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The chemotherapeutic drug paclitaxel induces microtubular
stabilization and mitotic arrest associated with increased
survivin expression. Survivin is a member of the inhibitor of
apoptosis (iap) family which is highly expressed in during
G2/M phase where it regulates spindle formation during
mitosis. It is also constitutively overexpressed in most
cancer cells where it may play a role in chemotherapeutic
resistance. MCF-7 breast cancer cells stably overexpress-
ing the sense strand of survivin (MCF-7(survivin-S) cells)
were more resistant to paclitaxel than cells depleted
of survivin (MCF-7(survivin-AS) despite G2/M arrest in
both cell lines. However, survivin overexpression did not
protect cells relative to control MCF-7(pcDNA3) cells.
Paclitaxel-induced cytotoxicity can be enhanced by retinoic
acid and here we show that RA strongly reduces survivin
expression in MCF-7 cells and prevents paclitaxel-mediated
induction of survivin expression. Mitochondrial release of
cytochrome c after paclitaxel alone or in combination with
RA was weak, however robust Smac release was observed.
While RA/paclitaxel-treated MCF-7 (pcDNA3) cultures
contained condensed apoptotic nuclei, MCF-7(survivin-S)
nuclei were morphologically distinct with hypercondensed
disorganized chromatin and released mitochondrial AIF-1.
RA also reduced paclitaxel-associated levels of cyclin B1
expression consistent with mitotic exit. MCF-7(survivin-S)
cells displayed a 30% increase in >2N/<4N ploidy while
there was no change in this compartment in vector
control cells following RA/paclitaxel. We propose that RA
sensitizes MCF-7 cells to paclitaxel at least in part through
survivin downregulation and the promotion of aberrant
mitotic progression resulting in apoptosis. In addition we
provide biochemical and morphological data which suggest
that RA-treated MCF-7(survivin-S) cells can also undergo
catastrophic mitosis when exposed to paclitaxel.
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Introduction

The regulation of the intrinsic apoptotic pathway involves
control over mitochondrial membrane permeability and re-
lease of cytochrome c into the cytoplasm where it is free
to interact with Apaf-1 and caspase-9 to form an active
“apoptosome” complex inducing a cascade of caspase activ-
ity and ensuing cell death.1 Regulation of caspase activity
is afforded by a family of inhibitor of apoptosis (IAP) gene
products,2,3 which contain from one to three domains ho-
mologous to the initially described baculovirus IAP repeat
(BIR) domain. The proteins cIAP1, cIAP2 and XIAP con-
tain three BIR domains4 and all inhibit the activity of several
caspases.5 Survivin is the smallest member of the IAP family
and encodes only one BIR domain. Interestingly, survivin
is overexpressed in most cancer cells but not in most post-
mitotic differentiated cells.6 Although it has been reported
that survivin inhibits caspase-9,7,8 there is no direct bind-
ing data and others have disputed this finding.9 Survivin
has however been shown to bind the proapoptotic protein
Smac/DIABLO.10 Following an apoptotic signal the Smac
protein is released from the mitochondria and functions by
binding to and inhibiting the activity of cytosolic IAPs
thus allowing the apoptosome complex to initiate caspase-
9 activation and subsequent apoptosis.11,12 Thus, binding
of survivin to Smac could serve to functionally remove the
blocking effect of Smac on IAPs thus preventing caspase
activation. Survivin is regulated in a cell cycle dependent
manner through the regulatory regions of its promoter13 as
well as through stablization in G2/M as a result of cdc2
phosphorylation of Thr 34.14 The best studied function of
survivin has been its role at the mitotic checkpoint. Early
in mitosis survivin is located with the microtubules of the
mitotic spindle associated with proteins of the centromere.
Survivin has been shown to be necessary to maintain mitotic
arrest in response to signals from kinetochore proteins which
sense spindle tension.15,16

The chemotherapeutic drug, paclitaxel (TaxolTM) binds
to β-tubulin and, in sufficient quantities, can induce micro-
tubule polymerization (stabilization) activating the mitotic
spindle checkpoint resulting in a transient mitotic arrest.
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With time cells may undergo an abnormal metaphase and
proceed into G1 where they can contain either multiple
micronuclei or multilobed nuclei. During this tetraploid
G1 state, although the cells appear to initiate DNA re-
pair, many proceed to classical apoptosis.17 Some cells
may also be released from the spindle checkpoint as a re-
sult of defective cell cycle checkpoints and undergo cell
death while progressing through an abnormal mitosis. This
form of cell death is known as mitotic catastrophe (re-
viewed in Castedo et al.).18 These cells become extremely
large and, similar to the G1 cells that have exited mito-
sis without proper chromosome separation and cytokine-
sis, cells undergoing mitotic catastrophe may also contain
multiple micronuclei.19–21 Consistent with the ability of
paclitaxel to induce mitotic arrest, survivin levels are in-
creased following paclitaxel treatment,22 although this in-
duction may be independent of the G2/M arrest.23 Based
on this observation it has been suggested that paclitaxel
may itself induce drug resistance through increasing sur-
vivin levels.22,23 Recent evidence suggests that paclitaxel-
mediated mitotic arrest is dependent on survivin based on
the observation that survivin expression in survivin defec-
tive ovarian carcinoma cells restores paclitaxel-induced mi-
totic arrest. However, survivin expression did not alter the
overall levels of cell death induced by paclitaxel in these
cells.24

Retinoids such as all-trans retinoic acid (RA) act through
α, β and γ isoforms of their receptors which are ligand-
dependent transcription factors to promote or inhibit the
transcription of genes whose regulatory sequences contain
retinoid receptor binding sequences or whose transcription
requires a common coactivator.25 In addition to growth
inhibition, RA can also induce apoptosis during normal
development and in several cancer cell types (reviewed in
Nagy et al.)26 Exposure to retinoids can induce apoptosis
in breast cancer cell lines both in vitro27,28 and in mice.29

Importantly, retinoids have been shown to sensitize MCF-7
breast cancer cells30,31 as well as prostate cancer cells32 to
paclitaxel.

