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Prostate cancer has been widely viewed as a chemoresistant neoplasm. Perhaps, the most prevalent
antimicrotubule strategy involves docetaxel administration at its maximum-tolerated dose (MTD).
Although the goal is to obtain total eradication of cancer cells, debilitating toxicities are presented by
docetaxel therapy, including myelosuppression, immunosuppression, gastrointestinal toxicity and
peripheral neuropathy. In addition, solubility limitations necessitate infusion of high-doses intravenously

Key W,Ordsf . once or twice a week followed by a rest period, which allows recovery of normal proliferating cells to
"é";:;hgr;—bmdmg counter-balance efficacy. An emerging notion is that more of a toxic drug at its MTD is not necessarily
Polyploidy better. It is likely that combinatorial antimicrotubule therapy with drugs occupying different sites on
Apoptosis tubulin may enhance efficacy while reducing toxicity. Here we show that bromonoscapine (EM011), a
Docetaxel microtubule-modulating noscapine analog, displays synergism with docetaxel as seen by cell viability and

proliferation assays. Cell-cycle data demonstrated that lower dose-levels of docetaxel (25 nM) in
combination with EM011 caused an additive increase in proapoptotic activity. Since docetaxel alone caused
severe mitotic arrest followed by mitotic slippage and endoreduplication, we strategized a sequential
treatment regime that involved initial pretreatment with docetaxel followed by addition of EM011 to
maximize mitotic arrest and subsequent apoptosis. In vivo studies with docetaxel and EMO11 in
combination showed a marked inhibition of tumor growth compared to docetaxel or EM011 as single-
agents. Our studies suggest the potential usefulness of EMO011 in the clinic to enhance docetaxel activity.

This would reduce toxicity, thus improving the quality of life of docetaxel-treated patients.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Prostate cancer is the most common cancer among US men and
a leading cause of mortality worldwide [1]. An overwhelming
majority (~90%) of prostate cancer deaths occur in patients with
skeletal metastases, particularly in bones [2]. Unfortunately,
androgen-ablative therapy as first-line chemotherapy is only
palliative, as tumors develop resistance to anti-androgens within 6
months to 2 years [3-6]. More recently, studies of docetaxel
(taxotere) based chemotherapy have indicated significant survival
benefits in this disease state in men with androgen-independent
prostate cancer [7,8]. Since the most prevalent strategy involves
docetaxel administration usually at its maximum-tolerated dose
(MTD), debilitating toxicities are presented by docetaxel therapy
including myelosuppression, immunosuppression, gastrointesti-
nal toxicity, and peripheral neuropathy [9-14].
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Systemic toxicity constitutes one of the major clinical impedi-
ments to successful chemotherapy. Much of this is attributable to
the traditional usage of drugs at MTDs in the clinic. Solubility
limitations of several drugs also necessitate infusion of high-doses
intravenously once or twice a week, followed by a rest period,
which unfortunately allows recovery of normal proliferating cells
to counterbalance efficacy. This high-dosage strategy has also been
popular perhaps due to limitations of non-specificity of drugs,
wherein MTD would yield higher dose-response curves necessary
for the management of patients in the terminal stages of cancer.
However, treatment strategies involving MTD unfavorably result
in a narrow therapeutic window with high-doses being toxic to
rapidly proliferating normal cells of the body. An emerging notion
is that more of a toxic drug at its MTD is not necessarily better.
Recently, the idea of employing ‘biologically effective doses’ of a
combination of one or more tubulin-binding drugs, that occupy
different sites on tubulin, has gained momentum [15]. Essentially,
the lower biologically effective doses of each drug would perhaps
elicit a pharmacological response without causing overt toxicity. In
addition, the use of lower biologically effective doses of a drug
might confer an advantage of administering the drugs more often
and may counteract off-target toxicities. This may also combat
drug resistance encountered on using MTD. Most often, chemo-
therapy involves coadministration of two or more drug regimes in
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combination and several antimicrotubule drugs that bind at
different sites on the same cellular target, for example tubulin,
have been shown to display synergy in offering therapeutic
responses [16-18]. This presents a unique opportunity to
administer drugs at far lower concentrations than doses at which
they individually exert toxicity. In addition, this enables lowering
the concentration of more toxic drug while supplementing it with a
more tolerable, less toxic drug.

