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ABSTRACT Although the ability of UV irradiation to
induce pigmentation in vivo and in vitro is well documented,
the intracellular signals that trigger this response are poorly
understood. We have recently shown that increasing DNA
repair after irradiation enhances UV-induced melanization.
Moreover, addition of small DNA fragments, particularly
thymine dinucleotides (pTpT), selected to mimic sequences
excised during the repair of UV-induced DNA photoproducts,
to unirradiated pigment cells in vitro or to guinea pig skin in
vivo induces a pigment response indistinguishable from UV-
induced tanning. Here we present further evidence that DNA
damage and/or the repair of this damage increases melaniza-
tion. (i) Treatment with the restriction enzyme Pvu II or the
DNA-damaging chemical agents methyl methanesulfonate
(MMS) or 4-nitroquinoline 1-oxide (4-NQO) produces a 4- to
10-fold increase in melanin content in Cloudman S91 murine
melanoma cells and an up to 70% increase in normal human
melanocytes. (ii) UV irradiation, MMS, and pTpT all up-
regulate the mRNA level for tyrosinase, the rate-limiting
enzyme in melanin biosynthesis. (iii) Treatment with pTpT or
MMS increases the response of S91 cells to melanocyte-
stimulating hormone (MSH) and increases the binding of
MSH to its cell surface receptor, as has been reported for UV
irradiation. Together, these data suggest that UV-induced
DNA damage and/or the repair of this damage is an impor-
tant signal in the pigmentation response to UV irradiation.
Because Pvu II acts exclusively on DNA and because MMS and
4-NQO, at the concentrations used, primarily interact with
DNA, such a stimulus alone appears sufficient to induce
melanogenesis. Of possible practical importance, the dinucle-
otide pTpT mimics most, if not all, of the effects of UV
irradiation on pigmentation, tyrosinase mRNA regulation,
and response to MSH without the requirement for antecedent
DNA damage.

The prokaryotic response to UV irradiation, the so-called SOS
response, is well documented and is now known to include the
induction of a set of >20 genes involved in DNA repair and cell
survival (reviewed in ref. 1). In this case, the single-stranded
DNA generated after UV irradiation interacts with and acti-
vates a protease, the Rec A protein (2). Activated Rec A
protein then cleaves and inactivates the repressors of specific
genes, leading to their induction (2).

In eukaryotic cells, the existence of a UV-induced DNA
damage-responsive SOS-like system mediated by one common
transcription regulator has been the subject of considerable
controversy. Although a variety of genes are known to be
induced by DNA damage (3-6), many of these genes are also
induced by agents such as phorbol esters (3, 7) and by
metabolic or oxidative stress (8-10). Because UV irradiation
is reported, like phorbol esters, to activate protein kinase C
directly (11, 12) and to produce oxidative damage through
generation of free radicals from membrane lipids and other
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extranuclear cellular constituents, it cannot be determined
whether the effects ofUV are due directly to DNA damage or
instead to other impacts on the cell. Indeed, two of the major
UV-induced transcription factors, AP-1 and NF-KB, are now
thought to initiate their responses at or near the plasma
membrane (13, 14).

Perhaps the best-characterized example of DNA damage-
specific gene induction involves a DNA repair enzyme, pho-
tolyase, encoded by the PHR1 gene in Saccharomyces cerevisiae
(6). This gene is induced by a variety of DNA-damaging agents
including UV light, methyl methanesulfonate (MMS) and
4-nitroquinoline 1-oxide (4-NQO). Up-regulation of PHR1
gene transcription is, at least in part, accomplished by the
removal of a damage-responsive repressor which binds to a
specific site in the 5' region of the gene (15).
Another well-studied UV and DNA damage-inducible gene

is the mammalian GADD45 gene. This gene is transcriptionally
activated not only by UV irradiation but also by ionizing
radiation and chemical agents that specifically cause base
damage (10, 16). The induction of GADD45 by ionizing
radiation is mediated by the p53 tumor suppressor protein and
the ataxia telangiectasia gene product (17), but the UV- and
base-damage responses are less well understood. Recently,
GADD45 protein was shown to stimulate DNA excision repair
as well as to inhibit DNA replication by blocking the cell cycle
at the GI checkpoint (18). Thus GADD45 plays a major role
in maintaining the integrity of the genome after damage by
coordinating repair with replication.
As would be expected teleologically, the majority of the

