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Abstract. The effects on the cell cycle of two biologically
active compounds, bistratene A and cycloxazoline, from
the marine ascidian Lissoclinum bistratum were studied in
HIL-60 human leukemia cells using flow cytometry. Both
compounds were shown to cause an apparent accumulation
of cells in the G2/M phase. This effect was shown to be
both time- and dose-dependent. At the longer time points
(30 and 48 h after addition of the compounds) polyploidy
was apparent. The fate of cells labeled in the S phase with
5-bromo-2’-deoxyuridine (BrdUrd) was analysed using a
bivariate BrdUrd/PI (propidium iodide) technique. Bis-
tratene A and cycloxazoline treatment prevented the ma-
jority of BrdUrd-labeled cells from progressing through to
the G1" phase. Approximately 50% of the cells were de-
layed at G2/M, and a significant proportion of cells ap-
peared to be polyploid. Light and electron microscopy re-
vealed the presence of multinucleated cells accounting for
the apparent polyploidy. The progression of cells out of the
G1 phase was also examined by synchronising cells with
mimosine and releasing them from mimosine block in the
presence of bistratene A. There was no evidence of a block
at the G1/S phase transition or through the S phase since
DNA synthesis was not inhibited. The mechanism by which
these compounds interfere with cytokinesis is presently
unknown but, in the case of bistratene A, may be linked to
altered phosphorylation of cellular proteins involved in
cell-cycle control.

Introduction

Biologically active compounds from marine organisms are
showing great promise as potential antineoplastic agents,
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for example the bryostating from the bryozoan Bugula
neritina [16] and didemnin B from the didemnid ascidian
Trididemnum solidum [18]. Both of these compounds are in
clinical trials for cancer chemotherapy [20]. Didemnin B is
a potent inhibitor of DNA and RNA synthesis and inhibits
the progression of B16 melanoma cells through the G1 and
S phases of the cell cycle [3, 13]. An increasing number of
cytotoxic compounds are being isolated from ascidians,
particularly from species of the didemnid family, but little
is known on their mode of action.

We have recently described a number of cytotoxic
compounds from species of didemnid ascidians collected at
Heron Island Reef, Great Barrier Reef, Australia, among
them bistratene A and cycloxazoline [27]. Bistratene A
(also known ag bistramide A) is a polyether isolated from
the marine colonial ascidian Lissoclinum bistratum [4, 8].
The structure has recently been revised [7]. It is toxic to
normal and tumour cells in vitro with a 50% growth-in-
hibitory concentration (ICsg value) of 70 ng/ml (99 nM) for
T24 transitional bladder carcinoma cells. In HL-60 cells
bistratene A induces adherence to the culture dish, the
appearance of a spindle-shaped morphology and the ex-
pression of monocyte-specific antigens, indicative of partial
differentiation [26]. We have recently shown that this
compound causes changes in protein phosphorylation pat-
terns in HL-60 cells [28]. As little as 10 nM bistratene A
causes the increased phosphorylation of a 20-kDa cyto-
plasmic protein, which reaches a maximum within 15 min
of exposure. The phosphorylation pattern induced by the
phorbol ester (TPA) in these cells is different to that in-
duced by bistratene A, although there is some overlap.

Cycloxazoline is a symmetrical cyclic hexapeptide from
the same organism and is composed of three residues each
of L-threonine and L-valine, where the threonine hydroxyl
group has condensed to form an oxazoline ring [9]. This
compound has an ICsg value of 0.5 pg/ml (0.91 pua) for
T24 bladder carcinoma cells. An identical compound
named westiellamide was isolated from a terrestrial blue
green alga, Westiellopsis prolifica, and was reported to have
an ICsp value of 2 ptg/ml for KB cells [17].
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Fig. 1 A-E. Flow cytometric analysis of HL-60 cells treated with various concentrations of bistratene A for 18 h: A untreated, B 7.1 nM, C 14.2 nM,

D 71 oM, E 142 nM

The control of cell proliferation and differentiation is
linked to the cell cycle, and a study of the effects of bio-
logically active drugs on the cell cycle often provides in-
formation on the possible mechanism of action. In this
study we examined the effects of bistratene A and cy-
cloxazoline on the cell cycle of human leukemia (HL-60)
cells.

