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UV radiation indirectly regulates melanogenesis in
melanocytes through a paracrine regulatory mech-
anism involving keratinocytes. Protease-activated
receptor (PAR)-2 activation induces melanosome
transfer by increasing phagocytosis of melano-
somes by keratinocytes. This study demonstrated
that macrophage migration inhibitory factor (MIF)
stimulated PAR-2 expression in human keratino-
cytes. In addition, we showed that MIF stimulated
stem cell factor (SCF) release in keratinocytes; how-
ever, MIF had no effect on the release of endothe-
lin-1 or prostaglandin E2 in keratinocytes. In addi-
tion, MIF had no direct effect on melanin and
tyrosinase synthesis in cultured human melano-
cytes. The effect of MIF on melanogenesis was also
examined using a three-dimensional reconstituted
human epidermal culture model, which is a novel,
commercially available, cultured human epidermis
containing functional melanocytes. Migration in-
hibitory factor induced an increase in melanin con-
tent in the epidermis after a 9-day culture period.
Moreover, melanin synthesis induced by UV-B stim-
ulation was significantly down-regulated by anti-
MIF antibody treatment. An in vivo study showed
that the back skin of MIF transgenic mice had a
higher melanin content than that of wild-type mice
after 12 weeks of UV-B exposure. Therefore, MIF-
mediated melanogenesis occurs mainly through the

activation of PAR-2 and SCF expression in keratino-
cytes after exposure to UV-B radiation. (Am J Pathol
2011, 178:679–687; DOI: 10.1016/j.ajpath.2010.10.021)

Exposure to UV radiation leads to various short-term del-
eterious cutaneous effects, including sunburn and immu-
nosuppression, and long-term consequences that lead to
premature aging, including hyperpigmentation.1 UV radi-
ation indirectly regulates melanogenesis in melanocytes
through a paracrine regulatory mechanism involving ke-
ratinocytes. UV-B–induced pigmentation occurs when
human keratinocytes exposed to UV-B are stimulated to
produce and secrete several mediators that trigger the
activation of melanocytes and act as potent mitogens
and melanogens for human melanocytes.2–4 The two
main paracrine melanogenic cytokines, stem cell factor
(SCF) and endothelin (ET)-1, have been demonstrated to
play pivotal roles in skin pigmentation, including UV-B–
induced pigmentation.5 In addition, prostaglandins (PGs)
are key mediators of diverse functions in the skin; and
several reports6,7 have suggested that PGs mediate
postinflammatory pigmentary changes by modulating
melanin synthesis and melanocyte dendricity.

Protease-activated receptor (PAR)-2 is a member of a
novel G-protein–coupled seven-transmembrane recep-
tor family.8 These receptors are irreversibly activated
through proteolytic cleavage of their amino termini. Sub-
sequent to proteolytic cleavage, the newly exposed NH2
terminus acts as a tethered peptide ligand, which binds
and activates the receptor. Protease-activated receptor-2
is involved in skin pigmentation because it increases the
phagocytosis of melanosomes by keratinocytes.9 UV ir-
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radiation is a potent stimulus for melanosome transfer.
The PAR-2 expression in human skin was previously up-
regulated by UV irradiation.10

There is emerging evidence that melanocyte function
is regulated by several cytokines that are secreted by
surrounding keratinocytes in a paracrine fashion. IL-1�
plays an autocrine role in enhancing the secretion of ET-1
in UV-B–exposed human keratinocytes.4 The production
and secretion of SCF and ET-1 by keratinocytes are gen-
erally augmented by several cytokines, such as IL-1�
and tumor necrosis factor (TNF)-�.5 The exogenous ad-
dition of TNF-� to human keratinocytes in culture stimu-
lates the secretion of ET-1 because of increased tran-
scription.11

The cytokine macrophage migration inhibitory factor
(MIF) was first discovered 50 years ago as a T-cell–
derived factor that inhibits the random migration of mac-
rophages.12,13 Recently, MIF was reevaluated as a pro-
inflammatory cytokine and pituitary-derived hormone that
potentiates endotoxemia.14 Subsequent work15 showed
that T cells and macrophages secrete MIF in response to
glucocorticoids and on activation by various proinflam-
matory stimuli. Migration inhibitory factor is expressed
primarily in T cells and macrophages; however, recent
studies16–19 have revealed that this protein is ubiqui-
tously expressed by various types of cells. Skin keratino-
cytes are capable of producing a variety of cytokines and
are thought to be the principal source of cytokines from
the epidermis after UV irradiation. Enhanced MIF produc-
tion is observed in the skin after UV-B irradiation.20,21 A
recent study22 suggested a potentially broader role for
MIF in skin inflammation because of its ability to enhance
PAR-2 expression. Therefore, MIF may play a pathophys-
iological role in inflammatory reactions in the skin.

