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Microtubule-targeting agents inhibit angiogenesis at
subtoxic concentrations, a process associated with
inhibition of Rac1 and Cdc42 activity and changes
in the endothelial cytoskeleton
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disturbed microtubule structures, less F-actin stress fiber
formation, and appearance of nuclear F-actin rings. These
observations were associated with early inhibition of Rac1
and Cdc42 activity. In conclusion, HNTCs of microtubuletargeting agents efficiently reduce endothelial cell motility
by interference with microtubule dynamics preventing the
activation of Rac1/Cdc42 and disorganizing the actin
cytoskeleton. [Mol Cancer Ther 2006;5(9):2348 – 57]

Abstract
Conventional anticancer agents may display antiangiogenic effects, but the underlying mechanism is poorly
understood. We determined the antiangiogenic properties
of cisplatin, doxorubicin, and the microtubule-targeting
agents docetaxel, epothilone B, and vinblastine at concentrations not affecting cell proliferation. We also
assessed tubulin and actin morphology and the activity
of two key molecules in cell motility, the small Rho
GTPases Cdc42 and Rac1. The highest non-toxic concentration (HNTC) of each drug was defined as the concentration inhibiting a maximum of 10% human umbilical vein
endothelial cell growth on a 1-hour drug exposure, being
for cisplatin 10 Mmol/L, doxorubicin 100 nmol/L, docetaxel
10 nmol/L, epothilone B 1 nmol/L, and vinblastine 10
nmol/L. Comparative endothelial cell functional assays
using HNTCs for an exposure time of 1 hour indicated that
endothelial cell migration in the wound assay, endothelial
cell invasion in a transwell invasion system, and endothelial cell formation into tubelike structures on a layer of
Matrigel were significantly inhibited by docetaxel, epothilone B, and vinblastine (P < 0.05), but not by cisplatin and
doxorubicin. Docetaxel was slightly more efficient in the
inhibition of endothelial cell motility than epothilone B and
vinblastine. Fluorescence microscopy revealed that only
the microtubule-targeting agents affected the integrity of
the tubulin and F-actin cytoskeleton, which showed
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Introduction
Recent interest has focused on the potential antiangiogenic
properties of cytotoxic agents that specifically target the cell
motility apparatus by affecting the dynamics of microtubules, among which are the taxanes, epothilones, and
Vinca alkaloids (1). Taxanes, such as paclitaxel and
docetaxel, induce stability of microtubules, whereby the
dynamic reorganization and depolymerization are
inhibited. Taxanes can inhibit endothelial cell motility
and proliferation, which leads to disrupted vessel formation on Matrigel or the chick chorioallantoic membrane,
decreased vessel sprouting from aortic rings embedded
in Matrigel, and reduction of newly formed blood vessels
in tumor-bearing mice (2 – 6). Epothilones are structurally
unrelated to taxanes but share their ability to stabilize
microtubules (7). Evidence for antiangiogenic properties
of epothilone B has been provided by the observation
that vessel formation was inhibited in vitro (8) and by
studies on frequent low-dose administration, which
resulted in inhibition of proliferation of endothelial cells
in culture (9). Vinca alkaloids show a different mode of
action than taxanes and epothilones: they inhibit both
tubulin polymerization and mitotic spindle formation.
In vitro endothelial cell proliferation, motility, and organization, together with blood vessel formation in tumors
in vivo, were found to be potently inhibited by vinblastine
(10, 11).
Whereas antiangiogenic properties of microtubule-targeting agents have been recognized, it is also established
that drug concentrations lower than those inhibiting
endothelial cell proliferation are able to suppress microtubule dynamics (1). Interference with microtubule
dynamics will affect not only endothelial cell motility
but also other cellular processes. For instance, the activity
of Rho GTPases, a family of molecules that tightly
coordinate motility, might be disturbed. Rho GTPases
are activated on binding of tumor-secreted vascular
endothelial growth factor to specific receptors on the
surface of endothelial cells (12, 13). One of the best known
family members, Cdc42, regulates polarity of the cell,
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enabling motility to be initiated in the desired direction
(14). Moreover, the orientation of the centrosome, the
main microtubule-organizing center of the cell, towards
the leading edge of the cell depends on Cdc42 function
(15). Another prominent Rho GTPase family member,
Rac1, induces the formation of extensions (lamellipodia)
and stimulates actin polymerization at the leading edge of
the cell, together with the formation of new adhesion sites
to the matrix (16). Member RhoA mediates assembly and
contraction of actin-myosin filaments in the cell body and
at the rear, which will result in a forward motion (17).
Microtubules operate in close collaboration with the
dynamics of the actin cytoskeleton and together they
orchestrate cell motility (18). One of the hallmarks of
migrating cells is the formation of contractile actin bundles
through the cell body in the direction of movement. These
actin cables (stress fibers) form focal adhesions at the site of
the cell membrane and are linked with myosin filaments
that are able to contract and, thus, stimulate motility (16).
Because of actin polymerization in the leading edge of the
cell, a retrograde flow of actin is formed, which leads to
buckling and breakage of actin-associated microtubules.
These broken microtubules, in turn, polymerize in the
direction of movement, thereby activating Rac1 (18). It is
likely that this positive feedback loop and the interactions
with actin are prone to become disturbed after microtubule
dysfunction.
Research on mechanistic changes underlying the inhibition of endothelial cell motility by microtubule-targeting
agents is limited. Most studies on antiangiogenic effects by
these compounds focused on inhibition of motility and
reduction of vessel formation. In the experiments, often
employed were toxic drug concentrations that also inhibit
endothelial cell proliferation. Therefore, we designed a
study in which the antiangiogenic properties of classic
cytotoxic agents affecting microtubules, docetaxel, epothilone B, and vinblastine, were examined with the use of
subtoxic as well as equitoxic concentrations and we
included two other standard anticancer agents, cisplatin
and doxorubicin, which both affect DNA integrity. We also
examined the effects of microtubule dynamics disruption
on the integrity of the actin cytoskeleton. In addition,
activities of Rac1 and Cdc42 were measured to obtain
insight into a possible interference in the regulation of
endothelial cell motility on the level of Rho GTPases by the
anticancer agents.