Materials and methods

Compounds. Bistratene A and cycloxazoline were isolated from the
ascidian Lissoclinum bistratum as previously described [4, 9]. The
purity of the compounds was assessed using high-performance liquid
chromatography (HPLC) and nuclear magnetic resonance (NMR)
spectroscopy. Mimosine was obtained from Aldrich Chemical Co.
5-Bromo-2'-deoxyuridine and fluorescein isothioeyanate (FITC)-la-
beled anti-BrdUrd (5-bromo-2'-deoxyuridine) antibody were obtained
from Boehringer Mannheim. MTT (3,[4,5-dimethylthiazol-2-y1}-2,5-
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Fig. 2A-E. Flow histograms of HL-60 cells treated with various concentrations of cycloxazoline for 18 h: A untreated, B 0.91 uM, C 1.83 uM,

D 9.1 uM, E 18.3 uM

diphenyltetrazolium bromide) was obtained from Sigma Chemical Co.
(St. Louis, USA).

Cell culture. HL-60 human leukemia cells were obtained from the
American Type Culture Collection and cultured in RPMI 1640 medium
containing 10% foetal calf serum in an atmosphere of 5% carbon di-
oxide in air. The cell-doubling time was approximately 20 h. The
cytotoxicity of the compounds was determined using the MTT col-
orimetric assay as previously described [26]. Briefly, cells (5000 per
well of a 96-well plate) were cultured in the presence of varying
concentrations of the compounds for 3 days, after which MTT was
added for a further 4 h. The resulting formazan product was dissolved
in buffered dimethylsulphoxide (DMSOQ) and quantitated by reading
the absorbance at 540 nm.

Cell-cycle arrest. To arrest cells reversibly at the G1/S phase border the
method of Hoffman et al. [10] and Watson et al. [25] was used, except
that a lower concentration of mimosine was applied (80 puM as com-
pared with 300 pM). Cells were seeded at 106¢/ml and 2 h later 80 uM
mimosine was added. The cells were incubated for 16 h, after which
the mimosine was washed out by centrifugation in phosphate-buffered
saline (PBS) followed by resuspension in complete medium. Bis-
tratene A (71 nM or 0.50 uM) was added immediately on release from
mimosine, and the DNA content was analysed by flow cytometry at
various times after release. The extent of apoptosis was determined by
light microscopy of fixed cells stained with Hoechst 33258.

Flow cytometric analysis. Cells were harvested at the appropriate times
by centrifugation and treated with 0.25 ml of propidium iodide (PI) at
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Fig. 3A~E. Flow histograms of HL-60 cells treated with 71 nM bistratene A for various times: A untreated, B 18 h, C24h, D30 h, E48 h

50 ug/ml containing I-mg/ml RNase and 0.2% Triton X-100. After
incubation on ice for 30 min, samples were analysed on a Becton
Dickinson FACScan instrument [23]. The percentage of cells in each
cell-cycle phase was estimated using Lysis II software (Becton Dick-
inson).

BrdUrd/PI analysis. To examine the fate of S-phase cells, a bivariate
BrdUrd/PI flow cytometric technique was used [S]. HL-60 cells were
plated at 5x105/ml and incubated for 24 h. They were treated for 30 min
with 10 uM BrdUrd at 37° C, washed twice with PBS and then in-
cubated for either 24 or 48 h with bistratene A (71 nM) or cyclox-
azoline (9.1 uM). After being washed with PBS, the cells were fixed in
3 ml of ice-cold 70% ethanol and left for at least 1 h (or overnight) at
4° C. The cells were then pelleted by centrifugation, washed with PBS,
resuspended in 1 ml of 0.1-mg/ml pepsin in 0.1 N HC1. After a 5-min