prokaryotic genes responsive to DNA damage are, like PHRI
and GADD45, involved in the repair or prevention of such
damage. As well, UV irradiation and DNA-damaging carci-
nogenic chemical agents appear to induce DNA repair systems
in mammalian cells (19), consistent with the existence of an
SOS-like response analogous to that in yeast. Because melanin
is photoprotective in human skin and is generally acknowl-
edged as the body's major defense against photocarcinogenesis
(20), acting to inhibit the formation of UV-induced DNA
photoproducts (21, 22) that give rise to "signature mutations"
responsible for skin cancer development (23), enhanced mel-
anogenesis might logically be part of the SOS response in skin.
The clinical and histological manifestations of tanning have

been extensively studied, but the mechanisms by which UV
light stimulates melanogenesis are poorly understood. Several
lines of evidence now suggest that DNA damage and/or the
repair of this damage is an important signal in the melanogenic
response to UV irradiation. (i) The action spectrum for the
formation of the major UV-induced DNA photoproducts in
human skin is essentially the same as that for UV-induced
tanning (24, 25). (ii) Increasing DNA repair after UV irradi-
ation by addition of T4 endonuclease V (T4N5), the prokary-
otic DNA repair enzyme that catalyzes the rate-limiting step in
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excision of cyclobutane pyrimidine dimers, enhances the mel-
anogenic response in Cloudman S91 murine melanoma cells as
well as in human melanocytes (26). (iii) Addition of thymidine
dinucleotides, the principal target for dimerization by UV light
and subsequent release during DNA excision repair (27),
stimulates melanogenesis in unirradiated S91 cells and in
human melanocytes as well as in guinea pig skin (28).
One of the known physiological effectors of melanization is

melanocyte-stimulating hormone (MSH) (reviewed in ref. 29).
This family of small peptide hormones is derived from a
precursor protein, proopiomelanocortin, synthesized by pitu-
itary cells (30) and by epidermal keratinocytes (31, 32). In S91
mouse melanoma cells, MSH increases the mRNA, protein
and activity levels of tyrosinase, the rate-limiting enzyme in
melanin biosynthesis (33, 34). Cultured human melanocytes
also express functional MSH receptors and respond to MSH by
increased growth and pigmentation (35-37). UV irradiation
has been shown to increase the number of cell surface MSH
receptors on S91 cells and to potentiate the melanogenic
response of these cells to MSH (38, 39). Furthermore, the
intact skin of mice and guinea pigs shows a greater increase in
the number of active melanocytes following UV irradiation
and MSH treatment than after either treatment alone. There-
fore, it has been proposed (38) that a major factor in UV-
induced tanning is the up-regulation of the MSH/MSH re-
ceptor system in skin. However, the mechanism by which UV
light affects this system is unknown. Here we present evidence
that UV-induced DNA damage and/or the repair of this
damage stimulates melanogenesis.

MATERIALS AND METHODS
Cells and Culture Conditions. Cloudman S91 mouse mel-

anoma cells were purchased from the American Type Culture
Collection and maintained in Dulbecco's modified Eagle's
medium (DMEM)/10% calf serum (both from GIBCO/
BRL). To prevent rapid cell growth during experiments, serum
content was reduced to 2%. Normal human melanocytes were
established from newborn foreskin and maintained as de-
scribed (40). Melanocytes were used after the first or second
passage.

Restriction with Pvu II. S91 cells were treated with strep-
tolysin 0 (GIBCO/BRL) essentially as described by Lu and
Lane (41) with some modifications. Briefly, 1 X 106 cells in 1
ml of DMEM were treated with 50 units of streptolysin 0
(GIBCO/BRL) for 30 min of 37°C; then 320 units of Pvu II
(Pharmacia) was added for an additional 30 min at 37°C. As a
negative control, a similar amount of Pvu II was inactivated by
heating in boiling water for 15 min before adding to the cells.
After the final incubation, an equal volume ofDMEM/2% calf
serum was added to each reaction mixture to inactivate the
streptolysin 0. The cells were then divided between two P60
dishes (Becton Dickinson) and cultured for 6 days.
Treatment with DNA-Damaging Chemical Agents and

pTpT. Cells were plated in P60 dishes (S91) or P35 dishes
(melanocytes) at a density of 1-2 x 105 cells per dish and
cultured for several days before treatment. Medium was
removed and fresh medium containing either 0.2 mM MMS
(Aldrich) or 1 ,uM 4-NQO (Sigma) was added for 4 h and 1 h,
respectively; the medium was then replaced with fresh medium
and the cells were cultured for the indicated period of time
before collecting for analysis. For treatment with pTpT, cells
were provided with fresh medium (DMEM/2% calf serum)
containing 100 ,iM pTpT (Midland Certified Reagent, Mid-
land, TX) and were continually exposed to the dinucleotide for
the duration of the experiment.

