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Abstract Monastrol is an allosteric inhibitor of the mitotic
kinesin Eg5 that exhibits an antiproliferative effect against
several cell lines. We investigated the antiproliferative effect
of monastrol on human breast adenocarcinoma cells (MCF-7)
and mammary epithelial cells (HB4a, non-tumoral).
Monastrol treatment decreased cell viability only in MCF-7
tumor cells. Real-time cell growth kinetic analysis showed a
decrease in the proliferation of MCF-7 cells exposed to
monastrol, while in the HB4a cells, only a concentration of
100 uM was able to induce this effect. In a cell cycle analysis,
exposure of MCF-7 cells to monastrol led to an increased
population of cells in both the G1 and G2/M phases. In
HB4a cells, the proportion of cells in the G2/M phase was
increased. Monastrol led to an increased mitotic index in both
cell lines. Monastrol was not able to induce cell death by
apoptosis in any of the cell lines studied. Gene expression
analysis was performed to measure the mRNA levels of cell
cycle genes, DNA damage indicator gene, and apoptotic re-
lated genes. Treatment with monastrol induced in MCF-7 cells
a 5-fold increase in the mRNA levels of the CDKNIA gene, an
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inhibitor of CDKs related with cell cycle arrest in response a
stress stimulus, and a 2-fold decrease in CDKNIC mRNA
levels in HB4a cells. These results provide evidence that
monastrol has a greater antiproliferative effect on MCF-7 tu-
mor cells compared with non-tumor HB4a cells; however, no
selective is observed.
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CDKNIA

Introduction

Cancer is a genetic disease resulting from the accumulation of
mutations that lead to maintenance of signaling proliferation,
insensitivity to growth suppression, resistance to cell death,
replicative immortality, induction of angiogenesis, invasion of
adjacent tissues, ability to reprogram the cell metabolism, and
evasion of the immune system (Hanahan and Weinberg 2000,
2011). In recent decades, cancer has become a global health
problem, and breast cancer is the most common among wom-
en, just lose for skin non-melanoma, and leads to higher mor-
tality in this group (Ferlay et al. 2015).

For many years, antimitotic drugs that target microtubules
have been used for anticancer chemotherapy. However, mi-
crotubules are also essential for other cellular processes, such
as transport of subcellular components and neurotransmitters
(Harrison et al. 2009). Therefore, compounds that interfere
with microtubule dynamics cause adverse effects, such as neu-
tropenia and neurotoxicity (Huszar et al. 2009; Rowinsky
et al. 1993; Tuxen and Hansen 1994). Despite the great prog-
ress of cancer treatment with these agents, it is necessary to
develop compounds that have new targets and mechanisms of
action to reduce side effects.
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Monastrol is a novel low molecular weight cell-permeable
molecule, and studies have demonstrated the potential of this
molecule for interfering with the formation of the mitotic spin-
dle and cell cycle progression (Kapoor et al. 2000; Mayer et al.
1999). Monastrol was reported to be an allosteric inhibitor of
the mitotic kinesin Eg5, the Xenopus laevis homolog of hu-
man kinesin spindle protein (KSP) (Chin and Herbst 2006;
Maliga and Mitchison 2006), a protein required in early mito-
sis for the separation of centrosomes and mitotic spindle for-
mation (Blangy et al. 1995; Enos and Morris 1990; Ferenz
et al. 2010). This protein is overexpressed in tumor tissues,
including breast solid tumors, colon, lung, ovary, rectum, and
uterus (Koller et al. 2006; Le Guellec et al. 1991; Sakowicz
et al. 2004), compared with adjacent non-tumor tissues.
Besides, studies have shown that monastrol does not cause
the neurotoxicity known to other chemotherapies in use, and
in some cases it has fewer deleterious effects than convention-
al chemotherapy (Yoon et al. 2005), and other studies find a
positive effect of monastrol (Haque et al. 2004; Lin etal. 2011;
Xu et al. 2015).

