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Using time-lapse confocal microscopy and enhanced green fluorescent protein-tubulin
transfected MCF-7 cells, we found that a tubulin-targeted antimitotic agent, benomyl at
its half-maximal proliferation inhibitory concentration (5 nM) strongly suppressed the rate
and extent of growing and shortening excursions of individual microtubules in MCF-7 cells
without noticeably depolymerizing the microtubule network or decreasing the polymerized
mass of tubulin. Further, benomyl treatment caused an increase in the acetylation level of
microtubules suggesting that it stabilizes microtubules. Under the conditions that sup-
pressed the dynamic instability, a sharp increase in the nuclear accumulation of p53 in MCF-
7 cells was observed in the presence of benomyl. Up regulation of bax and the increased
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p53 Cisplatin caused an increase in the translocation of p53 into the nucleus in the presence of
lower effective concentrations of benomyl while a decrease in the nuclear accumulation of
p53 was observed in the presence of high concentrations of benomyl suggesting that the
stabilized microtubules assist in the nuclear transportation of p53. Furthermore, increased
localization of the light chain of the minus end directed motor protein dynein was detected
on the microtubules in the benomyl-treated cells indicating that the suppression of micro-
tubule dynamics may influence the binding of dynein on the microtubules and dynein-

nuclear accumulation of p21 upon benomyl treatment confirmed the activation of p53.

mediated cargo transport. Together the data indicate that benomyl inhibits mitosis pri-
marily by suppressing the dynamic instability of microtubules and support the hypothesis
that the kinetic stabilization of microtubules enhances the microtubule-mediated transport
of p53 into the nucleus.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction the target of benomyl in yeast cells based on specific mutation

studies in the B tubulin gene, which altered the resistance or

Benomyl, a benzimidazole systemic agricultural pesticide, is
extensively used against a range of fungal diseases [1]. It is
known to exert selective toxicity against fungal cells due to its
higher affinity for fungal tubulin than mammalian tubulin [2].
It has been shown to have a very low acute systemic toxicity
(LDso greater than 10 g/kg) in rats [3]. Tubulin is believed to be
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sensitivity of yeast cells to benomyl [4-6]. Benomyl was
thought to bind at or near the colchicine binding site based on
their structural similarities and the fact that several members
of the benzimidazole group of compounds inhibit the binding
of colchicine to tubulin both competitively and noncompeti-
tively [6-8]. However, recent studies have suggested that

Abbreviations: ICso, half-maximal inhibitory concentration; DAPI, 4,6-diamidino-2-phenylindole; SRB, sulforhodamine B; DLC, dynein
light chain; ALP, alkaline phosphatase; BCIP, Bromo-Chloro-Indolyl-Phosphate; NBT, Nitro Blue Tetrazolium.
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benomyl and colchicine bind at distinct sites on tubulin [9,10].
Benomyl was shown not to inhibit the binding of colchicine to
mammalian tubulin and it was also found to bind to the
tubulin-colchicine complex [10]. Benomyl is quite unstable
and it decomposes in aqueous solutions into more stable
compounds like carbendazim, and N,N’-dibutyl urea [11,12].
Carbendazim is the functionally active metabolite, which is
believed to have similar actions as benomyl [1,6,13,14]. The
conversion of benomyl to carbendazim is slow in aqueous
environment and it could take several days [11,12].

Benomyl inhibits the proliferation of fungal [1,6] and
mammalian cells by arresting the cells at mitosis [10,15].
Benomyl has been shown to bind to mammalian tubulin with
a modest affinity and to inhibit the polymerization of brain
microtubules in vitro [10]. In addition, benomyl has been
shown to suppress the dynamic instability of bovine brain
microtubules in vitro and the assembly of cold-depolymerized
spindle microtubules in HelLa cells [10,15]. Previous reports
have shown that benomyl at its half-maximal inhibitory
concentration (ICso) did not significantly depolymerize the
interphase microtubules, however, inhibited mitosis in HeLa
cells by perturbing the microtubule-kinetochore interactions
and activating the mitotic checkpoint protein BubR1 [10,15].

Microtubules are highly dynamic polymers composed of a
and B tubulin heterodimers. It is now well established that the
polymerization dynamics of microtubules play critical roles in
orchestrating several functions of microtubules [9,16-18].
Microtubules are the targets for various successful anticancer
drugs like vincristine, vinblastine, paclitaxel and several other
drugs like epothilone, estramustine, and noscapine, which are
in different stages of clinical trials [18-20]. Microtubule
targeted agents have also been shown to alter the expression
[21] and translocation of the tumor suppressor protein, p53
into the nucleus [22,23] suggesting that the nuclear accumula-
tion of p53 is linked with the assembly dynamics of
microtubules. Further, the translocation of p53 into the
nucleus is thought to occur through the microtubule tracks
[22-24] and low concentration of microtubule targeted drugs is
shown to increase the nuclear accumulation of p53 [22].

