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A~~aet-Bistratene A is a polyether which was isolated from the marine ascidian ~~socIinum b~~r~t~m 
Sluiter. The hypothesis has been tested that the cytostatic effect of bistratene A is mediated by 
modulation of protein kinase C (PKC). Human-derived AS49 lung and MCF-7 breast adenocarcinoma 
cells are extremely sensitive to growth inhibition induced by activators of PKC. Therefore, the effect 
of bistratene A on these cell lines was compared with that of the known PKC activator 12-0- 
tetradecanoylphorbol-13-acetate (TPA). The ability of bistratene A to modulate PKC activity in cellular 
cytosol was assessed to determine the involvement of PKC in the induction of cytostasis. Bistratene A 
inhibited the growth of both celt lines and initial seeding density determined its cytostatic potency. ICY 

values were between 1.0 and 2.9 nM. Bistratene A also had a profound effect on the colony forming 
ability of AS49 cells, preventing clonal growth at 5 nM. Using the incorporation of [3H]thymidine into 
cells to assess DNA synthetic activity and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide assay to define cytotoxicity, the compound was found to have both cytostatic and cytotoxic 
properties. Bistratene A decomposed by 50% after only 2.8 hr in cell culture medium. TPA induced 
rapid motility and the formation of a network of branched colonies in both cell lines grown on Matrigel, 
whereas bistratene A did not cause the same effect. Cell cytosol was anahsed for phorhol ester bindine: 
sites after treatment with bistratene A or TPA. Incubation with TPA (i0 nM) &used a reduction in 
binding sites to 57% of bindine in control cells after 30 min and to 35% after 24 hr. Bistratene A did 
not ca&e a significant change L binding sites. Assays of PKC activity in cellular cytosol revealed that 
bistratene A was unable to activate or inhibit the enzyme at concentrations of up to 10 PM. The results 
suggest that bistratene A is an exquisitely potent cytostatic agent in the two cell lines studied, but 
modulation of PKC is not involved in the mode of action by which it elicits this effect. 

The evaluation of animals and plants as sources of 
cytostatic agents is an important part of the search 
for novel anticancer agents. Screening of natural 
products has yielded the promising antineoplastic 
agent taxol [l]. A particular focus of many current 
drug discovery programmes is the exploration of 
~rn~unds with novel modes of action. This 
emphasis renders the current clinical trial of the 
antiproliferative agent bryostatin 1, extracted from 
the sea moss Bug&a neritina, especially intriguing, 
as the only biochemical property so far discovered 
for this agent is its ability to activate protein kinase 
C (PKCS) [2]. 

Bistratene A, also known as bistramide A, is 
another antiproliferative agent of marine origin. It 
is a polyether (Fig. 1) [3], which was isolated from 
the ascidian Liissoclinum bistratum [4,5]. Bistratene 
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$ Abbreviations: CFE, colony forming efficiency; 
DMSO, dimethylsulphoxide; MTT, (3-(4,5-dimethylthia- 
zol-2-yl)-2,5-diphenyl tetrazolium bromide; PBS, phos- 
phate-buffered saline; PKC, protein kinase C; TPA, 12- 
0-tetradecanoylphor~l-13-acetate. 

Fig. 1. Structure of bistratene A. 

A possesses cytotoxic properties in a variety of cell 
lines [4,6-81. Of particular interest is its ability to 
induce the incomplete differentiation of HL60 
leukaemia cells along the monoc~e/macrophage 
pathway. Bistratene A is able to activate the /3 
isozyme of PKC in oitro but it is unclear whether 
there is a causal relationship between this property 
and its ability to induce cell differentiation [8]. 