The antiproliferative activity of monastrol has been related
(Chin and Herbst 2006; Kaur et al. 2010; Leizerman et al.
2004; Russowsky et al. 2006; Vijapurkar et al. 2007); howev-
er, the role of monastrol in tumor cells compared with non-
tumor cells is poorly known. In this context, the aim of this
study was to evaluate the antiproliferative mechanisms of
monastrol in a breast adenocarcinoma cell line (MCF-7) and
non-tumor mammary epithelial cells (HB4a). The antiprolif-
erative activity and the ability of this molecule to interfere
with the cell cycle and induce cell death were evaluated by
cytometry and morphological assays. Moreover, the gene ex-
pression of cell cycle components, such as cyclins, inhibitors
of CDK, phosphatases, and the kinesin EGS5, as well as genes
involved in apoptosis and DNA damage response were
evaluated.

Materials and methods
Cell culture and monastrol

The human breast adenocarcinoma MCF-7 cells were ac-
quired from the Cell Bank of Rio de Janeiro and the non-
tumor human breast HB4a cells were kindly provided by A.
C. Camargo Cancer Hospital (Sao Paulo, SP). The cells were
grown in DMEM (Gibco) supplemented with 10 % fetal bo-
vine serum (FBS) (Gibco) and 1 % penicillin/streptomycin
(Gibco) at 37 °C and 5 % CO,. The HB4a cells were supple-
mented with insulin (Gibco) and hydrocortisone (Nostra
Pharma), both at a final concentration of 5 pg/mL. The cell
cycle under these conditions is approximately 24 h.
Monastrol was synthesized in the Universidade Federal de
Minas Gerais and provided by Ph.D Angelo de Fatima.
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Monastrol was dissolved in dimethyl sulfoxide (DMSO)
(Acros Organics) and diluted in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco-Life Technologies, Carlsbad, CA,
USA), where the concentration of DMSO did not exceed
0.5 % in culture.

MTT cytotoxicity assay

The cytotoxicity assay was performed with MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide)
(Invitrogen—Life Technologies) in accordance with the proto-
col described by Mosmann (1983), with some modifications.
Cells were seeded in 96-well culture plates (5 x 10° cells/well)
and incubated for 24 h for stabilization. After this period, the
following treatments were administered for 24 and 48 h: ve-
hicle control (0.5 % DMSO); 1 uM doxorubicin
(Adriblastina®; Pharmacia), and monastrol at 5, 25, 50, 75,
and 100 uM. After each time of treatment, the medium was
withdrawn, serum-free media containing 0.5 mg/mL MTT salt
was added and incubated for 4 h, and formazan crystal prod-
ucts were diluted. The absorbance at 540 nm was converted to
a percentage of surviving cells using the following formula: %
Vlablhty = (Atest — Awhite)/(Acontrol — Awhite) X 100, where A
equals absorbance average. The assay was performed in trip-
licate in three independent experiments.

Real-time cell growth kinetics

The xCELLigence-real-time cell analyzer (RTCA) system
(Roche Applied Science, Germany) was used to monitor the
dynamics of cell proliferation using the electric impedance.
The experiment was designed according to the manufacturer’s
recommendations. The cells were seeded at the optimal con-
centration as determined by a previous titration experiment
(6250 cells/well for MCF-7 cells and 3125 cells/well for
HBA4a cells). After 24 h of stabilization, the cells were treated
with 5, 25, 50, 75, and 100 uM of monastrol and 1 uM doxo-
rubicin for up to 96 h. The impedance was monitored every
30 min and the experiment was conducted in triplicate.

Apoptosis in situ and mitotic index

MCE-7 and HB4a cells (1.25 x 10° cells/well) were seeded in
a six-well microplate and incubated for stabilization. After, the
cells were exposed to DMSO 0.5 %, camptothecin (3 uM),
demecolcine solution (26.9 nM), and 25 or 50 uM monastrol
for 24 and 48 h. At the end of each treatment period, Hoechst
33342 (5 pg/mL; Sigma-Aldrich) was added for 15 min at
37 °C in the dark. To view and analyze the cells, the inverted
fluorescence microscope, FLoid® Cell Imaging Station (Life
technologies), was used at increased x460 magnification
(Blue filter 390/40 nm excitation and 446/33 nm emission).
Three biological experiments were performed, 500 cells per
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treatment were analyzed, and the values were expressed as a
percentage of the total number of cells analyzed. Hoechst
33342 staining was performed to visualize morphologic char-
acteristics of apoptosis, including nuclear condensation and
the formation of apoptotic bodies, and cells in mitotic division
with stained chromosomes in mitosis phase of the cell cycle.