Materials and Methods
Cell Culture
Human umbilical vein endothelial cells (HUVEC) were
isolated from fresh umbilical cords according to the
procedure described by Van Hinsbergh and Draijer (19).
HUVECs were cultured in gelatin-coated tissue culture
flasks in complete medium, M199 medium (Invitrogen,
Breda, the Netherlands) containing 10% human serum
(Invitrogen), 10% FCS (Invitrogen), 300 mg/mL L-glutamine, 100 units/mL penicillin, 100 Ag/mL streptomycin

(BioWhittaker, Verviers, Belgium), 5 IU/mL heparin, and
50 Ag/mL endothelial cell growth factor (isolated from
bovine brain; ref. 20) at 37jC in 5% CO2. HUVECs were
used in passages 2 to 4.
In vitro Antiproliferative Assay
The antiproliferative effects of cisplatin (Bristol-Myers
Squibb, Woerden, the Netherlands), doxorubicin (Pharmachemie, Haarlem, the Netherlands), docetaxel (SanofiAventis, Antony, France), epothilone B (Novartis, Basel,
Switzerland), and vinblastine (Eli-Lilly, Houten, the
Netherlands) were analyzed with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cells were plated in quadruplicate in culture medium in
96-well plates at 3,000 per well and were exposed to a drug
concentration range for 1 hour. After washing, cells were
grown in culture medium for an additional 96-hour period.
The number of viable cells was determined by addition
of MTT (Sigma Aldrich, Zwijndrecht, the Netherlands).
The extinction of the formazan product 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% cell growth inhibition, respectively, as
compared with control cell growth. The IC10 concentration,
the highest non-toxic concentration (HNTC) of a drug, was
used in all further experiments and was checked in parallel
MTT assays for each experiment.
Migration Assay
HUVECs were seeded in duplicate in gelatin-coated
wells of a 24-well plate and grown to confluence. Cells
were or were not treated with drugs (HNTC) for 1 hour in
culture medium. A scratch wound was applied in two
perpendicular directions in the confluent cell-layer with a
sterile pipette tip. Immediately after wounding (0 hours)
and at time points 4, 8, and 12 hours, wounds were
captured at 25 magnification with a confocal laserscan
microscope (TCS 4D; Leica, Jena, Germany) and Q500MC
software (Leica). At all indicated time points, the wound
width was measured in four areas and compared with the
initial width at 0-hour time point (set at 100%).
Invasion Assay
Endothelial cell invasion was measured in a 24-well plate
transwell system (Falcon, Woerden, the Netherlands)
containing inserts with a fluorescence-blocking filter of
8 Am pore size (HTS fluoroblock; Falcon). The inserts were
coated on the bottom with 2 Ag/mL fibronectin (ICN,
Zoetermeer, the Netherlands), washed with PBS (BioWhittaker), and coated on the upper side with 5 Ag of
extracellular matrix gel (Sigma-Aldrich) in 100 AL of PBS.
HUVECs (2  105) were seeded on top of the extracellular
matrix gel layer (duplicate experimental samples) and
allowed to settle for 4 hours. Then, HUVECs were exposed
to drugs (HNTC) for 1 hour or were left untreated (control)
in culture medium followed by replacement of drugcontaining medium by fresh culture medium in the upper
compartment. Culture medium, enriched with 25 ng/mL
recombinant human vascular endothelial growth factor
(Biosource, Nivelles, Belgium) as a chemoattractant, was
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added to the lower compartment. The cells were allowed
to invade for 24 hours. Thirty minutes before analysis,
5 Amol/L calcein-AM (Molecular Probes, Leiden, the
Netherlands) was added to the lower compartment, a
substance that can be intracellularly converted to the polar
fluorochrome calcein. Calcein fluorescence in the lower
compartment was measured in a spectrafluor multiplate
reader (Tecan, Gorinchem, the Netherlands) at k ex 492 nm
and k em 535 nm.
Organization Assay
Wells of a 24-well plate were coated with 1 mg/100 AL
extracellular matrix gel. HUVECs were pretreated or not
with drugs (HNTC) for 1 hour in M199/0.1% bovine serum
albumin (ICN) and 105 cells were seeded in 1 mL of fresh
M199/0.1% bovine serum albumin on top of the extracellular matrix gel. After 24 hours, HUVEC organization
patterns were captured by confocal laserscan microscopy
and a video camera attached to a computer with Q500MC
software (Leica) at 25 magnification. The number of
HUVEC interconnections was calculated in the obtained
images and expressed as a percentage of the number of
connections formed by untreated cells (set at 100%).
Immunocytochemistry
HUVECs were seeded and grown to confluence on glass
coverslips coated with 1% gelatin cross-linked with 0.5%
glutaraldehyde in a 24-well plate. Cells were then treated or
not with drugs (HNTC) for 1 hour. By gently stripping a
layer of cells off the matrix with a 1-mm-thick polyvinylidene difluoride membrane strip (Millipore, Etten-Leur,
the Netherlands), a wound was formed in the confluent cell
layer. Cells were washed twice with medium and culture
medium was added for an 8-hour period, after which cells
were fixed with 3.7% formaldehyde without prior PBS
washing steps to preserve cytoskeletal integrity. Fixed cells
were made permeable with 0.2% Triton X-100 (SigmaAldrich) in PBS and incubated with a monoclonal antibody
against h-tubulin (1:50; Molecular Probes) for 2 hours in 3%
bovine serum albumin/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-immunoglobulin G targeting antibody
(1:120; DAKO, Amsterdam, the Netherlands) was used to
visualize h-tubulin. After three washing steps of 15
minutes, coverslips were mounted in Vecta Shield (Vector
Laboratories, Burlingame, CA) and digital imaging microscopic analysis was done on a Zeiss Axiovert 200 Marianas
inverted microscope (Zeiss, Leusden, the Netherlands).
Images were captured by a digital camera (Sensicam,
Cooke, Tonawanda, NY), applying identical exposure
periods, through a 10 or 40 air lens and analyzed and
processed with Slidebook software (version 4.0; Intelligent
Imaging Innovations, Denver, CO). The relative intensity of
tubulin staining was obtained by calculation of the mean
intensity signal above an arbitrary threshold.
Rac1/Cdc42 Activity Assay
HUVECs were grown to 80% confluence on gelatincoated 10-cm Petri dishes and rendered quiescent in M199

