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a b s t r a c t

Cellular movement is mainly orchestrated by the actin and microtubule cytoskeleton in

which Rho GTPases closely collaborate. We studied whether cytoskeleton-interfering agents

at subtoxic and 50% growth-inhibiting concentrations affect motility of five unselected

human ovarian cancer cell lines. Cisplatin and doxorubicin as control cytotoxic agents were

not effective, the microtubule-targeting agents docetaxel, epothilone B and vinblastine only

marginally inhibited cell motility, while the actin-targeting agent cytochalasin D was most

potent in hampering both cell migration and invasion. Disturbance of microtubule

dynamics by docetaxel did not importantly affect the cellular structures of b-tubulin and

F-actin. In contrast, hindrance of actin dynamics by cytochalasin D resulted in loss of

lamellipodial extensions, induced thick layers of F-actin and disorder in cellular organiza-

tion. In OVCAR-3 cells the activity of Rac1 was only slightly diminished by docetaxel, but

clearly reduced by cytochalasin D. In conclusion, targeting the actin cytoskeleton might

provide a means to prevent metastasis formation.
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1. Introduction

Ovarian cancer is the fifth leading cause of cancer death in the

western world. The lethality of ovarian cancer is mainly due to

the fact that more than 70% of patients show distant

metastases at the time of diagnosis. Treatment of ovarian

cancer consists of optimal debulking surgery combined with

platinum–taxane combination chemotherapy. Survival in

advanced ovarian cancer largely depends on the size of

residual tumor lesions [1]. The metastatic potential of ovarian

cancer cells is unique as compared to other tumor types: at

early stage the tumor cells reside in an intact ovary, but at later

stages the ovary disrupts which enables tumor cells to invade

directly into the peritoneal lining of the abdominal cavity or to
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spread through the lymphatics that drain the ovaries [2].

Understanding the molecular mechanism of ovarian cancer

cell motility might facilitate the development of possible

inhibitors of migration and invasion as a novel approach for

treatment.

Cellular movement is orchestrated by microtubules and the

actin cytoskeleton. Together they provide cell shape and

maintain cellular structure and polarization. Actin provides

the driving force during the process of cell migration via the

formation of contractile bundles (stress-fibers) through the

cell body and the creation of lamellipodia at the leading edge.

Microtubules support movement by filling in cellular exten-

sions, and activating molecules that provide positive feed-

back in the motility process [3,4]. These activating molecules
.
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include members of the Rho GTPase family. Detailed analysis

of how Rho GTPases work in cells is very complex. Most

knowledge of their role as regulators of cytoskeleton dynamics

has been acquired from members Cdc42, Rac1 and RhoA [5–7].

Cdc42 mediates polarity of the cell, enabling motility to be

initiated and propagated in the desired direction [8]. Rac1

induces the development of cellular extensions (lamellipodia)

at the leading edge, actin polymerization and formation of

new adhesion sites to the matrix [5,6]. RhoA mediates

assembly and contraction of actin–myosin filaments in the

cell body and at the rear, resulting in forward movement [5,6].

Interference with actin or microtubule dynamics by cytoske-

leton-targeting anticancer agents will result in decreased cell

motility.

Standard cytotoxic agents that target the cytoskeleton are

mainly used to interfere with the mitotic machinery leading to

tumor cell death. Earlier, we have shown in endothelial cells

that subtoxic concentrations of microtubule-targeting agents

that do not affect cell proliferation can already inhibit

migration and invasion [9]. We hypothesized that low

concentrations of these compounds might interfere with

motility of tumor cells as well. Earlier, it has been suggested

that the actin cytoskeleton may also be a target for cancer

treatment [10]. Metronomic therapy directed towards micro-

tubule and actin filament polymerization dynamics might be a

useful approach to inhibit cell kinetics and, as a result,

metastasis formation.