Cell cycle analysis

MCF-7 and HB4a cells (1.25 x 10° cells/well) were seeded in
a six-well microplate and after 24 h of stabilization treated
with DMSO 0.5 %, camptothecin (3 uM) (Acros Organics),
and 25 or 50 uM monastrol. At the end of the treatments (24
and 48 h), the cells were detached using Accutase (StemPro
Accutase Cell Dissociation Reagent; Life Technologies), cen-
trifuged (2000 rpm for 5 min) and cold PBS was added.
RNAse (Life Technologies) (0.1 mg/mL) was added and in-
cubated for 30 min at 37 °C, followed by staining with
hypothonic fluorochrome solution (HFS) (PT 50 pg/mL, sodi-
um citrate 0.1 %, and Triton X-100 0.1 %) for 30 min on ice in
the dark (Savio et al. 2014) before flow cytometric analysis
(Accuri C6; BD Pharmingen™). For each sample, 10,000
events were analyzed in three independent experiments.

Annexin V analysis of apoptosis

The apoptosis analysis was performed using the Annexin
V/PE Apoptosis Detection Kit (BD Pharmingen) for MCF-7
cells and the Annexin V/FITC Apoptosis Detection Kit (BD
Pharmingen) for HB4a cells, and both cell lines were analyzed
in the Accuri C6 cytometer (BD Pharmingen™).

MCF-7 and HB4a cells (1.25 x 10° cells/well) were seeded
in a six-well microplate, and after 24 h of stabilization,
they were treated with DMSO 0.5 %, camptothecin
(3 uM), and 25 or 50 uM monastrol for 24 h. At the end
of the treatment, the medium was removed and the cells
were washed with cold PBS before the addition of
Accutase (Life Technologies) for detachment. The cellular
suspension was centrifuged (1000 rpm, 5 min), the super-
natant was discarded, and the pellet was resuspended in the
manufacturer’s buffer and stained with Annexin V/FITC
and fluorochrome PI (BD Pharmingen™ 1:100)/Annexin
V/PE and 7-AAD (BD Pharmingen™ 1:100) at room tem-
perature protected from light for 15 min. Three indepen-
dent experiments were performed, and 10,000 events per
treatment were analyzed.

Quantitative reverse transcription PCR (RT-qPCR)

MCEF-7 and HB4a cells (1.25 x 10° cells/well) were seeded in
a six-well microplate and after 24 h of stabilization treated
with DMSO 0.5 % and 50 puM monastrol for 24 h.
According to the manufacturer’s instructions, total RNA was