Based on the ability of paclitaxel to regulate survivin and
the observed potentiation of paclitaxel-induced cell death
by RA, we wished to determine the role of survivin in
paclitaxel-induced cytotoxicity as well as the mechanism
of RA-mediated taxol sensitization. In the present study
we show that breast cancer cells overexpressing survivin are
relatively protected from cell death induced by paclitaxel
compared to cells expressing antisense survivin but undergo
similar levels of paclitaxel-induced death as cells express-
ing endogenous survivin levels. Enforced survivin expres-
sion did not protect cells from RA-mediated augmentation
of paclitaxel-induced cytotoxity relative to cells with en-
dogenous survivin. Collectively, our results suggest that RA
promotes mitotic exit of paclitaxel-treated cells resulting in
death by differential mechanisms depending on the expres-
sion level of survivin.

Materials and methods

Cell Culture: MCF-7 cells and ZR-75 cells were grown in
DMEM (high glucose) at 37C/5% CO2 with 5% fetal bovine
serum, 1% non-essential amino acids, 110 µg/ml sodium
pyruvate and 10 µg/ml gentamicin. RA was used from a
1mM stock solution in 100% ethanol and paclitaxel added
to medium from a 100 uM stock in Me2SO4. For treatment
with RA, 100 mm plates were seeded with 5 × 105 cells and
made 1 µM with RA after attachment for 72 h or for the
indicated times. Paclitaxel was added alone to medium for
24 h at 100 nM or for the last 24 h of the incubation in RA
(RA/paclitaxel). Controls were treated with the equivalent
concentrations of vehicle(s).

Clonogenic assays: Following the RA and paclitaxel treat-
ments 2 × 103 cells from each of the MCF-7 stable cell lines
or the untransfected ZR-75 cells were plated on 60 mm
dishes and colonies allowed to form over 7 days. For these
experiments paclitaxel was added for only 3 h since 24 h ex-
posure results in almost complete cell death in longer term
culture. Colonies were fixed with methanol acetone (3:1) and
stained with 2% crystal violet then enumerated on a grid.
Only colonies with greater than fifty cells were counted.

Isolation of stable transfectants: MCF-7 cells were trans-
fected with empty pcDNA3 or that into which the full
length cDNA for survivin was cloned into either in the sense
or antisense orientation using Fugene transfection reagent
(Roche Diagnostics, Laval, Quebec) according to the manu-
facturer’s directions. Stable colonies were selected in G418
until there was no further cell death then isolated colonies
were picked and expanded in the presence of G418 prior to
immunoblot analysis for survivin protein.

Plasmids and antibodies: We thank Dr. Alex MacKen-
zie (CHEO Research Institute, Ottawa) for human survivin
cDNA. Anti-cyclin B1 monoclonal and anti-AIF-1 were
purchased from Santa Cruz Biotech (Santa Cruz, CA); anti-
Smac/DIABLO (CT) was from Pro Sci (Poway, CA); anti-
cytochrome c monoclonal antibody was purchased from
Pharmingen (Mississauga, ON); anti-mHSP-70 and anti-
cytochrome c oxidase was purchased from Molecular Probes
(Eugene, OR); anti-survivin was obtained from R&D Sys-
tems (Minneapolis, MN); anti-phospho histone H3 was
purchased from Sigma-Aldrich, Canada (Oakville, ON);
secondary antibodies conjugated to horseradish peroxidase
(HRP) or CY3 were obtained from Jackson Laboratories
(West Grove, PA).

Mitochondrial fractionation: Subconfluent cultures were
collected after trypsinization, centrifuged in medium con-
taining 5% serum and washed in phosphate-buffered saline
(PBS)(137 mM NaCl, 27 mM KCl, 10 mM Na2HPO4,
KH2PO4). The insoluble microsomal fraction containing
mitochondria was isolated as we previously described33

except that final supernatants were transferred to ultra
centrifuge tubes and further clarified following a 30 min
centrifugation at 100,000 × g.
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Immunoblot: Cultures were harvested into pre-chilled
microfuge tubes in 500 µL RIPA buffer containing a
protease inhibitor cocktail. Lysates were processed, sub-
jected to SDS-PAGE and transferred to PVDF membranes
for immunodetection and visualization by chemilumines-
cence. Denistometry was performed using a Kodak Image-
Station.

Immunocytochemistry: For Hoechst staining, cells were
fixed on coverslips with cold methanol at −20C for 5 min
then incubated in a 1:1500 dilution of 1 mg/ml Hoechst
33258 at room temperature, washed with phosphate-
buffered saline (PBS) then mounted on coverslips with anti-
fade. For immunohistochemistry, cells on coverslips were
fixed in 3.7% formaldehyde in methanol prior to reaction
with anti-phospho-histone H3. Positive cells were detected
by reaction with CY3 conjugated goat anti-rat IgG. Image
capture and slide evaluations were performed using a Zeiss
Axiophot fluorescence microscope equipped with Northern
Eclipse image analysis software (EMPIX Imaging Inc., Mis-
sissauga, ON). All histogram bars represent results from
evaluation of at least 1200 cells counted in multiple micro-
scopic fields from each coverslip and are representative of at
least two separate experiments.

