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Abstract

Solar ultraviolet B radiation (UVB) is one of the leading causes of various skin conditions,
including photoaging, sunburn erythema and melanoma. As a protective response, the skin

has inbuilt defense mechanisms, including DNA repair, cell cycle checkpoint, apoptosis, and
melanin synthesis, of which DNA repair, cell cycle and apoptosis have been shown to be under
control of the circadian clock. However, the mechanism by which the circadian clock regulates
melanin synthesis is not well understood. Using human melanocytes and melanoma cells under
circadian synchronized conditions, we report that the microphthalmia-associated transcription
factor (MITF), a rate-limiting protein in melanin synthesis, is expressed rhythmically with 24-hour
periodicity in the presence of BMAL1, a canonical clock protein. We further demonstrate that
BMAL1 binds to the promoter region of M/TFand transcriptionally regulates its expression,
which positively influences melanin synthesis. Finally, we report that an increase in melanin levels
due to BMAL1 overexpression protects human melanoma cells from UVB. In conclusion, our
studies provide novel insights to the mechanistic role of the circadian clock in melanin synthesis
and protection against UVB mediated DNA damage and genomic instability.

SIGNIFICANCE—Melanin synthesis in melanocytes is an endogenous protective mechanism
of the skin against solar ultraviolet B radiation (UVB). The present study shows that M/TF, a
rate-limiting protein in the melanin synthesis pathway, is transcriptionally regulated by BMAL1,
a canonical clock protein, and positively influences melanin synthesis which potentially protects
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the skin cells against UVB. Therefore, the mechanism of M/TF regulation by the circadian clock
protein BMALL1 is one of the additional regulatory mechanisms may contribute to the defensive
arsenal of the skin against solar UVB.
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INTRODUCTION

The human body responds to various environmental cues including the light from the Sun.
However, along with visible light, solar energy comprises harmful ultraviolet radiation
(UVR), which is known to cause various diseases in humans (Armstrong & Kricker, 1993;
Linos, Swetter, Cockburn, Colditz, & Clarke, 2009). The skin is the largest organ of the
human body affected by solar ultraviolet B radiation (UVB), which is a primary cause of
up to 90% of non-melanoma and about 65- 90% of melanoma skin cancer cases (Arnold et
al., 2018; D'Orazio, Jarrett, Amaro-Ortiz, & Scott, 2013; Parkin, Mesher, & Sasieni, 2011,
Pleasance et al., 2010). UVB primarily affects the skin and activates DNA damage response
(DDR) mechanisms like melanin synthesis and nucleotide excision repair (NER) in skin
cells. These mechanisms protect and maintain genomic integrity of skin cells (Brenner &
Hearing, 2008; DiGiovanna & Kraemer, 2012; Scott et al., 2012).

Melanin is synthesized by melanocytes upon paracrine signaling from keratinocytes and

is a potent UVB absorbent which protects keratinocyte DNA from UVB-induced damage.
Similarly, the NER system removes UV-induced DNA photolesions, including cyclobutane
pyrimidine dimers (CPDs) and (6-4) photoproducts [(6-4) PPs] (Sancar et al., 2015).
Previously, it was reported that Xeroderma pigmentosum complementation group A (XPA),
an essential rate limiting NER protein, is transcriptionally regulated by the canonical clock
protein BMAL1making the NER activity vary across 24 hours in a circadian manner (Dakup
etal., 2018; Kang, Reardon, Kemp, & Sancar, 2009; Kang, Reardon, & Sancar, 2011). As a
result, the efficiency of NER protection against UVB is high at a certain time period of the
day (Gaddameedhi, Selby, Kaufmann, Smart, & Sancar, 2011). However, unlike NER, not
much is known regarding the regulation of melanin synthesis by the circadian clock.

The circadian clock is a self-sustained endogenous timekeeping mechanism that is present
in almost every cell of the human body. Environmental cues, including light-dark cycles,
temperature, and food intake, act as zeitgebers (time-giver) and synchronize the circadian
clock to the external environment. The central clock is located in the suprachiasmatic
nucleus of our brain and regulates other peripheral clocks in different tissues such as

the liver, heart, and skin via hormonal/neuronal signals. Synchronization of central and
peripheral clocks generates physiological and behavioral rhythms (Hastings, Reddy, &
Maywood, 2003; Reppert & Weaver, 2002). At the molecular level, circadian rhythms are
generated through a transcriptional-translational feedback loop (TTFL). BMAL1 (Brain and
muscle ARNT-like protein-1) and CLOCK (Circadian locomotor output cycles kaput) of the
canonical clock transcriptionally regulates several clock-controlled genes (CCGs) including
core clock genes CRYs (Cryptochrome 1, 2) and PERs (Period 1, 2, 3). Upon translation,
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CRY and PER proteins dimerize and translocate into the nucleus, and bind to the CLOCK/
BMAL1 heterodimer and inhibit their transcriptional activity (Reppert & Weaver, 2001;
Vitaterna et al., 1999). It takes ~24 hours to complete the TTFL for generating circadian
rhythms.

