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ABSTRACT

Mitosis-targeted anti-cancer therapies gained much attention in recent years. However, lack of tumor selectivity poses
limitations to the current anti-mitotic drugs to be used as broad-spectrum anti-cancer agents. In this study, we show that
combination treatment of colcemid, an inhibitor of microtubule polymerization with geldanamycin, an inhibitor of can-
cer chaperone, Hsp90 irreversibly targets mitosis through mitotic kinase bubR1 stabilization. When the individual and
combination drugs treatments were tested against tumor cells (IMR-32 and HeLa) and non-tumor cells (SRAO1), the
combination treatment showed significant increase in cytotoxicity only in tumor cells followed by G2/M cell cycle
block. The IMR-32 cells showed enhanced cytotoxicity in response to combination treatments, compared to HeLa cells.
Further studies revealed that the G2/M arrest in IMR-32 correlates with both increased bubR1 nuclear localization and
metaphase arrest. The siRNA knockdown of bubR1 has decreased tumor cell response to geldanamycin suggesting
Hsp90-dependent regulation of bubR 1. The combination treatment also showed inactivation of non-canonical S-catenin
signaling suggesting inhibition of cancer growth. In addition, the combination treatment has significantly affected the
distribution and functions of bubR1 downstream mitotic kinases such as aurks and plkl indicating the combinatorial
attack of combination treatment. In conclusion, we demonstrate that colcemid and GA combination treatment compro-
mises the division potential of tumor cells interfering with the mitosis through bubR1 kinase.
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1. Introduction of the spindle assembly checkpoint (SAC) and responds
to mitotic defects prior to plkl and aurks. The binding of
bubR1 to cdc20/Fizzy/slpl, a co-activator of APC/C
inactivates APC/C before all the kinetochores have made
proper attachment to the spindle [7].

Hsps are differentially expressed during cell cycle [8,9]
and function in association with tumor suppressor pro-
teins such as p53 to regulate cell cycle [10,11]. The can-

Cancer arises from deregulated cell cycle control resulting
in the uncontrolled cell proliferation [1]. Considering the
importance of APC/C (anaphase promoting complex/
cyclosome) in the control of mitosis, chemotherapeutic
interventions of mitotic kinases have emerged as one of
the anticancer strategies [2,3]. The mitotic kinases such
as, budding uninhibited by benzimidazoles 1 homolog ) )
beta (bubR1) [4], polo-like kinase (plk1) [5] and aurora cer chaperone, Hsp90 role in cell cycle regulation of

kinases (aurks) [6] are involved in proper completion of normal cells appeared to be, limited [8] compared to tu-
spindle assembly and chromosome alignment. The mor cells [12]. After analyzing the cancer kinome, onco-

bubR1 kinase belongs to the mitotic arrest deficient genic signaling pathways including cell cycle dependent

(MAD) family of proteins and is the central component kinases (cdks) are identified as signatures of cancer [13].
Following that Hsp90 is identified as the major chaper-

*Authors contributed cqually. one inx./olved in the functions (.)f several gncogenic kinases
*Corresponding author. including cdks, pharmacological targeting of Hsp90 has
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emerged as a novel antitumor strategy [14,15]. Since
mitotic kinases play significant role in cancer progression,
Hsp90 involvement in mitotic control through checkpoint
kinases require further studies.

Colcemid is a less toxic analogue of colchicine and
commonly used anticancer agent that interferes with mi-
crotubule polymerization [16,17]. Colcemid fails to dis-
tinguish between normal cells from tumor cells, therefore,
act against both the cells [18]. Geldanamycin (GA) be-
longs to benzoquinone ansamycin class of antibiotics that
specifically binds to the N-terminal ATP-binding site of
cancer chaperone, Hsp90 and interferes with its chaper-
one activity [19-21]. Therefore, compared to colcemid,
GA reportedly exhibits tumor selectivity.