extracted using the RNeasy mini kit (Qiagen). RNA integrity
was confirmed on an agarose gel 1 % (28S and 18S rRNA
pattern of bands), and concentration and purity (A,0/A2g0)
were determined using a NanoDrop® 2000
(ThermoScientific). Complementary DNA (cDNA) was syn-
thesized according to the M-MLV protocol, using 40 U of
reverse transcriptase M-MLV (Invitrogen), 2.5 nM dNTP
mix, 10 pmol/uL oligo(dT) primer, RNAse out, and 500 ng
of total RNA. Real-time polymerase chain reactions were per-
formed in the CFX96™ Real-Time system (Bio-Rad) using
SYBR Green (SsoAdvanced™ SYBR Green supermix—
BIORAD) in a total of 11 pL of reaction mix (5 pL of
cDNA 50 ng, 5 uL SYBR Green, and 1 uL of each specific
gene primer (10 pmol)). Conditions for the PCR reaction were
as follows: 50 °C for 2 min, 95 °C for 2 min, 45 cycles of
denaturation (at 95 °C for 15 s), annealing (at 60 °C for 15 s),
and extension (at 72 °C for 30 s) per cycle. Melting curves
(5595 °C ready every 0.5 °C) for each PCR reaction were
generated to ensure the purity of the amplification product. To
determine the cell cycle stage, mRNA levels of the following
genes were determined: cyclin A2 (CCNA2), cyclin B1
(CCNBI), cyclin D1 (CCNDI), and cyclin E1 (CCNE1); in-
hibitors of CDK p21CP/Wafl/Sdil 55 7Kipl “and p57Xir2
encoded by CDKNIA, CDKNIB, and CDKNIC, respectively;
and the phosphatases Cdc25a and Cdc25c¢ encoded by
CDC25A and CDC25C, respectively. Furthermore, we ana-
lyzed the mRNA levels of the tumor suppressor 7P53 and
gene kinesin target of monastrol (EGS5). The levels of
GADD45A, a DNA damage indicator gene, and pro-
apoptotic (BAX and BAK) and anti-apoptotic (SURVIVIN,
BCL-2, and BCL-XL) genes were also investigated. The data
were normalized using the constitutively expressed
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene,
and three biological experiments were performed in duplicate.
The sequences of the primers are shown in Table S1
(Supplementary data).

Statistical analysis

The data obtained in the cytotoxicity assay, flow cytome-
try to assess induction of apoptosis and cell cycle phase,
evaluation of apoptosis in situ, and mitotic index were
analyzed using analysis of variance (ANOVA) followed
by Dunnett’s test (p < 0.05) using GraphPad Prism®35
software. Gene expression was analyzed with relative
quantification, using GAPDH as a reference gene, accord-
ing to Pfaffl with RESTO software (Relative Expression
Software Tool; Pfaffl et al. 2002). To filter out unreliable
data and to identify genes with significantly different ex-
pression, a standard 2-fold change in expression was used
as the cut-off point. The efficiencies were estimate by
LinRegPCR software.
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Results
MTT cytotoxicity assay

The MTT assay revealed that only the breast adenocarcinoma
cell line (MCF-7) showed cytotoxicity when exposed to
monastrol. MCF-7 cells had a significantly reduced viability
near 25 % when treated with monastrol at concentrations of
50,75, and 100 uM for 24 h (cell viability percentage of 74.5,
76.5, and 77.8, respectively) (Fig. 1a). After 48 h of exposure,
cell viability was significantly reduced near 40 % at the same
concentrations (cell viability percentage of 60.3, 55.3, and
57.3, respectively) (Fig. 1b). HB4a cells showed no signifi-
cant cytotoxicity in response to any of the tested concentra-
tions (Fig. 1).

RTCA assay

HB4a and MCF-7 cells showed two distinct patterns of pro-
liferation curves in RTCA after treatment with monastrol for
long periods with continuous readings at short intervals.
MCF-7 cells showed an initial decrease in normalized cell
index (NCI) after exposure to higher monastrol concentrations
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Fig. 1 Cytotoxicity in MCF-7 and HB4a cells after exposure to
monastrol. Cell viability (%) obtained by MTT assay from the treatment
of MCF-7 and HB4a cells with monastrol 0 (control), 5, 25, 50, 75, and
100 uM for 24 (a) and 48 h (b). The points represent mean values of cell
viability + standard deviation obtained in three independent experiments.
*##%p < 0.001 relative to control using ANOVA followed by Dunnett’s
test
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(50,75, and 100 uM), with a maximum decrease after approx-
imately 24 h. After approximately 30 h, there was a subse-
quent recovery of the proliferation of cells exposed to
monastrol (50 and 75 uM). However, the NCI of treated cells
did not return to the NCI of the controls. MCF-7 cells exposed
to 100 uM monastrol did not return to exponential growth
(Fig. 2). In HB4a cells, only 100 uM monastrol induced a
linear decrease in the CI during the treatment period (Fig. 3).
After 48 h of exposure to 75 uM monastrol, HB4a cells initi-
ated a proliferation decrease relative to control. Based on these
results, the monastrol concentrations chosen for subsequent
experiments were 25 and 50 pM.

