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ABSTRACT

Sphinxolides, a newly described family of cytotoxins from the New
Caledonian sponge Neosiphonia superstes, bear structural resemblance to
scytophycins. We now demonstrate that the cytotoxicity of sphinxolides is
associated with cell cycle arrest in G2-M and induction of apoptosis. Like
scytophycins and cytochalasins, sphinxolides caused rapid loss of micro

filaments in cultured cells, without affecting microtubule organization.
Microfilament reassembly was very slow after removal of the sphinxolide,
consistent with the slow recovery of cellular proliferation. Sphinxolides
potently inhibited actin polymerization in vitro and the microfilament

dependent ATPase activity of purified actomyosin, indicating a direct
effect on actin. Importantly, sphinxolides were equally cytotoxic toward
MCF-7 human breast carcinoma cells and a sublimewhich overexpresses
P-glycoprotem (MCF.7IADR). Similarly, overexpression of the multidrug
resistance-associated protein MRP by HL-60 cells did not confer resist
ance to the sphinxolides. These studies demonstrate that sphinxolides are
potent new antimicrofilament compounds that circumvent multidrug re
sistance mediated by overexpression of either P-glycoprotein or MRP.
Therefore, these agents may be useful in the treatment of drug-resistant
tumors.

INTRODUCTION

The cytoskeleton of eucaryotic cells consists of extensive networks
of microfilaments, microtubules, and intermediate filaments. Because
of their role in mitosis, microtubules have been studied extensively as
targets for anticancer drugs, resulting in the identification of a number
of established and experimental therapeutic agents (1â€”3).Although
microfilament function in epithelial cells has been less studied than in
muscle, alterations in this system have been implicated in cellular
transformation and metastasis (4â€”6). Consequently, antimicrofila
ment agents might also find utility in the oncology clinic.

Certain natural cytotoxins have been reported to induce changes in

microfilament organization, resulting in inhibition of cytokinesis fol
lowing mitosis. For example, cytochalasins have long been recog
nized as microfilament-depolymerizing agents. More recently, scyto
phycins (7), latrunculins (8), swinholide A (9), jasplakinolide (10),
and mycalolide B (i 1) have been shown to disrupt microfilaments and
to inhibit the proliferation of a variety of human cancer cell lines in
vitro.

P-glycoprotein and the MRP3 are energy-dependent drug efflux
pumps that efficiently reduce the intracellular accumulation and hence
the cytotoxicity of many natural cytotoxins (12â€”14).Clinical experi
ence and laboratory studies have demonstrated that most currently
used natural product anticancer drugs are excellent substrates for
P-glycoprotein and/or MRP. Overexpression of these transporters by
tumor cells is thought to be a significant factor in both intrinsic and
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acquired resistance to anticancer drugs. Consequently, a great deal of
interest is focused on identifying chemical agents that can either
antagonize drug transport by these proteins or that can inhibit the
proliferation of tumor cells in spite of the expression of these trans
porters.

Recently, we have identified several cytoskeletal poisons that main
tam activity against drug-resistant tumor cells. For example, crypto

phycin (15, 16) and scytophycins (17) are potent antimitotic com
pounds isolated from cyanobacteria, which prevent the proliferation of
P-glycoprotein-overexpressing tumor cells. Sphinxolides are a family
of natural products that have been isolated recently from the New
Caledonian sponge Neosiphonia superstes (18). Sphinxolide itself
was first isolated from an unidentified Pacific nudibranch (19). These
compounds demonstrate antifungal activity and are cytotoxic toward
tumor cells. Because portions of the structures of the sphinxolides are
similar to those of the scytophycins, we have examined their abilities

to kill drug-resistant cells and their effects on microfilament structure.
The results indicate that these novel agents warrant consideration for
development as anticancer drugs.