Recently, the antifungal drug griseofulvin is gaining
importance because of its low toxicity and its ability to inhibit
the proliferation of cancer cells similar to other potential
anticancer drugs [25-27]. Rebacz et al. have shown that
griseofulvin specifically targeted tumor cells and inhibited
their proliferation without having much effect on normal cells
[27]. In addition, carbendazim the active metabolite of
benomyl [1,13,14], is presently undergoing clinical trials for
the treatment of advanced solid tumors (ClinicalTrials.gov
Identifier: NCT00023816, NCT00003709); hence, understanding
the mechanism of action of benomyl is also of clinical
importance.

In this study, we provide evidence suggesting that benomyl
inhibited cell proliferation at mitosis by suppressing the
dynamic instability of microtubules. Benomyl treatment
increased the acetylation level of microtubules and also
caused an increase in the localization of dynein light chain
(DLC) on microtubules. In addition, the suppression of
microtubule dynamics by benomyl was found to be associated
with an increase in the nuclear accumulation of p53. The data
presented in this study suggested that the suppression of

microtubule dynamics by a small molecule may have a wide
range of cellular effects including the perturbation of cargo
transport through microtubule tracks. The results indicated
that the combined use of an inhibitor of microtubule dynamics
and a p53-activating agent may have significant advantage in
cancer chemotherapy.

2. Materials and methods
2.1. Materials

Benomyl was purchased from Sigma-Aldrich (Milwaukee, WI,
USA), paclitaxel, sulforhodamine B (SRB), mouse monoclonal
anti a tubulin IgG, mouse monoclonal anti g tubulin IgG, anti
acetyl tubulin IgG, alkaline phosphatase (ALP) conjugated anti
mouse IgG, ALP conjugated anti rabbit IgG, bovine serum
albumin (BSA), 4,6-diamidino-2-phenylindole (DAPI) and G418
were purchased from Sigma (St. Louis, MO, USA). Rabbit
polyclonal anti human bax was purchased from BD Pharmin-
gen (San Diego, CA, USA). Mouse monoclonal anti DLC IgG was
a gift from Dr. Krishanu Ray (TIFR, Mumbai). Anti mouse IgG-
alexa 568 conjugate was purchased from Molecular Probes
(Eugene, OR, USA). Mouse monoclonal anti p53 IgG, and mouse
monoclonal anti p21 IgG, Annexin V apoptosis detection Kit
were purchased from Santa Cruz Biotechnology (CA, USA). All
other reagents used were of analytical grade.

2.2.  Cell culture, cell proliferation assay and transfection

MCE-7 cell line was obtained from the National Centre for Cell
Science, Pune. MCF-7 cells were grown in minimal essential
medium (Hi Media, Mumbai) supplemented with 10% (v/v)
fetal bovine serum, 0.3 1U/mL biosynthetic human insulin
(Novo Nordisk, India Private Ltd.) and sodium bicarbonate
(1.5mg/mL) in the presence of antibiotics at 37°C in a
humidified atmosphere of 5% CO, and 95% air [15]. The effects
of benomyl on MCF-7 cell proliferation were determined in 96-
well tissue culture plates by the standard SRB assay [15,28].
Benomyl stock solutions were freshly prepared in 100%
dimethyl sulfoxide (DMSO); the final DMSO concentration in
all experiments was 0.1%. DMSO (0.1%) alone was used as a
vehicle control in all experiments. Enhanced green fluorescent
protein (EGFP)-a tubulin plasmid was a kind gift from Dr. Leslie
Wilson (University of California, Santa Barbara). EGFP-a
tubulin plasmid was amplified in Escherichia coli XL1 Blue cells
and isolated using Qiagen endotoxin free plasmid isolation kit
(Qiagen GmbH, Hilden, Germany) according to the manufac-
turer’s instructions. Transfection of MCF-7 cells was carried
out by electroporation using a Gene Pulser Xcell (Bio-Rad,
USA). Cells stably expressing EGFP-a tubulin were selected
using G418 (Sigma) and maintained in the cell culture media
containing G418 [20].

