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The mechanism of methylselenocysteine and docetaxel
synergistic activity in prostate cancer cells
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The study was designed to evaluate the combination
treatment of methylselenocysteine (MSeC) and docetaxel
and to delineate the underlying mechanism associated with
observed in vitro synergy between MSeC and docetaxel in
prostate cancer cells. Cells were treated with different
concentrations and schedules (concurrent or sequential) of
MSeC and docetaxel alone or in combination. Cell growth/
death was assessed with sulforhodamine B assay, trypan
blue assay, and time-lapse video. Loewe synergism/
antagonism model was used to determine whether the
combination effect was additive, synergistic, or antagonistic. Apoptosis and caspase-3 activity were evaluated
with cell death ELISA assay and caspase activity assay,
respectively. Synergy between MSeC and docetaxel was
further assessed in the presence and absence of z-VADfmk, a pan-caspase inhibitor. Effect of MSeC and docetaxel
alone or in combination on the cellular expression of the
antiapoptotic protein survivin was measured with Western
blot analyses. Pretreatment with MSeC was crucial to
enhance docetaxel antitumor activity. The enhanced
antitumor activity of the sequential combination treatment
of MSeC and docetaxel (MSeC/docetaxel) was highly
synergistic. Apoptosis increased after MSeC/docetaxel,
compared with each drug alone or concurrent treatment.
Pretreatment with z-VAD-fmk converted the synergy into
antagonism, suggesting that the synergy is caspasedependent apoptosis. The survivin level was downregulated following MSeC/docetaxel treatment when
compared with each drug alone. In conclusion, pretreat-
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Introduction
Prostate cancer is the most commonly diagnosed cancer in
men in the United States (1). One in six American men will
be diagnosed with prostate cancer during their lifetime (2).
The American Cancer Society estimates that there will be
f234,460 new cases of prostate cancer in the United States
and f27,350 men will die from this disease in the year
2006 (1). Current treatments for prostate cancer include
surgery, radiation, and hormone therapy. However,
treatment options for late-stage metastatic disease are at
best palliative. Progression of prostate cancer occurs in
almost all patients treated with androgen deprivation
therapy. For patients initially diagnosed with metastatic
prostate cancer, the median survival after onset of
progression is 10 to 24 months. New therapeutic modalities
are needed to improve the response rate of chemotherapeutic agents and lessen their toxicity, which will
ultimately translate into improved efficacy against latestage aggressive disease.
Docetaxel is an anticancer drug that binds to free tubulin
and promotes assembly of stable microtubules while
concurrently inhibiting their disassembly (3 – 7), resulting
in inhibition of cell division. Docetaxel is being used to
treat different types of cancer including breast, non – smallcell lung, ovarian, and prostate cancer. The major side
effects of docetaxel include myelosuppression, alopecia,
neurotoxicity, diarrhea, rash, sore mouth, and fluid
retention, with myelosuppression being the most common
dose-limiting toxicity.
Selenium is being evaluated as a chemopreventive agent
in patients with prostate, colon, and lung cancer with
promising results. Methylselenocysteine (MSeC) is a selenium-containing compound. Unlike L-selenomethionine
and selenized yeast currently used in clinical prevention
trials (8, 9), MSeC binds poorly to general body proteins and
is activated in one step by h-lyase to the presumed active
metabolite methylselenol (10). Many epidemiologic observations and clinical trials support the hypothesis that
selenium protects against the risk of prostate cancer (11).