containing 1% human serum and 1% FCS overnight. Rac1/
Cdc42 activation was provoked by addition of complete
culture medium, whereas at the same time drugs (HNTC)
were added or not. After 1 hour, Rac1/Cdc42 activity was
analyzed with the Rac/Cdc42 Activation Assay Kit
(Chemicon, Chandlers Ford, United Kingdom) according
to instructions provided by the manufacturer. In brief, after
washing, cells were lysed in assay buffer (supplemented
with 0.5 mmol/L trypsin inhibitor, 0.5 Ag/mL leupeptin,
and 1 mmol/L phenylmethylsulfonyl fluoride) and centrifuged to remove cell debris. To determine total Rac1/Cdc42
levels, 40 AL of each sample were stored at 80jC for
separate analysis. The remaining 960 AL of the supernatant
were incubated with 10 Ag of agarose-conjugated p21binding domain of p21-activated protein kinase-1, which
binds both activated Rac1 and Cdc42, for 1 hour at 4jC
with tumbling. Agarose beads with bound active Rac1/
Cdc42 were washed four times in assay buffer, resuspended in 30 AL of SDS sample buffer, and boiled for
10 minutes.
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% PAGE (130 V, 2 hours). The separated
proteins were transferred to a polyvinylidene difluoride
membrane (Millipore) by electrotransfer (400 mA, 2 hours).
The blots were blocked with 10% milk (Protifar; Nutricia,
Zoetermeer, the Netherlands) in TBS-Tween 20 [TBS-T;
10 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.0025%
Tween 20] at room temperature for 1 hour and incubated
overnight at 4jC with the kit-provided mouse monoclonal
antibody directed against Rac1 (1:500; Chemicon) diluted in
5% bovine serum albumin/TBS-T. After the membrane was
washed thrice for 5 minutes with TBS-T, it was incubated
with 5% milk/TBS-T, containing horseradish peroxidase –
linked antimouse immunoglobulin G secondary antibody,
for 1 hour at room temperature. After three TBS-T washing
steps of 15 minutes, Rac1 protein was visualized on
photography film by enhanced chemoluminescence.
Cdc42 protein was visualized on the same blot. Therefore,
the Rac1 blot was stripped for 15 minutes in stripping
buffer (Pierce, Rockford, IL) and washed thrice with TBS-T.
After reassuring that no Rac1 signal was left on the
membrane, the blots were blocked again with 10% milk
in TBS-T for 1 hour, incubated overnight with the kitprovided mouse monoclonal antibody directed against
Cdc42 (1:250; Chemicon), and then incubated with horseradish peroxidase – linked antimouse immunoglobulin G
secondary antibody for 1 hour. Proteins were visualized
on photography film by enhanced chemoluminescence.
The films were scanned and band intensities of active and
total protein levels were quantified with TINA quantification software (Raytest, Straubenhardt, Germany) and
expressed relative to the band intensities of untreated
samples (set at 1.00).
Statistical Analysis
The differences in the effects among the anticancer agents
on migration, invasion, organization, and the activities of
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Rac1/Cdc42 were statistically analyzed by one-way
ANOVA followed by the least significant difference
adjustment with SPSS software (SPSS, Inc., Chicago, IL).
The level of significance was set at P < 0.05.