Hoechst 33342 staining: apoptosis and mitotic index

Analysis of the mitotic index by Hoechst 33342 staining was
performed to distinguish cell cycle arrest in the mitotic phase.
MCEF-7 cells showed a significant increase in mitotic index of
4.7- and 2.4-fold compared with control when exposed to
50 uM of monastrol for 24 and 48 h, respectively (Fig. 4a).
At the same concentration of monastrol, HB4a cells had a
significant increase of 2.7- and 2-fold compared with controls
at 24 and 48 h of exposure, respectively (Fig. 4b).
Consistently, the photomicrographs showed an increase of
cells in mitotic division with stained and surrounded chromo-
somes (Fig. 4¢). At a low concentration of monastrol (25 uM),
no significant changes were found in either cell line tested
(Fig. 4). In the morphological analysis with Hoechst 33342
staining, the cells exposed to monastrol for any time tested did
not demonstrate an increase in apoptosis.

Cell cycle flow cytometry

The results obtained from assessment of the cell cycle by flow
cytometry and mitotic index indicate that the MCF-7 cells are
more sensitive to monastrol than HB4a cells. The analysis of
the cell cycle distribution of MCF-7 cells demonstrates that
within 24 h of exposure to 50 uM monastrol, the cells had a
significant increase in the frequency (%) of cells in G1 and
G2/M phases. The increase in G1 and G2/M phases was ac-
companied by a decrease in the frequency of cells in the S
phase. Cells exposed to 25 M monastrol showed a signifi-
cant increase only in the G1 phase (Fig. 5a). Within 48 h of
exposure to monastrol (50 uM), the cell population showed a
similar pattern of behavior with a significant reduction in the
population of cells in the S phase and a significant increase in
those in G2/M phase relative to control. The exposure of the
cells to 25 uM of monastrol for 48 h caused a significant
increase in cells in the G1 phase and a significant decrease
in cells in the G2/M phases (Fig. 5b).

The analysis of HB4a cells demonstrates that only a con-
centration of 50 pM monastrol caused changes in cell cycle
dynamics. After 24 h, there was a significant increase in the
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Fig. 2 Real-time cell growth 16 -
kinetics of MCF-7 cells exposed
to monastrol. Cell index curves of
the MCF-7 cells obtained by 81
xCELLigence—RTCA system
showing the kinetics of cell
growth following exposure to
monastrol for 96 h. The
normalized cell index (NCI) was
measured every 30 min, and the
points represent mean NCI values

Normalized Cell Index
]

MCEF-7

obtained in triplicate 1.1

05 12 24

e Monastrol 100 pM

o= Monastrol 25 uM

G2/M population and a significant decrease in the frequency
of G1 (Fig. 6a). After 48 h of exposure, all phases of the cell
cycle were changed significantly when exposed to 50 uM
monastrol, with a decrease of cells in the G1 and S phases
and an increase in those in the G2/M phase (Fig. 6b).

Apoptosis flow cytometry

To investigate the mechanism that leads to reduced cell via-
bility and alterations in the kinetics of cell growth, an analysis
of apoptosis was performed. The apoptosis analysis with
Annexin V by flow cytometry, as well as in the cell cycle
analysis of the sub-G1 population (data not shown), showed
no significant induction of apoptosis (Fig. 7).

RT-qPCR

The gene expression of cell cycle components, such as
cyclins, inhibitors of CDK, phosphatases, and the kinesin

Fig. 3 Real-time cell growth
kinetics of HB4a cells exposed to
monastrol. Cell index curves of
the HB4a cells obtained by
xCELLigence-RTCA system
showing the kinetics of cell
growth following exposure to
monastrol for 96 h. The
normalized cell index (NCI) was
measured every 30 min, and the
points represent mean NCI values
obtained in triplicate

[
)

Normalized Cell Index

Treatment time (h)

e Monastrol 75 uM e Momastrol 50 pM

=== Monastrol 5 pM === Control

EG5, as well as genes involved in apoptosis and DNA damage
response were evaluated. MCF-7 cells showed a significant
increase in mRNA levels of the CDK inhibitor CDKNIA (5-
fold change) after exposure to monastrol (Fig. 8). The non-
tumoral HB4a cells showed a significant decrease in mRNA
levels of CDKNIC (2-fold change) (Fig. 8). The expression
levels of the other genes were unchanged compared with the
controls (Fig. 9).

