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ABSTRACT. The polyether toxin, bistratene A, induced morphological and functional differentiation of a
human melanoma cell line (MM96E). The cells became blocked at the G2/M transition and elaborated a
number of processes. Tyrosinase activity and melanin content were substantially increased. Northern blot
analysis showed up-regulation of mRNA for several genes known to be involved in melanin biosynthesis
(pmel17, pmel34, and tyrosinase related proteins, TRP-1 and TRP-2). Bistratene A induced the phosphorylation
of several proteins as assessed by 2D gel electrophoresis and one of these was identified as stathmin (oncoprotein
18), a cell-cycle regulated phosphoprotein. Bistratene A specifically induced the translocation of protein kinase
C d (PKCd) from a soluble to a particulate fraction without affecting other isoforms. These results implicate a
role for protein kinase C d in the induction of differentiation of this human melanoma cell line. BIOCHEM

PHARMACOL 55;10:1691–1699, 1998. © 1998 Elsevier Science Inc.
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Malignant melanoma remains one of the most difficult
cancers to treat successfully. Our understanding and future
prospects of treating this disease would be greatly enhanced
by a detailed knowledge of mechanisms governing differen-
tiation of melanoma cells. Melanin biosynthesis is a unique
and widely studied aspect of melanoma differentiation, in
particular the regulation of the rate-limiting enzyme, tyrosi-
nase. Tyrosinase is encoded by a gene located at the albino
locus [1]. Other TRPs§ (TRP-1 and TRP-2 [DOPAchrome
tautomerase]) are coded by the brown locus [2] and the slaty
locus [3], respectively. The pmel17 protein is coded by a
gene which maps to the silver locus and it has been
suggested that it is a melanosomal matrix protein [4]. Kwon
has proposed that genes regulating melanin biosynthesis be
classified into the tyrosinase gene family and the pmel 17
gene family, with the former, comprising tyrosine and
dopachrome tautomerase catalysing proximal steps of the
Mason-Raper pathway and the latter catalysing distal steps
of the biosynthetic pathway [5]. Pmel 17 gene expression is
more closely correlated with the level of melanin than is
tyrosinase expression [6]. It has been suggested that the key
signal transducing enzyme PKC has a role in melanogenesis
because diacylglycerol induces human melanogenesis in

cultured human melanocytes [7]. The b isoform of PKC has
been shown to regulate melanogenesis by activating tyrosi-
nase [8], and pigmentation of S91 Cloudman mouse mela-
noma induced by a-melanocyte stimulating hormone cor-
related with up-regulation of the b-isoform of PKC [9]. In
contrast, PKCa has been implicated in the regulation of
melanogenesis in B16 mouse melanoma cells [10]. PKC has
been shown to play an important role in the transformation
of melanocytes to melanomas, and PKCb is missing from
many melanoma cells but present in melanocytes [11,12].
The proliferation of melanocytic cells has been associated
with down-regulation of PKC a, d, and e isoforms [13].
PKC is also implicated in the development of metastases
since a PKC inhibitor, calphostin C, reduces lung coloni-
sation of a B16 melanoma [14]. In this paper, we show that
bistratene A, a specific activator of PKCd [15], inhibits
growth and induces the transcription of several genes
involved in melanogenesis in a human melanoma cell line.

MATERIALS AND METHODS
Materials

Bistratene A was isolated and purified by HPLC from the
ascidian Lissoclinum bistratum as previously described [16].
TPA was purchased from Sigma. [32P] orthophosphate was
obtained from Dupont/NEN. Antibodies to PKC isoforms
were purchased from Transduction Laboratories or Santa
Cruz Laboratories. Ampholytes, pH range 3–10 and 5–7,
were from Pharmacia. Ultrapure electrophoresis materials
were obtained from Bio-Rad, and all other reagents were
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analytical grade. Horseradish peroxidase-labelled, and
FITC-labelled anti-rabbit Ig, produced in donkey, were
obtained from Amersham. Chemiluminescence reagents
were from DuPont (Renaissance Kit).