Results
Determination of HNTCs of Drugs in HUVECs
The antiproliferative effects of cisplatin, doxorubicin,
docetaxel, epothilone B, and vinblastine in HUVECs were
determined by the MTT assay. Cells were exposed to the
drugs for 1 hour, followed by a 96-hour drug-free period.
The IC50 (mean values) and the HNTC values, as fixed
concentrations used in the experiments, are shown in
Table 1. Epothilone B was most potent in inhibiting HUVEC
proliferation (HNTC, 1 nmol/L), followed by docetaxel
(10 nmol/L), vinblastine (10 nmol/L), doxorubicin (100
nmol/L), and cisplatin (10 Amol/L). Mean IC50 values were
2- to 15-fold higher than HNTCs and potency followed the
same sequence of the drugs. In all further experiments,
parallel MTT assays were done to check for drug effects at
HNTCs on proliferation because endothelial cells were
derived from umbilical veins of different donors. Inhibition
of treated cell growth had to be <10% as compared with
control cell growth to ensure the use of HNTCs. The last
column of Table 1 shows the mean percentage of cell growth
when HUVECs were exposed to HNTCs.
Microtubule-Targeting Agents Inhibit HUVEC
Migration
Migration of HUVECs was analyzed in the wound assay.
A time course of the wound closure up to 12 hours is
illustrated by a representative experiment (Fig. 1A).
Control cells filled the wound by f50% after 12 hours.
Docetaxel, and to a minor extent epothilone B and
vinblastine, slowed down the migration of HUVECs.
Figure 1B depicts wound closure at 12 hours after treatment
as a percentage of control wound width. HNTCs of
cisplatin and doxorubicin did not affect motility of
HUVECs; wound closure was 91.8 F 5.5% and 89.5 F
5.7% (mean F SE), respectively. The microtubule-targeting
agents significantly inhibited HUVEC migration at HNTCs.
Inhibition by docetaxel was most pronounced; at 12 hours,
only 44.3 F 3.9% of the wound was filled as compared with
control migration (P < 0.001). On exposure to epothilone B

and vinblastine, wound closure was 58.9 F 5.2% (P < 0.001)
and 69.7 F 6.3% (P < 0.001), respectively. Docetaxel was
more effective in the inhibition of migration than epothilone B (P < 0.05) and vinblastine (P < 0.01).
Microtubule-Targeting Agents Inhibit HUVEC Invasion through Matrigel
HUVEC invasion was investigated in a transwell system,
in which cells were allowed to invade through Matrigel in
the direction of a chemoattractant (recombinant human
vascular endothelial growth factor) for 24 hours. In
agreement with the results obtained from the migration
assay, docetaxel showed to be most effective in the inhibition of HUVEC invasion as compared with that induced
by the other microtubule-targeting agents, although the
differences between these agents were not significant
(Fig. 2). When the invasion of untreated cells was set at
100%, only 46.0 F 8.2% (mean F SE) cell invasion was
measured after docetaxel treatment (P < 0.001). Epothilone
B – treated cells invaded 63.8 F 7.4% (P < 0.01) whereas
vinblastine-treated cells invaded 67.3 F 10.4% (P < 0.02).
Cisplatin and doxorubicin did not significantly influence
HUVEC invasion, as the percentages were 85.7 F 7.1% and
87.5 F 5.4%, respectively.
Microtubule-Targeting Agents Inhibit HUVEC Organization
Organization of endothelial cells into precord-like structures on Matrigel can be regarded as an early onset of tube
formation. Organization patterns of HUVECs were captured after 24 hours. Untreated cells formed the wellknown cord-like structures, which were also visible in
samples that were treated with either cisplatin or doxorubicin (Fig. 3A – C). Quantification revealed that the relative
number of cell-cell contacts for cisplatin was 110.1 F 7.6%
(mean F SE), and for doxorubicin this was 104.2 F 16.6%,
which was not significantly different from the number of
contacts in control cells (set at 100%; Fig. 3G). Aberrant
organization structures were observed after treatment with
microtubule-targeting agents; HUVECs showed less contacts with neighboring cells and extensions emerging from
single cells did not reach far enough to contact adjacent
cells (Fig. 3D – F). Docetaxel (30.0 F 6.2%), epothilone B
(20.7 F 11.2%), and vinblastine (30.5 F 10.1%) all
significantly prevented the formation of cell-cell contacts
as compared with control cells (P < 0.001).

