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Summary
Keratinocytes contribute to melanocyte activity by influencing their microenvironment, in part,
through secretion of paracrine factors. Here we discovered that p53 directly regulates Edn1
expression in epidermal keratinocytes and controls UV-induced melanocyte homeostasis.
Selective ablation of EDN1 in murine epidermis (EDN1ep−/−) does not alter melanocyte
homeostasis in newborn skin but decreases dermal melanocytes in adult skin. Results showed that
keratinocytic EDN1 in a non-cell autonomous manner controls melanocyte proliferation,
migration, DNA damage and apoptosis after UVB irradiation. Expression of other keratinocyte
derived paracrine factors did not compensate for the loss of EDN1. Topical treatment with EDN1
receptor (EDNRB) antagonist BQ788 abrogated UV induced melanocyte activation and
recapitulated the phenotype seen in EDN1ep−/− mice. Altogether, present studies establish an
essential role of EDN1 in epidermal keratinocytes to mediate UV induced melanocyte homeostasis
in vivo.
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Introduction
Endothelin 1 (EDN1) belongs to a group of related peptides (EDN1, EDN2 and EDN3)
encoded by separate genes. The mature 21-amino acid peptides are expressed in a variety of
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tissue types and activate two distinct G protein-coupled receptors (EDNRA and EDNRB)
with varying affinities (Yanagisawa et al., 1988; Arai et al., 1990; Sakurai et al., 1990). The
EDNRB receptor is required for melanocyte development from a neural crest lineage (Reid
et al., 1996; Opdecamp et al., 1998). Mice deficient in EDN1 have respiratory complications
as well as craniofacial abnormalities (Kurihara et al., 1994), while those lacking EDNRB
have a spotted color resulting from loss of epidermal melanocytes (Hosoda et al., 1994).
Although EDN1 was initially characterized as a potent vasoconstrictive peptide, it also
functions as a keratinocyte-derived paracrine factor for melanocytes. Previous in vitro
studies have shown that ultraviolet B (UVB) exposure increases secretion of keratinocyte-
derived EDN1 which regulates proliferation, melanogenesis, migration and dendricity of
human melanocytes via a receptor-mediated pathway (Imokawa et al., 1992; Imokawa et al.,
1995; Hara et al., 1995; Horikawa et al., 1995), and this stimulatory effect is dampened by
the EDNRB antagonist BQ788 (Wu et al., 2004). There was also evidence that EDNRB
serves as a tumor progression marker of human melanoma, as increased expression of
EDNRB was found in human melanoma biopsies and usage of EDNRB antagonists
inhibited melanoma growth (Demunter et al., 2001; Lahav et al., 1999). Additionally, EDN1
was shown to be upregulated in the epidermis of mice after UVB irradiation (Ahn et al.,
1998), potentially contributing to the photoprotective effects of EDN1 on melanocytes
(Kadekaro et al., 2005). The melanocytic response to UV exposure in mouse skin has been
characterized, where follicular melanocytes migrate upward along the outer root sheath and
populate the basal layer of the interfollicular epidermis. This epidermal melanocyte
population peaks around 72hrs post-UV and begins to decrease 1-2 days later (Rosdahl and
Szabo, 1978; Walker et al., 2009). Melanin pigmentation is a result of reciprocal interaction
between epidermal keratinocytes and follicular melanocytes through production of various
signaling molecules and activation of corresponding receptors on the target cells (Slominski
et al., 2004; Slominski et al., 2005b). However, the full spectrum of keratinocytic influence
on melanocyte activity after UV exposure remains to be determined.

Our previous work in an RXRαep−/−/CDK4R24C/R24C cutaneous melanoma model suggested
a paracrine contribution by several keratinocyte-derived soluble factors including EDN1 in
disease progression (Hyter et al., 2010). Here we discovered a direct in vivo transcriptional
regulation of keratinocytic Edn1 by the tumor-suppressor p53 in epidermal keratinocytes in
response to UV irradiation. We also demonstrate that in vivo disruption of keratinocyte-
derived EDN1 signaling in vivo alters melanocyte proliferation and decreases epidermal and
dermal melanocyte populations in both normal and UV exposed mouse skin. EDN1 also has
a protective role against UVR induced DNA damage and apoptosis. Similar effects on UV-
induced melanocyte proliferation and DNA damage are observed in p53-null mice.
Inhibition of EDN1 signaling by topical application of an EDNRB antagonist BQ788 on
mouse skin has similar effects as epidermal EDN1 ablation. Furthermore, treatment of
primary murine melanocytes with BQ788 abrogates signaling downstream of this receptor.
These findings further support the role of a micro-environmental influence driven by p53 in
keratinocytes on the behavior and activation of melanocytes.

Results
Transcriptional regulator p53 directly and positively regulates Edn1 expression in
epidermal keratinocytes after UV irradiation

