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Stem cell factor (SCF) and endothelin-1 (ET-1) have
been reported to be up-regulated at the protein and
gene levels in human epidermis after ultraviolet B
(UVB) irradiation and to play central roles in UVB-
induced pigmentation. However, little is known
about the time sequence of SCF and ET-1 expression
in UVB-exposed human epidermis and the coordina-
tion of their roles during epidermal pigmentation. To
clarify such parameters in UVB-exposed human skin,
we measured the expression patterns of SCF and ET-1
(as well as of their corresponding receptors) at the
gene level at various times during UVB-induced hu-
man pigmentation. When human forearm skin was
exposed to UVB radiation at two minimal erythemal
doses, the expression of SCF mRNA transcripts was
significantly enhanced at 3 days after irradiation with
an early decrease and subsequently constant expres-
sion of SCF receptor (c-KIT) mRNA transcripts. In
contrast, up-regulation of ET-1 and endothelin B re-
ceptor (ETzR) mRNA expression was synchronized at
5 to 10 days after irradiation in concert with an in-
creased expression of tyrosinase mRNA transcripts
and the increase in pigmentation. In parallel the ex-
pression of tyrosinase and ETgzR proteins as well as
ET-1 was up-regulated at 7 to 10 days after irradiation,
whereas KIT protein decreased at 3 days after irradi-
ation and returned to the nonirradiated control level
at 5 days after irradiation. When cultured human me-
lanocytes were treated with human recombinant SCF,
ETgR protein expression and the binding of '*°I-la-
beled ET-1 to the ETgzR were significantly increased,
further suggesting the preferential and coordinated
role of early expression of SCF in UVB-induced mela-
nogenesis. These findings suggest that SCF/KIT signal-
ing is predominantly involved in the early phase of
UVB-induced human pigmentation during which it

stimulates the ET-1/ETzR linkage that is associated
with the later phase of UVB-induced melanogenesis.
(Am J Pathol 2004, 165:2099-2109)

On exposure of human skin to UVB radiation, pigmenta-
tion is elicited with a lag time of a few days after inflam-
mation. In the pigmented human epidermis that results,
there are increased numbers of pigment cells (melano-
cytes), increased amounts of melanin within them, as well
as increased numbers of melanin granules within kera-
tinocytes. Thus, the process of UV-induced hyperpig-
mentation in human epidermis is composed of three
major steps; the first step is the proliferation of melano-
cytes,” followed by the synthesis and activation of tyrosi-
nase needed to increase melanogenesis,®® and finally
the transfer of melanosomes to keratinocytes.* During the
first two steps, a complex network exists in the epidermis
for secreting and responding to autocrine and paracrine
cytokines by keratinocytes and melanocytes, respective-
ly.5722 Corresponding receptors, which are also regu-
lated in their expression by various cytokines, participate
in the complex network in which there is cross-talk in
signaling between cytokines to support the enhanced
proliferation of melanocytes and the activation of mela-
nogenesis within the cells. These paracrine cytokines
include basic fibroblast growth factor,® endothelin-1 (ET-
1),”"3 a-melanocyte-stimulating hormone,®'#~172% stem
cell factor (SCF),”"® and nitric oxide.™ The secretion of
ET-1 and a-melanocyte-stimulating hormone or nitric oxide-
associated signal transduction have been reported to be
triggered by primary inflammatory cytokines such as in-
terleukin (IL)-1a and tumor necrosis factor (TNF)-«, which
are released by UVB-exposed keratinocytes.''2%:2"

The pigmentary system in mouse and in rat skin is
completely different from human skin because of the
absence of functional melanocytes in the epidermis. Fo-
cusing on human skin in vivo, we found that the expres-
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sion of ET-1 and SCF is remarkably enhanced at the gene
and protein levels in UVB-exposed human epidermis.'® 8
Based on evidence that ET-1 and SCF are potent mitogens
and melanogens for cultured human melanocytes,”?? our
findings suggest that ET-1 and SCF are intrinsically involved
in regulating the proliferation and melanogenesis of human
melanocytes in vivo during UVB-induced hyperpigmenta-
tion of human skin. The specific relevance of both signaling
cascades, ie, the ET-1/endothelin B receptor (ETgR) and
the SCF/KIT, to UVB-induced pigmentation is corroborated
by the fact that blocking either ligand/receptor interaction
(by an ET receptor antagonist or by a monoclonal antibody
to KIT) results in a significant reduction or a complete loss of
pigmentation in vivo.2'® However, little is known about the
coordinated roles and the time sequence of expression of
ligands and receptors in both cascades after UV irradiation.

