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The synthesis of melanin pigments, or melanogenesis, is reg-
ulated by the balance of a variety of signal transduction path-
ways. Among these pathways, p38MAPK signalingwas found to
be involved in stress-inducedmelanogenesis and to be activated
by�-melanocyte-stimulatinghormone (�-MSH) andultraviolet
irradiation. Previous studies have shown that �-MSH-stimu-
lated melanogenesis can be inhibited by blocking p38 MAPK
activity with SB203580, a pyridinyl imidazole compound. Con-
sistent with this, we observed that pyridinyl imidazoles
(SB203580 and SB202190) inhibited both basal and �-MSH-in-
duced melanogenesis in B16 melanoma cells. However,
SB202474, which has no ability to inhibit p38 MAPK activity
and is usually used as a negative control compound in p38
MAPK studies, also suppressed melanin synthesis induction.
Furthermore, the independence of the p38 kinase pathway from
the repression of melanogenesis by pyridinyl imidazole com-
pounds was also confirmed by small interfering RNA experi-
ments. Interfering with p38 MAPK expression surprisingly
stimulatedmelanogenesis and tyrosinase family protein expres-
sion. Although the molecular mechanism(s) by which p38 pro-
motes the degradation of melanogenic enzymes remain to be
determined, the involvement of the ubiquitin-proteasome path-
way was demonstrated by co-treatment with the proteasome-
specific inhibitor MG132 and the relative decrease in the ubiq-
uitination of tyrosinase in cells transfected with p38-specific
small interfering RNA.

Skin pigmentation, which results from the production and
distribution of melanin in the epidermis, is the major physio-
logical defense against solar irradiation. In mammalian mela-
nocytes, melanins are synthesized within melanosomes that
contain three major pigment enzymes: tyrosinase and tyrosi-
nase-related protein-1 (TRP-1)2 and dopachrome tautomerase

(DCT), also known as tyrosinase related protein-2 (TRP-2)
(1–5). Melanin synthesis is stimulated by a large number of
effectors, including cAMP-elevating agents (forskolin, isobu-
tylmethylxanthine, �-MSH) (6–8), cholera toxin (9), UV light
(10–12), placental total lipid fraction (13), lupeol (14), lipopo-
lysaccharide (15), GSK3� signaling pathway blocker (16), ros-
marinic acid (17), the phosphatidylinositol 3-kinase inhibitor
LY294002 (18), and the MEK inhibitor PD98059 (19). The bal-
ance of a variety of signal transduction pathways regulates mel-
anogenesis. Thus far, one of themost important signaling path-
ways found to induce melanogenesis is the cAMP/protein
kinaseA (PKA) pathway. Cyclic AMP, through the activation of
PKA and cAMP-responsive element binding protein 1 tran-
scription factors, up-regulates the expression of microphthal-
mia-associated transcription factor (Mitf), themaster regulator
of melanogenesis that controls the production of the melano-
genic enzymes (tyrosinase, TRP-1, and DCT) (20–23) at the
mRNA level. In addition, cAMP activates the ERK pathway,
which also plays a key role in melanin synthesis (24), at least in
part through the regulation of Mitf activation and stability (25,
26). The role of Mitf in determining the extent of melanocyte
pigmentation has also been shown by studies utilizing a variety
of depigmenting agents that have demonstrated preceding
reductions in Mitf expression (18, 27, 28). Although Mitf-me-
diated transcriptional activation of pigmentation genes is
essential for the control of melanocyte cellular differentiation
(24), the up-regulation of tyrosinase, TRP-1, and DCT gene
transcription in mature melanocytes does not completely
explain melanogenesis stimulation by cAMP. For example,
cAMP signaling can increase the stability of tyrosinase
mRNA and also the enzyme activity of preexisting tyrosinase
protein, suggesting regulation via post-transcriptional
events (27).
The cGMP pathway can also increase melanin production.

This pathway is activated by NO, which is released by keratino-
cytes irradiated by UVB (29–31). In human melanocytes, the
protein kinase C-dependent pathway has emerged as an intra-
cellular signaling pathway regulating melanogenesis (32, 33).
Park et al. (34) reported that protein kinase C can phosphory-
late tyrosinase at two serine residues in the cytoplasmic domain
and that this phosphorylation can enhance tyrosinase activity.
Among the pathways involved in the synthesis of melanin pig-
ments, p38 MAP kinase signaling was recently found to be
involved in stress-induced melanogenesis (35). A series of mel-
anogenic stimuli such as �-MSH, UV irradiation, lipopolysac-
charide, and placental total lipid fraction promotes a sustained
increase of phospho-p38 MAPK active form (13, 15, 35, 36).
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However, the effective contribution of p38 MAPK in melano-
genesis is not completely understood. Corre et al. (35) demon-
strated that the p38-activated USF-1 transcription factor is
responsible for UV-induced expression of two genes upstream
in the pigmentation cascade: pro-opionmelanocortin and
melanocortin 1 receptor (MC1R), which encode a precursor of
�-MSH and its receptor, respectively. Because it has been
reported that �-MSH regulatesMC1R expression and function
in mouse melanoma cells (37), it is possible that the activation
of p38 may also contribute to the melanogenic rate under con-
ditions of hormonal stimulation by increasing receptor density
after its activation and internalization. Even if these data
strengthen the idea that p38MAPK is implicated in the regula-
tion of important steps in melanocyte differentiation, the
involvement of p38 mitogen-activated protein kinase in
�-MSH-induced melanogenesis in B16 melanoma cells is, at
the moment, exclusively demonstrated using a small cell-per-
meant inhibitor of p38MAP kinase (SB203580) (38, 39), which
is a member of the pyridinyl imidazole class of compounds. On
the other hand, several studies have demonstrated that inhibi-
tion of the MAP kinase pathway leads to stimulation of mela-
nogenesis. Treatment of B16 melanoma cells with MEK inhib-
itors blocks ERK activation and increases steady-state mRNA
levels ofmRNAs and the corresponding protein expression lev-
els of the melanogenic antigens melan-A/Mart-1, gp100, and
tyrosinase (40). In addition, the specific MEK inhibitor
PD98059 stimulates tyrosinase activity and potentiates the
effect of cAMP on melanogenesis (2). Moreover, ERK acti-
vation by sphingosine-1-phosphate, ceramide, or sphingo-
sylphorylcholine is responsible for reducing melanogenesis
by down-regulating Mitf (39–42), indicating that activation
of the ERK pathway can lead to attenuation of melanogene-
sis. Altogether, these studies suggest that there are not
conclusive data regarding the MAPK contribution to
melanogenesis.
In this study, we present evidence that down-regulation of