This study investigated the role of MIF in UV-B–in-
duced melanogenesis using cultured human keratino-
cytes and melanocytes. Furthermore, the long-term UV-B
effect in skin melanogenesis was examined in vivo using
MIF transgenic (Tg) mice.

Materials and Methods

Materials

The following materials were obtained from commercial
sources: an RNA extraction kit (Isogen; Nippon Gene,
Tokyo, Japan); a synthesis kit [First-Strand cDNA Synthe-
sis Kit; GE Health Care, Buckinghamshire, UK; an assay
kit Methyl thiazolyl tetrazorium (MTT)] (CellTiter 96 AQ;
Promega, Madison, WI); medium (Dulbecco’s modified
Eagle’s minimal medium; Gibco, Grand Island, NY); and
recombinant human MIF, expressed in Escherichia coli
BL21/DE3 (Novagen, Madison, WI) and purified as pre-
viously described.23 This MIF contained less than 1 pg of
endotoxin/�g protein, as determined by the chromogenic
amebocyte assay (Lumulus; BioWhittaker, Walkerville,
MD). The anti–PAR-2 polyclonal antibody was obtained
from Santa Cruz Biotechnology, Santa Cruz, CA; and
soybean trypsin inhibitor (STI), CD117/c-kit/SCF-receptor

antibody-2 (clone K44.2, mouse monoclonal antibody)
and anti–�-actin antibodies were obtained from Sigma-
Aldrich Co, St Louis, MO. The Western blot detection
system was obtained from Cell Signaling Technology,
Beverly, MA. The neutralizing anti-MIF polyclonal anti-
body was prepared as previously described.24 All other
reagents were of analytical grade.

Cell Culture

The primary cultured normal human keratinocytes were
obtained from Kurabo Co, Tokyo. The keratinocytes were
grown in a keratinocyte growth medium (Lonza Walker-
ville, Inc., Walkersville, MD) containing 0.1 ng/ml epider-
mal growth factor, 0.5 �g/ml insulin, 0.5 �g/ml hydrocor-
tisone, 50 �g/ml gentamicin, 50 ng/ml amphotericin B,
and 0.4% (v/v) bovine pituitary extract under 95% air and
5% CO2 at 37°C, according to the manufacturer’s proto-
col. The cells were plated in 75-cm2 flasks, grown to near
confluence, and the complete keratinocyte growth me-
dium was removed. Primary cultured normal human me-
lanocytes were obtained from Kurabo Co. The melano-
cytes were grown in medium 254S (Invitrogen, Carlsbad,
CA) containing 1% Human Melanocyte Growth Supple-
ment (HMGS, Invitrogen) under 95% air and 5% CO2 at
37°C, according to the manufacturer’s protocol. The cells
were plated in 75-cm2 flasks and grown to near conflu-
ence, and the complete melanocyte growth medium was
removed. The medium was replaced with minimum
growth medium consisting of MCDB 153 containing 2%
fetal calf serum and 30 mg/ml bovine pituitary extract.
The MelanoDerm kit, which is a viable reconstituted
three-dimensional human epidermis containing melano-
cytes and keratinocytes containing 24 U of 8 mm-diam-
eter tissue samples, was obtained from MatTek Corp,
Ashland, MA. This study used the L-NMM medium sup-
plied by the manufacturer, and cultures were maintained
at the air–liquid interface, according to the manufactur-
er’s instructions. In brief, pigmented epidermal equiva-
lents were removed from the agarose-containing 24-well
plates and were equilibrated at 37°C in 5% CO2 for 1 hour
with the prewarmed maintenance medium supplied with
the kit. The pigmented epidermal tissues were then
placed under sterile conditions on top of the culture stand
and immersed in 5 ml of prewarmed fresh maintenance
medium in 6-well plates for subsequent treatment with
compounds. A 100 �L aliquot of each compound in ve-
hicle was applied directly to the cultured skin surface
three times each week, and the tissue samples were kept
in an incubator at 37°C in 5% CO2 throughout the exper-
iments. The media were changed every other day with 5
ml of fresh medium, and each compound was applied to
the tissue surface at the various concentrations as ap-
propriate. The tissue specimens were harvested at 7 and
14 days after treatment.

