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The cAMP-dependent pathway up-regulates MITF (microphthal-
mia-associated transcription factor), important for key melano-
genic proteins such as tyrosinase, TRP-1 (tyrosinase-related
protein 1) and TRP-2. We asked whether MITF is also a key tran-
scription factor for PKC-β (protein kinase C-β), required to phos-
phorylate otherwise inactive tyrosinase. When paired cultures of
human melanocytes were treated with isobutylmethylxanthine,
known to increase intracellular cAMP, both protein and mRNA
levels of PKC-β were induced by 24 h. To determine whether
MITF modulates PKC-β expression, paired cultures of human
melanocytes were transfected with dn-MITF (dominant-negative
MITF) or empty control vector. By immunoblotting, PKC-β pro-
tein was reduced by 63 +− 3.7% within 48 h. Co-transfection of an
expression vector for MITF-M, the MITF isoform specific for pig-
ment cells, or empty control vector with a full-length PKC-β pro-

moter–CAT (chloramphenicol acetyltransferase) reporter con-
struct (PKC-β/CAT) into Cos-7 cells showed >60-fold increase in
CAT activity. Melanocytes abundantly also expressed MITF-A, as
well as the MITF-B and MITF-H isoforms. However, in contrast
with MITF-M, MITF-A failed to transactivate co-expressed PKC-
β/CAT or CAT constructs under the control of a full-length tyro-
sinase promoter. Together, these results demonstrate that MITF,
specifically MITF-M, is a key transcription factor for PKC-β,
linking the PKC- and cAMP-dependent pathways in regulation of
melanogenesis.
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INTRODUCTION

Agents that elevate the intracellular level of cAMP, such as α-
MSH (α-melanocyte-stimulating hormone), dbcAMP (dibutyryl
cAMP) or IBMX (isobutylmethylxanthine), have been shown to
induce melanogenesis in both murine and human pigment cells
[1–7]. After α-MSH binds to its cell surface, MC1-R (melano-
cortin-1 receptor), a seven-transmembrane G-protein-coupled re-
ceptor that activates adenylate cyclase [8,9], the intracellular level
of cAMP is elevated [8,10]. The expression of melanogenic pro-
teins such as tyrosinase and TRP-1 (tyrosinase-related protein 1)
and TRP-2 was also shown to be induced by cAMP. Most of
the biological effects of cAMP have been shown to be mediated
through cAMP-dependent PKA (protein kinase A) [11]. PKA, a
serine/threonine kinase, phosphorylates the CREB [CRE (cAMP-
response element)-binding protein], which then interacts with the
CRE to transactivate MITF (microphthalmia-associated transcrip-
tion factor) [12–14]. The major melanogenic proteins such as
tyrosinase, TRP-1 and TRP-2 do not have CRE in their promoter
region, excluding the possibility that the cAMP pathway directly
affects transcription of these genes. It has therefore been proposed
that regulation of these melanogenic genes by cAMP occurs in-
directly through MITF [15–17].

MITF is a member of the b-HLH-zip (basic/helix–loop–helix/
leucine zipper) transcription factors and was shown to bind to one
or both of two conserved consensus elements, the M-box (AGT-
CATGTGCT) or E-box (CATGTG), in the promoter of each regu-
lated gene [18]. Promoters of tyrosinase, TRP-1 and TRP-2 were
all shown to contain at least one M-box consensus sequence [19].

Ectopic expression of MITF in fibroblasts leads to phenotypes
associated with melanocytic cells [20], and mutations in MITF are
found in the pigmentary disorder Waardenburg syndrome type IIA
[21]. MITF was subsequently shown to be a family of isoforms
[13,22], with MITF-M specifically expressed in melanocytic cells
[23]. The promoter region of MITF contains the DNA consensus
sequences for CRE [12–14]; thus the expression of MITF is up-
regulated by cAMP, and α-MSH increases the expression of MITF
through a cAMP-dependent pathway [15,24]. The function of
MITF has been shown to be pivotal for melanogenesis, in that
dn-MITF (dominant-negative MITF) blocked cAMP-induced in-
creases in tyrosinase expression and pigmentation [14,15,25].