Noscapine, a naturally occurring non-toxic plant alkaloid with
known antitussive function has been identified for its novel
tubulin-binding anticancer property [19]. Continued efforts
directed towards rational drug design and chemical synthesis
have yielded several potent noscapine analogs with superior
pharmacologic and toxicity profiles [20-23]. One of them, EMO011
(the brominated noscapine analog) has shown significantly higher
activity than the parent noscapine, while retaining its non-toxic
attributes [23-25]. Here we show that EMO011 displays synergy
with docetaxel in inhibiting cellular proliferation and inducing
apoptosis in human prostate cancer cells. In view of the favorable
toxicity profile of EM011, the synergism between EM011 and
docetaxel in vivo offers a clinically relevant opportunity to utilize
reduced dose-levels of docetaxel well below its MTD while
combining it with daily oral EM011 doses for the chemotherapeu-
tic management of prostate cancer. Such synergistic regimens
perhaps will enable us to switch to a ‘metronomic style of
chemotherapy’ where the tumor is never allowed to ‘recover’ by
chronic administration of low doses of cytotoxic drugs in
combination with more tolerable drugs at close, regular intervals
with no prolonged drug-free interruptions.

2. Materials and methods
2.1. Cell culture and treatment schedule

PC-3 and DU145 cells were grown in RPMI medium supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. For sequential combination treatment to strategize
most effective outcome, treatment with 10 uM EMO11 was
performed for 12 or 24 h post 25 nM docetaxel treatment. The
cells were then fixed for cell cycle analysis at 48 h post docetaxel
treatment.

2.2. Cell viability by trypan blue-exclusion assay

The loss of membrane integrity in dead and dying cells allows
preferential uptake of labels like trypan blue. At the end of
incubation times with drugs, PC-3 cells were pelleted and washed
with PBS. Well-suspended cells were mixed with equal volume of
0.4% trypan blue in 1x PBS, pH 7.4, followed by incubation at room
temperature for 5 min. Cells were examined under the microscope
and blue-stained cells were considered non-viable.

2.3. Alamar blue assay

Growth inhibition of cells was measured using the Alamar blue
assay. This assay is an indicator of the ability of metabolically
active cells to reduce non-fluorescent resazurin to bright red-
fluorescent resorufin. Briefly, cells were plated at 10% cells/well in a
96-well plate-format. After incubation with drugs, 20 wl of Alamar
blue dye was added to each well, followed by incubation at 37 °C
for 2 h and reading at 575 nm.

2.4. Determination of synergy and DRI

Drug interactions were analyzed by a computer software,
Calcusyn, in a stepwise fashion, beginning with single agent dose-

response curves, followed by dose-response curves involving
combinations of the two drugs. The analytical method of Chou
and Talalay [26] yields two parameters that describe the
interactions in a given combination: the combination index
(CI) and the dose reduction index (DRI). The combination index
(CI) equation is based on the multiple drug-effect equation of
Chou-Talalay derived from enzyme kinetic models. For mutually
exclusive drugs that have the same or similar modes of action,
combination index is described as CI=(D);/(Dx); +(D)2/(Dx)2,
where (Dy); and (Dy), are the doses of drug 1 and drug 2 alone,
respectively, causing x% inhibition. A CI of <1 indicates
synergism, a CI of 1 or close to 1 indicates additive effects,
and a CI of >1 indicates antagonism. DRI measures the factor by
which the dose of each drug in a combination may be reduced at
a given effect level compared with the dose when each drug is
used alone. DRI is important in clinical situations, where dose
reduction leads to reduced toxicity while retaining the
therapeutic efficacy. The dose-effect relationship was derived
by Chou through mathematical induction using numerous
enzyme kinetic models. It correlates the “Dose” and the “Effect”
in the simplest possible form: f./f, =(D/Dy)™, where D is the
dose of drug, and D,, is the median-effect dose signifying the
potency. Dy, is determined from the x-intercept of the median-
effect plot. f, is the fraction affected by the dose and f, is the
fraction unaffected (f, =1 — f,). m is an exponent signifying the
sigmoidicity (shape) of the dose effect curve. It is determined by
the slope of the median effect plot. A DRI >1 is beneficial, and
the greater the DRI value, the higher the dose reduction is for a
given therapeutic effect. DRI may be influenced by the
combination ratio and the number of drugs. Toxicity may be
decreased when the dose is reduced.

2.5. DAPI staining

Cell morphology was evaluated by fluorescence microscopy
following DAPI staining. PC-3 cells were grown on coverslips in six-
well plates and were treated with drugs for 48 h. After incubation,
coverslips were fixed in cold methanol and washed with PBS,
stained with DAPI, and mounted on slides. Images were captured
with Zeiss (Axioplan-2) fluorescence microscope using a 40x
objective. Apoptotic cells were identified by features characteristic
of apoptosis (e.g., nuclear condensation, formation of membrane
blebs, and apoptotic bodies).