p38 expression leads to an increase in the levels of differen-
tiation-associatedmarkers such as melanin synthesis and the
expression of tyrosinase and related proteins. Our experi-
ments demonstrate that the mechanism involved in p38-me-
diated regulation of melanogenesis is the ubiquitin-protea-
some pathway, where melanogenic enzymes are degraded.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—B16-F0 murine melanoma cells
were purchased from the American Type Culture Collection
and were maintained in Dulbecco’s modified Eagle’s medium
with 4 mM L-glutamine � 7% heat-inactivated fetal bovine
serum and antibiotics (Invitrogen) at 37 °C in a 5% CO2 atmo-
sphere. For the induction studies, the cells were plated, and 24 h
later, the medium was removed, and the cells were then cul-
tured in Dulbecco’s modified Eagle’s medium with 2% heat-
inactivated fetal bovine serum and antibiotics with or without
pharmacological treatment in the absence of phenol red. Nor-
mal humanmelanocytes (NHM) isolated from several indepen-
dent Caucasians foreskins were maintained in M-254 medium
with humanmelanocyte growth supplements (Cascade Biolog-
ics, Inc.) and used for passages 2–6. NHM were treated with

compounds for 5 days before analysis becausemelanogenesis is
a much longer process in these cells than in B16 melanoma
cells. SB202190 (4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-
(4-pyridyl)-1H-imidazole), SB203580 (4-(4-fluorophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole), actino-
mycin D, cycloheximide, �-MSH, dimethyl sulfoxide,
L-3,4-dihydroxyphenylalanine (L-DOPA), and MG132 (ben-
zyloxycarbonyl-Leu-Leu-leucinal) were purchased from
Sigma-Aldrich. SB202474 (4-ethyl-2-(p-methoxyphenyl)-5-
(4�-pyridyl)-1H-imidazole) was from Calbiochem.
Melanin Content Determination—Extracellular melanin

release was measured as previously described (16). Briefly,
B16-F0 cells were seeded at a density of 1 � 104/cm2 and incu-
bated overnight, prior to �-MSH and pharmacological admin-
istration. The plates were then incubated for additional 72 h,
after which 200 �l of the medium were removed, and the
absorbance was measured spectrophotometrically at 405 nm
using a plate reader. The cells were then washed twice with
ice-cold phosphate-buffered saline, lysed with radioimmune
precipitation assay buffer or with phosphate-buffered saline
containing 1% Triton X-100, and centrifuged at 10,000 � g for
10 min. The supernatants were analyzed for protein concen-
tration, and the pellets were solubilized in 200 �l of 1 M

NaOH. Following an incubation period of 2 h at 60 °C, the
absorbance was measured spectrophotometrically at 405 nm
using a plate reader. Standard curves using synthetic mela-
nin (0–250 �g/ml) were prepared in duplicate for each
experiment. Melanin production was calculated by normal-
izing the total melanin values with protein content (�g of
melanin/mg of protein) and reported as a percentage of con-
trol. For this purpose protein content was determined using
Bradford dye reagent (Bio-Rad) that has been demonstrated
as the best procedure in the presence of synthetic and natu-
ral melanin (45).
siRNA Transfection—p38 siRNA (m2) duplex (Santa Cruz

Biotechnology Inc., Santa Cruz, CA), SignalSilencing� pool p38
MAP kinase siRNA (Cell Signaling) and siRNA-Mitf SiG-
ENOME SMARTpool (Dhamacon) were used to interfere with
p38 and Mitf expression, respectively. For dose-dependent
experiments, the siRNA transfection protocol suggested by the
manufacturer was optimized as follows: 5.0 � 104 cells were
plated on 12-well dishes and left to grow overnight. The follow-
ing day, the cells were transfected with 10, 30, or 60 pmol of
siRNA dimers (p38) and 1, 3, or 6 �l of transfection reagent
(Santa Cruz Biotechnology Inc.) mixed in Opti-MEM (Invitro-
gen). An equivalent amount of nonspecific siRNAwas used as a
negative control. Twenty-four hours following transfection,
�-MSH was added to some samples in agreement with the
experimental design. For all of the following experiments in
which the B16 cells were incubated with multiple treatments
after transfection, the cells were transfected with Amaxa
Nucleofector System to ensure identical siRNA efficiency
among the plates, because in this case the cells were transfected
altogether in a single cuvette and plated immediately after
nucleofection. For this purpose, we transferred 200 pmol of
p38-specific siRNA into 1.6 � 106 cells using the Amaxa
nucleofector cell line kit R (ProgramP-031). Preliminary exper-
iments demonstrated that this optimized protocol produces
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transfection efficiency similar to the maximum obtained by
lipofection (60 pmol/5.0 � 105). For double interfering experi-
ments, 200 pmol of p38 siRNA dimers were mixed with a dose
of 200 pmol ofMitf siRNA to transfect 1.6� 106 cells. To obtain
the same interfering efficiency in all samples, 200 pmol of non-
specific duplexwere added in single transfected cells. The inter-
ference efficiencies were evaluated by Western blot and/or
quantitative PCR in all experiments.
TyrosinaseAssay—Tyrosinase enzyme activitywas estimated