In this study, we demonstrate that colcemid combina-
tion treatment with GA result in enhanced cytotoxicity
compared to individual treatments followed by mitotic
arrest. The mitotic arrest further correlates with sustained
nuclear accumulation of bubR1 kinase and metaphase
block. A decreased response to G2/M cell cycle arrest by
GA on bubR1 knockdown suggests Hsp90 involvement
in the quality control of bubR1. Our findings display hid-
den dimensions of Hsp90 inhibitors in cancer treatment.

2. Materials and Methods
2.1. Cell Cultures and Drug Treatments

Human neuroblastoma (IMR-32), human cervical cancer
(HeLa), and human lens epithelial (SRAO1) cells were
procured from American Type Culture Collection (ATCC)
resource and grown in DMEM (Dulbecco’s Modified
Essential Medium) containing 10% FBS (Fetal Bovine
Serum) in the presence of penicillin (100 U/ml) and
streptomycin (50 pg/ml) at 37°C in a humidified incuba-
tor with 5% CO, supply. Cells (2 x 10%) were grown in a
6-well culture dish (TPP, Switzerland) on 22 x 22 mm
cover glasses (Fisher Scientific, USA) were treated with
different drugs. The stock solutions of GA, colcemid and
MG132 were prepared in dimethyl sulfoxide (DMSO)
and the stock solution of LiCl was prepared in sterile
double distilled water.

2.2. MTT-Cytotoxicity Assay

Cells (1 x 10*) were grown in a 96-well plate (TPP, Swit-
zerland), treated with colcemid or GA or their combina-
tion for 24 h. At the end of each time interval, 20 pl of
MTT solution (5 mg/ml) was added to each well and
incubated at culture conditions for 3 h. The MTT crystals
in each well were solubilized with 200 ul of DMSO, and
the absorbance was measured at 560 and 670 nm.

2.3. Fluorescence Activated Cell Sorting (FACS)
Cells scraped into phosphate buffer saline (PBS, pH 7.4)
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were collected by centrifugation at 4000 rpm for 5 min at
room temperature and fixed using 70% ethanol for 2 h.
Cells were stained with 50 pg/ml propidium iodide (PI)
containing 5 pg RNase A for 30 min in dark at room
temperature. Acquisition was performed using FACS
(FACSCalibur, Becton Dickenson, USA) using FL2 pa-
rameter, and data analyzed using Cell-Quest Pro v5.2
software.

2.4. Analysis of Cell Nuclei

Nuclear staining was performed with DAPI (1 pg/ml)
after fixing cells in 4% paraformaldehyde for 15 min and
permeabilizing with 0.2% Triton X-100 in PBS (140 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPO, and 1.8 mM
K,HPO,, pH 7.3) for 10 min and observed under the mi-
croscope (Axiovert 200 microscope (20 magnification;
Carl Zeiss; Germany) attached to a 35 mm CCD camera.

2.5. RNA Isolation and Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated by TRIzol (Sigma-Aldrich, USA)
and the concentration was estimated using nanodrop
2000 (Thermo Scientific, USA) and RNA quality assessed
by running on agarose gel. First strand cDNA was pre-
pared from 1 pg total RNA in a reaction mixture pro-
vided in the cDNA synthesis kit (Invitrogen, USA). To
check bubR1 expression using PCR, the following prim-
ers were used. Forward primer, 5’-TCTGGGGCTTGGG-
GAGTCA-3’ and reverse primer, 5’-GGGGTTGGCAG-
GCTTTTGG-3’. The PCR reaction was performed for
GAPDH with the following primers, forward: 5’-TGAA-
GGTCGGTGTGAACGGATTTG-3’, reverse: 5’-TGAT-
GGCATGGACTGTGGTCATGA-3" (NCBI accession,
NM_002046).