ET-1 was first identified in the culture media of porcine
endothelial cells and is a 21-residue peptide with a potent
vasoconstrictive activity.?® To date, three distinct genes
encoding three closely related peptides, ET-1, ET-2, and
ET-3, have been identified.?* ETs have been reported to
bind to two types of receptors, endothelin A receptor and
ETgR, which bind all three ETs with similar affinities.?*2"
It has been reported that ETs have hormonal regulatory
activities in various types of cells, including melanocytes,
and in target organs via a receptor-mediated biochemi-
cal mechanism.?8-3"

SCF is also known as steel factor, kit ligand, or mast
cell growth factor and is encoded by the steel (S/) locus;
its receptor c-kit is encoded by the dominant white spot-
ting (W) locus. Mutations in either of those loci elicit very
similar phenotypes that are characterized by the loss of
neural crest-derived pigment cells, hematopoietic stem
cells, and primordial germ cells.®2738 The involvement of
SCF/c-kit signaling in melanocyte development at embry-
onal stages has been delineated by phenotype analysis
of SI'and W mice. Experiments using a monoclonal c-kit
antibody (ACK2), an antagonistic blocker of c-kit func-
tion, also demonstrated the importance of SCF/c-kit sig-
naling in the development of murine melanocytes.3°~*'

Piebaldism, a disorder presenting at birth that is char-
acterized by amelanotic patches on acral and/or ventral
skin surfaces, but apparently lacking detectable defects
in germ cells or in the hematological system, are caused
by mutations in the genes encoding c-kit*>~** or
ETgR.*5¢ In type Il Waardenburg syndrome, an autoso-
mal dominant disorder characterized by pigmentary ab-
normalities and sensorineural deafness, ~15% of pa-
tients are heterozygous for mutations in the gene
encoding microphthalmia-associated transcription fac-
tor.#”#® Microphthalmia-associated transcription factor
expression is modulated by SCF through the mitogen-
activated protein kinase pathway and stimulates tran-
scription of the gene encoding tyrosinase, the rate-limit-
ing enzyme in melanin synthesis.***° Furthermore, type
IV Waardenburg syndrome (Shah-Waardenburg syn-
drome with Hirschsprung disease) is caused by muta-
tions in the genes encoding ET-3 or ETgR.*®

In addition to their significance during the develop-
ment of melanocytes, ET-1 and/or SCF are involved in
melanocyte activation in several human pigmentary dis-

orders such as lentigo senilis, dermatofibroma, café-au-
lait macules, and seborrehoic keratosis.>' % Especially
in lentigo senilis, which is similar in histological aspects to
UVB-melanosis, the enhanced expression of SCF and
ET-1 occurs concomitantly with an increased expression
of ETgR in the lesional pigmented epidermis.

Such evidence indicates that SCF/c-kit and ET-1/ETgR
signaling use some common pathways and may play
coordinated roles in regulating human epidermal mela-
nogenesis. In this respect, SCF and ET-1 synergistically
increase the proliferation of human melanocytes” and this
synergistic cross-talk between SCF and ET-1 signaling is
initiated by phosphorylation of c-kit in the signaling cas-
cades. This results in activation of the Shc-Grb2 complex,
which is in turn followed by the synergistic stimulation of
mitogen-activated protein kinase signaling in human me-
lanocytes.?® However, this might not reflect the mecha-
nism(s) underlying the activation of melanocytes in vivo,
because those results were derived from experiments in
which SCF and ET-1 were added to human melanocytes
at the same time. Therefore, it is of particular interest to
characterize the dynamics of SCF/c-kit signaling and of
ET-1/ETgR signaling during melanocyte activation after
UVB-irradiation. If one pathway is stimulated at an early
phase of UVB-induced pigmentation while the other oc-
curs later, it would then be important to determine
whether the earlier signaling pathway affects the later
one. Here we report that SCF/c-kit signaling between
keratinocytes and melanocytes is predominantly involved
in the early phase of UVB-induced human pigmentation,
whereas ET-1/ETgR signaling is associated with the later
phase.

Materials and Methods

Materials

Normal human melanocytes and keratinocytes and se-
rum-free melanocyte medium were purchased from
Sankou Pure Chemicals (Tokyo, Japan). TRIzol, Moloney
murine leukemia virus reverse transcriptase, serum-free
keratinocyte medium, and RPMI 1640 medium were pur-
chased from Life Technologies, Inc. (Grand Island, NY).
Polyclonal rabbit anti-sera against human ET-1, SCF, and
c-kit were obtained from Immuno-Biological Laboratories
(Gunma, Japan). Other chemicals were of reagent grade.

Cell Cultures

Human primary cultured melanocytes were maintained in
melanocyte growth medium supplemented with 1 ng/ml
recombinant basic fibroblast growth factor, 5 ug/ml insu-
lin, 0.5 uwg/ml hydrocortisone, 10 ng/ml phorbol 12-myris-
tate 13-acetate, 50 ug/ml streptomycin, and 0.2% (v/v)
bovine pituitary extract at 37°C with 5% CO,, as previ-
ously described.' Human primary cultured keratino-
cytes were maintained in serum-free keratinocyte me-
dium supplemented with 5 ng/ml epidermal growth factor
and 50 pg/ml bovine pituitary extract at 37°C with 5%
CO,, as previously described.™



UVB Irradiation

Irradiations were performed using UVB lamps (Toshiba
SE lamps for UVB with a peak of emission near 312 nm)
on the volar forearms of normal human volunteers after
previous determination of their minimal erythemal dose.
One area (~1.0 cm?) on the forearm was then irradiated
with two minimal erythemal doses of UVB.

