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Abstract. Cytochalasin D (CD) has been extensively
used for assessing the role of the actin cytoskeleton in dif-
ferent biological processes. However, effects of CD have
not always been consistent and CD-treated cells have
been found to contain irregular spots of F-actin. By trans-
fecting MCF-7 cells with an actin-enhanced yellow fluo-
rescent protein fusion protein we show that, in vivo, CD
induces actin aggregation de novo, while simultaneously
depolymerizing preexisting actin cytoskeletal compo-
nents. We also show that CD-induced actin aggregates

bind the F-actin-selective drug phalloidin and associate
with proteins involved in cell signaling as well as with re-
ceptors and endosomal markers (active MAP kinases,
paxillin, erbB2, transferrin, Rab-5), but not with clathrin,
protein kinase A, protein tyrosine phosphatase 1B, or
tubulin. Thus, CD induces new sites of actin aggregation
that selectively associate with several important regula-
tory proteins. Failure of CD to interupt a biological
process may therefore not prove that the process is inde-
pendent of actin aggregation.
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Drugs that interfere with actin polymerization are fre-
quently used for probing the role of the actin cytoskeleton
in various biological events [1, 2]. A recent survey re-
vealed that the most widely used of these drugs, cytocha-
lasin D (CD), has been employed in at least 2571 pub-
lished studies and that its use is steeply increasing. Re-
sults obtained with F-actin-disrupting drugs have,
however, often been contradictory, in particular with re-
spect to the role of F-actin in endocytosis [3, 4 and refer-
ences therein]. Moreover, CD treatment has been noted to
result in the appearance of actin aggregates in several cell
types [4—6].

We have confirmed that CD treatment results in the for-
mation of multiple, irregular aggregates of actin that re-
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act with phalloidin, which represents a probe specific for
F-actin [7]. We were interested to know whether such ag-
gregates formed at preexisting sites of F-actin or formed
de novo during CD treatment. This was studied in live
cells transfected with a construct encoding an actin-en-
hanced yellow fluorescent protein (actin-EYFP) fusion
protein. Such fusion proteins have previously been shown
to become incorporated in the normal actin cytoskeleton
of the cells [7]. Addition of CD to actin-EYFP-trans-
fected cells resulted in gradual breakdown of the preex-
isting cytoskeleton with concomitant neo-formation of
aggregates of actin-EYFP. Moreover, CD-induced actin
aggregates were found to associate with molecules in-
volved in signal transduction, receptors, and endosomal
markers, but not with other cell proteins investigated. The
occurrence of such associations makes difficult the con-
clusion that biological events which continue to occur in
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CD-treated cells are necessarily independent of actin ag-
gregation.

Materials and methods

Cell culture

MCEF-7 cells were cultured as described elsewhere [8]
and human umbilical vein endothelial cells (HUVECsS;
ATCC) were cultured in F-12 K medium (Kaighn’s mod-
ification; Life Technologies, Paisley, UK), supplemented
with 10% fetal calf serum (FCS) and 0.4 % endothelial
cell growth supplement/heparin (ECGS/H-2; PromoCell,
Heidelberg, Germany). Cells were treated with 1-10 pg/
ml CD (Sigma, St. Louis, Mo.) for 25 min. Controls
were treated with equivalent concentrations of vehicle
(DMSO). Semiconfluent MCF-7 cells were starved in
medium containing no FCS for 24—48 h. Subsequently,
the cells were exposed to CD or DMSO for 25 min prior
to addition of 15% FCS for an additional 10 min. Cells
for Western blotting experiments were grown on plastic
Petri dishes, while cells for immunocytochemistry were
grown on sterile glass slides and fixed either in a 1:1
mixture of methanol and acetone at —20°C or in 3.7%
paraformaldehyde in phosphate-buffered saline (PBS).
Formaldehyde-fixed cells were permeabilized in 1% tri-
ton X-100.