The mitotic index was calculated by counting the number
of mitotic and interphase cells after staining the chromo-
somes with DAPI as described earlier [15]. The mitotic and
interphase cells were counted under the Eclipse TE-2000 U
microscope (Nikon, Kanagawa, Japan). At least 600 cells were
scored for each concentration of benomyl and the experiment
was repeated four times.
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2.3.  Immuofluorescence microscopy

MCEF-7 cells were seeded on glass coverslips at a density of
6 x 10* cells/mL in 24-well tissue culture plates. After 24 h the
old media were replaced with fresh media containing
different concentrations of benomyl and incubated for
further 24 h. Cells were then fixed in 3.7% formaldehyde at
37 °C and then immunofluorescently labeled as described
earlier [15,26] to visualize tubulin, p53 or p21. DNA was
stained with DAPI. To visualize both tubulin and acetyl
tubulin, MCF-7 cells stably expressing EGFP-a tubulin were
grown on coverslips and processed for immunofluorescence
microscopy using mouse monoclonal anti acetylated «
tubulin IgG and anti mouse IgG-Alexa-568 conjugate. The
total intensity per unit area of tubulin fluorescence and
acetylated tubulin fluorescence of different cells were
calculated using Image-Pro Plus software (Media Cybernetics,
Silver Spring, MD, USA). To visualize both tubulin and DLC,
MCF-7 cells stably expressing EGFP-a tubulin were grown on
coverslips and processed for immunofluorescence micro-
scopy using mouse monoclonal anti DLC IgG (1:300 dilutions)
and anti mouse IgG-Alexa-568 conjugate (1:400 dilutions).
The coverslips were mounted in 80% glycerol in phosphate
buffered saline (PBS) containing 1,4-diazabicyclo[2.2.2]octane
(DABCO) and observed either with a Nikon Eclipse TE-2000 U
microscope or a 60x water immersion objective in a FV 500
laser scanning confocal microscope (Olympus, Tokyo, Japan).
The images were processed and analyzed using Image-Pro
Plus software.

2.4.  Annexin V/propidium iodide staining

Annexin V/propidium iodide staining of MCF-7 cells grown in
the absence and presence of different concentrations of
benomyl for 48 h was carried out as described previously
[29]. The cells were stained using the Annexin V apoptosis
detection kit (Santa Cruz Biotechnology, CA, USA) according to
the manufacturer’s protocol and processed for microscopy.
The number of cells found positive for Annexin V and
propidium iodide were counted under the microscope using
the FITC and propidium iodide fluorescence, while the total
cells were counted by observing the differential interference
contrast images.

2.5.  Measurement of microtubule dynamics

MCF-7 cells stably expressing EGFP-a tubulin were seeded on
coverslips at a density of 6 x 10* cells/mL. The cells were then
treated with vehicle or different concentrations of benomyl
(3 and 5 pM) 48 h after seeding and incubated for further 24 h.
The coverslips were then transferred to glass bottomed Petri
dishes (Prime Bioscience, Singapore) containing the growth
media without phenol red and maintained at 37 °C on a warm
stage. The microtubules on the peripheral region of the MCF-7
cells were observed using a 60x water immersion objective in
a FV 500 laser scanning confocal microscope (Olympus, Tokyo,
Japan). The time lapse images were acquired at 2 or 4s
intervals for a total period of 120-180s using the Fluoview
sofware (Olympus, Tokyo, Japan). The lengths of the micro-
tubules at different time points were calculated using Image-

Pro Plus software. The dynamic instability parameters were
calculated as described earlier [26].

2.6.  Preparation of total cell lysate and fractions
containing polymeric and monomeric (soluble) tubulin

MCF-7 cells were incubated with or without different
concentrations of benomyl in tissue culture flasks. Both
the floating and attached cells were harvested with the help
of a cell scrapper and collected by centrifugation. The total
cell lysates were collected as described earlier [15,30,31]. The
cell lysates containing polymeric and soluble tubulin
(monomeric tubulin) were prepared as described earlier
[32,33]. Briefly, cells were collected, washed twice in PBS and
then incubated at 37 °C with a microtubule stabilization
buffer (0.1 M MES, pH 6.75, 1 mM MgSO,, 2mM EGTA, 4 M
glycerol) containing 0.1% Triton X-100 for 10 min. The cells
were centrifuged and the supernatant fraction containing
the monomeric tubulin was separated from the cell pellet.
The remaining cell pellets containing the polymeric tubulin
were lysed in the lysis buffer containing protease inhibitors.
The lysate, which was collected by centrifugation, was used
as the polymeric fraction.

2.7.  Western blot analysis

Protein concentration of the cell lysates was determined by
Bradford assay [34] and samples containing equal amount of
total protein were separated by SDS-PAGE and electro blotted
onto a PVDF membrane (Hybond-P, Amersham). For deter-
mining the polymeric mass of tubulin and acetyl tubulin, the
protein bands were probed using mouse monoclonal anti «
tubulin IgG or mouse anti acetyl tubulin IgG. The ALP
conjugated secondary antibodies were used at 1:5000 dilu-
tions. The total intensity of the protein bands was calculated
using Image-Pro Plus software. For analyzing p53 and bax, cell
lysates equivalent to 35 ug of total protein were separated by
SDS-PAGE (12% acrylamide gel) and electroblotted onto a PVDF
membrane and probed with mouse anti p53 IgG and rabbit
polyclonal anti human bax IgG. The secondary antibodies used
were ALP-conjugated anti mouse and anti rabbit IgGs. The
protein bands were visualized using Nitro Blue Tetrazolium/
Bromo-Chloro-Indolyl-Phosphate (NBT/BCIP) substrate.