It is well known that the skin has a robust circadian clock, and in recent years, the

skin clock has been shown to regulate various biological functions including oxidative
stress, metabolism, NER, cell cycle checkpoints, and apoptosis (Gaddameedhi et al.,
2011; Gaddameedhi, Selby, Kemp, Ye, & Sancar, 2015; Geyfman et al., 2012; Lin et al.,
2009; Wang et al., 2017). The circadian clock helps to maintain cellular homeostasis and
protects from environmental stressors, including UVR. However, dysregulation of these
cellular processes due to clock disruption caused by shift work, and unscheduled eating,
has been positively associated with various skin pathologies, including increased risk of
melanoma (Wang et al., 2017; Yousef, Mitwally, Noufal, & Tahir, 2020). Moreover, recent
transcriptome studies demonstrated that up to 43% (mouse) and 50% (humans) of all
protein-coding genes show circadian rhythm throughout the body as a whole, however this
percentage tends to vary depending on the tissue type (Ruben et al., 2018; Zhang, Lahens,
Ballance, Hughes, & Hogenesch, 2014).

The circadian clock and melanin synthesis each play a vital role in protection against

solar UVB-induced DNA damage. Previous study using human hair follicles and epidermal
melanocyte cultures demonstrated that perturbation of circadian core clock genes, BMAL1
and PERI positively influences melanin synthesis along with tyrosine gene expression and
MITF phosphorylation levels (Hardman et al., 2015). However, a mechanistic explanation
between the molecular clock and melanin synthesis remains to be explored. Therefore, in
the current study, we investigated the role of the molecular clock in melanin pigmentation
and its protection against UVB by demonstrating transcriptional regulation of M/TF by

a circadian clock protein BMAL1. Using circadian synchronized human melanocytes and
melanoma cells, we also reported that M/TF expression is rhythmic /n vitroin a circadian
manner. Further, our findings suggest that the increase of melanin synthesis through the
canonical clock protein, BMAL1, has a protective role against solar UVB exposure.

MATERIALS AND METHODS

Cell culture and synchronization

Information about the sources and culture methods for melanoma lines are provided in
Table S2. Secondary cultures of normal human melanocytes (NHM4) were a gift from Dr.
William K. Kaufmann at UNC Chapel Hill (Kaufmann et al., 2008) and cultured using
the DermaL.ife Ma Melanocyte complete kit (Lifeline Cell Technology, Cat # LL-0039).
Cells were maintained in a cell culture incubator at 37°C with 5% CO,. These cells

were synchronized using 200 nM Dexamethasone (Dex.) (Sigma, Cat # D4902-100MG)
for 2 hours (Kiessling et al., 2017; Papp et al., 2015). Once cells reached 85% to 100%
confluency, the complete media was removed, and the cells were washed with sterile PBS,
which was replaced by serum-free (SF) DMEM (Sigma, Cat # D5796-500ML) medium
containing 200 nM Dex. The cells were kept in Dex containing SF media for ~2 hours,
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at which point they were washed once with PBS and cultured in fresh complete media
according to the cell line requirement (Kiessling et al., 2017).

Mouse skin collection

Skin samples were collected from 8 to 12-week-old C57BL/6J mice with wild-type (WT)
genetic background. These mice were maintained under a 12-hour light/12-hour dark (LD
12:12) cycles for at least 4 weeks before and through the duration of the study. Following
CO», euthanasia, the skin samples were collected after hair depilation and affixed to a section
of an index card, covered with aluminum foil, snap-frozen on dry ice, and stored at —80°C
until further use (Gaddameedhi et al., 2011) for ChlP assay as described in supplementary
methods.

UVB treatment

Cells were treated using a UVP Black-Ray UVB Lamp (VWR, Cat # 36575-052), which
emits light between 290-350 nm with peak emission at 312 nm. The UVB dose was
measured using a UVX Radiometer (VWR, Cat # 97-0015-02) attached to appropriate
sensors (UVB - UV X-31 Sensor 310 nm), as previously described (Gaddameedhi et al.,
2011). Doses of 72 and 144 J/m? of UVB were selected to treat melanoma cells, as
mentioned previously (Abdel-Naser, Krasagakis, Garbe, & Eberle, 2003). Before treatment,
the growth medium from the cells was removed, and the cells were washed with sterile PBS.
Post-treatment cells were cultured in fresh complete media.