This study aims to provide insight into the capacity of

microtubule- and actin-interfering agents to inhibit human

ovarian cancer cell motility. We selected representatives of

four classes of cytoskeleton-targeting agents: taxanes, epothi-

lones, Vinca alkaloids and cytochalasins. Taxanes stabilize

microtubules, whereby the dynamic reorganization and

depolymerization are inhibited. Epothilones are structurally

unrelated to taxanes, but share their ability to stabilize

microtubules [11]. Vinca alkaloids also affect microtubule

integrity, but display a different mode of action than taxanes

and epothilones; they inhibit tubulin polymerization and

formation of the mitotic spindle. Whereas docetaxel, epothi-

lone B and vinblastine interfere with microtubule function,

cytochalasin D inhibits F-actin polymerization. It will reduce

actin filament mass and stabilizes the barbed end dynamics of

the filaments [10,12]. Cisplatin and doxorubicin were included

as standard cytotoxic agents that do not target the cytoske-

leton. The drug concentrations used were subtoxic and 50%

growth-inhibiting concentrations as well as equitoxic to be

able to compare the potency of the different compounds. In

addition, the interference with microtubule or actin function

associated with the integrity of the cytoskeleton was studied

concurrently with possible changes in the activities of Rac1

and Cdc42.
2. Materials and methods

2.1. Cell culture

Five human ovarian cancer cell lines were used: A2780, H134,

OVCAR-3, IGROV-1 and SKOV-3 [13,14]. The cells were grown

in tissue culture flasks in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Breda, the Netherlands) supplemented

with 10% fetal calf serum (FCS, Invitrogen), 100 U/ml penicillin

and 100 mg/ml streptomycin (Bio-Whittaker, Verviers, Bel-

gium) at 37 8C in 5% CO2.

2.2. In vitro antiproliferative assay

The antiproliferative effects of cisplatin (Bristol-Myers Squibb,

Woerden, the Netherlands), doxorubicin (Pharmachemie,

Haarlem, the Netherlands), docetaxel (sanofi aventis, Antony,

France), epothilone B (Novartis, Arnhem, the Netherlands),

vinblastine (Eli-Lilly, Houten, the Netherlands) and cytocha-

lasin D (Sigma–Aldrich, Zwijndrecht, the Netherlands) were

analyzed in the MTT assay. Molar stock solutions were further

diluted in culture medium immediately before use. Cells were

plated in culture medium in 96-well plates at 3000 cells per

well in quadruplicate and were exposed to a drug concentra-

tion range for 1 h. After washing, cells were grown in culture

medium for an additional 96-h period. The number of viable

cells was determined by addition of 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazoliumbromide (MTT; Sigma–Aldrich).

The extinction of the formazan product after conversion of

MTT by mitochondria of metabolically active cells was

measured at 540 nm on a multiscan plate reader (Thermo

Biosciences, Breda, the Netherlands). Results were expressed

in IC50 and IC10 values, being the drug concentrations

responsible for 50% and 10% growth inhibition, respectively,

as compared to control cell growth. Both the IC50 and the IC10

concentrations were used in further experiments. The IC10,

the highest non-toxic concentration (HNTC) of a drug, was

checked in parallel MTT assays.

2.3. Migration assay

Ovarian cancer cells were seeded in duplicate in wells of a 24-

well plate and grown to confluence. The cells were treated

with drugs (HNTC, IC50) for 1 h followed by replacement by

culture medium. With a sterile pipette tip a wound was

applied in two perpendicular directions in the confluent cell

layer. Immediately after wounding and at time-point 12 h

wounds were captured at 25� magnification by using a

confocal laserscan microscope (TCS 4D; Leica, Jena, Germany)

and Q500MC software (Leica). At time-point 12 h wound width

was measured in four areas and expressed as a percentage of

the wound width at time-point 0 h.

2.4. Invasion assay

Ovarian cancer cell invasion was measured in a 24-well plate

transwell system (Falcon, Woerden, the Netherlands) contain-

ing inserts with a fluorescence-blocking filter and a pore size of

8 mm (HTS fluoroblock; Falcon). The inserts were coated on the

bottom with 2 mg/ml fibronectin (ICN, Zoetermeer, the Nether-

lands), washed with phosphate-buffered saline (PBS; Bio-

Whittaker) and coated on the upper side with 5 mg extra-

cellular matrix gel (ECM gel/Matrigel; Sigma–Aldrich) in 100 ml

PBS. A number of 2 � 105 tumor cells were seeded on top of the

ECM gel layer in each well in duplicate and were allowed to

settle for 4 h. Thereafter, cells were exposed to drugs (HNTC,

IC50) for 1 h, or were left untreated (control) followed by
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replacement by culture medium containing 1% FCS in the

upper compartment. Culture medium containing 10% FCS was

added to the lower compartment of the system to elicit tumor

cell invasion through the ECM gel layer. The cells were allowed

to invade for 48 h. Thirty minutes prior to analysis, 5 mM

calcein-AM (Molecular Probes, Leiden, the Netherlands) was

added to the lower compartment, a substance that will be

intracellularly converted to the polar fluorochrome calcein,

including by cells still attached to the bottom of the filter.

Calcein fluorescence in the lower compartment was measured

in a spectrafluor multiplate reader (Tecan, Gorinchem, the

Netherlands) at lexc = 492 nm and lem = 535 nm.