We wanted to elucidate mechanism(s) of Edn1 regulation in keratinocytes in response to UV
radiation. Induction of p53 after UV exposure protects epidermal keratinocytes against DNA
damage skin carcinogenesis (Jiang et al., 1999), and directly regulates p21 expression to
limit cell proliferation. Similar regulation of Pomc by p53 in epidermal keratinocytes has
been postulated to mediate UV-induced hyperpigmentation in murine skin (Cui et al., 2007).
However, this linear mode of action does not fully explain the eumelanogenesis
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demonstrated by the melanogenic phenotype of POMC-null mice (Slominski et al., 2005a).
To determine if p53 is an upstream regulator of Edn1 gene in epidermal murine
keratinocytes, we performed in silico promoter analysis using the fuzznuc and ConTra
programs. Three potential p53 consensus binding motifs were identified in proximal, mid
and distal promoter region of Edn1 within 5kb upstream of the transcriptional start site
(Figure 1A). Additional in silico studies were performed on the human EDN1 promoter and
potential p53 binding sequences were also discovered (Figure 1A). To determine if p53 is
recruited onto the promoter of murine Edn1, we performed ex vivo chromatin
immunoprecipitation (ChIP) assay on extracts from primary keratinocytes exposed to UV
irradiation using primers designed to capture the three regions, as well as the 3’ UTR region.
p21, a p53 target in keratinocytes, was used as a positive control (Liu and Pelling, 1995). As
reported earlier, amplification of isolated chromatin DNA revealed increased promoter
occupancy by p53 on the p21 promoter following UV irradiation (UVR) (Figure S1C). The
distal promoter region (relative to the transcriptional start site) of Edn1 displayed a
preferential increase in p53 binding post-UVR compared to other regions and to mock
irradiated cells (Figure 1B). These results suggest a possible direct regulation of Edn1
expression by p53 in epidermal keratinocytes. In order to validate these findings, we
performed RT-qPCR analyses for Edn1 expression in the epidermis of both wildtype (WT)
and p53-null (p53−/−) adult mice after UVR exposure. A significant decrease in the
expression of Edn1 was observed in the epidermis of p53−/− mice 8hrs post-UVR compared
to wildtype skin (Figure 1C). Altogether, these results establish Edn1 as a direct
transcriptional target of p53 in murine keratinocytes.

Keratinocyte specific ablation of EDN1 alters melanocyte homeostasis in the skin of adult
mice

The in vivo role of keratinocyte-derived EDN1 in regulating epidermal homeostasis and
melanocyte activity is unknown. In the present study, we investigated the role of this
signaling molecule on keratinocyte and melanocyte homeostasis in murine skin. To this end,
floxed EDN1L2/L2 mice (Huang et al., 2002; Shohet et al., 2004) were bred with a K14-Cre
deleter mouse strain, which drives expression of Cre-recombinase in the basal cells of
developing epidermis, thereby generating EDN1ep−/− mice (selectively lacking EDN1 in
murine epidermis). Deletion of Edn1 in presence of Cre was confirmed by PCR using
specific primers on DNA isolated from neonatal EDN1L2/L2 (control, CT) and EDN1ep−/−

mice skin (Figure 2A). RT-qPCR analyses on RNA isolated from the epidermis of CT and
EDN1ep−/− mice showed a significant downregulation of Edn1 transcripts in the mutant skin,
confirming ablation of Edn1 in epidermal keratinocytes (Figure 2B). Basal levels of EDN1
mRNA seen in the EDN1ep−/− skin are most likely due to less frequent Edn1 expressing
cells within the dermal compartment. No compensatory upregulation of Edn3 (another
endothelin family member expressed in skin) transcripts was observed by RT-qPCR in
EDN1ep−/− skin compared to CT skin (Figure 2B). Gross morphological examination did not
reveal any difference between the skin of EDN1L2/L2 and EDN1ep−/− mice.

To determine whether loss of keratinocytic EDN1 altered keratinocyte proliferation and
differentiation in vivo, we performed histological and immunohistochemical (IHC) analysis
on dorsal skin sections from CT and mutant neonatal (P2) and adult (P42) mice. Histological
analyses on H&E stained skin sections from CT and mutant mice did not reveal any
differences in epidermal thickness between the two groups in the neonatal or adult skin
(Figure S2A, B and S6A, B, C). Furthermore, expression pattern for markers of proliferation
[Ki67, PCNA, keratin-14 (K14)] and differentiation [K10 and loricrin] were similar between
CT and EDN1ep−/− P2 and P42 skin (Figure S2C, D and S6C and data not shown). These
results indicate that loss of keratinocytic EDN1 is dispensable for normal epidermal
homeostasis of the developing and adult murine epidermis. Fontana-Masson (FM) and TRP1
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(melanocyte specific marker) IHC staining on adult skin sections showed a significant
decrease in the number of dermal melanocytes in the mutant compared to CT skin.
Melanocytes were rarely detected in the CT and mutant adult epidermis. However, no
differences in melanocyte number were observed between the neonatal CT and mutant skin
(Figure 2C, D and E). Altogether, these findings suggest that EDN1 mediated paracrine
signaling from keratinocytes is necessary for maintenance of dermal melanocyte populations
in unirradiated adult murine skin.

Role of keratinocytic EDN1 in regulating UV induced proliferation, DNA damage repair and
apoptosis of melanocytes in vivo