Transfections and live-cell observations

For transfections with clonfectin (Clontech, Palo Alto,
Calif.), MCF-7 cells were grown on glass-bottomed cul-
ture dishes (WillCo Dish Wells, Amsterdam, The Nether-
lands). When reaching about 70% confluency, cells were
transfected with 1.5 pg/ml of an actin-EYFP vector (actin-
EYFP; Clontech) under the control of the human cy-
tomegalovirus (CMV) immediate-early promoter using
1.5 pg/ml clonfectin for 8 h [9]. Twenty-four hours after
transfection, cells were transferred to CO,-independent
medium without phenol red (GibcoBRL, Life Technolo-
gies) at 37°C and observed in a Molecular Dynamics mul-
tiprobe confocal microscope equipped with an MC60 heat-
ing stage (Linkam Scientific Instruments, Tadworth, UK).

Immunocytochemistry

Fixed cells were stained with Alexa 488-, Alexa 594-, or
coumarin phenyl isothiocyanate (CPITC-)labeled phal-
loidin (Molecular Probes, Sigma) alone or in combina-
tion with monoclonal antibodies recognizing active, du-
ally phosphorylated (Thr202/Tyr204) ERK1/2 (Sigma),
Rab5, paxillin (clone 349), clathrin heavy chain, protein
kinase A, regulatory subunit I, protein tyrosine phos-
phatase 1B (PTP1B) (Becton Dickinson, San Diego,
Calif.), transferrin receptor (Zymed, San Francisco,
Calif.), erbB2 (Pharmingen and Neomarkers, Fremont,
Calif.), and tyrosine-tubulin (Sigma). Additionally, affin-
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ity-purified polyclonal antibodies to active, dually phos-
phorylated ERK1/2 (Promega, Madison, Wis.) were
used. Antibodies were used at 1-5 pg/ml for 1-2 h at
room temperature followed by FITC-, Texas red-, or bi-
otin-labeled antibodies specific for mouse IgG1, IgG2a,
IgG2b, or IgG3 subclasses (Southern Biotechnology As-
sociates, Birmingham, Ala.). Biotin-labeled secondary
antibodies were detected by aminomethyl coumarin
(AMCA-)labeled streptavidin  (Vector Laboratories,
Burlingame, Calif.). In addition, FITC-, Cy3-, Alexa
488-, or Alexa 594-labeled anti-mouse or anti-rabbit im-
munoglobulin antibodies were used (Jackson, Molecular
Probes). Additionally, nuclei were visualized with bis-
benzimide or oxidized paraphenylenediamine staining
[10]. Specimens were examined in a Molecular Dynamics
multiprobe confocal scanning microscope or in a Leica
(Wetzlar, Germany) DMRXA microscope. Controls in-
cluded use of Western blotting, conventional staining con-
trols [11] and of type-matched monoclonal antibodies.

SDS-PAGE and immunoblotting

Cells were lysed in buffer B [S0 mM Hepes pH 7.6, con-
taining 100 mM NaCl, 10 mM EDTA, 1% triton X-100,
4 mM sodium pyrophosphate, 2 mM sodium orthovana-
date, 10 mM sodium fluoride and Complete tablet of pro-
tease inhibitors (Roche, Basel, Switzerland)]. After re-
moval of aliquots for protein determination, samples
were diluted with 4 x NuPage sample buffer, fortified
with 10% NuPage sample reducing agent and heated to
85°C for 2 min. Lysates and immunoprecipitates were
separated on NuPage 10% BisTris gels (Novex, San
Diego, Calif.) using NuPage MOPS SDS running buffer
in an EI9001 X-cell IT Minicell apparatus as recom-
mended by the manufacturer (Novex).

Gels were calibrated with SeeBlue prestained standards
(14—191 kDa in the MOPS buffer system; Novex). Elec-
troblotting was performed in a semidry blotting (SDB)
apparatus as recommended by the manufacturer (Ke-
mEnTec, Copenhagen, Denmark) using PVDF im-
munoblot membranes (0.2 pm; BioRad, Hercules, Calif.).
Membranes were stained with monoclonal antibodies to
active dually phosphorylated ERK1/2 (Cell Signaling
Tech., Beverly, Mass.) at | pg/ml for 1 h and the Western
Breeze chemiluminescence kit (Novex) was used in com-
bination with Hyperfilm ECL (RPN2103K; Amersham,
Piscataway, N. J.) for detection.