2.5. Immunocytochemistry

Ovarian cancer cells were seeded and grown to confluence on

glass coverslips in a 24-well plate. Cells were then treated or

not with drugs (IC50) for 1 h. A wound was formed in the

confluent cell layer by a gentle scrape with a sterile pipette tip.

Cells were washed with medium and culture medium was

added for an 8-h period after which cells were fixed with 3.7%

formaldehyde without prior PBS-washing steps in order to

preserve cytoskeletal integrity. Fixed cells were made perme-

able with 0.2% Triton X-100 (Sigma–Aldrich) in PBS and

incubated with a monoclonal antibody against b-tubulin

(1:50; Molecular Probes) for 2 h in 3% bovine serum albumin

(BSA; ICN) in PBS. After washing, cells were incubated with

Hoechst 33342 (1:500; Sigma–Aldrich) for nuclear staining and

rhodamine-conjugated phalloidin (1:200; Molecular Probes) for

F-actin staining. A secondary FITC-labeled mouse-IgG target-

ing antibody (1:120; DAKO, Amsterdam, the Netherlands) was

used to visualize b-tubulin. After three washing steps of

15 min, coverslips were mounted in Vecta Shield (Vector

Laboratories, Burlingame, CA) and digital imaging was

performed on a Zeiss Axiovert 200 MarianasTM inverted

microscope (Zeiss, Leusden, the Netherlands). Images were

captured by a digital camera (Sensicam, Cooke, Tonawanda,

NY) through a 10� and 40� air lens and analyzed by

SlidebookTM software (Version 4.0; Intelligent Imaging Inno-

vations, Denver, CO).

2.6. Rac1/Cdc42 activity assay

Ovarian cancer cells were grown to 80% confluence in 10 cm

petri-dishes and rendered quiescent in culture medium with

1% FCS overnight. Rac1/Cdc42 activation was provoked by

addition of complete culture medium (10% FCS), while at the

same time drugs (IC50) were added or not. One hour thereafter,

Rac1/Cdc42 activity was analyzed using the Rac1/Cdc42

Activation Assay Kit (Chemicon, Chandlers Ford, United

Kingdom) according to instructions provided by the manu-

facturers. Briefly, after washing cells were lysed in assay buffer

(supplemented with 0.5 mM trypsin inhibitor, 0.5 mg/ml

leupeptin, 1 mM PMSF) and centrifuged to remove cell debris.

To determine total Rac1/Cdc42 levels, 40 ml of each sample was

stored at �80 8C for separate analysis. The remaining 960 ml of

the supernatant was incubated with 10 mg of agarose-

conjugated p21-binding domain of PAK-1, which binds both

activated Rac1 and Cdc42, for 1 h at 4 8C while tumbling.

Agarose beads with bound active Rac1/Cdc42 were washed
four times in assay buffer, resuspended in 30 ml SDS-sample

buffer (10% glycerol, 3% SDS, 20 mg/ml bromophenol blue,

25 mg/ml b-mercaptoethanol, 0.6 M Tris, pH 6.7) and boiled for

10 min.

Active (GTP-bound) and total Rac1/Cdc42 protein levels in

each sample were analyzed by Western blot. Samples

obtained from the Rac1/Cdc42 activity assay were subjected

to 12% polyacrylamide gel electrophoresis (75 V, 30 min

followed by 125 V, 1 h). The separated proteins were trans-

ferred to a polyvinylidene fluoride membrane (PVDF; Millipore,

Etten-Leur, the Netherlands) by electrotransfer (400 mA, 2 h).

The blots were blocked with 10% milk (Protifar; Nutricia,

Zoetermeer, the Netherlands) in Tris-buffered saline–Tween

20 (TBS–T: 10 mM Tris, pH 8.0, 150 mM NaCl, 0.0025% Tween

20) at room temperature for 1 h and incubated overnight at

4 8C with the Kit-provided mouse monoclonal antibody

against Rac1 (1:500; Chemicon) diluted in 5% BSA/TBS–T. After

the membrane was washed three times for 5 min with TBS–T it

was incubated with 5% milk/TBS–T, containing horseradish

peroxidase (HRP)-linked anti-mouse-IgG secondary antibody,

for 1 h at room temperature. After three TBS–T washing steps

of 15 min Rac1 protein was visualized by enhanced chemo-

luminescence. Cdc42 protein was visualized on the same blot.

To that end, the Rac1 blot was stripped for 15 min in strip

buffer (Pierce, Rockford, IL) and washed three times with TBS–

T. Subsequently, the blots were blocked again with 10% milk in

TBS–T for 1 h, incubated overnight with the Kit-provided

mouse monoclonal antibody directed against Cdc42 (1:250;

Chemicon) and thereafter, incubated with HRP-linked anti-

mouse-IgG secondary antibody for 1 h. Proteins were visua-

lized on photography film (Pharmacia, Uppsala, Sweden) by

enhanced chemoluminescence.