by measuring the rate of L-DOPA oxidation as previously
described (16) with slight modifications. Briefly, the cells were
treated with p38-specific siRNA or control siRNA for 72 h in
Dulbecco’s modified Eagle’s medium containing 2% (v/v) fetal
bovine serum � �-MSH. At the end point, the cells were solu-
bilized with phosphate buffer (pH 6.8) containing 1% Triton
X-100. The cells were then disrupted by freezing and thawing,
and the lysates were clarified by centrifugation at 10,000� g for
10 min. After protein quantification and adjustment of protein
concentrations with lysis buffer, 80 �l of each lysate (each con-
taining the same amount of protein) were aliquoted into the
wells of a 96-well plate, and 20 �l of 5 mM L-DOPA were then
added to each well. The absorbance was measured spectropho-
tometrically at 475 nm following a 20-min incubation period at
37 °C. The measurement was repeated five times.
Western Blot Analysis—Whole cell extracts were prepared

with radioimmune precipitation assay buffer (Tris-buffered
saline, 0.5% deoxycholate, 0.1% SDS, 1%TritonX-100) contain-
ing Complete Mini protease inhibitor mixture (Roche Applied
Science). The protein concentration was determined using the
Bradford dye reagent (Bio-Rad) that has been demonstrated as
the best procedure in pigment cells. Aliquots of cell lysateswere
separated by electrophoresis on SDS-polyacrylamide gels,
transferred to nitrocellulosemembranes, and then treated with
the appropriate antibodies. Anti-Mitf, anti-p38, anti-Ub(P4D1)
(Santa Cruz Biotechnology Inc.), and anti-P-p38 (Cell Signal-
ing) were used at 1:500; anti-tyrosinase, anti-TRP-1, and anti-
TRP-2/DCT antibodies were used at 1:3,000 (Santa Cruz Bio-
technology Inc.); and anti-�-tubulin (Sigma-Aldrich) was used
at 1:15,000. Horseradish peroxide-conjugated goat anti-mouse,
goat anti-rabbit, and bovine anti-goat immunoglobulin (Santa
Cruz Biotechnology Inc.) were used at 1:5,000, 1:10,000, and
1:3,000, respectively. Antibody complexes were detected by
chemiluminescence (ECL; Amersham Biosciences). Western
blot assays were representative of at least three experiments.
The protein levels were quantified by measuring the optical
densities of specific bands using aGS-800 calibrated image den-
sitometer (Bio-Rad).
Immunoprecipitation—Cell extracts (400 �g of total protein

in 500 �l of lysis buffer) were incubated with 40 �l of protein
A/G-agarose (Santa Cruz Biotechnology Inc.) under continu-
ous mixing for 2 h at 4 °C. After centrifugation (2,000 � g for 3
min at 4 °C), the supernatants were used as precleared cell
extracts. The precleared cell extracts were incubated with 1.6
�g of the anti-tyrosinase antibody. After overnight continuous
mixing at 4 °C, 40 �l of protein A/G-agarose were added for 2 h
at 4 °C. The immunocomplexes were precipitated by brief cen-
trifugation, and the pellets were washed three times with 500�l
of lysis buffer. Finally, the absorbed proteins were eluted with

30 �l of Tris-glycine SDS sample buffer containing 2-mercap-
toethanol at 95 °C for 5min. Each supernatantwas separated on
10% Tris-glycine SDS gels and then transferred to nitrocellu-
lose membranes. Ub(P4D1) was used to detect ubiquitinated
tyrosinase precipitated with anti-tyrosinase antibody. The level
of ubiquitinated tyrosinase was quantified by measuring the
optical densities of specific bands as reported in the protocol for
Western blot analysis.
Semi-quantitative Reverse Transcription-PCR—Total RNA

was extracted using an RNeasy mini kit (Qiagen). cDNA was
synthesized from1�g of total RNA in the presence of 0.5�g/re-
action of oligo(dT)15 primer using the Improm IITM reverse
transcription system (Promega). First strand cDNA (1 �l) was
amplified using a iQ5 light cycler (Bio-Rad). Aliquots (1 �l) of
the reverse transcription products were amplified in a reaction
mixture (15 �l) containing Maxima SYBR Green qPCRMaster
mix and 25 pmol of forward and reverse primers. Bio-Rad opti-
cal system software was used to determine the mRNA levels.
Data analysis was done by normalization to �-actin mRNA lev-
els. PCRs were done in triplicate. Forward and reverse primers
were as follows: p38, AATGGAGTCCTGAGCACCTG-3� and
5�-GACAGACGAACAGACAGACAC-3�; Mitf, 5�-GTATGA-
ACACGCACTCTCGAG-3� and 5�-CAGGAGTTGCTGATG-
GTAAG-3�; tyrosinase, 5�-GGCCAGCTTTCAGGCAGA-
GGT-3� and 5�-TGGTGCTTCATGGGCAAAATC-3�; TRP-1,
5�-AAGCAGACATCCAACAACACTAG-3� and 5�-GCAAG-
AGTTCAGAACACAGGTC-3�; DCT, 5�-GCAAGAGATAC-
ACGGAGGAAG-3� and 5�-CTAAGGCATCATCATCATCA-
CTAC-3�; and �-actin, 5�-GACAGGATGCAGAAGGAGAT-
TACT-3� and 5�-TGATCCACATCTGCTGGAAGGT-3�.
Statistical Analysis—Statistical significance was determined

by Student’s t tests. The minimal level of significance was p �
0.05 (*) or p � 0.01 (**).