The PKC (protein kinase C)-dependent pathway has emerged
as a second intracellular signalling pathway regulating melano-
genesis. It was first observed that addition of DAG (diacylgly-
cerol), the endogenous activator of PKC, to cultured human
melanocytes caused a rapid 3–4-fold increase in total melanin con-
tent [26], and this increase was blocked by a PKC inhibitor [26].
Moreover, topical application of active DAG species to guinea-pig
skin increased melanogenesis, while a DAG species not capable of
activating PKC failed to do so [27]. Conversely, topical application
of a selective PKC inhibitor reduces pigmentation and blocks
UV-induced tanning in guinea-pig skin [28]. In cultured pigment
cells, depletion of PKC reduced the melanin content dramatically
[29–31] and completely blocked α-MSH-induced melanogenesis
[31]. Further work established that the β-isoform of PKC was
specifically involved in melanogenesis and that the specific role
of PKC-β was to phosphorylate (activate) tyrosinase [32]. The
cytoplasmic domain of tyrosinase contains two serine residues at
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amino acid positions 505 and 509 [33], and both serine residues
are phosphorylated by PKC-β, resulting in activation of tyrosinase
[34].

In the present paper, we examine whether cAMP regulates the
expression of PKC-β, as seen with other melanogenic proteins.
Moreover, because the promoter region of PKC-β contains at least
two E-boxes [35], the possible role of MITF-M as a transcription
factor for PKC-β has been explored.

MATERIALS AND METHODS

Materials

DMEM (Dulbecco’s modified essential medium), L15, non-
essential amino acids, glutamine, M199 medium and trypsin
were purchased from Gibco BRL. Recombinant basic fibroblast
growth factor was purchased from Amgen, tri-iodothyronine from
Collaborative Research, BPE (bovine pituitary extract) from Clon-
etics and cortisol from Calbiochem. Insulin, transferrin and
dbcAMP were from Sigma. Nylon membranes were from
Amersham. PKC antibodies were from Transduction Laborat-
ories. Bovine calf serum and fetal calf serum were from HyClone
Laboratories. All radiolabelled compounds were purchased from
New England Nuclear. PVDF membranes were from Bio-Rad
Laboratories. FuGene6 was purchased from Roche Diagnostics
(Indianapolis, IN, U.S.A.). TRIzol® reagent was from Gibco
BRL Life Technologies. CAT Enzyme Assay and Dual-Luciferase
Reporter Assay systems were from Promega.

Cells and media

Neonatal foreskins were used to culture human melanocytes as
previously described [32]. In brief, the epidermis was separated
from the dermis after overnight incubation in 0.25% trypsin at
4 ◦C. Primary cultures were then established in M199 medium
containing 1.8 mM Ca2+ and supplemented with 10−9 M tri-iodo-
thyronine, 10 µg/ml insulin, 1.4 × 10−6 M cortisol, BPE (35 µg/
ml), 80 µM dbcAMP, 10 ng/ml basic fibroblast growth factor and
5–10% (v/v) fetal bovine serum. All post-primary cultures were
maintained in a low-calcium (0.03 mM) version of this medium
known to selectively support melanocyte growth [36]. Cells at
first to third passages were routinely used.

Immunoblot analysis

Immunoblot analysis was performed as described previously
[32,34]. Cells were harvested in RIPA buffer [0.25 M Tris, pH 7.5,
0.5 M NaCl, 2.5% (w/v) SDS and 0.1% Triton X-100] containing
protease inhibitors (100 µM okadaic acid, 100 µM PMSF,
100 µg/ml aprotinin, 2 µg/ml leupeptin and 100 µM sodium
orthovanadate). Protein samples were subjected to SDS/PAGE
(7.5% gel) and transferred to a nitrocellulose membrane or PVDF
membrane electrophoretically. The membrane was pre-incubated
in 100% Blotto (5 g of non-fat dry milk in 100 ml of PBS) for
3 h at room temperature (25–30 ◦C) with shaking, followed by an
overnight incubation with antiserum [0.5–1 µg/ml in 10% (w/v)
Blotto] at 4 ◦C. At the end of the incubation, the membrane was
washed extensively with PBS containing 0.5% Tween 20, and
processed using the ECL® kit. The membrane was then exposed
to Kodak X-OMAT film.