Viable cell staining and enumeration: Culture medium
was removed and floating cells were collected by centrifuga-
tion. The cell monolayer was rinsed with PBS, trypsinized
and pooled with the floating cells. After washing with PBS
cells were resuspended in medium and 0.2% trypan blue
prior to enumeration using a haemocytometer.

Analysis of caspase activity: Cells were trypsinized and
washed twice in PBS then resuspended in PBS at a con-
centration of 106 ml. Detection of caspase activity was
performed using the CaspaTag fluorescein caspase VAD
activity kit (Intergen, Purchase, NY) containing the in-
hibitor FAM-VAD-FMK according to the manufacturer’s
instructions. Caspase activity in camptothecin-treated cells
was used as a positive control for caspase activation while
cells exposed only to FAM-VAD-FMK and propidium io-
dide (PI) were used as a negative control to which results
were normalized. A total of 3 × 105 cells were analysed
in each sample. Flow analysis of labelled cells was per-
formed on a Coulter Epics Altra cytometer equipped with
an Argon laser and EXPO II software (Applied Cytometry
Systems).

Flow cytometry: Cell monolayers were rinsed with PBS,
trypsinized and pelleted then washed twice with PBS. Cell
pellets were resuspended in 1ml PBS containing 1mM
EDTA and 3 ml of 70% ice cold ethanol then frozen at −20C
overnight. Just prior to analysis, cells were pelleted, washed
once with cold PBS then resuspended in 1ml PBS/EDTA
containing RNAse A at a concentration of 100 ug/ml for
20 min at room temperature. Cells were then transferred
to ice and PI added to final concentration of 50 ug/ml.
Analysis of DNA contents was performed on the Coulter
Epics Altra flow cytometer and data was analyzed using

the MultiCycle AV program for WindowsTM (Phoenix Flow
Systems).

Results

Generation and cell cycle parameters of MCF-7
cells expressing elevated and reduced survivin
protein levels

In order to examine the role of survivin in paclitaxel-
induced death and RA-mediated sensitization we first gen-
erated MCF-7 cell lines constitutively expressing elevated
or reduced levels of survivin. Previous studies have shown
that cancer cells express higher levels of survivin than non-
transformed cells and paclitaxel induces a G2/M arrest and
further enhances survivin expression.22,23 To generate cells
with altered cellular survivin levels we generated stable
clones of MCF-7 cells expressing survivin cDNA in either
the sense or anti-sense orientation. Figure 1(a) shows im-
munoblot analysis of three MCF-7(survivin-S) stable clones
compared with three pooled clones containing empty vector
or MCF-7 cells. Clones 9 and 20 were routinely pooled for
the experiments described below and contained 3 and 7-fold
higher survivin protein levels respectively compared with
control cells as determined densitometrically (not shown).
The western blot in Figure 1(b) depicts the results of iso-
lation of four clones of MCF-7 cells expressing full-length
antisense orientation of survivin from the CMV promoter.
Survivin levels in the clones were at least 50% lower than
control cells. Note that this blot was exposed longer than
that shown in Figure 1a in order to visualize residual sur-
vivin. Clones 1, 4 and 9 were routinely pooled for the exper-
iments described below. We next performed cell cycle anal-
ysis on the clones in order to both determine what effects
differential survivin might have on the cell cycle of MCF-
7 cells and also to determine if higher or reduced survivin
levels were associated with increases or decreases in G2/M
cells. The graph in Figure 1(c) shows that MCF-7(survivin-
S) clones display a small decrease in G1 concurrent with a
proportional increase in S phase cells when compared with
MCF-7(pcDNA3) cells, results which concur with the ef-
fects of survivin expression in hepatoma cells.34 Conversely,
MCF-7(survivin-AS) cells display a small increase in G1
phase cells and a similar decrease in S phase cell percentages
compared with MCF-7(pcDNA3) clones. Importantly nei-
ther sets of clones displayed drastic changes in cell cycle nor
any alterations in G2/M phase proportions suggesting that
survivin expression alone cannot significantly alter the cell
cycle in this model. These results also show that levels of
survivin protein expression were primarily the result of ec-
topic expression of the sense or antisense survivin cDNA and
G2/M arrest or prolongation did not contribute to survivin
expression.
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Figure 1. Generation of MCF-7 clones expressing sense and anti-sense survivin. Individual clones were transfected then selected for G418
resistance, expanded and monitored by immunoblot for survivin expression as described in Methods. (a) Immunoblot analysis of 20 ug of
whole cell lysates from three MCF-7 cell stable clones constitutively overexpressing survivin (MCF-7(survivin-S). Samples from three pooled
G418-resistant clones transfected with empty pcDNA3 and untransfected MCF-7 cells are labelled vector and MCF-7. (b) Immunoblot of
four MCF-7 stable cell clones transfected with the antisense survivin cDNA. Untransfected MCF-7 cells are shown as a positive control.
MCF-7(survivin-S) clones 9 and 20 were pooled together and MCF-7(survivin-AS) clones 1, 4 and 9 were pooled together for all subsequent
experiments. The same three pooled MCF-7(pcDNA3) clones were used in all experiments. (c) Effects of survivin overexpression and depletion
on MCF-7 cell cycle. Subconfluent cultures of MCF-7(survivin-S) and MCF-7(survivin-AS) were analyzed by flow cytometry as described in
Methods and compared with MCF-7 untransfected control cells. Bars represent standard error of the mean.