UV irradiation induces secretion of EDN1 by epidermal keratinocytes (Imokawa et al.,
1992). In order to investigate the effects of UV irradiation in absence of EDN1, we
subjected neonatal EDN1L2/L2 and EDN1ep−/− mice to UVR exposure and analyzed its
responses on skin keratinocytes and melanocytes. Briefly, P2 pups were exposed to a single
dose of 600mJ/cm2 UVR and dorsal skin samples were collected after 24, 48, 72 and 96hrs
post-treatment. As reported earlier, Edn1 transcript level was significantly increased in the
epidermis of CT skin at 24hrs post-UVR (Ahn et al., 1998) (Figure 3A). No Edn1 induction
was observed in the mutant skin, further confirming Cre-mediated excision of Edn1 gene in
their epidermis (Figure 3A). Although Edn1 expression decreased in the CT skin after 24hrs
post-UVR, its transcript level remained significantly higher at later timepoints compared to
the EDN1ep−/− skin. RT-qPCR analyses did not reveal any compensatory upregulation of
Edn3 transcript levels or alteration in the expression level of other keratinocyte derived
soluble factors, such as Fgf2, Hgf, Pomc or Kitlg, in the EDN1ep−/− neonatal mice skin at all
timepoints post-UV irradiation (Figure 3A and Figure S3A). These results suggest that any
effects on melanocyte activity after UV exposure observed in the present study are solely
due to the loss of EDN1. H&E staining on paraffin skin sections from CT and mutant mice
did not reveal any differences in epidermal thickness between the CT and mutant skin post-
UVR, implying that the loss of keratinocytic EDN1 did not influence UV-induced epidermal
hyperplasia (Figure S6A and S6B). To further evaluate any altered responses to UVR, we
performed FM staining for pigmented melanocytes on skin sections from CT and mutant
mice at different timepoints after UV exposure. We did not observe an increase in epidermal
melanocyte population until 72hrs post-UVR in both the groups, and the number of
epidermal and dermal melanocytes was significantly reduced in the EDN1ep−/− skin
compared to CT skin at 72 and 96hrs post-UVR (Figure 3B, C and D).

In an attempt to elucidate the mechanistic basis of reduced melanocyte population from the
hair follicles in the EDN1ep−/− skin, IHC analyses was performed on CT and mutant skin to
investigate the proliferative potential, DNA damage and apoptotic responses of melanocytes
post-UVR. Co-immunostaining of paraffin skin sections with proliferation markers PCNA
or Ki67 with TRP1 allowed us to quantify the proliferative responses to UV exposure in
epidermis, dermis and melanocytes. A significant decrease in the number of proliferating
melanocytes was seen in the mutant skin after 72hrs UVR using both the proliferation
markers, which correlated with the decreased numbers of total melanocytes at that timepoint
(Figure 4A and B and S5A and B, left panels). Similarly, IHC analyses for UVR induced
DNA damage, using co-labeled anti-CPD and anti-TRP1 antibodies, showed a significant
decrease in clearance of thymine dimers in melanocytes from EDN1ep−/− skin at the same
timepoint (Figure 4A and B, middle panel). Analyses of melanocyte apoptosis by a modified
TUNEL-IHC assay revealed a modest increase in apoptotic melanocytes at 24hrs post-UV
irradiation in the EDN1ep−/− skin compared to CT (Figure 4A and B, right panel). We did
not observe any difference in the rate of proliferation, DNA damage or apoptosis in
epidermal keratinocytes of the CT and mutant skin post-UVR (Figure S6C). Similarly, the
dermal proliferation was comparable between CT and MT skin post-UVR at all timepoints.
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However, we observed a decrease in DNA damage and apoptosis in the dermis after 72 and
24hrs post-UVR, respectively (Figure S6D). Altogether, our in vivo results suggest that
keratinocytic EDN1 alone is an important determinant of melanocyte homeostasis and plays
a significant role in the proliferation and photoprotection of melanocytes after UV
irradiation in neonatal mice.

In order to determine if the non-cell autonomous role of keratinocytic EDN1 is mediated
through EDNRB receptor on melanocytes, selective EDNRB antagonist BQ788 was applied
to the dorsal skin of wildtype C57BL/6 neonatal mice concurrent with UVR exposure
(Ishikawa et al., 1994; Lahav et al., 1999). A significant decrease in the number of
epidermal melanocytes was observed by FM staining, and by IHC for TRP1+ cells, 72hrs
post-UVR in the BQ788 treated group compared to the vehicle treatment (Figure 3E). We
did not notice effects on the dermal melanocyte population, possibly due to an inadequate
penetration of BQ788 through the skin barrier (Figure S4C). No significant difference in the
percentage of TRP1+/PCNA+ proliferating melanocytes was observed by IHC analyses
between the two groups (BQ788 vs vehicle) of mice (Figure S4C). Altogether, results
demonstrated that in vivo blocking of EDNRB activity recapitulates the impaired paracrine
effects on melanocytes observed in EDN1ep−/− mice. Present results further support the in
vivo contribution of EDN1/EDNRB signaling pathway to UVR induced melanocyte
activation, migration and proliferation, and demonstrates the feasibility of topical treatments
for manipulating melanocyte activation in skin.

Phenotypic similarities of the melanocytic response post-UV exposure between EDN1ep−/−
and p53−/− mice

The ability of p53 to bind and regulate melanogenic factors in mice has been previously
reported. In order to corroborate our findings for transcriptional regulation of murine Edn1
by p53, we utilized p53-null (p53−/−) mice to evaluate the melanocytic response after UV-
exposure. FM staining and IHC utilizing antibodies against TRP1 showed a dramatic
decrease in the number of melanocytes that populate the murine epidermis 72hrs after UV
exposure (Figure 5A). That was further verified by quantifying both the FM-positive and
TRP1-positive cells to ensure that only those from the melanocytic lineage are counted
(Figure 5B). Furthermore, IHC analyses for UV-induced DNA damage and melanocyte
proliferation using anti-CPD and anti-PCNA or anti-Ki67 antibodies confirmed a significant
increase in DNA damageretaining melanocytes and a decrease in proliferating melanocytes
in the p53-null skin (Figure 5C and S5A and B). Similar results were obtained after UVR in
the EDN1ep−/− mice skin at that time point. Altogether, our results support an important role
of p53, upregulated following UV exposure, to bind multiple factors and assist in the
regulation of paracrine melanogenic networks.