Suction Blister Formation

Human epidermal sheets (blister roofs) were obtained
from healthy volunteers using the suction blister tech-
nique, as described elsewhere.®® Briefly, suction blisters
were produced on volar forearm skin 3 to 25 days after
exposure to UVB using a 1-ml or a 2.5-ml plastic syringe
with negative pressure. Within 1 hour, blisters 10 mm in
diameter were raised, and the epidermal sheet (~0.8
cm?) was removed with a surgical blade. Blisters were
also obtained from the nonirradiated (control) sites.

Real-Time Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

After UVB irradiation, the expression of SCF, c-kit, ET-1
(as preproendothelin-1), ETgR, and tyrosinase in human
epidermis was examined using real-time quantitative RT-
PCR normalized against glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). Total RNA from each epidermal
sheet was isolated using a single-step guanidine thiocya-
nate-phenol-chloroform method with TRIzol (Life Technolo-
gies, Inc.). cDNA was then synthesized by reverse tran-
scription of 1 ug of total RNA, using oligo dT and Moloney
murine leukemia virus reverse transcriptase.

The following sets of oligonucleotide primers were
used in this study: SCF (Stratagene, La Jolla, CA): 5'-
GAT-GTT-TTG-CCA-AGT-CAT-TGT-TGG-3', which cor-
responds to nucleotides 367 to 390 of SCF cDNA,%>” and
5'-ACT-GAC-TCT-GGA-ATC-TTT-CTC-AGG-3’, which is
complementary to nucleotides 694 to 717 of SCF cDNA;
c-kit: 5'-GCT-GAG-CTT-TTC-TTA-CCA-GGT-GG-3’, which
corresponds to nucleotides 2328 to 2350 of c-kit cDNA,%®
and 5'-TAT-GTC-ATA-CAT-TTC-AGC-AGG-TGC-3', which
is complementary to nucleotides 2704 to 2727 of c-kit
cDNA; prepro-ET-1 (preproendothelin-1): 5'-TTC-CCA-
CAA-AGG-CAA-CAG-ACC-G-3’, which corresponds to
nucleotides 545 to 566 of prepro-ET-1 cDNA,®® and 5'-
GAC-AGG-CCC-CGA-AGT-CTG-TCA-3’, which is com-
plementary to nucleotides 889 to 909 of prepro-ET-1
cDNA; ETgR: 5'-CGA-GCT-GTT-GCT-TCT-TGG-AGT-
AG-3’, which corresponds to nucleotides 838 to 860 of
ETgR cDNA® and 5-AAC-GGA-AGT-TGT-CAT-ATC-
CGT-GAT-8’, which is complementary to nucleotides
1517 to 1541 of ETgR cDNA; tyrosinase: 5'-TAC-TGC-
CTG-CTG-TGG-AGT-TT-3', which corresponds to nucle-
otides 521 to 540 of tyrosinase cDNA ' and 5’-TTC-ATT-
TGG-CCA-TAG-GTC-CC-3’, which is complementary to
nucleotides 962 to 981 of tyrosinase cDNA; GAPDH (BD
Biosciences, Palo Alto, CA): 5'-ACC-ACA-GTC-CAT-
GCC-ATC-AC-3’, which corresponds to nucleotides 586
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to 605 of GAPDH c¢DNA,%? and 5’-TCC-ACC-ACC-CTG-
TTG-CTG-TA-3’, which is complementary to nucleotides
1018 to 1037 of GAPDH cDNA.

Real-time quantitative RT-PCR with SYBR Green was
performed using SYBR Green PCR Core Reagents (PE
Biosystems, Warrington, UK) in an ABI Prism 7700 se-
quence detection system (Perkin-Elmer, Foster City, CA)
as described elsewhere.®® Briefly, the 20-ul reaction vol-
ume contained 1xX SYBR Green PCR buffer; 0.2 U of
uracil-N-glycosylase (AmpErase UNG); 0.5 U of Ampli-
Taqg Gold DNA polymerase; 200 nmol/L of each primer;
200 wmol/L (each) dATP, dCTP, and dGTP; 500 umol/L
dUTP; 3 mmol/L MgCl,; and 2 ul of the template. Ampli-
fication in the ABI Prism 7700 sequence detection system
after initial denaturation at 94°C for 2 minutes was per-
formed for 50 cycles at 94°C for 30 seconds, 60 or 62°C
for 1 minute, and 72°C for 45 seconds.

Immunohistology

Epidermis from UVB-irradiated and from nonirradiated
sites on human volar forearms was fixed in formalin and
then embedded in paraffin. ET-1 immunoreactivity was
assessed using polyclonal rabbit anti-sera against hu-
man ET-1 (Immuno-Biological Laboratories) and the Om-
niTags Plus universal streptavidin/biotin immunoperoxi-
dase detection system (Thermo Shandon, Pittsburgh,
PA). Negative controls were performed using normal rab-
bit 1IgG (Sigma, St. Louis, MO) in place of the primary
antibody. As an additional negative control for ET-1 ex-
pression, the primary antibody was preincubated with
soluble ET-1 peptides (Sigma).