2.6. Immunoblotting

The protein lysates collected from control or treated cells were
resolved by SDS-PAGE and transferred onto PVDF membrane. The
membrane was incubated with the desired primary antibody
overnight at 4 °C and appropriate secondary antibody for 1 h at
room temperature. The immunoreactive bands were visualized by
the chemiluminescence detection kit (Pierce Chemical Co., Rock-
ford, IL). B-Actin was used as loading control.

2.7. Cell-cycle analysis

The flow-cytometric evaluation of cell-cycle status was
performed using FlowJo software. After treatments, cells were
harvested at different time intervals, washed twice with ice-cold
PBS, and fixed in 70% ethanol for at least 24 h. Cell pellets
were then washed with PBS followed by RNase A (2 mg/ml)
addition and staining with anti-MPM-2 primary antibody and
Alexa-488 conjugated secondary antibody. Propidium iodide
(0.1% in 0.6% Triton X-100 in PBS) was added for 45 min in
dark followed by analysis on a FACS Canto flow-cytometer
(BD Canto).
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2.8. Immunofluorescence microscopy

PC-3 cells were grown on glass coverslips for immunofluores-
cence microscopy. After treatment with drugs, cells were fixed
with cold (—20 °C) methanol for 10 min and blocked by incubating
with 2% BSA/PBS at 37 °C for 1 h. Cleaved caspase-3 or cleaved
PARP antibodies (1:500 dilution) were incubated with the cover-
slips for 2 h at 37 °C. The cells were washed with 2% BSA/PBS for
10 min at room temperature before incubating with a 1:500
dilution of Alexa-488 conjugated secondary antibodies. Cells were
mounted with Prolong-Gold antifade reagent that contained DAPI
(Invitrogen, Carlsbad).

2.9. In vivo drug administration and tumor imaging

Stably-transfected luciferase-expressing PC-3 (PC-3-luc) cells
(106) (Caliper Life Sciences, Alameda, CA) were subcutaneously
injected in the right flank of six-week old male BALB/c nude mice
(Harlan laboratories, IN). Growth of inoculated cells was moni-
tored by measuring luciferase activity in live mice using the IVIS
imaging system (Caliper Life Sciences, Alameda, CA) as described
earlier [27]. Tumors were allowed to grow until measurable
photon intensity and animals were then randomly subdivided into
4 groups of 5 mice each. Mice were fed daily with 300 mg/kg
EMO11 by oral gavage or 5 mg/kg docetaxel once a week
intraperitoneally, or a combination of EMO11 and docetaxel at
dose levels used for single-drug treatments. Mice in control group
received equal volume of vehicle (0.5% Tween-80 in PBS). All
animal experiments were performed in compliance with the
institutional IACUC guidelines. At the end of 5 week treatment,
animals were sacrificed and tumors and other organs were excised
for H&E and immunohistochemical staining as described earlier
[27].

2.10. Statistical analysis

All experiments were repeated three times. Data were
expressed as mean =+ standard deviation. Statistical analysis was
performed using Student’s t-test. The criterion for statistical
significance was p < 0.05. For immunoblotting data, band intensities
were measured using Image] and normalized to (3-actin.

3. Results
3.1. In silico docking of EMO11 and docetaxel on tubulin

Both docetaxel and EM011 belong to the tubulin-binding family
of chemotherapeutic agents [27-29]. Thus, we first asked if EM011
and docetaxel share the same binding site on tubulin. To this end,
in silico molecular-modeling tools were employed to dock EMO011
and docetaxel onto the 3.5 A crystal structure of tubulin. Since the
discovery of the anti-mitotic activity of the founding molecule,
noscapine, was based on its structural similarities to known
tubulin-binding drugs including colchicine [19], we used the
solved structure of colchicine [30] as a basis to create an in silico
model of EM011 bound to tubulin. Schrodinger’s Phase Flexible
Ligand Superpositioning program [31] was used to overlay the
best-fitting conformation of EM011 onto colchicine, which was
then placed into the pocket occupied by colchicine in the 1SA0 PDB
structure [31,32]. We then used Matchmaker of UCSF's Chimera
program [33,34] to align the PB-subunit of our tubulin-EMO011
model construct onto the corresponding (3-subunit of the 1JFF PDB
structure of tubulin complexed with docetaxel [35] to compare the
relative binding locations of each drug, as shown in Fig. 1. Our
molecular-modeling data revealed that EM011 docks onto [3-
tubulin at the interface with its dimerization partner, a-tubulin.

