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ABSTRACT

In the present investigation, we determined the chemotherapeutic efficacy of 9-bromonoscapine (Br-Nos), a more potent noscapine analog, on
MCF10A, spontaneously immortalized human normal breast epithelial cells and MCF10A-CSC3, cigarette smoke condensate (CSC)-
transformed cells. The results from cytogenetic analysis showed that Br-Nos induced polyploidy and telomeric association in MCF10A-
CSC3 cells, while MCF10A cells remained unaffected. Our immunofluorescence data further demonstrated that MCF10A-CSC3 cells were
susceptible to mitotic catastrophe on exposure to Br-Nos and failed to recover after drug withdrawal. MCF10A-CSC3 cells exhibited Br-Nos-
induced aberrant multipolar spindle formation, which irreversibly impaired the alighment of replicated chromosome to the equatorial plane
and finally culminated in cell death. Although MCF10A cells upon Br-Nos treatment showed bipolar spindles with some uncongressed
chromosomes, these cells recovered fairly well after drug withdrawal. Our flow-cytometry analysis data reconfirmed that MCF10A-CSC3 cells
were more susceptible to cell death compared to MCF10A cells. Furthermore, our results suggest that decreased levels of cdc2/cyclin B1 and
cdc2 kinase activity are responsible for Br-Nos-induced mitotic cell arrest leading to cell death in MCF10A-CSC3 cells. This study thus
explores the underlying mechanism of Br-Nos-induced mitotic catastrophe in CSC-transformed MCF10A-CSC3 cells and its potential
usefulness as a chemotherapeutic agent for prevention of cigarette smoke-induced breast cancer growth. J. Cell. Biochem. 106: 1146-1156,
2009. © 2009 Wiley-Liss, Inc.
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breast carcinogenesis [Band et al., 2002; Narayan et al., 2004].

B reast cancer is the most common cause of cancer-related
Chemical analysis of cigarette smoke indicates the presence of

deaths in women. Main-stream and side-stream cigarette

smoke is a major threat to the health of both smokers and non-
smokers. The carcinogens present in the cigarette smoke cause
variety of cancers including larynx, oral cavity, pharynx,
esophagus, pancreas, kidney, breast, bladder and colon cancer.
Although lung cancer has been directly linked to cigarette smoking
related deaths, its relationship to breast cancer has been an area of
intense debate. Epidemiological studies reflect conflicting associa-
tion between cigarette smoking and breast cancer risk [Lash and
Aschengrau, 2002; Reynolds et al., 2004]. However, biological
studies support the theory that cigarette smoke can play a role in

varying amounts of mammary carcinogens which could influence
breast carcinogenesis [Hecht, 2002].

New strategies in combating cancer have been continuously
developed which utilize combinations of conventional chemother-
apeutic agents with radiation therapy [Lawrence et al., 2003]. Most
of the chemotherapeutic agents act by creating DNA-strand breaks
which, in turn, arrest or initiate apoptotic pathways in cancer cells.
The majority of chemotherapeutic drugs can be divided into
alkylating agents, antimetabolites, anthracyclines, plant alkaloids,
topoisomerase inhibitors and monoclonal antibodies. Recent studies
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suggest that anti-microtubule agents can also induce apoptosis
[Miller et al., 1999; Ye et al., 2001] and have potential for therapeutic
applications for the treatment of cancer. These agents alter
microtubule dynamics and interfere with cell cycle surveillance
mechanisms to arrest the cells in mitosis. Microtubules also play a
central role in biological processes such as intracellular transport,
motility, morphogenesis and mitotic spindle formation during cell
division [McIntosh et al., 2002]. Defects in the process of cell
division have severe consequences leading to aneuploidy, genetic
instability and eventually metastatic tumorigenesis [Jallepalli and
Lengauer, 2001]. Several new microtubule targeting agents have
shown potent activity against proliferation of various cancer cells
[Jordan et al., 1998]. One group of such agents (such as colchicines,
nocadazole and vinca alkaloids) inhibits microtubule polymeriza-
tion, while the other group of agents (taxoids and epothilones)
promote microtubule polymerization. Nonetheless, they disrupt
microtubule dynamics, block cell cycle progression at mitosis, and
then cause cell death. Noscapine and its derivatives are another
group of microtubule-modulating agents that possess anti-tumor
activity [Ye et al., 1998; Zhou et al., 2003]. They subtly modulate
microtubule dynamics, which is sufficient to activate mitotic
checkpoints to arrest mitosis, but they do not overpolymerize or
depolymerize microtubules [Aneja et al., 2006a; Zhou et al., 2002].
Because they do not alter the total polymer mass of tubulin and are
thus non-toxic, noscapinoids represent a novel class of microtubule-
modulating agents and are suitable candidates for development as
chemotherapeutic agents against rapidly dividing cancer cells.