Tyrosinase activity

Tyrosinase activity was measured by the method of Pomerantz
[37]. In brief, 5 × 105 cells were briefly sonicated in 80 mM phos-
phate buffer (pH 6.8) containing 1 % Triton X-100, and tyro-

Table 1 Primer sequences for MITF isoforms

Isoform Primer sequences

M F1: 5′-ATGCTGGAAATGCTAGAATACAGT-3′

R1: 5′-ATCATCCATCTGCATGCAC-3′

A F1: 5′-ATGCAGTCCGAATCGGGGATCGTG-3′

R1: 5′-ATCATCCATCTGCATGCAC-3′

H F1: 5′-ATGGAGGCGCTTAGATTTGAGATG-3′

R1: 5′-ATCATCCATCTGCATGCAC-3′

E F1: 5′-CCAGATACACAGACAGTCAC-3′

R1: 5′-ATCATCCATCTGCATGCAC-3′

B F1: 5′-GATACCCCCAAAGTGCAAACGAAG-3′

R1: 5′-ACACAAATTATCAGAAGAGGCCCACC-3′

sinase was extracted for 60 min at 4 ◦C. Cellular protein (10–
50 µg) was incubated with 250 nM L-tyrosine, 25 nM L-dihydro-
xyphenylalanine and 5 µCi of L-[3,5-3H]tyrosine (40–60 Ci/
mmol) for 30–60 min at 37 ◦C. The reaction was stopped by addi-
tion of 500 µl of 10% (w/v) trichloroacetic acid containing 0.2%
BSA. Trichloroacetic acid-soluble material was reacted with
Norit A, and released 3H2O was measured using a scintillation
counter. The activity was expressed as c.p.m. of 3H2O released ·
(µg of protein)−1 · h−1 minus the non-specific incorporation of
radioactivity, determined by using lysate boiled for 30 min (back-
ground). Background was generally less than 5–10 % of the
sample.

Northern-blot analysis

Total cellular RNA was isolated using TRIzol® reagent according
to the manufacturer’s instructions. Routinely, 20 µg of total cel-
lular RNA per lane was size-fractionated through a 1% agarose
gel containing 6% (v/v) formaldehyde. The RNA was then trans-
ferred to a Hybond-N nylon membrane and immobilized by short
UV light illumination. Blots were prehybridized in prehybridiz-
ation solution [10% (w/v) dextran sulphate, 5× Denhardt’s (1×
Denhardt’s is 0.02 % Ficoll 400, 0.02% polyvinylpyrrolidone
and 0.02% BSA), 50% (v/v) deionized formamide, 75 µg/ml
salmon sperm DNA and 0.1% SDS] for 4–24 h at 45 ◦C, and
hybridized with the radiolabelled specific probe directly added
to the prehybridization solution for 48–72 h at 45 ◦C. Then the
blot was washed twice in 2× SSC (1× SSC is 0.15 M NaCl and
0.015 M sodium citrate) at 65 ◦C for 30 min each, and exposed to
a Kodak X-OMAT film.

Probes

The cDNA probes for human tyrosinase and PKC-β were
purchased from A.T.C.C. cDNAs were radiolabelled with
[α-32P]dCTP (3000 Ci/mmol; New England Nuclear), using a
commercially available oligo-labelling kit (Pharmacia LKB Bio-
technology).

RT (reverse transcriptase)–PCR

Total RNA was isolated from subconfluent cultures of human
melanocytes and 2 µg of RNA was reverse-transcribed into
cDNA. cDNA (0.1 µg) was then amplified with 15 pmol of each
forward and reverse primer. All PCR reactions were terminated
at the 29 cycles that fell within the exponential phase of ampli-
fication. Denaturation was performed at 95 ◦C for 30 s, primer
annealing at 65 ◦C for 1 min and DNA polymerization at 72 ◦C for
1 min in a thermal cycle (MJ Research, Waltham, MA, U.S.A.).
Specific primers for MITF-M, MITF-A, MITF-B, MITF-H and
MITF-E (Table 1) were used to determine the expression of MITF
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Figure 1 IBMX increases the protein levels of PKC-β, MITF and tyrosinase

