Katchy.CA, Fu L (2014) Circadian gene variants in cancer. Ann Med
46 (4):208-220. doi:10.3109/07853890.2014.914808

Shostak A (2017) Circadian clock, cell division, and cancer: from molecules to
organism. Int J Mol Sci 18 (4). doi:10.3390/ijms18040873

Kiessling S, Cermakian N (2017) The tumor circadian clock: a new target for cancer
therapy? Future Oncol 13 (29):2607-2610. doi:10.2217/fon-2017-0456

Egeblad M, Nakasone ES, Werb Z (2010) Tumors as organs: complex tissues that
interface  with the entire organism. Dev Cell 18 (6):884-901.
doi:10.1016/j.devcel.2010.05.012

Al-Zoughbi W, Huang J, Paramasivan GS, Till H, Pichler M, Guertl-Lackner B,
Hoefler G (2014) Tumor macroenvironment and metabolism. Semin Oncol 41
(2):281-295. doi:10.1053/j.seminoncol.2014.02.005

Masri S, Papagiannakopoulos T, Kinouchi K, Liu Y, Cervantes M, Baldi P, Jacks T,
Sassone-Corsi P (2016) Lung adenocarcinoma distally rewires hepatic circadian
homeostasis. Cell 165 (4):896-909. doi:10.1016/j.cell.2016.04.039

49



©CO~NOOOTA~AWNPE

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

316.

317.

318.

310.

320.

321.

322.

323.

324.

325.

326.

Hojo H, Enya S, Arai M, Suzuki Y, Nojiri T, Kangawa K, Koyama S, Kawaoka S
(2017) Remote reprogramming of hepatic circadian transcriptome by breast cancer.
Oncotarget 8 (21):34128-34140. doi:10.18632/oncotarget.16699

Aran D, Camarda R, Odegaard J, Paik H, Oskotsky B, Krings G, Goga A, Sirota M,
Butte AJ (2017) Comprehensive analysis of normal adjacent to tumor
transcriptomes. Nat Commun 8 (1):1077. doi:10.1038/s41467-017-01027-z
Brozyna AA, Jozwicki W, Roszkowski K, Filipiak J, Slominski AT (2016) Melanin
content in melanoma metastases affects the outcome of radiotherapy. Oncotarget 7
(14):17844-17853. doi:10.18632/oncotarget.7528

Axelrod ML, Johnson DB, Balko JM (2018) Emerging biomarkers for cancer
immunotherapy in melanoma. Semin Cancer Biol 52 (Pt 2):207-215.
doi:10.1016/j.semcancer.2017.09.004

Hogan SA, Levesque MP, Cheng PF (2018) Melanoma immunotherapy: next-
generation biomarkers. Front Oncol 8:178. doi:10.3389/fonc.2018.00178

Sulli G, Rommel A, Wang X, Kolar MJ, Puca F, Saghatelian A, Plikus MV, VVerma
IM, Panda S (2018) Pharmacological activation of REV-ERBs is lethal in cancer
and  oncogene induced senescence. Nature  553(7688):351-355.
doi:10.1038/nature25170

Gatti G, Lucini V, Dugnani S, Calastretti A, Spadoni G, Bedini A, Rivara S, Mor M,
Canti G, Scaglione F, Bevilacqua A (2017) Antiproliferative and pro-apoptotic
activity of melatonin analogues on melanoma and breast cancer cells. Oncotarget 8
(40):68338-68353. doi:10.18632/oncotarget.20124

Slominski A, Pruski D (1993) Melatonin inhibits proliferation and melanogenesis in
rodent melanoma cells. Exp Cell Res 206 (2):189-194. doi:10.1006/excr.1993.1137
Fischer TW, Zmijewski MA, Zbytek B, Sweatman TW, Slominski RM, Wortsman
J, Slominski A (2006) Oncostatic effects of the indole melatonin and expression of
its cytosolic and nuclear receptors in cultured human melanoma cell lines. Int J
Oncol 29 (3):665-672

Kadekaro AL, Andrade LN, Floeter-Winter LM, Rollag MD, Virador V, Vieira W,
Castrucci AM (2004) MT-1 melatonin receptor expression increases the
antiproliferative effect of melatonin on S-91 murine melanoma cells. J Pineal Res
36 (3):204-211

Kinker GS; Oba-Shinjo.SM, Carvalho-Sousa CE, Muxel SM, Marie SKN, Markus
RP, Fernandes PA (2016) Melatonergic system-based two-gene index is prognostic
in human gliomas. J Pineal Res 60 (1):84-94. doi:10.1111/jpi.12293

50



Figure

-"°-------‘---- ~
S S
Clock outputs and

rhythmic biological
processes

Figure 1. The molecular mechanism of the clock genes in mammals. Genes and proteins that
comprise the molecular clock are expressed in almost every mammalian cell. The full cycle takes
24 h to be completed and it is the molecular basis of how the organism keeps track of the time.
Please refer to the text for a detailed description.
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Figure 2. Circadian organization of the skin. Environmental light information is detected by
melanopsin-expressing retinal ganglion cells'which translate it into electrical stimuli sent to the
central clock (SCN) via the retinohypothalamic tract. Through a glutamate-dependent pathway,
the molecular clock of the SCN is reset and a-new. cycle of gene transcription and translation, as
described in Figure 1, takes place. Upon synchronization of the SCN, this temporal information is
shared with other brain regions that control several important functions in the organism. Regarding
the skin, both sympathetic inputs and systemic hormones modulate its molecular clock, thus
aligning skin timing with other organs and systems. The molecular clock of the skin regulates
biological processes in this organ in a time-dependent manner. The dashed lines represent a
phenomenon that requires in vivo validation. However, in vitro data clearly show that skin cells,
i.e., keratinocytes, dermal fibroblasts, and melanocytes, express light— as well as — temperature-
sensitive sensors; namely opsins, leading to modulation of the molecular clock.
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Figure 3. Circadian functions in human skin. Several skin functions display maximal and
minimal values along 24 h, controlled by the molecular clock of the skin. Please, refer to the text
for detailed information.
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Figure 4. The role of the molecular clock in cutaneous melanoma. The above figure should be
read clockwise. In vitro, in vivo, and human data banks clearly demonstrate that in primary and
metastatic cutaneous melanoma (CM) a chronodisruption scenario is installed. It is a matter of
investigation the cause-relationship, i.e., whether chronodisruption is an early, intermediate, or late
process in CM development and progression. In the skin, melanoma tumor leads to a
microenviroment chronodisruption in tumor-adjacent skin that represents an intermediate stage
between malignant and healthy tissue. Through its tumor macroenvironment effects (TMaE), still
unknown melanoma-borne molecules leak from the encapsulated tumor, and reach distant
molecular clocks in the SCN, lungs, and liver. We suggest that these alterations may favor the
establishment of tumor metastasis, which still require experimental validation. Melanoma tumors,
although displaying a chronodisrupted clock machinery, still exhibit an oscillatory profile in



melanin content, which may favor tumor resistance to radio- and chemotherapy regimens. In vivo
data demonstrate activation of the molecular clock of melanoma cells upon synchronization by
dexamethasone, which leads to cell cycle arrest and consequent reduced tumor growth. Lastly,
BMALL, a clock gene, is a prognostic marker for survival in human metastatic melanoma, and it
may be used as a biomarker for immunotherapy success.





