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an important role in differentiation and development
Protein factors playing a significant part in differen- beyond species, we found that cotylenins induce the

tiation and development have been recently eluci- lysozyme activity in murine myeloid leukemia M1 cells,
dated. However, low molecular factors which also which is one of the typical differentiation-associated
seem to be essential remain still unknown, although properties (1, 2). Cotylenins had been isolated from theonly retinoic acid has become such a candidate. Coty- metabolites of a simple eucaryote, a Cladosporium sp.,lenins had been isolated as the plant-growth regula-

as the plant-growth regulators (3-5). As shown in Fig-tors, and have been found to affect a number of physio-
ure 1, all members of cotylenin group contain the diter-logical processes of higher plants. Here we report that
penoid tricarbocyclic skeleton, cotylenol, as a commonat the concentrations above 12.5mg/ml (20mM) coty-
aglycon (5). They have been found to affect a numberlenin A induced the functional and morphological dif-
of physiological processes of higher plants, e.g. a)ferentiation in murine (M1) and human myeloid leuke-
stimulation of cell enlargement of cotyledons, b) themia (HL-60) cells. Although cotylenin A has some simi-
promotion of seed germination, and c) the opening oflarity to PMA both in carbotricyclic diterpene
stomata (6, 7).structure and in biological activity (i.e. differentia-

Further studies were performed using cotylenin Ation-induction of HL-60 cells into macrophages), the
activation of PKC and the elevation of Ca2/-levels by and murine and human myeloid leukemia cells. In this
cotylenin A were not observed. Quite recently it has paper we report that cotylenin A induces the differenti-
been reported that fusicoccin (closely related to coty- ation in M1 and HL-60 cells.
lenin A)-targets are 14-3-3 proteins, which are at the
crosspoint of a huge array of signalling and regulatory MATERIALS AND METHODS
pathways. These results suggest that cotylenin A
might become a useful tool for the elucidation of mo- Materials. Cotylenins A, C, E and cotylenol were isolated from
lecular mechanisms of differentiation and develop- the metabolites of a Cladosporium sp., as described previously (3-

5). They were dissolved in ethanol, and diluted to appropriate finalment. q 1997 Academic Press
concentration in medium.

32Pi and [g-32P]ATP were from New England Nuclear. Histone H1
was purchased from GIBCO BRL. PMA was from Sigma. PKC was
obtained from Calbiochem-Novabiochem. FuraPE3/AM and thapsi-Searching for the low-molecular factors which play
gargin were from Wako Pure Chem. (Osaka, Japan).

Cells and cell culture. The M1 cell line had been established from
a spontaneous myeloid leukemia in an SL strain mouse by Dr. Ichi-1 Studies on the differentiation-inducing substances of animal

cells. XI. For the previous paper of this series, see ref.(29). kawa (8), who kindly provided us this cell line. The cells were cul-
tured at 377C in the presence of 7% carbon dioxide in Eagle’s mini-2 To whom correspondence should be addressed. Fax: /81-48-462-

4679. mum essential medium (Nissui Seiyaku Co., Tokyo, Japan) with a
double concentration of amino acids and vitamins and 10% (v/v)Abbreviations: NBT, nitroblue tetrazolium; PKC, protein kinase

C; PMA, phorbol myristate acetate; SH-PTP1, Src homology 2-con- heat-inactivated (567C for 30 min) horse serum (GIBCO). Human
leukemia HL-60 cells (9) were cultured in RPMI 1640 mediumtaining protein tyrosine phosphatase 1; CA, cotylenin A; TG, thapsi-

gargin; DIF, morphogen of Dictyostelium discoideum (differentiation- (GIBCO) with 10% heat-inactivated fetal bovine serum (JRH Biosci-
ence, Lenexd, KS, USA) and 80mg/ml gentamicin (Schering-Plough,inducing factor).
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HEPES (pH7.4), 136mM NaCl, 4.9mM KCl and 5.5mM glucose. The
thus 32P-labeled neutrophils were incubated with cotylenin A or PMA
for 10min, and subjected to cell lysis and immunoprecipitation with
anti-SH-PTP1 antibody under the ordinary conditions (14). The im-
munoprecipitates were washed repeatedly, boiled in the sample
buffer (1% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.02% bromo-
phenol blue, and 62.5mM Tris-HCl (pH 6.8)), and applied to SDS-
PAGE. 32P-Content of the SH-PTP1 spot was determined by a Fuji
BAS2000 bioimaging analyzer.