Discussion

The antiproliferative activity of monastrol has been related
(Chin and Herbst 2006; Kaur et al. 2010; Leizerman et al.
2004; Russowsky et al. 2006; Vijapurkar et al. 2007); howev-
er, the molecular mechanism and the role of monastrol in
tumor cells compared with non-tumor cells are poorly known.
In this study, we investigate the effects of this compound on
the breast tumor MCF-7 cell line and the non-tumor mammary

HB4a

=== Monastrol 100 uM

e Monastrol 25 uM

Treatment time (h)

Monastrol 75 puM ~===Nonastrol 50 pM

Monastrol 5 uM Control
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Fig. 4 Monastrol causes an
increase in mitotic index of MCF-
7 and HB4a cells. Mitotic index
by staining with Hoechst 33342 in
MCF-7 (a) and HB4a (b) cells
treated for 24 and 48 h with
monastrol. ¢ Photomicrographs
showing morphology by staining

MCE-7

%,
-
(=]

I

Mitotic index

'I

=
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m24h
48h

—
Mitotic index (%)

with Hoechst 33342. Data are 2 1 - :
presented as the mean + standard 0-

deviation of three independent
experiments. *p < 0.05,

*#p < 0.01, **¥*p < 0.001 relative
to control using ANOVA
followed by Dunnett’s test.
Arrows indicate arrest cells in
mitosis and arrowhead indicates
apoptotic cell (magnification
x460)

Monastrol 25 uM
Treatments

HB4a i
I
6 -
e I
o ]

Control Monastrol 25 pM  Monastrol 50 uM
Treatments

Monastrol 50 uM

48 hours 48 hours
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HBA4a cell line, and we found that monastrol has a more pro-
nounced cytotoxic and antiproliferative activity to tumoral
cells when compared with non-tumoral cells. It was observed
that monastrol causes cell cycle arrest in the G2/M and G1
phases and there is an evident increase in mRNA levels of the
cyclin-kinase inhibitor CDKNIA on MCF-7 cells. For the
non-tumor HB4a cell line, although exposure to monastrol
causes cell cycle arrest at the G2/M phase, the observed effects
were generally more discreet.

Both MTT cytotoxicity assay and real-time cell growth
kinetics showed that monastrol exhibited a more pronounced
cytotoxic and antiproliferative activity to MCF-7 cells than to
HB4a cells. In MTT cytotoxicity assay, only the MCF-7 tumor
cells showed a reduction of viability after exposure to this
compound. Also, in the analysis of real-time cell growth ki-
netics, it was possible to observe that MCF-7 cells were more
sensible than HB4a cells to monastrol antiproliferative
activity.

The analysis of the cytotoxicity profiles by real-time cell
analyzer can provide important information about its mecha-
nism of action according to the time-dependent cell response
profiles (TCRPs). Abassi et al. (2009) showed that molecules

@ Springer

with similar mechanisms of action had similar TCRPs. In the
present study, MCF-7 cells presented a decrease in normalized
cell index (NCI) after exposure to monastrol with a subse-
quent recovery of the proliferation after approximately 30 h.
This response resembles the profile presented by antimitotic
agents (paclitaxel, colchicine, and nocadazol) and by lung
carcinoma cells (A549) exposed to monastrol (Abassi et al.
2009). The authors suggested that the initial decline in NCI is
correlated with morphological changes resulting from arrest in
mitosis, such as cell rounding and detachment of the cells, and
recovery of the NCI was attributed to the subpopulation of
cells that escape mitosis and large cells that failed cytokinesis
(Abassi et al. 2009). The HB4a cells continued their exponen-
tial growth similar to the control group, and only a concentra-
tion of 100 pM monastrol altered the growth kinetics early
(<12 h).