MATERIALS AND METHODS

Materials. Sphinxolide, sphinxolide B, sphinxolide C, and sphinxolide D
were isolated from the New Caledonian sponge N. superstes as described

previously (18). Tolytoxin was provided by Dr. G. M. L. Patterson of the

University of Hawaii. These compounds were dissolved in absolute ethanol

and stored at â€”20Â°C.The structures of tolytoxin and the sphinxolides are given
in Fig. 1. Cytochalasin B, TRITC-phalloidin, sulforhodamine B, antibodies

against f3-tubulin (1-4026), proteinase K (P-2308), RNase A (R-5503), and
actomyosin (A-6394) were obtained from Sigma Chemical Company (St.

Louis, MO). RPM! 1640, a-MEM culture medium, and fetal bovine serum
were from Life Technologies, Inc. (Grand Island, NY).

Cell Lines. MCF-7 human breast carcinoma cells and MCF-7/ADR, a
P-glycoprotein-overexpressing subline (20), were obtained from the Division
of Cancer Treatment of the National Cancer Institute. HL-60 human promy
elocytic leukemia cells and HL-60R cells, which overexpress MRP (21), were
obtained from Dr. G. D. Kruh of the Fox Chase Cancer Center. These four cell
lines were cultured in RPM! 1640 containing 10% fetal bovine serum and 50

p@g/ml gentamicin sulfate. A-b rat aortic smooth muscle cells (CRL 1476) and

SK-OV-3 human ovarian carcinoma cells (HTB 77) were obtained from the
American Type Culture Collection and were grown in a-MEM containing 10%
fetal bovine serum and 50 p@g/mlgentamicin sulfate.

Cytotoxicity Assays. Studies with adherent cell lines, i.e., MCF-7 and

MCF-7/ADR cells used the sulforhodamine B binding assay (22), as described
previously (23, 24). Briefly, cells were treated with varying concentrations of
each compound for 48 h. Cells were then fixed with 10% trichloroacetic acid,

stained with 0.4% sulforhodamine B in 1% acetic acid, and quantified by
determining the absorbance at 560 nm. Studies with HL-60 and HL-60R cells
used the CellTiter96 AQueous Assay system from Promega Corp. (Madison,
WI) following 48 h incubation with the test compounds. The percentage of
cells killed was calculated as the percentage decrease in sulforhodamine B
binding or dye metabolism compared with control cultures. Controls included

equivalent amounts of ethanol as the test samples.
Cell Cycle Analyses. HL-60cells weretreatedwithethanol,sphinxolideC,

or tolytoxin for 24 or 48 h, and DNA was stained by a procedure similar to that
of Vindelov et al. (25). Cells were harvested by centrifugation, resuspended in
citrate buffer [250 mM sucrose, 40 mM trisodium citrate (pH 7.6), and 5%

DMSO] to a concentration of 5 X l0@cells/200 pi, and mixed with 1.8 ml of
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CompoundMCF-rMCF@7/ADRaHL-60â€•HL-60Râ€•Sphinxolide22

Â±216 Â±138 Â±438 Â±9Sphinxolide
B64 Â±2037 Â±355 Â±450 Â±7Sphinxolide
CI 8 Â±09 Â±325 Â±430 Â±11Sphinxolide
D22 Â±113 Â±233 Â±1225 Â±7Tolytoxin

Cytochalasin E7
Â±1

90 Â±157
Â±0

19,000 Â±4,80039
Â± 17

NDb62
Â± 1

NDa

IC50 (nM).

b ND, not determined.
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40,000 x g for 10 mm, and the supernatant containing g-actin was collected.
To monitor actin polymerization, samples containing 20 @.tMactin, determined
by the Bio-Rad protein assay, were preincubated with varying concentrations
of sphinxolide B in buffer containing 10mxiHEPES (pH 7.0), 30 mistKCI, and
0.2 m@@iAlP for 10 mm at 4Â°C.The samples (0.6 ml) were then transferred to
individual semimicro viscometers (size 100; Cannon Instrument Company),
warmed to 37Â°C,and the viscosity of each sample was measured at 1-mm
intervals for at least 60 mm. The specific viscosity of each sample was

calculated according to Cooper (27).
ATPase Activity of Actomyosin. Rabbit muscle actomyosin was incu