Quantitative real time-PCR (qRT-PCR)

gRT-PCR was performed as described previously (Gaddameedhi, Reardon, Ye, Ozturk,

& Sancar, 2012). In brief, SK-MEL27, PMWK, and NHM4 cells transfected with and
without siBMAL1 were synchronized as described above, following which the cells were
harvested every 3-hours for 24-hours using an appropriate amount of Trizol reagent (Life
Technology, Cat # 15596026). RNA was isolated as described previously, and the quantity of
RNA was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific)
(Gaddameedhi et al., 2012). 1 ug of RNA was used to synthesize cDNA using iScript

RT Supermix (Bio-Rad, Cat # 1708841). gRT-PCR was performed using iTaq Universal
SYBR Green Supermix (Bio-Rad, Cat # 1725124) or PERFECTA SYBR supermix-rox
(VWR, Cat # 101414-160) and StepOnePlus Real-Time-PCR System (Fisher Scientific, Cat
# 43-765-99) following the manufacturer's protocol. Amplification primers targeted towards
BMALI, MITF, and ACTIN, were ordered from IDT, where Actin was used as an internal
control (Table S4). Data was analyzed as per the method previously described (Livak &
Schmittgen, 2001). Data reported is the foldchange calculated using 2-22CT, Circwave v1.4
was used to evaluate circadian rhythmicity of 24 hour mRNA expression (Oster, Damerow,
Hut, & Eichele, 2006).

Statistical analysis

All statistics were done using Prism version 6.01 (GraphPad software). Statistical
significance was measured using unpaired two-tailed Student’s t-test, One-way ANOVA,
Two-way ANOVA, with Bonferroni and Tukey’s posthoc comparisons, where p-value <
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0.05 was considered statistically significant. Circwave v1.4 was used for plotting cosinor
analysis, and one-way ANOVA was done to determine statistical significance (Oster et al.,
2006).

Additional methods, supplementary tables and figures can be found in the supplementary
file.

RESULTS

Loss of period gene increases melanin level

To understand the mechanism associated with the circadian clock and melanin synthesis, we
measured melanin levels in the absence of a canonical clock gene, PERZ. Our observation
showed significantly increased melanin levels in PER2 knockout (PERZ™") compared

to wild-type (WT) SK-MEL27 human melanoma cells (Fig. 1A). Next, we wanted to
understand whether an increase of melanin from the loss of PER2 gene expression was
physiologically relevant. We treated WT and PER2™~ SK-MEL27 cells with UVB and
measured UV-induced photoproduct formation by immuno-slot-blot assay. We measured
significantly reduced formation of CPDs and (6-4) PPs in PER2~/~ compared to WT cells
(Fig. 1B & C). We further observed increased mRNA and total protein (all three bands taken
together) expression of MITF, a known master regulator of melanin synthesis, in PERZ7~
cells compared to WT (Figs. 1D & S1C). As PER2 is a negative regulator of BMAL1, we
speculated that the melanin increase in PER2™~ cells was associated with an increase in
BMAL1 levels. Interestingly, we observed elevated mRNA and protein levels of BMALL in
PERZ~ cells compared to WT (Figs. 1D & S1B). As a control, we confirmed the knockout
of PER2 expression at the mRNA and protein levels in PERZ7" cells (Figs. 1D & S1A).
Since BMALL is a canonical clock transcription factor in the TTFL, we hypothesized that
the increase in melanin level in PER27~ cells is due to increased MITF levels through
transcriptional activation by BMALL.

BMAL1 transcriptionally regulates MITF and is responsible for its rhythmicity

To test our hypothesis, we performed a BMAL1-targeted chromatin immunoprecipitation
(ChlIP) assay using wild type mouse skin and SK-MEL27 cells. We used the PER2 promoter
region as a positive control and observed strong enrichment of BMALZ1, confirming
efficiency of the ChiIP assay (Fig. S2A). Next, we observed relative BMAL1 enrichment

of ~8-fold at M/TF promoter region 1 (-1 to —1500 bp) and ~4-fold at region 2 (-1500

to —3000 bp) in mouse skin, as well as ~2-fold at both regions in SK-MEL27 cells (Fig.
2A). Our ChIP results show that BMAL1 binds to the M/TF promoter region, suggesting
the possible transcriptional regulation of M/TFexpression by BMALL. We confirmed our
results with existing BMAL1 ChIP-Seq data of mouse liver (data accessible at NCBI GEO
database, accession GSE39860) from Takahashi’s group, and found BMAL1 enrichment at
the promoter region of Mitf(Fig. S2B).