RESULTS

Effect of MAPK Inhibitors on �-MSH-stimulated Me-
lanogenesis—In in vitro culture, melanin synthesized intracel-
lularly is secreted into the extracellular culture fluid and repre-
sents at the specific times of incubation used in this study a
considerable amount of total melanin produced (13, 16, 46, 47).
For this reason, the melanin released into the medium of each
well was determined spectrophotometrically in addition to
intracellular melanin quantification (see “Experimental Proce-
dures” for details). Previous studies have shown that �-MSH-
stimulated melanogenesis can be inhibited by blocking p38
MAPK activity with SB203580, a pyrimidinyl imidazole com-
pound (13, 15, 23, 39, 48). In this study, stimulation of B16 cells
with �-MSH (1 �M) caused a 5.6-fold increase in total melanin
production (Fig. 1A). In accordance with the literature,
co-treatment with SB203580 (1–20 �M) caused a significant
reduction in �-MSH-induced melanogenesis (p � 0.05). Simi-
larly, the pyrimidinyl imidazole SB202190 decreased melano-
genesis at the same concentrations. However, co-treatment
with the structural analog SB202474,which has no effect on p38
MAPK activity and is commonly included as a negative control
when SB203580 or its analog SB202190 are used to investigate
the involvement of p38 MAPK (49), caused a similar inhibition
of �-MSH-stimulated pigmentation (p � 0.05) (Fig. 1A). Simi-
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lar results were also obtained using the cAMP elevating agent
forskolin (supplemental Fig. S1). In addition, the effect of each
compound on the basal level of melanogenesis in B16 cells was
tested (Fig. 1A). In this case the cells were treated with com-
pounds for 96 h before analysis because spontaneous melano-
genesis is amuch longer process. The results demonstrated that
all pyridinyl imidazole compounds caused a dose-dependent
reduction of basal melanogenesis also in unstimulated B16
cells. Accordingly, with the concept that pyridinylimidazoles
may block the biological activity of p38 kinase by binding to the
ATP pockets of active and inactive forms of the enzyme with
equal affinity without affecting its rate of activation (50), we did
not observe alteration of the level of p38 expression or activa-
tion (Fig. 1B). In unstimulated and�-MSH-stimulated cells, the
presence of compounds reduced tyrosinase enzymatic activity
as measured by L-DOPA oxidation (Fig. 1C). Interestingly, the
strong reduction of melanin produced in the presence of com-
pounds corresponds to amoderate decrease of tyrosinase activ-
ity.We then verified the results obtained in B16melanoma cells
in NHM. The results obtained confirmed that p38 inhibitors
and their negative control SB202474 significantly repress mel-
anin synthesis even in normal human melanocytes (supple-
mental Fig. S2).
Effects of p38 Silencing on Melanogenesis—Treatment with

p38 inhibitors SB202190 and SB203580, as well as with
SB202474, the inactive compound in the presence or absence of
�-MSH, was effective in reduce melanogenesis, suggesting that
this effect is due to an activity of these molecules that is unre-
lated to their inhibition of p38 MAPK activity. To confirm that
the p38 MAPK pathway is not involved in imidazole com-
pound-induced reduction of melanogenesis, we used siRNA
instead of drugs to inhibit p38 MAPK activity. B16 cells were
transiently transfected with siRNA for p38 or control nonspe-

cific siRNA (NS-siRNA) at three different doses of siRNA
duplex (10, 30, or 60 pmol). The experiments were performed
using two different p38-specific duplexes obtaining similar
results (see “Experimental Procedures”). Twenty-four hours
after transfection, the cells were treated with �-MSH or not. As
a consequence of reduced activity or expression of p38 MAPK,
we observed a slight but significant (p � 0.05) stimulation of
melanin synthesis (Fig. 2A). Western blot analysis confirmed
that p38 protein levels were significantly reduced in cells trans-
fected with p38 siRNA (Fig. 2B). Interestingly, �-MSH stimula-
tion seems to improve p38 siRNA efficiency, suggesting that
�-MSH could also participate in the regulation of p38 protein
expression.
Effect of p38 Silencing on Melanogenic Protein Expression—

Next, we examined the effect of p38 silencing on the protein
levels of Mitf and the three melanocyte-specific enzymes: tyro-
sinase, TRP-1, and DCT, after 96 h of siRNA. The observed
increase in pigmentationwas associatedwith a significant stim-
ulation of tyrosinase expression (Fig. 3A). In addition, we also
observed a strong induction of TRP-1 expression and a small
increase of DCT protein level. However, we did not observe a
significant change in Mitf protein expression. In accordance
with melanin production, the effect of imidazole compounds
on melanogenic enzymes expression was greater in unstimu-
lated cells compared with �-MSH-treated cells. Western blot-
ting revealed that tyrosinase appeared mostly as an �80-kDa
species, the size of the mature, fully Golgi-processed form (51,
52). To confirm the functional activation of the rate-limiting
enzyme in melanin synthesis, we assayed tyrosinase activity by
quantifying L-DOPA oxidation. Consistent with the Western
blot assay, the results obtained showed that in B16 cells, tyro-
sinase activity was significantly increased (p � 0.05) by p38
down-regulation (Fig. 3B). We next examined whether p38-

FIGURE 1. Effect of pyridinyl imidazoles compounds on melanin synthesis in B16 melanoma cells. A, following incubation with increasing concentrations
(1, 2.5, 5, 10, and 20 �M) of pyridinyl imidazoles for 72 h, the extracellular and intracellular levels of melanin were determined separately by measuring the
absorbance at 405 nm. Standard curves of synthetic melanin were used to extrapolate the absolute values of melanin content. The total amount of melanin was
calculated for each experimental point by adding the extracellular and intracellular melanin values after normalization for protein content. B16 cells were also
treated with pyridinyl imidazoles compounds in absence of �-MSH. B, the effect of compounds on p38 activation and expression was estimated performing
Western blot analysis of controls and cells treated with pyridinyl imidazoles (20 �M) for 24 h. As a positive control of immunoblot, B16 cells were treated with
anisomycin, a specific activator of p38. C, samples treated as in B were also evaluated for tyrosinase activity by measuring L-DOPA oxidation at several different
time points. In addition, the end point (80 min) absorbance measured spectrophotometrically at 475 nm is reported to compare control and hormone-
stimulated cells. The data show the means � S.D. of three experiments performed in duplicate. *, p � 0.05; **, p � 0.01 versus control.
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mediated regulation of melanogenic proteins was due to accel-
erated transcription of their genes. First, we performed a time
course experiment to establish the exact kinetics of Mitf and
melanogenic enzyme up-regulation following �-MSH stimula-
tion in B16 cells. As shown in Fig. 4A,MitfmRNA increased in
a time-dependent manner, reaching maximum induction (9.6-
fold) after 6 h of treatment, followed by a gradual decline to the
basal level by 24 h. The mRNA levels of Mitf downstreammol-

ecules tyrosinase andTRP-1were found to be up-regulated dur-
ing the entire time of observation, whereas DCT mRNA tran-
scription was slightly modified by �-MSH. Next, B16 cells
treatedwith control siRNAorwith siRNA specific for p38 alone
or in association with �-MSH for 6 or 24 h were lysed for quan-
titative PCR. As shown in Fig. 4B, analysis of mRNA extracted
from cells treated with p38 siRNA showed no significant
change of melanogenic gene mRNA compared with control or

