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A large number of bioactive natural compounds have been
isolated from various sources, using a number of different

bioassays. However, many of these compounds remain ne-
glected, with no further studies of their mechanisms of action
or even of their biological activity. Collective re-examination of
these natural products may discover new potential uses or modes
of action. To this end, approximately 400 purified natural
products, with or without known bioactivity, were profiled by
observing their effects on the morphology of several lines of
cultured mammalian cells. Cells were treated with the natural
products at a range of concentrations for various periods. Within
1 h of treatment with nine of the natural products, HeLa cells
exhibited a marked morphological alteration, characterized by
protrusion of the nucleus. Seven of the nine compounds were
known to target actin: cytochalasin D,1 doliculide,2 jasplakinolide,3

latrunculin A,4 mycalolide B,5 seragamide A,6 and swinholide A 7

(Figure 1, panel a, Supplementary Figure S1). The remaining two
compounds were bisebromoamide and miuraenamide A, marine
natural products whose targets were previously unknown (Figure 2,
panels a and b).8-12When subjected to one of the ninemolecules, e.
g., jasplakinolide, the normally extended plasmamembrane of HeLa
cells started to retract, accompanied by the formation of bubble-like
blebs and protrusion of the nucleus. In higher concentrations, the
plasma membrane retracted more completely, and only the nucleus

was visible (Supplementary Figure S2). Similar dose-dependent
morphological alterations were observed with all the nine actin-
targeting molecules and with other mammalian cell lines, including
HepG2, HCT116, HEK293, CHOK1, and NIH/3T3. Among
them, HeLa cells exhibited most drastic morphological alterations.
Therefore further studies focused on morphological profiling of
HeLa cells.

We used automated high-content image analysis to evaluate
the morphology of cells exhibiting nuclear protrusion. The
nucleus and cytoplasm of HeLa cells treated with the known
actin-targeting molecules were subjected to fluorescence stain-
ing. Cytoplasmic area decreased up to ∼70%, and the distance
between the centroid of the nucleus and the centroid of the entire
cell was greater in cells treated with the actin-targeting molecules
than in control cells treated with DMSO (Figure 1, panel b).
When those two parameters were plotted against each other,
points for the seven known actin-targeting molecules were
clustered together. Therefore, nuclear protrusion could be clearly
represented by the two parameters.
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ABSTRACT: Natural products provide a rich source of biological tools, but
elucidating their molecular targets remains challenging. Here we report a cell
morphological profiling of a natural product library, which permitted the
identification of bisebromoamide and miuraenamide A as actin filament
stabilizers. Automated high-content image analysis showed that these two
structurally distinct marine natural products induce morphological changes
inHeLa cells similar to those induced by known actin-stabilizing compounds.
Bisebromoamide and miuraenamide A stabilized actin filaments in vitro, and
fluorescein-conjugated bisebromoamide localized specifically to actin fila-
ments in cells. Cell morphological profiling was also used to identify actin-
stabilizing or -destabilizing natural products from marine sponge extracts, leading to the isolation of pectenotoxin-2 and
lyngbyabellin C. Overall, the results demonstrate that high-content imaging of nuclei and cell shapes offers a sensitive and
convenient method for detecting and isolating molecules that target actin.



426 dx.doi.org/10.1021/cb1003459 |ACS Chem. Biol. 2011, 6, 425–431

ACS Chemical Biology LETTERS

To verify that nuclear protrusion is selectively induced by
actin-targeting compounds, similar analyses were conducted with
other types of cytoskeletal toxins. Cells treated with paclitaxel, a
tubulin stabilizer; colchicine, a tublin destabilizer; wiskostatin, an
N-WASP inhibitor that blocks actin filament branching;13 and
blebbistatin, a myosin-II inhibitor,14 failed to induce nuclear
protrusion (Figure 1, panel a and b, Supplementary Figure S1).
Cells treated with phalloidin, an actin filament stabilizer with low
cell permeability,15 did not undergo nuclear protrusion and had
morphological parameters similar to those of control cells
(Figure 1, panel b, Supplementary Figure S1). We also tested