Table 1. Antiproliferative effects and HNTCs (fixed) of the different anticancer agents in HUVECs after a 1-hour drug exposure period
followed by a 96-hour drug-free period
Drug
Cisplatin
Doxorubicin
Docetaxel
Epothilone B
Vinblastine

IC50 (nmol/L F SD)

HNTC* (nmol/L)

F
F
F
F
F

10,000
100
10
1
10

58,500
1,500
21.3
1.9
71.5

5,300
1,400
2.1
1.9
4.9

Endothelial cell growth at HNTCc (% F SD)
96.9
94.9
98.4
100.1
84.5

F
F
F
F
F

14.6
7.5
13.1
6.4
6.0

*Concentration of the drug not yet interfering with proliferation.
cEndothelial cell growth at HNTC expressed as a percentage of control cell growth.
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Figure 1. Migration assay. HUVECs were seeded to confluence and
incubated with drugs (HNTC) for 1 h. A wound was then applied with a
pipette tip and the cells were allowed to migrate for 12 h. A, typical
experiment showing a time course of a wound refilling with HUVECs: .,
control cells; n, 10 Amol/L cisplatin; y, 100 nmol/L doxorubicin; E, 10
nmol/L docetaxel; o, 1 nmol/L epothilone B; 5, 10 nmol/L vinblastine.
B, wound closure at 12 h of the treated HUVECs as compared with that of
control cell migration (set at 100%). Columns, mean of at least three
separate experiments, each with eight distinct wound thickness measurements; bars, SE, *, P < 0.001.

Microtubule-Targeting Agents Affect the Integrity of
the Cytoskeleton
The structural changes in endothelial cell morphology on
inhibition of motility were examined by visualization of two
key components of the cytoskeleton, tubulin and F-actin,
after a 1-hour drug exposure (HNTCs) and subsequent
wounding of the cell monolayer. At 8 hours after wounding,
images from the structures of the tubulin and actin
cytoskeleton were captured by digital imaging microscopy
and the intensity of the tubulin staining signal was measured
(Fig. 4). Untreated cells migrated from the monolayer in a
left direction into the wound (Fig. 4A). Actin stress fibers
were formed in the cell body and cellular actin protrusions
in the direction of the wound were filled with tubulin, which
indicated correct polarization and an active role for both
cytoskeletal components in HUVEC motility. The same
patterns were visible in cells treated with cisplatin or
doxorubicin (Fig. 4B and C) and the intensity of tubulin
staining (mean F SE) was not significantly different from
that of control cells (relative intensity, 1.0 F 0.03 and 0.99 F
0.02 as compared with control cells, respectively). It is
apparent that these agents do not interfere with tubulin and
actin integrity at subtoxic concentrations.

HUVECs treated with microtubule-targeting agents
(HNTC) displayed a dissimilar pattern of tubulin and
actin than that of control cells. Cells seemed to reside on
the edge of the monolayer and showed no clear intention
to move into the wound. Both docetaxel (1.2 F 0.03) and
epothilone B (1.17 F 0.04) treatment led to a significantly
higher signal intensity of tubulin staining as compared
with that of control cells (P < 0.01; Fig. 4D and E), but the
visually less intensive staining pattern of vinblastinetreated cells (0.98 F 0.03) was not significantly different
from that of control cells (Fig. 4F). Thus, a short exposure
period to very low concentrations of microtubule-targeting
agents seems to be sufficient to impede tubulin integrity,
which will likely influence the proper functioning of the
actin cytoskeleton.
In a separate experiment, the F-actin structure of
endothelial cells at the edge of a wound was visualized in
more detail (Fig. 5). Control cells (Fig. 5A) displayed actin
extensions at the rim of the cell and actin stress fibers
throughout the cell body, both in the direction of
movement (indicated by the arrow). The overall actin
arrangement in cells treated with either cisplatin (Fig. 5B)
or doxorubicin (Fig. 5C) was similar to that of control cells.
HUVECs treated with the microtubule-targeting agents,
however, contained less actin stress fibers. Instead, rings of
F-actin formed around the nucleus, suggesting loss of
correct cell polarization. Moreover, actin protrusions in the
direction of movement were virtually absent at the leading
edge of most cells (Fig. 5D – F).
Microtubule-Targeting Agents Inhibit Activity of Rac1
and Cdc42
Because motility of endothelial cells is dependent on the
functioning of Rac1 and Cdc42, the activities of these
molecules were measured after drug treatment. Activity of

Figure 2.

Invasion assay. HUVECs were seeded on top of a Matrigel
layer (5 Ag) in a transwell insert. Cells were treated with drugs (HNTC)
for 1 h (10 Amol/L cisplatin, 100 nmol/L doxorubicin, 10 nmol/L docetaxel,
1 nmol/L epothilone B, 10 nmol/L vinblastine), after which a chemoattractant (25 ng/mL recombinant human vascular endothelial growth
factor) was added to the lower compartment of the transwell system. The
number of invaded cells was assessed after 24 h by measuring the amount
of liberated calcein from calcein-AM (5 Amol/L) that was added to the
lower compartment. Invasion towards the applied vascular endothelial
growth factor gradient by untreated cells was set at 100%. Columns,
mean of at least three separate experiments; bars, SE. *, P < 0.02; **,
P < 0.01; ***, P < 0.001.
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Figure 3.