The strongest evidence for a protective effect of selenium
emerges from the Nutritional Prevention of Cancer Trial, a
randomized study of oral selenized yeast in patients with
nonmelanoma skin cancer. After 4.5 years of follow-up, the
incidence of prostate cancer decreased by two thirds in men
taking an equivalent of 200 Ag selenium per day (selenized
yeast) compared with placebo. Duffield-Lillico et al. (12)
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Abstract

ment with MSeC was essential to markedly sensitize cells
to docetaxel. The synergy between MSeC and docetaxel in
C2G prostate cancer cells is associated with increased
level of caspase-dependent apoptosis and decreased level
of survivin. [Mol Cancer Ther 2006;5(10):2540 – 8]

Molecular Cancer Therapeutics

Materials and Methods
Cell Culture
The colonal TRAMP cell line C2G was isolated and
obtained from the TRAMP C2 cell lines by limited dilution
cloning (18). TRAMP C2G is a metastatic cell line with
100% tumorigenicity. Cells were cultured in DMEM (Life
Technologies, Bethesda, MD) supplemented with insulin
and 10 nmol/L DHT, 10% fetal bovine serum, and
25 units/mL penicillin-streptomycin. The cell line was
tested for Mycoplasma every 3 months with the Mycoplasma Plus PCR Primer Set (Stratagene, La Jolla, CA).
Drugs and Treatments
MSeC and Z-VAD-fmk were obtained from SigmaAldrich (St. Louis, MO). L-Methioninase was purchased
from Wako Chemical USA, Inc. (Richmond, VA). Docetaxel
was purchased from Novartis International AG (Basel,
Switzerland) in an 80-mg bottle. All MSeC treatment
schedules included L-methioninase at 0.05 units/mL.
Five groups of C2G cells were studied to assess trypan
blue assay, time-lapse video, caspase-3 activity, detection
of apoptotic cell death, and survivin expression by
Western blotting. These treatment groups were (i )
untreated control; (ii ) MSeC for 24 hours at IC25
(4 Amol/L) after MSeC being activated with nontoxic
dose of L-methioninase at 0.05 units/mL; (iii) docetaxel for
2 hours at IC10 (0.01 Amol/L) or IC90 concentrations
(60 Amol/L); (iv) concurrent combination treatment of
MSeC and docetaxel (MSeC + docetaxel) with the same
individual drug concentration for 2 hours; and (v)
sequential combination treatment of MSeC and docetaxel
(MSeC/docetaxel) applied with the same individual drug
concentration and treatment time, with docetaxel treatment following MSeC treatment.
Growth Inhibition Assay
Inhibition of cell growth for individual drug was
determined with the total protein sulforhodamine B assay
as described by Skehan et al. (19). Briefly, 1,000 cells per
well were seeded onto 96-well plates. After 24 hours,
exponentially growing cells were treated with MSeC and
L-methioninase alone for 24 hours, docetaxel alone for
Mol Cancer Ther 2006;5(10). October 2006

2 hours, which was diluted in culture medium, and
combination of MSeC and docetaxel. Cells were incubated
in a drug-free medium for 8 doubling times after drug
exposure, fixed with 10% trichloroacetic acid, washed with
water, and stained with sulforhodamine B. Unbound dye
was removed with 1% acetic acid and protein-bound dye
was extracted with Tris base. The absorbance was measured at 570 nm with an automated Bio-Kinetics reader
(model EL 340, Bio-Tek Instruments, Winooski, VT).
The results of cell growth inhibition after the combination
treatments (sequential and concurrent) were normalized to
MSeC alone – treated cells at IC25 for 24 hours. Antiproliferative activities were expressed as drug concentrations that
induced inhibition of cell growth by 50% or 90% compared
with cell growth of untreated controls (IC50 and IC90
values).
Trypan Blue Cell Death Assay
The cytotoxic effect of the combination treatment on
cells was evaluated with trypan blue assay. After
treatment with MSeC and docetaxel alone or in combination, cells were washed with PBS and admission/
exclusion of dye was assayed daily for a total of 5 days
after drug treatment. A collection of supernatants and
adherent cells obtained by trypsinization was incubated
in 0.2% trypan blue (Mediatech, Inc., Herndon, VA) and
pipetted onto a hematocytometer and manually counted
under a microscope at 100 magnification. The percentage of cells admitting trypan blue dye to the total number
of cells was determined by counting three different fields
for each experimental condition, which was done in
triplicates.