Cell lysates equivalent to 200 ng of total protein were
immunoprecipitated with anti « tubulin IgG and protein A
agarose beads [15]. The agarose beads were washed exten-
sively and boiled with 2x SDS-PAGE sample buffer and loaded
on 9% acrylamide gel. To cross link the interacting proteins the
cell pellets were collected, washed in PBS and incubated with
1% (v/v) formaldehyde for 1 h at 37 °C [35]. Formaldehyde was
removed and the cells were washed twice with PBS. The cells
were then lysed with the lysis buffer in a tissue homogenizer
(Hi Media, Mumbai). The cross linked proteins were subjected
to immunoprecipitation with anti a tubulin IgG and agarose
beads. To preserve the cross linking, the beads were incubated
for 10 min at 37 °C with 2x SDS-PAGE sample buffer before
loading on a 9% acrylamide gel [35,36]. The protein bands on
the gel were electro blotted onto a PVDF membrane and
probed with either anti o tubulin IgG or anti B tubulin IgG or
anti p53 IgG.
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3. Results

3.1.  Benomyl inhibits the proliferation of the MCF-7 cells
without significantly altering the polymerized mass of
microtubules

Benomyl inhibited the proliferation of MCF-7 cells in a
concentration dependent fashion with an ICso value of about
54+ 1uM after 48 h of treatment (Fig. 1A). The inhibition of
proliferation of MCF-7 cells was accompanied by cell cycle
arrest at mitosis (Fig. 1A). At5 pM benomyl treatment, ~16% of
the cells were arrested at mitosis, while at 10 pM benomyl,
~36% of the cells were arrested at mitosis (Fig. 1A).

Western blot analysis of the polymeric tubulin fraction
showed that benomyl (5 pM, ICso) minimally (5%) decreased
the polymeric mass of tubulin (Fig. 1B). However, higher
concentrations of benomyl, such as 20 uM (4x ICsp) and 50 uM
(10x ICsp) decreased the polymeric tubulin mass by 20% and
30%, respectively compared to the vehicle treated control cells.
The quantification of monomeric tubulin amount in the
soluble fraction of the cell extracts was in conformity with
the reduction in polymerized amount of microtubules in the
presence of benomyl (Fig. 1C). The amount of monomeric
tubulin was found to increase by ~3%, 14% and 23%, in the
presence of 5, 20 and 50 uM benomyl, respectively. Under
similar conditions, 100 nM (10x ICso) colchicine decreased the
polymerized mass of microtubules by 63%.

Vehicle treated control cells exhibited well spread inter-
phase microtubular network (Fig. 2A). The organization of the
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Fig. 1 - (A) Benomyl inhibited proliferation (O) and mitotic
progression (@) in MCF-7 cells. Western blot analysis of
the polymeric fraction of tubulin (B) and soluble
(monomeric) tubulin (C) in the absence and presence of
benomyl are shown. Polymeric and monomeric tubulin
fractions were isolated as described in Section 2. Equal
amounts of protein samples were resolved by SDS-PAGE
followed by immunoblotting with anti « tubulin IgG.

interphase microtubules in the presence of 5uM (ICso)
benomyl was found to be similar to that of the control cells
(Fig. 2A). The mitotic spindles of control MCF-7 cells were well
organized with the chromosomes aligned compactly at the
metaphase plate (Fig. 2B). In the presence of 5 uM benomyl,
most of the mitotically arrested cells exhibited normal bipolar
spindles; however, a few chromosomes were not aligned at the
metaphase plate (Fig. 2B). Consistent with the Western blot
analysis of the polymeric tubulin (Fig. 1B), 20 pM (4x ICs)
benomyl was found to induce a moderate depolymerization of
the interphase microtubules (Fig. 2A). In the presence of 20 pM
benomyl, most of the mitotically arrested cells had abnormal
spindles and disorganized chromosomes (Fig. 2B). Cells
treated with 50 pM benomyl exhibited significant depolymer-
ization of both interphase and mitotic microtubules (Figs. 2A
and B).

3.2.  Benomyl treatment induced apoptotic cell death

Control MCF-7 cells remained viable and healthy after 48 h as
seen by the absence of Annexin V and propidium iodide
staining. Benomyl-treated cells displayed a strong FITC-
Annexin fluorescence and a very weak propidium iodide
fluorescence indicating that the cells were in the early stages
of apoptosis (Fig. 3A). Benomyl treatment increased the
number of apoptotic cells in a concentration dependent
fashion. For example, 2%, 9%, 24% and 38% of total cells were
detected to be positive for FITC-Annexin fluorescence in the
absence and presence of 5,20 and 50 uM benomyl, respectively
(Fig. 3B).