Western Blotting

The protein expression of c-kit, ETgR, and tyrosinase in
human epidermis after UVB exposure was examined us-
ing Western blotting. In each experiment, except for the
analysis of ETgR, the amount of protein loaded was nor-
malized against a control protein, g-actin, with a mono-
clonal antibody specific for B-actin (Sigma).

To clarify the protein expression of c-kit and tyrosinase
in human epidermis after UVB exposure, 15 ug of protein
solubilized in RIPA buffer [consisting of 0.1 mol/L Tris-
HCI, pH 7.2, 0.1% sodium dodecyl sulfate (SDS), 1%
Nonidet P-40, and a protease inhibitor cocktail (Boehring-
er-Mannheim, Mannheim, Germany)] were separated on
7.5% SDS gels. They were then transferred to polyvinyli-
dene difluoride membranes (Immobilon-P; Millipore
Corp., Bedford, MA) and incubated with a purified poly-
clonal rabbit antibody specific for c-kit (Immuno-Biologi-
cal Laboratories) or with a purified polyclonal rabbit an-
tibody specific for tyrosinase (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) diluted to 10 wg/ml. Sub-
sequent visualization of antibody binding was performed
using Enhanced ChemiLuminescence (Amersham Corp.,
Arlington Heights, IL) according to the manufacturer’s
instructions.

To determine ETgR expression in human epidermis
after UVB irradiation, epidermal sheets were homoge-
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nized in liquid nitrogen, sonicated for 1 minute with a
sonicator (model Branson Sonifier 150; Central Scientific
Commerce, Inc., Tokyo, Japan) in 0.1 mol/L sodium
phosphate buffer (pH 6.8) and centrifuged at 10,000 X g
for 20 minutes at 4°C. The supernatants were then further
centrifuged at 100,000 X g for 60 minutes at 4°C. The
resulting precipitates were dissolved in RIPA buffer. Five
pg of protein solubilized in RIPA buffer were separated,
transferred to membranes, and visualized as described
above except for using a purified polyclonal sheep anti-
body specific for ETgR (Research Diagnostics, Inc.,
Flanders, NJ) diluted to 10 ug/ml. To measure ETgR
expression in human cultured melanocytes after incuba-
tion with human recombinant SCF (Sigma), 10 pg of
protein solubilized in RIPA buffer were separated on
7.5% SDS gels. They were then transferred to mem-
branes and visualized as described above. Because
loading control using antibodies to B-actin in Western
blotting for ETgR using membrane fraction cannot be
performed, protein staining was concomitantly performed
with Coomassie brilliant blue according to standard pro-
cedures to confirm tissue or cell extract quality, protein
concentration, and transfer efficiency.

To assess SCF expression after incubation of human
keratinocytes with IL-1a or TNF-« (both from Pepro Tech,
Inc., Rocky Hill, NJ) at concentrations ranging from 0.05
to 0.5 nmol/L, 10 ng of protein solubilized in Nonidet
P-40/SDS buffer were separated on 10% SDS gels as
described above. They were then transferred to polyvi-
nylidene difluoride membranes and incubated with a pu-
rified polyclonal rabbit antibody specific for SCF (Im-
muno-Biological Laboratories) diluted at 5 ug/ml.
Subsequent visualization of antibody binding was per-
formed as described above.

Radiolabeling and Ligand-Binding Assay

The ET-1 binding assay was performed as described
elsewhere.®* Briefly, human recombinant ET-1 (Sigma)
was labeled with '2°| (Amersham Corp) using IODO-GEN
jiodination reagent (Pierce, Rockford, IL). For the binding
assay, subconfluent melanocytes in 24-well plates were
washed with PBS and were then incubated for 90 minutes
at room temperature with 10 nmol/L of '2I-ET-1 in 300 wl
of binding buffer (RPMI 1640 medium containing 25
mmol/L Hepes, pH 7.5, and 0.05% bovine serum albu-
min). The dishes were rinsed four times with ice-cold
PBS, the cells were solubilized in 500 ul of 2 mol/L NaOH
and radioactivity was counted in a Y-counter (Canberra
Packard GmbH, Frankfurt, Germany). Nonspecific bind-
ing was determined by parallel binding experiments in
the presence of a 100-fold excess of unlabeled ET-1.

Measurement of Skin Color

The intensity of UVB-induced pigmentation was mea-
sured using a color difference meter (Murakami Color
Research Laboratory, Tokyo, Japan) and is expressed as
the delta L value 7, 10, and 25 days after exposure to
UVB. Pigmentation was not measured at day 3 because
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Figure 1. Time course of the expression of SCF transcripts in human epi-
dermis after UVB irradiation. Volar forearms of healthy human volunteers
were exposed to two minimal erythemal doses of UVB, followed by suction
blister biopsies to allow real-time quantitative RT-PCR analysis of SCF mRNA
transcript levels. Real-time quantitative RT-PCR was performed using an ABI
Prism 7700 sequence detection system as detailed in Materials and Methods.
The expression of SCF transcripts in the UVB-exposed epidermis was nor-
malized against the expression of GAPDH. The values reported represent
means = SD from two to eight volunteers. Symbols for circles, triangles,
and squares correspond to each volunteer. White isosceles triangles
represent the average of volunteers. *, P < 0.05; **, P < 0.01.

the degree of erythema remaining at that time prevented
an accurate determination. Therefore, instead of day 3, it
was measured at day 7 when the erythema had returned
to baseline level.