To demonstrate transcriptional regulation of M/TFby BMAL1, we performed a luciferase
reporter assay in BMAL1 knockdown HEK293T cells (Figs. 2B & S2C). We overexpressed
BMALL1 protein by a recombinant BMALI MYC-DDK plasmid (BMALZ1-OE) and co-
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transfected M/TF promoter-driven luciferase constructs containing an E’-Box sequence
(CACGTT), a known DNA binding sequence of BMALL1, in BMAL1 knockdown HEK293T
cells. As a control, we co-transfected M/TF promoter-driven luciferase constructs with an
empty vector plasmid. Upon measuring the luminescence of the different groups mentioned
above, we observed that M/TF promoter constructs without an E’-Box (177/+136 Luc
construct) had a weak luciferase signal compared to M/TF promoter constructs containing
an E’-Box (—435/+136 Luc construct), indicating that the E’-box region is necessary for
the BMALZ1-driven promoter activity. When comparing within the group transfected with
the MITF promoter constructs with an E’-Box sequence, the presence of BMAL1 produced
a stronger luciferase signal compared to the empty vector-transfected control group. The
above result confirms the transcriptional regulation of the M/TFgene by BMALL, possibly
through binding to the E’-Box sequence in the M/TF promoter.

To further elucidate the transcriptional activation of M/TFby BMAL1, we performed
transient BMAL 1 overexpression (BMAL1-OE), as mentioned earlier, in human melanoma
cell lines and confirmed mMRNA and protein levels of MITF. Upon transient transfection

of BMAL1-OE plasmid in SK-MEL27 cells, we observed a significant increase of M/TF
MRNA compared to WT (Figs. 2C & S3A). As a proof of concept, we performed a series
of transductions (4) with BMALZ1-OE viral particles to PMWK cells and observed protein
levels of BMALL1 and MITF using western blot. We observed a corresponding increase

in protein levels of MITF and recombinant BMAL1, such that the increase was directly
proportional to the number of times the cells were transduced (Fig. S3B). Furthermore, we
confirmed that BMAL1-OE significantly increases melanin levels compared to the control
SK-MEL27 cells (Fig. 2D). These observations suggest that BMAL1 positively regulates
MITF expression and melanin synthesis.

To investigate the circadian expression of M/TFin the presence or absence of BMAL1
protein, we collected synchronized human melanoma cells (PMWK & SK-MEL27) and
normal human melanocytes (NHM4) at 3-hour intervals over a period of 24 hours under
siRNA control or BMAL 1 knockdown conditions. For us to determine whether a gene
expression is circadian or not, we utilized two different statistical analyses, Cosinor and
ANOVA. Cosinor allows us to fit a cosine wave through the data and gives us an r2 value
which is used to calculate statistical significance using F test, whereas ANOVA allows us to
determine the degree of variance among the data points. Significant cosinor analysis means
24-hour circadian oscillation whereas significant ANOVA gives us information regarding
tightness of the data (Oster et al., 2006; Refinetti, Lissen, & Halberg, 2007). Therefore,
statistical significance of both these analyses are important for determining a circadian
rhythm. Upon utilizing the above-mentioned analysis, we report statistically significant
rhythmic expression of M/7TFmRNA under non-target siRNA control with the highest and
lowest gene expression at ~15 hrs. and ~6 hrs. post-synchronization, respectively (Table S1).
Also, the circadian expression of MITF was in-phase with BMALL cosine wave in all cell
lines (Figs. 3A, C & E). However, a high degree of variation among biological replicates
rendered the ANOVA test for NHMs non-significant. To understand whether circadian
expression of M/TFwas BMAL1-dependent, we measured M/TFmRNA levels in BMAL1
knockdown (siBMAL1)-conditioned cells over the period of 24 hours and reported loss of
MITF circadian rhythmicity in these cells (Figs. 3B, D & F). Together, these results from
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three independent cell lines suggest circadian rhythmic expression of M/TFin the presence
of canonical clock protein BMALL.

UVB protective effect of BMAL1 regulated melanin synthesis

To determine the physiological relevance of BMAL1-regulated melanin synthesis in UVB
exposed cells, we measured the survival of cells post-UVB exposure normalized to non
UVB-treated condition (Figs. S3C-E). Based on our earlier observations, increased melanin
levels with the PERZ~ genetic background protected SK-MEL27 cells from UVB-induced
DNA damage. Therefore, we wanted to understand whether an increase in melanin due to
PERZoss translates to better cell survival upon UVB exposure. Interestingly, we observed
significantly increased survival in PERZ7~ cells compared to WT (Fig. 4A). To tie our
observations back to our BMAL1-dependent mechanism, we investigated whether increased
melanin due to BMAL1-OE protected cells from UVB-induced cell death. We measured
survival upon UVB exposure in synchronized SK-MEL27 (Melanogenesis active) and
PMWK (Melanogenesis inactive) cells with sSiBMAL1 and BMAL1-OE conditions using
MTT and clonogenic survival assays in comparision to isogenic control (non-target SiRNA).
We observed significantly reduced survival in siBMAL1 PMWK cells, whereas no effect on
survival was seen in SK-MEL27 cells compared to isogenic control after UVB treatment
(Figs. S4A-C). In contrast, significantly increased survival was observed in the SK-MEL27
BMAL1-OE condition compared to isogenic control cells with both MTT and clonogenic
assays (Figs. 4B & C). However, the PMWK BMAL1-OE cells did not show increased
survival compared to control (Fig. 4D). In conclusion, the survival data suggest that melanin
increase with BMAL1-OE in SK-MEL27 cells can potentially enhance protection against
UVB irradiation.