Time-Lapse Video Analysis
The cytotoxic effect of the combination treatment was
further confirmed with time-lapse video as described by
Slocum et al. (20). Digital photographic records (.tiff
format) of cells in T-25 flasks were made with a chargecoupled device camera (MTI 72) every 1.44 minutes (1,000
digital photos/d) via an image capture card in a PC
(Dell Dimension XPS T800r) running ImagePro Plus
version 5 (MediaCybernetics, Silver Spring, MD). The
camera was attached to a Nikon inverted-optics (model
TMS) microscope housed in a 37jC incubator in a 5% CO2/
95% air atmosphere. The tiff files were assembled into
sequence files for playback as digital movies or timed
digital pictures, and thus the cellular response to treatment
with MSeC and docetaxel alone or in combination was
analyzed. In this way, the cells were under continuous
observation, and events such as cell lysis, release from the
substrate, cell swelling (consistent with necrotic type of cell
death), or cell shrinkage, cessation of membrane movement, and cell breakage into smaller fragments forming
apoptotic bodies (consistent with apoptotic cell death)
could be assessed through time.
Synergism and Antagonism Studies
Drug interaction was evaluated in 96-well plates
with growth inhibition assay as described by Faessel
et al. (21). Briefly, each of the five plates included 11 wells
for control, MSeC, docetaxel, and each of the five
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extended the follow-up to 7.45 years and showed an even
greater decrease in prostate cancer incidence. Based on
these findings, a large-scale Selenium and Vitamin E Cancer
Prevention Trial is under way (13). Several mechanisms
have been proposed for the chemopreventive activity of
selenium, including induction of apoptosis, inhibition of
angiogenesis, and arrest of cell cycle (14 – 17). The goal
of this study is to investigate whether MSeC at a nontoxic
dose improves the efficacy of docetaxel for treatment of
prostate cancer.
In this study, we found that pretreatment of C2G
prostate cancer cells with MSeC followed by docetaxel is
critical for achieving synergy. The synergy was associated
with induction of apoptotic cell death, which was
associated with caspase-3 activation and down-regulation
of antiapoptotic protein survivin.
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combinations of MSeC plus docetaxel in constant ratio
(1:4, 1:2, 1:1, 2:1, and 4:1). The serial dilution was
randomized as described by Faessel et al. (22, 23).
Inhibition of cell growth by the combination treatment
was determined with the same sulforhodamine B assay
described above and data analysis was done by using Excel
software applying Universal Response Surface Approaches
as described by Levasseur et al. (24). Assuming the Hill
model for concentration effect of each drug alone and the
Loewe additivity model, a Loewe synergism/Loewe
antagonism model is derived (25). Estimated interaction
variable a with its SE is calculated. Synergy is indicated

when a is positive and antagonism is indicated when a is
negative. Additive effect is observed when the 95%
confidence interval of a is zero. The software package
SYNFIT (FORTRAN, Bellevue, WA) was used for fitting
procedure. The absolute value of a will result in a degree of
bowing either above (antagonism) or below (synergism)
the diagonal additive line.
Isobologram Analysis
Hill model as described by Levasseur et al. (24) was
used. Briefly, individual fitting of experimental data of the
concentration-effect curve for each drug alone and for each
constant ratio combination of MSeC and docetaxel was
Mol Cancer Ther 2006;5(10). October 2006
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Figure 1. The effects of MSeC and docetaxel, alone or in combination, on cell growth and cell death. Cells were treated with MSeC alone for 24 h (A) or
docetaxel alone for 2 h (B) and incubated in drug-free medium for 5 d. Cell growth was assessed with the total protein sulforhodamine B assay.
Pretreatment of cells with MSeC for 24 h at concentration that inhibits 25% of cell growth (IC25) followed by multiple concentrations of docetaxel resulted
in enhancement of docetaxel inhibition of cell growth (B). C, cells were subjected to a concurrent treatment of MSeC and docetaxel with the same MSeC
concentration (IC25). The concurrent treatment did not enhance docetaxel inhibition of cell growth, which suggests that enhancement of docetaxel
inhibition of cell growth is MSeC schedule dependent. D, cells were treated with IC25 of MSeC alone for 24 h, IC90 of docetaxel alone for
2 h, sequential combination of MSeC for 24 h followed by docetaxel for 2 h, and concurrent combination of MSeC and docetaxel for 2 h. After staining and
normalizing to untreated control, pretreatment with MSeC (sequential combination) significantly increased percentage of cells admitting trypan blue when
compared with each drug alone or with the concurrent combination treatment. *, P < 0.05, significantly different when compared with all other treatment
groups.