(A) Paired cultures of melanocytes were re-fed with serum-free DMEM. Cells were harvested and intracellular level of cAMP was measured, 24 and 48 h after introducing serum-free DMEM. In three
independent experiments, the intracellular level of cAMP was decreased significantly at both 24 h (P < 0.03) and 48 h (P < 0.01). One representative experiment of the three separate experiments
is presented. (B) Paired cultures of melanocytes were depleted of cAMP and treated with vehicle or 100 µM IBMX or vehicle alone. The levels of intracellular cAMP were measured at the indicated
time points. In two independent experiments, IBMX increased the level of intracellular cAMP within 30 min, with maximal increase at 24 h, and over 72 h. (C) Paired cultures were immunoblotted for
PKC-β , MITF and tyrosinase. For the loading control, the membrane was immunoblotted for actin. A representative result from three independent experiments is presented. Densitometric analysis
normalized against the loading control showed that the IBMX increased the level of all proteins at all three time points: PKC-β by 198 +− 42 % (P < 0.05, 24 h), 246 +− 70 % (P < 0.05, 48 h) and
535 +− 150 % (P < 0.05, 72 h); tyrosinase by 285 +− 1.0 % (P < 0.001, 24 h), 231 +− 92 % (P < 0.05, 48 h), 254 +− 70 % (P < 0.05, 72 h); and MITF by 160 +− 50 % (P < 0.04, 24 h), 367 +− 36 %
(P < 0.01, 48 h) and 290 +− 40 % (P < 0.01, 72 h).

isoforms. Each PCR product was then sequenced and confirmed
against published reports [13,22].

Vectors

Expression vectors for MITF-M and MITF-A were provided by
Dr Shigeki Shibahara at Tohoku University in Japan [13], and dn-
MITF was provided by Dr David E. Fisher at the Dana Farber Insti-
tute (Harvard Medical School, Boston, MA, U.S.A.) [38]. PKC-β
promoter–CAT (chloramphenicol acetyltransferase) constructs
(PKC-β/CAT) were obtained from Dr Dennis Cooper at the
University of Florida at Miami [35]. Tyrosinase promoter/CAT
construct was provided by Dr Gunther Schutz at Institute of Cell
and Tumor Biology, German Cancer Research Center, Heidelberg,
Germany [39,40].

Transient transfection

In order to introduce dn-MITF, FuGene6 was used according to
the instructions of the manufacturer. Routinely, melanocytes were
passaged on the day before the transfection at 60–80% confluence
and 2–5 µg of DNA was introduced into a 100 mm dish. Cells
were harvested 48–72 h after transfection. To transfect Cos-7
cells, cells were plated at 5 × 105 cells/60 mm plate 24 h prior
to transfection, and 0.4 µg of promoterless Renilla luciferase re-
porter construct was co-transfected to assess and normalize dif-
ferences in the transfection efficiencies among the plates. Cells
were harvested at 48 h after the transfection, and CAT and luci-
ferase assays were performed according to the manufacturer’s
instructions. Results were expressed as the ratio of CAT activity
to luciferase activity.

cAMP determination

The intracellular level of cAMP was measured using Cyclic AMP
Enzyme Immunoassay kit from BIOMOL.

RESULTS

IBMX induces the protein level of PKC-β

The cAMP-dependent pathway has been shown to be a major
positive regulator of melanogenesis [1,6,41–46]. cAMP induces
these melanogenic proteins at least in part through MITF [15,24].
Because PKC-β plays a key role during melanogenesis [32,34],
we asked whether increasing the intracellular level of cAMP in
cultured melanocytes also increases the expression of PKC-β, as
seen with other key melanogenic proteins.

Because human melanocytes are customarily grown in M199
medium supplemented with growth factors, BPE and dbcAMP
[47], or with choleragen [34], the basal intracellular level of
cAMP in melanocytes is customarily elevated. To avoid masking
effects of cAMP on the expression of PKC-β by an already ele-
vated basal level of cAMP, paired cultures of subconfluent human
melanocytes were re-fed with serum-free DMEM for 24 and
48 h, and the intracellular level of cAMP was measured. The
intracellular level of cAMP was maximally reduced within 24 h
of re-feeding with serum-free DMEM (Figure 1A). Therefore cells
were routinely re-fed with serum-free DMEM prior to treatment
with IBMX, a cAMP-elevating agent. Interestingly, in the absence
of strong stimulators of cAMP, a wide range of basal levels of
cAMP were found in melanocytes cultured from different foreskin
donors, as also observed by others [48]. In our cultures, the basal
concentration of cAMP ranged from 0.2 to 3.0 pmol/µg of protein.