Effect of MSH on Pigmentation of MMS- or pTpT-Treated
Cells. Plates of S91 cells were treated with MMS or pTpT as
described above and cultured for 3 days. Duplicate plates of

cells were then treated with 1 x 10-7 M a-MSH (Sigma) or
diluent for an additional 3 days.

Determination of Melanin Content. Cells were analyzed for
melanin content as described (28). Briefly, cells were collected
by trypsinization and counted by Coulter Counter, and an
equal number of cells from duplicate plates of each experi-
mental condition were pelleted. In some experiments, the cell
pellets were then photographed. Pellets were then dissolved in
1 ml of 1.0 M NaOH by vortexing for 20 min. The melanin
content was calculated based on the absorbance at 475 nm
compared to a standard curve of melanin (Sigma) in 1.0 M
NaOH.
Northern Analysis. Total RNA was isolated from cells using

Tri Reagent (Molecular Research Center, Cincinnati) follow-
ing the protocol of the manufacturer. Ten micrograms ofRNA
from each sample was electrophoresed, transferred to filters,
and probed as described (42) using a mouse tyrosinase cDNA
(ATCC catalog no. 63164).
MSH Binding to Cell Surface Receptors. The binding of

x-MSH to its surface receptor on intact S91 cells was per-
formed essentially as described by Orlow et al. (43), with minor
changes. Cells were resuspended in binding buffer at a con-
centration of 1 x 106 per ml and incubated at 10°C for 2 h with
1 x 10-9 M 1251-labeled a-MSH (1251-a-MSH), specific activity
>2000 Ci/mmol [Peninsula Laboratories (1 Ci = 37 GBq)], in
the presence or absence of 5 x 10-6 M unlabeled a-MSH
(Sigma). After incubation, the cells were pelleted through 500
Al of 0.3 M sucrose in binding buffer to separate the unbound
from bound a-MSH. Counts detected in an excess of unlabeled
a-MSH (nonspecific) were subtracted from the samples incu-
bated with 1251-a-MSH alone.
UV Irradiation. S91 cells were exposed to a single dose of

10 mJ of UV irradiation per cm2 from a 1-kW xenon arc solar
simulator (XMN 1000-21; Optical Radiation, Azuza, CA),
metered at 285 + 5 nm, using a research radiometer (model
IL1700 A; International Light, Newburyport, MA), as de-
scribed (26).

RESULTS
DNA Damage and Pigmentation. UV light is known to

stimulate melanogenesis in vivo (44) and in cultured melano-
cytes and melanoma cells (45). However, the intracellular
signal(s) generated by UV exposure that initiates this response
is unknown. Recent work has implicated DNA damage and/or
its repair in this melanogenic response, but UV light is known
to affect cytoplasmic signaling pathways as well (13, 14). To
examine the effect of DNA damage alone on pigmentation,
S91 cells and human melanocytes were treated with various
DNA-damaging agents and the effect of melanin content was
determined. First, S91 cells were porated with streptolysin 0
in order to introduce the restriction enzyme Pvu II. Heat-
inactivated Pvu II and treatment with only streptolysin 0 were
used as controls. Cells treated with active Pvl II showed a
5-fold increase in melanin per cell compared to cells treated
with only streptolysin 0 (Fig. IA). Heat-inactivated Pvu II
produced only a slight increase in melanin content, probably
reflecting a low residual activity of the heated enzyme.