In the work reported here, the biological properties 
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of bistratene A were investigated to explore the 
relationship between its effects on growth and on 
PKC. To this end, bistratene A was incubated with 
two cell lines in which activators of PKC have been 
shown to cause cytostasis: human-derived AS49 lung 
and MCF-7 breast adenocarcinoma cells [9, lo]. The 
hypothesis was tested that bistratene A mimics the 
effects of PKC activators such as the tumour- 
promotingphorbol ester 12-O-tetradecanoylphorbol- 
13-acetate (TPA) [9,10] and the experimental drugs 
bryostatins 1 and 2 [ll, 121 in these cell lines. 
Experiments were conducted in which the effects of 
these agents on cell growth characteristics were 
compared. Furthermore, the effect of drug treatment 
on the beha~our and morphology of cells grown on 
the basement membrane substitute Matrigel was 
assessed. TPA has been shown to induce the 
formation of a network of branched colonies in 
certain cell lines grown on this matrix [13]. Finally, 
we analysed the effect of bistratene A on the levels 
and location of cellular PKC using assays for PKC 
activity and cytosolic phorbol ester binding sites to 
assess whether bistratene A causes cytostasis via 
modulation of PKC. 

Chemicals. TPA and other reagents were pur- 
chased from the Sigma Chemical Co. (Poole, U.K.) 
or Gibco BRL (Paisley, U.K.). Matrigel was 
obtained from Collaborative Research Inc. Biomed- 
ical Products Division (Bedford, MA, I3.S.A). 
Bistratene A was isolated from L. bistratum collected 
at Heron Island reef, Australia, as described 
previously [5]. Stock solutions of bistratene A and 
TPA were prepared in dimethylsulphoxide (DMSO) 
and stored at -20”. The final concentration of 
DMSO did not exceed 0.5% in medium, which had 
no effect on cell growth. 

Measurement of cell growth and clonogenicity. 
A549 lung and MCF-7 breast human adenocarcinoma 
cells originated from the American Type Cutture 
Coliection (Rock~lle, MD, U.S.A). A549 cells were 
cultured in Ham’s F12 medium as described 
previously 191, and MCF-7 cells were cultured in 
minimal essential medium (Eagle’s modification) 
with additional pyruvate (1 mM) and non-essential 
amino acids. Both media were supplemented with 
10% foetal calf serum and glutamine (2 mM). 

Cells (2 x 104) were routinely seeded in Nunclon 
six-well multidishes (3 mL medium, 3.5cm 
diameter). Medium was aspirated and routinely 
replenished with or without drug every other day. 
Celis were counted with a Coulter Counter (model 
ZM) on the 5th day of incubation. The iqo values 
quoted are the~oncentrations which caused inhibition 
of growth by 50%. The colony fo-ming ability of 
cells was estimated using dishes coated with 1 mL 
gelatine solution (2%). This solution was removed 
and the well was washed with 2 mL hosphate- 
buffered saline (PBS). Cells (lo2 or lo3 P well) were 
seeded in 3 mL medium and bistratene A was added 
24 hr later. Medium was replenished at 3-4 day 
intervals and cells were incubated for 10 days. Clones 
were fixed with 70% industrial methylated spirit, 
washed with PBS and stained with aqueous crystal 

violet 1%. The colony forming efficiency (CFE) of 
untreated A549 cells was 34.8 * 9.7% at a seeding 
density of lo2 and 29.4 + 7.4% at lo3 (mean rt SD, 
N = 18). 

Incorporation of [3H]thymidine into cells was 
measured as described previously [ll]. Cells were 
seeded at 1.5 x 105/well (1.6 x 104/cm2) and al- 
lowed to attach and settle for 20 hr. Bistratene A 
was then added. At regular time points up to 72 hr, 
cells were washed and incubated for 1 hr with [3H]- 
thymidine. 

Stability of bistratene A in cell culture medium. 
Bistratene A (200 nM) was incubated in Ham’s F12 
medium at 37” for varying time intervals up to 30 hr. 
This pre-treated medium was then incubated with 
A549 cells which had been seeded at 1.5 x 10s/well 
20 hr previously. After 12 hr, incorporation of [ 3H]- 
thymidine into cells was assessed. A calibration 
curve of bistratene A concentration vs amount of 
[3H]thymidine incorporated after incubation with 
cells for 12 hr was constructed for each experiment. 
The growth inhibitory potency of the bistratene A 
solution was converted to an equivalent bistratene 
A concentration from the calibration curve. 