bated with varying doses of cytochalasin D, tolytoxin, or sphinxolide C for 10
mm at 4Â°Cin buffer containing 2 mistTris (pH 8.0), 0.2 mM CaCl2, I mM
MgCl2, 0.5 mM 2-mercaptoethanol, and 0.005% sodium azide. [@y-32P]ATP
(0.2 mM containing 0.2 pCi/sample) was added to each sample, and incuba
tions were continued for 5 mm at 21 Â°C.The reactions were terminated by
adding I ml of 300 mM perchloric acid containing 10 mg of activated charcoal
(28) and incubating at room temperature for 5 mm. The charcoal was pelleted
by centrifugation at 3000 X g, and 0.25 ml of the supernatant was analyzed by
liquid scintillation counting to quantify levels of free 32P04.

Cleavable Complex Formation Assay. The K@/SDSprecipitationassay
was used to test the effects of sphinxolides on topoisomerases (29). Briefly,
SK-OV-3 human ovarian carcinoma cells were grown for 24 h in the presence
of [3H]thymidine (I @Ci/ml)in 24-well tissue culture plates. The medium was
replaced with unlabeled a-MEM containing 10% fetal bovine serum, and cells
were exposed to varying doses of a sphinxolide, camptothecin, or etoposide for
45 mm. The cells were then lysed with 1.25% SDS, and protein-complexed

DNA was precipitated by the addition of 325 mM KC1.Pellets were washed
twice, and the amount of precipitated 3H was determined by liquid scintillation
counting.

RESULTS

Cytotoxicities and Cell Cycle Effects of Sphinxolides and Toly
toxin. MCF-7, MCF-7/ADR, HL-60, and HL-60/R cells were incu
bated for the duration of two cell cycles with a broad range of
concentrations of tolytoxin, cytochalasin B, sphinxolide, sphinxolide
B, sphinxolide C, or sphinxolide D. As indicated in Table 1, the four
sphinxolides had similar potencies for inhibition of cell proliferation,
with IC50s ranging from approximately 10 to 60 nM. In comparison,
tolytoxin was slightly more cytotoxic and cytochalasins were signif
icantly less potent than the sphinxolides. Importantly, there were no
differences in the toxicity of tolytoxin or the sphinxolides toward
MCF-7 and MCF-7/ADR cells, in spite of the high resistance of these
cells to natural product anticancer drugs (24, 30). As demonstrated
previously (31), cytochalasin E was much less cytotoxic toward
MCF-7/ADR cells than MCF-7 cells. All of the test agents caused the
cells to round up and eventually detach from the substratum, suggest
ing that they affect the cytoskeleton. HL-60 and HL-60R cells had
equivalent sensitivities to tolytoxin and each sphinxolide, in spite of
the expression of MRP by the HL-60R cells. In comparison with

Table 1 Effects of sphinxolides on cell proliferation of sensitive and drug-resistant
cell lines

Cells were treated with varying concentrations of the sphinxolides below for 48 h. Cell
numbers were then determined as indicated in â€œMaterialsand Methods,â€•and the ICso for
each compound was calculated.

Cell lines

Tolytoxin

0 A

0 OCH3

Sphinxolide: R=OCH3 R'=H

Sphinxolide B: A=H A'=H
Sphinxolide C: A=OCH3 R'=CH3
Sphinxolide D: A=H A'=CH@

Fig. 1. Structures of tolytoxin and sphinxolides.

trypsin (0.03 mg/mI) in staining buffer [3.4 mMtrisodium citrate, 0.5 nmi Tris
(pH 7.6), 0. 1% NP4O,and 1.5 nmi spermine) for 10 mm. To each sample, 1.5
ml of trypsin inhibitor (0.5 mg/mI) and RNase A (0.1 mg/ml) in staining buffer
were added for 10 mm, followed by 1.5 ml of propidium iodide (0.4 mg/mI)
and spermine (1.2 mg/mI) in staining buffer. After 30 mm at 4Â°C,samples were
filtered through 30-@.tmnylon mesh, centrifuged at 721 X g for 5 mm, and
resuspended in I ml of staining buffer. The DNA content of the cells was
measured using a Becton Dickinson FACScan flow cytometer, and cell cycle
distribution was analyzed using the program MacCycle.