Mice

The MIF-overexpressing Tg mice were established after
cDNA microinjection, and their physical and biochemical
characteristics, including body weight, blood pressure,

and serum levels of cholesterol and blood glucose, were
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normal, as previously reported.25 The expression of the
transgene was regulated by a hybrid promoter com-
posed of the cytomegalovirus enhancer and the �-actin
or �-globin promoter, as previously reported.26 The strain
of the original MIF Tg mice was ICR, and the mice were
backcrossed with C57BL/6 for at least 10 generations.
The Tg mice were maintained by heterozygous sibling
mating. The MIF Tg and wild-type (WT) mice were main-
tained under specific pathogen-free conditions at the
Institute for Animal Experiments of the University of
Toyama, Toyoma, Japan. Experiments using mice were
conducted according to the guidelines set by the Univer-
sity of Toyama Institutional Animal Care and Use Com-
mittee under an approved protocol. All experiments were
performed on 8-week-old female adult mice.

UV-B Irradiation

The UV-B light source was a fluorescent lamp (GL40SE;
Sankyo Denki Co, Kanagawa, Japan) that emits 0.1 mW/
cm2 of UV light between 280 and 315 nm (peak, 306 nm)
at a distance of 40 cm, as measured by a UV radiometer
(EKO Instruments Co, Tokyo, Japan). Normal human ke-
ratinocytes were inoculated at a density of 1.0 � 104 cells
in 35 mm � dishes. After 24 hours of cultivation, cells
were irradiated with 5 mJ/cm2 UV-B in HANKS buffer.
After UV-B irradiation, cells were cultured in keratinocyte
growth medium for 1, 3, 6, and 24 hours. In some exper-
iments, cultures (MelanoDerm) were irradiated with 100
mJ/cm2 UV-B on days 1, 3, and 5, in combination with
anti-MIF antibody treatment. The MIF Tg and WT mice
had their backs shaved with electric clippers and were
exposed to 300 mJ/cm2 UV-B. The UV-B radiation was
administered three times weekly (on days 1, 3, and 5),
and skin was obtained at 2, 4, and 12 weeks. After UV-B
irradiation, the mice were euthanized at the indicated
points. The mice were macroscopically observed, and
skin sections were excised from the dorsal surface and
then used for either Western blot analyses or immunohis-
tochemical staining. In some experiments, skin sections
were obtained on day 14 for the Western blot analyses.

Cell Stimulation

Cultured keratinocytes or melanocytes were incubated in
various concentrations of recombinant MIF. After treat-
ment, the total RNA was isolated using reagent (Trizol;
Invitrogen) for quantitative real-time PCR. The condi-
tioned medium and cell lysates were collected. The con-
centration of cytokines in the culture supernatants was
measured using commercially available enzyme-linked
immunosorbent assay (ELISA) kits, including kits for SCF,
PGE2 (R&D Systems, MN), and ET-1 (IBL, Gunma, Ja-
pan). The cell lysates were used for the melanin content
assay and Western blot analyses. In some experiments,
cultures (MelanoDerm) were incubated with recombinant
human MIF in combination with UV-B, STI (a PAR-2 antag-
onist), or an anti-human c-kit/SCF-receptor antibody. The
cell lysates of these cultures were used for the melanin

content assay.
Cell Viability Assay

Normal human melanocytes were placed in 96-well plates
at a density of 3 � 104 cells/well. After 1 day of cultivation,
cells were incubated in recombinant MIF (30, 100, and 300
ng/ml) for 24 hours. The viability of melanocytes was esti-
mated using the MTT assay. The MTT assay was performed
according to the manufacturer’s protocol. In brief, 200 �L of
2.5 mg/ml MTT solution was added to cultures, and cells
were incubated for 2 hours at 37°C. The absorbance was
determined on a plate reader at 570 nm.

Melanin Content Assay

The melanin content was determined as previously de-
scribed.27 After centrifugation, the cell pellets were dis-
solved in 200 �L of 1 N NaOH; and aliquots (100 �L)
were transferred to 96-well microtiter plates. Melanin con-
centrations were determined by measuring the optical
density at 405 nm, using a standard curve generated
from synthetic melanin (Sigma-Aldrich). The melanin con-
tent is expressed in �g/ml of dissolved tissue.