We have previously shown that the spontaneously immortalized
normal breast epithelial cell line, MCF10A, can be transformed in
culture by treatment with cigarette smoke condensate (CSC)
[(Narayan et al., 2004]. This study provided a link between cigarette
smoking and the development of breast carcinogenesis. Since a
successful chemotherapeutic application of a drug depends upon its
efficacy of interfering with cell cycle and triggering the apoptotic
pathway, we examined how a microrubule-modulating agent,
9-bromonoscapine (Br-Nos), can selectively initiate mitotic cata-
strophe and promote cell death in CSC-transformed MCF10A-CSC3
cells while sparing the normal MCF10A cells.

MAINTENANCE OF CELLS AND TREATMENT

The spontaneously immortalized human normal breast epithelial
cell line, MCF10A, and CSC-transformed cell line, MCF10A-CSC3,
were grown in DMEM/F-12 (50:50, v/v) (Mediatech, Cellgro, VA)
medium supplemented with 5% horse serum (Sigma-Aldrich
Chemical Co., St. Louis, MO) and growth factors as described
earlier [Narayan et al., 2004].

CLONOGENIC ASSAY

For clonogenic assay cells were trypsinized and a single cell
suspension was prepared. Cells were plated at density of 3-
5x 10% cells per well (60 mm tissue culture plate). After the
attachment cells were treated with different concentrations of
Br-Nos for 48 h. Then the media containing Br-Nos was removed
and supplemented with fresh medium. Cells were allowed to grow

into colonies for additional 10 days. Colonies were fixed, stained
with 0.025% (w/v) crystal violet and counted. Colonies containing
less than twenty cells were not included in counting.

CYTOGENETIC ANALYSIS

Conventional cytogenetic analysis was performed using the
standard laboratory procedure [Multani et al., 2000]. In brief,
Metaphase spreads from MCF10A and MCF10A-CSC3 cells were
prepared after treatment with Br-Nos for 24 h followed by the
addition of colcemid 2 h prior to trypsinization. Cells were
trypsinized and centrifuged at 1,000 rpm, and incubated in
60 mM KCl for 15 min, centrifuged again, and finally fixed in
methanol:glacial acetic acid (3:1, v/v). Giemsa staining was
performed according to standard protocols. At least, 35 metaphases
from each experiment were analyzed and the chromosomal ploidies
as well as structural anomalies including telomeric association were
recorded.

IMMUNOFLUORESCENCE MICROSCOPY

Cells were grown on poly(i-lysine)-coated glass cover slips for
immunofluorescence microscopy as described previously [Aneja
et al., 2006a)]. After treatment, cells were fixed with cold (—20°C)
methanol for 5 min and then washed with PBS for 5 min.
Nonspecific sites were blocked by incubating with 2% bovine serum
albumin in PBS at 37°C for 15 min and incubated with a mouse
monoclonal antibody against a-tubulin (Sigma-Aldrich Chemical
Co.) for 2 h at 37°C. The microtubules were stained using the
a-tubulin antibody (Sigma-Aldrich Chemical Co.) that was labeled
with an FITC-conjugated secondary antibody and the nucleus was
stained using the DNA intercalating dye, propidium iodide. Cells
were then washed and incubated with fluorescence isothiocyanate
(FITC)-labeled goat anti-mouse IgG antibody (Jackson Immuno
Research, Inc., West Grove, PA) for 1 h at 37°C. Cover slips were
washed and then incubated with propidium iodide (PI) (0.5 pg/ml)
for 15 min at room temperature before they were mounted with
Aquamount (Lerner Laboratories, Pittsburgh, PA) containing 0.01%
1,4-diazobicyclo(2,2,2)octane (Sigma-Aldrich Chemical Co.). Cells
were then examined using confocal microscopy for microtubule
morphology and chromosomal organization (at least 100 cells were
examined per condition). Propidium iodide staining of the nuclei
was used to visualize fragmented pieces of DNA that are indicative
of apoptotic bodies.

FLUORESCENCE ACTIVATED CELL SORTING (FACS)

For determining the cell cycle profile, cells were plated in 60 mm
tissue culture dishes and grown until 60% confluence. Cells were
treated with 25 wM Br-Nos for 24 h. After the treatment, cells were
harvested at different time intervals, washed with ice-cold PBS and
processed for FACS analysis as described previously [Jaiswal et al.,
2002]. The ranges for Go/G, S, and G,/M phase arrested cells were
established on the basis of the corresponding DNA content of the
histograms.

WESTERN BLOT ANALYSIS
The protein levels of Bax, Bcl2, Caspase-3, Cleaved product of
Caspase-3, poly(ADP)ribose polymerase 1 (PARP-1), phospho-cdc2,
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cdc2, cyclin B1, and a-tubulin were determined by Western blot
analysis with our previously described procedure [Narayan et al.,
2004]. The anti-Bax, anti-Bcl2, anti-cdc2, anti-cyclin B1 antibodies
were procured from Santa Cruz Biotechnology (Santa Cruz, CA),
and anti-procaspase-3 and active caspase-3, anti-PARP1, anti-
phospho-cdc2, antibodies from Cell Signaling (Danvers, MA) and
anti-a-tubulin antibody from Sigma-Aldrich Chemical Co., were
used in these studies.