Apoptosis Assay. HL-60 cells were treated with varying concentrations of
sphinxolide C for 48 h, harvested by centrifugation, and lysed with buffer
containing 20 mM Tris (pH 7.5), 10 mr@iEDTA, and 0.2% Triton X-lOO. After

centrifugation at 10,000 X g for 10 mm, the supematant containing fragmented
DNA was removed and incubated with proteinase K at 50Â°Cfor 18 h. The
DNA was then precipitated, washed, and incubated with RNase A at 37Â°Cfor

1 h. Samples were electrophoresed on 1.5% agarose gels and stained with
ethidium bromide.

Immunofluorescence Assays. A-10 cells were grown to near-confluency
on glass coverslips and treated with the indicated compounds for 24 h.
Microtubules were stained with monoclonal anti-@3-tubulinand visualized with
fluorescein-conjugated antimouse IgG as described previously (7, 15). For

staining of microfilaments (7, 15), cells were fixed with 3% paraformaldehyde,

permeabilized with 0.2% Triton X-l00, and reduced with sodium borohydride
(1 mg/mI). Microfilaments were visualized by incubation with 100 nM of
TRITC-phalloidin for 45 mm at 37Â°C. Microtubules and microfilaments were

imaged using a Nikon Optiphot-2 microscope with a Bio-Rad MRC 600
confocal laser scanning system. The images were reconstructed using Voxel
View Ultra software and were printed on a Kodak model XL 7700 digital
continuous tone printer.

Actin Isolation and Polymerization. Actin was isolated from bovine brain
following the method of Ruscha and Himes (26). Briefly, fresh bovine brain
was homogenized in buffer containing 0. 1 M 2-[N-morpholino]ethanesulfonic
acid (pH 6.5), 1 mM EGTA, 0.5 msi MgC12, and 0.25 m@.iGTP and centrifuged
at 100,000 x g for 1 h at 4Â°C.The pellets were extracted with cold acetone
three times, and insoluble material was collected by filtration and dried under
vacuum. The acetone powder was homogenized in buffer containing 2 mMTris
(pH 7.4), 0.2 mM ATP, and 0.5 nmi 2-mercaptoethanol and centrifuged at
100,000 x g for 1 h. The supernatant was dialyzed for 2 h against 20 mM
2-[N-morpholinolethanesulfonic acid (pH 6.5), 50 mM NaCl, 2 mM EGTA, 0.5

mM AlP, and 4 M glycerol, which promotes g-actin assembly into microfila

ments, which were collected by centrifugation at 40,000 X g for 40 mm. The

pellet was resuspended in homogenization buffer and dialyzed against the
same buffer but at pH 7.6 for 18 h at 4Â°C.The sample was then centrifuged at
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Fig. 2. Cell cycle effects of sphinxolide C and

tolytoxin. HL-60 cells were incubated for 48 h with
the following additions: A, ethanol (as the solvent
control); B, 100 nM tolytoxin; C, 200 n@.itolytoxin;
D, 100 flM sphinxolide C; and E. 200 n@t sphmxolide

C. Cells were then harvested, stained with pro
pidium iodide, and analyzed by flow cytometry as
indicated in â€œMaterialsand Methods.â€•
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HL-60 cells, HL-60R cells are 30â€”200-foldresistantto doxorubicin,
etoposide, and vincristine (data not shown).

Because tolytoxin causes mitotic arrest associated with the inhibi
tion of cytokinesis in L12l0 murine leukemia cells (7), cell cycle
analyses were performed on HL-60 cells treated with sphinxolide C or
tolytoxin for 48 h. As demonstrated in Fig. 2, both tolytoxin and
sphinxolide C caused dose-dependent accumulations of cells in the
G2-M phase of the cell cycle with concomitant decreases in the
fraction of cells in G1. Both compounds also induced the appearance

of a population of polyploid cells (8N), characterized by the appear
ance of multinucleated cells (7). The dose dependencies for disruption
of the cell cycle (Fig. 3) correlated with the inhibition of cell prolif
eration.