2.7. Statistics

The effects of the agents on cellular migration and invasion

were subjected to statistical analysis by one-way ANOVA

followed by the Bonferroni adjustment, using SPSS software

(SPSS Inc., Chicago, IL). The level of significance was set at

p < 0.05.
3. Results

3.1. Determination of highest non-toxic drug
concentrations and IC50 values in ovarian cancer cell lines

The antiproliferative effects of cisplatin, doxorubicin, doc-

etaxel, epothilone B, vinblastine and cytochalasin D in a panel

of ovarian cancer cell lines were determined by the MTT assay

and expressed as HNTC and IC50. Cells were exposed to the

drugs for 1 h, followed by a 96-h drug-free period. Table 1

shows HNTCs (fixed concentrations, first column) and the

mean percentage of cell growth when cells were exposed to

HNTCs (second column). Table 2 depicts the mean IC50 values

of the drugs in the different cell lines. Epothilone B was most

potent and inhibited 50% of ovarian cancer cell growth at a

concentration varying between 0.8 and 5.0 nM. Cisplatin was

least potent and concentrations varying between 8 and 50 mM

were required to achieve a 50% growth-inhibiting effect.



Table 1 – Antiproliferative effects of highest non-toxic concentrations (HNTC) of cytotoxic agents in ovarian cancer cell
lines after a 1-h drug exposure period followed by a 96-h drug-free period

HNTCa A2780 H134 OVCAR-3 IGROV-1 SKOV-3

HNTC Growthb HNTC Growthb HNTC Growthb HNTC Growthb HNTC Growthb

Cisplatin (mM) 6.3 94.9 � 7.2 6.3 95.9 � 9.8 1.7 92.2 � 4.4 1.0 96.6 � 7.3 7.6 101.0 � 5.4

Doxorubicin (nM) 9.8 93.6 � 2.5 39.0 100.4 � 2.2 48.8 97.6 � 4.2 175.0 91.2 � 4.5 21.7 102.4 � 6.4

Docetaxel (nM) 1.0 98.3 � 8.5 3.9 104.2 � 9.3 6.2 95.5 � 3.5 2.4 93.1 � 5.4 0.8 98.4 � 7.5

Epothilone B (pM) 61.0 98.4 � 2.4 61.0 105.9 � 11.5 549.0 97.7 � 3.5 233.0 89.9 � 11.6 595.0 98.5 � 4.1

Vinblastine (nM) 1.0 100.7 � 4.4 3.9 100.9 � 5.2 2.2 96.6 � 4.4 6.9 100.7 � 7.1 2.0 94.2 � 9.2

Cytochalasin D (mM) 0.6 98.6 � 1.0 0.6 91.2 � 5.5 1.1 93.1 � 7.2 0.5 92.1 � 7.3 0.2 95.9 � 7.8

a Highest non-toxic concentration, concentration of the drug not yet interfering with proliferation.
b Cell growth at HNTC expressed as a percentage of control cell growth; mean � S.D. of at least three separate experiments.

Table 2 – IC50 values of cytotoxic agents in ovarian cancer cell lines after a 1-h drug exposure followed by a 96-h drug-free
period

IC50a A2780 H134 OVCAR-3 IGROV-1 SKOV-3

Cisplatin (mM) 23.4 � 16.5 27.9 � 25.0 25.9 � 15.9 7.7 � 2.3 49.6 � 14.8

Doxorubicin (nM) 67.7 � 15.3 1080.1 � 129.9 326.0 � 100.6 220.0 � 65.3 301.2 � 84.2

Docetaxel (nM) 8.7 � 3.1 49.3 � 11.7 23.8 � 5.27 7.8 � 5.2 6.4 � 2.5

Epothilone B (nM) 1.2 � 1.2 3.4 � 7.1 5.0 � 2.0 0.8 � 0.3 1.4 � 1.3

Vinblastine (nM) 7.5 � 1.9 21.6 � 8.4 10.9 � 5.4 26.10 � 25.6 4.2 � 3.8

Cytochalasin D (mM) 3.0 � 0.9 3.7 � 10.8 8.5 � 3.1 3.2 � 1.2 3.6 � 1.2

a Drug concentration resulting in 50% growth inhibition as compared to control cell growth; mean � S.D. of at least three separate

experiments.
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3.2. Ovarian cancer cell migration is affected by
interference with the actin cytoskeleton

The spontaneous migratory capacity of the five ovarian cancer

cell lines is shown in Fig. 1. A2780 and H134 cells hardly moved

during the 12 h of the experiment (mean values of 5.4% and

3.3% of wound closure, respectively). In contrast, OVCAR-3 and

SKOV-3 rapidly filled the applied wound: after 12 h mean

wound closure was 64.6% and 72.4% for OVCAR-3 and SKOV-3,

respectively. IGROV-1 cells showed an intermediate rate of

migration; a mean value of 17.7% was calculated after 12 h.