MCF10A-CSC3 CELLS ARE MORE SENSITIVE TO THE
ANTIPROLIFERATIVE EFFECTS OF Br-Nos THAN MCF10A CELLS

To determine the sensitivity of MCF10A-CSC3 and MCF10A cells to
Br-Nos, we determined the ICs, of Br-Nos in these cell lines using a
clonogenic assay [Balusu et al., 2007]. Cells were plated in 6-well
plates and treated with varying concentrations of Br-Nos for 24 h.
Then the media containing Br-Nos was removed and supplemented
with fresh medium. After 10 days, cell colonies were counted in both
control and treated groups. The data was plotted for the
determination of ICs;y, of Br-Nos in these cell lines. The ICs, of
Br-Nos in MCF10A-CSC3 cells (4.9 uwM) was 2.0-fold lower than
MCF10A cells (9.8 wM) (Fig. 1). These results indicated that
MCF10A-CSC3 cells were more sensitive to Br-Nos treatment than
MCF10A cells. In general, the anchorage-dependent colony forming
efficiency of MCF10A-CSC3 cells was higher than MCF10A cells,
which is consistent with our previous observations [Narayan et al.,
2004].

Br-Nos TREATMENT INCREASES THE DIPLOID POPULATION (4N) OF
MCF10A-CSC3 CELLS

In previous studies, we have shown CSC-induced transformation of
MCF10A cells and established a transformed cell line, MCF10A-
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Fig. 1. Clonogenic assay for the determination of ICs, of Br-Nos in MCF10A
and MCF10A-CSC3 cells. MCF10A and MCF10A-CSC 3 cells were plated in 6-
well plates and treated with Br-Nos for 48 h. After treatment, the drug was
removed, and cells were washed and incubated with a fresh medium for 10
days. The visible colonies were stained and counted. The results were plotted on
a common-log scale to determine the ICso. Data are mean + SE of three
different experiments.

CSC3, in culture [Narayan et al., 2004]. Since a novel noscapinoid,
9-bromonoscapine has been shown to selectively induce apoptosis
in cancer cells and spares normal cells, we were inquisitive to know
its effects on these paired cell lines: MCF10A and MCF10A-CSC3
and characterized them for any differential physiological char-
acteristics and their responses to Br-Nos treatment. Moreover, ICsq
data indicated that MCF10A-CSC3 cells are more sensitive to Br-Nos
treatment as compared to MCF10A cells. MCF10A and MCF10A-
CSC3 cells were treated with 20 wM of Br-Nos for 24 h, fixed, and
processed for chromosome analysis (Table I). Our results showed
68.5% diploid population in MCF10A cells with a lesser frequency of
polyploidy (31.5%). However, after Br-Nos treatment for 24 h,
diploid population of MCF10A cells increased to 84.4% with a
further reduction of polyploidy (15.6%). On the other hand,
MCF10A-CSC3 cells showed 44.1% diploid population and also
exhibited 55.9% polyploidy, which did not change significantly
after treatment with Br-Nos (Table I). In addition, we observed a few
MCF10A-CSC3 cells with fragmented DNA pieces and telomeric
associations in treated group, which are indicative of apoptosis
[Pathak et al., 1994], while MCF10A cells did not show any telomeric
association (Table I). This strongly suggested that MCF10A-CSC3
cells treated with Br-Nos were susceptible to mitotic catastrophe.

Br-Nos DISRUPTS SPINDLE ARCHITECTURE

We found that the MCF10A-CSC3 cells are more susceptible to
aneuploidy as compared to MCF10A cells after treatment with
Br-Nos. To test further whether Br-Nos can induce spindle
abnormality and mitotic catastrophe in MCF10A-CSC3 cells, we
employed immunofluorescence microscopy to assess its effect on
microtubule morphology, nuclear morphology and chromosomal
organization. MCF10A and MCF10A-CSC3 cells were treated with
25 pM of Br-Nos for 24 h and processed for immunofluorescence
analysis. We observed that both untreated MCF10A and MCF10A-
CSC3 cells exhibited normal radial microtubule arrays in interphase
cells (Fig. 2A). However, Br-Nos treatment showed a remarkable
difference in the spindle organization. Both MCF10A and MCF10A-
CSC3 cells arrested transiently in mitosis with aberrant spindle
morphology. The normal breast epithelial cells, MCF10A, showed a
bipolar spindle apparatus with a few congressed chromosomes at
one or both poles, whereas, MCF10A-CSC3 cells had multipolar

TABLE 1. Metaphase Analysis of MCF10A and MCF10A-CSC3 Cell
Lines After Treatment With Br-Noscapine