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Results
Enhancement of Docetaxel Antitumor Activity Is
MSeC Schedule Dependent
Inhibition of cell growth induced by MSeC or docetaxel
was assessed by sulforhodamine B assay at 5 days after
treatment with each drug alone (Fig. 1A and B). Cell
growth after the combination treatments of MSeC and
docetaxel was evaluated. Cells were treated with docetaxel
for 2 hours at multiple concentrations (serial dilution) with
and without MSeC pretreatment for 24 hours at different
doses (IC10, IC25, and IC50). Pretreatment with MSeC at IC25
enhanced docetaxel inhibition of cell growth (Fig. 1B), as
well as pretreatment with MSeC at the other two
concentrations (data not shown). To determine whether
pretreatment with MSeC was essential for achieving
inhibition of cell growth, cells were treated with docetaxel
alone or concurrently with MSeC. The concurrent combination treatment did not induce docetaxel inhibition of cell
growth (Fig. 1C), indicating the importance of the
pretreatment with MSeC shown in Fig. 1B.
To determine whether the effect of the combination
treatment on cells was cytostatic or cytotoxic, cells treated

Figure 2.

Cell death assessments after the combination treatment of
MSeC/docetaxel. Cells were treated with MSeC and docetaxel alone or in
combination, stained with trypan blue, and evaluated daily for dye
admission/exclusion. A, the sequential combination significantly increased
(P < 0.05) percentage of cells admitting trypan blue when compared with
each drug alone, indicating more cell death. B, cells were continuously
observed with time-lapse video. 1, still digital picture of cells after 24 h of
MSeC (IC25) treatment, before adding docetaxel, showing normal profile of
cells. 2, picture of the same field, 5 d after treatment with 2 h docetaxel
(IC90), showing that >95% of cells exhibited marked shrinkage, loss of
cells, and breakage into smaller parts (apoptotic bodies), which is
consistent with cell death by an apoptotic mechanism. *, P < 0.05,
significantly different when compared with all other treatment groups.
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done. The effect values of 10%, 25%, 50%, 75%, and 90%
with accompanying confidence interval were plotted on a
normalized isobologram.
Caspase-3 Activity Assay
Cells were treated with MSeC and docetaxel alone or in
combination, washed with ice-cold PBS, harvested, and
suspended in lysis buffer. After incubation on ice for 1
minute, the homogenate was centrifuged at 4jC for 30
minutes. The clear lysate was stored at 20jC for later use
in the assay. Briefly, cell lysates and positive control are
added to a 96-well plate coated with monoclonal antibody,
which was prepared according to the instructions of the
manufacturer (Roche Applied Science, Indianapolis, IN).
Plate with samples was incubated at 37jC for
1 hour, rinsed thrice with incubation buffer, and substrate
was added to each sample. After incubation at 37jC for
2 hours, the fluorescence intensity of activated caspase-3
is measured with a fluorescence plate reader at excitation
wavelength of 370 to 425 nm and emission wavelength of
490 to 530 nm.
Apoptotic Cell Death Detection by ELISA
Cells were treated with MSeC, docetaxel, and combination of MSeC and docetaxel with and without pretreatment with z-VAD-fmk. In vitro apoptotic cell death was
assessed in untreated and drug-treated cells with ELISA
Plus kit (Roche Applied Science) following the recommended procedures of the manufacturer. The concept of
the ELISA Plus kit is binding of peroxidase-conjugated
monoclonal antibody to nuleosome single-stranded and
double-stranded DNA, and binding of biotin-labeled
monoclonal antibody to nucleosome histones (H1, H2A,
H2B, H3, and H4). The reaction is a ‘‘quantitative
sandwich-enzyme-immunoassay’’ reaction (Roche Applied
Science). Samples were immediately analyzed to preserve
the ELISA signal using a plate reader to determine the
absorbance intensity.