DISCUSSION

Our findings are summarized as follows in Fig. 5. First, using human melanoma cell lines
and mouse skin, our study suggests that BMAL1 is a novel transcriptional regulator of MITF
and regulates M/TFexpression in a circadian manner in synchronized human melanoma

and melanocyte cell lines. Secondly, we showed that BMALL1 overexpression has the
capability to increase melanin level by transcriptionally upregulating MITF levels. Finally,
we demonstrate that melanin increase due to positive regulation of M/TFby BMALL can
potentially protect against UVB-induced DNA damage and cell death.

Clock and melanin synthesis

The importance of the circadian clock in melanin synthesis has yet to be explored. In the
current study, we report rhythmic expression of M/TF, an essential melanogenesis gene,

in human melanoma cells (Fig. 3) which is in accordance with previous studies in mouse
liver tissue and zebrafish larva (Li, Li, Wang, Du, & Yan, 2013; Westermark & Herzel,
2013). Another study showed that knock-down of PERZ in human hair follicles increased
melanin levels relative to the control (Hardman et al., 2015), which agrees with our in vitro
observation showing increased melanin in PERZ7" cells (Fig. 1A). We further confirmed
the physiological relevance of increased melanin in PERZ7 cells by measuring decreased
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levels of UVB-induced DNA photoproducts, which potentially resulted in increased survival
against UVB exposure (Figs. 1B, C & 4A).

In addition to observing the clock influence on melanin levels in human hair follicles,
Hardman et al. reported that decreased levels of BMAL 1 and PERI genes (SiRNA approach)
led to posttranslational modification, mostly phosphorylation, of MITF possibly through
MAPK activation and is responsible for increased melanin levels. They also reported no
difference in mRNA level of M/TFand BMAL1 gene in siPER1 group (Hardman et al.,
2015). Conversely, our data showed an increase in mMRNA and protein levels of BMAL1
and MITF (all MITF bands) in PER2~~ cells compared to WT control, which led us to
explore transcriptional regulation of M/TFthrough BMAL1 (Figs. 1D & S1B-D). However,
the difference in observations could be due to the robust and multifaceted nature of the
molecular clock, which is attributed to the redundancy of the core clock gene paralogs.
Previously, PER1 and PER2 have been shown to have different functions, including

clock regulation in the cells, which could be a possible explanation for the difference in
observations between the two studies (Zheng et al., 2001). Furthermore, our study does

not undermine the possibility of clock-mediated post-translational regulation of MITF and
supports the fact that it could be an additional regulatory pathway, as we also observed
multiple MITF bands in the PER2™/~ group but at present, it is beyond the scope of this
manuscript.

MITF: A clock-controlled gene

BMALL1 is considered a rate-limiting subunit of the BMAL1/CLOCK heterodimer complex,
which transcriptionally drives the expression of numerous CCGs such as XPA, a core

NER factor (Dakup et al., 2018; Kang et al., 2009; Lowrey & Takahashi, 2011). It is

well established that the BMAL1/CLOCK protein complex binds preferably to a specific
cis-acting regulatory element, known as the E-Box sequence, at the promoter region of its
target genes, which are broadly classified as canonical (E) and non-canonical (E’) sequences
(Munoz & Baler, 2003; Yoo et al., 2005; Yoshitane et al., 2014). To determine whether the
human M/TF promoter region contains any E-Box sequences, we searched for the presence
of well-known E/E’-box sequences within the 3000 base pairs upstream of the transcription
start site (TSS) of M/TF using the eukaryotic promoter database (EPD) site. We found

two E’-Box sequences (CACGTT) at positions —188 bp and —1689 bp above the TSS of
MITF (data not shown) (Dreos, Ambrosini, Groux, Cavin Perier, & Bucher, 2017; Dreos,
Ambrosini, Perier, & Bucher, 2015). In line with this, we reported enrichment of BMAL1
protein at the promoter region of mouse and human M/TF gene through our ChlP data
(Figs. 2A & S2A) and ChlIP seq data in mouse liver (Fig. S2B). This indicates that there is
a strong interaction between BMAL1 protein and the M/TF promoter region regardless of
tissue specificity. However, determining the transcriptional activity of such interaction is of
utmost importance.