EDN1 mediates activation of MAPK and PKC signaling through its receptor EDNRB in
murine melanocytes

Previous studies in human melanocytes have highlighted the contributions of both MAPK
and PKC activation by EDN1 signaling (Imokawa et al., 1996; Sato-Jin et al., 2008;
Imokawa et al., 2000). To verify expression of EDNRB receptor in keratinocytes and mature
murine melanocytes, we performed immunoblots for EDNRB on lysates prepared from
primary keratinocytes and melanocytes (Figure 6A). We hypothesized that lack of activation
of MAPK and PKC pathways downstream of EDNRB in melanocytes contribute to their
impaired activation and proliferation in EDN1ep−/− mice. To test that, we investigated the
effects of exogenous EDN1 on activation of those pathways in murine melanocytes. Briefly,
PKC and MAPK activation was analyzed in primary murine melanocytes cultured in
complete or minimal medium supplemented with EDN1 and in presence of EDNRB
antagonist BQ788. Western blot analyses on cell extracts from melanocytes conditioned
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with complete or minimal medium supplemented with EDN1 indicated strong
phosphorylation of p42/p44 (pERK) proteins compared to those exposed to minimal media
(Figure 6B). Parallel treatment with BQ788 completely abrogated ERK1/2 phosphorylation,
indicating EDNRB receptor mediated activation of MAPK in presence of EDN1 (Figure
6B). Furthermore, PKC activity was measured to confirm activation of this pathway
downstream of EDNRB. Treatment of minimal medium with EDN1 induced PKC activation
in a time-dependent manner, and the kinase activity was completely abolished upon
treatment with BQ788, confirming the role of EDNRB receptor for this signaling (Figure
6C). Altogether, above results confirm EDNRB receptor mediated activation of downstream
MAPK and PKC pathways in murine melanocytes in presence of exogenous EDN1, and
establishes a parallel between mouse and human melanocytes.

It is possible that the loss of keratinocytic EDN1 in our EDN1ep−/− model leads to decreased
follicular melanocytes migrating along the upper root sheath, resulting in a lower population
of epidermal melanocytes post-UV exposure. We therefore investigated the effects of
exogenous EDN1 on the migration of wild type melanocytes using an in vitro real-time
transwell migration assay. Results indicated that EDN1 is sufficient to increase the rate of
transwell migration of cultured melanocytes compared to minimal media alone, supporting
the role of keratinocytic EDN1 as a melanocyte chemoattractant (Figure 6D).

In order to determine the in vivo physiological effects of EDN1 signaling on melanocytes
we further performed IHC for pERK on EDN1L2/L2 and EDN1ep−/− neonatal mouse skin
after UV exposure. Strikingly, there was a strong induction of pERK 24hrs after UV
exposure in the control and mutant epidermis (Figure 6E). That upregulation decreases at
48hrs and reverted to basal levels by 72hrs post-UVR (Figure 6E and F). Importantly, a
similar induction of pERK was seen in follicular melanocytes as well, although that
induction was modestly reduced in the skin of EDN1ep−/− mice 24hrs post-UVR (Figure
6G). These results verify the in vivo activation of MAPK pathway in murine melanocytes
post-UV exposure.

Discussion
EDN1 contributes to human melanogenesis and is upregulated in keratinocytes exposed to
UVR. In the present study we discovered Edn1 is a transcriptional target of p53 in epidermal
keratinocytes and established an essential role of EDN1 in regulating melanocyte
homeostasis and UVR induced photoprotection. Our previous work demonstrated a positive
regulation of Edn1 by RXRα in murine keratinocytes (Hyter et al., 2010). That led us to
investigate the mechanisms of regulation of this paracrine factor after exposure to the solar
carcinogen UVR. Our RT-qPCR data on p53 null epidermis, together with the ChIP assay
for p53 recruitment on the distal region of Edn1 gene promoter in murine keratinocytes post-
UVR, have established p53 as a positive transcriptional regulator of Edn1 gene in UVR
exposed mouse skin. Recently, multiple studies have investigated the role of p53
transcriptional regulation on pigmentation and in silico analyses have confirmed presence of
p53 binding motifs on promoters of melanogenic factors KITLG and FGF2 (Wei et al.,
2006). Concerning p53 regulated UVR induction of Pomc (precursor to α–MSH) (Cui et al.,
2007), we were able to show a recruitment of p53 on the Pomc promoter in murine
keratinocytes (Figure S1A). However, under our experimental conditions Pomc transcript
levels were unaltered in the epidermis of p53−/− mice before and after UV irradiation
(Figure S1B). This is consistent with unaltered melanin pigmentation observed after Pomc
deletion on the same genetic background (Slominski et al., 2005a), suggesting EDN1
signaling could provide alternate mechanisms of eumelanogenesis within the skin. Of note,
melanocytes are known to upregulate expression of MC1R in response to EDN1 (Tada et al.,
1998). Elevated expression of p53 together with KITLG, EDN1 and POMC has been
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previously reported in the epidermis of hyperpigmented human skin, further suggesting a
possible role of p53 in activating pigmentation networks (Murase et al., 2009). Also, ChIP
combined with a yeast-based assay led to the identification of p53 binding sites on the
promoter of EDN2, an EDN1 family member, in human mammary epithelial cells (Hearnes
et al., 2005). The phenotypic similarities of the melanocytic response observed between
EDN1ep−/− and p53−/− mice post- UV exposure underscores the role of keratinocytic p53 to
regulate expression of multiple paracrine factors (e.g. EDN1) and mediate melanocyte
homeostasis.