No. of % Normal % Cells
cells diploid % with telomeric
Treatment  analyzed cells Polyploidy association
MCF10A
Control 54 68.5 31.5 0
Br-Noscapine 32 84.4 15.6 0
MCF10A-CSC3
Control 34 44.1 55.9 0
Br-Noscapine 36 41.7 58.3 12.1

The MCF10A and MCF10A-CSC3 cell lines were treated with 20 uM Br-Noscapine
for 24 h and then processed for metaphase analysis. Data are the mean of 32-54
samples in each group.
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Fig. 2. Panel A: Br-Nos disrupts spindle architecture in MCF10A and
MCF10A-CSC3 cells. Confocal micrographs of MCF10A and CSC transformed
MCF10A-CSC3 cells treated with 25 M of Br-Nos for 24 h. Intact normal
radial arrays of microtubules and typical characteristic of cellular morphologies
of MCF10A cells are visible at beginning of treatment. After 24 h of Br-Nos
treatment, mitotic figures were evident in both MCF10A and MCF10A-CSC3
cells. Bipolar spindle formation with uncongressed chromosomes was also
abundant in MCF10A cells while multipolar spindle were predominantly
present in MCF10A-CSC3 cells. Panel B: quantitation of multipolar spindle
in MCF10A and MCF10A-CSC3 cells in Br-Nos treated group. Multipolarity in
MCF10A cells (almost none) and MCF10A-CSC3 cells were assessed by
counting the number of poles (bipolar, 3 poles, 4 poles and >4 poles). Data
are mean =+ SE of three different experiments. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

spindles (number of poles greater than 3). The quantitation of these
poles in MCF10A and MCF10A-CSC3 cells after treatment with Br-
Nos showed 90% and 7.5% of bipolar spindle apparatus in MCF10A
and MCF10A-CSC3 cells, respectively. A significant increase of 77%
in multi-polar spindle apparatus consisting of more than 4 poles in
MCF10A-CSC3 cells was observed as compared to MCF10A (Fig. 2B).
This perhaps, is partly explainable in MCF10A cells where improper
congression of chromosomes at the metaphase plate might be due to
attenuation of microtubule dynamics. But the precise mechanism for
the emergence of multipolar phenotype in malignant transformed
cells is not yet clear.

Br-Nos CAUSES IRREVERSIBLE MITOTIC ARREST IN

MCF10A-CSC3 CELLS

To determine whether Br-Nos-induced mitotic arrest in MCF10A-
CSC3 cells was a reversible phenomenon, we treated MCF10A and
MCF10A-CSC3 cells with 25 wM of Br-Nos for 24 h. After treatment
the drug was removed and fresh medium was supplemented as
outlined in Figure 3A. Cells were then allowed to grow in fresh
medium for different intervals. One set of cells was collected
immediately after the treatment, which served as a zero time
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Fig. 3. Br-Nos irreversibly induces spindle abnormalities in MCF10A-CSC3
cells. Panel A: Protocol of the experiment. Panel B: Immunoflorescence
micrographs of MCF10A and CSC-transformed MCF10A-CSC3 cells treated
with 25 M of Br-Nos for 24 h. After treatment, the drug was removed; cells
were washed and supplemented with fresh medium. Cells were allowed to grow
for additional 12 and 24 h. Intact normal radial arrays of microtubules, typical
characteristic of cellular morphologies of MCF10A cells were visible at time 0.
At 24 h post-drug treatment, mitotic figures with bipolar spindles and a few
uncongressed chromosomes were abundant in MCF10A cells while multipolar
spindle were predominantly present in MCF10A-CSC3 cells. Panel C: Quanti-
tation of multipolar spindle formation in MCF10A and MCF10A-CSC3 cells
after the 24 h of withdrawal of Br-Nos. Multipolarity in MCF10A cells (almost
none) and MCF10A-CSC3 cells were assessed by counting the number of poles
(bipolar, 3 poles, 4 poles and >4 poles). Data are representative of three
different experiments. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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withdrawal control (Fig. 3B, upper and lower left panels). Cells were
stained and processed for immunofluorescence microscopy as
described in materials and methods. MCF10A cells (Fig. 3B, upper
panel left) showed bipolar spindles with uncongressed chromo-
somes, whereas, MCF10A-CSC3 cells (Fig. 3B, lower panel left)
exhibited pronounced multipolar spindles. After 12 h of drug
withdrawal, MCF10A and MCF10A-CSC3 cells did not show a
significant change in the microtubular and mitotic architecture.
However, after 24 h of Br-Nos withdrawal, MCF10A cells showed
recovery from mitotic arrest and normal cytokinesis was observable.
Normal radial microtubule arrays were evident (Fig. 3B, upper panel
right). On the other hand, MCF10A-CSC3 cells still showed aberrant
multipolar spindles (Fig. 3B, lower panel right) which perhaps have
committed to cell death. DNA fragmentation was observable
indicating cell death. This indicated that even after drug removal
MCF10A-CSC3 cells exhibited irreversible mitotic arrest followed by
mitotic castarophe or apoptotic cell death. The quantitative analysis
of the poles after 24 h of drug withdrawal further showed a complete
absence of multipolar spindle apparatus in MCF10A cells, while
MCF10A-CSC3 cells still showed a predominance of multipolar
spindle apparatus (Fig. 3C).