Melanogenic Activity Assays

Cellular tyrosinase activity using L-dopa as the substrate
was determined as described.28 The cells were washed
with PBS and lysed with 50 �L of 1% Triton28 X-100/PBS.
After sonication, 10 �L of each cell lysate was added to
100 �L of 1% L-dopa–PBS and incubated at 37°C for 60
minutes. The absorbance was measured at 405 nm in the
plate reader (Spectra Max; Molecular Devices, Toronto,
ON, Canada). The cell lysates were measured for protein
content using a protein assay standard (Bio-Rad Labo-
ratory, Philadelphia, PA). The relative tyrosinase activity
of the treated cells compared with the control cells was
expressed as percentage activity, using the following
formula: % Activity � [A405 of Treated Cells/Protein
(mg)] � 100%/[A405 of Control Cells/Protein (mg)].

Quantitative Real-Time PCR

Total cellular RNA was isolated from keratinocytes using
a reagent (Trizol; Invitrogen), according to the manufac-
turer’s protocol. cDNA was generated from 3 �g of total
RNA using a kit (First Strand cDNA Synthesis kit; GE
Health Care), according to the manufacturer’s protocol,
primed with an NotI-d(T)18 bifunctional primer. The PCR
reactions were performed in a total volume of 20 �L using
an instrument (LightCycler FastStart DNA MasterPLUS
SYBR Green I; Roche Diagnostics, Basel, Switzerland),
using 9 �L of PCR-grade water, 1 �L of each primer (10
�mol/L), 5 �L (10 ng) of cDNA template, and 4 �L of mix
(Master Mix) at a �5 concentration. The following PCR
program was used: denaturation (10 minutes at 95°C), an
amplification and quantification program repeated 45
times (10 seconds at 95°C), 1 minute at the appropriate an-
nealing temperature for the gene-specific primers (PAR-2,29

5=-CCGAACTAAGAAGAAGCACC-3= and 5=-AGAAAA-
AGCCAATAAGCACACAT-3=; SCF,5 5=-ACTGACTCTGGA-

ATCTTTCTCAGG-3= and 5=-GATGTTTTGCCAAGTCATTGT-
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TGG-3=; and ribosomal 28S,30 5=-CCCAGTGCTCTGAAT-
GTCAA-3= and 5=-AGTGGGAATCTCGTTCATCC-3=), 10
seconds at 72°C with a single fluorescence measure-
ment, a melting program (58°C to 95°C with a heating
rate 0.5°C/s), and cooling down to 40°C. To determine
the crossing point, the “second derivative maximum in-
crease rate” of the newly synthesized DNA per cycle was
used on the basis of computer software (Light Cycler
Software package, Version 3.5.3; Roche Diagonostics).
To confirm the amplification specificity, the PCR products
from each primer pair were subjected to melting curve
analysis and manual inspection of PCR products after
each run by agarose gel electrophoresis. The expression
of the target genes (ie, PAR-2 and SCF) was presented
as a ratio and normalized to an endogenous reference
(ribosomal 28S),31 relative to the control.

Western Blot Analysis

The cultured keratinocytes or epidermis sample of each
mouse was homogenized using a homogenizer (Poly-
tron). The protein concentrations of the cell homogenates
were quantified using a protein assay reagent kit (Micro
BCA). Equal amounts of homogenates were dissolved in
20 �L of Tris-HCL, 50 mmol/L (pH 6.8), containing 1%
2-mercaptoethanol, 2% SDS, 20% glycerol, and 0.04%
bromophenol blue; and the samples were heated to
100°C for 5 minutes. The samples were then subjected to
SDS–polyacrylamide gel electrophoresis and electropho-
retically transferred onto a nitrocellulose membrane. The
membranes were blocked with 1% nonfat dry milk powder
in PBS; probed with antibodies against PAR-2, SCF, and
MIF; and subsequently reacted with secondary IgG anti-
bodies coupled with horseradish peroxidase. The resul-
tant complexes were processed for the detection system
according to the manufacturer’s protocol. The relative
amounts of proteins associated with specific antibodies
were normalized according to the intensities of �-actin.