Some reports have shown that monastrol prevents the for-
mation of the bipolar mitotic spindle by retaining cells in G2/
M through the activation of the spindle checkpoint by binding
to the kinesin Eg5 (Chin and Herbst 2006; DeBonis et al.
2003; Haque et al. 2004; Kapoor et al. 2000; Leizerman
et al. 2004; Maliga et al. 2002; Mayer et al. 1999;
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Fig. 5 Analysis of the population distribution of MCF-7 cells in the cell
cycle by flow cytometry. Effects of treatment with 25 and 50 uM
monastrol on the distribution of the cell cycle (G1, S, G2/M) after 24 h
(a) and 48 h (b) of treatment. Data are presented as the mean + standard
deviation of three independent experiments. *p < 0.05, **p < 0.01,
##%p < 0.001 relative to control using ANOVA followed by Dunnett’s test

Monastrol 50 pM

Vijapurkar et al. 2007). Therefore, to investigate the mecha-
nisms by which monastrol inhibits cell growth, the cell cycle
dynamic by flow cytometry was performed. Our results show
that monastrol altered the profile of normal distribution of
MCF-7 cells in the cell cycle, with a drastic increase in the
population in G2/M and increase in mitotic index, suggesting
that blocking has occurred in the M phase (mitosis) of the
cycle. However, after 48 h of exposure, there was a reduction
in the mitotic index without a decrease of cells with DNA
content 4n. This suggests that a proportion of the cells retained
in M phase after 24 h of exposure exited mitosis without
dividing their genetic material, probably due to mitotic slip-
page, and formed a population of cells with 4n DNA content
retained in the G1-like state phase by a mechanism known as
adaptation (Gascoigne and Taylor 2008; Rieder and Maiato
2004; Weaver and Cleveland 2005). In HB4a cells, this effect
is also found but in smaller proportions. Similar results were
obtained by Asraf et al. (2015) after exposing five different
cell lines (AGS, HepG2, LoVo, Dul45, and HT29) to
monastrol (20—-150 uM). They found that all cell lines showed
an increase in the population of cells with 4n DNA content,
with two phenotypes based on sensitivity to monastrol and
levels of survivin: cells in mitotic arrest or a G1-like state. In
the current study, levels of SURVIVIN mRNA were not altered

>

HB4a

Cell population (%)

Control Monastrol 25 pM

Treatments

Monastrol 50 pM

*K

Cell population (%)

20 A1 *

10 s

Control Monastrol 25 pM Monastrol 50 uM
Treatments

Fig. 6 Analysis of the population distribution of HB4a cells in the cell
cycle by flow cytometry. Effects of treatment with 25 and 50 uM
monastrol in the distribution of the cell cycle (G1, S, G2/M) after 24 h
(a) and 48 h (b) of treatment. Data are presented as the mean + standard
deviation of three independent experiments. *p < 0.05, **p < 0.01,
**%p <0.001 relative to control using ANOVA followed by Dunnett’s test

in the presence of monastrol in either cell line, and some cells
remained in a Gl-like state, suggesting sensitivity of these
cells to monastrol.

The cell cycle is regulated by the CDKs, which, among
other modes of regulation, can be activated by cyclins and
inactivated by their inhibitors, the CKIs. The overexpression
of p57%1P? is related to arrest at the G1 phase of the cell cycle
through inhibition of the complex of CDK/cyclin (Kavanagh
and Joseph 2011; Ullah et al. 2008). p57Kipz is a candidate
tumor suppressor, and its downregulation or absence can in-
fluence breast tumorigenesis (Larson et al. 2008; Xu et al.
2012). In the present study, CDKNIC expression levels were
decreased in the HB4a cells when exposed to monastrol. Such
downregulation may be correlated with the observed decrease
in the G1 population. The increase of the G2/M population
may be due to monastrol activity and activation of the spindle
checkpoint.