In vitro phosphorylation experiment by PKC was also performed,
using PKC from rat brain, [g-32P]ATP and histone H1 as a substrate,
according to the procedure and instructions of Boehringer-Mannheim
Biochemica.

Measurement of [Ca2/]i . Cultured cells were collected by centrifu-
gation (1,400rpm, 4min), and incubated (106 cells/ml) in a calcium
assay buffer (0.1% (w/v) bovine serum albumin, 137.5mM NaCl, 5mM
KCl, 2.5mM CaCl2, 0.8mM MgCl2, 5.5mM glucose, 0.6mM NaHCO3,
20mM HEPES (pH 7.2-7.4)) in the presence of FuraPE3/AM (1mg/
ml) for 30-40min. Cells were washed with the assay buffer and finally
resuspended (106 cells/ml) in the same buffer. FuraPE3 fluorometry
was carried out at 307C in a cuvette (2-ml cell suspension per cuvette)
as described previously (15).

RESULTS

Four cotylenin-related compounds were tested for
their ability to induce the lysozyme activity in murine
myeloid leukemia M1 cells (Figure 2). Lysozyme in the
growth medium (secreted) was assayed, since about

FIG. 1. Molecular structures of cotylenins A, C, E and their com-
mon aglycon, cotylenol.

Osaka, Japan) at 377C in a humidified atmosphere of 5% carbon
dioxide in air.

Assays for differentiation. For the assays, the cells (1.01105/ml)
were incubated with the medium containing the test samples dis-
solved in ethanol or ethanol alone as a control for 4 to 6 days. Lyso-
zyme activity was determined by the modified methods of Osserman
and Lawlor (10), with lysoplates containing 1% agar (DIFCO), 1/15M
sodium phosphate buffer (pH 6.6), 50mM NaCl, and 0.5mg/ml heat-
killed Micrococcus lysodeikticus (Sigma) (1). Egg white lysozyme
(Boehringer-Mannheim) was used as a standard. Phagocytic activity
was determined by the methods of Maeda and Ichikawa (11) and
Nakayasu et al. (12). Nitroblue tetrazolium (NBT) reduction was
assayed colorimetrically as described previously (13). Cells were as-
sessed morphologically using a cytospin cytocentrifuge (Shandon
Southern, Sewickley, PA, U.S.A.) and cell preparations were stained
with May-Grünwald-Giemsa solution (Merck, Darmstadt, Germany).
Non-specific esterase activity, using a-naphthyl acetate as a sub-
strate, was determined on cytospin slides in the absence or presence FIG. 2. Effect of cotylenins A, C, E and cotylenol on lysozyme
of sodium fluoride as an inhibitor (Sigma assay kit). induction. Murine myeloid leukemia M1 cells were cultured with

various concentrations of cotylenins for 6 days. Determination of theDetermination of protein kinase C (PKC) activity. Guinea pig neu-
trophils (51107 cells/ml) were labeled with 32Pi (250 mCi/ml) by incu- induced lysozyme activity was carried out as described in Materials

and Methods.bating at 307C for 1h in the labeling medium consisting of 10mM
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induced nitroblue tetrazolium (NBT)-reducing activity,
a typical functional marker of the differentiation of HL-
60 cells (Figure 5). Furthermore, lysozyme activity, an-
other differentiation marker, and a-naphthyl acetate
esterase activity, a typical marker of monocytes and
macrophages, were also induced by cotylenin A (Figure
6). Morphological examination indicated that HL-60
cells were induced to differentiate into monocytes-mac-
rophages by cotylenin A (Table 1).

Further, we examined whether cotylenin A activates
the protein kinase C (PKC), because cotylenin A has
some similarity to phorbol both in molecular structure
and in biological activity, i.e. differentiation-induction
of HL-60 cells into macrophages.