2.6. siRNA Design and Transfection

The siRNA for bubR1 (Accession No: NM_001211.5) was
designed using BLOCK-iT™ RNAi Designer software
from Life Technologies, Invitrogen. The custom synthe-
sized bubRI siRNA (3 nos) are, Oligo-1: 5’-GCAGA-
GAAGAGAGCAGAAA-3’, Oligo-2:, 5’-GCCTCTGC-
AGAGTTGTGTA-3’, Oligo-3: 5’-GCTTGCAGCAAG-
AAATGAAT-3’. Each bubRl siRNA (2 pg/well) in a
12-well Nunc plate was used for transfection into IMR-32
cells using lipofectamine LTX plus reagent (Invitrogen,
USA) as per manufacturer’s instructions.

2.7. Immunoblot Analysis

Cells washed with PBS were scraped into HEPES lysis
buffer (10 mM HEPES pH 7.4, 10 mM NaCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.1% Triton X-100, 0.1 mM
DTT and 1x protease inhibitor cocktail). After incubation
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at 4°C for 1 h with gentle agitation, cell extracts were
clarified by centrifugation at 13000 rpm for 20 min at
4°C (Eppendorf Table Top Centrifuge 5417R). Protein
concentration was determined using Bradford reagent
(BioRad, USA), 20 g total cell lysate was run on 8%
SDS-PAGE and transferred onto nitrocellulose membrane
(Amersham Biosciences, USA). Antibodies, Hsp90a/f
(SC-7947), Hsp90« (SC-8262), Hsp90s (SC-1057), bubR1
(SC-16195), phosphorylated GSK-34 (SC-33039), GSK3p
(SC-7291), cdkl (SC-747), cdk2 (SC-163), cdk6 (SC-
7180), PCNA (SC-7907), p53 (SC-6243), cyclin B (SC-
752), ERK1 (SC-93), ERK2 (SC-154), phosphorylated
ERK1/2 (SC-101760), grp94 (SC-11402), cyclin D1
(SC-8396), and GAPDH (SC-25778) were purchased
from Santa Cruz Biotechnology Inc. (USA). Antibodies
to f-catenin (Cat No. 610154) were purchased from BD
Transduction Laboratories (USA). Immunodetection was
performed using horseradish peroxidase (HRPO) conju-
gated goat antimouse (SC-2005), goat antirabbit (SC-
2030), rabbit antigoat (SC-2922) IgG antibodies (Santa
Cruz, USA), and the luminescence was detected by Roche
chemiluminescence detection kit (Roche, USA).

2.8. Laser Scanning Confocal Imaging
Microscopy

Cells were first fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.2% Triton X-100 for 5 min, blocked
with 2% BSA for 1 h. Cells were then incubated with
primary antibodies, bubR1 (1:100 dilution in blocking
buffer), aurkl, aurk2, plkl and pericentrin (1:200 dilu-
tion in blocking buffer) for 1 h and subsequently incu-
bated either with FITC conjugated IgG secondary anti-
bodies. Nucleus was stained with DAPI (4°,6-diamidino-
2-phenylindole; 50 nM, VECTASHIELD, Vector Labs,
USA) and cover glasses were sealed to glass slides and
observed under the laser scanning confocal imaging mi-
croscope (100x magnification, Leica TCS SP5).

2.9. Data Analysis

Data shown are mean + SD of three independent experi-
ments. Statistical significance was calculated by stu-
dent’s t-test. Significance values represented are, *, p <
0.05; **, p <0.01; *** p <0.001.

3. Results

3.1. Colcemid and GA Combination Treatment
Induces G2/M Cell Cycle Arrest in Tumor
Cells, but not in Non-tumor Cells

To examine the effect of colcemid and GA on IMR-32,
HeLa, and SRAO1, cells were treated with different con-
centrations of colcemid (2.0, 4.0, 8.0, 10.0, 15.0, and
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20.0 pM) and GA (0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 uM) for
24 h and analyzed for cytotoxicity. There was a concen-
tration dependent increase in dead cells with colcemid
treatment in all the three cell types examined. However,
GA treatment induced cytotoxicity was observed in a
dose-dependent manner in IMR-32 (Figure 1(a)) and
HeLa (Figure 1(b)) cells compared to SRAO1 (Figure
1(c)) cells. Since the objective of the study is to sensitize
tumor cells to low concentrations of drugs in combina-
tion, colcemid and GA at concentrations 10.0 uM and 2.0
uM were chosen respectively.