Because many anticancer agents induce apoptosis in target cells, we
tested the ability of sphinxolide C to promote DNA fragmentation in
HL-60 cells. As indicated by Fig. 4, sphinxolide C caused dose
dependent increases in the amounts of fragmented DNA, with distinct

ladders corresponding to intranucleosomal cleavage. As with many
cytotoxins, DNA fragmentation was apparent at doses slightly higher
than those required to inhibit cell proliferation.

The reversibility of the antiproliferative effects of sphinxolide C,
tolytoxin, and cytochalasin B were examined using MCF-7 cells.
Cells were treated for 24 h with doses of cytochalasin B, tolytoxin,
or sphinxolide approximately equal to their IC50s, and then the
drug was removed. After 24 h, the numbers of cells in samples
treated with either tolytoxin or sphinxolide C were decreased by
approximately 50%, consistent with a cytotoxic effect of these
compounds (Fig. 5). Conversely, treatment with cytochalasin B
caused an immediate cessation of cell proliferation, but not a
decrease in cell number, consistent with a cytostatic effect. Cells
treated with cytochalasin B rapidly recovered their ability to pro
liferate after removal of the drug. In contrast, the regrowth of the
cells treated with tolytoxin or sphinxolide C occurred only after a
delay of approximately 4 days.
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Cytoskeletal Effects of Sphinxolides. Aortic smooth muscle (A-
10) cells were grown on glass coverslips and treated with various
concentrations of sphinxolides or tolytoxin for 24 h. The microtubule
network was then visualized by indirect immunofluorescence using an
anti-@-tubulin antibody, and the microfilament network was stained
using TRITC-phalloidin. A-lO cells were used for these studies be
cause of their clearly defined microfilaments and microtubules, which
are amenable to imaging. Untreated cells had extensive microtubule
systems with pennuclear organizing centers (Fig. 6D), whereas ml

crofilament bundles were predominantly aligned with the major axis
of the cell (Fig. 6A). When cells were treated with doses of sphinx
olides and tolytoxin approximately equal to their IC50s, microfila
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Fig. 3. Dose dependencies for mitotic arrest by tolytoxin and sphinxolide C. HL-60
cells were incubated for 48 h with the indicated concentrations of tolytoxin (filled
symbols) or sphinxolide C (open symbols). The cell cycle distribution was then analyzed,
and the percentages of cells in G, (squares) or G2-M (triangles) were determined as
indicated in â€œMaterialsand Methods.â€•
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Fig. 4. Induction of apoptosis by sphinxolide C. HL-60 cells were incubated for 48 h
with the indicated concentrations of sphinxolide C. Cells were then harvested, and soluble
DNA was prepared and electrophoresed on a I.5% agarose gel as indicated in â€œMaterials
and Methods.â€•Markers range from 24 to 726 bp.

Fig. 5. Reversibility of sphinxolide, tolytoxin, and cytochalasin B inhibition of cell
proliferation. MCF-7 cells were treated with ethanol ([1), 10 @a@tcytochalasin B (A), 3.7
nM tolytoxin (Y), or 22 nM sphinxolide C ( â€¢) at time = â€”24h. At time 0, the cells were
washed and incubated in drug-free medium for the remainder of the experiment. At the
indicated times, the cell density was determined by sulforhodamine B staining as de
scribed in â€œMaterialsand Methodsâ€•and is expressed as the mean Â±SD of the absorbance
at 560 nm for triplicate samples.

Fig. 6. Cytoskeletal effects of tolytoxin and sphinxolide B. A-b cells were incubated
for 24 h with ethanol (A and D), 5 nsi tolytoxin (B and E), or 10 nsi sphinxolide B (C and
F) for 24 h. The cells were then stained for microfilaments (left column) or microtubules
(right column) as described in â€œMaterialsand Methods.â€•
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ments lost their normal organization, resulting in a morphology char
acteristic of the action of a depolymerizing agent (Fig. 6, B and C,
respectively). Small patches of brightly staining material, most likely
representing focal adhesion contacts, remained in the cell periphery.
In contrast, microtubules in sphinxolide-treated cells were structurally
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Effect of Sphinxolide on Actin Polymerization and ATPase
Activity in Vitro. Because sphinxolides caused the loss of microfila
ments in intact cells, we tested their effects on actin polymerization in
vitro. Purified brain actin was incubated with buffer alone or sphinx
olide B for 10 mm at 4Â°Cand then transferred to 21Â°C.Time
dependent actin polymerization was detected by monitoring the spe