Since we observed more enrichment of BMAL1 at M/TF promoter region 1 (=1 to —1500
bp) compared to region 2 (-1501 to —3000 bp) in human melanoma cells, we used a partial
sequence of M/TF promoter region 1 with or without the E’-Box to establish transcriptional
regulation of M/TFby BMALL1 using a reporter assay. We demonstrated that the presence of
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an E’-Box sequence in the M/TF promoter was essential for its transcriptional regulation
by BMALL1 (Figs. 2B & S2B). However, we observed high background noise in the
BMAL1 knockdown group with the M/TF promoter region with an E’-Box, which could

be due to binding of other transcriptional regulators of M/TFincluding CREB, WNT3A,
ONECUTZ2, and PAX3 (Kawakami & Fisher, 2017; Pierrat, Marsaud, Mauviel, & Javelaud,
2012). This observation of increased background signal indicates that BMALL is one of the
many regulators of M/TFand could possess a more homeostatic role in maintaining MITF
levels the skin. Finally, increased MITF mRNA and melanin levels in transient BMAL1
overexpressed SK-MEL27 cells compared to the control group ties in this mechanism to the
phenotypic characteristic seen in PERZ7~ cells (Fig. 2C & D). Notably, the level of melanin
increase seen in BMAL1-OE and PERZ™~ groups are different, which is mainly due to

the difference between transient vs. stable clock gene manipulation, combined with the
long half-life of melanin. These results provide convincing evidence of the transcriptional
regulation of M/TFby BMALL1 can positively influence melanin synthesis.

However, to establish that M/TF expression changes according to time of the day over 24
hours in a circadian manner, checking its expression at regular intervals for 24 hours in an
entrained in vitro model is essential. At a molecular level, the circadian clock is deemed self-
sustained; however, it has the property to get entrained by external environmental stimuli
such as light. As cells are grown in a constant cell culture environment, they are not exposed
to external stimuli like light for synchronization. Therefore, physical and chemical agents
like temperature cycles, serum shock, forskolin, or dexamethasone are commonly used to
entrain cells in a tissue culture setting (Balsalobre, Damiola, & Schibler, 1998; Buhr, Yoo,

& Takahashi, 2010; Kiessling et al., 2017). In this study, we synchronized SK-MEL27 cells
using dexamethasone and report a modest and statistically significant circadian expression of
MITFin a BMAL1 dependent manner (Fig. 3A). A similar M/TFrhythm was observed with
PMWK (human melanoma cell line) cells and normal human melanocytes (NHM4) as well
(Fig. 3C & E). We also report that M/TF expression in these cells is in phase to BMAL1
upon comparing the cosine wave statistics; however, the ANOVA result for BMAL 1 was
found to be not significant in NHM4 cells, indicating a variability among different data
points (Table S1). One of the reasons for this variability could be that NHM4 are slow
dividing cells and reach confluency at different rates, which causes a lack of uniform
synchronization throughout the plate. Nevertheless, the M/TF rhythm was lost in all cell
lines upon BMAL1 knockdown, bolstering the hypothesis of transcriptional regulation of
MITFby BMALL (Figs. 3B, D & F).

Previously, our lab and others have shown that XPA, a rate limiting nucleotide excision
repair (NER) protein, is transcriptionally regulated by BMALL in mouse skin with high
NER activity in the evening compared to the morning (Dakup et al., 2018; Gaddameedhi et
al., 2011; Gaddameedhi et al., 2015; Kang et al., 2009). In support, an independent group
reported that the NER activity and XPA expression in human skin is opposite to that in
mouse (Nikkola et al., 2018; Sarkar & Gaddameedhi, 2018). Our extensive in vitro data
and in vivo mouse skin ChlIP data in this study shows that BMAL1 binds the promoter
region and transcriptionally regulates M/TF, similar to XPA. We hypothesize that the MITF
expression in human skin melanocytes will follow our results, being high during the day
and low during the evening time, exhibiting a diurnal rhythm. This hypothesis reflects our
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everyday living conditions as well, where MITF during the daytime will ensure efficient
melanin synthesis when exposed to solar UVR. However, due to the longer half-life of
melanin and the complex heterogeneity of human skin, it may be difficult to observe an
oscillation in melanin levels on a daily basis but we expect that the skin’s ability to produce
melanin will vary according to the time of the day (Mujahid et al., 2017; Plikus et al., 2015).
In addition, our reporter assay shows that BMAL1 and other transcriptional regulators of
MITF could work synergistically to regulate MITF levels, making it a robust process to
protect against UVR.

Clock and melanin: A protective partnership

The circadian clock has been shown to play a vital role in cell survival by regulating
pro-survival genes, including p53, NFxB, and BCL-2(Granda et al., 2005; Lee & Sancar,
2011; Zhanfeng et al., 2016). Similarly, it has been shown that MITF is essential in the
survival of melanocytes as well (McGill et al., 2002; Wellbrock et al., 2008). While there
have been several studies aiming to understand the role of the clock or MITF independently
in regulating cell survival, there are not many studies investigating the partnership or
synergistic benefit of both mechanisms, and our study addresses this gap.