Because of their migratory potential, experiments on

inhibition of motility by the cytoskeleton-targeting agents

were conducted in OVCAR-3, SKOV-3 and IGROV-1 cells (Fig. 2).

Upper and lower panels show wound closure as a ratio of
Fig. 1 – Migration assay. Ovarian cancer cells were seeded

to confluence and a wound was applied in two

perpendicular directions with a pipette tip. The cells were

allowed to migrate for 12 h. Migratory capacity of the

different cell lines is shown. Mean W S.D. of at least three

independent experiments.
control wound width (set at 1.00) at 12 h after a 1-h exposure

to, respectively, HNTCs and IC50 of the six different

compounds. HNTCs and IC50s of the cytotoxic agents cisplatin

and doxorubicin did not affect the motility of the cancer cells.

As for the microtubule-interfering agents, docetaxel and

vinblastine inhibited IGROV-1 cell migration significantly at

HNTC (mean ratios of 0.66 and 0.65, respectively; p < 0.05) and

at IC50 (mean ratios of 0.60 and 0.40, respectively; p < 0.01),

while epothilone B significantly hampered SKOV-3 migration

at HNTC (mean ratio of 0.70; p < 0.05) and IC50 (mean ratio of

0.70; p < 0.05). The actin-interfering agent cytochalasin D

inhibited migration most successfully at subtoxic concentra-

tions (mean ratios of 0.24, 0.44 and 0.35 in IGROV-1, OVCAR-3

and SKOV-3, respectively; p < 0.001). Effects were further

enhanced when 50% growth-inhibiting concentrations of the

compound were applied: mean ratios of 0.11, 0.25 and 0.17

were calculated in, respectively, IGROV-1, OVCAR-3 and

SKOV-3 cells (p < 0.001).

3.3. Ovarian cancer cell invasion is affected by interference
with the actin cytoskeleton

Ovarian cancer cell invasion was investigated in a transwell

system. In the upper compartment of the system cells were

seeded on top of a layer of artificial extracellular matrix

(Matrigel). Cells were allowed to invade to the lower

compartment for 48 h. Spontaneous invasive capacity was

measured (medium containing 1% FCS in both the upper and

lower compartment) and appeared to be most prominent for

OVCAR-3 and SKOV-3 cells, while A2780, H134 and IGROV-1

hardly showed invasive cells (Fig. 3). When 10% FCS was added

to the medium in the lower compartment invasion increased



Fig. 2 – Migration assay. Upper panels: wound closure at 12 h of cells treated with the highest non-toxic concentrations

(HNTC) as a ratio relative to control cell migration (set at 1.0). Lower panels: wound closure at 12 h of cells treated with 50%

growth-inhibiting concentrations (IC50) of the indicated drugs. HNTC and IC50 values were as indicated in Tables 1 and 2.

Mean migration ratios are given of at least three independent experiments, each with four distinct measurements of

wound width in duplicate wounds. Ctrl, control; Cis, cisplatin; Dox, doxorubicin; Doc, docetaxel; Epo, epothilone B; Vin,

vinblastine; Cyt, cytochalasin D. Bars, SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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in most cell lines, but H134 still showed very modest invasion

and A2780 did not invade at all. Based on these findings,

OVCAR-3, SKOV-3 and IGROV-1 were chosen to study invasion

after treatment with the cytoskeleton-interfering agents

(Fig. 4).

Cisplatin and doxorubicin had no significant effect on

ovarian cancer cell invasion at HNTC (Fig. 4, upper panel), but

at IC50 (Fig. 4, lower panel) cisplatin slightly reduced IGROV-1
Fig. 3 – Invasion assay. Ovarian cancer cells were seeded in

culture medium containing 1% FCS on top of a Matrigel

layer (5 mg) in a transwell insert. Spontaneous invasion

was measured in the lower compartment containing

culture medium with only 1% FCS, whereas induction of

invasion was measured by the addition of complete

culture medium (10% FCS) to the lower compartment of the

transwell system. The amount of liberated calcein from

calcein-AM (5 mM) added to the lower compartment was

measured after 48 h. Mean arbitrary units of calcein

fluorescence are shown of at least three independent

experiments. Bars, SEM; *p < 0.05, **p < 0.005.
and SKOV-3 invasion as compared to untreated cells (mean