Depletion of survivin protein enhances
paclitaxel-induced apoptotic events but elevated
survivin levels do not protect cells relative to
endogenous levels

As an IAP family member survivin potentially has di-
rect anti-apoptotic activity and increased expression of sur-
vivin may afford protection from cytotoxicity. Although the
original experiments described by Wang et al.30 demon-
strating RA-mediated sensitization to paclitaxel were per-
formed over a period of 6 days including a 3 day pre-

treatment with RA followed by a one hr exposure to pa-
clitaxel then another 3 day culture period prior to deter-
mination of cytotoxicity, we have included paclitaxel in
the last 24 h of the 3 day RA treatment prior to har-
vesting of samples for biochemical/morphological analysis
or viable cell determinations. This was done in order that
we would not miss early/intermediate processes involved in
the death of cells induced by these conditions. It has been
shown that survivin overexpression can prevent apoptosis in
NIH3T3 cells induced by paclitaxel,34 however these stud-
ies did not consider direct effects of survivin expression on
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paclitaxel-induced apoptotic events. We therefore iso-
lated mitochondrial and cytoplasmic fractions from MCF-
7(pcDNA3), MCF-7(survivin-S) and MCF-7(survivin-AS)
clones treated with paclitaxel. The immunoblot in Fig-
ure 2(a) depicts release of both cytochrome c and Smac
in untreated MCF-7(pcDNA3) and MCF-7(survivin-S) cells
and following paclitaxel or RA treatment alone or RA and

paclitaxel combination treatment. The panel in (b) shows
the same experiment with MCF-7(survivin-AS) cells. Un-
der control untreated conditions the cell lines had little or
no cytoplasmic cytochrome c. Release of cytochrome c after
paclitaxel or RA alone or in combination with RA was rela-
tively weak in both MCF-7(pcDNA3) and MCF-7(survivin-
S) cells. The ratio of mitochondrial cytochrome c to

Figure 2. Effects of RA, paclitaxel and cotreatment with paclitaxel and RA on mitochondrial events. a and b Mitochondrial release of
cytochrome c, Smac/DIABLO and mHSP-70 in cells with differential survivin expression. MCF-7(pcDNA3), (survivin-S) (a) and (survivin-AS)
(b) cells were treated with vehicle, 1 µM RA for 72 h or 100 nM paclitaxel for 24 h either alone or for the last 24 h of RA treatment as described
in Methods. Soluble (S) and membrane (M) fractions were isolated as described in methods and subjected to immunoblot for cytochrome
c, Smac/DIABLO and mHSP-70. Immunoblotting with cytochrome c oxidase and PCNA was used as a control for loading and integrity of
the mitochondrial and soluble fractions respectively. Positions of molecular weight markers are shown on the left and the calculated relative
molecular weight of each protein is given (c) Effects of differential survivin expression on caspase activation by paclitaxel and RA treatments.
MCF-7(pcDNA3), (survivin-S) and (survivin-AS) cells were treated with 1 µM RA for 72 h, 100 nM paclitaxel or treated with RA for 72 hrs
with the addition of paclitaxel for the final 24 h. Caspase activity was detected using the pan-caspase CaspaTag detection kit as described in
Methods. The caspase-positive population includes cells that were positive for caspase activity only (FAM+) as well as those that had dual
positivity (propidium iodide (PI+) and FAM+) and those stained with PI+ only which represent late stage apoptotic cells.
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Figure 2. Continued.

cytoplasmic cytochrome c was slightly reduced following
RA treatment alone relative to control conditions. Signif-
icantly more release was observed in MCF-7(survivin-AS)
cells following paclitaxel or the combination treatment. Al-
though very little cytochrome c was visible in the cytoplas-
mic fraction of MCF-7(survivin-AS) cells there was a signifi-
cant decrease in mitochondrial cytochrome c levels. This may
be indicative of degradation of released cytochrome c since,
protein loading of each sample fraction appeared equivalent
as determined by cytochrome c oxidase and PCNA reac-
tivity. Although it is not clear why this is, we note that
MCF-7(survivin-AS) cells were more fragile than the other
two cell lines and amounts of derived protein lysates/volume
of cells were lower overall from treated antisense cultures.

Although there were small amounts of Smac detected
in the cytoplasmic fraction of both MCF-7(pcDNA3) and
(survivin-S) cells, in MCF-7(survivin-AS) cells significant
cytoplasmic Smac was tonically present in untreated cells
(a mitochondrial:cytoplasmic ratio of approximately 2, de-
termined densitometrically). The ratio of mitochondrial to
soluble Smac was lower in MCF-7(survivin-S) cells compared
with MCF-7(pcDNA3) following paclitaxel treatment. As
with release of cytochrome c, paclitaxel treatment resulted
in the strongest Smac release in MCF-7(survivin-AS) cells
such that the mitochondrial:cytoplasmic ratio at culture ter-
mination was approximately 0.5. Overall cellular levels of
Smac appeared decreased in these cells under these condi-
tions. A reduction in released cytoplasmic Smac levels is
most likely the result of proteasomal Smac degradation in-
duced by IAP-mediated ubiquitination.35 The combination
of RA and paclitaxel further reduced mitochondrial Smac as
well as overall Smac levels in all cell lines. While RA alone
increased cytoplasmic Smac levels relative to mitochondrial
Smac when compared with untreated cells, paclitaxel alone
had a more profound effect on Smac release than did RA
alone in all cell lines.