Organization assay. HUVECs were collected in test tubes in which they were exposed to drugs (HNTC) for 1 h. Then, cells were seeded on
top of a Matrigel layer. Organization structures were visualized after 24 h by confocal laserscan microscopy. A, untreated HUVECs; B, HUVECs treated
with 10 Amol/L cisplatin; C, 100 nmol/L doxorubicin; D, 10 nmol/L docetaxel; E, 1 nmol/L epothilone B; F, 10 nmol/L vinblastine. Representative of three
separate experiments (magnification, 25; bar, 200 Am). G, number of cell-cell contacts of treated HUVECs as compared with the number of control cells
(set at 100%). Columns, mean of at least three experiments; bars, SE. *, P < 0.01.

both Rac1 and Cdc42 is tightly regulated by actin and
tubulin dynamics; disturbances in the microtubule/actin
integrity induced by docetaxel, epothilone B, or vinblastine
might result in a loss of function of these two key molecules
in the onset of cell migration.
After a 1-hour drug exposure, active Rac1 and Cdc42
were pulled down from total cell lysates and compared
with total levels of the proteins by Western blot (Fig. 6A
and B). Total levels of both Rac1 and Cdc42 remained the
same in HUVECs after treatment with each of the drugs.
Ratios between active and total protein levels were
calculated to analyze drug effects on the activity of Rac1
(Fig. 6C) and Cdc42 (Fig. 6D). Cisplatin (respective ratios of

1.04 F 0.02 and 1.05 F 0.37; mean F SD) and doxorubicin
(respective ratios of 0.99 F 0.11 and 0.97 F 0.46) had no
effect on the activities of these Rho GTPases. Activity of
both Rac1 and Cdc42 was potently inhibited by the
microtubule-targeting agents. Docetaxel treatment resulted
in activity ratios of 0.58 F 0.04 and 0.53 F 0.23 for Rac1 and
Cdc42, respectively. Epothilone B activity ratios were 0.76
F 0.17 and 0.51 F 0.23, whereas vinblastine ratios were 0.63
F 0.10 and 0.34 F 0.10, for Rac1 and Cdc42, respectively.
When Rac1 (P < 0.05) and Cdc42 (P < 0.02) activity ratios
for all microtubule-targeting agents were grouped and
compared with control ratios, a significant difference was
calculated.

Figure 4. Effects of anticancer agents on the composition of the actin and tubulin cytoskeleton of HUVECs. h-Tubulin (green ), F-actin (red), and nuclear
(blue ) staining of cells after they have grown to confluence, treated with drugs (HNTC) for 1 h, wounded with a Millipore membrane, and allowed
to migrate for 8 h. In all images, acquired by live-image fluorescence microscopy, the cell monolayer is on the right and the wound on the left.
A, untreated HUVECs; B, HUVECs treated with 10 Amol/L cisplatin; C, 100 nmol/L doxorubicin; D, 10 nmol/L docetaxel; E, 1 nmol/L epothilone B; F,
10 nmol/L vinblastine. Bar, 50 Am. G, intensity of tubulin staining of treated HUVECs as a ratio of control cell staining (set at 1.0). Columns, mean of at
least eight microscopy images collected in four individual experiments; bars, SE. *, P < 0.01.
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Figure 5. Effects of anticancer
agents on the composition of the actin
cytoskeleton of HUVECs. F-actin
(red ) and nuclear (blue ) staining of
HUVECs that received the same
treatment as described in Fig. 5.
Images were acquired by live image
fluorescence microscopy. Arrows,
direction of supposed cell movement.
A, untreated HUVECs; B, HUVECs
treated with 10 Amol/L cisplatin;
C , 100 nmol/L doxorubicin; D ,
10 nmol/L docetaxel; E, 1 nmol/L
epothilone B; F, 10 nmol/L vinblastine. Bar, 10 Am.

Discussion
We show that subtoxic concentrations of microtubuletargeting agents (docetaxel, epothilone B and vinblastine)
potently inhibit in vitro angiogenesis features in HUVECs
(i.e., endothelial cell migration, endothelial cell invasion,
and endothelial cell formation into tubelike structures)
whereas subtoxic doses of cisplatin and doxorubicin do not
display such effects. Although the net result of equitoxic
concentrations on the inhibition of endothelial cell motility
was similar for the three classes of microtubule-targeting
agents, docetaxel, epothilone B, and vinblastine, slight
differences were observed. Docetaxel was most efficient in

the inhibition of migration (P < 0.05) and invasion,
although the latter finding was not significant. Both
inhibition of tubulin polymerization by vinblastine and
depolymerization by docetaxel and epothilone B impeded
cytoskeletal changes required for movement. All three
compounds prevented activation of both Rac1 and Cdc42,
resulting in disturbance of actin stress fiber formation and
the appearance of F-actin rings around the endothelial cell
nucleus.
To our knowledge, this is the first study that compares
the antiangiogenic properties of different anticancer agents
at both subtoxic and equitoxic concentrations. To exclude