Though both drugs share a common cellular target, they occupy
different regions of the protein, suggesting that they can act
synergistically. This could offer the therapeutic advantage of
decreasing the dosage of docetaxel, the more toxic drug.

3.2. EMO011 synergizes with docetaxel to decrease viability
of PC-3 cells

Having identified that docetaxel and EMO11 perhaps bind at
different sites on tubulin based on our in silico model, we next
wanted to examine if both drugs could effectively be employed
together to produce synergistic effects. Essentially, a synergistic
relationship would increase drug efficacy at lower dose-levels
thus, reducing high-dosage toxicity and drug resistance. To this
end, we evaluated the sensitivity of human prostate cancer PC-3
cells towards various combination regimens of docetaxel and
EMO011 using the trypan blue exclusion assay. The treatment
strategy included five dose-levels of docetaxel (0.001, 0.005, 0.01,
0.05 and 0.1 wM) (Fig. 2Ai) and EMO11 (0.1, 0.5, 1, 5 and 10 wM)
(Fig. 2Aii) as single-agents or in various combinations (0.005, 0.01
or 0.05 M docetaxel combined with 0.5 or 1 wM EMO11)
(Fig. 2Aiii). Cells were stained with trypan blue at 72 h after the
specified treatments. The synergy upon treatment with EM011 and
docetaxel was evaluated using the combination index (CI) method.
The CI value of the combination of drugs was calculated using the
Calcusyn software based on the isobolographic method. In essence,
a Cl equal to 1 characterized the interaction between the drugs as
additive, whereas a CI > 1 and CI < 1 indicated an antagonistic and
a synergistic relationship, respectively (Suppl. Table 1). Based on
the percentage of cell death, the FA (fraction affected) upon each
treatment was used to derive the corresponding CI values. Using
the CI method, our results indicated a synergistic interaction
between 0.05 .M docetaxel and 0.5 puM EMO011 wherein the drug
combination resulted in ~90% cell death (Fig. 2Aiii). This was
significantly higher than treatment with each drug as a single-
agent, in that we observed ~69% cell death with 0.05 M docetaxel
and ~10% cell death with 0.5 wM EMO11 treatment.

Table 1 collates the fraction of cells affected and the CI values
upon treatment with various combinations of docetaxel and
EMO11. Graphical representation of FA vs CI shows synergistic
interaction between docetaxel (0.005 or 0.05 wM) and EMO011 (0.5
or 1 wM) (Fig. 2Aiv). The calculated CI values corresponding to the
specific combinations (Table 1A) indicated a strong synergistic
interaction between 0.05 wM docetaxel and 1 wM EMO11 (CI
~0.31). An equally comparable synergistic relationship was
observed between 0.005 wM docetaxel and 1 wM EMO11 (CI
~0.44). Interestingly an increase in concentration of docetaxel by
10-fold resulted in a mere ~3% increase in FA. Thus, it is suggested
that 0.005 wM docetaxel and 1 uM EMO11 may be a better
therapeutic combination regimen as almost the same effect can be
achieved with a 10-fold lower docetaxel dose-level. We also
observed similar trends of enhanced cytotoxicity upon combina-
tion of docetaxel and EM011 in DU145, an androgen-independent
PTEN-proficient prostate cancer cell line (Suppl. Fig. 2).

3.3. EMO011 synergizes with docetaxel to cause growth inhibition
of PC-3 cells

To further confirm synergy, we evaluated the antiproliferative
potential of the drugs, docetaxel and EMO011, as single-agents and
in combination, using the Alamar blue assay. PC-3 cells were
treated with docetaxel and EM011 individually and in combination
for 72 h using concentrations shown in Table 1B. Since some of the
drug combinations used earlier did not show significant synergy,
we decided to include combinations (Table 1B) based on ICsq
values of the two drugs. The ICsq of docetaxel and EMO011 for PC-3
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Fig. 1. In silico model construction of docetaxel (green)and EM011 (cyan) simultaneously bound to tubulin based on 1SA0 [30] and 1JFF[35] PDB structures. The a-tubulin subunit
is shown in grey and the 3-tubulin subunit in a colored secondary structure. EM011 is shown bound to 3-tubulin at the solved binding site of colchicine near the intra-dimer
intersection, distinct from that of docetaxel. The upper and lower panels on the right show zoom-in with the relevant amino acid residues in close proximity with docetaxel (lower,
green) and EMO011 (upper panel, cyan). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