values of 74.5% and 75.1%, respectively). HNTCs of the

microtubule-interfering agents had limited effects on inva-

sion; docetaxel only slightly inhibited the invasion of IGROV-1

(mean value of 74.2%; n.s.) and SKOV-3 (mean value of 64.4%;

p < 0.05), epothilone reduced IGROV-1 invasion (mean value of

48.5%; n.s.) and vinblastine had a minor anti-invasive effect on

IGROV-1 and SKOV-3 (mean values of 76.3% and 74.1%,

respectively; n.s.). The inhibitory capacity of the microtu-

bule-interfering agents on invasion followed the same pattern

when 50% growth-inhibiting concentrations were applied;

reduction by docetaxel (mean value of 34.3%; p < 0.05),

epothilone B (mean value of 21.1%; p < 0.01) and vinblastine

(mean value of 35.4%; p < 0.05) was significant in IGROV-1,

while in SKOV-3 invasion was significantly obstructed by

docetaxel (mean value of 43.3%; p < 0.001). Of interest,

cytochalasin D significantly prevented the invasion at HNTC

in IGROV-1 (mean value of 37.5%; p < 0.05) and in all three cell

lines at IC50; mean values at IC50 were calculated in IGROV-1

17.5% (p < 0.01), OVCAR-3 24.8% ( p < 0.001) and SKOV-3 47.7%

(p < 0.005).

3.4. Interference with actin dynamics affects cytoskeletal
integrity to a larger extent than disturbance of tubulin
function

The cytoskeletal changes in IGROV-1, OVCAR-3 and SKOV-3

morphology upon addition of docetaxel or cytochalasin

D were examined after a 1-h drug exposure (IC50) and

subsequent wounding of the cell monolayer. At 8 h

after wounding images of the structures of the b-tubulin



Fig. 4 – Invasion assay. Ovarian cancer cells were seeded on top of a Matrigel layer (5 mg) in a transwell insert. Invasion was

induced by the presence of complete culture medium (10% FCS) in the lower compartment of the transwell system. Cells

were treated with drugs for 1 h. Highest non-toxic concentrations (HNTC) and 50% growth-inhibiting concentrations (IC50)

were as indicated in Tables 1 and 2. The number of invaded cells was assessed after 48 h by measuring the amount of

liberated calcein from calcein-AM (5 mM) that was added to the lower compartment. Invasion towards 10% FCS by untreated

cells was set at 100%. Mean percentages are shown of at least three independent experiments. Ctrl, control; Cis, cisplatin;

Dox, doxorubicin; Doc, docetaxel; Epo, epothilone B; Vin, vinblastine; Cyt, cytochalasin D. Bars, SEM; *p < 0.05, **p < 0.01,

***p < 0.005, ****p < 0.001.
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and F-actin cytoskeleton were captured by fluorescence

microscopy (Fig. 5).

IGROV-1 cells are relatively small and show broad lame-

llipodia filled with microtubules in the direction of movement.

Upon treatment with docetaxel or cytochalasin D cells were

more compact. Lamellipodia were still visible after exposure to

docetaxel, but tubulin was mostly present as a thick layer

around the nucleus. Lamellipodia were ruffled by cytochalasin

D and contained patchy layers of F-actin.

Untreated OVCAR-3 cells displayed broad F-actin exten-

sions along the membrane at the leading edge in the direction

of movement, which contained several radial F-actin spikes.

Remarkably, these extensions were almost void of micro-

tubules. Upon treatment with docetaxel only subtle changes in

morphology were visible as compared to that of control cells;

the intensity of the tubulin signal was slightly increased, but

the F-actin extensions in the direction of movement remained

present. Interference with actin dynamics by cytochalasin D

resulted in pronounced changes in the cytoskeletal architec-

ture in OVCAR-3 cells. F-actin extensions had mostly dis-

appeared. Instead, a thick layer of F-actin contoured the cells

and spike-like extensions of tubulin without actin support

were visible.

A different pattern was visible in SKOV-3 control cells: broad

F-actin lamellipodia at the leading edge in the direction of

movement were filled with microtubules. Upon treatment with

docetaxel subtle morphological changes were visible; micro-

tubules formed a thick layer around the nucleus of some cells,

but the F-actin extensions in the direction of movement

remained present. In contrast, cytochalasin D treatment
resulted in loss of the characteristic broad lamellipodia. Instead,

the cells contained a thick layer of F-actin at the assumed

leading edge and demonstrated a disorganized meshwork as a

sign of complete disorder in orientation.