FIGURE 2. The effect of siRNA on melanogenesis. A, B16 cells were transfected with 10, 30, or 60 pmol of p38 siRNA dimers. p38 siRNA and nonspecific control
siRNA-transfected cells (NS-siRNA) were treated or not by adding �-MSH 1 � 10�7 24 h after transfection. The total amount of melanin was calculated after 72 h
for each experimental point by adding the extracellular and intracellular melanin values after normalization for protein content. The data show the means �
S.D. of five independent experiments. B, immunoblots of anti-p38 of cells treated as in A were used to quantify RNA interference efficiency. Variation in protein
loading was determined by blotting with anti-�-tubulin antibody.

FIGURE 3. The effect of p38 silencing on melanogenic protein expression and activity. A, expression of tyrosinase, TRP-1, and DCT proteins in B16 cells after
72 h of treatment with p38 siRNA (60 pmol). Total cellular proteins (20 �g/lane) were subject to 10% SDS-PAGE. Variation of loading was determined by blotting
with anti-�-tubulin antibody. The Western blot assays are representative of at least three experiments. B, tyrosinase activity by L-DOPA oxidation was measured
using cell lysates obtained from cells treated with 60 pmol of duplex as described in A. The values represent the means � S.D. of three representative
experiments performed in duplicate. *, p � 0.05.
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�-MSH-treated cells, suggesting that p38 acts at the protein
level. In this case, the amount of p38 mRNA was used as a
control for siRNA efficiency. To investigate whether the effects
of p38 down-regulation on melanogenesis might be related to
changes in the rate of degradation of melanogenic proteins, we
exposed cells transfected with NS-siRNA or p38 siRNA to the
transcriptional inhibitor actinomycin D (Act D) or to the trans-
lational inhibitor cycloheximide for 8 h, and the extracted pro-
teins were analyzed by Western blotting. As expected, these
antibiotics inhibited the de novo synthesis of tyrosinase, TRP-1,
and DCT proteins, although it is important to note that TRP-1
expression was slightly modified by Act D treatment. Deceler-
ated depression of melanogenic enzymes expression was
observed in cells pretreated with p38 siRNA (Fig. 5A). In addi-
tion, we use cycloheximide to block protein synthesis and to
demonstrate that at several different time points the level of
residual tyrosinase expressed is higher in cells transfected with
p38 siRNA (supplemental Fig. S3). Western blot analysis dem-
onstrated that at all of the time points considered. Therefore,
p38 repression inducesmelanogenesis in amanner that is inde-
pendent of de novo mRNA and protein synthesis. By contrast,
the levels of tyrosinase and related protein mRNAs in cells
treated with Act D or not and transfected p38 siRNA were
found to be similar to those of cells transfected with NS-siRNA
(Fig. 5B). Interestingly, the dramatic decrease of Mitf mRNA
observed after 8 h of transcriptional inhibition did not rapidly
correspond to a reduction of themRNA levels of tyrosinase and
related proteins. Consistent with the Western blot results,
quantitative analysis of mRNA demonstrated that, at the time
point examined,TRP-1 gene expressionwas not affected byAct

D treatment, suggesting that the corresponding mRNA is quite
stable. These results are consistent with the result forMitf tran-
scription factor expression described in Fig. 3A and confirm
that p38 regulates melanogenic enzymes at the protein level.
p38 Down-regulation-dependent Induction of Melanogenesis

Is Mitf-independent—Considering that a crucial involvement
of Mitf in the regulation of pigmentation without any accom-
panying change of mRNA levels of the melanogenic enzymes
has been proposed (36–52), we investigated the possibility that
Mitf, directly or indirectly, regulates the melanogenic enzyme
expression observed with p38 siRNA at a step other than
mRNA. To rule out any participation of Mitf in p38 down-
regulation-induced melanogenesis, we double-transfected B16
cells with Mitf-siRNA and p38 siRNA in the presence or
absence of �-MSH stimulation. In the absence of hormonal
stimulation in B16 cells, Mitf siRNA only slightly affected mel-
anogenesis (0.8-fold decrease) (Fig. 6A), probably because of
the stability of melanogenic enzymes until the experimental
end point (96 h). As expected, Mitf-specific siRNA strongly
decreased melanin synthesis in �-MSH-stimulated cells (0.2-
fold decrease). However, at the same time, melanogenesis inhi-
bition observed in the absence of Mitf protein was partially but
significantly rescued by p38 down-regulation in the basal (1.3-
fold increase; Mitf-siRNA�p38 siRNA versus Mitf-siRNA)
or hormone-stimulated condition (1.4-fold increase; Mitf-
siRNA�p38 siRNA versusMitf-siRNA) (Fig. 6A). Quantitative
PCR analysis confirmed that the decrease in melanogenic
enzymemRNAoccurring in the absence ofMitf expressionwas
not rescued by p38 siRNA, excluding again the increased pro-
duction and/or stabilization of mRNA (Fig. 6B). Analysis of