First, we examined the combination effect of drugs on
cell cycle in comparison to individual treatments against
IMR-32, HeLa, and SRAO1 cells in a 24 h treatment. In
IMR-32, the combination treatment has resulted in the
accumulation of 67.4% (p < 0.001) G2/M cells while
colcemid and GA treatments showed 71% (p < 0.001) and
44.8 (p <0.01) G2/M cells respectively (Figure 1(d)). In
HeLa, the combination treatment has resulted in the ac-
cumulation of 70% (p < 0.001) G2/M cells while colce-
mid and GA treatments showed 46% (p < 0.001) and
34% (p < 0.001) G2/M cells respectively (Figure 1(e)).
In SRAO1, the combination treatment did not show any
significant effect on cell cycle, especially in comparison
with IMR-32 and HeLa cells (Figure 1(f)). Consistently,
both IMR-32 and HeLa exhibited similar response to the
combination drug treatment.

3.2. Colcemid and GA Combination Treatment
Induces Cytotoxicity in Tumor Cells on
Prolonged Treatment

To examine whether combination treatment promote
cytotoxicity on a prolonged treatment, tumor cells were
continuously treated for 72 h and the percent cytotoxicity
was measured. In IMR-32, prolonged treatment has in-
creased the cytotoxicity both with colcemid (44.9%, p <
0.01) and GA (53.5%, p < 0.01), which is 34.9% and
48.5% increase respectively compared to 24 h treatment.
In HeLa also prolonged treatment increased the cytotox-
icity with colcemid (30%, p < 0.01) and GA (49%, p <
0.01), which is 20% and 29% increase respectively com-
pared to 24 h treatment. Interestingly, the combination
treatment showed enhanced cytotoxicity in IMR-32 (85%,
p <0.001) and HeLa (67.7%, p < 0.001) cells, which is
75% and 57% respectively compared to their 24 h treat-
ments (Figure 2(a)). Since some of the chemotherapeutic
drugs show reversible effects after their withdrawal, we
examined the cytotoxic effects of drugs after 24 h treat-
ments followed by 24 h recovery without any treatment.
In IMR-32, we observed increased cytotoxicity with colce-
mid (24%, NS) and with GA (32.7%, p < 0.05), which is
19% and 22.7% increase respectively compared to 24 h
treatment. In HeLa also we observed increased cytotoxicity
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Figure 1. The colcemid and GA treatments induce mitotic arrest in tumor cells, but not in non-tumor cells. (a) Cells treated
with 2.0, 4.0, 8.0, 10.0, 15.0, 20.0 pM concentrations of colcemid or 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 pM concentrations of GA for
24 h were analyzed for cytotoxicity. The control (con) and DMSO treated cells were used for the calculation of significance
values from the drug treated cells; (b) Cells treated with colcemid, GA or their combinations for 24 h were analyzed by FACS
for cell cycle stages. SubGl, indicate dead cell population, G1, S, and G2/M, indicate cells in different phases of cell cycle.
Y-axis represents percent cells and X-axis represents phase of cell cycle. The values represented in (a) and (b) are mean + SD
from three independent experiments. Significance values represented are, p < 0.05; “p < 0.01, “p < 0.001.

with colcemid (26%, p < 0.01) and with GA (27%, p <
0.05), which is 16% and 22% increase respectively com-
pared to 24 h treatment. To our surprise, we observed
significant increase in cytotoxicity in the combination
treatment for IMR-32 (59.33%, p < 0.001) and HelLa
(66.3%, p < 0.001) cells, which is 49% and 56% increase
respectively in comparison with 24 treatment (Figure

Copyright © 2013 SciRes.