Cytotoxicity assays. Cells seeded at 4.4 x 103/well 
(0.6 cm diameter, 1.6 x lo4 cells/cm*) were allowed 
to attach and settle for 20 hr. They were then 
exposed to bistratene A for 24 hr. Cytotoxicity was 
assessed by the assay which employs the dye (3- 
(4,5-dimethylthiazol-2-yl)-2,5-dipheny1 tetrazolium 
bromide (MTT) according to Mosmann [14]. Cells 
were incubated for 4 hr with 2OOpL medium 
containing MTT (5 mg/mL). Cell monolayers were 
washed twice with PBS200pL and the MTT 
reduction product formazan was dissolved in buffered 
DMSO 200 PL (one part buffer with glycine 0.1 M, 
NaCl 0.1 M, pH 10.5, to eight parts DMSO) using 
a plate shaker for 20 min. Formazan absorption was 
measured at 550 nm using an Anthos 2001 plate 
reader. LQ values are the concentrations which 
caused cytotoxicity in 50% of cells. 

Morphology of celts on Matrigef. Liquid Matrigel 
(0.2 mL) was added to wells (1.6 cm diameter) and 
allowed to polymerize for 20 min at 37’. A suspension 
of 5 x lo4 cells (2 mL) was added to each well. Prior 
to the addition of agent, plates were incubated 
for 1 hr to allow cell attachment. Wells were 
photographed after 48 hr. 

Measurement of phorbol ester binding and PKC 
activity in cell cytosol. Cellular cytosol was prepared 
and phorbol ester binding sites were assayed using 
mixed micelles as described by Bradshaw et al. [lS]. 
Tritiated phorbol-12,13-dibutyrate was employed as 
phorbol ester receptor ligand. The assay is based on 
the procedure of Hannun and Bell [16]. Cytosolic 
PKC activity was measured via the incor~ration of 
the y phosphate moiety of [32P]ATP into a PKC- 
specific peptide using a kit from Amersham 
International (Amersham, U.K.) Activation was 
assessed in the presence of calcium (1 mM) and 
phosphatidylserine/Triton X-100 mixed micelles 
(8mol%). The kit component containing TPA 
(3.2 PM) and mixed micelles was modified to exclude 
TPA. Agents were then added to give final assay 
mixture concentrations of 10 nM-10 PM bistratene 
A or 3.2 nM-3.2 PM TPA. Results are expressed as 
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Fig. 2. Effect of bistratene A at 1 (triangles), 10 (circles) 
100 (open squares) nM on the growth of (A) A549 cells 
and (B) MCF-7 cells. Closed squares indicate growth of 
control cells. Values are the means? SD of three 

experiments, each conducted in triplicate. 

a percentage of maximal PKC activity, defined as 
the PKC activity obtained by adding TPA 3.2 ,uM. 
Inhibition of PKC was determined with the same kit 
without modifications. Cytosolic PKC was activated 
maximally using TPA 3.2@l and bistratene A 
(10 nM-1 PM) was added to the reaction mixture to 
assess its ability to inhibit PKC activity. 

RESULTS 

Cells were incubated with bistratene A and the 
effect of the agent on cell growth was observed for 
up to 12 days. In both cell lines, bistratene A 
concentrations of 10 nM and above inhibited cell 
growth, whereas 1 nM was innocuous (Fig. 2). The 
growth profile observed with 10 nM bistratene A in 
AS49 cells (Fig. 2A) indicates that the cells restart 

bistmtene A concentration (nM) 

Fig. 3. Effect of bistratene A on the clonogenicity of AS49 
cells. Clonogenic assays were performed using (A) lo* and 
(B) 10f cells/well. Colonies were counted 10 days after 
seeding. Results are expressed as a percentage of cionogenic 
growth of control cells. For details of culture conditions, 
see Materials and Methods. Values are the means t SD of 
three experiments, using six wells for each concentration. 