3.5. Interference with actin dynamics inhibits Rac1
activity in OVCAR-3 cells

Activity of both Rac1 and Cdc42 is tightly regulated by actin

and tubulin dynamics; disturbances in the microtubule/actin

integrity induced by docetaxel or cytochalasin D might result

in a reduced functionality of these two key molecules in the

onset of cell migration. OVCAR-3 cells were selected to pull

down active Rac1 and Cdc42 from total cell lysates after a 1-h

drug exposure (IC50). Levels were compared with total protein

levels as assessed by Western blot (Fig. 6). Total levels of both

Rac1 and Cdc42 remained the same in OVCAR-3 cells after

treatment with either docetaxel or cytochalasin D. Interfer-

ence with tubulin dynamics by docetaxel only slightly

inhibited Rac1 activity, while Cdc42 activity remained unaf-

fected. Interference with actin dynamics by cytochalasin D,

however, resulted in potent inhibition of Rac1 activity,

whereas Cdc42 activity was unaltered.
4. Discussion

At equitoxic drug doses we demonstrate that interference with

actin dynamics is more effective in inhibiting human ovarian

cancer cell motility than disturbance of microtubule function.



Fig. 5 – Effects of docetaxel and cytochalasin D on the structure of the tubulin and actin cytoskeleton of human ovarian

cancer cells. b-Tubulin (green), F-actin (red) and nuclear (blue) staining of IGROV-1, OVCAR-3 and SKOV-3 is shown after

they had grown to confluence, were treated or not with drugs (IC50 values as depicted in Table 2) for 1 h, wounded with a

pipette tip and allowed to migrate for 8 h. The arrows point towards the direction of supposed cell movement. Bar = 10 mm.

The images are representative for one out of three independent experiments.
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Fig. 6 – Effects of docetaxel and cytochalasin D on the

activity of Rac1 and Cdc42 in OVCAR-3. Semi-confluent

cells in minimal medium were stimulated by adding

complete culture medium in the presence or absence of

drugs (IC50, values in Table 2) for 1 h. The signal for active

Rac1/Cdc42 was obtained by capturing the

chemoluminescence reaction for 30 min, while total Rac1/

Cdc42 was obtained after a 15 min exposure time. The

experiments were carried out three times and yielded

comparable results. Doc, docetaxel; CytD, cytochalasin D.
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As expected, control cytotoxic agents cisplatin and doxo-

rubicin did not significantly affect motility. Cytochalasin D

was clearly more potent than docetaxel, epothilone B and

vinblastine in inhibiting migration and invasion OVCAR-3,

SKOV-3 and IGROV-1. Interference with microtubule dyna-

mics by docetaxel at 50% growth-inhibiting concentrations

only slightly altered the structure of the tubulin cytoskeleton.

The activity of Rac1/Cdc42 in OVCAR-3 cells was reduced to a

minor extent. In contrast, hindrance of actin dynamics by

cytochalasin D at a dose inhibiting 50% of cell growth resulted

in loss of lamellipodial extensions, the formation of thick

layers of F-actin and disorder in cellular organization In

OVCAR-3 cells this process was associated with a clear

reduction in the activity of Rac1.

The properties of a panel of cytotoxic agents to prevent

motility of cancer cells were investigated at subtoxic con-

centrations (HNTC) and at IC50 for an incubation period of 1 h.

Each individual experiment was monitored with a parallel

MTT assay to reassure that the drug concentrations used were

representative for HNTC or IC50. Drug exposure periods of 1 h

were selected because most cytotoxic agents given to cancer

patients are either administered as bolus injections or

infusions of short duration. All concentrations of the drugs

that we calculated were well below the peak plasma levels that

can generally be reached in patients, except for cisplatin. The

IC50 values of cisplatin slightly exceeded the maximum

plasma concentration of approximately 14 mM of intact

cisplatin that can be reached after a 1-h infusion of 75 mg/

m2 in patients [15]. The maximum concentrations in patients

are for doxorubicin given as a bolus injection of 60 mg/m2
approximately 1 mM [16], for docetaxel 75–100 mg/m2 given for

1 h approximately 4 mM [17] and for vinblastine 7–10.8 mg/m2

given as a bolus injection approximately 160 nM [18]. No

clinical data are available on cytochalasin D and peak plasma

levels of epothilone B have yet to be reported.

Earlier studies have already indicated the potential use of

cytoskeleton-targeting agents in the evasion of metastasis

formation. In vitro, paclitaxel has been shown to inhibit human

ovarian cancer cell migration, among which was SKOV-3, in a 4-

h chemotaxis experiment at concentrations not inhibiting

proliferation [19]. Paclitaxel was also able to inhibit OVCAR-3

invasion and migration after a 6-h incubation period at

concentrations not affecting cell viability [20]. In vivo, docetaxel

was shown to have antimetastatic properties in a SCID-mouse

model of human prostate cancer bone metastases [21].