the effects of cytotoxic compounds with other modes of action:
actinomycin D, bleomycin, 5-fluorouracil, irinotecan, methotrex-
ate, olomoucin, thapsigargin, trichostatin A, and tunicamycin.
None of them induced nucleus-protruded morphology (Figure 1,
panel a, Supplementary Figure S1), and their profiles were plotted
apart from actin-targeting compounds on the scatter plot (Figure 1,
panel b). Thus, cell-permeable actin-targeting molecules selectively
induce nuclear protrusion in HeLa cells, resulting in morphology
that is distinguishable by automated high-content image analysis.

The seven actin-targeting molecules tested fall into two
categories. Cytochalasin D, latrunculin A, mycalolide B, and

Figure 1. Nuclear protrusion in HeLa cells induced by actin-targeting molecules. (a) Bright-field and fluorescence images of HeLa cells treated with
actin inhibitors (1 μM cytochalasin D, 1 μM latrunculin A, 100 nM jasplakinolide), non-actin inhibitors (1 μM actinomycin D, 100 μMpaclitaxel, 1 μM
trichostatin A, 1 μMwiskostatin) or DMSO. Cells were treated with compound for 1 h and then immunostained with anti-R-tubulin antibody (green)
and co-stained withHoechst 33342 (blue) and phalloidin-rhodamine (red). Scale bar = 25μm. (b)Cytoplasmic area vs distance between nuclear and cell
centroids for HeLa cells treated with a test molecule (1 μM cytochalasin B, 1 μM latrunculin A, 100 nM mycalolide B, 100 nM swinholide A, 1 μM
doliculide, 100 nM jasplakinolide, 10μMphalloidin, 100 nM seragamide A, 100 nMbisebromoamide, 100 nMmiuraenamide A, 1μMactinomycinD, 10
μMblebbistatin, 100 μg mL-1 bleomycin, 100 μM colchicine, 100 μM5-fluorouracil, 100 μM irinotecan, 1 mMmethotrexate, 100 μMolomoucin, 100
μM paclitaxel, 1 μM thapsigargin, 1 μM trichostatin A, 10 μM tunicamycin, 10 μM wiskostatin) or DMSO control for 1 h. Each point is based on an
average value for 5-10 independent images, each image containing 40 cells on average. Blue symbols indicate actin destabilizers, red symbols indicate
actin stabilizers, green symbols indicate non-actin-targeting molecules, and orange symbols indicate molecules with unidentified targets.
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swinholide A are actin filament destabilizers. Doliculide, jaspla-
kinolide, and seragamide A are actin filament stabilizers.
Although both types of molecules induced nuclear protrusion,
careful examination revealed that the two categories were
distinguishable on the basis of the morphological parameters
of treated cells (Figure 1, panel b). Cells treated with bisebro-
moamide or miuraenamide A, the two natural products whose
molecular targets were previously unknown, also exhibited
nuclear protrusion. In fluorescence staining images of HeLa cells

treated with bisebromoamide or miuraenamide A, the micro-
tubule seemed unaffected while formation of actin aggregates was
observed. The effects were concentration-dependent, and mor-
phological parameters of cells treated with high concentrations of
bisebromoamide or miuraenamide A clustered together with
those of cells treated with actin stabilizers. The morphological
changes in cells treated with bisebromoamide ormiuraenamide A
were reversible if the compoundwas removed after a short period
of treatment (data not shown).