In a second approach, S91 cells and melanocytes were
treated with the chemical agents MMS and 4-NQO, known to
alkylate bases in DNA and form adducts that are repaired by
the same excision repair pathways as UV-induced photoprod-
ucts (46, 47). These agents are commonly used as "ULV
mimetics" and induce many genes that are responsive to DNA
damage (3, 5, 6). Treatment of S91 cells with MMS produced
an up to 10-fold increase in melanin per cell within 6 days (Fig.
1B); 4-NQO produced a 3- to 4-fold increase (Fig. 1C). Human
melanocytes also responded to MMS and 4-NQO treatment,
increasing melanin content by 40% and 70%, respectively (Fig.
1D). These data demonstrate induction of melanogenesis by
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FIG. 1. Effect of DNA-damag-
ing agents on pigmentation in S91
cells and normal human melano-
cytes. Duplicate cultures of S91
cells were treated with the restric-
tion enzyme Pvu II (A) or the
DNA-damaging chemical agents
MMS (B) and 4-NQO (C) as de-
scribed. After treatment, cells were
cultured for 6 days, collected, and
counted and an equal number of
cells was pelleted for analysis. Mel-
anin per cell was determined for
each pellet. Averaged values of the
duplicate cultures of each treat-
ment are represented in the graphs.
Normal human melanocytes were
similarly treated with MMS and
4-NQO, cultured, and analyzed
(D). Because of the angle of cen-
trifugation, only the thickest part of
lightly pigmented cell pellets is vis-
ible, often making these pellets ap-
pear smaller. Because of the high
melanin content of the melano-
cytes under basal conditions, the
increases produced by MMS and
4-NQO were difficult to appreciate
by photographic inspection of the
pellets.

agents that selectively damage DNA, suggesting that UV-
induced DNA damage is a signal for melanogenesis.

Effect of UV Irradiation and DNA Damage on Tyrosinase
mRNA. To better understand the mechanisms by which UV
light, DNA-damaging agents, and pTpT increase pigmenta-
tion, S91 cells were either UV irradiated or treated with MMS
or pTpT and then collected at various times for Northern
analysis. The level of tyrosinase mRNA was markedly up-
regulated in UV-irradiated cells, compared to sham irradiated
cells, as early as 24 h after irradiation, and this increase
persisted for at least 3 days (Fig. 2A). Similarly, MMS treat-
ment increased the tyrosinase message level, compared to that
in diluent treated cells, 24-72 h after addition (Fig. 2B). The
dinucleotide pTpT also increased tyrosinase mRNA on days 3
and 4 (Fig. 2C), somewhat later than UV irradiation and MMS.
Thus, the UV effect on tyrosinase message appears to be a
response to DNA damage, and the dinucleotide pTpT appears
to generate the same response.
DNA Damage Potentiates the Melanogenic Response to

MSH. The peptide hormone MSH has long been known to
induce melanization in vivo and in vitro. Furthermore, in S91

cells it has been shown that UV light enhances the response to
MSH by increasing the number of surface MSH receptors (38,
39), and it has been postulated that this receptor increase
mediates the tanning response to UV irradiation (38, 39). We
therefore asked whether MMS and pTpT also increase the
response of S91 cells to MSH, as reported for UV light. Cells
were treated as described in the Materials and Methods for 3
days. a-MSH was then added for an additional 3 days before
the cells were collected and analyzed for melanin content. The
3-day incubation with a-MSH is shorter than the time required
for maximal MSH response in these cells (34, 48) and was
selected to emphasize differences that might be masked at
maximal response. In the representative experiment shown in
Fig. 3A, the basal pigmentation level was low and the response
to a-MSH alone after 3 days was minimal. However, treatment
with MMS did produce a 10-fold increase in melanin content
and a synergistic effect was seen with MMS and a-MSH.
Therefore, like UV irradiation, pretreatment of S91 cells with
MMS enhances the melanogenic response to a-MSH. Treat-
ment with pTpT had the same effect (Fig. 3B). These cells had
a higher basal pigmentation level and showed a modest
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FIG. 2. Regulation of tyrosinase mRNA levels by UV irradiation,
MMS, and pTpT. S91 cells were cultured and exposed to UVB
irradiation (A) or treated with MMS (B) or pTpT (C) as described. At
the indicated times, cells were collected and total RNA was isolated
and analyzed for tyrosinase mRNA content by Northern blot analysis.
Ethidium bromide-stained gels are included to indicate even loading
of the RNA samples.

response to both a-MSH and pTpT within 3 days. However,
the response to the two agents combined was more than
additive.
We next asked whether MMS and pTpT increased the

binding of MSH to its S91 cell surface receptor, as reported
after UV irradiation (38, 39). Cells were treated with either
diluent, MMS, or pTpT and harvested after 3 days, and the
specific binding of 125I-a-MSH to the cell surface was deter-
mined as described in Materials and Methods. Both MMS and
pTpT treatments approximately doubled a-MSH binding (Fig.
4). Therefore, like UV irradiation, MMS and pTpT enhance
the MSH response in S91 cells by increasing the binding of this
hormone to its cell surface receptor, again suggesting that this
UV response is mediated through DNA damage and/or the
repair of this damage. Furthermore, pTpT appears to mimic
this effect of DNA damage.