To determine whether IBMX induces the expression of PKC-
β, basal levels of cAMP were first reduced and cells were then
treated with 100 µM IBMX or vehicle alone (DMSO) with fresh
provision of medium. Paired plates were harvested at 0.5, 2,
24, 48 and 72 h after treatment to determine the intracellular
level of cAMP. IBMX increased intracellular levels of cAMP
as expected (Figure 1B). Maximal induction of >3-fold was
observed after 24 h, and the cAMP level remained elevated even
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Figure 2 IBMX increases the levels of PKC-β and tyrosinase mRNAs

Paired cultures of melanocytes were depleted of cAMP and treated with 100 µM IBMX or vehicle
alone. After 48 h, cells were harvested and Northern-blot analysis was performed using specific
cDNA against PKC-β (A) and tyrosinase (B). The 18 S RNA band serves as a loading control. In
two independent experiments, IBMX induced PKC-β mRNA levels (768 +− 132 %), and in three
independent experiments, IBMX induced tyrosinase mRNA (377 +− 100 %).

72 h after IBMX treatment. In paired dishes, the protein levels
of MITF, PKC-β and tyrosinase were determined by immunoblot
analysis using monoclonal antibodies specific for each protein.
In the vehicle-treated group, the levels of tyrosinase and PKC-β
proteins were higher at 24 h than at 48 and 72 h, as frequently
observed in this melanocyte culture system (H.-Y. Park and B. A.
Gilchrest, unpublished work). Nevertheless, within 24 h, IBMX
induced the level of PKC-β as well as MITF, and also induced
tyrosinase within 48 h (Figure 1C). The induction of all three
proteins persisted through 72 h after the IBMX treatment. These
results suggest that cAMP co-ordinately regulates the expression
of PKC-β, tyrosinase and MITF.

IBMX induces the level of PKC-β mRNA

If MITF transcriptionally increases expression of PKC-β when
the intracellular level of cAMP is elevated, then the mRNA level
of PKC-β should also be induced by cAMP. To determine whether
the cAMP-dependent pathway increases the level of PKC-β
mRNA, basal levels of cAMP were first lowered as described
above and the paired cultures of melanocytes were then treated
with 100 µM IBMX or vehicle alone for 48 h. Cells were har-
vested and Northern-blot analysis was performed using cDNA
specific for PKC-β. IBMX induced the two known transcripts of
PKC-β mRNA (Figure 2A), consistent with the cAMP-dependent
pathway regulating transcription of PKC-β through MITF. In
parallel, the level of tyrosinase was also examined. The IBMX-
induced increases in the intracellular level of cAMP also increased
the level of tyrosinase mRNA (Figure 2B).

MITF is induced by IBMX prior to tyrosinase and PKC-β

Published DNA sequences of the promoter region of PKC-β reveal
at least two E-boxes, at −26 and −110 nt positions [35], suggest-
ing that MITF may directly modulate the transcription of PKC-β.
Moreover, if the cAMP-dependent pathway up-regulates the ex-
pression of PKC-β through MITF, then cAMP should induce the
level of MITF prior to inducing PKC-β. To test this hypothesis,
paired cultures of human melanocytes were first depleted of intra-
cellular level of cAMP as before and treated with either 100 µM
IBMX or vehicle alone for 4 and 6 h. MITF was strongly induced
within 4 h of IBMX treatment, whereas PKC-β and tyrosinase
remained unaffected by IBMX even up to 6 h of treatment (Fig-
ure 3). Induction of MITF thus preceded the induction of PKC-β
and tyrosinase, a result consistent with the possibility that cAMP
induces the level of PKC-β through MITF.

Figure 3 IBMX increases the protein level of MITF

Paired cultures of melanocytes were depleted of cAMP and treated with vehicle or 100 µM IBMX
for 4 and 6 h. Cells were harvested and immunoblot analysis was performed using monoclonal
antibodies specific for MITF, tyrosinase and PKC-β . For the loading control, the membrane was
immunoblotted for actin. A representative immunoblot from one of two independent experiments
is shown. Densitometric analysis showed that IBMX caused an increase in the level of MITF
by approx. 560 +− 60 % and approx. 400 +− 35 % over 4 and 6 h respectively, but no significant
changes were observed for PKC-β and tyrosinase.