Figure 2. Bisebromoamide and miuraenamide A stabilize the actin filament. (a, b) Structure of bisebromoamide and miuraenamide A, and bright-field
and fluorescence images of HeLa cells treated with the test molecule at 100 nM for 1 h. Blue: Hoechst 33342 (DNA); green: anti-R-tubulin
(microtubule); red: phaloidin-rhodamine (actin filament). Scale bar =25 μm. (c) Effects of bisebromoamide (left) or miuraenamide A (right) on actin
polymerization in vitro. (d) Effects of bisebromoamide or miuraenamide A on actin depolymerization in vitro. Bise: bisebromoamide; MiuA:
miuraenamide A; Jasp: jasplakinolide; A.U.: arbitrary units.
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In vitro actin polymerization and depolymerization experi-
ments were conducted to determine whether bisebromoamide
and miuraenamide A are, in fact, actin stabilizers. In the presence
of bisebromoamide or miuraenamide A, polymerization of pyrene-
labeledG-actinwas enhanced in a concentration-dependentmanner
(Figure 2, panel c). Bisebromoamide and miuraenamide A also
inhibited depolymerization of F-actin, prepared frompyrene-labeled
G-actin, in a concentration-dependent manner (Figure 2, panel d).
Although bisebromoamide and miuraenamide A showed less
potency compared to jasplakinolide in both actin-polymerization
and depolymerization assays, the results support the conclusion that
bisebromoamide and miuraenamide A directly target actin and
stabilize actin filaments.

To further confirm the actin-specificity of bisebromoamide,
we synthesized a fluorescent conjugate of bisebromoamide (Bise-
Flu) and observed its subcellular localization in HeLa cells.
Introduction of fluorescein to the COOH-terminus of bisebro-
moamide reduced its potency 100-fold, possibly due to lower cell
permeability (Figure 3, panel a, Supplementary Figure S3). We
were unable to accurately compare the effects of Bise-Flu and
bisebromoamide on actin polymerization or depolymerization in
vitro, because the fluorescein of Bise-Flu interferes with the
fluorescence of the pyrene of actin (Supplementary Figure S3,
panels b and c). Instead, we tested the effects of Bise-linker,
which is a bisebromoamide derivative with the linker moiety. The
molecule behaved in a similar manner as bisebromoamide,
suggesting that the carbonyl at the COOH-terminus of bisebro-
moamide is not important for the actin-interfering activity
(Supplementary Figure S3, panels d and e). At high concentrations

(10 μM), Bise-Flu exhibited cytostatic activity and induced nuclear
protrusion, forming aggregations of actin (Figure 3, panel b). At
concentrations less than 1 μM, no morphological alterations or
cytostatic effects were observed, and Bise-Flu localized in a filamen-
tous pattern similar to that of rhodamine-phalloidin, a marker of
actin filaments. These results indicate that bisebromoamide targets
actinfilaments, consistentwith the results of the in vitro experiments.

On the basis of our success using selected cell morphology
parameters to identify actin-targeting molecules from our natural
product library, we attempted to isolate cell-permeable actin-
targeting molecules from crude extracts of 11 unidentified
marine sponges collected in Okinawa. Fractionated samples of
two extracts induced nuclear protrusion in HeLa cells. These
samples were subjected to further fractionation, guided by the
effect of inducing nuclear protrusion. 1H NMR and HRFABMS
analyses of the purified molecules indicated that the mole-
cules were pectenotoxin-216 and lyngbyabellin C,17 respectively
(Figure 4, panels a and b). The morphological parameters
induced by pectenotoxin-2 were intermediate between those of
actin destabilizers and stabilizers (Figure 4, panel c). Pecteno-
toxin-2 was previously reported to destabilize actin filaments.18

X-ray crystal structure of pectenotoxin-2 bound to actin shows
that pectenotoxin-2 interacts with a site on actin that has not
previously been observed to be the target of natural small
molecules.19 The intermediate parameters of pectenotoxin-2
that we observed in our analysis may be a result of the unique
actin filament destabilizing mechanism of pecteontoxin-2.