Western Blot Analysis
Untreated control and treated C2G cells were lysed in
radioimmunoprecipitation assay buffer [50 mmol/L TrisHCl (pH 8), 100 mmol/L NaCl, 0.5% SDS, 0.5% sodium
deoxycholate, 0.5% NP40, 10 mmol/L DTT, 1 mmol/L
phenylmethylsulfonyl fluoride, and 0.4 trypsin inhibitor
unit of aprotinin], and the protein content was determined with the Bio-Rad detergent-compatible protein
assay (Hercules, CA). A total of 50 Ag of protein lysate
was subjected to 12.5% SDS-PAGE and transferred onto
a nitrocellulose membrane (Bio-Rad). Western blotting
was done as previously described (26) with antisurvivin
monoclonal antibody from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA) using the Renaissance Chemiluminescence Reagent Kit (Perkin Elmer Life Science
Products, Boston, MA). Anti-h-actin monoclonal antibody (Sigma-Aldrich) was used to show equal protein
loading.
Statistical Analysis
The calculated mean values F SD were compared using
unpaired t test. P < 0.05 is considered statistically
significant.
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with MSeC (IC25), docetaxel (IC90), sequential (MSeC/
docetaxel), or concurrent combination treatment (MSeC +
docetaxel) were assessed for cell death with trypan blue
assay. After normalization to untreated control, percentage
of cells admitting trypan blue was significantly (P < 0.05)
higher after MSeC/docetaxel treatment when compared
with all other treatment groups (Fig. 1D). A daily
assessment of cells viability showed that the sequential
combination treatment significantly induced (P < 0.05) cell
death, in excess of 90% after 5 days of treatment, when
compared with docetaxel alone treatment (Fig. 2A).
However, large amounts of dead cells debris were present
in some samples, suggesting that cells were degenerating
after death and being lost to analysis. Thus, to avoid this
artifact of undetected cell loss, which can occur when
intermittent assays are employed at limited time points,
cells were subjected to continuous observation using timelapse video. Continuous time-lapse video records indicated
that after the sequential combination of MSeC/docetaxel,
in excess of 95% of cells showed marked shrinkage, loss of
refractivity, breakage into small fragments (apoptotic
bodies), and cessation of all membrane movement,
consistent with cell death by an apoptotic mechanism
(Fig. 2B). Docetaxel alone resulted in f20% of cells being
viable at day 5 after treatment (data not shown). Thus, the
increased effect of docetaxel when used in combination

Mol Cancer Ther 2006;5(10). October 2006
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Figure 3. Synergistic effect between MSeC and docetaxel. A SYNFIT
custom graph shows the degree of bowing of the additive line
corresponding with the absolute value of antagonism/synergism variable
a . *, D 1 / D X1 is the dose of MSeC in combination over the dose of MSeC
when applied as a drug alone that achieves an X effect. **, D 2 / D X2 is the
dose of docetaxel in combination over the dose of docetaxel when applied
as a drug alone that achieves an X effect. The inward bowing of the
straight additive line is an indication of the combination synergistic effect
that achieves 90% or 50% inhibition of cell growth by the combination
treatment. The sequential combination treatment was highly synergistic,
indicated by the degree of inward bowing.

with MSeC cannot be due to cytostatic or growth-slowing
effects on the population, but rather due to an increase in
apoptotic cell death among most of the cells treated.
These results indicate that in vitro pretreatment with
MSeC is crucial for the enhancement of docetaxel antitumor
activity and is in accordance with the in vivo reported data
by Cao et al. (27), which showed the requirement of MSeC
pretreatment to enhance the antitumor efficacy of multiple
chemotherapeutic agents.
Enhanced Docetaxel Antitumor Activity by the
Sequential Combination Treatment Is a Synergistic
Effect
The enhanced docetaxel antitumor activity by MSeC was
further investigated to determine whether this effect was
an additive or a synergistic effect. Cells treated with
MSeC/docetaxel were analyzed using custom SYNFIT
generated graph of Hill and Loewe additivity models.
The analyses show that the enhanced docetaxel antitumor
activity by MSeC was a synergistic effect (increased degree
of bowing below the diagonal additive line; Fig. 3).