The negative (CRY & PER) and positive (BMAL1 & CLOCK) arms of the molecular clock
have different effects on clock-controlled genes. It is well accepted that loss of Period

gene causes a circadian defect in cells (Ko & Takahashi, 2006). In our study knocking out
the PERZ gene seems to be beneficial specifically for cell survival upon UVB exposure

in melanin producing cells (Fig. 4A), which can only be due to MITF-mediated melanin
increase. However, our study does not distinguish between the type of melanin produced
upon PER27~, nevertheless, the protective nature of the melanin against UVB-mediated
photolesion formation, was further emphasized through our immuno-slot-blot data. Together
showing the importance of melanin in protecting the cells against UVB and the role of
circadian clock in regulating the melanogenesis.

In line with the above observation, we mechanisticaly demonstrated a protective aspect of
melanin against UVB exposure due to the BMAL1-MITF transcriptional axis using both
SK-MEL27 (melanogenesis active cells) and PMWK (amelanotic) cells. We have shown
that upon BMAL1-OE, SK-MEL27 cells were significantly protected against UVB exposure
compared to control, potentially due to their ability to produce melanin (Figs. 4B & C).
Conversely, the increased survival was not seen in PMWK BMAL1-OE condition (Fig.
4D) rather, the cells were negatively affected. This is probably because the PMWK cells
are amelanotic due to the inability of MITF to induce expression of enzymes required for
melanin synthesis (Shields et al., 2007). Overall, this observation shows the contribution
of BMAL1 and BMAL1-mediated melanin increase to protecting the cells against UVB
exposure.

Further, we observed that knockdown of BMAL 1 causes PMWK cells to be statistically
more vulnerable to UVB exposure compared to SK-MEL27 Figs. S4A-C. Previously, it
has been reported that loss of BMAL1 and UVB exposure are independently responsible
for increased reactive oxygen species (ROS) levels in skin (Geyfman et al., 2012; Heck,
Vetrano, Mariano, & Laskin, 2003; Premi et al., 2015; Young, 1997). Combined with the
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fact that WT melanoma cells used in our study have very low levels of melanin, such

that BMAL1 knockdown did not cause detectable reduction in melanin content (data not
shown), knocking down BMAL1 made the cells extremely vulnerable to UVB exposure.
This phenomenon could be due to one or a combination of the following reasons: 1)
increase in ROS level due to UVB exposure and BMAL1 knockdown and/or 2) disruption of
clock-mediated DNA repair or oxidative stress response mechanisms.

In summary, we demonstrated a mechanistic relationship between the clock and melanin
synthesis, by understanding transcriptional regulation of M/TF, a melanin synthesis
associated gene, by the core clock protein BMAL1. We further demonstrated the circadian
regulation of M/TFat the mRNA level in the presence of BMALZ1. Our study supports

the idea that the presence of robust circadian clock and melanin synthesis mechanisms
helps in better protection against solar UVB radiation. Though our results and conlusion
indicate a normal biological mechanism, we believe further studies using normal human
melanocytes and in vivo skin models are required to understand the physiological relavance
of our findings. As our survival data is mainly done using melanoma cell lines, it would

be interesting to decipher the BMAL1-MITF signaling axis contribution in protecting
heterogenous skin tissue from UVR. In addition, using human hair follicle tissue we could
further extrapolate our mouse BMALZ1 ChIP data and MITF rhythmic data in melanocytes
to human skin tissue. The above-mentioned future directions would eventually enable us to
utilize the BMAL1-MITF axis as a possible therapeutic target to enhance melanin synthesis
in future sunscreen development strategies.
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Figure 1. Loss of period geneincreases cellular protection against UVB through melanin.
(A) Percentage of melanin measured in Wild-type (WT) and PER2 knockout (PERZ™")

human melanoma cells (SK-MEL27). Bar graph represents mean + SEM values of %
normalized to WT from 3 biological replicates. Statistical difference was determined using
the student’s t test (***p<0.001). (B) Representative image of slot-blot assay performed
using WT and PERZ7~ SK-MEL27 cells to measure the amount of CPDs and (6-4) PPs
formed immediately after UVB exposure (144 J/m?). SYBR Gold was used as a loading
control. (C) Quantitation of CPD and (6-4) PP immuno-slot-blot signals from the slot blot
assay of WT and PER™~ SK-MEL27 cells. Each bar represents the mean + SEM from 3
biological replicates; statistical analysis was done by using the student’s t test with *p<0.05,
and **p<0.01 was considered significant. (D) Western blot image showing the levels of
PER2, BMAL1, and MITF proteins in WT and PERZ™~ SK-MEL27 cells. Both groups were
run on the same gel, but not adjacent to each other, ACTIN (1) is the loading control for
PER2 & MITF bands, whereas ACTIN (2) is a loading control of BMALL band which was

run on a different gel.
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Figure2. BMAL 1 transcriptionally regulates MI TF by binding to its promoter region.
(A) Upper panel is a representative ChIP-PCR image showing PCR product of M/TF

promoter region 1 (=1 to —1500 bp) and region 2 (-1501 to —3000) from WT mouse

skin (Mitf) and human melanoma cells (SK-MEL27) (MITF). Input is the loading control,
and 1gG is the negative control. Lower panel is the quantitative bar graph (Mean