The loss of dermal melanocyte populations observed in unirradiated EDN1ep−/− adult mice
further emphasizes the existence of paracrine relationship between keratinocytes and
melanocytes and underscores the existence of distinct signaling pathways in modulating
epidermal vs. dermal melanocytes (Aoki et al., 2009). As this discrepancy in dermal
melanocytes is only present in adult and not neonatal mice, it suggests a temporal aspect of
EDN1-EDNRB signaling during post-developmental homeostasis and emphasizes EDN1
function in maintenance of adult melanocyte homeostasis. Although epidermal melanocytes
are absent in adult mouse skin compared to humans, resident dermal melanocytes are
present (Fitzpatrick and Shiseidō, 1981). It is believed that epidermal melanocytes and
dermal melanocytes represent distinct populations of cells exhibiting different sensitivities
to signaling factors (Aoki et al., 2009; Slominski et al., 2005b). Reliance of dermal
melanocytes on EDN1/EDNRB signaling could partly account for the decrease in the
number of viable dermal melanocytes in our EDN1ep−/− mice model and establishes a non-
cell autonomous role of keratinocytic EDN1 in melanocyte homeostasis. However, no
alterations of epidermal proliferation and/or differentiation were seen in the skin of
EDN1ep−/− mice due to the loss of keratinocytic EDN1, suggesting that EDN1 is dispensable
for controlling epidermal homeostasis. That was in agreement with an earlier report showing
no increase in proliferation of cultured human keratinocytes in response to exogenous EDN1
(Yohn et al., 1994).

Our results demonstrate that the overall decrease in the melanocyte population in absence of
keratinocytic EDN1 observed 72 and 96hrs post-UVR could be, at least in part, due to
decreased melanocyte proliferation around that timepoint. The significant and paradoxical
decrease of melanocyte proliferation 72hrs after UVR indicates a role of EDN1 signaling in
regulating melanocyte proliferation at the point when melanocytes are activated and
migrating out of the hair follicles to repopulate the interfollicular epidermis (Walker et al.,
2009). By 96hrs post-UVR, the percentage of proliferating melanocytes is similar between
CT and mutant skin, suggesting melanocytes that are able to colonize the epidermal tissue in
EDN1−/− skin will eventually respond to alternative keratinocyte-derived paracrine factors.
However, total numbers of melanocytes were still reduced in EDN1ep−/− skin at this later
timepoint, indicating a possible EDN1-EDNRB contribution towards migration and survival.
In addition, the decrease in CPD clearance along with increased apoptosis and altered
melanocyte migration could be other potential mechanisms contributing to the overall
decrease in melanocyte population in the mutant skin post-UVR. Previous studies utilizing
cultured human melanocytes have demonstrated the contribution of EDN1 supplementation
in enhancing melanocytic proliferation (Yada et al., 1991). Our present in vivo observation
of decreased melanocyte proliferation in absence of keratinocytic EDN1, but in the presence
of other diffusible paracrine factors (KITLG, HGF, FGF2 and α-MSH), further corroborates
those in vitro studies. The synergistic induction of multiple UV-induced paracrine factors
such as EDN1, FGF2 and POMC-derived peptides makes it difficult to elucidate individual
contributions in an in vivo model (Swope et al., 1995; Tada et al., 1998). Detecting EDNRB
expression on primary murine melanocytes, along with a reduced number of proliferating
epidermal melanocytes noted in our EDN1ep−/− skin post-UVR, suggests a role for EDN1/
EDNRB signaling in melanocyte activation. It has been previously shown that exogenous
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EDN1 can protect cultured human melanocytes from UVRinduced apoptosis, while at the
same time enhancing repair of CPD formations in those cells (Kadekaro et al., 2005). The
reduced clearance of UVR induced thymine dimers and the modest increase in melanocyte
apoptosis observed post-UVR in our EDN1ep−/− mice further validates the previous in vitro
findings. Our results suggest that cells of the melanocytic lineage have impaired CPD repair
capacity in absence of EDN1 signaling compared to other cell types of the skin, thereby
predisposing them towards neoplastic transformation. Similar phenotypes in p53−/− mice
further support the importance of p53 signaling to the UVR melanocytic response.
Additional studies are required to determine which paracrine factors, besides Edn1 and
Pomc, are upregulated by p53 in keratinocytes after UV exposure.

Our present results demonstrate that selective inhibition of EDN1 receptor (EDNRB) in
cultured murine melanocytes abrogated downstream signaling by inhibiting PKC activation
and MAPK pathway, corroborating previous results in human melanocytes (Imokawa et al.,
1996; Imokawa et al., 2000; Sato-Jin et al., 2008). The activation of MAPK and PKC by
EDN1 in cultured human melanocytes is synergistically enhanced with the addition of
KITLG (Imokawa et al., 2000), supporting the role of multiple keratinocyte-derived
signaling factors working in tandem to initiate melanocytic activity. Our in vivo IHC data
for ERK activation suggest that loss of keratinocytic EDN1 did not significantly abolish
pERK induction in melanocytes, possibly due to the presence of additional keratinocytic-
derived paracrine mitogenic factors in the cellular millieu. Due to the increasing reliance on
mouse melanoma models for translational therapeutic approaches in humans, it is important
to verify that comparable transduction mechanisms exist downstream of the EDNRB
receptor in murine melanocytes. Our data of reduced epidermal melanocyte population after
topical treatment with EDNRB receptor antagonist supports our in vivo observation where
expression of several UVR induced paracrine factors such as KITLG, α–MSH, HGF and
FGF2 could not compensate for the loss of EDN1 in the murine epidermis. The modulation
of MITF-M has been linked to EDN1 stimulation (Sato-Jin et al., 2008), thereby connecting
growth factor receptor signaling to the master regulator of melanocytes. It has also been
previously shown that contribution of EDN1 to migration of human melanocytes is superior
to FGF2, KITLG and a α–MSH analog (Horikawa et al., 1995; Scott et al., 1997). Our
studies of melanocyte migration in presence or absence of EDN1 suggests a possible in vivo
role of keratinocytic EDN1 in stimulating follicular melanocyte migration to the murine
epidermis post-UVR.