3.3.  Benomyl suppressed the dynamic instability of
microtubules in living MCF-7 cells

As reported earlier [20,37,38] control microtubules showed
characteristic dynamic instability behavior. It was evident
from the life history traces that benomyl potently suppressed
the growing and shortening dynamics of individual micro-
tubules in MCF-7 cells (Fig. 4). At the ICsp (5 nM), benomyl
strongly suppressed the rates of growing and shortening of
individual microtubules of MCF-7 cells by 38% (18 + 3.6 pm/
min to 11.2+3pm/min) and 47% (22+6um/min to
11.6 £ 2.5 um/min), respectively (Table 1). In addition, beno-
myl treatment reduced the mean growth length and short-
ening length of microtubules by 67% and 71%, respectively.
The percentage of time the microtubules spent in growing and
shortening states were decreased by 60% and 46%, respec-
tively, while the percentage of time the microtubules spent in
pause state was increased by 137%. It has been believed that
catastrophe (a transition from a growing or a pause state to a
shortening state) and rescue (a transition from a shortening
state to a growing or a pause state) frequencies play important
roles in regulating microtubule dynamics [39,40]. The time
based rescue frequency (events/min) was found to be
increased by 50% and the catastrophe frequency (events/
min) was found to be decreased by 30% in the presence of 5 uM
benomyl compared to the control cells. The length based
rescue and the catastrophe frequencies (events/um) were
found to be increased by 180% and 225%, respectively, at the
ICso concentration of benomyl. The increase in the rescue
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(A) B)
Microtubules

Control Control

S0 uM

Fig. 2 - Effects of benomyl on the interphase and spindle microtubules and chromosome organization. MCF-7 cells were
treated with the vehicle or the indicated concentration of benomyl for 24 h and processed to visualize microtubules and
DNA. (A) Merged images of interphase microtubules and chromosomes are shown. Scale bar, 20 um. (B) Organization of the
spindle microtubules and chromosomes and the merged images are shown. Arrows indicate the misaligned chromosomes.

Scale bar, 10 pm.

events/min and the decrease in the catastrophe events/min
indicates that 5 uM benomyl inhibited depolymerization and
initiated pause or growth state. The increase in the rescue and
catastrophe events/pm implied that the growth and short-
ening length excursions of the treated cells were smaller than
that of the control microtubules. The dynamicity (dimer
exchange per unit time), which reflects the total length grown
and shortened during the lifespan of the microtubules, was
found to be suppressed by 74% in 5 uM benomyl-treated cells
compared to that of the microtubules in control cells (Table 1).
The kinetic suppression of microtubule dynamics was also
clearly discernible at lower concentration like 3 pM benomyl
which caused significant suppression of the growth rate,
shortening rate, growth length, shortening length of the
microtubules. The overall dynamicity of the microtubules was
decreased by ~50% in the presence of 3 uM benomyl

3.4.  Benomyl treatment increased the acetylation of
tubulin

Acetylation of microtubules is considered as a marker for
stabilized microtubules [38,41,42]. Since benomyl suppressed
the dynamic instability of microtubules (Fig. 4 and Table 1), the
acetylation status of tubulin in MCF-7 cells was analyzed after
benomyl treatment. Benomyl treatment increased the acet-
ylation of microtubules (Fig. 5A and B). The fluorescence
intensities of EGFP microtubules and acetylated microtubules
in MCF-7 cells were calculated using Image-Pro Plus software.
The ratio of acetyl tubulin to total tubulin fluorescence was
found to be increased by 2- and 3-fold in the presence of 5 and
20 M benomyl, respectively, as compared to the vehicle
treated MCF-7 cells. Western blot analysis of the polymeric
tubulin fraction also indicated that benomyl treatment
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(A) Annexin V
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(B)

% of Apoptotic

0 5 20 50
Benomyl (uM)

Fig. 3 - Benomyl induced apoptosis in MCF-7 cells. (A) MCF-7
cells were incubated with 0.1% DMSO (control) or different
concentrations of benomyl for 48 h and then processed to
visualize Annexin V, propidium iodide (PI) staining and
differential interference contrast (DIC) images. Scale bar,

20 pm. (B) Percentage of apoptotic cells was plotted against
benomyl concentration. Error bars are S.D..

increased the acetylation level of tubulin (Fig. 5B). For
example, the ratio of acetyl tubulin to tubulin in polymers
was found to be increased by 30% and 70% in the presence of 5
and 20 uM benomyl, respectively.