Fontana-Massson Silver Stain

The dorsal skin was surgically excised from mice sacri-
ficed under ether euthanasia. The tissue specimens were
fixed in 10% buffered formalin and embedded in paraffin.
Next, the tissues were cut into 5-�m sections, deparaf-
finized through a series of xylol-alcohol to absolute alco-
hol and through a series of alcohol-water to water, and
prepared for routine Fontana-Masson silver staining. In
brief, the sections were transferred to Fontana silver so-
lution and stored in a covered dish in the dark for 18
hours. After washing in distilled water twice, the sections
were fixed in 5% sodium thiosulphate for 5 minutes. After
washing in tap water for 5 minutes, the sections were coun-
terstained in 0.1% nuclear fast red for 5 minutes. After rins-
ing with distilled water quickly, the sections were dehy-
drated and mounted in medium (Permount). The image
acquisition and analyses were performed as previously de-
scribed for quantitative studies on the skin samples to esti-
mate melanin density,32 with some modifications using an
instrument (Win Roof; Mitani Corp, Tokyo). The thresholding

function of this instrument was used to select the stained
melanin pigment. The melanin density was calculated as a
proportion of the total area from the basement membrane to
the upper layers of the dermis at the �40 objective. Five
random fields were analyzed per section (one section per
mouse, with five mice per group).

Statistical Analysis

All values are expressed as the mean � SD of the re-
spective test or control group. Statistical significance be-
tween the control and test groups was evaluated by ei-
ther the Student’s t-test or one-way analysis of variance.
P � 0.05 was considered significant.

Results

MIF Enhances the Expression of PAR-2 in
Keratinocytes

This study first examined the effects of MIF on the ex-
pression of PAR-2 in human keratinocytes. A real-time
quantitative RT-PCR analysis revealed that PAR-2 mRNA
expression in keratinocytes significantly increased in re-
sponse to recombinant MIF (50 or 100 ng/ml) at 1 hour
after stimulation (versus 0 ng/ml). Similarly, UV-B (50
mJ/cm2) stimulated the PAR-2 mRNA expression in kera-
tinocytes at 1 hour after stimulation, which reached a
maximum at 3 hours (Figure 1A). A Western blot analysis

Figure 1. Enhancement of PAR-2 by UV-B and MIF in keratinocytes.
A: Cultured human keratinocytes were treated with MIF (0, 50, or 100 ng/ml)
or UV-B (50 mJ/cm2) for 1, 3, 6, or 24 hours. Total RNA was isolated, and
PAR-2 mRNA expression was examined by a quantitative RT-PCR assay using
ribosomal 28S as an internal control. The MIF and UV-B both increased PAR-2
mRNA expression in a dose-dependent manner. The data are plotted as the
mean � SD of the relative ratio (n � 5, *P � 0.001, **P � 0.01 and ***P � 0.05
versus 0 ng/ml). The data shown are representative of three independent
experiments. B: A Western blot analysis of PAR-2 protein expression in
cultured human keratinocytes incubated with MIF (0, 50, or 100 ng/ml) for 24
hours. The relative amounts of protein associated with specific antibodies

were normalized to the intensity of �-actin (n � 3, *P � 0.05 and **P �
0.005). The data shown are representative of three independent experiments.
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revealed that the PAR-2 protein levels were dose-de-
pendently up-regulated at 50 and 100 ng/ml MIF (Figure
1B).

MIF Enhances the Expression of SCF by
Keratinocytes

Several articles have reported that UV light stimulates the
secretion of SCF, ET-1, and PGE2 from keratinocytes,
which induces melanogenesis. Therefore, the effect of
MIF on the release of these mediators was examined in
the cultured human keratinocytes by ELISA. The results
showed that UV-B irradiation increased the secretion of
SCF from keratinocytes. Similarly, MIF (100 ng/ml)
caused a significant release of SCF from cultured kerati-
nocytes compared with control cultures (without MIF
stimulation, Figure 2A). On the other hand, MIF had no
significant effect on the secretion of ET-1 or PGE2 by the
keratinocytes. Real-time quantitative RT-PCR of cultured
keratinocytes was performed to determine the compara-
tive levels of SCF mRNA transcripts in response to vari-
ous concentrations of MIF. The results showed that MIF
(50 and 100 ng/ml) caused a statistically significant en-
hancement in the expression of the SCF mRNA transcript
in keratinocytes, especially at 3 hours after MIF stimula-
tion (Figure 2B).