Mitochondrial Hsp70 is localized in the mitochondrial
matrix where it functions as a molecular chaperone for pro-

tein translocation36 and serves as a marker for intact mi-
tochondria. Loss of integrity of the outer mitochondrial
membrane in late stage apoptosis results in cytoplasmic ac-
cumulation of mHsp70. Immunoblot with anti-mHsp70
demonstrated no significant paclitaxel-induced cytoplasmic
localization of mHsp70 in MCF-7(pcDNA3) or (survivin-
S) cells. As was the case for Smac, some mHsp70 was also
present in the cytoplasm of untreated MCF-7(survivin-AS)
cells and cytoplasmic mHsp70 increased progressively fol-
lowing paclitaxel and RA/ paclitaxel treatment respectively.

Thus these results indicate that cells depleted of sur-
vivin are more sensitive to paclitaxel-induced mitochondrial
events than cells expressing endogenous levels of survivin
or cells constitutively overexpressing survivin. They also
demonstrate that RA treatment further exacerbates release
of Smac as well as reduces both cytochrome c and Smac pro-
tein levels. Remarkably the data also show that constitutive
overexpression of survivin does not reduce mitochondrial re-
lease of either cytochrome c or Smac in response to paclitaxel
or RA/ paclitaxel.

Differential caspase activation by paclitaxel
in cells with altered survivin levels

Since one of the proposed ways in which survivin acts is
through caspase inhibition the results above suggested that
this protein may prevent caspase-dependent feedback am-
plification of mitochondrial apoptotic events. To determine
if this was the case we measured caspase activity using a
fluorescence-tagged FAM-VAD-FMK inhibitor which binds
irreversibly to all active caspases except caspase-4 and -
10 (Figure 2c). Less than 10% of MCF-7(pcDNA3) and
MCF-7(survivin-S) cells were positive for active caspase af-
ter a 72 h exposure to RA while this number was signif-
icantly higher at 28% in MCF-7(survivin-AS) cells. Taxol
alone produced a much higher percentage of caspase-positive
cells in both MCF-7(pcDNA3) and (survivin-S) cells with

594 Apoptosis · Vol 11 · No 4 · 2006



Survivin expression and mechanisms of retinoic acid/paclitaxel cytotoxicity

approximately 30% and 35% positive respectively. This
number was increased to nearly 50% in the MCF-7(survivin-
AS) cells. Following concomitant treatment with RA and
paclitaxel there was a marked increase in caspase activa-
tion in MCF-7(pcDNA3) cells up to 50% of the total cell
population. In contrast there was only a small increase in
caspase activation in the MCF-7(survivin-S) cultures. In
MCF-7(survivin-AS) clones in which paclitaxel had already
produced a high level of caspase activity, the RA-mediated
increase was considerably less than that observed for MCF-
7(pcDNA3) cells although the numbers approached 55%
of cells. Thus overexpression of survivin does not alter the
activation of caspases in response to paclitaxel relative to
control cells however these two differ in that the combina-
tion of RA and paclitaxel mediates an increase in caspase
activity in vector control cells but not in MCF-7(survivin-S)
cells suggesting potentially different types of cell death.

Retinoic acid inhibits basal and paclitaxel-induced
survivin expression

As discussed above two reports have indicated that RA can
sensitize cancer cells including MCF-7 cells such that lower
concentrations of paclitaxel can produce similar levels of cell
death as those achieved in the presence of higher concen-
trations of the drug alone.30,31 Since paclitaxel is known to
increase survivin expression, RA might promote paclitaxel
cytotoxicity by reducing survivin levels. To assess this we
collected protein extracts from MCF-7 cells at various times
following RA treatment. The immunoblot in Figure 3(a)
shows that levels of survivin began to diminish by 72 h and
by 96 h survivin was almost absent in RA-treated cultures.
This time frame is similar to the kinetics of RA-induced
G1 accumulation,37 therefore survivin downregulation may
have been the result of a reduction in G2/M phase cells. To
investigate this, we immunoblotted cellular extracts from
MCF-7 and ZR-75 cells as well as stable clones expressing
cyclin D1 which, although they contain apoptotic cells after
RA-treatment, are partially resistant to the G1 block.38 If
G1 accumulation was the sole factor determining survivin
levels, we expected to see a diminution in the RA-mediated
decreases in survivin. Figure 3(b) shows that survivin expres-
sion was profoundly reduced by RA in both cell lines and was
similarly decreased in MCF-7(cycD1) and ZR-75(cycD1)
stable cell lines.

In order to determine the effects of RA on the cell cy-
cle of paclitaxel treated cells we performed flow cytometry.
Figure 3(c) indicates that over this time period RA by it-
self increased the percentage of G1 cells by about 10%. A
similar increase was seen after concurrent treatment with
paclitaxel and RA essentially at the expense of G2/M cells.
However, the percentage of cells in G2/M was still sub-
stantial (80%). In agreement with other reports,22 Figure
3(d) shows that survivin levels were almost doubled follow-
ing paclitaxel treatment while dual treatment with both

RA and paclitaxel reduced survivin levels to those of un-
treated control cells. Importantly, just over 20% of control
cells were in G2/M while in RA and paclitaxel cotreated
cells 80% remained in G2/M. (Figure 3c). Thus this result
clearly shows that RA reduces paclitaxel-mediated increases
in survivin independent of the small reduction in G2/M cells
and also supports the possibility that RA may sensitize cells
to paclitaxel at least in part by reduction of survivin protein
expression.