FIGURE 4. The effect of p38 silencing on Mitf and melanogenic enzymes mRNA transcription. A, semi-quantitative real time PCR to measure the kinetics
of Mitf, tyrosinase, TRP-1, and DCT mRNA increase following �-MSH treatment was performed by using the SyBr Green detection system. The graphs show fold
differences in transcript abundance in �-MSH-stimulated cells compared with untreated cells. B, total RNA was purified from p38 siRNA and NS-siRNA-
transfected cells after 6 and 24 h of �-MSH treatment (or not), and the levels of mRNA were analyzed by semi-quantitative real time PCR. The results shown in
A and B were normalized by the �-actin mRNA levels. The values shown represent the means � S.D. of three independent experiments.
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mRNA was also used to verify siRNA efficiency and to exclude
reduction of Mitf down-regulation in double-transfected cells.
This experiment clearly demonstrates that Mitf does not
directly influence stimulation of melanogenesis by p38 down-
regulation, even though Mitf plays an important role in deter-
mining tyrosinase and trp mRNA and protein levels. In this
sense, it is important to emphasize that Mitf exerts an indirect
but fundamental influence on melanogenesis regulation even
during p38 inhibition by determining the amount of mature
tyrosinase protein that can be stabilized by p38 kinase activity
inhibition.
Involvement of the Ubiquitin-Proteasome Pathway in the

p38-induced Regulation of Tyrosinase Expression—Because the
Western blot analysis of the relative abundance of melanogenic
enzymes indicated potential effects of p38 on protein turnover,
we next examined whether the p38-dependent control of tyro-
sinase expression was due to regulation of its proteolytic deg-
radation by the proteasome. We used anisomycin, a well char-
acterized and relatively specific activator of p38, alone or in
association with the membrane-permeable proteasome inhibi-
tor MG132, to demonstrate that activation of p38 induces mel-
anogenic enzyme degradation. To confirm that anisomycin
activates p38, the phosphorylation of p38 on Thr180/Tyr182 was
measured. As shown in Fig. 7A, exposure of B16 cells to aniso-
mycin caused tyrosinase degradation. In addition, that degra-
dation was inhibited when cells were pretreated with 150 nM of
MG132, confirming proteasome involvement. B16 cells were
also preincubated with the p38 MAPK-specific inhibitors
SB202190 and SB203580 or the inactive analog SB202474 10

min before stimulation with anisomycin to verify the role of
p38. Preincubation with SB202190 and SB203580 strongly
inhibited anisomycin-induced tyrosinase degradation. In con-
trast, SB202474, which has no ability to inhibit p38 MAPK
activity, did not influencemelanogenic protein stability. Similar
analyses applied to tyrosinase-related proteins confirmed that
p38 regulates TRP-1 stability (Fig. 7A) and in some extends
DCT degradation (data not shown). Another major effect of
anisomycin is that it is a translational inhibitor of protein syn-
thesis; however, this effect does not appear to be a problem in
the present context, because of the slight tyrosinase protein
decrease observed after the same time of treatment (3 h) with
the translational inhibitor cycloheximide. (data not shown).
Consistent with Western blot analysis, the decrease of tyrosin-
ase activity induced by anisomycin was prevented byMG132 or
SB202190 and SB203580 pretreatment (Fig. 7B). We then ver-
ified the results obtained in B16 melanoma cells in normal
human melanocytes. The results shown in Fig. 7 (C and D)
demonstrated that also in NHM stimulation of p38 increased
proteasome-mediated tyrosinase and TRP-1 degradation and
that inhibition of p38 restored tyrosinase stability. Interest-
ingly, for unknown reasons, the same experiment did not show
a similar reproducible regulation of DCT (data not shown). To
corroborate that p38 is required for anisomycin-induced mel-
anogenic enzyme degradation, we depleted p38 with duplex
siRNAbefore anisomycin treatment. As shown in Fig. 7E, abro-
gation of expression of p38 reduced the efficiency of protea-
some degradation observed after incubation with anisomycin.
Activating phosphorylation occurred in the residual p38 pro-

FIGURE 5. Increase of tyrosine family proteins is independent from de novo protein synthesis. A, increase of tyrosine family proteins is independent from
de novo protein synthesis. B16 cells transfected with NS-siRNA or p38 siRNA were exposed to the Act D (1 �g/ml) to inhibit RNA synthesis or to cycloheximide
(CHX, 1 �g/ml) to inhibit protein synthesis for 8 h. Total cellular proteins were extracted after 8 h. Western blotting analysis was performed using 20 �g of each
sample. Densitometric scanning of band intensities obtained from three separate experiments were used to quantify change of proteins expression (control
value taken as 1-fold in each case). Q p � 0.05 versus control. B, total RNA extracted from samples treated as in A were analyzed for p38, Mitf, tyrosinase, TRP-1,
and Dct mRNA expression. The results shown were normalized by the �-actin mRNA levels. The values shown represent the means � S.D. of three independent
experiments.

p38 Down-regulation Stimulates Melanogenesis

7294 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 10 • MARCH 5, 2010

 by guest, on F
ebruary 21, 2013

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


tein in samples treated with p38 siRNA, explaining the incom-
plete rescue of anisomycin-dependent degradation observed in
those samples. Altogether, these results indicate that p38might
control tyrosinase turnover by regulating its proteasome-de-
pendent degradation.
Regulatory Effect of p38 on Ubiquitinated Tyrosinase—Be-

cause the selectivity of protein degradation is determined
mainly at the stage of ubiquitin ligation, we evaluated the effect
of p38 silencing on tyrosinase ubiquitination. To do that, we
first stabilized ubiquitinated proteins, whichwould normally be
immediately degraded by proteasome, and we used an incuba-
tion time of 3 hwithMG132 at 150 nM to accomplish this. First,
we compared the relative amounts of on cellular ubiquitination
in general followingMG132 treatment. As shown in Fig. 8A, no
significant differences were observed in p38 siRNA-transfected
cells compared with mock transfected cells. We then per-
formed immunoprecipitation analysis to clarify whether p38
MAPK regulates the ubiquitination of tyrosinase. Cell extracts
were immunoprecipitated with the tyrosinase antibody, and
Western blotting of ubiquitin probed proteins was performed
withUb(P4D1). Quantification of bands corresponding to tyro-
sinase revealed that down-regulation of p38 decreased the level
of ubiquitinated tyrosinase to 0.7-fold compared with the con-
trol (Fig. 8B). Then the membrane was stripped to quantify the
amount of tyrosinase immunoprecipitated in each sample.