Statistics

A nonparametric one-way analysis of variance (Kruskal-
Wallis test) was used to evaluate differences between
groups. Where appropriate, a nonparametric post hoc
multiple comparison test (Steel-Dwass test) was per-
formed to evaluate differences between the groups. A P
value <0.05 is considered statistically significant.

Results

UVB Irradiation Significantly Increases
Expression of SCF and Tyrosinase in Human
Epidermis

Real-time quantitative RT-PCR analysis of UVB-exposed
human epidermis demonstrated that the expression of
SCF mRNA transcripts had significantly increased 3 days
after the irradiation with a peak on day 5 compared with
the nonexposed epidermis, after which it returned to the
nonirradiated control level by day 25 (Figure 1). In a
parallel study, pigmentation levels increased significantly
by day 7 and reached a plateau at day 10 (Figure 2).
Real-time quantitative RT-PCR analysis of UVB-exposed
human epidermis demonstrated that expression of tyrosi-
nase mMRNA transcripts was not changed by day 3, but
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Figure 2. Time course of visible pigmentation in human forearm skin after
UVB irradiation. The intensity of UVB-induced pigmentation was measured
by a color difference meter (Murakami Color Research Laboratory) and is
expressed as the delta L value. Symbols for circles, triangles, and squares
correspond to each volunteer. White isosceles triangles represent the
average of volunteers. *, P < 0.05; **, P < 0.01.

had increased at day 5 with a plateau at day 10 (Figure 3).
This time course of expression of tyrosinase paralleled the
pigmentation levels. Western blotting analysis revealed that
tyrosinase protein expression was significantly aug-
mented 7 days after the UV exposure (Figure 4).
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Figure 3. Time course of the expression of tyrosinase mRNA transcripts in
human epidermis after UVB irradiation. Epidermal sheets after UVB exposure
were obtained by suction blister biopsy, as detailed in Materials and Methods,
followed by real-time quantitative RT-PCR analysis of tyrosinase mRNA
transcripts. The expression of tyrosinase transcripts in UVB-exposed epider-
mis was normalized against the expression of GAPDH. The values reported
represent means = SD from two to eight volunteers. Symbols for circles,
triangles, and squares correspond to each volunteer. White isosceles
triangles represent the average of volunteers. *, P < 0.05.
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Figure 4. UVB irradiation stimulates the expression of tyrosinase protein in
human epidermis. A: Western blotting. B: Densitometric analysis. Epidermal
sheets after UVB exposure were obtained by suction blister biopsy, followed
by Western blotting analysis of tyrosinase protein as detailed in Materials and
Methods. The bands show two representatives of Western blotting analyses
that were repeated three times with similar results. *, P < 0.05. The values
reported represent means £ SD from three experiments.

The Expression of ET-1 Is Remarkably
Increased in Human Epidermis 5 to 10 Days
after UVB Irradiation

Real-time quantitative RT-PCR analysis of UVB-exposed
human epidermis demonstrated that the expression of
prepro-ET-1 mRNA transcripts was not changed by day
3, but had significantly increased 5 to 10 days after the
UV irradiation compared with the nonexposed epidermis
(Figure 5), the dynamics of which are very close to the
increase in pigmentation (Figure 2). Immunohistochem-
istry of the UVB-exposed human skin using ET-1 antibod-
ies revealed a strong immunostaining of ET-1 that was
located in the basal layer and in the stratum spinosum
layer, which was accompanied by epidermal hyperplasia
at day 7 compared with the nonexposed epidermis (Fig-
ure 6). As a control, there was no immunostaining with the
nonspecific IgG in the UVB-exposed human epidermis.

UVB Exposure Elicits a Significant Decrease in
c-KIT mRNA and Protein Expression

Real-time quantitative RT-PCR analysis of UV-irradiated
human skin demonstrated that the expression of ¢c-KIT
mRNA transcripts significantly decreased at day 3, but
returned to the nonirradiated control level by days 5 to 10
(Figure 7). Consistent with the gene expression, Western
blotting revealed that the expression of KIT protein was
significantly decreased at day 3 and returned to the
nonirradiated control level at day 5 (Figure 8).
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Figure 5. Time course of the expression of prepro-ET-1 mRNA transcripts in
human epidermis after UVB irradiation. Epidermal sheets after UVB exposure
were obtained by suction blister biopsy, as detailed in Materials and Methods,
followed by real-time quantitative RT-PCR analysis of ET-1 mRNA transcripts.
The expression of ET-1 transcripts in UVB-exposed epidermis was normal-
ized against the expression of GAPDH. The values reported represent
means = SD from two to eight volunteers. Symbols for circles, triangles,
and squares correspond to each volunteer. White isosceles triangles
represent the average of volunteers. *, P < 0.05.