Br-Nos INDUCES APOPTOSIS IN MCF10A-CSC3 CELLS

Tumor cells respond to chemotherapeutic agents by initiating
apoptosis [Wang et al., 1999]. To determine the quantitative effect of
Br-Nos treatment on cell cycle and apoptosis, we treated MCF10A
and MCF10A-CSC3 cells with varying concentrations of Br-Nos for
24 h and then processed them for FACS analysis. The untreated
MCF10A and MCF10A-CSC3 cells showed a typical distribution
of cell population in Go/G;, S, and G,/M phases of cell cycle
(Fig. 4A and B, respectively). There was an increased Go/G; phase
arrest in both MCF10A and MCF10A-CSC3 cell lines treated with
10 pM of Br-Nos. However, the G,/G, phase arrest declined and S
phase arrest was increased in MCF10A cells treated with 25 pM
of Br-Nos. On the other hand, after 25 wM Br-Nos treatment,
MCF10A-CSC3 cells were arrested in S and G,/M phases, with
the G,/M phase arrest being more prominent (Fig. 4B). The sub-G,
cell population, which is an indicator of apoptosis in FACS analysis,
was 7-10% in MCF10A cells (Fig. 4A). However, the sub-Gl
population in MCF10A-CSC3 cells increased in a dose-dependent
manner, and was 449% at 25 wM of Br-Nos treatment (Fig. 4B). These
results indicate that Br-Nos treatment induces pronounced apoptosis
in MCF10A-CSC3 cells compared to MCF10A cells.

To test whether increased mitotic arrest in MCF10A-CSC3, which
presumably leads to apoptosis, is irreversible, we treated both cell
lines with 25 pM of Br-Nos for 24 h. After treatment, the drug
containing medium was replaced with fresh medium. Cells were
harvested at different intervals and processed for FACS analysis. Our
results showed a normal distribution of cells in various phases of cell
cycle progression in control untreated MCF10A cells (Fig. 5A), while
in the Br-Nos treated group, cells significantly arrested in S phase
before drug withdrawal. After drug withdrawal, the MCF10A cells
recovered from the arrest and resumed normal cell cycle, exhibiting
up to 10% sub-G; population at 36 h post-withdrawal (Fig. 5B).
However, the MCF10A-CSC3 cells after drug withdrawal continued
to arrest in the G,/M phase and showed 60% sub-G; population
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Fig. 4. Br-Nos induces differently the cell cycle perturbation and apoptosis in
MCF10A and MCF10A-CSC3 cell lines. Br-Nos inhibits cell cycle progression at
mitosis in MCF10A cells followed by the appearance of sub-G; population,
indicative of apoptosis. Panel A: depicts analysis of cell cycle distribution in
MCF10A cells treated with varying concentrations (0-25 M) of Br-Nos for 24
h as determined by FACS analysis. Panel B: represents analysis of cell cycle
distribution in MCF10A-CSC3 cells treated with varying concentrations (0-25
M) of Br-Nos for 24 h as determined by FACS analysis. The number of sub-G,
phase cells is calculated from the 100% of total number of cells in each well.
Data are mean = SE of three different estimations.

compared to untreated controls (Fig. 5, compare C with D,
respectively). The extent of apoptosis in MCF10A-CSC3 cells
remained in the same range at all time points after the withdrawal of
the drug. This suggests that after a 24 h Br-Nos treatment, MCF10A-
CSC3 cells committed to apoptosis, and thus could not recover after
the drug was withdrawn.

Br-Nos-INDUCED IRREVERSIBLE MITOTIC ARREST IN
MCF10A-CSC3 CELLS IS DUE TO INACTIVATION

OF cdc2/Cyclin B1

The molecular mechanisms of cell cycle arrest and apoptosis in
MCF10A and MCF10A-CSC3 cells upon treatment with Br-Nos are
not known. It is well-appreciated that increased levels of cdc2 and
cyclin B1 serve as a marker for G,/M phase arrest and the sequential
entry into mitosis requires activation of cdc2 kinase, while the exit
from mitosis needs inactivation of cdc2 kinase activity [Murray,
1989]. The cdc2/cyclin B1 kinase is inactivated in G,/M phase-
arrested cells after phosphorylation at serine-14 and tyrosine-15
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Fig. 5.