Cell Culture and Labelling

MM96E and MM418c1 melanoma cell lines have been
described [17, 18] and were routinely cultured in 5%
CO2/air at 37° in Roswell Park Memorial Institute (RPMI)-
1640 medium containing 10% fetal calf serum. NFF were
obtained from Prof. Kay Ellem of this Institute. Neonatal
melanocytes were cultured in the presence of 100 ng/mL of
TPA and 2 ng/mL of cholera toxin. Monthly assays for
mycoplasma by Hoechst 33258 stain [19] were negative. For
labelling experiments, one small flask (25 cm2) of confluent
cells (3 3 106 cells) was washed twice with phosphate-free
MEM and incubated for 30 min at 37° in the same medium.
Carrier-free 32P (0.1 mCi in 1 mL) was added and the cells
equilibrated for 3 hr at 37°. Bistratene A (100 nM) was
added and incubation continued for 1 hr. The medium was
removed and the cells washed twice with stopping buffer
(20 mM of potassium phosphate, pH 7.4, 50 mM of sodium
fluoride, 5 mM of sodium pyrophosphate, 100 mM of
sodium vanadate, 5 mM of EDTA (ethylene diamine
tetraacetic acid), 50 ng/mL of aprotinin, 1 mM of pepstatin,
1 mM of phenylmethylsulfonyl fluoride. The cells were
harvested by incubation in 1 mL of trypsin 0.25% (w/v) in
PBS, transferred to an Eppendorf tube and centrifuged for
30 sec in a microfuge. They were washed with 0.5 mL of
stopping buffer and resuspended in 50 mL of isoelectric
focussing sample buffer [9.2 M of urea, 2% nonidet NP-40
(v/v), 1% dithiothreitol (w/v), 4% CHAPS (3-[(3-cholami-
dopropyl)dimethylammonio]-propane-sulfonate), Ampho-
lines pH range 3–10 1:16 dilution (6.25%)]. Samples were
stored at 270°.

Cell Survival Assay

The survival of MM96E cells after treatment with
bistratene A was assessed using incorporation of radiola-
belled thymidine. This method gives similar results to
clonogenic assays with a range of agents. Cells plated 20 hr
previously in 100 mL of medium (30,000 cells/mL) in
96-well microtitre plates were treated with drug and incu-
bated for 6–7 days. The medium was replaced with 100 mL
of fresh medium containing 2 mCi/mL of [3H]thymidine,
incubated for 4 hr, and then the cells were detached with
trypsin before harvest onto glass fibre mats with water.
Incorporation of label (5,000–20,000 cpm in controls) was
determined with a scintillation counter and expressed as a
percentage of untreated controls. Background was 10–15
cpm and the standard deviation was less than 10% (N 5 3).

Cell-Cycle Analysis

Cells (;106) were harvested at various times after
bistratene A treatment by centrifugation and treated with

0.25 mL of propidium iodide at 50 mg/mL containing 1
mg/mL of ribonuclease and 0.2% Triton X-100. After
incubation on ice for 30 min, samples were analysed on a
Becton Dickinson FACScan instrument. The percentage of
cells in each cell-cycle phase was estimated using Lysis II
software (Becton Dickinson).

Preparation of Cell Extracts and Subcellular
Fractionation

One medium flask (75 cm2) of MM96E cells (;107 cells)
was treated with 100 nM of bistratene A for 1 hr at 37°.
The cells were trypsinised to remove them from the plastic
surface and centrifuged at 1,000 g for 5 min. The cell pellet
was washed twice with PBS by centrifugation. The final
pellet was resuspended in 0.2 mL of ice-cold homogenisa-
tion buffer A (20 mM of Tris, pH 8.0, 10 mM of EGTA, 2
mM of EDTA, 10 mM of b-mercaptoethanol, and “Com-
plete” protease inhibitor cocktail from Boehringer Mann-
heim) as described by Oka et al. [20], except that homoge-
nisation was carried out using 30 strokes in a Dounce
homogeniser instead of sonication. The homogenate was
centrifuged at 100,000 g for 60 min. The resulting pellet
was lysed in 0.2 mL of buffer B (buffer A containing 0.5%
Triton X-100) by sonication for 3 3 10 s (50% duty cycle)
at 4°, and the supernatant from a 30-min microfuge spin
retained as the particulate fraction. Protein concentrations
were determined by the Bradford assay and equal amounts
loaded onto SDS-PAGE.