On the other hand, the morphological parameters induced by
lyngbyabellin C were close to those of actin stabilizers (Figure 4,

Figure 3. Bisebromoamide-fluorescein conjugate localizes at the actin filament in cells. (a) Structure of a bisebromoamide-fluorescein conjugate
(Bise-Flu). (b) Localization of Bise-Flu in HeLa cells. Green: Bise-Flu; red: phalloidin-rhodamine (Phal-Rhod); yellow: merged image. Scale bar = 20 μm.
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panel c). Although there are no previous reports on lyngbyabellin
C, its analogues, lyngbyabellin A and E, have been reported to
affect actin in cells.20,21 However, it was not clear whether they
stabilized or destabilized actin filaments. Lyngbyabellin C, which
was predicted to be an actin stabilizer on the basis of automated
high-content image analysis, had no detectable effect on in vitro
actin polymerization at concentrations up to 1 μM (Figure 4,
panel d), but exhibited weak inhibitory activity against F-actin
depolymerization (Figure 4, panel e). These results confirm that
lyngbyabellin C, though less potent than previously tested
molecules, is an actin filament stabilizer. Lyngbyabellin C is
weakly active and a minor component in the extract. It should be
noted that lyngbyabellin C may not be the sole active compo-
nent in the extract. A portion of lyngbyabellin C and other active
compounds might have been lost during purification. Never-
theless, our isolation of pectenotoxin-2 and lyngbyabellin C as an
actin stabilizer or destabilizer, from crude extracts of marine
sponges, demonstrates the utility of our rapid image-based method
for detecting actin-targeting molecules.

A morphological alteration similar to the nuclear protrusion
described herein was reported in KB cells, a HeLa subclone,
treated with tolytoxin, an actin-destabilizing marine natural
product.22 However, to our knowledge, a similar phenotype
has never been characterized in any cell type using automated
high-content analysis, and has never been used to screen or
profile small molecules. Surprisingly, no previous publications
described the induction of drastic nuclear protrusion in HeLa
cells by any actin-targetingmolecules, even thoughHeLa cells are
among the most commonly used cultured human cells. To
determine whether the particular HeLa cell line used in our
experiments was a particularly sensitive subclone, we repeated

the cell morphology profiling with the 11 actin-targeting natural
products, using HeLa cells from a different source. The same
morphological phenotypes were obtained, indicating that the
HeLa cell line used in the original experiments was not excep-
tional. The marked morphological alterations might have been
due to the relatively high concentrations of actin-targetingmolecules
used for profiling.

It is not clear how actin-targeting molecules induce nuclear
protrusion in cells. Disorganization of actin filaments can be
induced by either actin stabilizers or destabilizers. Actin stabi-
lizers doliculide, jasplakinolide, and amphidinolide H induce
disorganization of actin filaments accompanied by the formation
of actin aggregates in cells,2,23-25 consistent with our observation
of actin aggregates in HeLa cells treated with bisebromoamide or
miuraenamide A (Figure 2, panels a and b). The actin cytoske-
leton is important in anchoring the nucleus, preventing it from
drifting inside the cell.26 Disorganization of the actin cytoskele-
ton either by actin stabilizers or destabilizers might allow the
nucleus to float free and the cytoplasm to shrink. Disruption of
cortical actin might result in loss of rigidity of the cytoplasmic
membrane, which could permit nuclear protrusion.

Highly selective actin-targeting molecules serve as actin
probes for cell imaging. Phalloidin-fluorophore conjugates are
often used for small-molecule labeling of actin filaments; how-
ever, these probes are capable of staining only fixed cells due to
the poor cell-permeability of phalloidin and visualize only limited
forms of actin filaments. Additional actin filament stabilizers with
high cell permeability, sensitivity, and chemical tractability are
needed for the development of new actin filament probes for cell
imaging. We still do not know whether the newly identified actin
stabilizers, bisebromoamide and miuraenamide A, can successfully