DISCUSSION
This study demonstrates that DNA damage and/or the repair
of this damage stimulates melanin synthesis in S91 mouse

melanoma cells and in normal human melanocytes. Both
enzymatic (Pvu II) and chemical (MMS and 4-NQO) damage
are effective. Although the repair of Pvu II-generated DNA
cuts in mammalian cells has not been studied, much more is
known about similar lesions induced by ionizing radiation, such
as x-rays. These single-strand breaks are rapidly repaired by a
"short patch" system in which only a few nucleotides are
removed and the gap is closed by DNA polymerase and ligase
(46, 49). The repair of MMS-induced DNA lesions proceeds
via this "short patch" pathway, while the bulky adducts formed
by 4-NQO apparently are repaired by the "long patch" system
also commonly used for UV-induced photoproducts in which
larger segments ofDNA are removed and replaced (46). In our
studies, both "short patch" and "long patch" types of DNA
damage induced pigmentation. These data agree with studies
which show that ionizing radiation and the ionizing radiation
mimetic drug bleomycin increase pigment production in skin
(50, 51) and in cultured melanocytes (52), as does the more
extensively documented UV irradiation.
The mechanism(s) by which DNA damage is recognized and

subsequently modulates gene expression is unknown. A DNA-
dependent protein kinase (DNA-PK) has been characterized
from a variety of cells (53-55) and at least in HeLa cells the
activity of this kinase is dependent on DNA ends (56),
suggesting it may recognize damaged DNA. Activated
DNA-PK has been shown to phosphorylate the transcription
factor Sp 1 (57) as well as the large subunit ofDNA polymerase
11 (58) and therefore may play a role in regulating transcrip-
tion. However, whether this protein kinase is activated by
pTpT or whether it is involved in the regulation of the
tyrosinase gene is unknown.
The induction of the yeast PHRI gene byUV irradiation and

DNA damage is better understood. A DNA damage-
responsive sequence has been identified in the 5' region of the
PHR1 gene which binds to a damage-responsive repressor
protein, the photolyase regulatory protein, PRP (15). UV
irradiation was shown to rapidly remove active PRP from cell
extracts. Footprint analysis revealed a 39-base-pair sequence
protected by PRP (15). Interestingly, a portion of this se-
quence, AGGGGTGAAAG, shares homology with a se-
quence found in the mouse (AGAAGATAAAAG) and hu-
man (AGAGGATGAAAG) tyrosinase gene 5' regions (59,
60). Studies to determine the role of these sequences in
regulation of the tyrosinase gene by UV irradiation and other
forms of DNA damage, as reported here, are necessary.
The regulation of tyrosinase at the mRNA, protein, and

activity levels appears extremely complicated. Aberdam et al.
(61) have examined the effect of repeated UV irradiation on
tyrosinase in human melanocytes and S91 cells, but data from
experiments using a single UV exposure sufficient to cause a
tanning response are lacking. Multiple UV exposures resulted
in transient up-regulation, noted 3 h after the sixth daily
irradiation, followed by down-regulation 24 h later, of tyrosi-
nase mRNA, protein, and activity after repeated irradiations
in human melanocytes. The response in S91 cells was some-
what different, with elevated levels of tyrosinase message,
protein, and activity 3 and 24 h after the last of six daily
irradiations. These data agree with our finding of tyrosinase
mRNA elevation 24 h after one exposure. However, we could
detect no increase at earlier times, possibly reflecting the
different experimental designs (single versus multiple expo-
sures), culture conditions, or different UV doses or spectral
output of the light sources used. The finding that there is at
least a 24-h delay in the induction of tyrosinase mRNA by UV
irradiation, MMS, and pTpT is consistent with the delayed
onset of the clinical pigmentation response to tJV light (62)
and pTpT (28) and suggests that this response to DNA damage
may require the induction of other genes first. Regulation of
tyrosinase protein and activity levels was not addressed in the
present study. Tyrosinase is known to be activated by protein
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FIG. 3. Effect of MMS and pTpT in the MSH response in S91 cells. Duplicate cultures of cells were treated for 3 days with MMS (A) or pTpT
(B) prior to addition of 1 x 10-7 M aMSH. After 3 additional days of culture in the presence of a-MSH, the cells were collected, countcd, pelleted,
photographed, and analyzed as described in the legend to Fig. 1.