cells were found to be 0.01 .M and 5 WM respectively (Fig. 2Ai and
Aii). The drugs were used in combination at equipotent ratios,
consistent with the ratio of their ICsq values (docetaxe-
1:EM011=1:500). Interestingly, a synergistic interaction was
observed for all the combinations studied (Table 1B). Fig. 2Bi
depicts an increase in FA indicative of enhanced antiproliferative
effect, upon cotreatment with increasing dose-levels of docetaxel
and EMO011 at a constant ratio. A plot of the fraction of affected cells
vs Cl indicates that docetaxel and EMO11 showed strong synergy,
as Cl values at all combinations are below 1.0 (Fig. 2Bii). Maximum
synergy, measured in terms of CI was observed using combination
regimen of 5 or 7.5 nM docetaxel with 500-fold higher concentra-
tions of EMO11, with the ClI values being 0.32 and 0.40, respectively
(Table 1B). We next determined DRI, which is indicative of the
magnitude by which a given drug dose can be reduced upon
employing a combination regimen of two or more drugs compared
to each drug as a single-agent. The DRI was ~4.5-fold higher for the
most-effective combination of 5 nM docetaxel and 2.5 wM EMO011
that yielded the lowest CI of ~0.321 indicating strong synergism
between the two drugs. These data were encouraging and
seemingly offer a unique opportunity to lower the dose-level of
docetaxel by employing it in combination with EM011, a well-
tolerated, relatively non-toxic drug [23-25,36].

3.4. EMO011 enhanced docetaxel-induced nuclear fragmentation
and apoptosis

Having identified the synergy between docetaxel and EMO011 in
reducing cellular viability and inhibiting cell proliferation, we next
examined induction of cell death by evaluating nuclear morphol-
ogy upon staining with a DNA dye, DAPI. PC-3 cells treated for 48 h
with docetaxel (25 nM), EMO011 (10 wM) and combination (25 nM

docetaxel + 10 wM EMO011) were fixed and stained with DAPI to
examine the nuclear morphology in treated cells. Cells treated with
the combination-dose showed the maximum number of fragmen-
ted nuclei (~80%), followed by docetaxel (~58%) and EMO011
(~19%) (Fig. 2Ci and Cii). In addition, we also measured
hypodiploid sub-G1 population with fragmented DNA, an indicator
of apoptosis, by staining PC-3 cells with propidium iodide (PI), a
DNA intercalating dye, using flow-cytometry (Fig. 2Di). In contrast
to a low sub-G1 population with 25 nM docetaxel treatment
(~54%)or 10 uM EMO011 (~25%), the combination regimen (25 nM
docetaxel + 10 uM EMO11) resulted in a significant increase in
sub-G1 population of ~82% (Fig. 2Dii). These data suggest an
additive effect on sub-G1 population at 48 h upon cotreatment
with docetaxel (25 nM) and EM011 (10 wM) (Fig. 2Di and Dii).

3.5. Sequential treatment resulted in synergistic apoptosis

Although we observed remarkable synergism in antiprolifera-
tive activity, our cell-cycle data with the most-effective combina-
tion regimen of docetaxel and EM011 mostly showed an additive
effect on sub-G1 population. To explore this further and strategize
enhancement of apoptosis, we closely examined the effect of the
drugs as single-agents on the cell-cycle events over time. Since PI
staining cannot distiguish between G2 and mitotic-phase popula-
tions (both have 4N DNA), MPM-2 antibody was used to stain for
mitotic cells. Our results revealed that docetaxel at 25 nM caused a
prolonged mitotic arrest between 12 and 24 h that peaked to ~38%
(Fig. 3Ai and Aii). Subsequently, cells exited from mitosis as evident
by loss of MPM-2 staining at 48 h (Fig. 3Aiii and Aiv). Our
immunofluorescence confocal microscopy data was in concor-
dance with the dual-color FACS data (Fig. 3Bi and Bii) and
demonstrated the appearance of large multinucleated cells
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Table 1

(A) Different combination doses of docetaxel and EMO011 indicating the resulting FA
using trypan blue assay and the corresponding CI for the particular combinations
used. (B) Different combination doses of docetaxel and EMO011 in a fixed ratio of
docetaxel:EMO011 (1:500), indicating the resulting FA using Alamar blue assay and
the corresponding CI for the particular combinations used.