2(b)). These results suggest that tumor cells exhibit
atypical response to the combination treatment. Although
both IMR-32 and HeLa cells showed similar response to
the combination treatments, after observing enhanced
cytotoxicity in IMR-32 (85%) compared to HeLa (67.7%)
on prolonged treatments, subsequent experiments were
performed using IMR-32 cells.
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Figure 2. The colcemid and GA combination treatments exhibit a typical response in IMR-32 and HeLa cells. (a) Cells treated
with colcemid, GA, or their combinations for 12 h were replaced with fresh medium without drugs, maintained under normal
growth conditions for 12 h and analyzed for cytotoxicity. The control (con) cells were used for the calculation of significance
values from the drug treated cells. (b) Cells treated with colcemid, GA, or their combinations for 72 h were analyzed for cy-
totoxicity. The control (con) cells were used for the calculation of significance values from the drug treated cells. The values
represented in (a) and (b) are mean =+ SD from three independent experiments. Significance values represented are, p < 0.05;

"p<0.01, "p < 0.001.

3.3. Combination Treatment Increases bubR1
kinase Levels in Tumor Cells

To examine whether the combination treatment interferes
with biochemical pathways, cell lysates from IMR-32
cells after 24 h treatment were subjected to immunoblot
analysis with antibodies to proliferative enzymes and cell
cycle regulators. The combination treatment resulted in
decreasing the levels of PCNA and cyclin E. Increased
p53 levels correlating with decreased cyclin E and cdkl,
cdk2, and cdk6, and their upstream kinase ERK1/2 acti-
vation suggest severed cell cycle machinery, especially
the mitotic machinery. Concurrently, we observed a sig-
nificant increase in the APC/C inhibitor kinase, bubR1.
Individual drugs although showed varied biochemical
response, the effect induced by the combination treat-
ment was apparently significant suggesting severed cell
mitosis. Further, decreased procaspase-3 levels in the
combination treatment suggest mitotic damage lead to
cell death activation (Figure 3(a)). These results were in
agreement with G2/M cell cycle arrest in 24 treatment
(Figure 1) and enhanced cytotoxicity in a 72 h treatment
(Figure 2). Next, we examined for bubR1 expression in
SRAO1 cells and compared with HeLa cells. While a
moderate, but significant increase in bubR1 levels was
observed in HeLa cells in response to the combination
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treatment, SRAO1 cells did not show any bubR1 expres-
sion (Figure 3(b)) suggesting tumor selective effects of
combination treatment. After observing increased levels
of p53 protein in our immunoblot experiments, we want
to examine whether p53 increase relate to increased tran-
scription. Also to examine whether increased p53 levels
correlate with p21 transcription, RT-PCR analysis was
performed in control and drugs treated cells. Although
there is a complete decrease in pS53 transcription in the
GA and colcemid treatments, but not on recovery, com-
bination treatment showed significant increase in its in-
duced transcription. The increased p53 transcription,
however, did not correlate with increased p21 levels
suggesting its unconventional role in the combination
treatment (Figrue 3(c)).

3.4. Combination Treatment Increases Nuclear
Accumulation of bubR1 in Tumor Cells

Since bubR1 nuclear location decides the metaphase
progression [22], its localization in 24 h combination
treated IMR-32 cells were examined by immunofluores-
cence analysis. While individual drug treatments, colce-
mid and GA showed lack of bubR1 nuclear localization,
the combination treatment showed significant increase in
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its nuclear localization (Figure 4(a)). The increase in
bubR1 nuclear localization therefore suggests its possible
interference in mitosis progression. Analysis of DAPI
stained IMR-32 cell nuclei after 48 h colcemid, GA, and
combination treatments showed defects in mitotic pro-
gression compared to control cells. The colcemid treat-
ment showed unsuccessful metaphase to anaphase transi-
tion, which may be due to its anti-tubulin effects affect-
ing the spindle assembly. Colcemid treated cells pre-