SDS-PAGE

One dimensional SDS-PAGE gels (10% acrylamide)
were run in a Bio-Rad Mini Protean II apparatus. Prestained
markers were added to one lane and the gels blotted onto
nitrocellulose membrane (Hybond C, Amersham) using a
Trans-Blot module (Bio-Rad) and CAPS (3-[cyclohexy-
lamino]-1-propanesulfonic acid) buffer (10 mM of CAPS,
pH 11, and 10% methanol).

Two dimensional gel electrophoresis was carried out
using the Pharmacia LKB Multiphor system. The first
dimension (isoelectric focussing) was run on Immobiline
dry strips (pH 3.0–10.5) and precast gradient SDS-PAGE
gels (ExcelGel SDS gradient 8–18) were used for the
second dimension. Molecular weights and isoelectric points
were established with reference to Bio-Rad 2D markers.

Determination of Tyrosinase (Dopa Oxidase) Activity
and Melanin Content

Cell pellets were treated with lysis buffer (200 mL of 1%
Triton X-100 in 50 mM of phosphate, pH 6.8), sonicated
and microfuged to remove melanin and debris. Samples of
supernatant (20 mL) were incubated at room temperature
in microtitre wells with 100 mL of 50 mM of phosphate
buffer (pH 6.8) containing 7.8 mM of L-dopa. The absor-
bance change was monitored at 495 nm on an ELISA
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reader at 5-min intervals. Activity was calculated as A495/
min/mg of protein. The level of melanin was determined by
A400 of cell pellets solubilised in 1 N of NaOH.

Preparation of Messenger RNA

MM96E cells were grown in several 150 cm2 flasks and
approx 2 3 108 cells used for isolation of mRNA. Cells
were treated with bistratene A (100 nM) for 1, 3, and 5
days. After the appropriate incubation time, the cell mono-
layers were trypsinised and pelleted by centrifugation. The
pellet was washed twice in STE buffer (50 mM of Tris-HCl,
pH 7.6, 2 mM of EDTA, 100 mM of NaCl) and the cells
then lysed in 20 mL of the same buffer containing 0.5%
SDS and the mRNA isolated by standard procedures [21].
The mRNA was loaded onto denaturing formaldehyde
containing agarose gels, transferred immediately to nitro-
cellulose (Hybond N, Amersham) by capillary transfer and
cross-linked by UV irradiation.

Probes were labelled by random priming using
[32P]dCTP. Probes for melanin synthesis genes were as
follows: human TRP-1, pHTa2 [22]; human tyrosinase,
pmel34 [23]; mouse TRP-2, pTRP2A [3]; human pmel17:
pBSmel17 was generated by cloning a PCR fragment made
from human cDNA with amplimers based on the human
pmel17 sequence [24] and was a gift from Rick Sturm. To
normalise for loading the blots were probed for b-actin.
Analysis of the Northern blots was carried out on a
Phosphorimager (Molecular Dynamics) using Image Quant
software.

RESULTS
Bistratene A Induces Morphological Changes and
Accumulation of Cells in G2/M

Cell survival curves for several different cell types in the
presence of bistratene A are shown in Fig. 1. The IC50 for
both MM418c1 and neonatal foreskin fibroblasts is 20 nM
and for MM96E cells is 80 nM. On the other hand, HeLa
cells are resistant to the actions of bistratene A with little
effect on survival at 100 nM. The insensitivity of these cells
is probably due to their drug resistant phenotype. When
assayed using a colorimetric assay based on the binding of
sulforhodamine to protein [25], the IC50 values for B16 (20
nM, data not shown) and NFF cells were similar to that
determined by incorporation of tritiated thymidine; how-
ever, the IC50 for MM96E cells was much higher—about 4
mM (data not shown)—suggesting that these cells are not
dying, but differentiating. A concentration of 50 to 100 nM
was used throughout this work. After several days of
treatment, the MM96E cells became more rounded and
refractile and elaborated numerous processes reminiscent of
neurones. Some multinucleated cells are also apparent (Fig.
2). The cells also became darker in colour, suggesting
increased melanin synthesis. These changes suggested that
the MM96E cells undergo differentiation in the presence of
bistratene A. Human melanocytes require high cell density
for growth and their survival could not be determined by

these methods. However, growth of melanocytes as assessed
by cell number was 53% of controls after treatment with
bistratene A for 3 days.