Figure 4. Actin-targeting molecules isolated from marine sponges. (a, b) Structure of pectenotoxin-2 and lyngbyabellin C. Brightfield images of HeLa
cells treated with 100 nMpecteonotoxin-2 or 10μM lyngbyabellin C for 1 h. (c) Cytoplasmic area vs distance between nuclear and cell centroids of HeLa
cells treated with actin destabilizers and stabilizers. Each point is based on an average value for 5-10 independent images, each image containing 40 cells
on average. Blue: actin destabilizers; red: actin stabilizers; green: non-actin-targeting molecules; PTX-2: pectenotoxin-2; LynC: lyngbyabellin C. (d, e)
Effects of lyngbyabellin C on actin polymerization (d) and depolymerization (e) in vitro. Jasp: jasplakinolide.
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address these limitations of currently existing actin-targeting mole-
cules. To our knowledge, bisebromoamide is the first linear pep-
tide actin-targeting molecule and exhibits high cell permeability,
sensitivity, and chemical tractability. We tested the utility of
bisebromoamide-fluorescein conjugate (Bise-Flu) in a range of
cell lines, including C2C12, HEK293, SK-BR-3, and NIH/3T3
(Supplementary Figure S3, panel g). In these cells, Bise-Flu stained
stress fibers and shorter filaments of actin, which were co-stained
with phalloidin-rhodamine. However, careful observation revealed
that Bise-Flu (10 nM) was capable of visualizing additional minute
actin-like structures that were undetectable with phalloidin-rhoda-
mine (165 nM). Further studies are needed to understand if
bisebromoamide serves as a better cell imaging probe as compared
to phalloidin.

Although actin-targeting natural products have extensively
been searched for many years,27 undiscovered actin-targeting
compounds with various structures may still exist in nature.
Further screening with our simple assays may reveal actin-
targeting molecules with different properties, increasing the
probability of identifying useful biological reagents. Our results
indicate that the two parameter profile can be used to isolate,
detect, or distinguish actin-targeting compounds from other
classes of cytotoxic molecules. However, it is unlikely that such
a two parameter profile is universally suited for profiling other
types of pharmacological effects. A larger number of para-
meters, including those in our study, are needed for extensive
mechanism profiling of bioactive molecules as in previous studies
by others.28,29

’METHODS

Fluorescence Imaging. Detailed description of cell culture and
initial morphology screening is provided in Supporting Information.
HeLa cells were treated with the test molecule, then washed with
phosphate buffered saline (PBS), and fixed in 4% formaldehyde solution
in PBS for 15 min at RT. The cells were washed with PBS, permeabilized
with 0.2% Triton X-100 in PBS for 15 min, and then blocked with 10%
goat serum in PBS for 30 min at RT. The cells were then treated with
anti-human R-tubulin antibody (CEDERLANE) in blocking solution
for 1 h at RT, followed by a PBS wash and co-treatment with AlexaFluor
488 anti-mouse IgG (Invitrogen), 165 nM rhodamine-phalloidin
(Invitrogen), and 1.5 mg mL-1 Hoechst 33342 (Invitrogen) dissolved
in PBS for 30 min at RT. After a PBS wash, the cells were observed in
fresh PBS. For the Bise-Flu localization experiment, HeLa cells were
treated with Bise-Flu dissolved for 1 h. The cells were then fixed and
permeabilized as described above and treated with 165 nM rhodamine-
phalloidin in PBS for 30 min at RT. Followed by a PBS wash, the cells
were observed in fresh PBS. DIC and fluorescence images were captured
with a Carl Zeiss LSM510 confocal microscope, equipped with a CSU10
spinning-disk confocal scanner (Yokogawa Electric Corporation) and an
ORCA-CCD camera (Hamamatsu Photonics). Images were analyzed
with IPLab software (Solution Systems). For each treatment the
experiment was repeated twice.
Automated Cell Image Analysis. HeLa cells were seeded onto

96-well plates, incubated overnight, and then treated with the test
molecule for 1 h. The cells were fixed, permeabilized, and then incubated
in PBS containing 1.5 mg mL-1 Hoechst 33342 (Invitrogen) and 0.2
mg mL-1 HCS Cell Mask Green (Invitrogen) for 30 min at RT. After a
PBS wash, fluorescence images of the cells were captured and analyzed
with Cell Voyager’s Analysis Support Software (Yokogawa Electric
Corporation). The compound concentration employed for the cell
image analysis was determined by observing the cell morphology by
eye and counting the number of cells showing nuclear protrusion. Four

images containing a total of >100 cells were captured, and the compound
concentration that induced nuclear protrusion in >50% of the popula-
tion was selected for cell image analysis. For the nonactin inhibitors,
concentrations higher than those commonly used for bioexperiments
were employed.
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