incubation at room temperature the cells were centrifuged and washed
with 1-mg/ml bovine serum albumin (BSA) in PBS. The cell pellet was
resuspended in 0.3 ml of 1 M HCI and incubated for 5 min at room
temperature. The cells were centrifuged, washed with 2 ml of 0.1 M
borax (NazB407) and resuspended in 50 ul of 0.5% Tween-20 in PBS.
An equal volume of solution containing 0.1 g of FITC-labeled anti-
BrdUrd antibody and 0.5% BSA in PBS was added and the cells were
incubated in a dark environment for 20—60 min. After centrifngation
the supernatant was removed and the cells were treated with 0.4 mi of
PI at 0.5 pug/ml and analysed on the FACScan as described above. The
concentrations of pepsin and HCI used were much lower than those
previously reported [5] due to the extreme sepsitivity of HL-60 cells.
This results in a smaller separation of the BrdUrd from Pl-stained
nuclei in the dot plots.
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Fig. 4A-D. Flow histograms of HL-60 cells treated with 9.1 puM
cycloxazoline for various times: A untreated, B 18 h, C24 h, D30 h

Electron microscopy. Cells were incubated with either 71 nM bis-
tratene A or 9.1 uM cycloxazoline for 48 h. They were then cen-
trifuged and washed once in PBS. The cells were resuspended in 3%
glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) and fixed
overnight at room temperature. After centrifugation they were washed
three times in sodium cacodylate buffer to remove glutaraldehyde,
post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h,
stained with 5% uranyl acetate for 30 min, dehydrated in graded
ethanol and embedded in Epon-Araldite resin. Semi-thin sections were
stained with toluidine blue. Ultra-thin sections were examined on a
Jeol 1200 EX2 electron microscope for the presence of apoptotic and
multinucleated cells.
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Results

The ICso values for bistratene A and cycloxazoline in
HL-60 cells were 424 nM [26] and 5.5 uM, respectively, as
determined by the MTT assay. In asynchronous cultures of
HL-60 cells, both bistratene A and cycloxazoline caused a
marked block in the G2 phase of the cell cycle. Figure 1
shows a dose-dependent accumulation of cells in G2/M at
18 h after administration of bistratene A varying in con-
centration from 7.1 to 142 nM (5-100 ng/ml). There was
also some evidence of polyploidy in treated cells. A similar
dose-response pattern was observed for cycloxazoline
at concentrations ranging-from 0.91 to 18.3 uM (0.5-10 pg/
ml; Fig. 2). In this case also, cells were accumulating in
G2/M. In Figs. 3 and 4 the time-dependent effects of both
compounds can be seen. The percentage of cells in G2/M
increased with time of exposure, and polyploidy was also
apparent in both cases. Some variation occurred in the time
of appearance of polyploidy. For cycloxazoline the poly-
ploid peak was clearly present at 30 h after treatment.

The G2/M delay as measured by single-parameter DNA
analysis does not provide information on the fate of cells in
individual phases of the cell cycle. We therefore looked
specifically at the progression of S-phase cells using a bi-
variate BrdUrd/PI flow cytometric technique that examines
the fate of cells labeled in the S phase. At 24 h after pulsing
with BrdUrd, untreated cells had progressed into the G1
phase and the next S phase (Fig. 5A). After treatment with
bistratene, some of the S-phase cells had progressed to the
G1 phase but the majority were blocked in G2/M (Fig. 5B).
A similar pattern of delay of S-phase cells in G2/M was
observed after treatment with cycloxazoline (Fig. 5C).
Thus, the G2/M block is not absolute as some leakage into
G1 does occur. Further incubation of S-phase-labeled cells
led to an asynchronous pattern in untreated cells (Fig. 6 A).
As observed previously with bistratene, polyploidy was
evident (Fig. 6B). At the concentration of cycloxazoline
used, most of the cells were dead by 48 h.

Since it had previously been reported that high con-
centrations (0.35—1.42 uM) of bistramide A (bistratene A)
caused a block at the G1/S phase transition [19], we also
investigated whether the concentrations used in this study
caused a block in the G1 phase of the cell cycle. To achieve
this, cells were synchronised at the G1 transition point with
mimosine and subsequently released from mimosine in the
presence of bistratene A. Progression of cells into the
S phase was evident in both treated and untreated celis by
3 h post-release. At 71 nM, a concentration that caused
significant blockage in G2/M, bistratene A had no effect on
the passage of cells out of the G! and into the S phase.
After their passage through the S phase it was again evident
that these cells accumulated in G2/M (Fig. 7), and there
was evidence of polyploidy.