3.5. Benomyl increased the nuclear accumulation of p53 at
the ICsq concentration

The effects of benomyl on the expression and functions of p53
were analyzed in MCF-7 cells which have wild type functional
p53. Cells were incubated in the absence or presence of
benomyl for 24 h. In the vehicle treated MCF-7 cells, 2-4% of
cells had p53 accumulated in the nucleus. Benomyl (5 uM)
caused a strong increase in the expression of p53 in MCF-7
cells and >40% of the cells had p53 translocated into the

(A) 25

20

Length pm

0 25 50 75 100 125

(B)

Length pm

0 25 50 75 100 125
Time (Sec)

Fig. 4 - Benomyl suppressed the dynamic instability of
individual microtubules of MCF-7 cells. Life history traces
of individual microtubules of MCF-7 cells in the absence
(A) and presence of 5 puM benomyl (B).

Table 1 - Effects of benomyl on the dynamic instability
parameters of individual microtubules

Benomyl (uM)

0 3 5
Rate (wm/min)
Growing 18 £ 3.6 12.34+2.8% 11.2 £ 3.0%
Shortening 22+6 14.0 + 4° 11.6 +£2.5%
Length change (um)
Growth length 24+1.2 0.9+0.3% 0.8 +0.3%
Shortening length 28+17 1+0.22 0.8 £0.2%
% Time in phase
Growing 43.5+ 15 334+ 8° 17.4 £ 62
Shortening 28 + 11 24 454 15.0 + 42
Pause 28.5+11 43 +10? 67.6 9%
Frequency (events/min)
Catastrophe 37+2 4.90 + 1.7¢ 2.6 +£1.3°
Rescue 10+6 15.4 +5° 15.0 £ 6°
Frequency (events/um)
Catastrophe 0.40 + 0.3 1.0 +£0.3% 1.3 +0.6%
Rescue 0.5+0.5 22+1% 1.4 +£0.5%
Dynamicity (wm/min) 144 +43 7.1+2% 3.8+1.6%

Data are average +S.D., n =30 microtubules in control and n =20
microtubules in 3 and 5 uM benomyl-treated cells.

2 P <0.001

® P <001

¢ P<0.05

4 Statistically not significant.
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(A) Tubulin

Acetyl-Tubulin

Merged

(B)

Control 5puM 20 uM

Benomyl

Colchicine

Fig. 5 - Effects of benomyl on the acetylation of tubulin. (A) EGFP-a tubulin transfected MCF-7 cells were treated with vehicle
alone or different concentrations of benomyl (5 and 20 pM). Tubulin (green), acetylated tubulin (red), and the merged images
are shown. Scale bar, 20 pm. (B) Western blot analysis of the polymeric acetyl tubulin of MCF-7 cells. The polymeric mass of

acetylated tubulin was analyzed as described in Section 2.

nucleus (Fig. 6A). However, the translocation of p53 into the
nucleus decreased with increasing concentration of benomyl.
For example, with 50 uM benomyl treatment <6% of cells had
p53 translocated into the nucleus (Fig. 6A).

The expression level of p53 was further analyzed by
Western blotting (Fig. 6B). The expression level of p53 was
found to increase by 9-, 7- and 5-fold when treated with 5, 20
and 50 pM benomyl, respectively, as compared to the control
treatment. Although the expression level of p53 increased in
the presence of 20 and 50 pM benomyl relative to control cells
(Fig. 6B), the nuclear accumulation of p53 was inhibited under
these conditions (Fig. 6A).

Asreported earlier [43], treatment of the cells with the DNA
damaging drug cisplatin increased the nuclear accumulation
of p53 in MCF-7 cells (Fig. 6C). Low concentration (5 uM) of
benomyl that potently suppressed the dynamic instability of

microtubules enhanced the nuclear transportation of p53 into
the nucleus of cisplatin treated cells. In contrast, depolymer-
izing concentration (50 uM) of benomyl inhibited the transport
of p53 into the nucleus of cisplatin treated cells despite the
overexpression of p53 as seen by the increased cytoplasmic
p53 staining (Fig. 6C).

3.6. Benomyl treatment caused overexpression of bax and
nuclear accumulation of p21

To confirm the activation of p53 by benomyl, the response of
the downstream targets of p53 like p21 and bax were analyzed
following benomyl treatment. The Western blot analysis with
whole cell lysate of MCF-7 cells indicated that the proapoptotic
protein bax was overexpressed upon benomyl treatment
(Fig. 6B). For example, 5, 20 and 50 pM benomyl increased the
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Fig. 6 — (A) Benomyl treatment increased the nuclear accumulation and activation of p53. MCF-7 cells were treated with
different concentrations of benomyl for 24 h. Then, cells were fixed and processed to visualize p53 and DNA. Scale bar,
20 pm. (B) Benomyl increased the expression of p53 and its downstream protein bax in MCF-7 cells. MCF-7 cells were
treated with DMSO (0.1%) (lane 1), 5, 10, 20 and 50 pM benomyl (lanes 2-5), for 24 h. Equal amounts of cell lysates as
determined by using Bradford reagent were resolved by SDS-PAGE (12% acrylamide) followed by immunoblotting with anti
P53 IgG, anti bax IgG and anti B actin IgG. (C) Depolymerization of microtubules by benomyl inhibited the nuclear
accumulation of p53. MCF-7 cells were treated with vehicle, cisplatin alone or cisplatin in combination with benomyl for
24 h. Subsequently, cells were fixed and processed to visualize p53 and DNA. Scale bar, 20 pm.