Because the degradation of tyrosinase was prevented by
MG132, similar band intensities of tyrosinase were obtained
(Fig. 8C). These results demonstrate that p38 MAPK activity
directly or indirectly regulates tyrosinase protein levels by
enhancing its ubiquitination.

DISCUSSION

MAPKs are evolutionarily conserved enzymes connecting
cell surface receptors to critical regulatory targets within cells.
p38MAPK is a stress-regulated protein kinase belonging to the
MAPK superfamily in addition to c-Jun N-terminal kinase and
extracellular signal-regulated kinases. p38 MAPK has been
shown to play a key role in the regulation of cellular responses
to external stress signals. It is activated by diverse stimuli that
include ultraviolet light, irradiation, heat shock, osmotic stress,
and proinflammatory cytokines. Pharmacological inhibitors
have accelerated studies concerning the role of p38 MAPK in
many different cellular processes, including proliferation, dif-
ferentiation, apoptosis, cellular senescence, transcriptional reg-
ulation, and cytoskeletal reorganization (53–55). The two pyr-
idinyl imidazole compounds, SB202190 and SB203580, have
been shown to inhibit p38 MAPK, but they have no effect on
related kinases such as extracellular signal-regulated protein
kinase end c-JunN-terminal kinase (51). In contrast, SB202474,
which has no effect on p38, is commonly included as a negative

FIGURE 6. The melanogenic effect of p38 silencing is Mitf-independent. A, B16 cells were double-transfected with Mitf-siRNA and p38 siRNA or single
transfected, and melanin content was measured as described above in cells were treated (or not) with �-MSH after 72 h of treatment. The values shown
represent the means � S.D. of three independent experiments. B, total RNA was extracted after 24 h of interfering to perform semi-quantitative real time PCR
of tyrosinase, TRP-1, and DCT. Analysis of Mitf and p38 mRNA was included to ensure that double and single transfection produced the same level of interfer-
ence. The values shown represent the means � S.D. of three independent experiments.
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control when SB203580 and SB202190 are used to study
the involvement of p38 MAPK. From these studies emerged
some sporadic evidence that pyridynil imidazole compounds
have unexpected targets in addition to p38, and consequently
they were found to be too nonspecific to assess the physiologi-
cal roles of p38 MAPK (56, 57).
A number of studies have reported the involvement of p38

MAPK in melanogenic differentiation (13, 15, 24, 38, 39, 48).
However, the role of p38MAPK in controllingmelanogenesis is
not fully understood. We observed here that pyridinyl imida-
zoles inhibited both basal and �-MSH-induced melanogenesis.
At first, we suspected that the p38 MAPK pathway might be
involved in melanogenesis suppression. However, SB202474,
which has no ability to inhibit p38MAPK activity and is widely
used as a negative control compound in p38MAPK studies, also
suppressed melanin synthesis induction. Furthermore, the
independence of the p38 kinase pathway from melanogenesis
repression by pyridinyl imidazole compounds was also con-
firmed by siRNA experiments. In fact, p38 MAPK siRNA sur-
prisingly stimulated melanogenesis. From these results, we
conclude that the p38 MAPK pathway is not involved in inhi-
bition by SB202190 and SB203580 and that pyridinyl imidazole
compounds have a target molecule(s) besides p38 MAPK
that might be important for pigmentation. Previous studies
described repression of melanogenesis by p38 activity inhi-
bition using the p38 inhibitor SB203580 (38, 39, 48). It is our
concern that no one study regardingmelanogenesis included
SB202474 as a negative control or siRNA as a positive
control.
While investigating the involvement of p38 MAPK in the

regulation of melanogenesis, we observed a very interesting
function of p38MAPK in the regulation ofmelanogenic protein

FIGURE 7. Involvement of proteasomes in the p38 MAPK regulation of tyrosinase stability. A, Western blot analysis of cell lysates (20 �g of protein/lane)
of cells treated with anisomycin (5 �M) to induce p38 MAPK activity alone or in association with the membrane-permeable proteasome inhibitor MG132 (150
nM) for 3 h. The cells were also pretreated with SB202190, with SB203580 (20 �M) to inhibit p38 kinase activity, or with SB202474 (20 �M) as a negative control.
The data are expressed as percentages of control and are the mean values �S.D. of triplicate determinations. B, tyrosinase activity by L-DOPA oxidation was
measured using cell lysates obtained from cells treated as described in A. The end point (80 min) absorbance was measured spectrophotometrically at 475 nm.
C and D, results described in A and B were confirmed with NHM. E, Western blot analysis of cell lysates (20 �g of protein/lane) of NS-siRNA and p38 siRNA-
transfected cells treated or not with anisomycin in association with proteasome inhibitor MG132. Densitometric analysis was performed as described above.