Effects of MIF on Melanin Synthesis and
Tyrosinase Activity in Cultured Melanocytes

Human cultured melanocytes were incubated with vari-
ous concentrations of recombinant MIF for 24 hours. The
effect of MIF on cell viability was examined by an MTT
assay. The viability of melanocytes was not changed by a
high MIF concentration (300 ng/ml, Figure 3A). Similarly,
MIF had no direct effect on melanin synthesis or the
tyrosinase activities of the cells (Figure 3, B and C). This
indicated that MIF has no direct regulatory effect on me-

Figure 2. Effects of MIF on the production of SCF, ET-1, and PGE2 by kerati
of UV-B for 24 hours. The concentrations of SCF, ET-1, and PGE2 protein in
� SD of five experiments (*P � 0.005 and **P � 0.001). B: Keratinocytes w
evaluated by real-time RT-PCR (n � 5; *P � 0.001, **P � 0.01, and ***P
experiments.
lanocytes.
Effect of MIF on Melanogenesis Determined
Using a Three-Dimensional Reconstituted
Human Epidermal Culture Model

MelanoDerm, which is a novel commercially available
cultured human epidermis containing functional melano-
cytes, was used to clarify whether MIF secreted by kera-
tinocytes is required for the synthesis of melanin in me-
lanocytes. The results revealed that 300 ng/ml MIF
induced an increase in the melanin content in the human
epidermis–MelanoDerm cultures compared with cultures
grown without MIF stimulation after a 9-day culture period
(P � 0.01, Figure 4A). In addition, UV-B irradiation (100
mJ/cm2) in combination with 300 ng/ml MIF induced a
further increase in melanin content. We also found that the
melanin synthesis induced by 100 mJ/cm2 UV-B stimulation
was significantly down-regulated by anti-MIF antibody (30
�g/ml) treatment (P � 0.005, Figure 4B). Furthermore, MIF-
induced melanin synthesis was significantly suppressed by
treatment with STI (0.5% PAR-2 antagonist) or a c-kit/SCF-
receptor antibody (40 �g/ml) (P � 0.001 for STI and P �
0.01 for SCF, Figure 4C).

Sensitivity of MIF Tg Mice to the Development
of Skin Pigmentation by Long-Term Exposure
to UV-B

To clarify the roles of MIF in skin melanogenesis, MIF-
overexpressing Tg and WT mice were subjected to long-
term UV-B exposure, as described in the UV-B Irradiation
section of Materials and Methods; and mice were ob-
served for the formation of melanin pigment in the skin at
2, 4, and 12 weeks. The production of MIF, PAR-2, and
SCF in the epidermis was determined by Western blot
analysis after UV-B irradiation. Skin was obtained 2
weeks after UV-B exposure, and the epidermis of MIF Tg
mice showed intense expression of MIF, PAR-2, and SCF
compared with the epidermis of WT mice (Figure 5A). The
MIF Tg and WT mice exposed to long-term UV-B began
to develop melanin pigment after 4 weeks. The density of

A: Cultured keratinocytes were treated with 100 ng/ml MIF or various doses
re media were determined by ELISA. The results are expressed as the mean
ulated with 0, 50, or 100 ng/ml MIF, and the expression of SCF mRNA was
versus 0 ng/ml). The data shown are representative of three independent
nocytes.
the cultu
ere stim
the melanin content in MIF Tg mouse skin at 12 weeks
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was significantly increased compared with that of WT
mouse skin (P � 0.01; Figure 5, B and C). The MIF Tg
mice showed strong pigmentation on their back skin at 12
weeks after UV-B exposure. In contrast, WT mice show
moderate pigmentation (Figure 5D).

Discussion

Long-term UV radiation is the primary physiological stimulus

Figure 3. Effects of MIF on cell viability, melanin synthesis, and tyrosi-
nase activity in cultured melanocytes. Cultured human melanocytes were
treated with human recombinant MIF at the indicated concentrations for
24 hours. A: The cell viability was measured using the MTT assay. B: The
cells were lysed with 1 N NaOH, and absorbance at 405 nm was examined.
The melanin content was estimated using a standard curve of synthetic
melanin. C: Cells were lysed with 1% Triton X-100/PBS(�). The tyrosinase
activities were measured using 1% L-dopa as the substrate. The results are
expressed as the percentage of 0 ng/ml treated groups. The results are expressed
as the mean � SD of five experiments. (These experiments were repeated three
times, with similar results.)
that causes pigmentation in human skin. Melanogenesis is
initiated on exposure of skin to UV radiation, with the first
step being amino acid tyrosine oxidation by tyrosinase, the
rate-limiting enzyme.33 Melanin-containing melanosomes
are transferred to neighboring keratinocytes, providing pro-
tection against UV radiation, a well-characterized physio-
logical stimulator of melanogenesis.34,35 The present study
demonstrated that G-protein–coupled receptor PAR-2
mRNA and protein expression were enhanced in vitro in
keratinocytes by MIF treatment. The PAR-2 mRNA ex-