growth after 6-8 days in culture in spite of repeated 
addition of the agent with each medium change. 
This phenomenon was not observed with MCF-7 
cells (Fig. 2B). The K$~ derived from the plots of 
cell number versus bistratene A concentration 
yielded 2.3 +- 0.1 nM for A549 and 2.9 2 0.4 nM for 
MCF-7 celis (mean -f SD, N = 3-4). These values 
were obtained with an original seeding density of 
2 X 104/3.5-cm well. At lower seeding densities cells 
were even more sensitive to bistratene A: the q. 
was reduced to 1.0 -C 0.1 nM in A549 cells seeded 
at 5 x 10’. The ability of bistratene A to affect cells 
seeded at very low density was determined in a 
clonogenicity assay. The CFE of AS49 cells was 
found to be compromised by bistratene A: colony 
growth was progressively inhibited with increasing 
bistratene A condensation and colonies were not 
able to grow in the presence of 5 nM of the agent 
(Fig. 3). The intensity of the anticlonogenic effect 
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time (h) 

Fig. 4. Stability of bistratene A at 37” in culture medium. 
Values are the means f SD of three or four experiments, 

each conducted in duplicate. 

was also influenced by the initial cell seeding density, 
as the reduction in CFE was more pronounced when 
cells were seeded at lo* (Fig. 3A) rather than at 
103/well (Fig. 3B). 

As knowledge of the chemical properties of 
bistratene A is scarce, a study was designed to 
determine its stability under conditions used here 
routinely for cell culture. Drug was incubated with 
medium for time intervals of up to 30 hr before 
addition to A549 cells and measurement of [3H]- 
thymidine incorporation (Fig. 4). After only 
2.8 +- 0.4 hr, the effectiveness of bistratene A to 
inhibit [3H]thymidine uptake was reduced by 50%. 

The instability of bistratene A at 37” suggests that 
its potent effect on cell growth occurs probably 
within a short time span. In order to ascertain the 
time course of events which lead to bistratene- 
induced growth inhibition more precisely, its ability 
to interfere with the incorporation of [3H]thymidine 
into cells was studied. The growth arresting effect 
of bistratene A manifested itself within 3 hr of 
incubation (Fig. 5). 

AS49 cells underwent considerable morphological 
changes on exposure to bistratene A (Fig. 6A). 
After exposure to the drug for 48 hr, cells were 
spread out and developed cytoplasmic extensions 
and vacuoles. Half of the cells appeared to be 
multinucleate (Fig. 6B). This finding is in agreement 
with the induction of polyploidy by bistratene A in 
NSCLCN6 L16 non-small cell lung cancer cells [ 171. 
To determine if these changes in cell morphology 
were indicative of, or accompanied, cytotoxicity, the 
ability of bistratene A to interfere with cellular redox 
potential as indicated by the MTT assay was 
investigated. At concentrations exceeding 10 nM, 
bistratene A decreased cellular viability. The ~~50 

derived from this assay was 198 nM. 
Some cell lines undergo unusual morphological 

changes on exposure to PKC activators when grown 
on the basement membrane substitute Matrigel[13]. 
Therefore, A549 cells were cultured on Matrigel and 
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Fig. 5. Time course of effect of bistratene A at 15 (circles) 
and 50 (triangles) nM on the incorporation of (3H]thymidine 
into A549 cells. At the indicated time points, cells were 
washed and incubated with [‘Hlthymidine for 1 hr. Values 
are the means 2 SD of three experiments, each conducted 

in triplicate. 

the effect of bistratene A on cell morphology was 
compared to that of TPA. Cells adopted a spheroid 
shape and tended to clump (Fig. 7A). Addition of 
TPA (10nM) induced rapid cell motility and the 
formation of chains of cells within4 hr. Subsequently, 
cells associated to form a network (Fig. 7B). 
Essentially the same effect was observed in MCF-7 
cells grown on this matrix (results not shown). In 
contrast, bistratene A (10 and 100 nM) did not cause 
any significant alteration in cell morphology 
compared to control cells (Fig. 7C, D). 