Cell-cycle analysis of MM96E cells showed that there
was a considerable increase in the G2 population 3 days
after treatment with bistratene A at 100 nM (Fig. 3). On
the other hand, HeLa cells do not show this accumulation
in G2 (data not shown). In a previous study, we showed
that HL-60 cells accumulated in G2 and a polyploid peak
was evident which indicated that many cells were under-
going a further round of DNA replication without mitosis
[26]. Only a very small polyploid peak is present in the
MM96E cells; however, multinucleated cells are visible in
stained preparations of the cells (Fig. 2b). In contrast to the
effects of bistratene A, TPA did not cause any change in
the cell-cycle distribution of these cells (data not shown).
The lack of response of HeLa cells to bistratene A is most
likely related to their drug resistant status.

Melanin Synthesis and Tyrosinase Activity are Induced
by Bistratene A

Because the cells became noticeably darker after 3 days of
treatment with bistratene A, we determined the effect of
bistratene A on melanin synthesis and tyrosinase activity.
The results are shown in Table 1. The amount of melanin
increased approximately two-fold on treatment with
bistratene A for 3 days. The tyrosinase activity also in-
creased two-fold at this time. No increase in tyrosinase
activity was observed in the mouse B16 melanoma cell line
and these cells also did not show altered morphology or
increased melanin production after bistratene A treatment.
Tyrosinase activity was increased in melanocytes at 3 days
after bistratene A treatment; however, this was not accom-

FIG. 1. Incorporation of [3H]thymidine in the presence of
bistratene A. Cells were plated into 96-well plates as described
in Materials and Methods. Six to seven days after treatment with
the toxin, the medium was replaced with fresh medium contain-
ing [3H]thymidine, incubated for 4 hr, then assayed for incor-
poration of label into DNA. The standard deviation was less
than 10% (N 5 3). (V) HeLa; (M) MM96E; (v) MM418;
(D) NFF.
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panied by an increase in melanin synthesis. In MM96E
cells, TPA treatment also resulted in a two-fold increase in
tyrosinase activity, but no change in melanin content was
observed (data not shown).

Messenger RNA levels for enzymes involved in melanin
synthesis were examined by Northern blotting and the
results are presented quantitatively in Table 2. The levels of
mRNA for pmel34 (tyrosinase), pmel17, TRP-1, and
TRP-2 were increased several fold relative to b-actin by
bistratene A treatment in MM96E cells. GAPDH message
was also shown to increase. Interestingly, in B16 and 418c1
melanoma cells which do not show an increase in melanin
synthesis after bistratene A treatment, there was no in-
crease in the levels of mRNA for TRP-1 or TRP-2.

Bistratene A Induces the Phosphorylation of Several
Proteins and Redistribution of PKCd

Bistratene A has been shown to increase specific protein
phosphorylation in HL60 cells by 2D gel electrophoresis
[27]. We carried out similar experiments in MM96E cells
with a view to the eventual determination of phosphopro-
teins which may play a role in the differentiation process.
The results are shown in Fig. 4. For comparison, 2D gels of

TPA-treated MM96E cells are also shown. The phosphor-
ylation of several proteins is increased in MM96E cells in
the presence of bistratene A (labelled 1–7 in Fig. 4b). One
of these proteins is most likely to be stathmin, judging from
its molecular weight and isoelectric point and the pattern
in the gel (spots #12, 13). This was confirmed using
Western blotting (Fig. 5) with a polyclonal antibody to
stathmin. The forms of stathmin which are increased after
bistratene A treatment represent a2, a3, and b1 according
to the scheme proposed by Beretta et al. [28]. TPA also
induced the phosphorylation of several proteins (spots
3,4,7–13) including stathmin. A slower migrating form of
stathmin (open arrow, Fig. 4c) was induced in the presence
of TPA, but not of bistratene A, in these cells. The slower
migrating form present in TPA-treated samples could
correspond to the a2

1 or a1
2 forms described by [28]. The

identity of the other numbered proteins is currently un-
known.