(A) Cell viability (trypan blue assay)

EMO11 Docetaxel Combination

Dose (M) Dose (M) FA Cl
0.5 0.005 0.25 3.21
0.5 0.01 0.35 225
0.5 0.05 0.65 0.46
1 0.005 0.90 0.44
1 0.05 0.93 0.31

(B) Cell proliferation (Alamar blue assay)

EMO11 Docetaxel Combination
Dose (nM) FA Dose (M) FA FA Cl
1.25 0.018 0.0025 0.0741 0.155973 0.51
2.5 0.0005 0.005 0.2129 0.290389 0.32
3.75 0.01 0.0075 0.2196 0.316972 0.40
5 0.0591 0.01 0.2251 0.343537 0.46
10 0.2158 0.02 0.1941 0.383859 0.74

indicating mitotic exit at 36 h of docetaxel treatment. The
apoptotic population at 48 h was ~42% (Fig. 3Aiii). Interestingly,
the mitotically exited cell population entered another round of
cell-cycle as evident by the appearance of 8N mitotic population at
72 h of taxotere exposure (Fig. 3Aiv). Several reports suggest that
absence of an intact p53 tetraploidy checkpoint can lead to
endoreduplication of cells [37-39]. Thus, endoreduplication of PC-
3 cells may be partially due to the absence of p53 in these cells [40].
In addition, mitotic arrest without subsequent apoptosis has been
commonly observed following taxane treatment in various cancer
cells [41]. Thus, failure to initiate apoptosis during or after mitotic
arrest appears to be a major factor limiting the efficacy of
antimitotic drugs. Furthermore, cancer cells can resist apoptosis by
premature mitotic-exit, before cells initiate apoptosis, due to a
weak mitotic checkpoint or rapid slippage out of mitosis [42]. Our
data show that docetaxel-treated PC-3 cells undergo mitotic-exit
at 36 h followed by endoreduplication. Recently, mitotic-slippage
and apoptosis have been viewed as two competing pathways [43].
Consistent with the view that mitotic-exit protects cells from
death, premature exit from mitotic arrest due to a weakened or
ablated spindle assembly checkpoint has been shown to decrease
sensitivity to spindle-perturbing drugs [42]. This notion has
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Fig. 3. (Ai-iv) Cell-cycle histograms of doubly-stained PC-3 cells treated with docetaxel at 25 nM concentration for 12, 24, 48 and 72 h showing mitotic arrest in (Ai) and (Aii),
mitotic exit in (Aiii) and polyploid population in (Aiv), respectively. (Bi and ii). PC-3 cellOs treated with docetaxel (25 nM) for 24 h (Bi) and 48 h (Bii) and stained with o-
tubulin (green) and DNA (red), indicating mitotic arrest (24 h, Bi) and polyploid population (72 h, Bii), respectively. (Ci and ii) Schematic representation of the sequential
treatments performed on PC-3 cells. (Ciii and iv) Bar-graphs showing the percentage of sub-G1 population resulting from the sequential treatments (according to scheme Ci
and Cii, respectively). (Di and ii) Cell-cycle histogram of PC-3 cells treated with docetaxel (25 nM) followed by EM011 (10 wM) after 12 h, and the cells were fixed at 36 and
60 h of EM011 treatment (scheme Cii). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

provided strong evidence to show that mitotic-exit is a promising
therapeutic target, and that blocking mitotic-exit may be a better
strategy for killing apoptosis-resistant, slippage-prone, cancer cells
[42]. On similar lines of thought, we reasoned that timing the
addition of EM011 which induces mitotic arrest as early as 6-8 h
that peaks at 12-18 h, may prolong the duration and intensity of
docetaxel-induced mitotic arrest. This may thus prevent cells from
slipping out of mitosis and subsequent endoreduplication. To this
end, we devised an experimental strategy wherein EM011 was
added to PC-3 cells 12 and 24 h post docetaxel-treatment.
Essentially, the rationale behind this treatment strategy was to
produce a significant and extended mitotic arrest such that cells
are chronically stalled in mitosis. The protracted mitotic arrest may
not only reduce the chances of slipping out but may also result in
the generation and accumulation of proapoptotic signals to
maximize apoptotic responses [44]. It is also likely that sequential
treatment may cause overlapping of maximally achievable
intracellular concentrations of biologically effective doses of each
drug to trigger robust apoptosis during the mitotic arrest. PC-3