Figure 4. Effects of MIF on melanogenesis in reconstituted three-dimen-
sional human epidermis (MelanoDerm) cultures. A: The cultures (Melano-
Derm) were treated with various concentrations of MIF for 9 days, with or
without UV-B irradiation on days 1, 3, and 5. Equivalent numbers of cells
were lysed with 1 N NaOH and measured for absorbance at 405 nm. The
melanin content was estimated using a standard curve of synthetic melanin.
The values are the mean � SD derived from five equivalents (*P � 0.01).
B: The cultures (MelanoDerm) were treated with neutralizing anti-MIF IgG
antibody (10 or 30 �g/ml) or mouse IgG for 11 days with 100 mJ/cm2 UV-B
exposure, and the melanin content was estimated. The results are expressed
as the mean � SD of five experiments (*P � 0.0005, **P � 0.001, and ***P �
0.005). C: The cultures (MelanoDerm) were treated with 300 ng/ml MIF in
combination with various concentrations of STI (a PAR-2 antagonist) or a
c-kit/SCF-receptor antibody for 9 days, and the melanin content was
estimated. The results are expressed as the mean � SD of five experi-

ments (*P � 0.001 and **P � 0.01). The data shown are representative of
three independent experiments.
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pression started to increase 1 hour after stimulation,
peaked at 3 hours, and then was sustained for up to 6
hours after exposure. Increased PAR-2 protein expres-
sion was also detected at 24 hours in the keratinocytes
after MIF stimulation. The key mechanism underlying
melanosome transfer to keratinocytes involves the pro-
cess of phagocytosis. The PAR-2 receptor is important in
skin pigmentation because PAR-2 activation results in
increased uptake of melanosomes by keratinocytes
through phagocytosis.9,36 In keratinocytes, PAR-2 is ac-
tivated by trypsin, mast cell tryptase, factor VIIa, or factor
Xa, and by synthetic peptides that mimic the amino ter-
minal portion of the receptor.37–40 The mechanism of
UV-induced PAR-2 up-regulation remains to be deter-
mined, although it is well documented that UVR induces
keratinocytes to produce and secrete cytokines, includ-
ing IL-1, IL-6, IL-8, and TNF-�. Studies41 have shown that
PAR-2 mRNA is up-regulated by TNF-� and IL-1 in vas-
cular endothelial cells. The PAR-2 mRNA and protein

Figure 5. UV-B–induced skin pigmentation in MIF Tg and WT mice. A: After
on day 14, and a Western blot analysis was performed using MIF, PAR-2, and
were normalized to the intensity of �-actin (n � 5, *P � 0.0001). FCS indica
exposure. The details of the protocols are described in the UV-B Irradiation s
12 weeks. The results are expressed as the mean � SD (*P � 0.01). C: Re
experiments conducted using skin samples obtained at 12 weeks from the MI
compared with WT mouse skin. Nonirradiated MIF Tg mice and nonirradiate
D: Clinical manifestations at 12 weeks after UV-B exposure. The MIF Tg mic
moderate pigmentation. Nonirradiated MIF Tg mice and nonirradiated WT
similar results.)
levels are elevated by MIF in human skin endothelial
cells.22 UV-B irradiation also leads to increased MIF ex-
pression in keratinocytes.20

In support of these observations, the current study
revealed that MIF is highly effective in stimulating the
secretion of SCF from cultured keratinocytes. The
paracrine linkage between keratinocytes and melano-
cytes within the epidermis secreting and responding to
cytokines plays an important role in increasing
melanization in UV light–induced cutaneous pigmenta-
tion. A few of these cytokines are known mitogens for
human melanocytes, including basic fibroblast growth
factor, SCF, granulocyte-macrophage colony-stimulat-
ing factor, hepatocyte growth factor, and ET-1.42– 46