Polyploid cells were increasingly apparent at the longer
time points after incubation with both compounds, being
first evident at 24 h and very marked by 48 h. The poly-
ploid peak was also apparent in BrdUrd-stained cells, in-
dicating that cells that were in the S phase at the time of
labeling progressed through the G2 phase and entered a
second round of DNA replication without undergoing mi-
tosis. It seems likely that polyploidy can be explained by
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Fig. 5A-C. Bivariate BrdUrd/PI analysis of HL-60 cells. The histo- in the GI and S phase were 61% and 32%, respectively. Since cells had
grams correspond to the regions outlined on the respective dot plots. not yet progressed through the cycle a defined G2 peak was not evi-
The x-axis shows the relative DNA content based on linear propidium dent. B Treatment with bistratene A (71 nM) for 24 h. Percentages of
iodide fluorescence, and the y-axis shows relative. BrdUrd staining cells in the G1, S and G2/M phases were 29%, 8% and 50%, respec-

based on logarithmic FITC fluorescence. Cells in the box were labled tively, C Treatment with cycloxazoline (9.1 pM) for 24 h. Percentages
with BrdUrd, whereas those of lower fluorescence beneath were of cells in the G1, S and G2/M phases were 23%, 7% and 55%, re-
stained only with propidium iodide since they were not in the S phase spectively.

at the time of pulsing with BrdUrd. A Untreated. Percentages of cells



®.

[+

* A
&
= o
8 @ 58 10@ 15@ 200 25e
-
Z

o
<R B
=
o

o

3 se 10@ 150 200 250

BrdUrd FLUORESCENCE INTENSITY

Fig. 6 A-B. BrdUrd fluorescence histograms of HL-60 cells A
untreated or B treated with bistratene A (71 nM) for 48 h. In B the
percentages of cells in the G1, S, G2/M and polyploid peaks were 25%,
13%, 30% and 23%, respectively

nuclear division in the absence of cytokinesis since a sig-
nificant number of multinucleated cells (15%—26%) were
present in treated samples as determined by light and
electron microscopy (Figs. 8, 9B, C). Cells contained either
multiple nuclei or nuclei that had not completely separated.
An increased level of apoptosis was also present after
treatment with both agents (Fig. 9D). After 24 h of bis-
tratene A treatment at 71 nM, 12%—25% of cells were
apoptotic, whereas less than 4% of control cells were
apoptotic. In all, 5%-11% of cycloxazoline-treated
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(0.91 uM) cells were apoptotic at this time point. Bis-
tratene A has recently been shown to induce apoptosis in a
human Burkitt’s lymphoma line, BM 13674 [22].

Discussion

Our results clearly show a pronounced block in G2/M for
both of the compounds bistratene A and cycloxazoline. In
addition, the presence of polyploidy and multinuclear cells
as evidenced by electron microscopy point to an inability of
the cells to undergo cytokinesis. There was no evidence of
interference with cell progression from the Gl to the
S phase or through the S phase for either compound. This is
consistent with our earlier finding that bistratene A does not
inhibit DNA synthesis [26].

Roussakis and co-workers [19] have previously de-
scribed the effects of bistratene A (bistramide A) on a non-
small-cell bronchial carcinoma line, NSCLCN6-L16. They
used bistratene A concentrations ranging between 0.35 and
1.42 UM, i.e. concentrations much higher than that used in
most of our studies (71 nM). They concluded that there was
a block in Gl based on a dose-dependent decrease in
S-phase cells. At the lower concentration (0.35 puM) they
observed a partial blockade in the G1 phase and the ap-
pearance of polyploidy. At 1.42 uM, polyploidy was not
evident. In this study we found no evidence of a G1 block
at 0.50 pM. The apparent discrepancy between our results
and theirs regarding the nature of the block can be ex-
plained to some extent by the use of very high concentra-
tions by Roussakis et al. [19]. Although a G2 delay was
also obvious in that study, it was considerably less marked
than that observed by us at much lower concentrations of
bistratene. The different cell types used in the two studies
could also help to explain the apparent discrepancy.