Figure 6. Effects of anticancer agents on the activity of Rac1 and Cdc42 in HUVECs. Semiconfluent cells in minimal medium were stimulated by adding
complete culture medium in the presence or absence of the drugs (HNTCs) for 1 h (10 Amol/L cisplatin, 100 nmol/L doxorubicin, 10 nmol/L docetaxel,
1 nmol/L epothilone B, and 10 nmol/L vinblastine). Then, total protein was isolated from the cells and active Rac1/Cdc42 was separated. Both the total
protein and active Rac1/Cdc42 samples were subjected to 12% PAGE, followed by Western blot. To acquire comparable signal intensities, the signal for
active Rac1/Cdc42 was obtained by capturing the chemiluminescence reaction for 30 min, whereas total Rac1/Cdc42 was obtained after a 15-min
exposure. The ratio between the intensity of the active Rac1/Cdc42 signal and the intensity of the total Rac1/Cdc42 signal was calculated. The ratios of
untreated cells were set at 1.00. A and B, bands of active and total Rac1 and Cdc42, respectively, from a representative experiment. C and D, columns,
mean active versus total Rac1 (C) and Cdc42 (D) protein ratios from three separate experiments; bars, SE.
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an effect on endothelial cell proliferation, each individual
experiment was monitored with a parallel MTT assay; the
degree of cell growth after treatment had to be f90% as
compared with control cell growth for that experiment to
be valid. A set of well-known in vitro angiogenesis assays
(wound assay, transwell invasion assay, and organization
assay) were chosen. HUVECs of different donors were used
to exclude observations that can only be attributed to a
particular endothelial cell source or immortalized cell line.
We expect that the angiogenic behavior of HUVECs reflects
that of microvascular endothelial cells derived from tumor
tissue. Drug-exposure periods of 1 hour were selected
because in patients the anticancer agents analyzed are
either given by bolus injections or infusions of 1 to 3 hours.
In our experiments, HNTCs of the different anticancer
agents were well below the peak plasma concentrations
that are generally reached in patients. For cisplatin, a 1hour infusion of 75 mg/m2 will lead to a maximum plasma
concentration of f14 Amol/L of intact cisplatin (20). The
concentrations are, for doxorubicin, f1 Amol/L when
given as a bolus injection of 60 mg/m2 (21); for docetaxel,
f4 Amol/L on infusion of 75 to 100 mg/m2 for 1 hour (22);
and for vinblastine, f160 nmol/L when given as a bolus
injection of 7 to 10.8 mg/m2 (23). Peak plasma levels of
epothilone B in humans have yet to be reported.
Cisplatin does not inhibit in vitro angiogenesis at a
subtoxic concentration in our experiments. These observations are in agreement with other studies in which nontoxic
concentrations of cisplatin did not interfere with angiogenic
features (24 – 26). For doxorubicin, we also showed that
1-hour incubations with a subtoxic concentration did not
have any antiangiogenic effects. This is also in concert with
earlier findings that showed that only toxic concentrations
of doxorubicin are able to inhibit angiogenic properties
(9, 25). We conclude that compounds affecting DNA
integrity do not directly interfere with cell motility.
Members of three classes of microtubule-targeting agents
used in this study were able to inhibit angiogenic features
of HUVECs at HNTCs. The taxane family of anticancer
agents has been reported to possess antiangiogenic
potential. When compared with paclitaxel, docetaxel
inhibits angiogenesis more potently (4, 6, 27), but drug
concentrations used in the experiments often inhibited
endothelial cell proliferation as well. Hotchkiss et al. (5)
have been the first to highlight the potential of nontoxic
docetaxel concentrations in angiogenesis inhibition. The
epothilones are a relatively new class of anticancer agents
and evidence for antiangiogenic properties is limited.
Epothilone B has been described to have superior potency
to paclitaxel in inhibition of endothelial cell proliferation
in vitro after continuous low-dose administration (9).
Woltering et al. (8) have reported that epothilone B inhibits
in vitro angiogenesis at relatively high concentrations. Both
observations do not provide insight in angiogenesis inhibition at subtoxic concentrations. Little is known about the
potency of the different family members of the Vinca
alkaloids in inhibiting angiogenesis. It has been reported
that vincristine, vinorelbine, and vinflunine are all able to