cific viscosity of each sample. As demonstrated in Fig. 9, 1 @.LM
sphinxolide B inhibited the polymerization of 20 ,.LMactin by approx
imately 75%, and 5 LM sphinxolide B completely inhibited actin
assembly. Similar experiments with other sphinxolides indicated that
inhibition of actin polymerization is a general property of these
compounds (data not shown).

Because the ATPase activity of actomyosin is dependent on assern
bled microfilaments, the effects of sphinxolide on the hydrolysis of
AlP by this complex were examined. Incubation of sphinxolide C,
tolytoxin, and cytochalasin D with actomyosin for 10 mm caused
dose-dependent inhibitions of ATPase activity (Fig. 10). Tolytoxin
and sphinxolide C were more potent than cytochalasin D, inhibiting
actomyosin ATPase activity by more than 50% at I @.&M,whereas 20
@.LMcytochalasin D inhibited the ATPase activity by only 20%.

Effects of Sphinxolide on Topoisomerase. Because compounds

that inhibit topoisomerase I or II often cause cell cycle arrest at the
G2-M phase (2, 3), the effects of sphinxolides on the formation of
protein-DNA covalent complexes in SK-OV-3 cells were examined.
Treatment of [3H}thymidine-labeled cells with either 5 @.LMcampto
thecin or 50 @LMetoposide caused 4â€”5-foldincreases in the amount of
3H-labeled DNA that was precipitated by K@/SDS (Fig. I 1), consist
ent with their known abilities to stabilize the â€œcleavablecomplexâ€•of
DNA and topoisomerase I or II, respectively. In contrast, none of the
four sphinxolides stabilized topoisomerase-DNA interactions at con
centrations up to at least 20 @LM.

DISCUSSION

Sphinxolides are a family of natural cytotoxins recently isolated
from the New Caledonian sponge N. superstes ( I8, 19). Because these
compounds have structural similarities with cyanobacteria-derived
scytophycins and were found to potently inhibit cell proliferation, it
was of interest to examine the molecular pharmacology of these new
agents. In these studies, the cellular and biochemical effects of several
sphinxolides and tolytoxin, the best characterized scytophycin, were
compared. In particular, we have shown previously that the scytophy
cins are potent inhibitors of microfilament function; therefore, we
have now examined the effects of sphinxolides on several aspects of
actin biochemistry.

These studies have used a variety of cell lines to assess the gener
aiity of the effects of sphinxolides. In addition to those indicated
above, we have assessed the cytotoxicity of tolytoxin toward normal
human fibroblasts in both sparse and confluent cultures. These studies
indicate that the compound does not distinguish between proliferating
normal cells and proliferating tumor cells.4 This is not surprising
because the molecular targets of tolytoxin, acm microfilaments, are
critically required for the cell division process. Additionally, we have
found that confluent nontransformed fibroblasts are approximately
10-fold less sensitive to tolytoxin than are proliferating cultures of the
same cells.4 Therefore, it appears that selectivity toward tumor cells
will be conferred by their higher growth fraction. Although this is not

a novel property of these compounds, it suggests that the scytophycins
and sphinxolides will have clinical properties and toxicities similar to
those of other replication-dependent compounds.

Cellular microfilaments in A- 10 smooth muscle cells were visual

: c@

@ I

@â€œ:

Fig. 7. Kinetics of microfilament depletion of microfilaments by cytochalasin B,
tolytoxin, and sphinxolide C. A-b cells were incubated under the following conditions:
A, ethanol for 4 h; B. 2 LM cytochalasin B for 0.5 h; C. S mi tolytoxin for 0.5 h; D, 5 nM

tolytoxin for 4 h; E, 5 nM sphinxolide C for 0.5 h; and F. 5 nM sphinxolide C for 4 h. The
cells were then stained for microfilaments as described in â€œMaterialsand Methods.â€•

intact, although the cytoplasmic borders were noticeably irregular due
to the destruction of microfilaments (Fig. 6, E and F). Similar effects
were induced by treatment of cells with sphinxolide, sphinxolide C, or
sphinxolide D (data not shown), or with cytochalasin B (Refs. 7 and
15; Fig. 7B).