expression of bax by 13 + 6%, 30 £ 7% and 27 + 4%, respec-
tively. Benomyl treatment caused an increase in the nuclear
accumulation of p21 in MCF-7 cells as observed by immuno-
fluorescence microscopy (Fig. 7A). For example, ~4% of the
vehicle treated cells showed nuclear accumulation of p21,
while >50% of benomyl (5 nM) treated cells showed nuclear
accumulation of p21.

3.7.
tubulin

Benomyl treatment increased the binding of p53 to

MCF-7 cells were treated with benomyl for 24 h and lysed
without treatment or after treatment with formaldehyde.

Tubulin from the cell lysates was immuno precipitated with
anti « tubulin IgG and detected with anti p53 IgG by Western
blotting. As reported earlier [24,44], p53 was found to be
associated with microtubules in both the cells that were lysed
without formaldehyde treatment (Fig. 7B, lanes 1-3) and after
formaldehyde treatment for 1h (Fig. 7B, lanes 4 and 5). In
addition, 5 uM benomyl treatment was found to increase the
binding of p53 to tubulin (Fig. 7B, lanes 4 and 5). To examine,
whether p53 is associated only with either « or g tubulin
subunit, the blots were probed separately with the monoclonal
anti « and anti g tubulin IgGs. The tubulin—p53 complex was
detected by all the three monoclonal antibodies (data not
shown). The findings confirmed that p53 interacts with both
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Fig. 7 - (A) Benomyl treatment increased the nuclear
accumulation and activation of p21. MCF-7 cells were
treated with benomyl (5 and 20 pM) for 24 h and then,
fixed and processed to visualize p21 and DNA. Scale bar,
20 pm. (B) p53 protein is associated with microtubules in
cells. Cell lysates equivalent to 200 pg of total protein were
immunoprecipitated with anti « tubulin IgG, resolved by
SDS-PAGE (9% gel), and immunoblotted onto a PVDF
membrane and probed with anti p53 IgG. Lanes 1-3
correspond to the cell lysates of the control, 5 and 50 pM
benomyl treatment, respectively. Lanes 4 and 5
correspond to the cell lysates of the control and 5 pM
benomyl-treated cells that are cross linked before lysis
and then immunoprecipitated with anti « tubulin IgG, and
detected with anti p53 IgG.

tubulin in solution (dimers) and also microtubules in cells. All
the antibodies used were specific and did not recognize other
protein bands.

3.8.  Kinetic suppression of microtubule dynamics
increased the association of DLC with microtubules

Since p53 is reported to be transported into the nucleus
through the microtubular tracks by the dynein/dynamitin
motor complex [23,24], we examined the localization of the
motor protein DLC on microtubules under normal conditions
and under the suppressed dynamic instability conditions
using EGFP transfected MCF-7 cells and confocal microscopy.

In both the control and benomyl-treated cells, DLC was found
to be co-localized with the microtubules (Fig. 8). In the control
cells, DLC staining was observed to be diffused throughout the
cells. In contrast, DLC staining was found to be more intense
and finely localized along the length of the microtubules in the
5 uM benomyl-treated cells whose microtubules are kineti-
cally stabilized than that of the control cells. Paclitaxel, an
agent known to suppress the dynamics of microtubules [19]
also exhibited a similar pattern of increased DLC staining in
the peripheral microtubules.

4, Discussion

Benomyl was found to suppress the dynamic instability of the
interphase microtubules in living MCF-7 cells. The increase in
the acetylation level of tubulin in the benomyl-treated cells
further suggested that the benomyl treatment kinetically
stabilized the microtubules. Interestingly, a strong increase in
the level of the dynein staining was observed on the
microtubules of the benomyl-treated cells compared to that
of the control cells suggesting that dynein binds to stabilized
microtubules efficiently than the labile microtubules. Further,
we provide evidence suggesting that the suppression of
microtubule dynamics by benomyl facilitates the transloca-
tion of p53 into the nucleus.

Benomyl inhibited the proliferation of MCF-7 cells at
mitosis and induced apoptotic cell death. Benomyl at its
effective inhibitory concentrations strongly dampened the
dynamics of microtubules in MCF-7 cells without significantly
perturbing the organization of the microtubules or reducing
the polymerized amount of tubulin. The data together suggest
that benomyl inhibits mammalian cell proliferation at mitosis
primarily by suppressing the dynamics of microtubules rather
than depolymerizing them.