cells were pretreated with 25 nM docetaxel for 12 or 24 h followed
by treatment with 10 wuM EMO11 according to the schematic
diagram (Fig. 3Ci and Cii). Cells were fixed for cell-cycle analysis at
48 and 72 h after docetaxel addition (Fig. 3Ciii and Civ). Flow-
cytometric analysis of the samples from scheduled treatments
showed an enhanced mitotic population (~52%) and a strong
decrease in the polyploid (endoreduplicated) population (Fig. 3Di).
There occurred a significant increase in sub-G1 population (~71%)
at 72 h (Fig. 3Dii) (the scenario when EMO011 was added 12 h after
docetaxel treatment, Fig. 3Cii scheme), compared to when
docetaxel was used as a single-agent (~49% sub-G1) (Fig. 3Aiv).
Although a synergistic increase in the sub-G1 population (Fig. 3Ciii
and Civ), indicative of apoptosis induction, was observed upon
sequential drug treatment following both strategies, the magni-
tude of sub-G1 was higher when EMO0O11 was added 12 h post
docetaxel addition (Fig. 3Ci and Cii). Induction of apoptotic cell
death was further confirmed by the presence of proapoptotic
markers such as cleaved caspase-3 and PARP expression (Fig. 4). A
synergistic increase in the expression of both activated caspase-3
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Fig. 4. (A) Immunofluorescence images of PC-3 cells treated with the docetaxel and EM011 schedule treatment (according to scheme Fig. 3Cii). Cells were pretreated with
docetaxel for 12 h before addition of EMO011 and were fixed at 48 h post docetaxel treatment compared to treatment with EM011 (10 wM for 36 h), or with docetaxel (25 nM
for 48 h). Left panel shows cleaved PARP expression, whereas the right panel shows cleaved caspase-3 expression in PC-3 cells. (B) Immunoblot showing the expression of
cleaved as well as total PARP and caspase-3 in PC-3 cells treated per the above mentioned schedule. 3-Actin was used as a loading control. (C) Bar-graphs showing integrated
density values representing the respective immunoblot that were normalized to (3-actin. Quantitation of the band-intensity of immunoblots was done using Image] software.

and cleaved PARP was observed in cells treated according to
scheme Fig. 3Ci, by immunofluorescence and western blot analysis
(Fig. 4A and B). The immunoblot bands are quantified in Fig. 4C. The
immunoblotting data correlated well with caspase activity in PC-3
cells using the same treatment regimes (Suppl. Fig. 2). These data
suggested that in-depth analysis of temporal cell-cycle events and
optimal timing of combination drug regimens can lead to
development of synergistic drug combinations that can yield
maximal therapeutic responses to improve disease-free survival.

3.6. EMO011 and docetaxel synergistically inhibit in vivo tumor growth

After establishing the effective dose of docetaxel that can be
used in combination, we investigated the effects of combining
docetaxel and EMO11 on tumor growth response in prostate tumor
xenografts implanted in nude mice. To this end, we subcutane-
ously injected mice with PC-3, human androgen-independent
prostate cancer cell line that stably expresses luciferase (PC-3-luc).
It enabled visualization and monitoring of prostate cancer growth
non-invasively in real-time [45]. The single-agent and combina-
tion drug schedule were designed to reflect a clinically relevant
approach with docetaxel (5 mg/kg bw) administered intraperito-
neally once a week and EM011 (300 mg/kg bw) fed by oral-gavage
on a daily-basis. At the end of the 5 week treatment, vehicle-
treated control mice (0.5% Tween-80) showed unrestricted tumor

growth (Fig. 5A, Bi and Bii). Although single-agent drug regimes
decreased tumor growth and progression compared to control,
combination of docetaxel and EMO11 caused a pronounced
reduction in tumor volume as well as bioluminescent cell-counts
compared with all other treatments (Fig. 5A, Bi and Bii).
Quantitation of tumor volume revealed a reduction by ~64% in
docetaxel, ~35% in EMO11 and ~89% in docetaxel + EMO11 groups
after 5 weeks of treatment, compared to control (Fig. 5Bii). In
addition, insignificant reduction in the body weights of treated
mice was observed over a period of 5 weeks, suggesting non-
toxicity of combination treatment (Fig. 5Biii).

To elucidate in vivo molecular mechanism of drug treatments,
immunostaining for cleaved caspase-3, cleaved PARP, TUNEL
staining (apoptosis marker) and Ki67 (a marker for cell prolifera-
tion) was performed (Fig. 6A). We found ~2-fold increase in
TUNEL-positive cells in docetaxel + EMO11 treated tumors com-
pared to either treatment alone (Fig. 6A and Bi). Furthermore, there
was a significantly high expression of cleaved caspase-3 and PARP
in the combination group (~2-3-fold, Fig. 6Bi). In addition, tumor
samples from groups receiving combination therapy showed
marked reduction in Ki67 positive cells compared with controls
(Fig. 6A). Fig. 6Bii shows bar-graphical representation of Ki67
positive tumor cells for all treatment groups. The in vivo data thus
offers strong evidence for the enhanced therapeutic benefits of
combining docetaxel with EMO011.
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Fig. 5. (A) Representative bioluminescent imaging data from various treatment groups. (Bi) Quantitation of cell-counts from bioluminescent images. (Bii) Tumor volume
measurements. (Biii) Body weight of mice from control, docetaxel, EMO11 and combination of docetaxel and EMO011 treated groups.