Br-Nos induces irreversible apoptosis in MCF10A-CSC3 cells. The protocol for experimental procedure is given in Figure 6A, Panel A. The MCF10A and MCF10A-CSC3

cells were treated with 25 M of Br-Nos for 24 h. After 24 h of treatment Br-Nos was removed and supplemented with fresh medium. Cells were allowed to grow for additional
36 h. Cell cycle analysis was determined by FACS at various time intervals after withdrawal of Br-Nos. The percent distribution of Go/G,, S and G,/M phase cells does not include
the sub-G, cells. The number of sub-G, phase cells is calculated from the 100% of total number of cells in each well. Data are mean + SE of three different estimations.

residues of the cdc2 protein [0’Connor et al., 2002]. To test the
hypothesis that sustained activation of cdc2 should be maintained in
Br-Nos-induced mitotic arrest, we treated MCF10A and MCF10A-
CSC3 cells with 25 uwM of Br-Nos for 24 h, removed the drug and
followed the time course as described in Figure 6A. We examined
Br-Nos-induced irreversible mitotic arrest leading to cell death in
MCF10A-CSC3 cells by determining cdc2/cyclin B1 levels. The
phospho-cdc2 levels were dramatically reduced after 24 h of
treatment (indicated as O h time point, see protocol in Fig. 6A) with
Br-Nos in both MCF10A and MCF10A-CSC3 cell lines. The effect
was more pronounced in MCF10A-CSC3 cells than in MCF10A cells
(Fig. 6B, compare lane 1 with 5 and 9 with 13, respectively). The total
cdc2 level was reduced only in MCF10A cells, not as much in
MCF10A-CSC3 cells (Fig. 6B, compare lane 1 with 5 and 9 with 13,
respectively). A similar effect was observed on the level of cyclin B1.
Once Br-Nos was withdrawn from the cells and they were incubated
further for recovery, the total phospho-cdc2 and cyclin B1 levels
were decreased in untreated MCF10A and MCF10A-CSC3 cells in a
time-dependent manner (Fig. 6B, compare lanes 1-4 and 9-12,
respectively). In Br-Nos treated MCF10A cells, total cdc2, phospho-
cdc2 and cyclin B1 levels were recovered and maintained up to 36 h
(Fig. 6B, lanes 5-8), while in MCF10A-CSC3 cells, these protein
levels did not recover at all (Fig. 6B, lanes 13-16). In fact, the level of
phospho-cdc2 and cyclin B1 were drastically reduced after only 12 h
of drug withdrawal (Fig. 6B, compare lane 13 with 14-16). These

results suggest correlation between decreased cyclin B1 levels
and the irreversible effect of Br-Nos on the apoptosis of MCF10A-
CSC3 cells.

Br-Nos-INDUCED APOPTOSIS IN MCF10A-CSC3 CELLS IS DUE

TO ACTIVATION OF APOPTOSIS-RELATED GENE PRODUCTS

To further investigate the underlying mechanism of Br-Nos-induced
apoptosis in MCF10A-CSC3 cells, we examined the effect of drug
on some apoptosis-regulatory molecules (Fig. 7A). Our results
showed that Bax and Bcl2 protein levels remain unaltered in
both MCF10A and MCF10A-CSC3 cells after the withdrawal of
Br-Nos for up to 36 h, except untreated MCF10A-CSC3 cells showed
some increase in Bax levels (Fig. 7B). Next, we examined the protein
levels of caspase-3 and activated caspase-3 in both MCF10A and
MCF10A-CSC3 cells after withdrawal of Br-Nos treatment. Our
results showed an active caspase 3 (cleaved caspase-3) product after
24 h of treatment in both MCF10A and MCF10A-CSC3 cells
(Fig. 7B, compare lane 1 with 5 and 9 with 13, respectively), which is
shown as 0 h withdrawal (Fig. 7A). However, as the cells were
allowed to recover after withdrawal of Br-Nos, there was an
absence of cleaved caspase-3 in MCF10A cells, which, however,
persisted in MCF10A-CSC3 24 h
(Fig. 7B, compare lane 5 with 6-8 and 13 with 14-16, respectively).
The activation of caspase-3 generates a product of 17 and 19 kDa
protein fragments. A similar pattern of cleavage was observed

cells for an additional
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Effect of Br-Nos on cell cycle-related proteins. Panel A: Protocol for experimental procedure. The MCF10A and MCF10A-CSC3 cells were treated with 25 wM of Br-Nos

for 24 h, after the treatment Br-Nos was removed and supplemented with fresh medium. Cells were allowed to grow for additional 36 h. The cells were harvested at various time
intervals after withdrawal of Br-Nos and lysates were prepared for western blot analysis. Panel B: Protein levels of cdc2, cyclin B1, phospho-cdc2 and a-tubulin in MCF10A and
MCF10A-CSC3 cells. The quantification of the protein bands is shown on the top of each autoradiogram as a fold-change of control. Results are representative of three different

experiments.

with PARP-1. The cleaved PARP-1 recovered in both MCF10A
and MCF10A-CSC3 cells after 24 and 36 h respectively, after
drug withdrawal. These result indicated that MCF10A-CSC3 cells
showed a sustained activation of caspase-3 and cleavage of PARP-1
for longer periods of time which perhaps might be associated with
Br-Nos-induced apoptosis in MCF10A-CSC3 cells compared to
MCF10A cells.