Benomyl caused a strongincrease in the acetylation level of
tubulin in MCF-7 cells (Figs. 5A and B). Stabilized microtubules
are found to be acetylated in different cell types [38,41,42].
Considering that the acetylation of tubulin is a slow process
compared to the growing and shortening rates at the
microtubule ends, it was thought that the acetylation of
tubulin requires stabilized microtubules [45]. Palazzo et al.
have also observed that the acetylation of microtubules could
be due to the stabilization of microtubules [46] and the
acetylation per se may not enhance microtubule stability.
Therefore, the increased acetylation of microtubules following
benomyl treatment might be the consequence of the suppres-
sion of microtubule dynamics. Alternatively, the increased
acetylation of tubulin could also be due to an inhibitory effect
of benomyl on the histone deacetylase 6 (HDAC6), an enzyme
that causes deacetylation of tubulin.

Low concentration (5 pM, ICso) of benomyl increased the
translocation of p53 into the nucleus, while, high concentra-
tion (50 uM) of benomyl inhibited the nuclear translocation of
p53 into the nucleus suggesting that kinetically stabilized
microtubules are required for the nuclear transport of p53.
This was in conformity with the earlier report that high
concentrations of microtubule interacting agents like pacli-
taxel, vincristine and nocodazole impaired the nuclear
accumulation of p53 whereas low concentrations of these
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Fig. 8 - Suppression of microtubule dynamics increases the binding of DLC on the microtubules. EGFP-« tubulin transfected
MCF-7 cells were treated with vehicle alone (A, D, and G) or 5 pM benomyl (B, E, and H), or 50 nM taxol (C, F, and I), fixed and
processed to visualize the DLC and tubulin as described in Section 2. DLC (red), tubulin (green), and the merged images of

the DLC staining (G, H, and I) are shown. Scale bar, 20 pm.

agents increased the translocation of p53 into the nucleus [22].
Since, microtubules serve as tracks for several motor proteins,
which transport cell organelles like mitochondria, vesicles [47]
and signaling molecules [48], the organization and dynamics
of microtubules are very important for their functions. It has
been proposed that a single motor protein can travel only a
short distance over the microtubule after which it has more
chances of falling off and the cargoes are carried to longer
distances only if carried by multiple motors [49]. Since the
peripheral microtubules are known to be highly dynamic in
nature [50] the chances of the motor proteins falling off the
microtubular track are fairly high. Hence, fewer molecules of
the minus end directed motor protein dynein were observed in
the control cells compared to the suppressed dynamic
instability conditions wherein increased localization of dynein
was observed in the peripheral microtubules (Fig. 8). There-
fore, the data indicated that suppression of microtubule
dynamics increased the association of dynein and micro-
tubules; and dynein could travel longer distance in the
stabilized microtubules track compared to the labile track of
the control cells.

The overexpression of the proapoptotic protein bax and p21
suggested that benomyl activated p53 in MCF-7 cells. The
increased translocation of p53 into the nucleus in 5upM
benomyl-treated cells indicated that the suppression of
microtubule dynamics increases the interactions of p53 with
microtubules and facilitates the transport of p53 into the
nucleus. The findings together indicated that stable micro-
tubules are necessary for transportation of p53 into the
nucleus. This idea gained further support from the observa-
tion that high concentrations of benomyl that induced
microtubule depolymerization inhibited the nuclear accumu-
lation of p53 strongly even in the presence of cisplatin. In
contrast, low concentration of benomyl caused a strong
increase in the nuclear localization of p53 in the presence of
cisplatin. Although p53 is shown to be transported into the
nucleus through the dynein/dynamitin complex [23,24], it can
bind to microtubules directly and it was shown to bind
preferentially to polymerized microtubules than to tubulin
dimers [24]. Therefore, it is quite possible that the binding of
p53 to the stabilized microtubules in the presence of low
concentration of benomyl might prevent its degradation;
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however, its transport into the nucleus needs the dynein/
dynamitin motor complex [23,24].

Although, benomyl at higher concentration did not
increase the nuclear accumulation of p53, it strongly induced
apoptosis (Fig. 3A and B) indicating that benomyl can induce
apoptosis both by a p53 mediated pathway and by a p53
independent pathway. Previously, benomyl was shown to
induce apoptosis through the Bcl2-bax pathway in HeLa cells,
which have mutated nonfunctional p53 [15].

The evidence presented in the study is in agreement with
the hypothesis that the stabilization of microtubules increases
the translocation of p53 into the nucleus, while, the disruption
of microtubules causes an inhibition in the nuclear accumula-
tion of p53 [22]. Recent studies indicate that the antifungal
drug griseofulvin has the potential to be used as an anticancer
drug [25-27]. The discoveries that benomyl suppresses
microtubule dynamics at its lower effective inhibitory con-
centration and increases the nuclear accumulation of p53 will
be helpful to explore the anticancer potential of benomyl and
its metabolite carbendazim.
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