Figure 4 dn-MITF reduced the basal protein levels of PKC-β and tyrosinase

Paired cultures of melanocytes were transfected with dn-MITF or control vector. Cells were
harvested after 48 h and immunoblotted for PKC-β (A) and tyrosinase (B), with actin as a
loading control. Densitometric analysis of three separate experiments showed that the level of
PKC-β was decreased by 63 +− 3.7 % (P < 0.001) and the level of tyrosinase was decreased
by 39.7 +− 16.9 % (P < 0.027) in dn-MITF-transfected cells when compared with control
vector-transfected cells. (C) Paired cultures of melanocytes were transfected with dn-MITF
or control vector. Then, cells were treated with 100 µM IBMX or vehicle alone to determine
whether dn-MITF inhibited IBMX-induced increases in PKC-β . Densitometric analysis showed
that IBMX induced the level of PKC-β in control vector-transfected cells by 240 %, whereas
IBMX did not induce PKC-β in dn-MITF-transfected cells.

dn-MITF reduces the protein levels of tyrosinase and PKC-β

To explore whether MITF is involved in the expression of PKC-β,
a set of subconfluent melanocyte cultures was transfected with
dn-MITF or a control vector. Cells were harvested 48 h after the
transfection, and the levels of PKC-β and tyrosinase proteins were
examined by immunoblot analysis using specific monoclonal
antibodies against each protein. dn-MITF reduced the level of
PKC-β and tyrosinase (Figures 4A and 4B). As determined by
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Figure 5 MITF up-regulates the transcription of PKC-β

(A) Diagram of the PKC-β promoter constructs. (B) Cos-7 cells were co-transfected with
MITF-M and full-length PKC-β/CAT. (B1) In one set of Cos-7 cells, promoterless Renilla
luciferase was co-transfected to assess the transfection efficiencies; 48 h after the transfection,
cells were harvested, CAT and luciferase activities were determined and results were expressed
as CAT/luciferase. (B2) In another set of Cos-7 cells, Cos-7 cells were co-transfected with
MITF-M and PKC-β/CAT and results were expressed as CAT activity (c.p.m./µg of protein).
Both approaches showed similar results when transfections were performed with (two separate
experiments) and without (two separate experiments) Renilla luciferase. (C) Cos-7 cells were
co-transfected with MITF-M and full-length PKC-β/CAT or truncated PKC-β/CAT; 48 h after the
transfection, cells were harvested and CAT assay was performed. In three separate transfections,
MITF-M failed to transactivate truncated PKC-β/CAT.

densitometric analysis of three separate experiments, PKC-β level
was reduced by 63 +− 3.7% (P < 0.001) and tyrosinase level was
reduced by 39.7 +− 16.9% (P < 0.027). These results confirm that
MITF up-regulates PKC-β and are consistent with direct tran-
scriptional regulation via MITF binding to the known E-boxes in
the PKC-β promoter.

In order to confirm that MITF plays a critical role in the
cAMP-induced increases in PKC-β expression, a paired culture of
subconfluent melanocytes was transfected with dn-MITF or con-
trol vector, after which cultures in each group were treated with
100 µM IBMX or vehicle alone. As expected, in control vector-
transfected cells, IBMX induced the PKC-β protein (Figure 4C).
However, transfection of dn-MITF blocked IBMX-induced in-
crease in PKC-β (Figure 4C), further demonstrating that MITF
plays a critical role in IBMX-induced increase in PKC-β.

MITF-M up-regulates the transcriptional activity of the
PKC-β promoter

To determine whether MITF-M transcriptionally up-regulates
PKC-β, a CAT-reporter construct containing the full-length
4.1 kb PKC-β upstream promoter or, in separate experiments,
a truncated promoter (Figure 5A) and an expression vector for

Figure 6 MITF-A does not up-regulate transcription of PKC-β

(A) To determine the expression of MITF isoforms, RT–PCR was performed using RNA isolated
from melanocytes and specific primers against MITF-M, MITF-A, MITF-B, MITF-H and MITF-E.
Each PCR product was sequenced to confirm its identity. MITF-M, MITF-A, MITF-B and MITF-H
were readily detected in melanocytes (A1). RT–PCR using primers specific for the MITF-E
failed to detect an expression in melanocytes (Mel), whereas MITF-E expression was easily
detected in HeLa cells (A2), a cell type known to express MITF-E [60]. (B) Cos-7 cells were
co-transfected with MITF-M or MITF-A with full-length PKC-β/CAT or tyrosinase/CAT. In three
separate experiments, MITF-A failed to transactivate tyrosinase/CAT and PKC-β/CAT, whereas
MITF-M transactivated both PKC-β/CAT and tyrosinase/CAT.