We have recently shown that bistratene A leads to
activation of a specific isoform of PKC namely PKCd in
HL60 cells [15]. PKC activation is often measured as a
translocation from one cellular compartment to another.
We have previously shown the translocation of PKCd after
bistratene A treatment in HL-60 cells [15] and NFF

FIG. 2. Morphology of MM96E cells. Cells were grown on
coverslips, fixed with 4% formalin in PBS for 20 min, and then
photographed using a Zeiss Axioskop DIC/phase contrast mi-
croscope at 4003 magnification; (a) untreated; (b) treated with
bistratene A (100 nM) for 3 days.

FIG. 3. Cell-cycle analysis of MM96E cells. Cells (approx. 106)
were harvested by centrifugation and treated with propidium
iodide as described in Materials and Methods. They were
analysed on a Becton Dickinson FACScan instrument using
Lysis II software; (a) untreated; (b) treated with bistratene A
(100 nM) for 3 days. The percentage of cells in G2 was 12% for
untreated and 32% for bistratene A treated.
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fibroblasts [29]. Therefore, we examined the subcellular
distribution of PKC isoforms in MM96E cells by Western
blotting using PKC-isoform specific antibodies (Fig. 6a).
There was no change in the distribution of PKC a,b,e,i,z,
whereas there was a definite movement of PKCd to the
particulate fraction at 10 min. The amount of enzyme in
the particulate fraction was determined by densitometry in
three separate experiments and increased ;three-fold (data
not shown). Translocation of PKCd was also seen in other
cell types; e.g. the B16 melanoma cells (Fig. 6b), which did
not respond to bistratene A by increasing melanin synthe-
sis.

DISCUSSION

The results presented in this study show that bistratene
A induces morphological and functional differentiation of
the lightly pigmented human melanoma cell line MM96E.
The cells became blocked at the G2/M transition and
elaborated a number of processes. Tyrosinase activity and
melanin content were substantially increased. Northern
blot analysis showed the up-regulation of mRNA for several
genes involved in melanin biosynthesis (pmel17, pmel34,
TRP-1 and TRP-2). Previous studies showed that the
differentiating agents butyrate and DMSO, increased ty-
rosinase activity in these cells but down-regulated expres-

sion of TRP-1 [30]; the latter effect was also found in
melanoma cells with the differentiating agent hexamethyl-
ene bisacetamide [31]. Therefore, Bistratene A appears to
be unique in up-regulating all pigmentation markers tested,
including melanin synthesis, in lightly pigmented mela-
noma cells.

Studies in melanocytes showed that melanogenesis was

TABLE 1. Induction of tyrosinase activity and melanin in melanoma cells and melonocytes by bistratene A

Time after treatment
(100 nM bistratene A)

% Control

Tyrosinase Melanin

MM96E* B16* Melanocytes* MM96E† Melanocytes†

1 Day 121‡ ND§ ND 105 ND
2 Days 200 71 169 187 104
3 Days 138 ND ND 225 ND

*Control levels: 0.0053 (MM96E); 0.0041 (B16); 0.0065 (melanocytes) A495 /min/mg of protein.
†Control levels: 0.71 (MM96E) and 5.5 (melanocytes) mg/mg of protein.
‡Means of triplicates.
§Not determined.

TABLE 2. Northern blot analysis of the expression of genes
involved in melanin biosynthesis

Probe Cell line Untreated 1 day 3 day 5 day

TRP-1 MM96E 1 2.5 5.9 3.4
MM418c1 1 1.3
B16 1 1.5 1.2

TRP-2 MM96E 1 3.2 12.9 3.6
MM418c1 1 1.1 0.6 0.6

pmel17 MM96E 1 3.3 7.4 4.8

pmel34 MM96E 1 2 3.4 7.6

GAPDH MM96E 1 2.6 2.2 4.7
MM418c1 1 1.6 1 2.6
B16 1 2.8 4.8 3.7

Results expressed as fold increase over untreated controls, average of three experi-
ments normalised to b-actin.