Several cytokines, such as IL-1� and TNF-�, signifi-
cantly increase the expression of SCF protein by cul-
tured human keratinocytes.5 Accordingly, MIF may in-
duce PAR-2 to mediate cutaneous pigmentation by
increasing both the uptake of melanosomes by kerati-
nocytes and the release of SCF, which stimulates mel-

urses of UV-B exposure, MIF Tg and WT mouse skin samples were obtained
tibodies. The relative amounts of protein associated with specific antibodies
calf serum. B: The MIF Tg and WT mice were subjected to long-term UV-B
f Materials and Methods. The skin melanin density was determined at 4 and
tive examples of micrographs of Fontana-Masson staining are shown from
d WT mice. Increased pigmentation was observed in the skin of MIF Tg mice
ice did not develop any significant skin pigmentation. Scale bar � 100 �m.
d strong pigmentation on their back skin. In contrast, the WT mice showed

owed no pigmentation. (These experiments were repeated two times, with
three co
SCF an

tes fetal
ection o
presenta
F Tg an
d WT m
e showe
anogenesis.
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The MelanoDerm is a three-dimensional reconstituted
human epidermal culture model using melanocytes and
keratinocytes in the context of their responses to mela-
nogenic regulators. This model provides substantial im-
provement for final testing of compounds that might af-
fect melanocyte and/or keratinocyte function.47 This
study demonstrated that MIF induced an increase in the
melanin content in the MelanoDerm experiments after a
9-day culture period. Moreover, melanin synthesis in-
duced by UV-B stimulation was significantly down-regu-
lated by anti-MIF antibody treatment. UV radiation influ-
ences the melanogenesis of melanocytes indirectly
through a paracrine regulation process involving kerati-
nocytes.48,49 An anti-MIF antibody effectively reduces
tumor growth and neovascularization in lymphoma cells
and vascular endothelial cells in vivo.20 Consistent with
this finding, anti-MIF antibodies were effective in reduc-
ing melanogenesis in the human epidermis.

Migration inhibitory factor is a cytokine that plays a
critical role in several inflammatory conditions. High lev-
els of MIF expression have been found in a variety of
inflammatory conditions, such as atopic dermatitis in the
epidermal layer of inflammatory skin lesions.20 In addition
to its inflammatory properties, MIF may have D-dopach-
rome tautomerase activity. Rosengren et al50 reported
that MIF has catalyzed the tautomerization of D-dopach-
rome to 5,6-dihydroxyindole-2-carboxylic acid, and MIF
may play a role in regulating the biosynthesis of neu-
romelanin.51 However, the physiological significance of
this catalytic function in the skin is not clear. The current
study found that MIF has no direct effect on tyrosinase
and melanin synthesis in cultured human melanocytes. In
addition, the proliferation rate of melanocytes was un-
changed, even by a high MIF concentration. Several cy-
tokines in the epidermis affect skin melanogenesis. A
hypopigmenting effect has been demonstrated for trans-
forming growth factor-�1 using B16/F10 mouse mela-
noma cells as a model.52 Interleukin-1� is involved in
inhibiting the proliferation of neonatal murine epidermal
melanoblasts and in stimulating the differentiation, mela-
nogenesis, and dendritogenesis of melanocytes.53 Tu-
mor necrosis factor-� is also a potent inhibitor of tyrosi-
nase activity in normal human melanocytes.54 Current
evidence suggests that MIF has no direct effect on mel-
anogenesis in normal melanocytes.

Finally, we also found that long-term UV-B exposure in
MIF Tg mice resulted in a greater melanin content in their
skin than in the skin of UV-B–irradiated WT mice. In ad-
dition, UV-B stimulated the expression of MIF, PAR-2, and
SCF in the epidermis of MIF Tg mice more strongly than
in the epidermis of WT mice. These results confirmed the
in vitro observation that MIF enhances melanogenesis.
Moreover, MIF-induced melanogenesis was significantly
suppressed by treatment with a PAR-2 antagonist or a
c-kit/SCF-receptor antibody in the MelanoDerm cultures.
More tumors were also observed in the MIF Tg mice
compared with the WT mice after long-term UV-B irradi-
ation.55 Migration inhibitory factor has a direct proinflam-
matory role and has been implicated in tumorigenesis.56

Moreover, intense inflammation in MIF Tg mice in re-

sponse to UV-B irradiation correlated with the early onset
of carcinogenesis and the higher incidence of tumors
after long-term UV-B irradiation.55 In this context, it is
believed that MIF could play a critical role in UV-B-in-
duced photoaging and skin carcinogenesis.

In conclusion, the current study provided new evi-
dence that MIF mediates melanogenesis primarily
through the activation of PAR-2 and SCF expression in
keratinocytes after exposure to UV-B radiation. Conse-
quently, this newly identified mechanism may contribute
to the overall understanding of photoaging, including UV-
B–induced melanogenesis. Therefore, these findings are
promising for the potential development of MIF inhibitors
for the prevention or treatment of photodamage in skin.
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