MITF-M, were co-transfected into Cos-7 cells. Renilla luciferase
was also introduced to assess the transfection efficiencies among
samples. Untransfected Cos-7 cells did not express detectable
levels of MITF (results not shown). Cells were harvested 48 h
after the transfection. MITF-M up-regulated full-length PKC-β
promoter activity approx. 60-fold (Figure 5B1), suggesting that
MITF-M is an important transcription factor for endogenous
PKC-β. When Renilla luciferase was not co-transfected to allow
for normalization of transfection rates and the result was expressed
as CAT activity (c.p.m./µg of protein), a similar induction was
observed (Figure 5B2), suggesting a minimal difference in trans-
fection efficiencies between the samples. Therefore, in subsequent
transfection experiments, results were expressed as CAT activity
(c.p.m./µg of protein).

To determine whether the presence of E-boxes alone is sufficient
to up-regulate PKC-β promoter activity by MITF, the severely
truncated PKC-β promoter that nevertheless contains both known
E-boxes was co-transfected with MITF-M. The full-length PKC-β
promoter was co-transfected in paired cultures as a control. As
expected, the full-length construct was fully activated in the pre-
sence of MITF-M, but despite the presence of E-boxes, the trun-
cated construct was inactive (Figure 5C). These results suggest
that, as for tyrosinase [49], MITF-M alone is not sufficient to up-
regulate PKC-β transcription.

Only the MITF-M isoform up-regulates transcription of PKC-β

Because MITF has multiple isoforms, we asked if other forms
are expressed in melanocytes. RT–PCR revealed that MITF-M,
MITF-B, MITF-H and MITF-A, but not MITF-E, are expressed
in human melanocytes (Figures 6A1 and 6A2). Because MITF-A
and PKC-β are expressed together in many cell types [50–52],
we examined the ability of MITF-A to up-regulate transcription
of PKC-β as well as tyrosinase, a classic melanogenic protein.
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Paired cultures of Cos-7 cells were transfected with MITF-M or
MITF-A isoforms with the full-length CAT construct of PKC-β
or a full-length CAT construct of tyrosinase. Only MITF-M was
capable of up-regulating the transcription of PKC-β and tyro-
sinase (Figure 6B).

DISCUSSION

The cAMP-dependent pathway has been shown to be a key modul-
ator of melanogenesis. Recent studies show that cAMP-induced
increases in the expression of many melanogenic proteins are
mediated through MITF [13,15]. We demonstrate that the cAMP-
dependent pathway also up-regulates the expression of PKC-β
via MITF. Similar to tyrosinase and TRP-1, the PKC-β promoter
also lacks the DNA consensus sequences for CRE [35], but the
PKC-β promoter contains at least two E-boxes [35], a DNA
consensus sequence known to interact with MITF [12,13]. The co-
transfection of MITF-M and a full-length PKC-β promoter into
Cos-7 cells resulted in transactivation of the PKC-β promoter.
Consistent with the hypothesis that MITF-M is a key transcription
factor for PKC-β, transfection of dn-MITF into cultured melano-
cytes reduced the level of PKC-β. As expected, the level of tyro-
sinase was also reduced. However, dn-MITF did not completely
abolish the expression of PKC-β and tyrosinase. This may be due
to the inability of dn-MITF to completely block the activity of
endogenous MITF or, alternatively, MITF may not be the only
transcription factor regulating the expression of PKC-β.

Our results also suggest that loss of MITF transcriptional ac-
tivity decreases tyrosinase activity proportionally to its effect on
PKC-β protein levels, rather than to its effect on tyrosinase pro-
tein level. This would be consistent with the lack of correlation
between tyrosinase activity and the level of tyrosinase protein in
melanocytes [32,36,53,54] and the observation that depletion of
PKC-β decreases or abolishes melanogenesis in human melano-
cytes [32,34]. Moreover, many amelanotic melanoma cell lines
express ample tyrosinase [32,54,55] but lack PKC-β expression
[55]. While some of the discrepancies between the expression of
tyrosinase and the lack of melanin in melanoma cells may be
attributed to mis-regulation in post-translational modification of
tyrosinase, such as incomplete glycosylation of tyrosinase [56],
in at least some amelanotic melanoma cells, re-introduction of
PKC-β rescues melanin production [32]. These results suggest
that activation of tyrosinase by PKC-β may be the rate-limiting
event during melanogenesis.