shut down tumor vasculature in in vivo models (28). The
antiangiogenic effects of low vinblastine concentrations are
well established in a variety of in vitro and in vivo
experiments (10, 11). Our data underline the ability of
microtubule-targeting agents to inhibit in vitro angiogenesis
at subtoxic concentrations of which docetaxel seemed to be
slightly more efficient in inhibiting endothelial cell motility
than epothilone B and vinblastine. Furthermore, we established the antiangiogenic potential of subtoxic concentrations of epothilone B.
Microtubules are essential in the orchestration of endothelial cell motility (16). It is likely that the specific
mechanism of action of docetaxel, epothilone B, and
vinblastine (i.e., interference with microtubule dynamics)
is responsible for inhibition of the angiogenic process.
Indeed, in our endothelial cells treated with docetaxel or
epothilone B (Fig. 4D and E), the h-tubulin staining was
significantly more intense as compared with control cells,
indicating stabilization of the microtubules already after
treatment with low concentrations. Hotchkiss et al. (5) have
reported that docetaxel did not visibly interfere with
microtubule morphology at nontoxic (1 nmol/L, 24-hour
incubation), yet angiogenesis-inhibiting concentrations.
When in that same experiment 10 nmol/L docetaxel was
applied for 24 hours, changes in microtubule structures
were visible, but endothelial cell proliferation was also
affected. We observed that at 1-hour exposure, 10 nmol/L
docetaxel did not yet inhibit cell growth, but rapidly altered
microtubule morphology. The vinblastine-treated cells
(Fig. 4F) showed less intense tubulin staining images, but
quantification was not different from control cell fluorescence intensity. Still, a 1-hour exposure to the nontoxic
concentration of 10 nmol/L already resulted in inhibition of
polymerization.
Microtubules and actin are known to cooperate to modify
cell shape and establish cell polarity either directly or by
regulation of signaling molecules, such as the Rho GTPases
(29). Actin stress fibers are visible in migrating cells at the
edge of a wound as visualized in our control cells (Fig. 5A).
These fibers were absent in cells at the leading edge
after treatment with the microtubule-targeting agents
(Fig. 5D – F). Instead of stress fiber formation, we observed
a ring of F-actin around the nucleus in a subset of cells.
Nuclear actin ring formation has been observed in MCF-7
cells treated with either paclitaxel or docetaxel (30). In
addition, Pletjushkina et al. (31) have reported the
development of circumferential actin bundles instead of
straight bundles in rat fibroblasts after treatment with
paclitaxel. Thus, stabilization of microtubules or inhibition
of microtubule depolymerization results in changes in actin
organization. Because microtubule polymerization is required for actin polymerization (29), a process inhibited by
vinblastine, this is manifested by disorganized F-actin as
well (Fig. 5F).
Disturbances in actin structures may be the consequence
of inhibition of Rho GTPases action. Docetaxel and
epothilone B prevented Rac1 activation (Fig. 6A), which
might clarify the absence of actin stress fibers in endothelial
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cells after treatment. Rac1 is activated in lamellipodia on
microtubule polymerization and stimulates actin stress
fiber assembly. Actin polymerization, in turn, leads to
retrograde actin flow and rupture of buckled actinassociated microtubules and subsequent microtubule polymerization (32). Based on our findings, we propose that
interference in this positive feedback loop through inhibition of microtubule dynamics will result in a decrease of
Rac1 activity and subsequent inhibition of actin stress fiber
formation. Although Rac1 is activated on microtubule
polymerization (32), our results show that stabilization of
microtubules or inhibition of polymerization prevents
activation of Rac1. This is most probably due to reduced
microtubule dynamics, as is the consequence from taxane
treatment (33). In our experiments, Rac1 activity was
already inhibited 1 hour after treatment, implicating an
essential role for microtubule dynamics in the onset of
migration. The fact that microtubule-targeting agents
inhibit Rac1 activity in HUVECs is in line with the
observation of Hu et al. (34) that paclitaxel decreased the
shear stress-induced Rac1 activation and concomitant
migration speed of bovine aortic endothelial cells. In
addition, paclitaxel can prevent the formation of Rac1GTP levels, as shown in fibroblasts stimulated to initiate
microtubule polymerization (35). The same group of
Waterman-Storer et al. (35) has also shown that an inhibitor
of microtubule polymerization, nocodazole, reduced Rac1GTP to levels of control fibroblasts, whereas washout of
drug rapidly resulted in increasing Rac1-GTP amounts. In
line with these data, we showed that inhibition of
polymerization by vinblastine also reduced active Rac1.
We hypothesized that the decreased endothelial cell
motility, lack of contractile actin bundles, and, in particular,
the formation of F-actin rings around the nucleus in cells
treated with microtubule-targeting agents would be associated with disturbed polarization of the cells and blocked
activity of Cdc42 (Fig. 6B). If not inhibited, Cdc42 mediates
correct polarization of cells to migrate in the proper
direction (36). Moreover, Cdc42 regulates the precise
orientation of the centrosome in migrating cells (14, 37).
Hotchkiss et al. (5) have shown that docetaxel impairs
repositioning of the centrosome in migrating cells, hence
supporting our finding that docetaxel inhibits Cdc42
activity. It is also known that microtubule dynamics are
essential for activity of Rho guanine nucleotide exchange
factors, which in turn activate the Rho GTPases (38). It is
likely that inhibition of microtubule dynamics interferes
with Rho guanine nucleotide exchange factor activity and
Rho GTPase function, which already occur within 1 hour
after treatment. The exact mechanism of Cdc42 inhibition
on treatment with microtubule-targeting agents should be
further explored as well as the possible involvement of
other family members of the Rho GTPases.
In conclusion, interference with microtubule dynamics by
treatment of endothelial cells with microtubule-targeting
agents prevents activation of Rac1 and Cdc42. This is
associated with a negative effect on correct polarization,
the formation of lamellipodia, actin polymerization, and

subsequent stress fiber formation. As a consequence, the
cells are not able to pinpoint the direction of movement
whereas motility itself is physically hampered by disordered
microtubule and actin cytoskeleton structures. Furthermore,
communication between endothelial cells is disturbed,
because of which precapillary organization is obstructed.
The overall effect of the antiangiogenic properties of subtoxic
concentrations of microtubule-targeting agents will result in
reduced vessel formation in vivo. Therefore, these compounds may provide opportunities for inhibition of angiogenesis not only in malignancies but also in diseases
associated with an abnormal neovascularization process.
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