Exposure to RA prior to paclitaxel treatment results
in survivin-dependent differential nuclear
morphological changes and increased cell death

Survivin protein levels are normally rapidly reduced during
anaphase. Given that survivin is required to stabilize the
spindle checkpoint we predicted that an RA-mediated
reduction in survivin levels in MCF-7(pcDNA3) cells could
result in aberrant progression into G1 rendering them
susceptible to apoptotic cell death. On the other hand
constitutive expression of survivin in MCF-7(survivin-S)
cells might stabilize the paclitaxel-induced mitotic arrest
and RA may enforce cell death from mitosis. To get an
assessment of the combined effects of RA and paclitaxel on
cell death, we calculated the percentage of dead cells using
Trypan blue exclusion following treatment with either RA
alone, paclitaxel or RA/paclitaxel relative to live cells. These
experiments included floating cells and are necessarily
performed after only 24 h in paclitaxel with or without RA
since longer periods result in significant amounts of cell de-
bris such that the enumeration of detached dead cells would
be inaccurate. The results in the graph in Figure 4(a) show
that approximately between 15 and 20% of cells were dead
after a 24 h exposure to paclitaxel in both the pcDNA3 and
survivin-S-transfected cells. This number was nearly 40%
in MCF-7(survivin-AS) cell cultures. In MCF-7(pcDNA3)
and MCF-7(survivin-S) cells the combination of RA and
paclitaxel induced a 35% increase in the population of
dead cells above that in the paclitaxel-treated cells. Thus,
even over this 24 h period the RA-mediated increases
in paclitaxel-induced dead cells were almost additive
in the MCF-7(pcDNA3) and MCF-7(survivin-S) cells
and were more than additive in the MCF-7(survivin-AS)
cells.

As discussed previously, the studies reported by Vivat-
Hannah et al.31 and Wang et al.30 demonstrated more sig-
nificant synergy between RA and paclitaxel than what we
have obtained with shorter paclitaxel exposure. To determine
the effects of survivin overexpression or depletion on the
longer term RA/paclitaxel toxicities, we performed clono-
genic assays over a period of 6 days post-paclitaxel treatment.
The results in Figure 4(b) show that over the extended pe-
riod of culture the effects of RA/paclitaxel treatment on
colony formation are much more pronounced than those ob-
served with either agent alone. However, consistent with
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Figure 3. RA reduces survivin expression in a cell cycle-independent manner and alters paclitaxel-mediated survivin induction and cell cycle
effects. (a) Immunoblot analysis of survivin in whole cell extracts of MCF-7 cells treated for the indicated times with 1 µM RA. (b) Extracts
from MCF-7 and ZR-75 stable cell lines constitutively expressing cyclin D1 described in Niu et al.,38 treated with RA or vehicle for 96 h were
immunoblotted with anti-survivin. (c) Effects of RA and paclitaxel on the cell cycle of MCF-7 cells. MCF-7 cells were treated with ethanol (Con),
1 uM RA for a total of 72 hrs (RA); 10 nM paclitaxel for 48 h, (paclitaxel) or RA for 72 h with the addition of 10 nM paclitaxel for the final 48 h
of culture, (RA+paclitaxel). Flow cytometry to determine cell cycle phase was performed as described in Methods. Results shown are means
of triplicate determinations and bars represent standard error. d Effects of paclitaxel and RA cotreatment on survivin expression. Immunoblot
analysis of survivin expression in MCF-7 cells treated with 1 uM RA for 72 h, 100 nM paclitaxel for 24 h or RA for 72 h with the addition of
paclitaxel for the final 24 h. Immunoblot with an α-actin antibody was used as an internal control for protein loading.

what we observed at the earlier post-treatment time point,
survivin overexpression did not confer significant resistance
to either paclitaxel alone or RA/paclitaxel relative to MCF-
7(pcDNA3) cells in terms of clonogenicity.

In order to confirm the sensitization by RA to paclitaxel
cytotoxicity we performed the same experiment on another
estrogen receptor positive cell line, ZR-75. The clonogenic
assays in Figure 4(c) show that unlike MCF-7 cells which
were more sensitive to paclitaxel alone than RA alone, in
ZR-75 cells this rank order of sensitivity was reversed. How-
ever, as was the case with MCF-7 cells, the combination of
RA and paclitaxel reduced colonies significantly over either
agent alone. Thus both ER+ cell lines are subject to pa-

clitaxel sensitization by RA despite differences in caspase-3
expression.