The effects of bistratene A on the cell cycle in HL.-60
cells are similar to those recently reported for the phorbol
ester TPA in Daudi Burkitt’s lymphoma cells by Menaya
and Clemens [14]. In these cells, TPA (110 nM) causes an
accumulation of cells in the G2 phase, and within this
population a significant proportion of cells undergo nuclear
division but fail to carry out cytokinesis, giving rise to
multinuclear cells. DNA synthesis was also shown to
continue in cells that had ceased to divide in the presence of
TPA. Thus, the inhibition of proliferation was attributed
mainly to an inhibition of cytokinesis rather than DNA
replication. We have previously shown that bistratenc A
does not cause an inhibition of DNA synthesis [26] and,
thus, the inhibition of cell proliferation at low concentra-
tions is likely to be due to inhibition of cytokinesis as seen
with TPA. Concomitantly, some differentiation of the cells
occurs [26]. In CHO cell lines overexpressing the & sub-
species of protein kinase C, TPA also induces a block at
G2/M due to inhibition of cytokinesis [24].

Multinucleation in response to Clostridium difficile
toxin A has been observed in a human leukemic T-cell line,
JURKAT [6]. This phenomenon was reported to be time-
and dose-dependent, as was observed in our study with
bistratene A. Continuing nuclear division in the absence of
cytoplasmic division was also seen with the Clostridium
toxin. The mechanism of action of C. difficile toxin A is not
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Fig. 7. Flow histograms of cells at various times after their release from mimosine block using high and low concentrations of bistratene A
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Fig. 8 A—B. Toluidine blue-stained sections of cells treated with A
bistratene A {71 nM) or B cycloxazoline (9.1 pM). Solid arrows, cells
undergoing apoptosis; open arrows, muliinnclear cells.

known; however, it must be intemalised for toxicity to
occur, and one of the earliest events is disruption of the
cytoskeleton, particularly the microfilament system. C.
difficile toxin B has also been shown to induce multi-
nucleation of transformed cells [21]. It disrupts the mi-
crofilament cytoskeleton and has been shown to affect the
phosphorylation of cellular proteins [2]. Cytochalasin B, a
fungal metabolite that disrupts the cytoskeleton, induces
multinucleation through inhibition of contractile ring for-
mation during mitosis [1]. Interferon treatment of Ehrlich
ascites tumor cells has also been shown to result in a sig-
nificant proportion of multinucleated cells through multiple
mitoses and incomplete cytokinesis [15].

It is interesting to speculate on the mechanism for in-
hibition of cytokinesis. We have shown that bistratene A
induces protein phosphorylation changes in HI.-60 cells
[28], and it is tempting to suggest that the compound alters
the state of phosphorylation of proteins involved in cell-
cycle control or cytokinesis. These proteins could be ki-
nases, phosphatases or part of the cytoskeletal machinery.
Altered phosphorylation of a microfilament component
could conceivably lead to inability of the cell to divide
properly. Bistratene A does have dramatic effects on the
cytoskeleton (Watters et al., unpublished observations). In
particular, actin microfilaments are disrupted within 15 min
of exposure to nanomolar concentrations of the compound,
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most likely due to a phosphorylation event, although this
remains to be proven. No evidence for an interaction of
bistratene A with tubulin has been obtained. At present we
have no data on protein phosphorylation changes or tubulin
interaction in the presence of cycloxazoline, and further
work is necessary before we can speculate on the possible
mechanism of action for this compound.

Vinca alkaloids are widely used as anti-cancer drugs and
bind tubulin directly, resulting in inhibition of poly-
merisation and block in the G2 phase of the cell cycle.
These drugs have been shown to produce metaphase arrest
and induce the formation of multinucleated interphase cells
[11, 12]. Thus, there are at least two possible mechanisms
by which multinucleated cells can occur: via a phosphor-
ylation-type process as seen with phorbol ester or via direct
binding to cytoskeletal components and interference with
the dynamics of mitotic spindle and contractile ring for-
mation. It is likely that the first mechanism applies to
bistratene A in view of our previous data [28], and it re-
mains to be determined which mechanism applies to cy-
cloxazoline. Current work is aimed at investigating these
possibilities.
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