To test the kinetics of the antimicrofilament effects of these corn
pounds, A-lO cells were incubated with sphinxolides, tolytoxin, or
cytochalasin B for short time periods before microfilament morphol
ogy was assessed. Decreased microfilament mass occurred within 30
mm of the addition of 2 p@Mcytochalasin B (Fig. 7B), 5 nM tolytoxin
(Fig. 7C), or 5 nM sphinxolide C (Fig. 7E). By 4 h of incubation,
microfilaments were completely depleted by all of the drugs (Fig. 7,
D and F).

To test the reversibility of the effects on microfilaments, A-lO cells
were treated for 4 h with a depleting dose of cytochalasin B, tolytoxin,
or sphinxolide C (Fig. 8, A, D, and G, respectively). The drugs were
then removed, and microfilament morphology was assessed after 1,4,
or 24 h. Microfilaments reassembled within I h after the removal of
cytochalasin B (Fig. 8B). In contrast, microfilaments did not reappear

in the cells treated with either tolytoxin or sphinxolide C by either 1 h
(Fig. 8, E and H, respectively) or 24 h (Fig. 8, F and I, respectively)
after removal of these compounds. 4 x. Zhang and C. D. Smith, unpublished observations.
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Fig. 10. Effect of sphinxolide on actomyosin ATPase activity. Actomyosin was incubated

with the indicated concentrations of sphinxolide B (A), tolytoxin ( â€¢),or cytochalasin D (U)
and assayedfor hydrolysisof[y-32PJATPas describedin â€œMaterialsand Methods.â€•Valuesare
the means of triplicatesamples in a typical experiment;bars, SD.

.@ ..

Fig. 8. Reversibility of microfilament depletion by
cytochalasin B, tolytoxin, and sphinxolide C. A-lO
cells were treated with 2 @LMcytochalasin B (Aâ€”C),5
nM tolytoxin (Dâ€”F), or 5 nM sphinxolide C (Gâ€”I)for
4 h. The cells were then washed and incubated with
drug-free medium for 0 h (left column), I h (middle
column), or 24 h (right column). Microfilaments were
then imaged as described in â€œMaterialsand Methods.â€•

Cl)
0
C.)
Cl)

>
C.)

C.)
a)

C,)

@@*0@

ized by staining with TRITC-phalloidin. These cells are optimal for
these experiments because they express extensive networks of micro
filaments and microtubules that are appropriately sensitive to actin- or
tubulin-targeted drugs. As demonstrated previously for tolytoxin,

treatment of A-b cells with any of the sphinxolides resulted in rapid
loss of microfilaments, whereas the morphology of microtubules was

not altered. Similar effects were observed with MCF-7 and SK-OV-3
cells, indicating a common basis for cytotoxicity. The high speed and

Time (mm)
Fig. 9. Effect of sphinxolide B on actin polymerization. Samples containing 20 @xM

purified actin were preincubated with 0 (â€¢),I @zM(U). or 5 @s.si( â€¢) sphinxolide B for 10
mm at 4'C. The samples were then transferred to capillary viscometers and warmed to
37'C. The viscosity of each sample was determined each minute for approximately I h,
and specific viscosity was calculated as indicated in â€œMaterialsand Methods.â€•
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Comparison of the structures of scytophycins and sphinxolides
reveals a striking similarity in the side chains of these molecules. This

similarity extends to mycalolide B (1 1) and aplyronine A (33), two
additional natural products shown recently to have antimicrofilament
activity. Each of these compounds also contains a 22- to 28-membered
macrocycle; however, the chemical functionalities in these macro
cycles are quite divergent. Therefore, the abilities of these compounds

to cause microfilament loss appear to be determined by the side chain.
Stereocontrolled synthesis of the side chain (34), as well as the total
synthesis of scytophycin C (35), have been recently described. This

work could serve as the foundation for the generation of novel
analogues with antimicrofilament activity.