FIGURE 8. Regulatory effects of p38 on the ubiquitination of tyrosinase.
A, whole cell lysates were loaded with 10 �g/lane of total cell extracts to
evaluate the effect of p38 silencing on cellular general ubiquitination. The
cells were transfected with NS-siRNA or p38 siRNA and then treated with
MG132 (150 nM) for 3 h. B, cell extracts were immunoprecipitated (IP) with
anti-tyrosinase antibody (IP), and Western blotting (WB) of ubiquitinated
probed Ub(P4D1) was performed. Molecular masses, indicated on the left of
the Western blots, are expressed in kilodaltons. B and C, after stripping the
same membrane was reprobed with anti-tyrosine antibody. The experiment
was performed two times with similar results.
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expression. The levels of intracellular proteins are regulated by
a balance between their synthesis and degradation, and this is
also true for tyrosinase family proteins. Tyrosinase and TRP-1
are degraded endogenously at least in part by proteasomes (52,
58–60), which are multicatalytic protease complexes that
selectively degrade intracellular proteins. Previously, Ando
et al. (58) reported that fatty acids, themajor components of cell
membranes, are able to regulate the proteasomal degradation
of tyrosinase by relative increases or decreases in ubiquitinated
tyrosinase (59, 60). Consistently, we demonstrated that, in B16
cells and in NHM, p38 modulates melanogenic enzyme abun-
dance, reinforcing the concept that post-transcriptional regu-
lation might play a crucial role in the melanogenic pathway. In
fact, stimulation of p38 MAPK activity by anisomycin and p38
siRNA affects the steady-state level of tyrosinase and trp pro-
teins oppositely. Although the precise mechanism(s) by which
p38 promotes melanogenic enzyme degradation still remain to

be determined, the involvement of the ubiquitin-proteasome
pathway is supported by co-treatment with the proteasome-
specific inhibitorMG132. Recent reports indicate that p38 acti-
vation targets D-type cyclins for ubiquitin-proteasome degra-
dation (61, 62). Interestingly, the magnitude of p38-dependent
regulation of melanogenic enzyme expression is variable
among these proteins. Altogether, our experiments indicate
that TRP-1 is more sensitive to p38-dependent control. Dct
protein stability ismodestly influenced by p38MAPKactivity in
B16 melanoma cells, whereas this regulation does not seem to
have an important role in homologous human protein TRP-2
expression. In agreement with previous reports, our experi-
ments indicate that tyrosinase family proteinsmay be regulated
independently of each other as well as independently of Mitf
(23, 63, 64). Furthermore, another recent study revealed that, in
human neuroblastoma cells, prolonged induction of tyrosinase
led to the activation of c-Jun N-terminal kinase, p38 mitogen-

FIGURE 9. Model of contribution of p38 MAPK signal transduction in melanogenesis. The activation of p38 by UV irradiation could directly stimulate
melanogenesis increasing Usf-1-dependent transcription of tyrosinase gene (11). Elevation of cAMP content leads to PKA activation and stimulation of Mitf
transcription resulting in stimulation of tyrosinase, TRP-1, and DCT gene expression. Stimulation of MC1R activates ERK1/2 cascade promoting Mitf transcrip-
tional activity and its degradation at the same time. Stimulation of MC1R by �-MSH also phosphorylates p38 MAPK. We propose that similar to ERK1/2, p38
activation could repress melanin synthesis, preventing excessive production of melanin synthesis through the accelerate degradation of melanogenic
enzymes (dotted lines/arrows). p38, as well as ERK1/2, might represent a feedback system that controls tyrosinase family protein turnover, balancing the strong
induction via the cAMP/PKA pathway.
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activated protein kinase, and mitogen-activated protein kinase
kinase, and that the ubiquitin ligase Parkin could protect cells
from the neurotoxicity of reactive oxygen species overproduc-
tion caused by tyrosinase activity (65). Similarly, it is tempting
to speculate that �-MSH-induced stimulation of p38 activation
might be a feedback system that controls tyrosinase family pro-
tein turnover, thereby balancing the strong induction via the
cAMP/PKA pathway. Consequently, melanogenic proteins
ubiquitination triggered by �-MSH stimulation could reset the
pathway to prestimulatory status and modulate the strength
and duration of�-MSH signaling.Our study demonstrated that
in addition to extensively studied post-translational modifica-
tion mechanisms such as glycosylation, melanogenic enzyme
ubiquitination plays a central role in melanogenesis regulation.
In agreement with the data presented in this study, Englaro
et al. (2) demonstrated that in B16 cells, MAPK pathway acti-
vation is not required for cAMP-induced melanogenesis and
that inhibition of the mitogen-activated protein ERK1/2 path-
way increases tyrosinase activity. Moreover, cAMP-elevating
agents stimulate the activation of the mitogen-activated pro-
teins ERK1/2 (2, 25), which in turn promote phosphorylation of
Mitf on serine 73 and serine 409 (27). Dually phosphorylated
Mitf displays increased transcriptional activity and enhanced
proteasome-dependent degradation at the same time (24). Also
in this case, elevation of intracellular cAMP primes a retrocon-
trol mechanism that prevents excessive melanin synthesis.
Hence, cAMP-elevating agents seem to trigger at least two
antagonistic molecular events, one ending in the stimulation of
melanin synthesis and a second one decreasing melanogenesis
through the activation of the MAP kinase pathway. Pretreat-
ment of cells with inhibitors of MEK1/2 that regulate extracel-
lular signal-regulated kinases was found to potentiate the
�-MSH-induced stimulation of p38 MAP kinase, suggesting
that there may be some feedback between ERK1/2MAP kinase
inhibition and p38 MAP kinase activation (66). A seesaw-like
balance between ERK and p38 phosphorylation is also demon-
strated by the administration of SB203580, which increases
phosphorylation of ERK (66–68). We also observed in this
study a significant and persistent activation of ERK1/2 MAP
kinase when B16 cells were treated with high doses of pyridinil
imidazole compounds (data not shown). In conclusion, the
present study has firmly demonstrated both the involvement of
p38 in proteasome-dependent tyrosinase, TRP-1, and DCT
degradation (Fig. 9) and p38-independent inhibition of mela-
nogenesis by pyridinyl imidazole compounds. Consequently, a
prerequisite for unambiguous interpretation of melanogenesis
experiments involving these inhibitors is the knowledge of pos-
sible additional effects on the melanogenic pathway.
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22. Bertolotto, C., Buscà, R., Abbe, P., Bille, K., Aberdam, E., Ortonne, J. P., and

Ballotti, R. (1998)Mol. Cell Biol. 18, 694–702
23. Tachibana, M., Takeda, K., Nobukuni, Y., Urabe, K., Long, J. E., Meyers,

K. A., Aaronson, S. A., and Miki, T. (1996) Nat. Genet. 14, 50–54
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