Administration of MSeC and docetaxel at different
percentages of their individual concentrations that achieve
IC90 or IC50 effect resulted in synergy with more bowing
degree at IC90 doses than at IC50 doses. However, when
docetaxel and MSeC are given at different percentages of
their individual IC10 concentrations, the combination
treatment yielded an additive effect (Fig. 3), suggesting
that the docetaxel concentration is also important for the
synergistic effect.
Sequential Combination Treatment Induces CaspaseDependent Apoptosis
To determine whether the observed combination synergy
is related to the induction of caspase-dependent apoptosis,
four treatment groups of untreated control, MSeC alone,
docetaxel alone, and MSeC/docetaxel were evaluated for
caspase-3 activity by caspase-3 activity assay. Cells were
treated with MSeC for 24 hours and then with docetaxel for
2 hours. Immediately after drug treatment, MSeC/docetaxel treatment significantly increased caspase-3 activity
(P < 0.0001) when compared with untreated control, MSeC
alone, or docetaxel alone (Fig. 4A). Significant induction of
caspase-3 activity was observed at 30 minutes (P = 0.003),
1 hour (P = 0.03), and 2 hours (P = 0.005) after MSeC/
docetaxel treatment, when compared with docetaxel alone
(Fig. 4B). Induction of caspase-3 activity by MSeC/
docetaxel treatment suggests an induction of a favorable
pre-apoptotic condition.
The induction of caspase-3 activity was further investigated to determine the effect of the combination treatment
on apoptotic cell death with a cell death detection ELISA
kit. The same four treatment groups were assessed for
apoptosis in the presence and absence of z-VAD-fmk, a
pan-caspase inhibitor. MSeC/docetaxel treatment significantly induced apoptotic cell death (P = 0.002) when
compared with treatment with each drug alone (Fig. 4C).
Treatment with z-VAD-fmk significantly (P < 0.05)
reduced the induction of apoptosis in MSeC/docetaxel
treatment group (Fig. 4C), indicating the significance of
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Figure 4.

The sequential combination treatment of MSeC and docetaxel induces caspase-3 activity and
apoptotic cell death. Cells were treated with MSeC alone, docetaxel
alone, and sequential combination of
MSeC/docetaxel. The sequential
combination treatment induces caspase-3 activity immediately (A) and
at different time points (B) after drug
treatments when compared with
each drug alone treatment. C, the
sequential combination treatment significantly induced apoptotic cell
death when compared with each drug
alone or pretreatment with z-VADfmk. D, treated cells were stained
with trypan blue to assess cell death.
Pretreatment with z-VAD-fmk significantly reduced percentage of cells
admitting the dye, linking apoptosis
to cell death. *, P < 0.05, significantly different when compared with
all other treatment groups.
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Survivin Down-Regulation after the Sequential
CombinationTreatment
To determine whether MSeC/docetaxel treatment affects
the level of survivin expression, cells from the four
treatment groups of untreated control, MSeC, docetaxel,
and MSeC/docetaxel were analyzed for survivin expression at 24 hours after docetaxel treatment. MSeC doses were
fixed at IC25 but two doses of docetaxel, at IC90 (Fig. 6A)
and at IC10 (Fig. 6B), were used alone or in combination.
MSeC/docetaxel treatment significantly down-regulated
survivin expression, compared with each drug alone, when
docetaxel was administered at IC90 concentration that
produced synergy (Fig. 6A). After treatment with docetaxel
at IC10 concentration that produced additivity, MSeC/
docetaxel treatment did not change the level of survivin
when compared with each drug alone (Fig. 6B). These data
indicate that the synergy between MSeC and docetaxel is
associated with decreased level of survivin.

Discussion
MSeC is being used as a chemotherapeutic modulator of
different anticancer agents in different cancers (27). The
reported increase in the therapeutic index of irinotecan in
nude mice against multiple human tumor xenografts by
Cao et al. led to the initiation of the concept of testing MSeC
in combination with docetaxel against prostate cancer.
It has been reported that organic selenium compounds
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induction of caspase-dependent apoptosis by MSeC/
docetaxel treatment.