In order determine if there were any gross nuclear mor-
phological differences between paclitaxel and combination
RA/paclitaxel- treated in the three cell lines we enumer-
ated Hoechst-stained nuclei both for nuclear morphologies
as well as cells with highly condensed nuclear DNA as a
method to determine the level of apoptosis in each cell line
(Figure 5a and b). Following the 24 h paclitaxel treatment
many cells with clear mitotic figures were present in all cul-
tures with little evidence of adherent apoptotic cells. Many
cells in the MCF-7(pcDNA3) and MCF-7(survivin-S) cul-
tures contained multiple micronuclei which is typical of cells
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Figure 4. Effects of paclitaxel, RA and combination RA/paclitaxel on
viable cell numbers and clonogenicity in cells with differential survivin
expression. (a) The percentage of dead cells were enumerated by
trypan blue exclusion following exposure to vehicle, 1 µM RA, 100 nM
paclitaxel or the combination RA/paclitaxel treatment as described
in Methods. Results are derived from triplicate determinations and
are representative of 3 separate experiments. Bars indicate standard
error. (b) Clonogenic assay of MCF-7 cell lines: The indicated MCF-7
cell lines were treated as described in Methods, trypsinzed following
treatment and plated at equivalent densities to allow colony formation
for 7 days as described in Methods. Colonies were then stained and
enumerated. Bars represent standard errors derived from triplicate
determinations. (c) The same experiment as in (b) was performed
on ZR-75 cells and the results of the clonogenic assays are shown.
Bars represent standard errors based on triplicate determinations.

that have undergone an aberrant cytokinesis. Fewer MCF-
7(survivin-AS) cells were multinucleated but notably these
cells were capable of morphologically undergoing mitotic
arrest in response to the 24 h paclitaxel treatment. Dual
RA/paclitaxel treatment resulted in either a reduction or
alteration in the appearance of mitotic figures as well as the
appearance of larger numbers of apoptotic and floating cells.
In RA/paclitaxel-treated MCF-7(pcDNA3) cell cultures mi-
totic cells were reduced by about 50% although there still
remained a large number of cells that retained a mitotic
chromatin morphology. This treatment also induced num-
bers of cells with typical apoptotic morphologies consisting

primarily of highly condensed round apoptotic nuclei. In
contrast, RA markedly reduced numbers of morphologically
mitotic MCF-7(survivin-S) cells relative to paclitaxel alone
but gave rise instead to cells containing hypercondensed
chromatin aggregates that stained intensely with Hoechst as
well as some typical apoptotic nuclei. Hyper-condensation
of chromatin is characteristic of cells undergoing mitotic
catastrophe.18 As expected, numbers of mitotic cells were
markedly lower in RA-only-treated cells and numbers of
apoptotic nuclei were similar to those produced by pacli-
taxel alone. MCF-7(survivin-AS) cultures contained clearly
apoptotic nuclei usually consisting of two adjacent nuclei
consistent with telophasic or early G1 nuclei. To confirm
the effects of RA and paclitaxel on mitotic cell numbers
we stained cells with anti-phospho-histone H3 in a separate
experiment to detect cells in M phase (Figure 5c). In general
the percentages of mitotic cells positive for phospho-histone
H3 under the various culture conditions were similar to
what was determined morphologically following Hoechst
staining, although we obtained a somewhat higher percent-
age of anti-phospho-histone H3 positive MCF-7(survivin-S)
cells relative to the morphological determinations. Despite
this, the effect of RA/paclitaxel treatment relative to pa-
clitaxel alone remained the same in that mitotic cells were
significantly reduced by 40 to 50%.

Thus, our results show that in MCF-7(survivin-S) and
MCF-7(pcDNA3) cells paclitaxel-induced cytotoxicity is
similar as is the level of caspase activation. However,
while RA/paclitaxel increased caspase activity in MCF-
7(pcDNA3) cells above that obtained with paclitaxel alone,
further increases in caspase positive cells were not observed
in MCF-7(survivin-S) cultures demonstrating that survivin
overexpression is associated with differential caspase acti-
vation and nuclear morphologies following paclitaxel/RA
treatment relative to control cells.

Taken together these data suggest that RA may promote
mitotic progression of paclitaxel-treated cells resulting in
morphologically distinct forms of cell death contingent on
levels of survivin expression. In particular, RA/paclitaxel
treatment of survivin-S expressing cells might promote
death through elimination of mitotic cells.

RA differentially alters the percentages
of paclitaxel-treated MCF-7(survivin-S) cells
with higher order and intermediate DNA ploidy

We reasoned that cells that die out of mitosis with a 4N
DNA content will produce DNA degradation products that
would be found in a sub-4N population. In order to char-
acterize the effects of paclitaxel and the addition of RA
to paclitaxel-treated cells on cellular DNA content, we per-
formed flow cytometry on each of the different cell lines. The
histograms in Figure 6a depict the 2N, 4N and 8N DNA
peaks obtained and regions of cellular debris/apoptosis are
indicated. Note that it is not possible to designate 4N cells
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exclusively as G2/M phase since some of these cells may
represent tetraploid G1 cells. Cells overexpressing survivin
show evidence of a large number of polyploid cells and cells
depleted of survivin also have a tendency to become poly-
ploid. In contrast only a very small percentage of control
pcDNA-3 transfected cells appeared polyploid.

The addition of paclitaxel strongly increased the percent-
age of tetraploid cells and those with a >4N DNA content in
all cell lines the latter of which can be the result of endorepli-
cation, the process in which cells progress into another S
phase in the absence of cytokinesis.39 Interestingly, MCF-
7(survivin-S) cells demonstrated two defined >4N peaks as
did (pcDNA3) cells (although to a lesser extent) while MCF-
7(survivin-AS) and show a continuous range of >4N DNA
content. Assuming that these are tetraploid S phase cells, it is
possible that higher cellular levels of survivin may act to stall
replication at discreet points. Indeed S phase fractions were
also slightly increased in untreated MCF-7(survivin-S) cells.
A second interpretation is that these peaks represent aneu-
ploid cells of greater than 4N and less than 8N DNA content
induced by paclitaxel treatment in combination with rela-
tively high levels of survivin. This would further stabilize

microtubule function and prevent normal sister chromatid
exchange. These results contrast with depletion of survivin
which would be likely to result in random chromosomal
non-disjunction thus generating a more continuous inter-
4N to 8N region.