Results

CD treatment disrupts the actin cytoskeleton, but
leaves aggregates of phalloidin-reactive actin

Staining with fluorescent phalloidin showed that MCF-7
cells possessed a well-developed actin cytoskeleton with
numerous subcortical actin filaments and stress fibers



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

(fig. 1). Upon exposure to CD, all actin filaments were
eliminated while multiple, irregular aggregates of phal-
loidin-reactive material appeared (fig. 1). Increasing
doses of CD (up to 10 pg/ml) did not eliminate the actin
aggregates (data not shown). CD treatment also induced
aggregates of polymerized, phalloidin-reactive actin in
HUVECs, while subcortical actin filaments and stress
fibers disappeared (fig. 1).

Effects of CD on the actin cytoskeleton of
actin-EYFP-transfected cells

We were interested in studying the mechanism by which
the aggregates of actin appeared in CD-treated cells.
Specifically, we wanted to know whether they appeared at
specific preexisting sites of actin polymerization. We
therefore transfected MCF-7 cells with a construct en-
coding actin-EYFP. Transfected cells were observed live
in the confocal microscope before and after addition of
1 pg/ml CD or vehicle (DMSO). Control cells displayed
a fluorescent actin cytoskeleton that dynamically remod-
eled. Upon addition of CD, the cells looked relatively un-
affected for 10—15 min. Thereafter, the actin cytoskele-
ton disintegrated over the next 20 min (fig. 2). Stress
fibers and actin filaments gradually disappeared. Con-
comitantly, aggregates of actin-EYFP formed at multiple
sites in the cells. There was no association between the
actin-EYFP aggregates and preexisting actin-EYFP
structures (fig. 2).

Receptors, signaling molecules, and the endosomal
marker Rab 5 accumulate at CD-induced actin
aggregates

Since previous studies have indicated that CD-sensitive
mechanisms are involved in activation and/or transport of

Figure 1. MCF-7 (1, 2) and HUVEC cells (3, 4) pretreated with ve-
hicle (1, 3) or with CD (1 pg/ml) 25 min prior to fixation and stain-
ing with fluorescent phalloidin. Note that CD treament results in the
appearance of numerous phalloidin-positive aggregates in both cell
types. Scale bar, 15 pm.
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Figure 2. MCEF-7 cell transfected with an actin-EYFP-encoding
construct. Images were captured at t =0 (1), t = 15 (2), t = 20 (3),
and t = 35 (4) min after the addition of 1 pg/ml CD. Note that ir-
regular aggregates of actin-EYFP start to form haphazardly in the
cell after 15 min of exposure to CD, while the preexisting actin fil-
aments disappear. Also note that the aggregates form at sites where
preexisting actin filaments are absent or scarce (arrows inserted for
orientation). Scale bar, 15 pm.

MAP kinases (MAPKSs) [12—15], we probed MCF-7 cells
with antibodies recognizing active, dually phosphory-
lated forms of the MAPKs, ERK (extracellular-signal-
regulated kinases) 1 and 2. Serum-starved cells showed
only weak staining for active ERKs. However, 10 min of
serum stimulation of such cells induced strong staining
for active ERKSs in the nucleus and perinuclear area (fig.
3). In addition, some serum-stimulated cells showed
staining for active ERKs at the cell membrane and over
membrane ruffles. In CD-treated cells, active ERKs ac-
cumulated around many of the phalloidin-positive aggre-
gates (fig. 3). Immunoblotting studies showed that CD
treatment did not impair activation of ERKs in MCF-7
cells (fig. 4).

Since erbB2 as well as focal adhesions have been impli-
cated in MAP kinase activation [13, 14, 16], we next stud-
ied if CD affected the distribution of erbB2 or of the fo-
cal adhesion protein, paxillin. In control cells, staining
for erbB2 occurred at the peripheral cell membrane,
while staining for paxillin occurred at focal adhesions to-
gether with weaker staining in the perinuclear region. In
CD-treated cells, staining for erbB2 became associated
with the actin aggregates (fig. 3), while staining for pax-
illin was more variable. Thus, paxillin no longer marked
recognizable focal adhesions but was either associated
with actin aggregates or occurred diffusely distributed in
the cytoplasm (fig. 5).