A549 cell cytosol was used as a source of PKC to 
assess the direct effect of bistratene A on this 
enzyme. PKC is the major phorbol ester receptor 
and therefore the assay for phorbol ester binding 
reflects levels of PKC [16]. Cytosolic phorbol ester 
bindingsiteswerereduced by43 t 12% (mean ? SD, 
N = 3) of control values in A549 cells which were 
treated for 30min with 10 nM TPA. Numbers of 
binding sites decreased further after 24 hr (results 
not shown). Cells continually passaged in the 
presence of phorbol-12,13_dibutyrate for at least 9 
weeks also had a reduced number of phorbol ester 
binding sites. In contrast, bistratene A (10-100 nM) 
did not significantly alter phorbol ester binding, even 
after prolonged exposure to the agent. The effect of 
bistratene A on PKC activity in the cytosol of A549 
cells was compared to that of TPA. Under the 
conditions of the assay, TPA activated the enzyme 
maximally at 32 nM, but bistratene A (10 nM- 
10 PM) did not augment PKC activity. Similarly, the 
agent did not affect PKC from MCF-7 cell cytosol. 
Bistratene A was unable to inhibit PKC from either 
A549 or MCF-7 cells (Table 1). 

DISCUSSION 

The growth of A549 and MCF-7 cells is exquisitely 
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Fig. 6. Effect of bistratene A on the morphology of A549 cells. (A) Control cells; (B) cells exposed to 
bistratene A (10 nM) for 48 hr. Cells were seeded at 2 X 104/3.5-cm diameter well and bistratene A 

was added after 4 hr. 
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Fig. 7. Mo~hologica~ changes in AS49 cells grown on MatrigeI. (A) Cells without drug; (B) cetls with 
TPA 10nM; (C) with bistratene A IOnM and (D) with bistratene A 1OOnM. Photographs are 

representative of three experiments, each conducted in duplicate. 
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Fig. 7-continued. 
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Table 1. Effect of bistratene A on activity of PKC from 
A549 or MCF-7 cells stimulated maximally by TPA 

(3.2 PM) 

Bistratene A 
concentration 

PKC activity 
(% of activity without drug) 

(nW A549 cells MCF-7 cells 

10 97.3 (6.5) 101.8 (3.8) 
100 98.2 (4.7) 96.9 (4.5) 

1000 101.9 (5.2) 96.3 (2.3) 

Conditions of PKC isolation and incubation are described 
in Materials and Methods. 

* Values are the means (*SD) of three experiments, 
each conducted in triplicate. 

sensitive towards bistratene A. Its growth-inhibitory 
potency, as reflected by an ICKY value of 1.0-2.9 nM, 
is lower than the lcso values established in previous 
studies ranging from 20 nM in P388 murine leukaemia 
[6] to 424nM in HL60 cells [8]. The clonogenicity 
of A549 cells was more potently affected by bistratene 
A than the growth of cells in high density culture 
and IC,, values were dependent on initial cell seeding 
density. The finding that cell number is a crucial 
determinant of intensity of effect of bistratene A 
may be due to either metabolic inactivation or 
cellular production of a factor which abrogates 
bistratene-induced cytostasis. Bistratene A was 
found to be relatively unstable in physiological 
medium. Measurement of its cytotoxic potential 
using the MTT assay confirmed that at concentrations 
of above 10 nM it caused irreparable damage to 
A549 cells within 24 hr. 

The aim of this study was to determine whether 
the characteristics of growth arrest caused by 
bistratene A in these cells are comparable to 
those exerted by known PKC activators. The 
concentrations of bistratene A necessary to inhibit 
the growth of A549 cells are comparable to those at 
which TPA interferes with the proliferation of these 
cells [9]. Bistratene A at 10 nM concentrations 
inhibited the growth of AS49 cells for 6-8 days, after 
which proliferation resumed, even though cells were 
re-exposed to the drug with each change of medium. 
This decrease in sensitivity towards the drug with 
time was not observed in MCF-7 cells. Similarly, 
TPA (10 nM) induced cytostasis in AS49 cells for 6 
days prior to uninhibited proliferation [9], whereas 
in MCF-7 cells cytostasis was irreversible at this TPA 
concentration [lo]. Inhibition of A549 cell growth 
by PKC activators is mediated by cytostatic rather 
than cytotoxic mechanisms [9,11]. It was therefore 
of interest to find out if the effect of bistratene A 
was a cytostatic rather than a cytotoxic one. The 
results presented above suggest that bistratene A 
has both cytostatic and cytotoxic properties. There 
is a lOO-200-fold discrepancy between IC.J~ and ~~50 
values, although experiments are not directly 
comparable as they were conducted with differing 
celldensitiesandvaryingincubation times. Theability 
of bistratene A (50 nM) to inhibit incorporation of 
[3H]thymidine was greater than its cytotoxic potency 