SEM, n=3) representing the relative enrichment of BMALL at the M/TF promoter to

1gG. (B) Represents the M/TF promoter activity in BMAL 1 knockdown HEK293T cells
co-transfected with MITF partial promoter-driven luciferase plasmids, —177/+136Luc and
—-435/+136Luc (as shown in the figure), and BMAL1-OE using BMALI MYC-DDK
plasmid (100 ng). Luciferase signal was normalized to the Renillasignal. (Mean + SEM,
n=3, student’s t test, **p<0.01) (C) M/TFmRNA level in SK-MEL27 control and BMAL1-
OE conditions, reported as 272ACT relative to ACT/N mRNA (Fold change). (D) Percent
melanin present in control vs. BMAL1-OE condition in SK-MEL27 human melanoma cells
was measured using a synthetic melanin standard curve. Each bar in C & D represent mean
+ SEM (n =4 & 3 resp.) and statistical significance were calculated by student’s t- test
(*p<0.05).

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Sarkar et al.

Page 18

A 2 SK-MEL27 - NT C PMWEK - NT E NHM4 - NT
BMALT a0l BMALT 4] BMALT
&
= ! —~ 1.5 — 2
Q 5 Q
= * - 3
S 0 2 0.0 8
© - @
S50y MITF 530 £ 4{mTF %
2 bl k=)
2 w 3 3
075 1.5/ 21 ;
AN
0.00 : : 0.0 : . ol : : : :
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Time post-synchronization (h) Time post-synchronization (h) Time post-synchronization (h)
B SK-MEL27 - siBMAL1 D PMWK - siBMAL1 F NHM4 - siBMAL1
o1 BmaL 100 guaLt 191 BmAL1
0.5 __ 05 ~05 * ]
& & g {
< | 3
S ERRRRERE I W { AR !
® 00 goof ¥ e o ¢ 00 b4
g’ [ = [ =1
@ 1.09 g 3.0 s 14
2101 wmire 5 MITF 5 |miTF
=] 32 3
S ‘]l, S 2
“ os] {’ ‘}, + ‘% % 1.5+ % 74
: ¢ i
0.0, ; ; . ; o.o.%?°. ; ; c.+?°?°.¢.
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Time post-synchronization (h) Time post-synchronization (h) Time post-synchronization (h)

Figure 3. Rhythmic expression of MITF.
(A, C & E) Expression level of BMAL1 & MITFmRNA, reported as 272ACT relative to

ACTIN (Fold change), in dexamethasone synchronized human melanoma cells SK-MEL27
(n=6), PMWK (n=3) and NHM4 (n=3) treated with Non-target (NT) siRNA. (B, D & F)
MRNA level of BMAL1 and MITFin siBMAL1 treated human melanoma and melanocyte
cells relative to NT. Each data point represents the mean = SEM data per time point
collected every 3 hours for 24 hours. All the cosine wave fitted in this figure was generated
using Circwave v1.4, and statistical significance was measured using F test and ANOVA,
where p-value < 0.05 was considered significant (Table S1).
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Figure4. BMAL 1 overexpression critical for survival outcomes upon UVB exposure.
(A) Relative survival of Dex. synchronized SK-MEL27 WT vs. PERZ”~ cells upon UVB

exposure (144 J/m?) measured by MTT assay. (B & C) Relative survival of Control and
BMAL1-OE SK-MEL27 cells upon UVB (144 J/m?2) exposure determined using MTT (B)
and clonogenic assays (C). (D) Survival of control and BMAL1-OE conditioned PMWK
cells upon UVB (144 J/m?) exposure was measured by performing the clonogenic assay. For
all the above figures, the relative survival was calculated by normalizing the UVB treated
group to its non-UVB treated group and is represented as mean + SEM from 3 biological
replicates. Statistical significance was measured using either student’s test, where *p<0.05,
**p<0.01 & ****p<0.0001 was considered significant.
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Figure 5. BMAL 1 influences melanin synthesisin the skin through MITF.
Schematic representation of a molecular mechanism by which the circadian clock protects

the skin against solar UVB. Our study shows that M/TF, the master regulator of melanin
synthesis, is a clock-controlled gene transcriptionally regulated by BMAL1. This clock
regulatory mechanism positively influences melanin synthesis and helps better protect skin
against UVB-mediated genomic instability.
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