Our present findings shed light on the complex interplay between keratinocytes and
melanocytes in skin in response to UV irradiation and provide evidence for the possibility of
therapeutic manipulation of those pathways. We discovered that p53 regulated secretion of
diffusible factors such as EDN1 from epidermal keratinocytes can initiate signaling cascades
within melanocytes and control melanocyte homeostasis in response to solar UV-irradiation.
What is not currently understood is how these factors act in combination to establish the full
spectrum of receptor-mediated cellular responses. Additional studies are necessary to further
elucidate the temporal events that occur post-UV exposure within the skin. Understanding
how paracrine factors act as photoprotectors against DNA damage and prevent malignant
transformation of melanocytes in the cellular microenvironment is crucial for improved
treatment of UV-induced skin cancers.

Methods
Mice

Generation of EDN1L2/L2 mice has been previously described (Huang et al, 2002). To
selectively ablate EDN1 in epidermal keratinocytes, mice carrying LoxP-site-containing
(floxed) Edn1 alleles were bred with hemizygous K14-Cre transgenic mice (Li et al., 2001)
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backcrossed to a C57BL/6 background in order to generate EDN1ep−/− mice in mendelian
ratios. A semiquantitative PCR was performed in an Eppendorf thermal cycler using primers
to amplify the Cre, L2 and L- Edn1 alleles. Mice were housed in our approved University
Animal Facility with 12h light cycles, food and water were provided ad libitum, and
institutional approval was granted for all animal experiments.

UVR treatment
P2 EDN1L2/L2 and EDN1ep−/− mice were exposed to a single dose of 600mJ/cm2 of UVB
light from a bank of four Philips FS-40 UV sunlamps. The irradiance of the sunlamps was
measured with an IL-1400A radiometer with an SEE240 UVB detector (International Light).
Mice were euthanized 24, 48, 72 and 96hrs after UVR and skin samples retrieved. 0hr
samples were taken from P2 mice not exposed to UVR. Cohorts of 5 to 8 age-matched mice
from multiple litters were utilized per time point. C57BL/6 p53−/− adult mice were exposed
to 600mJ/cm2 of UVB followed by biopsies taken at 8, 24 and 72hrs post-UVR, while
C57BL/6 p53−/− neonatal mice were treated with the same dosage at P3.

BQ788 topical application
BQ788 (A.G. Scientific) was dissolved in ethanol to a 200µM working solution and 20µl
was applied to the dorsal skin of P1 C57BL/6 mice once a day for seven treatments. 600mJ/
cm2 UVB exposure was administered on day P3 and skin samples were collected 72 and
96hr post-UVR. Ethanol application alone was used for vehicle control samples.

Histological analyses
Skin biopsies were fixed and stained with hematoxylin and eosin (H&E) as previously
described (Indra et al., 2007). Fontana-Masson staining was performed according to
manufactures instructions (American MasterTech). All microscopic studies were performed
using a Leica DME light microscope and analyzed using the Leica Application Suite
software, version 3.3.1.

Immunohistochemistry
Immunofluorescence studies were performed as previously described (Hyter et al, 2010).
The following antibodies were used for immunohistochemistry: anti-PEP1 (kindly provided
by V. Hearing, NIH, 1:1000), anti-PCNA (Abcam, ab29, 1:6000), anti-CPD (Kamiya
Biomedical Company, MC-062, 1:200), anti-pERK (Abcam, ab50011, 1:200), anti-Ki67
(Novocastra, NCL-Ki67-MM1, 1:200) and anti-EDN1 (Peninsula Laboratories, T-4050,
1:1000). The secondary antibodies used were goat anti-rabbit CY2 (1:400) and goat anti-
mouse CY3 (1:1000) (Jackson ImmunoResearch). For dual TUNEL-IHC staining, the
DeadEnd™ TUNEL System (Promega) was combined with the above protocol. Sections
stained without primary antibody was used as a negative control, and all experiments were
performed in triplicates. All images were captured using a Zeiss AXIO Imager.Z1 with a
digital AxioCam HRm and processed using AxioVision 4.7 and Photoshop. Data were
analyzed using ImageJ software (NIH), multiple IHC fields on each slide from all groups
were randomly chosen and 10–15 fields per slide were counted. The slides were analyzed
independently in a double-blinded manner by two investigators and significance was
determined using a Student’s t-test.

Reverse transcription–quantitative PCR (RT-qPCR) analyses
Total RNA was extracted from whole dorsal skin or epidermal tail skin using Trizol
(Invitrogen) and cDNA was created using SuperScript III RT (Invitrogen). Amplification
was performed on an ABI Real Time PCR machine using a QuantiTect SYBR Green PCR
kit (Invitrogen), and all targets were normalized to the internal control Hprt. All reactions
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were performed in triplicates using a minimum of three biological replicates from each
group of mice. Melting curve analyses were performed to ensure specificity of
amplification. Statistical analysis was done with GraphPad Prism software.