These data show that the actin aggregates associate both
with MAPK signaling molecules and with receptors in-
volved in MAPK activation. A more variable association
with paxillin was noted. Receptor internalization has
been shown to be connected to MAPK activation [17, 18]
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Figure 3. Serum-starved MCF-7 cells pretreated with vehicle (DMSO) (1, 2, 5, 6,9, 10, 13, 14) or CD (3,4, 7, 8, 11, 12, 15, 16, 17—19)
and then stimulated with serum for 10 min. Cells were stained for active ERK1/2 (pERK), F-actin and DNA (1-4), erbB2 and F-actin
(5-8), transferrin receptor (Tfr) and F-actin (9—12) and Rab 5 and F-actin (13—16), and for F-actin, Rab 5, and clathrin (17—19). F-actin
was detected with blue-fluorescent CPITC-phalloidin (2, 4, 17) or with red-fluorescent Alexa 594-phalloidin (6, 8, 10, 12, 14, 16), while
DNA was revealed with oxidized paraphenylenediamine, producing red fluorescence (2, 4). Note that with the exception of clathrin (19),
CD treatment leads to colocalization of the other markers with the F-actin-reactive aggregates. Scale bar, 10 pm.
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Figure 4. Western blot of serum-starved MCF-7 cells pretreated
with vehicle (DMSO) or CD and then stimulated with FCS for
10 min. The blot was immunostained with anti-active MAP kinase
antibody. Note that CD treatment was without effect on the inten-
sity of the ERK1 (p44) and ERK2 (p42) bands.

and we therefore examined the association between actin
aggregates and molecules connected to endocytosis and
endosomal structures. In control cells, staining for
clathrin, Rab 5, and the transferrin receptor occurred both
at the cell membrane and in the perinuclear region (fig.
3). In CD-treated cells, there was a partial redistribution
of Rab 5, and transferrin receptors to the actin aggregates,
while no such redistribution was detected for clathrin
(fig. 3). Similarly, staining for tubulin, protein kinase A

and PTBIB also failed to show any association with actin
aggregates in CD-treated cells (figs 3, 5), further under-
lining that these aggregates show selectivity in their
affinity for cellular proteins.

Discussion

Previous studies have documented that CD treatment
does not eliminate all polymerized actin, but that irregu-
lar phalloidin-reactive aggregates remain [4—6]. How-
ever, the importance of this phenomenon for the use of
CD as an experimental drug perturbing the actin cy-
toskeleton has not been addressed. Our studies now show
that such actin aggregates associate with a number of pro-
teins involved in signal transduction and endocytosis.
Moreover, we showed that this association is not haphaz-
ard, since certain proteins like clathrin, tubulin, protein
kinase A, and PTB1B do not associate with the aggre-
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Figure 5. Serum-starved MCF-7 cells pretreated with vehicle (DMSO) (1, 2, 5, 6,9, 10) or cytochalasin D (3,4, 7, 8, 11, 12) and then stim-
ulated with serum for 10 min. Cells were double-stained for paxillin and F-actin (1—4), PTP1B and F-actin (5—8), or protein kinase A, reg-
ulatory subunit I (PKA) and F-actin (9—12). Note that paxillin is a good marker for focal adhesions in control cells (1) but is eliminated
from these sites by CD treatment (3). Also note that CD treatment leads to colocalization of paxillin and actin aggregates in some cells (cf

text), but that PTP1B or PKA never colocalize with the phalloidin-positive aggregates. Scale bar, 15 pm.

gates. Finally, using living cells, we documented that the
aggregates form de novo. Consequently, certain cellular
components must be trapped by the neo-formed actin ag-
gregates. Interestingly, recent data have shown that endo-
cytotic vesicles move using F-actin tails [19, 20] and that
endocytosis and endosomal structures are associated with
MAP kinase activation [17, 18]. Interestingly, all proteins
that associate with CD-induced actin aggregates also lo-
calize to endosomal structures and/or are involved in
MAPK activation. One might therefore speculate that en-
docytotic vesicles become entrapped by de-novo-formed
actin aggregates in CD-treated cells. Most important,
however, our data urge considerable caution in interpret-
ing effects of CD on cells. Specifically, concluding that
activities that are not inhibited by CD are independent of
the formation of phalloidin-reactive aggregates may not
be possible.
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