FIG. 4. 2D SDS-PAGE of MM96E phosphoproteins. MM96E
cells were labelled with 32P for 3 hr and then treated with
bistratene A (100 nM) or TPA (100 nM) for 1 hr. After
trypsinisation and washing, the cell pellet was resuspended in
IEF sample buffer and analysed by 2D-SDS-PAGE. The gels
were fixed, dried, and subjected to Phosphorimager analysis;
spots which are increased by either treatment are numbered
1–13; (a) untreated; (b) bistratene A-treated; (c)TPA treated.
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increased after UV irradiation presumably as a result of
increased tyrosinase activity concomitant with a block in
the G2/M phase [32]. In that study, there was no effect on
the amount of tyrosinase or TRP-1. The effect of bistratene
A also contrasts with that of the phorbol ester, TPA, in
MM96E cells, in that TPA did not affect cell-cycle distri-
bution, and tyrosinase activity was increased without af-
fecting melanin levels (data not shown). The increase in
tyrosinase activity induced by bistratene A in this study
initially paralled the increase in mRNA expression; how-
ever, this was not the case at 3 days after treatment. The
relationship between tyrosinase activity, expression, and
melanogenesis is likely to be complex, involving post-
translational regulation of enzyme activity [33–35]. Inter-
estingly, mRNA levels for GAPDH also increased on
treatment with bistratene A. An increase in GAPDH
expression has also been observed on stimulation of T-
helper lymphocytes with interleukin-2 (IL-2) [36] and on
treatment of human mammary epithelial cells with 1,25-
dihydroxyvitamin D3 [37]. The significance of the increase
in GAPDH expression is unclear.

The phorbol ester TPA stimulates the growth of cultured
normal melanocytes [38], yet inhibits the growth of many
melanoma derived cell lines [11, 39–43]. TPA has long
been recognised as an activator of PKC and the apparently
paradoxical effects of TPA in a number of systems can be
explained by the fact that PKC comprises a family of at
least twelve isoenzymes [44]. Information on the role of
individual PKC isoforms in cell cycle control, differentia-
tion and growth inhibition is limited. Growth inhibition of

the SK-Mel-173 melanoma cell line by TPA has been
shown to be associated with down-regulation of PKCb [43].
This down-regulation did not occur in a TPA-resistant
variant line. The work of Yamanishi et al. suggests that loss
of PKCbII occurs in melanocyte transformation [12, 45];
however, this is not always the case. In the case of MM96E
cells, TPA did not induce changes in morphology or
melanin synthesis, and there was no change in the cell-
cycle distribution at 3 days after treatment (data not
shown). Because we have shown that bistratene A leads to
the activation of specifically the delta isoform of PKC in
HL-60 cells [15] and in human fibroblasts [29], we exam-
ined the activation of PKC isoforms in MM96E cells by
using translocation from soluble to particulate fractions.
Only the delta isoform was affected by bistratene A treat-
ment consistent with our results in HL-60 cells and fibro-
blasts [15, 29]. In cells which did not respond to bistratene
A by increasing melanogenesis in this study, e.g. the B16
mouse melanoma cells, there was still translocation of

FIG. 5. 2D Western analysis of stathmin forms. MM96E cells
were treated with bistratene A and extracts separated by 2D
SDS-PAGE. The gels were blotted onto nitrocellulose mem-
brane and the various forms of stathmin detected with a
polyclonal antistathmin antibody. The different forms of stath-
min are labelled according to the scheme of Beretta et al. [28].

FIG. 6. Effect of bistratene A on subcellular distribution of
PKC isoforms. (a) MM96E cells were treated with 100 nM