Immunoblotting analyses
Primary C57BL/6 murine melanocytes were obtained from the Yale University Cell Culture
Core. Cells were maintained in a complete melanocyte growth medium consisting of F-12
nutrient mixture (Ham), 8% FBS, bovine pituitary extract (25µg/mL), TPA (10ng/mL), 3-
isobutyl-1-methylxanthine (22µg/mL) and 1X antibiotic/antimycotic. Melanocytes were
starved into a quiescent state using a minimal culture medium containing F-12 nutrient
mixture (Ham), 8% FBS and 1X antibiotic/antimycotic for 72hrs prior to experiment. Cells
were pre-incubated with the EDNRB antagonist BQ788 (A.G. Scientific) or vehicle in
minimal culture medium for 60 minutes prior to treatment, followed by addition of EDN1
(Sigma). All treatments were prepared in minimal culture medium and cells exposed to
minimal medium alone or complete melanocyte growth medium were used as negative and
positive controls, respectively. At the appropriate time points, protein lysates were obtained
by collecting cells in a lysis buffer (20mM HEPES, 250mM NaCl, 2mM EDTA, 1% SDS,
10% glycerol, 50mM NaF, .1mM hemin chloride, 5mM NEM, 1mM PMSF and 10µg/mL
leupeptin and aproptinin) followed by sonication. Protein concentration was performed
using the BCA assay (Thermo Scientific). Equal amounts of protein extract (15µg) from
each lysate were resolved using sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred onto a nitrocellulose membrane. The blots were blocked overnight with 5%
nonfat dry milk and incubated with specific antibodies. The antibodies used were rabbit anti-
endothelin receptor B (#AER-002, Alomone labs), total ERK (#4695, Cell Signaling) and
phospho-ERK (#9101, Cell Signaling). After incubation with the appropriate secondary
antibody, signals were detected using immunochemiluminescent reagents (GE Healthcare,
Piscataway, NJ). Equal protein loading in each lane was confirmed with a β-actin antibody
(#A300-491, Bethyl).

PKC kinase activity assay
Murine melanocytes were grown and treated as described above. Cells were lysated at the
designated timepoints using cold lysis buffer (20mM MOPS, 50mM β-glycerolphosphate,
50mM sodium fluoride, 1mM sodium vanadate, 2mM EGTA, 2mM EDTA, 1%NP40, 1mM
DTT, 1mM benzamidine, 1mM PMSF and 10µg/mL leupeptin and aproptinin). Cold lysates
were collected and sonicated to ensure disruption and cytosolic fraction was collected using
centrifugation. Protein concentration was determined as described above. Relative kinase
activity was measured using the PKC Kinase Activity assay kit (Enzo) according to the
manufacturers instructions.

Real-time migration assay
Murine melanocytes were starved into a quiescent state using a minimal culture medium for
48hrs prior to experiment as described above. Cells were seeded into a CIM-plate 16 using
an xCELLigence system (Roche) at a density of 2×104 according to manufacturer’s
instructions. All assays were performed in triplicate and data analysis was performed using
xCELLigence software.

Chromatin immunoprecipitation
Primary mouse keratinocytes from wild-type B6 pups were exposed without a lid to 10mJ/
cm2 UV irradiation. Fresh media was applied and the cells were allowed to incubate for
2hrs. Chromatin precipitation was performed as previously described (Hyter et al, 2010)
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using either 2µg of a p53 antibody (Santa Cruz Biotechnology) or non-specific IgG (Santa
Cruz Biotechnology). Experiments were performed a minimum of three times.

RT-qPCR Primers
All RT-qPCR and genotyping primers are available upon request.
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Significance