In the present study, we have examined the molecular mechanisms
by which the non-toxic microtubule-modulating noscapinoid,
Br-Nos, might induce apoptosis in CSC-transformed breast epithelial
cells. Microtubule disrupting agents have been targeted for ther-
apeutic applications in the treatment of cancer. These compounds
exert their action by primarily blocking mitosis leading to cell death.
Noscapine and its derivatives have emerged as potent anti-tumor
agents [Ye et al., 1998; Zhou et al., 2003; Aneja et al., 2006a,b].
However, one major issue that remains is whether these microtubule
disrupting agents can exert their toxic effects selectively on cancer
cells. The safety of a drug is assessed based on minimal toxicity to
the normal cells versus cancer cells. To test this hypothesis we

examined the effect of Br-Nos on paired breast cancer cells, MCF10A
(near-normal) and MCF10A-CSC3 (malignant tranformant).
Spontaneously immortalized human normal breast epithelial cell
line, MCF10A, upon exposure to CSC, acquires a transformed
phenotype and exhibits an anchorage independent colony forming
efficiency, which is a characteristic of cell transformation [Narayan
et al., 2004]. This change in phenotypic characteristic establishes a
link between cigarette smoking and the development of breast
cancer. The malignant transformation of MCF10A cells on exposure
to CSC led to acquisition of resistance towards cell death, partly due
to the increased Bcl2/Bax ratio [Zhang et al., 2000; Cheng et al.,
2001; Narayan et al., 2004] and impaired DNA repair capacity of
cells [Narayan et al., 2004; Kundu et al., 2007]. One of the
transformation characteristics of CSC-transformed MCF10A-CSC3
cells was its increased polyploidy upon Br-Nos treatment. We found
an enhanced polyploidy and telomeric association in MCF10A-CSC3
cells, while the MCF10A cells remained normal. Telomeres play a
functional role in cell survival and are implicated in the control of
mitosis [Greider and Blackburn, 1996; Kishi et al., 2001]. During the
cell cycle progression from Go/G; — S — G,/M phase the chromo-
somes under go large scale movement and rearrangement. If the
chromosomes are not properly aligned then there can be catas-
trophic consequence leading to mitotic arrest, aneuploidy and cell
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death. The abnormal chromosomal segregation can lead to mitotic
catastrophe due to defects in cell cycle and spindle check points.
When cells fail to arrest before or at mitosis they segregate with
aberrant chromosomes, leading to activation of apoptotic pathway.
Mitotic catastrophe is considered as one of the mechanisms for
preventing aneuploidy, which is the hallmark for carcinogenesis.
Mitotic catastrophe is regulated by the cell cycle specific kinases,
cell cycle checkpoint proteins, survivin, p53, caspases and Bcl2-
family members. The mitotic catastrophe is characterized by the
presence of multiple micronuclei and decondensed chromosomes
[Swanson et al., 1995]. It is accompanied by mitochondrial release of
proapoptotic proteins, caspase activation and DNA degradation;
however, it is fundamentally different from apoptosis where
chromatin condensation is a hallmark. Mitotic catastrophe can be
induced by microtubule-depolymerzing as well as DNA damaging
agents [Roninson et al., 2001]. The increased polyploidy in MCF10A-
CSC3 cells could be a result of telomeric association causing increased

genomic instability [Gilley et al., 2005], which is also supported by
studies in yeast [Galitski et al., 1999]. The MCF10A and MCF10A-
CSC3 cells were further analyzed by immunofluorescence studies and
our results indicated that Br-Nos treatment induced bipolar spindle
formation with a few uncongressed chromosomes in MCF10A cells,
while it exhibited significantly aberrant multipolar spindle mor-
phologies in MCF10A-CSC3 cells. The MCF10A cells arrested
resumed normal cell cycle upon drug removal, while the MCF10A-
CSC3 cells with aberrant multipolar spindle formation did not
recover upon drug withdrawal. The clonogenic survival assay
further supported that the reduced number of colonies of MCF10A-
CSC3 cells after Br-Nos treatment are due to a sustained mitotic
arrest that culminates in cell death. The irreversible mitotic
catastrophe in MCF10A-CSC3 leads them to cell death.