To confirm that the induction of caspase-3 activity and
apoptosis were related to cell death, cells were assessed
with trypan blue assay after MSeC/docetaxel treatment in
the presence and absence of z-VAD-fmk. MSeC/docetaxel
treatment significantly (P < 0.05) increased percentage of
cells admitting trypan blue when compared with treatment
with each drug alone (Fig. 4D). However, in the presence of
z-VAD-fmk, the percentage of cells admitting trypan blue
was significantly (P < 0.05) reduced when compared with
MSeC/docetaxel treatment group without z-VAD-fmk
(Fig. 4D). These data indicate that treatment with z-VADfmk protects cells from death caused by MSeC/docetaxel
treatment.
Synergy between MSeC and Docetaxel Is CaspaseDependent Apoptosis
To test whether the observed MSeC/docetaxel synergy is
dependent on induction of caspase-3 activity and apoptotic
cell death, cells were treated with MSeC/docetaxel in the
presence of pretreatment with z-VAD-fmk (Fig. 5).
Pretreatment with z-VAD-fmk reversed the observed
synergy between MSeC and docetaxel (inward bowing
blots in Fig. 3), resulting in antagonism as shown by the
change in the degree of bowing to outward bowing plots
(Fig. 5). The reversal of the synergy by z-VAD-fmk further
suggests that the MSeC/docetaxel synergy is apoptosis
dependent and regulated by caspases.
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(e.g., MSeC) and inorganic selenium compounds (e.g.,
sodium selenite) affect cell growth in multiple human
cancer cell lines through different pathways (28, 29).
Whereas most of the focus is on inorganic selenium
compounds, this is the first report, to our knowledge, to
investigate the combination treatment of organic selenium
compound (MSeC) with docetaxel against prostate cancer.
The goal of this study is to evaluate MSeC as a modulator
of docetaxel efficacy and to understand the mechanism of
the synergy between MSeC and docetaxel against prostate
cancer. Understanding the mechanism of action of this
combination regimen is important and could translate into
improved clinical outcomes, thereby improving quality of
life of men with prostate cancer.
In this study, we showed that pretreatment with MSeC is
essential for the in vitro enhancement of docetaxel
antitumor activity. At equitoxic concentration, pretreatment with MSeC decreased the concurrent combination
dose that achieved 50% inhibition of cell growth (IC50 of
concurrent combination) by 80%. In addition, at equimolar
concentration, pretreatment with MSeC increased the
inhibitory effect of the concurrent combination treatment
by 30% (Fig. 1). Thus, MSeC enhancement of docetaxel
antitumor activity is dependent on MSeC schedule.
This docetaxel enhanced inhibition of cell growth by the
sequential combination treatment (MSeC/docetaxel) observed at the level of the population (sulforhodamine B
assays) was determined to be due to an increase in

Figure 6. The sequential combination treatment down-regulates survivin
expression. Cells treated with two different concentrations of docetaxel
alone or in combination [IC90 (A) or IC10 (B) for 2 h] with a fixed
concentration of MSeC (IC25 for 24 h). Survivin expression was assessed by
Western blot analysis and loaded samples were numbered in both
treatments from 1 to 4. A1 and B1, samples of untreated control; A2 and
B2, samples of MSeC alone at IC25; A3 and B3, samples of docetaxel alone
at IC90 and IC10, respectively; A4 and B4, samples of MSeC at IC25 in
combination with docetaxel at IC90 and IC10, respectively. Down-regulation
of survivin was associated with the combination treatment of MSeC and
docetaxel at a concentration of docetaxel that achieved synergy (IC90) but
not with a docetaxel concentration that achieved additivity (IC10).
Mol Cancer Ther 2006;5(10). October 2006
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Figure 5. MSeC and docetaxel synergy is caspase-dependent apoptosis
synergy. Cells were assessed for the combination synergy with pretreatment of z-VAD-fmk using SYNFIT generated graph of Hill and Loewe
additivity models. *, D 1 / D X1 is the dose of MSeC in combination over the
dose of MSeC when applied as a drug alone that achieves an X effect. **,
D 2 / D X2 is the dose of docetaxel in combination over the dose of
docetaxel when applied as a drug alone that achieves an X effect. After
pretreatment with z-VAD-fmk, the synergistic inward bowing of the
combination treatment lines (seen without z-VAD-fmk pretreatment in Fig.