Most knowledge of endothelin-1 (EDN1) regulating the proliferation and migration of
human melanocytes comes from in vitro cell culture studies. Here we investigated the in
vivo contribution of keratinocytic EDN1 on melanocyte biology. Our data show that
keratinocytic Edn1 is directly regulated by tumor suppressor p53 and is essential to
control UV induced melanocyte homeostasis in vivo. Results indicate that lack of EDN1
has little effect on melanocyte homeostasis during development, but is necessary for the
maintenance of dermal melanocytes in adult skin. Melanocytic proliferation, migration,
DNA damage repair and apoptosis can all be modulated through the paracrine
mechanism of EDN1. Overall, we present evidence that EDN1 in epidermal
keratinocytes regulates melanocyte biology in adulthood and following UV-irradiation in
vivo.
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Figure 1.
Positive regulation of Edn1 expression after UV exposure by p53 in murine keratinocytes.
(A) Schematic of predicted p53 binding locations on murine and human Edn1/EDN1
promoters. Arrows indicate primers designed for chromatin immunoprecipitation (ChIP).
(B) ChIP assay on primary murine keratinocytes using anti-p53 antibody following presence
or absence of UV exposure. Results were analyzed by qPCR using primers specific to
proximal, mid and distal regions (indicated in A). Primers directed against the 3’ UTR
region of EDN1 and non-specific IgG antibody were used as negative controls. (C) Relative
gene expression of Edn1 in epidermis from adult wildtype C57BL/6 and p53−/− mice at
designated time points post-UV exposure. All experiments were done using a minimum of
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three biological replicates from each group and in all cases are expressed as mean +/− SEM.
Statistical analysis was performed using Graphpad Prism, * = p < 0.05.
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Figure 2.
Characterization of EDN1ep−/− mice showed reduced epidermal and dermal melanocytes in
adult skin. (A) Schematic diagram of Cre-targeted loxP sites flanking exon 2 of Edn1.
Genotyping results using primers directed against both Cre and Edn1 from epidermal
genomic DNA. (B) qPCR analysis of mRNA expression levels for Edn1 and Edn3 in
untreated P2 mouse whole skin are shown. (C,D) Fontana-Masson (black) and TRP1 (green)
staining of untreated P2 and P42 mouse dorsal skin sections, arrows indicate dermal
melanocytes; scale bar=20µm. IHC sections counterstained with DAPI (blue) and white
dashed lines indicate epidermal-dermal junction. (E) Bar graph comparing melanocytes per
field between untreated P2 and P42 EDN1L2/L2 and EDN1ep−/− skin. All experiments were
done using a minimum of three biological replicates from each group and in all cases are
expressed as mean +/− SEM. Statistical analysis was performed by Student’s t-test using
Graphpad Prism, ** = p < 0.01.
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Figure 3.
Decreased epidermal and dermal melanocytes in EDN1ep−/− and BQ788-treated wildtype
neonatal skin post-UVR. (A) Relative gene expression of Edn1 and Edn3 over time
following UVR of EDN1L2/L2 and EDN1ep−/− P2 skin. (B) Fontana Masson (FM) stained
images at 72 and 96hr post-UVR of P2 skin, arrows indicate melanocytes. Yellow dashed
line represents epidermal-dermal junction, scale bar=20µm. (C) Epidermal melanocyte
counts per field in EDN1L2/L2 and EDN1ep−/− skin over time post- UVR of P2 skin. (D)
Dermal melanocyte counts per field in EDN1L2/L2 and EDN1ep−/− skin over time post- UVR
of P2 skin. (E) Epidermal melanocyte counts per field in wildtype B6 mice treated with
topical BQ788 or vehicle at 72 and 96hrs post-UVR of P3 skin for both FM and IHC
(TRP1+). All experiments were done using a minimum of three biological replicates from
each group of mice and in all cases are expressed as mean +/− SEM. Statistical analysis was
performed using Graphpad Prism, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Figure 4.
Immunohistochemical characterization for proliferation, DNA damage and apoptosis of
melanocytes post-UVR. (A) IHC analysis of EDN1L2/L2 and EDN1ep−/− skin at 72 or 24hrs
post-UVR of P2 mice stained with anti-PCNA (red), anti-CPD (red), anti-TRP1 (green and
red) primary antibodies and TUNEL assay (green). Yellow scale bar=62µm, white scale
bar=20µm. E=epidermis, D=dermis, HF=hair follicle. PCNA and CPD sections
counterstained with DAPI (blue) White dashed line indicates dermalepidermal junction. (B)
Percentage of PCNA, CPD or TUNEL-positive melanocytes out of total DAPIstained cells
between EDN1L2/L2 and EDN1ep−/− skin post-UVR of P2 mice. All experiments were done
using a minimum of three biological replicates from each group of mice and in all cases are
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expressed as mean +/− SEM. Statistical analysis was performed using Graphpad Prism, * =
p < 0.05.
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Figure 5.
Decreased epidermal and dermal melanocytes and altered melanocyte proliferation and
DNA damage in p53−/− neonatal skin post-UVR. (A) Fontana Masson (FM) and IHC stained
images of p53+/+ and p53−/− mouse skin at 72hr post-UV treatment of P3 mice, arrows
indicate melanocytes. Anti-PCNA (red), anti-CPD (red), anti-TRP1 (green) primary
antibodies were used, PCNA and CPD sections counterstained with DAPI (blue). White
dashed line represents epidermal-dermal junction, E=epidermis, D=dermis, scale bar=62µm.
(B) Epidermal melanocyte counts per field using both FM+ and TRP1+ cells 72 hours post-
UVR of P3 skin in p53+/+ and p53−/− mice. (C) Percentage of PCNA or CPD positive
melanocytes out of total DAPI-stained cells between p53+/+ and p53−/− neonatal mice 72
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hours post-UVR of P3 mice. All experiments were done using a minimum of three
biological replicates from each group of mice and in all cases are expressed as mean +/−
SEM. Statistical analysis was performed using Graphpad Prism, ** = p < 0.01, *** = p <
0.001.
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Figure 6.
Activation of MAPK and PKC signaling by EDN1 is specific to EDNRB receptor. (A)
Immunoblot analysis of EDNRB expression in lysates from primary murine keratinocytes
[KC] and melanocytes [MC], β-actin levels were used as controls. (B) Immunoblot analysis
for ERK phosphorylation after addition of exogenous EDN1 with or without the EDNRB
antagonist BQ788. Total ERK and β-actin levels were used as controls, as well as minimal
and complete mediums. (C) Activation of PKC after addition of exogenous EDN1 with or
without the presence of EDNRB antagonist BQ788. All experiments were performed in
triplicate and PKC activation results are expressed as mean +/− SEM. (D) Real-time
transwell migration assay comparing slopes for exponential migration phase of wildtype
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melanocytes. (E) IHC analysis of ERK activation in EDN1L2/L2 and EDN1ep−/− skin at 0,
24, 48 and 72hrs post-UVR treatment of P2 mice with anti-pERK (red) and anti-TRP1
(green) primary antibodies. All sections are counterstained with DAPI (blue), white dashed
line represents epidermal-dermal junction. E=epidermis, D=dermis, white scale bar=62 µm,
arrows and white boxes indicate pERK activated melanocytes. (F) Percentage of pERK+
cells out of total DAPI-stained epidermal cells between EDN1L2/L2 and EDN1ep−/− mice
post-UVR treatment of P2 mice. (G) Percentage of pERK+ melanocytes out of total TRP1+
stained cells in EDN1L2/L2 and EDN1ep−/− after UVR treatment of P2 mice. All experiments
were done using a minimum of three biological replicates from each group of mice and in all
cases are expressed as mean +/− SEM. Statistical analysis was performed using Graphpad
Prism, ** = p < 0.01, *** = p < 0.001.
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