Although they are not clinical agents, cytochalasins have been
demonstrated to have antitumor and antimetastatic activity in vivo
(36). A primary factor in our interest in the scytophycins as potential
anticancer agents was the inability of P-glycoprotein to confer resist
ance to these natural products (17). We now demonstrate that toly
toxin and the sphinxolides are not subject to resistance by overex
pression of either P-glycoprotein or MRP. This contrasts with the
cytochalasins, which are substrates for P-glycoprotein, demonstrating
resistance factors (IC50 for MCF-7/ADR cells; IC50 for MCF-7 cells)
up to approximately 200 (Ref. 10 and Table 1). The chemical and
structural features that determine the abilities of compounds to bind to
drug transporters remain undefined; however, continued analysis of
natural products that circumvent these proteins should help elucidate
these determinants. Most immediately, this lack of susceptibility to

resistance due to overexpression of either P-glycoprotein or MRP
makes the scytophycins and the sphinxolides attractive candidates for
further development as anticancer drugs.
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Fig. I I. Effects of sphinxolides on topoisomerase. SK-OV-3 cells were labeled with
[3Hjthymidine for 24 h and then incubated with ethanol (solvent control) (EtOff), 50 psi
etoposide (Etop), 5 psi camptothecin (Camp), or 20 pM sphinxolide, sphinxolide B,
sphinxolide C, or sphinxolide D for 45 mm. The samples were then lysed with SDS, and
the amount of 3H precipitated by the addition of KCI was determined as indicated in
â€œMaterialsand Methods.â€•Values are the means for triplicate samples in one of two similar
experiments; bars, SD.

selectivity of microfilament loss suggests a direct effect on actin or
microfilaments, rather than global effects on energy metabolism or
protein synthesis.

Analysis of the cellular DNA content by flow cytometry demon
strated that loss of microfilaments by exposure to a sphinxolide
prevents cytokinesis and results in the progressive accumulation of
tetraploid cells. Continued incubation with the compound appears to
result in inappropriate DNA replication producing aneuploid cells
(Fig. 2). This dysfunctional DNA replication ultimately results in
apoptosis, manifested by intranucleosomal cleavage of DNA (Fig. 4),
and may allow selective therapy of proliferating tumor cells.

A significant difference between the effects of the macrolide nat
ural products and most cytochalasins is the reversibility of the loss of
microfilaments. For example, removal of cytochalasin B from the
culture medium resulted in reassembly of microfilarnents in A- 10
cells in as little as 1 h. In contrast, cells treated with either a
sphinxolide or tolytoxin remained depleted of microfilaments for at
least 24 h after the compounds were removed from the culture. The
mechanistic basis for this irreversibility is presently unknown; how
ever, the lack of strong electrophilic functional groups in the sphinx
olides suggests that this persistence reflects very high affinity, i.e., a
very low k0,@, for their target rather than covalent alkylation of that
target. These processes are likely to underlie the tenacious inhibition
of cell proliferation in cells transiently exposed to a sphinxolide (Fig.
5), as well as the high potency of these compounds in comparison with
cytochalasin B.

The abilities of cytochalasins to directly bind to actin at the growing
ends of microfilaments and to prevent further assembly is well estab
lished (27). We have demonstrated previously that tolytoxin similarly
inhibits the assembly of actin into microfilaments in vitro (32), al

though the biochemistry of scytophycin interaction with actin appears
to differ from that of cytochalasin B. Our present studies indicate that
sphinxolides also directly interact with actin, inhibiting its assembly
(Fig. 9) and preventing microfilament stimulation of the ATPase
activity of myosin (Fig. 10). At present, we are unable to define the
species of actin, i.e., g-actin or f-actin, to which the sphinxolides bind.
However, the lack of effects of the sphinxolides on microtubule
structure and their lack of inhibition of topoisomerase activity, two
alternative mechanisms of antimitotic drugs, make it likely that the
effects of these compounds on microfilaments is the molecular mech
anism of their antiproliferative activities.
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