3) changed to antagonistic outward bowing lines in all concentrations.
This conversion from synergy to antagonism with blocking of all caspases
through pretreatment with z-VAD-fmk suggests that the combination
synergy is caspase-dependent apoptosis.

apoptotic cell death and not due to cytostatic or growthslowing effects. Trypan blue assay and time-lapse video
showed that the vast majority of cells were trypan blue
positive and were subject to an apoptotic type of death
(shrinking, displaying total cessation of all membrane
movement, and eventually breaking into smaller parts and
forming apoptotic bodies; Figs. 1 and 2).
The enhanced docetaxel antitumor activity was further
investigated to determine whether the combination effect is
additive or synergistic. The result showed that the
enhanced combination effect is synergistic when docetaxel
and MSeC are given at different percentages of their
individual concentrations that achieve IC90 or IC50 effects
(Fig. 3). Specifically, administration of 20% of MSeC alone
concentration that achieved 90% inhibition of cell growth
(20% of IC90) and 15% of docetaxel alone concentration that
achieved 90% inhibition of cell growth (15% of IC90)
resulted in 90% combination inhibition of cell growth
(IC90 of the combination; Fig. 3). In other words, 90%
inhibition of cell growth with the combination treatment
required 0.2 of MSeC and 0.15 of docetaxel of their
individual IC90 doses. If the effect of the combination
treatment of MSeC and docetaxel was additive, only 35%
inhibition of cell growth would have been achieved. On the
other hand, when docetaxel and MSeC were administered
at different percentages of their individual IC10 concentrations, the combination effect was additive (Fig. 3).
Several reports documented the finding that MSeC
induced apoptosis through different mechanisms in various cancer lines including leukemia, ovarian, and mammary cells (17, 30 – 34). In this study, to investigate the
effect of the combination treatment (MSeC/docetaxel) on
apoptosis and determine the mechanism of action behind
the synergy, caspase-3 activity assay and detection of
apoptotic cell death were done. MSeC/docetaxel treatment
significantly increased the caspase-3 activity and apoptotic
cell death when compared with each drug alone and
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untreated control (Fig. 4). The induced apoptotic cell death
by MSeC/docetaxel treatment was significantly reduced
when cells were pretreated with a pan-caspase inhibitor
(Fig. 4). Conversion of synergy between MSeC and
docetaxel to antagonism after pretreatment with a pancaspase inhibitor further confirms that caspase activation
plays a critical role in the observed synergy (Fig. 5). In
other words, blocking caspase-dependent apoptosis eliminates the synergy between MSeC and docetaxel.
The role of survivin in control and drug resistance in
various in vitro and in vivo models, including prostate
cancer, was documented by many reports. In summary,
the higher the survivin level, the less apoptotic response
achieved after drug treatment (35 – 37). Furthermore, the
relationship between survivin and the response to
docetaxel was also documented in several published
reports; briefly, the higher the survivin level, the more
resistance to docetaxel treatment (38, 39). In this study,
survivin level was down-regulated by MSeC/docetaxel
treatment when MSeC was given at IC25 and docetaxel
was given at IC90, which corresponded with the maximum
synergy. However, MSeC/docetaxel treatment with MSeC
at IC25 and docetaxel at IC10, which corresponded with
additive effect, did not change the survivin level (Fig. 6).
These results associate survivin expression level after
MSeC/docetaxel treatment with the observed MSeC/
docetaxel synergy. The lower the survivin level in C2G
cells after the MSeC/docetaxel treatment, the more
synergy is observed.
In summary, pretreatment with MSeC was essential to
markedly sensitize cells to docetaxel. The synergy between
MSeC and docetaxel in C2G prostate cancer cells is
associated with increased level of caspase-dependent
apoptosis and decreased level of survivin. Future studies
will determine whether the mechanism of action of MSeC/
docetaxel treatment down-regulating survivin is transcriptional or translational.
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