The Level of ETgR mRNA and Protein Is
Significantly Increased in Human Epidermis after
UVB Exposure

Real-time quantitative RT-PCR analysis of UVB-exposed
human epidermis revealed that the expression of ETgR
mRNA transcripts was significantly increased by day 10
after UVB irradiation compared with the nonexposed hu-
man epidermis (Figure 9). This expression of ETgR tran-
scripts is preceded by the enhanced expression of SCF
and parallels the up-regulated expression of ET-1 and the
appearance of pigmentation. Western blotting analysis

Figure 6. UVB irradiation increases the production of ET-1 in human epi-
dermis as revealed by immunohistochemistry. A: Immunostaining of nonex-
posed human epidermis with anti-ET-1. B: Immunostaining of nonexposed
human epidermis with nonspecific IgG. C: Immunostaining of UVB-exposed

human epidermis with anti-ET-1. D: Immunostaining of UVB-exposed hu-
man epidermis with nonspecific IgG. Scale bars, 70 um.

0.14

0.12 1

0.10 - |

0.08 1

0.06 -

c-kit/ GAPDH

0.04 A

0.02

0 3 10 25
days

Figure 7. Time course of the expression of ¢-KITmRNA transcripts in human
epidermis after UVB irradiation. Epidermal sheets after UVB exposure were
obtained by suction blister biopsy, as detailed in Materials and Methods,
followed by real-time quantitative RT-PCR analysis of c-kit transcripts. The
expression of c-kit transcripts in UVB-exposed epidermis was normalized
against the expression of GAPDH. The values reported represent means *
SD from two to six volunteers. Symbols for circles, triangles, and squares
correspond to each volunteer. White isosceles triangles represent the
average of volunteers. *, P < 0.05.

revealed a significantly increased expression of ETgR
protein at day 10 (Figure 10).

SCF Up-Regulates the Expression of ETgR in
Human Melanocytes

To clarify whether SCF/c-kit signaling enhances the ET-
1/ETgR linkage in the later phase of UVB-induced mela-
nogenesis, we examined the effect of SCF on ETgR pro-
tein expression in cultured human melanocytes. When
human melanocytes in culture were incubated with hu-
man recombinant SCF, ETgR protein expression in-
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Figure 8. The expression of c-kit protein in human epidermis decreases after
UVB irradiation. A: Western blotting. B: Densitometric analysis. Epidermal
sheets after UVB exposure were obtained by suction blister biopsy, followed
by Western blotting analysis of c-kit protein as detailed in Materials and
Methods. The bands show two representatives of Western blotting analyses
that were repeated four times at 3 days and three times at 5 days with similar
results. **, P < 0.01. The values reported represent means * SD from four or
three experiments.



0.04
003 A
:
o 002 4
Eﬁﬂ
B
001 A
0 T T T  § LI T
0 35 7 10 25
days

Figure 9. Time course of the expression of ET;;R mRNA transcripts in human
epidermis after UVB irradiation. Epidermal sheets after UVB irradiation were
obtained by suction blister biopsy, as detailed in Materials and Methods,
followed by real-time quantitative RT-PCR analysis of ETxR transcripts. The
expression of ETgR transcripts in UVB-exposed epidermis was normalized
against the expression of GAPDH. The values reported represent means =+
SD from two to eight volunteers. Symbols for circles, triangles, and
squares correspond to each volunteer. White isosceles triangles represent
the average of volunteers. *, P < 0.05.

creased by day 1 as assessed by Western blotting, with
a peak at day 2 (Figure 11). In addition, the ligand-
binding assay revealed that the binding of '?°l-labeled
ET-1 to ETgR increased significantly in human melano-
cytes 2 days after incubation with SCF (Figure 12).

IL-1a Enhances the Expression of SCF in
Human Keratinocytes
To clarify whether SCF expression is up-regulated by the

primary inflammatory cytokines, IL-1a and/or TNF-«, we
examined their effects on SCF protein expression by
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Figure 10. ET3R protein expression is increased in human epidermis after
UVB exposure. A: Western blotting. B: Densitometric analysis. Epidermal
sheets after UVB exposure were obtained by suction blister biopsy, followed
by Western blotting analysis of ETzR protein as detailed in Materials and
Methods. The bands show two representatives of Western blotting analyses
that were repeated three times with similar results. *, P < 0.05. The values
reported represent means £ SD from three experiments.
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Figure 11. SCF stimulates the expression of ETgR protein in cultured human
melanocytes. A: Western blotting. B: Densitometric analysis. Each band
shows a representative result of Western blotting analyses for ETR that were
repeated four times with similar results. The membrane fraction of human
melanocytes after incubation with SCF (10 nmol/L) was solubilized in RIPA
buffer on the indicated days. Ten ug of protein of each extract were electro-
phoresed and analyzed as described in Materials and Methods. **, P < 0.01.

cultured human keratinocytes using Western blotting
analysis. When human keratinocytes were incubated with
IL-1a at concentrations ranging from 0.05 to 0.5 nmol/L,
membrane-bound SCF protein expression was signifi-
cantly stimulated in a dose-dependent manner (Figure
13). In contrast, TNF-a had only a slight effect.