MCEF-7 cells exposed to monastrol had a 5-fold increase in
expression levels of the CDKNIA gene. CDKNIA gene en-
codes the protein p21“P"Vaf/84il 4y is a transcriptional target
of the p53 tumor suppressor protein. Stresses suffered by the
cell, such as DNA damage, can increase the levels of p21Cip/
Wafl/Sdil (Green and Kroemer 2009). This protein, as well as
other family members, is an inhibitor of CDKs (Sherr and
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10 4 " be correlated with cell cycle inhibition in the G1 phase (Sherr
04 e T = N T X and Roberts 1999) and G2/M (Abbas and Dutta 2009; Mandal
Viable Early apoptosis  Late apoptosis/inecrosis et al. 1998), agreeing with the data observed in our study.

Fig. 7 Monastrol does not induce apoptosis in MCF-7 and HB4a cells.
The cells were exposed to 25 and 50 M of monastrol for 24 h, stained
with Annexin V/PE and 7AAD for MCF-7 (a) and Annexin V/FITC and
PI for HB4a cells (b) to obtain the percentage of apoptotic cells by flow
cytometry. Data are presented as the mean + standard deviation of three
independent experiments (p < 0.05)

Relative expression
t

*

EGS P53

Fig. 8 Relative expression of genes related to cell cycle. Levels of
transcripts of EGS5, TP53, CDKNIA, CDKNIB, CDKNIC, CCNA2,
CCNBI1, CCNDI1, CCNE1, CDC25A, and CDC25C genes obtained by
RT-qPCR after 24 h treatment with 50 uM monastrol. The relative
expression of each target gene was normalized with the reference genes

@ Springer
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Other studies with HCT116 and RPEI cells exposed to
monastrol demonstrated an increase in chromosome
missegregation with cell cycle arrest and accumulation of
p21 without DNA damage (Thompson and Compton 2008,
2010). Cells that survive the arrest in G2/M and that have high

& MCF7

)

CCND!I CCNE! CDC25A CDC23C

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data are
presented as the mean of the relative expression of three independent
experiments with mechanical duplicates. Statistical analyses were
calculated by REST 2009 software with expression sieve >2 or <—2.
*Significant with p <0.05
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levels of p21€PWafl/Sdil ¢an be retained in G1 phase, can

proceed to cell death, undergo endoreplication, continue in
the cycle, or even become senescent. It has been reported that
high expressions of p21<PWaf/Sdil can suppress mammary
carcinoma cell growth (Shibata et al. 2001), and its absence
is an indicator of poor prognosis for cancer (Abukhdeir and
Park 2008).

In all parameters of assessment, we found that monastrol
was not able to promote apoptosis of the HB4a and MCF7
cells. Costa-Rosa (2011) verified that treatment of MCF-7
cells with monastrol (100 uM) also resulted in an increase in
the G2/M population without inducing programmed cell
death. Similar results were found for lung carcinoma line
A549 (Vijapurkar et al. 2007). In contrast, other studies have
found an induction of apoptosis in gastric adenocarcinoma
cells (AGS) and colorectal (HT-29) (Leizerman et al. 2004),
cervix carcinoma (HeLa) (Chin and Herbst 2006), and mela-
noma cells (UACC62) (Russowsky et al. 2006) exposed to
monastrol.

Conclusion

In summary, our results indicate that monastrol exerts differ-
ential antiproliferative activity towards breast adenocarcinoma
MCF-7 cells and mammary epithelium HB4a cells. In all pa-
rameters evaluated, monastrol was less effective to non-tumor
HB4a cells than to MCF-7 cells. The antiproliferative activity
of this compound to MCF-7 cells is related to arrest in the M
phase of the cell cycle with characteristics that suggest mitotic
slippage. At low doses of monastrol, MCF-7 cells were
arrested in the G1 phase of the cell cycle. The cell cycle inhi-
bition of MCF-7 cells was mediated by an accentuated upreg-
ulation of CDKNIA mRNA levels. For the non-tumor HB4a
cell line, although exposure to monastrol causes cell cycle
arrest at the G2/M phase, the observed effects were generally
more discreet. Thus, this study provides evidence that MCF-7
and HB4a cells have different sensitivities to monastrol, which
has a greater antiproliferative effect on tumor cells; however,
no selective is observed.
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