bistratene A for 10 min or 1 hr and then separated into soluble
and particulate fractions as described under Materials and
Methods. The fractions were separated by SDS-PAGE and
blotted onto nitrocellulose membrane for Western analysis with
PKC isoform-specific antibodies. After blotting, the membranes
were briefly stained with Ponceau S to ensure equal loading.
The position of prestained SDS-PAGE markers (Bio-Rad) is
indicated. This experiment was repeated three times with similar
results. (1) untreated, soluble; (2) untreated, particulate; (3)
bistratene A 10 min, soluble; (4) bistratene A 10 min, partic-
ulate; (5) bistratene A 1 hr, soluble; (6) bistratene A 1 hr,
particulate. (b) B16 mouse melanoma cells were analysed as in
(a) above, (1) untreated, soluble; (2) untreated, particulate; (3)
bistratene A 10 min, soluble; (4) bistratene A 10 min, partic-
ulate.
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PKCd from a soluble to a particulate fraction. Thus, the
consequences of activation of the enzyme, e.g. triggering of
the differentiation programme, must depend on other
additional factors. B16 melanoma cells already synthesise
large amounts of melanin and, hence, different mechanisms
of regulation are likely to exist in these cells. The regulation
of melanogenesis by PKC in B16 cells has been reported
[10] to be associated with the PKCa isoform. The ability of
phorbol esters to down-regulate PKCa correlated with their
potency in inhibiting tyrosinase and TRP-1 expression. In
mouse S91 Cloudman cells, melanogenesis induced by
a-MSH is associated with an up-regulation of PKCb [9],
which has been previously shown to specifically activate
tyrosinase [8]. Thus, it appears likely that the regulation of
melanogenesis by PKC is species and cell-type specific.

Our results support a role for PKCd in the differentiation
of the MM96E melanoma cell line. The delta isoform has
also been found in a number of other systems to have a role
mainly in growth inhibition and differentiation. Overex-
pression of PKCd in NIH3T3 fibroblasts and human glioma
cells results in growth inhibition [46]. In unstimulated
smooth muscle cells the d isoform is associated mostly with
the membrane fraction and is lost on transformation [47].
The differentiation of 32D myeloid cells has also been
shown to be dependent on PKCd [48].

Bistratene A induced the phosphorylation of several
proteins as assessed by 2D gel electrophoresis. So far only
one of these has been identified as stathmin. The phos-
phorylation of stathmin seen in the presence of bistratene
A is interesting in light of the cell-cycle effects. Stathmin
was identified initially because of its elevated expression in
leukemias and its complex phosphorylation pattern in
response to various activating signals [49]. Phosphorylation
site-mapping studies showed that the protein is phosphor-
ylated on Serines 16, 25, 38 and 63 and that phosphoryla-
tions of all four residues fluctuate during the cell cycle. The
cyclin-dependent kinases (CDKs) were shown to be in-
volved in the phosphorylation of Ser25 and Ser38, Ser25 is
a major target of the mitogen-activted protein kinase family
and Ser16 is a target for the Ca21/calmodulin-dependent
kinase Gr [50,51]. Elegant site-directed mutagenesis studies
demonstrated that overexpression of stathmin, with both
CDK sites mutated to alanine, resulted in the accumulation
of cells with a G2/M content of DNA and endoreduplica-
tion [50]. The same phenotype was observed after mutation
of both Ser16 and Ser63 and it is thought that phosphor-
ylation of Ser16 and Ser63 is essential during G2/M
transition. The observed phenotype of the Ser25 and Ser38
double mutants is caused by interference with phosphory-
lation of Ser16 and Ser63 [50]. Recently, stathmin was
identified as a microtubule catastrophe factor and it is
thought to be involved in the physiological regulation of
mitotic microtubule dynamics [52, 53] through phosphory-
lation of Ser16 [51]. Because the phenotype of bistratene
A-treated cells is similar to that of the CDK site mutants,
it will be of interest to determine the sites phosphorylated
in the presence of bistratene A and whether PKCd itself or

a downstream kinase is responsible. Interestingly, stathmin
is also phosphorylated in the presence of TPA in MM96E
cells; however, TPA treatment does not lead to a block in
G2/M. Further studies will be required to clarify the
function of the different forms of stathmin and whether
other mechanisms are involved in the G2 block seen in the
presence of bistratene A. Stathmin has also been shown to
be essential for nerve growth factor stimulated differentia-
tion of PC12 cells [54]. The identification of other proteins
phosphorylated in the presence of bistratene A will be
important to understanding the differentiation process.

In conclusion, our studies point to a role for PKCd in
melanogenesis and differentiation of MM96E human mel-
anoma cells; and bistratene A should be a useful tool to
further investigate these processes.
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