Discussion

In this study, for the first time, we have found that the
expression of SCF mRNA transcripts increases remark-
ably in UVB-exposed human epidermis during the early
phase of UVB-induced pigmentation. In contrast, the in-
creased expression of ET-1 and ETgR mRNA transcripts
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Figure 12. SCF enhances the binding of ET-1 to ETyR in cultured human
melanocytes. The values reported represent means * SD from six independent
experiments. Subconfluent melanocytes in 24-well plates were incubated with
10 nmol/L '°I-ET-1 as described in Materials and Methods. *, P < 0.05.
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Figure 13. The expression of membrane-bound SCF protein by cultured
human keratinocytes is significantly increased by IL-1e. Human keratino-
cytes after incubation with IL-1a or TNF-a at concentrations ranging from
0.05 to 0.5 nmol/L for 48 hours were solubilized in Nonidet P-40/SDS buffer.
Ten ug of protein of each extract were electrophoresed and analyzed as
described in Materials and Methods. Each band shows a representative result
of Western blotting analyses that were repeated three times with similar
results. **, P < 0.01.

are synchronized during a later phase of UVB-induced
pigmentation. These findings strongly suggest that SCF/
c-kit signaling between keratinocytes and melanocytes is
predominantly involved in an early phase of UVB-induced
pigmentation, whereas ET-1/ETgR signaling is associ-
ated with the later phase, both factors playing central and
coordinated roles in UVB-induced human pigmentation.
This is in agreement with our previous work that showed
that the inhibition of UVB-induced pigmentation by anti-
bodies to c-kit was complete at day 6 but not at day 10
during UVB-induced pigmentation in brownish guinea
pig skin,'® an ideal model for human skin because of the
presence of functional melanocytes in the epidermis.®®
Because the expression of tyrosinase and the subse-
quently induced skin pigmentation are preceded by the
expression of SCF and has a pattern similar in time
course to the expression of ET-1 and ETgR, it seems likely
that SCF predominantly contributes to melanocyte prolif-
eration, whereas ET-1 plays a major role in stimulating
melanogenesis including tyrosinase expression. Consis-
tent with this, proliferation and melanogenesis assays in
cultured human melanocytes have shown that whereas
ET-1 can act as both a mitogen and a melanogen, SCF is
considered only a mitogen.”

One of the most important issues addressed in this
study is how SCF and ET-1 act on melanocytes leading to
the up-regulation of melanogenesis after UVB irradiation.
Most SCF in human epidermis has been reported to be
expressed as the membrane-bound type, which is not
released into intercellular spaces between keratino-
cytes.®%%7 |t has also been suggested that the mem-
brane-bound form of SCF is expressed on the plasma

membrane of keratinocytes and activates the c-kit recep-
tor persistently without c-kit internalization and degrada-
tion within melanocytes.®® Consistent with this, our previ-
ous study on UVB-induced human pigmentation
demonstrated that the membrane-bound form, but not
the soluble form, of SCF was significantly increased in the
UVB-exposed epidermis.'® Although it has not been
completely elucidated how membrane-bound SCF pro-
duced by surrounding keratinocytes might interact with
KIT on neighboring melanocytes to transduce signaling,
our previous evidence that a monoclonal antibody to KIT
can abolish UVB-stimulated proliferation and melanogen-
esis of epidermal melanocytes strongly suggests that
membrane-bound SCF produced by keratinocytes can
directly interact with the SCF receptor on melanocytes to
activate melanocyte function.

In this study, although KIT protein expression in cul-
tured human melanocytes was significantly decreased 2
days after treatment with human recombinant SCF (the
soluble form of SCF, data not shown), the expression of
KIT protein remains unchanged 5 days after UVB expo-
sure while its transcription and protein expression were
down-regulated at day 3 after irradiation and returned to
the control nonirradiated level at day 5. A similar lack of
responsiveness of c-kit mRNA transcripts by overex-
pressed membrane-bound-type SCF occurs in lentigo
senilis in which there is no change in the expression of
c-kit transcripts in the epidermis despite the fact that SCF
transcripts are significantly up-regulated in the lesional
pigmented epidermis.®® In contrast, the significance of
KIT protein in stimulating or maintaining the melanogen-
esis of melanocytes is evidenced by the fact that in one
hypopigmentary disorder, vitiligo vulgaris, despite the
increased expression of SCF in the lesional epidermis,
the marked deficiency in KIT protein on melanocytes
leads to the complete loss of pigmentation.®®