The [32P]orthophosphate-labeled guinea pig neutro-
phils were incubated with cotylenin A or PMA as a
positive control. The intracellular Src homology 2-con-
taining protein tyrosine phosphatase 1 (SH-PTP1) (16)
was phosphorylated dose-dependently by PMA,
whereas its phosphorylation by cotylenin A was not
observed (Figure 7). Another PKC assay was performed
using the cell-free system with PKC from rat brain, [g-
32P]ATP and histone H1 as a substrate. Also in this

FIG. 3. Effect of cotylenins A, C, E and cotylenol on growth of case, similar results were obtained, i.e. phosphoryla-
M1 cells. Cells were cultured with various concentrations of cotylen- tion by PMA was increased dose-dependently, but no
ins for 6 days. For experimental details, see ‘‘Materials and Meth-
ods’’.

90% of the induced lysozyme was extracellular (2). Cell
growth is shown in Figure 3.

Cotylenins A, C, E and cotylenol induced the lyso-
zyme activity at concentrations above 12.5mg/ml
(20mM), 12.5mg/ml (20mM), 50mg/ml (95mM) and 50mg/
ml (143mM), respectively. Although even aglycon, coty-
lenol, itself induced lysozyme, its glycoside-derivatives,
cotylenins A, C and E, could induce more strongly.
Moreover, the epoxide-ring containing cotylenins (A
and C) were effective at lower concentrations than the
others. However, there was no correlation between the
maximum lysozyme induction by each compound and
the existence of the epoxide-ring. Maximum lysozyme
activity induced by cotylenin E was higher than that
by cotylenin A (Figure 2).

Cotylenin A was used for the further studies, since
it induced the differentiation comparatively strongly at
the low concentrations and since it could be isolated
quantitatively enough to perform the following experi-
ments. After cotylenin A was confirmed to induce the
phagocytosis (not shown) as well as the lysozyme activ-
ity as the differentiation-markers in murine myeloid FIG. 4. Effect of cotylenin A on cell growth of human myeloid
leukemia M1 cells, we next examined whether coty- leukemia HL-60 cells. Cells (51104/ml) were treated with 0 (j), 5

(l), 10 (m), 20 (l) or 30 (s) mg/ml of cotylenin A. The density oflenin A also induces the differentiation in human leu-
cells treated with 0 or 5mg/ml of cotylenin A was adjusted at day 4kemia HL-60 cells.
to 51105 cells/ml, and the cumulative cell numbers were calculatedThe HL-60 cells were cultured with various concen- from the cell counts and the dilution used when each culture medium

trations of cotylenin A. It suppressed the growth of HL- was changed. Each data point represents the mean from four sepa-
rate experiments.60 cells in a dose-dependent manner (Figure 4), and
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TABLE 1

Effect of Cotylenin A on Morphological Differentiation
of HL-60 Cells

Morphological changes (%)
Cotylenin A

(mg/ml) Pro Mye Neu Mono Mac

0 98{2 2{1 0 0 0
10 65{4 14{2 3{1 18{3 0
20 14{2 27{4 3{1 44{6 12{2
30 2{1 16{2 3{1 25{4 54{7

Note. Cells were treated with cotylenin A for 6 days. Values are
means { S.D. from three separate experiments. Pro : promyelocytes,
Mye : myelocytes, Neu : metamyelocytes and mature granulocytes,
Mono : monocytes, Mac : macrophages.

centration ([Ca2/]i , Figure 8). Thapsigargin (TG, 1mM),
which inhibits the Ca2/-ATPase specifically, raised
[Ca2/]i in HL-60 cells (upper panel ), and DIF (20mM),
the morphogen of Dictyostelium discoideum (see ‘‘Dis-
cussion’’), also raised [Ca2/]i in rat pancreatic AR42J
cells, i.e. transient surge was observed followed by the

FIG. 5. Effect of cotylenin A on NBT reduction in HL-60 cells. Cells stationary level, which was still higher than the basal
were treated with various concentrations of cotylenin A for 4 days. Data and continued for more than 15min (lower panel ), as
represent the means { S.D. from three separate experiments. described previously (15). However, cotylenin A (CA,

phosphorylation by cotylenin A occurred (data not
shown).