vailed over mitotic arrest however, resulted in unequal
segregation of sister chromatids in the anaphase and te-
lophase transition of mitosis. GA treatment showed pro-
longed metaphase arrest suggesting delayed or inhibited
metaphase to anaphase transition. Interestingly, the com-
bination treatment showed loss of chromosomal archi-
tecture, which may be due to prolonged metaphase block
by the GA, and thus, relate to the enhanced nuclear
bubR1 levels (Figure 4(b)).
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Figure 3. Colcemid and GA combination treatments, but not individual treatments induce cell cycle deregulation. (a) IMR-32
cells were treated with colcemid, GA, and their combination for 24 h. Cells after 12 treatments were subjected to recovery for
12 h without any drug were represented as col-R and GA-R. GAPDH is used as a loading control. The values under each
band represent the arbitrary units measured using imageJ software. (b) HeLa and SRAO01 cells treated with colcemid, GA,
and in combination for 24 h. GAPDH is used as a loading control. The numbers mentioned under the each band represent the
ratio of expression analyzed in image J software after normalizing the values for GAPDH expression. (¢) IMR-32 cells were
treated with GA, GA treatment followed by recovery (GA-R), colcemid (col), colcemid treatment followed by recovery (col-R),
and the combination as explained in materials and methods. Total RNA was isolated, reverse transcribed to prepare cDNA
and subjected to polymerase chain reaction (PCR) using specific primers to p53, p21, and GAPDH.
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Figure 4. Colcemid and GA combination treatment promote bubR1 stabilization and interfere with metaphase progression.
(a) IMR-32 cells after 24 h drug treatments were subjected to cytoimmunofluorescence using anti-bubR1 antibodies. The
images were captured at 100x magnification and representation at a scale bar 100 pm. The nucleus was stained with DAPI. (b)
Microscopy analysis of the nucleus. IMR-32 cells after 48 h drug treatments were stained with DAPI and analyzed under the
microscope. The interphase nucleus represents non-mitotic cell. The images were captured at 100x magnification and repre-
sentation is at a scale bar 100 pm.
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3.5. Nuclear Accumulation of bubR1 is
Associated with Mitotic Arrest

If bubR1 accumulation is considered to be the major
cause for defect in metaphase to anaphase transition,
siRNA knockdown of bubR1 should decrease G2/M cells.
To investigate this, IMR-32 cells after post bubR1 siRNA
transient transfection (24 h) were subjected to 24 h com-
bination treatment and examined for bubR1 transcript
levels as well as protein levels in RT-PCR and im-
munoblot analyses respectively. A decrease in bubR1
mRNA transcript has correlated with decreased bubR1
protein levels compared to Figure 3(a) suggest functional
siRNA. When siRNA transfected cells were challenged
with GA for 24 h, and analyzed in FACS, we observed a
50% decrease in G2/M cells compared to non-transfected
controls (Figure 5(b)). These experiments established a
correlation between bubR1 stability with functional Hsp90
and suggest Hsp90 involvement in bubR1 quality control.
To investigate this correlation, IMR-32 cells were treated
with combination drugs with and without MG132 for 24
h and the cell lysates were immunoblotted for bubR1
expression. An increase in bubR1 levels (1.4 folds) upon
MG132 co-treatment in comparison to combination treat-
ment suggests Hsp90-dependent proteasome-mediated de-
gradation of bubR1.