In relation to the mechanism(s) involved in the different
time courses of expression of SCF and prepro-ET-1
mRNAs after UVB radiation, it has been speculated that
the expression of prepro-ET-1 mRNA is regulated by an
autocrine system in which UVB exposure first stimulates
the release of the primary inflammatory cytokine, IL-1q,
which in turn binds to the IL-1a receptor on keratinocytes,
resulting in the transduction of a signal that leads to the
expression of prepro-ET-1 mRNA."" This hypothesized
autocrine system is supported by the following two find-
ings: the exogenous addition of IL-1a caused cultured
human keratinocytes to release ET-1 and the exogenous
addition of an antibody to IL-1a immediately after the
exposure of cultured human keratinocytes to UVB com-
pletely abolished the release of ET-1 to the conditioned
medium. In this study, we found that the exogenous
application of IL-1«a at concentrations ranging from 0.05
to 0.5 nmol/L to cultured human keratinocytes markedly
up-regulates the expression of membrane-bound SCF
protein within 48 hours, whereas TNF-a increases it only
slightly. Thus, although further study using a neutralizing
antibody will be required to be a conclusive, it seems
likely that the increased expression of SCF mRNA tran-
scripts in cultured human keratinocytes after UVB expo-
sure is mediated in part through an autocrine-cytokine



network resembling the pathway of prepro-ET-1 expres-
sion in UVB-exposed human keratinocytes. However,
based on the quick response to UVB radiation, which
leads to the increased expression of SCF mRNA tran-
scripts, it is conceivable that there is another UVB-medi-
ated mechanism in which UVB-induced membrane injury
triggers unidentified regulatory elements leading to the
activation of transcription factors regulating SCF expres-
sion. On the other hand, it is probable that there is no
direct stimulatory pathway by UVB radiation for the in-
crease in prepro-ET-1 expression, providing the auto-
crine interaction with a longer lag time before the expres-
sion. Further, in IL-1a-exposed human keratinocytes, the
onset of ET-1 secretion into the medium is much later (3
to 4 days after the treatment)'" than the increase in SCF
protein (2 days after the treatment). In addition to the
relatively late expression of prepro-ET-1 mRNA tran-
scripts, biological processes that consume time must be
required for the final secretion of ET-1 by human keratin-
ocytes. These processes include gene expression, pro-
tein synthesis, and modification of prepro-ET-1. ET
isopeptides are first expressed as corresponding ~200-
residue inactive prepropolypeptides (preproendothe-
lins). After removal of their signal peptides during their
early processing, the propeptides are presumably
cleaved by furin, a prohormone convertase of the consti-
tutive secretory pathway, at pairs of basic amino acids to
yield the intermediate Big ETs.”® Big ETs are then further
cleaved by an endopeptidase termed endothelin-con-
verting enzyme (ECE)”" at Trp2'-(Val®?/ILe??) to produce
biologically active 21-residue peptide ETs.?® Recently,
we reported that ECE-1a is a major isoform in human
keratinocytes and that it plays a constitutive role in the
processing and secretion of ET-1 by human keratino-
cytes.”? Collectively, these findings suggest the possibil-
ity that IL-1a-mediated signal-transducing mechanisms
that lead to the expression of prepro-ET-1 and SCF mR-
NAs differ completely in the time sequence with distal
regulatory elements that remain to be identified. Com-
pared with the expression of membrane-bound-type SCF
protein, the production and secretion of active ET-1 is
further delayed because of its complex processing by
proteolytic enzymes.

The preferential role of the early expression of SCF
protein before the expression of ET-1 in stimulating mel-
anogenesis in melanocytes may be substantiated by our
results that the exogenous addition of soluble type SCF
stimulates the expression of ETgR protein in cultured
human melanocytes, resulting in accelerating the binding
of ET-1 to its receptor on melanocytes. The similar cross-
reaction between SCF and ET-1 cascades is also ob-
served in the lesional pigmented epidermis of lentigo
senilis in which the expression of SCF and ET-1 is mark-
edly and simultaneously accentuated at the gene and
protein levels in concert with the significantly increased
expression of ETgR mRNA 52:%°

Although the expression pattern of SCF and ET-1 in
response to UVB radiation does not differ between in vitro
and in vivo experiments, indicating that a direct UVB
effect on keratinocytes mainly occurs even in the epider-
mis, there are some differences in the expression pattern
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of KIT protein between the two different situations. These
differences suggest that the increased expression of
known or unidentified cytokines including SCF and ET-1
in keratinocytes may regulate the expression of this re-
ceptor (KIT protein) in melanocytes in the UVB-exposed
epidermis although a precise in vivo interaction between
keratinocyte-derived cytokines and melanocytes remains
unclear until several experiments on UVB effects would
be performed using co-culture system of keratinocytes
and melanocytes.

In conclusion, our results suggest that as mitogens
and as melanogens for human melanocytes, SCF/c-kit
signaling and ET-1/ETgR signaling are involved in the
biological mechanism of UVB-induced human pigmenta-
tion at an early phase and at a later phase, respectively.
These findings provide a new insight into the complex
networks in the epidermis underlying UVB induction of
human skin pigmentation. Most importantly, our results
improve the fundamental understanding of regulatory
mechanisms underlying melanogenesis as well as the
cutaneous melanocyte homeostasis in many pigmentary
disorders.
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