In one experiment in which melanocytes were transfected with
dn-MITF or control vector, tyrosinase activity was measured in
parallel. Interestingly, the level of decrease in tyrosinase activity
in the cells transfected with dn-MITF paralleled the level of de-
crease in PKC-β, but not the level of decrease in tyrosinase by dn-
MITF. In this experiment, in dn-MITF-transfected cells, the level
of PKC-β was decreased by 53% and the level of tyrosinase
was decreased by 24%, whereas tyrosinase activity measured
in parallel was decreased by 55% (9826 c.p.m./µg of protein in
control vector-transfected cells versus 5563 c.p.m./µg of protein
in dn-MITF-transfected cells). This result further supports the
idea that the level of PKC-β may be rate-limiting for tyrosinase
activity.

MITF-M transactivated the full-length promoter PKC-β pro-
moter, but not a truncated PKC-β promoter, despite the fact
that the latter construct contained both E-boxes. This result
suggests that MITF-M is an important but not sufficient factor for
transactivating transcription of the PKC-β gene. In this context,
it is interesting that MITF-M is a key transcription factor for tyro-
sinase, but is not alone sufficient to transactivate transcription

of the tyrosinase gene [49]. Transcription factors that work with
MITF-M to up-regulate PKC-β transcription are yet to be elucid-
ated, although binding sites for AP-2 (activating protein-2) and
Smad (Sma and Mad protein) are present in PKC-β promoter
[35].

It is also possible that MITF does not directly bind to the PKC-
β promoter. Because cells are harvested 48 h after transfection
of melanocytes with dn-MITF, dn-MITF may have affected the
level of other transcription factors required for PKC-β expression.
However, the fact that dn-MITF blocks the IBMX-induced in-
crease in PKC-β demonstrates that MITF plays a key role, direct
or indirect, in mediating the cAMP-induced increase in PKC-β.

The MITF-M isoform has been associated with melanocytic
cells [18,23], and has been thought to be the key transcription
factor for melanogenic proteins. However, all MITF isoforms have
identical DNA-binding sites [13] and potentially their activities
overlap. Moreover, determination of the expression of MITF
isoforms in a particular cell type has been difficult due to the
lack of MITF antibodies specific for each isoform. The currently
available antibody against MITF has been shown to cross-react
with at least M, A and H isoforms of MITF [18,52,57]. Our
present results using RT–PCR demonstrate that, in addition
to MITF-M, human melanocytes express MITF-A, MITF-B and
MITF-H but not MITF-E. However, when full-length PKC-β
promoter construct was co-transfected with MITF-A or MITF-
M isoforms, only MITF-M was capable of up-regulating PKC-β
transcription. These results suggest that, in spite of sharing a
high percentage of homology, each MITF isoform exerts specific
biological actions. Whether this is because they recruit different
co-activators, have differential affinities for binding to E-boxes,
or other unique properties, is yet to be elucidated. Regardless,
the biological function of MITF-A, MITF-B and MITF-H in
melanocytes needs to be further explored.

MITF has also been shown to be involved in melanocyte sur-
vival [38]. It specifically up-regulates the anti-apoptotic protein
Bcl-2 [38] and is often overexpressed in melanomas, as deter-
mined by immunohistochemistry [57–59], suggesting it may be a
reliable diagnostic marker for melanoma [57–59]. Unfortunately,
the only antibody available for MITF-M cross-reacts with
other MITF isoforms [18,52,57]. When we transfected MITF-M
and MITF-A into Cos-7 cells, identical bands were detected by im-
munoblot analysis (results not shown). Therefore, at present, one
cannot determine which of the MITF isoforms are up-regulated
in melanomas.

In summary, our results demonstrate that the expression of
PKC-β, the kinase responsible for activating tyrosinase, is up-
regulated by cAMP via the key transcription factor MITF-M.
These results strongly support the co-ordinate regulation of multi-
ple melanogenic proteins in melanocytes and establish that the
PKC and cAMP pathways interact in the regulation of mammalian
pigmentation.
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