3.6. Combination Treatment Compromises the
Activation of Non-canonical wnt Signaling

Malignant cells may activate the canonical pathway through

RT-PCR immunoblot
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gain-of-function mutations in f-catenin [23] or by non-
canonical pathway through Wnt/receptor signaling [24].
Since f-catenin stable expression induces G2/M arrest
that can stimulate cells to apoptosis [25], we have exam-
ined for f-catenin expression and its upstream regulator
GSK3p activities and correlated with the cell prolifera-
tive marker cyclin D1. Further, f-catenin is implicated in
cancer due to its ability to induce the transcription of
c-myc and cyclin D1 [26]. Since f-catenin is present in
mitotic cells and localized to centrosomes [27], we ex-
amined whether f-catenin expression is influenced by
bubR1-mediated mitotic arrest. Primarily, we observed
increased f-catenin levels in GA treatment compared to
colcemid and its combination treatments (Figure 6(a)).
Akt happens to be the primary regulator of GSK3p
phosphorylation, where Hsp90 controls Akt activity in
tumor cells [28]. As shown in Figure 6(a), LiCl inhibited
GSK3p phosphorylation and thereby decreased the ac-
cumulation of f-catenin however, only in the combina-
tion treatment. Since f-catenin expression correlates with
cyclin D1, we examined for cyclin DI levels by im-
munoblot analysis and found a correlation between de-
creased f-catenin levels with decreased cyclin D1 levels.
The inability of MG132 treatment in retaining f-catenin
or cyclin D1 in the combination treatment suggested
proteasome-independent, but Akt-GSK3/ phosphoryla-
tion-dependent regulation (Figure 6(b)). These findings
suggested that the combination treatment in addition to
targeting mitosis, also targets the non-canonical wnt sig-
naling.
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Figure 5. The Hsp90-dependent bubR1 kinase stabilization. (a) siRNA knockdown of bubR1 showing decrease in bubR1
mRNA and protein. GAPDH was used as a loading control. (b) IMR-32 cells transfected with bubR1 siRNA were further
treated with colcemid, GA or their combination and analyzed by FACS. (c) IMR-32 cells co-treated with MG132 and combi-
nation treatment for 24 h were analyzed by bubR1 immunoblot analysis. GAPDH was used as a loading control. (d) Stabili-
zation of bubR1 with Hsp90 inhibition and with proteasome inhibition. The ratio between bubR1 and GAPDH was calculated

by ‘image J’ software and represented in the bar diagram.
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24 h and analyzed by immunoblot. The numbers mentioned under the each band represent the ratio of bubR1 expression
analyzed in image J software after normalizing the values for GAPDH expression.

3.7. Prolonged Mitotic Arrest Associated with
Defective Mitotic Kinase Functions

Considering that chromosomal defects can affect the
downstream mitotic kinases, we examined the distribu-
tion of aurora kinases, aurkl [29] and aurk2, and polo-
like kinase, plkl by cytoimmunofluorescence [30]. The
untreated cells showed polar distribution of aurkl and its
association with spindle poles. However, in the treatment,
first there is a decrease in aurkl expression levels, which
is associated defective bipolar distribution (Figure 7(a)).
In untreated cells, we observed aurk2 localizing to chro-
mosome arms and as the mitosis progresses, it localized
to the centromere and midbody. In case of combination
treatment, along with a significant decrease in its expres-
sion, aurk2 was unable to localize to the centromere and
midbody (Figure 7(b)). The plkl is implicated in mitotic
entry and exit, and also in cytokinesis, however, in asso-
ciation with aurkl and aurk2 [30]. In untreated cells, plk1
is distributed to centromere during mitosis. Its inappro-
priate distribution in the treatment has correlated with lack
of interaction with aurks and defective mitosis (Figure
7(c)). Centrosome is composed of centrioles and pericen-
triolar material (PCM), where pericentrin is a key com-
ponent of PCM that acts as a microtubule organization
center [31]. Untreated cells showed pericentrin enrich-
ment and alignment with centrosome. In the treatment,
both its enrichment and alignment with the centrosome
were absent (Figure 7(d)). These experiments suggested
that the early defects in metaphase are associated with a
decrease, defective distribution, and functions of mitotic
kinases.

4. Discussion

Considering that drugs that perturb mitosis [2,3] or cen-
tral signal transduction [13] are effective anticancer
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agents, we have used anti-microtubule drug, colcemid
combination treatment with Hsp90 inhibitor, GA [20, 32]
to target tumor cell mitosis. We demonstrate that GA
combination with colcemid interfere with tumor cell mi-
tosis through bubR1 kinase. Although there was no sig-
nificant cytotoxicity observed in 24 h treatment, a sig-
nificant increase in G2/M cells was observed. Further,
we observed significant metaphase arrest by 48 h and an
increase in cytotoxicity on prolonged treatment such as
72 h. An enhancement in the cytotoxicity, especially in
the combination treatment in tumor cells suggested tumor
selective functions of combination treatment.