kinase C (PKC) (63) but the effects of UV irradiation and
other forms of DNA damage on the PKC signal transduction
pathway are largely unknown. Interestingly, diacylglycerols,
released from membrane lipids after UV irradiation, stimulate
melanogenesis in S91 cells and in human melanocytes (64, 65),
apparently through activation of PKC. Therefore, UV irradi-
ation may have multiple actions, increasing the level of tyrosi-
nase protein as a consequence of the increased mRNA level
reported here and concurrently activating this protein by
generating the effector molecule for its PKC-mediated phos-
phorylation.
Our data also suggest that at least part of the melanogenic

response to DNA damage is mediated through the MSH/MSH
receptor system. UV irradiation is known to up-regulate the
number of MSH receptors on the surface of S91 cells and to
enhance the MSH response in vitro and in vivo (38, 39), and we

6000(t5000T
N3000 * |12000°°-*T

CONTROL T2 MMS

FIG. 4. Up-regulation of MSH binding to S91 cells by MMS and
pTpT. Duplicate cultures of S91 cells were treated with either diluent
(DMEM), MMS, or pTpT for 3 days. Cells were then collected and 1

x 105 cells were incubated with 1 x 10-9 M 1251-a-MSH alone or in
the presence of 5 x 10-6 M unlabeled a-MSH and processed as

described. Specific binding was determined by subtracting 1251 counts
detected in the presence of competing unlabeled MSH from those
bound without competition. Data represent averages ± standard
deviation of the duplicate cultures.

demonstrate that MMS and pTpT have the same effect. MSH
has also been shown to increase the level of tyrosinase mRNA
in S91 cells (33, 66), an effect we detect after UV irradiation
or treatment with MMS or pTpT. Although no MSH was

intentionally added to our S91 cultures, this hormone can be
presumed to be present in the calf serum included in the
medium (67-69). Furthermore, we find that MMS and pTpT
treatments increase the binding of '25I-a-MSH to the cell
surface MSH receptor, as has been reported after UV irradi-
ation (38, 70). In the case of UV irradiation, a redistribution
of MSH binding sites from an internal to external cellular
localization was proposed (43). Although a change in receptor
affinity for MSH could not be excluded, up-regulation of MSH
binding on S91 cells by other agents, such as retinoic acid,
appears to involve a change in the number of binding sites with
no change in affinity for ligand (70). Of interest, Varga et al.
(71) have reported that S91 cells respond to MSH only in the
G2 phase of the cell cycle, possibly through an up-regulation of
functional MSH receptors in G2. UV light and DNA damage
are known to stall the cell cycle at GI and G2 checkpoints (72)
and this extended period of time in G, may, at least in part,
explain the enhanced response of UV-irradiated cells to MSH
(38, 39). Whether pTpT mimics UV irradiation by arresting
cells in GI or G2 requires investigation. It must be noted,
however, the proportion of the melanogenic response to DNA
damage and pTpT mediated through the MSH/MSH receptor
pathway is unknown.

In conclusion, our data suggest that DNA damage and/or
the repair of this damage is an important signal in UV-induced
melanogenesis. In addition to UV irradiation, that acts on

multiple targets including DNA, three agents presumed to act
exclusively on DNA increased pigmentation in S91 cells in the
same manner. Furthermore, the dinucleotide pTpT, selected
as the DNA fragment common to most excised DNA photo-
products, mimics these effects of DNA damage on pigmenta-
tion. Determination of the optimal oligonucleotide sequen-
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ce(s) for inducing these effects, as well as a better understand-
ing of the cellular systems and proteins recognizing these DNA
fragments, should allow modulation of melanogenesis and
other UV-induced cellular responses without the requirement
for prior DNA damage.
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