4. Discussion

Chemotherapy for advanced prostate cancer is a promising
development, but carries the risk of undesirable side effects. Often,
when considering treatment options, the real question is not only
that the drugs improve survival, but do they improve survival
enough to put up with greater toxicity? To alleviate toxicity,
infrequent drug administration is opted that makes tumor
elimination highly unlikely since the Kkinetics of tumor tissue
recovery is much faster than that of normal tissue recovery. Since
advanced hormone refractory prostate cancer is not yet curable, it
is a disease patients may have to live with, often for many years,
which puts a premium on quality of life.

Hormone refractory prostate cancer management using sec-
ondary hormonal manipulations, mitoxantrone-based chemother-
apy, external beam radiation therapy, or radioisotope therapy has
at best achieved palliation. Recently, docetaxel has been FDA-
approved as the standard first-line therapy for patients with
advanced prostate cancer that fail to respond to androgen ablative
therapy. As shown by two randomized clinical trials in 2005,
patient survival with docetaxel-based therapy improved by 20-
24% when compared to survival with mitoxantrone and predni-
sone therapy [46]. Although currently-available chemotherapeutic
regimens employing docetaxel for prostate cancer management
cause significant transitory regression in tumor-cell numbers, a
near-complete cure is rarely achieved. This is because intermittent
dosing allows tumor regrowth between treatment schedules. At
diagnosis, a clinically detectable solid tumor contains 10°-10""
cells, all of which need to be killed to achieve a cure. Even if

docetaxel therapy kills 90% or even 99.9% of tumor cells, the end
result will still be only a temporary partial regression and a delay in
the growth of the prostate tumor mass. Besides toxicity issues that
impair the quality of life, the low aqueous solubility of docetaxel
and the development of clinical drug resistance have led to a search
for new drugs/combination regimens that show maximum
therapeutic efficacies with diminished toxicity.

Since the paramount goal is to maximize benefit while
minimizing toxicity, we sought to investigate drug combinations
of docetaxel with agents that have a favorable toxicity profile. A
microtubule-modulating anticancer agent, (S)-3-((R)-9-bromo-
4-methoxy-6-methyl-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]iso-
quinolin-5-yl)-6,7-dimethoxyisobenzofuran-1(3H)-one (EM011)
does not cause any hemo-, immuno-, and neuronal toxicity [23-
25,27]. Since both docetaxel and EMO011 bind at different sites on
tubulin as per our in silico molecular docking predictive studies,
we explored the synergism between these two drugs and
investigated if induction of a well-tolerated drug could cause a
reduction in the dose-regimen of the more toxic drug, docetaxel.
Our data show that EMO011 displays remarkable synergism with
docetaxel thatis widely used in the clinic today for prostate cancer
therapy.

Another clinically relevant perspective that the present study
supports is the sequence and timing of drug administration. Our
dual-color cell-cycle data offers evidence to strengthen the
emerging notion that induction of chronic mitotic arrest and
prevention of mitotic exit is a favorable chemotherapeutic strategy
[44]. Given the significant enhancement of mitotic population
upon sequential treatment regimen that resulted in a synergistic
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Fig. 6. (A) Immunohistochemical staining of tumor tissue sections from all treatment groups for apoptotic markers, cleaved caspase-3, cleaved PARP, TUNEL and proliferation

marker, Ki67. (Bi and ii) Quantitation of immunohistochemical data (doc, docetaxel).

apoptotic population, it is reasonable to suggest that the durability
and intensity of mitotic arrest has a strong bearing on the apoptotic
index. Efforts to identify the key proapoptotic players that
accumulate during the prolonged mitotic arrest are currently
underway in our laboratory. The possibility that there might be an
attenuation of antiapoptotic signals during the durable mitotic
arrest is also plausible and is also currently under investigation.

In conclusion, our data for EMO11-docetaxel combination
presents a clinically relevant and a unique opportunity to reduce
the dose-levels of docetaxel well below its maximum tolerated doses
by compensating it with daily oral EM011 doses in prostate cancer
therapy. Such approaches facilitating the use of lower dose-levels of
more toxic-drugs can perhaps reduce toxicity to a significant extent,
thus improving the quality of life of cancer patients.
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