Withdrawal of drugs from the culture medium contin-
ued to show enhanced cytotoxicity in the combination
treatment suggests delayed mitosis resulting in cytotoxic-
ity. The mitosis interfering agents often induce poly-
ploidy through chromosomal mis-segregation, which
may be deleterious. However, in the present study, the
combination treatment interfered with metaphase to ana-
phase transition, which is leading to cytotoxicity. By and
large, cells that respond to chromosomal aberrations or
DNA damage act through p53 by transactivating p21
[33]. Surprisingly, we did not find any correlation be-
tween p53 stabilization with p21 transactivation. In-
creased p53 levels, however, has correlated with de-
creased cyclin E, cdkl, cdk2, and cdk6, and their up-
stream kinase ERK1/2 activation suggested severed cell
cycle machinery, especially the mitosis. Although en-
doreduplication is an alternate to enforced replication in
the functional compromise of classical cell division [34],
which lead to polyploidy [35,36], we did not observe
increased nuclear content or polyploidy in our study.
Activation of caspase-3 is another indication that these
cells are subsequently are subjected to apoptosis.

In the absence of atypical DNA damage response, ele-
vated bubR1 kinase levels suggest altered mitotic index
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Figure 7. The combination treatment induced mitotic arrest show defects in distribution and functions of mitotic kinases.
Control and combination drug treated cells were analyzed for cytoimmunofluorescence using antibodies for (a) aurkl, (b)
aurk2, (c) plkl, and (d) pericentrin in different phase of mitosis, prophase, pro-metaphase, metaphase, anaphase, and telo-
phase. The distribution of kinases from untreated cell was compared with combination drug treated cells. The mitotic phases
were captured under the laser scanning confocal microscope (100x magnification, scale bar 25 pm).

[4-6]. However, neither of drugs, colcemid nor GA either
alone or in combination has elevated DNA damage re-
sponse through p21. Therefore, it is evident from the data
that the DNA segregation defects in association with
stabilized bubR1 levels have severed mitotic progression.
Lack of bubR1 in non-tumor cells therefore correlating
with non-responsiveness to the combination treatment
further suggest bubR1 role in the combination treatment
response. A decrease in mitotic cells in response to GA
in bubR1 siRNA transfection suggests Hsp90-dependent
quality control of bubR1 in tumor cells. Hsp90 is in-
volved in the proteasomal degradation of some clients
that do not have survival advantage [37]. The Hsp90-
mediated proteasomal degradation of bubR1 may there-
fore have survival advantage in tumor cells.

Aberrant regulation of wnt signalling has emerged as a
rampant premise in cancer biology; however, except with
GSK3p that controls S-catenin expression, Hsp90 inter-
action with other wnt signal regulators is not known [38].
Cancer stem cells (CSCs) may use wnt signaling path-

Copyright © 2013 SciRes.

ways to evade pharmacological targeting since S-catenin
stable expression induces G2/M arrest and apoptosis [25].
Our study with this pathway has provided information on
atypical action of combination treatment on tumor cells.
Since S-catenin promote re-growth of microtubules at the
centrosomes [39], it’s over expression may reverse col-
cemid induced cellular effects. Since, GA combination
has significantly affected the S-catenin expression levels
the colcemid combination with GA appears to be more
effective. Subsequent studies on other mitotic kinases
such as aurks and plkl along with pericentrin has sug-
gested that prolonged metaphase arrest of cells in the
combination treatment has significantly altered the dis-
tribution and functions of these downstream mitotic kin-
ases, hence, the combination treatment induced effects
are appeared to be irreversible.

In summary, we demonstrated that colcemid combina-
tion treatment of tumor cells with GA resulted in en-
hanced cytotoxicity in IMR-32 and HeLa, but not in
non-tumor cells, SRAQO1. The combination treatments
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also revealed that the functional compromise of Hsp90
promotes bubR1 stabilization leading to metaphase arrest.
Our findings display novel strategies to target mitosis in
tumor cells using current cancer therapeutics.
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