Although hardly effective by itself, combination of docetaxel

with the angiogenesis inhibitor TNP-470 completely abolished

lymph node metastasis formation of orthotopically implanted

human transitional cell carcinoma in the bladder of nude mice

[22]. Vinca family members conophylline and vinorelbine, both

at non-cytotoxic concentrations for exposure times of 24–48 h,

have been identified for their anti-invasive properties in,

respectively, human endometrial cancer cells and human

transitional cell bladder carcinoma cells [23,24]. Under the in

vitro conditions using non-toxic or 50% growth-inhibiting

concentrations in our experiments we did not find micro-

tubule-targeting agents to have high potency to obstruct cancer

cell motility, which is in contrast to our previous findings in

endothelial cells [9]. We might, however, observe inhibition of

ovarian cancer cell motility upon longer drug exposure periods

of these compounds, since in vitro experiments mentioned

above applied drugs for a period considerably longer than 1 h

[19,20,23,24]. In addition, in vivoadministration of docetaxel was

carried out repeatedly to prevent the formation of metastases

[21,22]. Our results obtained with cytochalasin D are in line with

previous observations that this compound at a non-toxic

concentration inhibited motility of a human melanoma cell

line [25] and migration of a human non-small cell lung cancer

and breast cancer cell line [26], although in both assays

exposure times were longer than the 1 h we have applied.

Experiments revealing the structure of the microtubule and

actin cytoskeleton (Fig. 5) support the premise that the actin

cytoskeletonis incharge of ovarian cancer cell motility.The Rho

GTPase family member Rac1 is known to stimulate the

formation of actin extensions in the direction of cell movement.

It is activated via microtubule plus end growth in the leading

edge of migrating cells. This microtubule growth is induced

after actin-associated microtubules buckle and break as a result

of retrograde flow of polymerizing actin cables [27]. Obstruction

of actin polymerization will, therefore, likely result in decreased

Rac1 activity. While in OVCAR-3 cells stabilization of micro-

tubules by docetaxel only slightly inhibited Rac1 activity, we

indeed found clearly reduced Rac1 activity after interference

with actin polymerization by cytochalasin D (Fig. 6). Inhibition

of Rac1 activity after treatment with taxanes has already been

established [9,28,29], but it now appears that cytochalasin D is

more efficient in the inhibition of Rac1 function.

Cdc42, also a Rho GTPase family member, mediates cell

polarization because of which migration is initiated in the

correct direction [8,30]. The chaotic morphology upon cytocha-
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lasin D treatment might be the result of disturbed polarization

as a consequence of reduced Cdc42 activity. Cdc42 activity,

however, was not clearly affected by docetaxel or cytochalasin

D in OVCAR-3 cells. Cdc42 activation and actin polymerization

function in a positive feedback loop. Yet, it has been proposed

that initial Cdc42 activation occurs by an actin-independent

mechanism, while for maintenance of Cdc42 polarization a

correct orientation of actin cables is required [31].

For tumor cell metastasis formation there appear to be at

least three necessary stages of cellular function: adherence to

an extracellular matrix, release of proteolytic enzymes, and

the motile response itself. Two out of our five cell lines lacked

spontaneous motility as visualized in the wound assay. It has

been demonstrated in human squamous cell carcinoma cell

lines that epidermal growth factor receptor (EGFR) is required

for invasion stimulated by EGF, since keratinocytes expressing

low levels of EGFR do not invade [32]. In addition, HER2

expression in human breast cancer cell lines facilitated

invasion upon stimulation with EGF-related peptides [33]. Of

interest, spontaneous migration under 10% FCS conditions

was only apparent in our ovarian cancer cell lines expressing

EGFR, since EGFR is virtually absent in the non-motile cell lines

A2780 and H134 (data not shown). It remains to be determined

in ovarian cancer, whether EGFR signaling is involved in the

motile response.

In conclusion, interference with actin dynamics is more

efficient in the inhibition of human ovarian cancer cell

motility than disturbance of microtubule function. There-

fore, the actin cytoskeleton should be considered as a

therapeutic target to prevent metastasis formation [34].

Actin-interfering agents are not specific for cancer cells.

Since Rho GTPases, such as Rac1, are overexpressed in a

variety of tumors, these may be attractive for drug develop-

ment [7]. Design of small molecule inhibitors targeting Rac1

is underway [35]. Such compounds might particularly be

useful in patients with no or minimal residual disease after

optimal debulking surgery in order to improve the cure rate

in ovarian cancer.
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