after incubation for 24 hr at equivalent cell densities. 
These observations suggest that bistratene A, like 
TPA, is able to cause growth arrest at low 
concentrations without damaging cells irreversibly. 
Taken together, the data is in accordance with the 
notion that these agents activate the same biochemical 
mechanisms to bring about growth arrest. The 
accepted mechanism responsible for the cytostatic 
action of TPA is activation of PKC [ 181. Thus, PKC 
could be tendered as a target via which bistratene 
A exerts its action. This suggestion is particularly 
judicious in view of the finding that bistratene A has 
been reported to activate isolated PKC-/?, albeit only 
at micromolar concentrations [8]. 

It has been suggested that branched colony 
formation of cells grown on Matrigel is reflective of 
an invasive and metastatic phenotype [19]. PKC 
activation by TPA was shown to change cell motility 
and collagenase IV production in certain malignant 
fibroblast cells and thus to increase their invasive 
properties [13], and inhibition of PKC activity by 
staurosporine had an anti-invasive effect on human 
bladder carcinoma cells [20]. It has to be stressed 
that invasion is only one of the many stages involved 
in the complex process of metastasis, but PKC 
modulation is clearly pivotal in the development of 
metastasis [21,22]. We report here for the first time 
that TPA induces the formation of branched 
colonies in A549 cells on Matrigel. The dramatic 
morphological changes seen on Matrigel have to be 
interpreted with caution as they are not necessarily 
related to metastic potential and may be cell type 
specific, as Noel et al. [23] found that normal 
mesangial cells and keratinocytes were also able to 
form a network and invade Matrigel. These authors 
also failed to find a correlation between cellular 
organization on Matrigel in isolated clusters, or in a 
network, and the ability to invade the Matrigel 
matrix. A549 and MCF-7 cells are known to be 
metastic in vivo and did not form branched colonies 
on Matrigel, yet did so when treated with TPA. This 
ability to increase motility and form a network 
may therefore be related to specific protein 
phosphorylations which are modulated by PKC. The 
lack of effect of bistratene A in inducing these 
changes suggests that this agent does not mimic 
phorbol esters by activating PKC in intact cells. 

Further experiments using PKC from the cytosol 
of A549 cells support the notion that bistratene A 
does not affect PKC directly. Unlike TPA, it did 
not elicit either the redistribution of phorbol ester 
receptor sites from the cytosol to the membrane or 
subsequent downregulation. Likewise, at con- 
centrations up to 10 PM, bistratene A did not cause 
activation of PKC. This finding using crude cytosolic 
extracts is in contrast to the results of Watters et al. 
[8], who found that bistratene A (10pM) was able 
to activate purified PKC-p submaximally in the 
presence of phosphatidylserine or oleic acid. A549 
cells contain mainly PKC-(r (241 and PKC-t (Stanwell 
and Gescher, unpublished), and MCF-7 cells have 
been reported to contain a variety of isozymes 
[25,26]. Preliminary experiments suggest that 
bistratene A is unable to activate any of these PKC 
isozymes. Our results outlined above also show that 
bistratene A was unable to inhibit PKC under 
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conditions in which staurosporine caused inhibition 
with an 1c50 of 6.1 nM [15]. 

In summary, bistratene A is able to elicit potent 
cytostasis and cytotoxicity in two cell lines, the 
growth of which is exquisitely sensitive to PKC 
modulation. However, it seems unlikely that the 
agent i&bits cell growth in these cells via activation 
or inhibition of PKC. Bistratene A appears to exert 
its effects by subtle interference with a cellular signal 
transduction mechanism which does not involve 
PKC. 
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