We next examined the intracellular free calcium con-

FIG. 7. Effect of cotylenin A on phosphorylation of the intracellu-
lar PKC substrate. [32P]Orthophosphate-labeled neutrophils were in-
cubated with various concentrations of cotylenin A or PMA as a
positive control, and SH-PTP1 was immunoprecipitated and sub-FIG. 6. Induction of lysozyme and a-naphthyl acetate esterase

activities by cotylenin A. HL-60 cells were treated with various con- jected to SDS-PAGE and autoradiography as described in Materials
and Methods. In the lower panel, 32P-content in the SH-PTP1 spotscentrations of cotylenin A for 6 days. The induced enzyme activities

were determined as described in Materials and Methods. Values are was visualized by a bioimaging analyzer. Similar results were ob-
tained in additional two experiments.means { S.D. from three separate experiments.
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ment beyond species. In addition, we found recently
that differanisole A enhances synergistically the
growth inhibition and differentiation of human myeloid
leukemia cells induced by 9-cis-retinoic acid (Kanatani,
Y. et al., submitted for publication).

In this study we found that cotylenin A which had
been isolated as the plant-growth regulator and whose
structure is quite different from those of differanisole A
and DIF induces the differentiation in murine myeloid
leukemia M1 cells and in human leukemia HL-60 cells.

Although cotylenin A has some similarity to PMA
both in carbotricyclic diterpene structure and in biolog-
ical activity (i.e. differentiation-induction of HL-60 cells
into macrophages), the activation of PKC and the eleva-
tion of [Ca2/]i by cotylenin A were not observed. Hence
the studies on other signalling pathways and/or (nu-
clear) receptors have to be performed.

Quite recently it has been reported that the receptors
of fusicoccin (closely related to cotylenin A) are 14-3-3
proteins, which are widely distributed from yeast to
human and regulate the signalling pathways triggered
and mediated by protein kinases (30).

REFERENCES
FIG. 8. Effect of cotylenin A on the intracellular Ca2/ concentra-

tion ([Ca2/]i). Cotylenin A (CA, 20 and 40mM) and thapsigargin (TG, 1. Kasukabe, T., Honma, Y., and Hozumi, M. (1977) Gann 68, 765–
1mM) were added where indicated. [Ca2/]i in HL-60 cells was mea- 773.
sured as described in Materials and Methods (upper panel ). When 2. Weiss, B., and Sachs, L. (1978) Proc. Natl. Acad. Sci. USA 75,
DIF (20mM, see ‘‘Discussion’’) as another positive control was added 1374–1378.
to rat pancreatic AR42J cells, [Ca2/]i shown in the lower panel was

3. Sassa, T. (1971) Agr. Biol. Chem. 35, 1415–1418.obtained, as described previously (15).
4. Sassa, T., and Togashi, M. (1973) Agr. Biol. Chem. 37, 1505–

1506.
5. Sassa, T., Togashi, M., and Kitaguchi, T. (1975) Agr. Biol. Chem.

20 and 40mM) did not increase [Ca2/]i in HL-60 cells 39, 1735–1744.
at all (upper panel ). 6. Balio, A., De Michelis, M. I., Lado, P., and Randazzo, G. (1981)

Physiol. Plant. 52, 471–475.
7. Bottalico, A., Granity, A., and Lerario, P. (1978) Phytopatol. Med-DISCUSSION

iterr. 17, 127–134.
8. Ichikawa, Y. (1969) J. Cell. Physiol. 74, 223–234.Protein factors playing a significant role in differenti-
9. Collins, S. J., Gallo, R. C., and Gallagher, R. E. (1977) Natureation and development, e.g. proteins which cause the

270, 347–349.induction-chains in early embryogenesis or induce the
10. Osserman, E. F., and Lawlor, D. P. (1966) J. Exp. Med. 124, 921–endoderm and mesoderm have been recently rapidly

951.elucidated, since some pioneer works (17-23) appeared.
11. Maeda, M., and Ichikawa, Y. (1973) Gann 64, 257–263.However, low-molecular factors which might also play
12. Nakayasu, M., Shimamura, S., Takeuchi, T., Sato, S., and Sugi-an important part in these procedures remain almost mura, T. (1978) Cancer Res. 38, 103–109.