The withdrawal effect of the Br-Nos treatment on MCF10A-CSC3
cells resulted in an elevated level of Bax expression, indicating that
cells are more susceptible for apoptotic stimuli. On the other hand,
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MCF10A cells showed a reduced level of Bax as compared to
MCF10A-CSC3 cells, indicating that these cells are more resistant to
apoptotic stimuli. In previous studies, it has been found that p53
level also increases when cells were exposed to noscapine for longer
period. In these studies, the p53 level was associated with the
increased Bax/Bcl2 ratio [Aneja et al., 2007], suggesting that the
noscapine induced apoptosis might be dependent on p53. Several
p53-inducible genes, which participate in apoptosis, have been
identified. These genes are mdm-2 [Oliner et al., 1992], GADD45
[Kastan et al., 1992], Bax [Miyashita and Reed, 1995], and p21
[Xiong et al., 1993]. It has been demonstrated that p53 can up-
regulate the proapoptotic gene Bax [Miyashita and Reed, 1995], and
possibly, transcriptionally repress the antiapoptotic gene Bcl-2
[Haldar et al., 1994]. Therefore, p53-mediated up-regulation of Bax
and concomitant down-regulation of Bcl-2 are important for
deciding the cellular fate between apoptosis and cell survival.
Cell cycle is a precisely regulated cellular event controlled
primarily by cyclin dependent kinases (Cdks) and cyclins [Lew and
Kornbluth, 1996]. Cdc2 has been known to play a central role in
orchestrating this process. Cdc2 kinase activity is regulated at
multiple levels by its binding with cyclin A or cyclin B, by
phosphorylation/dephosphorylation, and by Cdk inhibitors. The
increased level of these proteins has been associated with responses
to several apoptotic stimuli such as DNA-damaging agents [Jaiswal
and Narayan, 2002, 2004], tumor necrosis factor-a [Meikrantz et al.,
1994], radiation [Porter et al., 2000], transforming growth factor-
[Choi et al., 1999], and microtubule-interfering agents [Ye et al.,
1998; Zhou et al., 2002; Aneja et al., 2006a]. Activation of these
proteins leads to entry into mitosis while inactivation of these
proteins could trigger the release from mitosis. The aberrant
expression/activation of cdc2 and certain types of cdk2, especially
regulated by cyclin A or cyclin B, can result in activation of the
apoptotic pathways. However, data from variety of systems have
generated lot of controversy about the general applicability of this
model. Other reports suggest that cdc2 activation is not required for
the DNA-damage induced apoptosis [Norbury et al., 1994; Ongkeko
et al., 1995]. The results described in the present study show that Br-
Nos-induced mitotic arrest in MCF10A cells, was a reversible
phenomenon, while CSC-transformed MCF10A-CSC3 cells showed
an irreversible mitotic arrest that finally led to apoptosis. The most
prevalent effect of Br-Nos is thus on mitotic events which ultimately
decide cellular fate. The western blot analysis showed that cdc2,
cyclin B1 and phospho-cdc2 levels decreased after Br-Nos treatment
which started recovering after drug removal. The phospho-cdc2
levels are indirectly the measure of cdc2 kinase activity. The
increased level of phospho-cdc2 reflects the inactivation of cdc2-
kinase, which further suggests that cells are arrested in the G,/M
phase. This is in contrast with the finding that sustained activation
of cdc2 is required for noscapine-induced apoptosis [Ye et al., 2001].
However, it is quite possible that modification at 9th position in
the parent compound to halogenate it could drastically alter the
overall scenario of its mode of action. Thus, different microtubule
disrupting agents can have different effects on cdc2 and cyclin B1
and apoptosis of different cancer cells. For example, the microtubule
disrupting agent, paclitaxel, induces apoptosis in breast cancer cells
and does not require cdc2 activity [Henley et al., 2007]. On the other

hand, paclitaxel stimulates accumulation and activation of cdc2
during apoptosis of ovarian carcinoma cells [Chadebech et al.,
2000]. In support of our studies, the reduced level of cdc2 and cyclin
B1 is also implicated in baicalein (a bioactive flavonoid)-induced
apoptosis of bladder cancer cell lines [Chao et al., 2007].

The Br-Nos withdrawal from treated MCF10A-CSC3 cells should
reduce apoptosis, at least to those cells which have not committed to
apoptosis. Interestingly, these cells showed reduced levels of
phospho-cdc2 and cyclin B1 and proceeded in to cell cycle, but
still maintained a high level apoptosis. This suggest that in MCF10A-
CSC3 cells after Br-Nos treatment, progressing through G,/M with
abnormal telomeric DNA, which instead of following the Go/G, — S
phase progression, they are entering into apoptosis. Furthermore, it
appears that the irreversible degradation of cyclin B1 is more
important phenomenon in Br-Nos-induced apoptosis instead of
supporting the mitotic arrest of MCF10A-CSC3 cells, which is
indicated by recent findings [Gascoigne and Taylor, 2008]. In these
studies, it has been suggested that the anti-mitotic drugs determine
the fate of cells by two competing networks: (i) involving the
degradation of cyclin B1, and (ii) activation of caspases. Both these
pathways lead to cell death. Other studies also support our findings
in which the gradual decrease in cyclin B1 level has been linked with
mitotic arrest and eventually to cell death [Weaver and Cleveland,
2005; Brito and Rieder, 2006]. Thus, the irreversible decreased levels
of cdc2 and cyclin B1 are perhaps responsible for Br-Nos-induced
death of MCF10A-CSC3 cells. These results indicate that Br-Nos can
be useful chemotherapeutic approach for the prevention of CSC-
induced breast cancer growth with minimum or no effect on the
normal breast epithelial cells.
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