unknown, although only retinoic acid is such a can- 13. Makishima, M., Honma, Y., Hozumi, M., Sampi, K., Hattori,
didate. M., Ishikawa, I., Ogura, H., Kawahara, N., Kanaiwa, T., and

Motoyoshi, K. (1991) Biochim. Biophys. Acta 1094, 1–7.Previously we isolated and structurally elucidated
differanisole A as the differentiation-inducer of murine 14. Ninomiya, N., Hazeki, K., Fukui, Y., Seya, T., Okada, T., Hazeki,

O., and Ui, M. (1994) J. Biol. Chem. 269, 22732–22737.and human undifferentiated tumor cells (24-26). Three
15. Kubohara, Y., Saito, Y., and Tatemoto, K. (1995) FEBS Lett. 359,years later, in 1987, Morris et al. determined the chemi-

119–122.cal structure of DIF as the morphogen of cellular slime
16. Brumell, J. H., Chan, C. K., Butler, J., Borregaad, N., Simonov-mold, Dictyostelium discoideum (27). Both structures

itch, K. A., Grinstein, S., and Downey, G. P. (1997) J. Biol. Chem.have close similarity. Moreover, we confirmed the 272, 875–882.
cross-activities between differanisole A and DIF 17. Asahi, K., Born, J., Tiedemann, H., and Tiedemann, H. (1979)
(28,29). These results suggest that the molecular struc- Wilhelm Roux’s Arch. Dev. Biol. 187, 231–244.
ture(s) represented by DIF and differanisole A might 18. Geithe, H.-P., Asashima, M., Asahi, K., Born, J., Tiedemann, H.,

and Tiedemann, H. (1981) Biochim. Biophys. Acta 676, 350–356.play an important role in differentiation and develop-

762

AID BBRC 7385 / 6939$$$302 09-03-97 13:41:48 bbrcg AP: BBRC



Vol. 238, No. 3, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

19. Asahi, K., Asashima, M., Geithe, H.-P., Born, J., Tiedemann, H., 25. Iimura, Y., Sakurai, T., Asahi, K., Takahashi, N., and Oka, H.
(1984) Acta Cryst. C40, 2058–2061.and Tiedemann, H. (1982) Hoppe-Seyler’s Z. Physiol. Chem. 363,

563–571. 26. Suzuki, T., Oka, H., Okura, A., Asahi, K., and Takahashi, N.
20. Smith, J. C. (1987) Development 99, 3–14. (1986) J. Antibiot. 39, 869–871.
21. Kimelman, D., and Kirschner, M. (1987) Cell 51, 869–877. 27. Morris, H. R., Taylor, G. W., Masento, M. S., Jermyn, K. A., and
22. Slack, J. M. W., Darlington, B. G., Heath, J. K., and Godsave, Kay, R. R. (1987) Nature 328, 811–814.

S. F. (1987) Nature 326, 197–200.
28. Kubohara, Y., Okamoto, K., Tanaka, Y., Asahi, K., Sakurai, A.,

23. Asashima, M., Nakano, H., Shimada, K., Kinoshita, K., Ishii, K., and Takahashi, N. (1993) FEBS Lett. 322, 73–75.
Shibai, H., and Ueno, N. (1990) Wilhelm Roux’s Arch. Dev. Biol.

29. Asahi, K., Sakurai, A., Takahashi, N., Kubohara, Y., Okamoto,198, 330–335.
K., and Tanaka, Y. (1995) Biochem. Biophys. Res. Commun. 208,24. Oka, H., Asahi, K., Morishima, H., Sanada, M., Shiratori, K.,
1036–1039.Iimura, Y., Sakurai, T., Uzawa, J., Iwadare, S., and Takahashi,

N. (1985) J. Antibiot. 38, 1100–1102. 30. De Boer, B. (1997) Trends Plant Sci. 2, 60–66.

763

AID BBRC 7385 / 6939$$$302 09-03-97 13:41:48 bbrcg AP: BBRC