During cell death cells display a reduction in cellular
DNA content as a result of DNA degradation. Cells dying
from a diploid state will thus generate sub 2N DNA while
cells dying from a tetraploid or higher state will, in the
same time period, result in higher order DNA degradation
products. Thus dying 4N and greater cells will manifest as
an increase in the sub-tetraploid level of DNA also occu-
pied by diploid S phase cells. On first inspection, the DNA
content histograms are not grossly different between all the
cell lines for each treatment group. This is perhaps not unex-
pected given that changes in DNA content in polyploid cells
might be spread over a wide range of values. We therefore
quantified changes in the cellular DNA content between and
including 2N to 4N, 4N to 8N and 4N as defined in the his-
tograms. Figure 6b shows that, in keeping with the notion
that MCF-7(survivin-AS) and (pcDNA3) cells may undergo
cell division prior to cell death while those overexpressing

Figure 5. Survivin-dependent nuclear morphological changes following paclitaxel and RA/paclitaxel combination treatment. MCF-7(pcDNA3),
(survivin-AS) and (survivin-S) were cultured in RA or paclitaxel alone or in combination as described in Methods. (a) Micrographs of rep-
resentative Hoechst-stained MCF-7 cells. Paclitaxel-treated cells were predominantly mitotic in all cell lines while RA treated cells were
predominantly interphase. Combined treatment of MCF-7(pcDNA3) cells with RA and paclitaxel resulted in increased numbers of apoptotic
nuclei (white arrowheads) while many cells remained mitotic. Apoptotic cells were also visible in cultures of MCF-7(survivin-S) cells along with
many cells containing hypercondensed chromatin aggregates (black arrows). MCF-7(survivin-AS) cultures contain interphase cells along with
many intensely stained apoptotic nuclei. (b) Enumeration of mitotic, apoptotic and hypercondensed chromatin aggregates (HCCA). For each
set of cell line data at least 1200 cells were enumerated per slide. (c) Reactivity with anti-phospho-histone H3 was used to confirm the effects
of paclitaxel and RA on the percentages of mitotic cells. Values represent percentages of positive cells derived from counting a minimum of
1200 cells per slide.
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Figure 5. Continued.

survivin are more likely to die in a polyploid state with-
out prior mitosis, RA and paclitaxel strongly reduced the
≥4N population of MCF-7(survivin-S) cells while the ≥2N
and <4N levels increased. In contrast RA and paclitaxel
had no effect on the same populations of MCF-7(pcDNA3)
and (survivin-AS). The large tetraploid population of MCF-
7(survivin-AS) cells was also significantly reduced which,
based on the nuclear morphology data, appears to be due to
post-mitotic apoptosis.

Overall, the significant decrease in the proportion of
MCF-7(survivin-S) cells with tetraploid and higher DNA
content combined with the increase in cells ranging from
2N up to 4N DNA content accompanied by the nu-
clear morphological data above are consistent with the
survivin-associated induction of mitotic cell death fol-
lowing combination RA and paclitaxel treatment. The
same treatment in cells in which RA downregulates
survivin (MCF-7(pcDNA3) or in cells depleted of sur-

vivin (survivin-AS) cells results in cell division prior to
apoptosis.

RA reduces cyclin B1 content and differentially
increases cytoplasmic AIF-1

Based on our finding that RA reduces survivin expression,
we surmised that RA might facilitate a M→ G1 transi-
tion in paclitaxel-treated cells MCF-7(pcDNA3) and MCF-
7(survivin-AS) cells. In MCF-7(survivin-S) cells there may
be sufficient stabilization of the mitotic spindle to prevent
sister chromatid exchange and interfere with cytokinesis,
then RA treatment, by promoting mitotic exit might re-
sult in mitotic catastrophe. Progression into G1 is expected
to be accompanied by the a decrease in the mitotic cyclin
B1. Figure 7(a) is an immunoblot of cyclin B1 and sur-
vivin from treated cultures. Previous studies determined
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that survivin is required for the mitotic spindle check-
point and accordingly paclitaxel-treated MCF-7(survivin-
AS) cells contain the lowest levels of cyclin B1 while MCF-
7(pcDNA3) and MCF-7(survivin-S) cells both have similarly
higher levels. Consistent with the hypothesis, cyclin B1 lev-
els were strongly reduced in both the latter cells, especially
in the MCF-7(pcDNA3) cultures following RA/paclitaxel
cotreatment. As expected, RA reduced survivin expression
in all cells compared with those cultured in the absence of
RA. The lower reduction of survivin expression in MCF-
7(survivin-S) cells is due to downregulation of endogenous
protein.

Apoptosis inducing factor (AIF-1) is a mitochondrial
flavoprotein that can induce cytochrome c release and cas-
pase activation but can also translocate to the nucleus via
the cytoplasm causing nuclear fragmentation in a caspase-
independent manner.40,41 Mitotic catastrophe has been re-
ported to occur in the absence of caspase activation and can
involve the mitochondrial release of AIF-1.18 Mitochon-
drial release of AIF-1 was determined by immunoblot of
soluble cytoplasmic fractions from cell lines subjected to
these treatments with AIF-1 antibody. Figure 7(b) shows
that vehicle-treated control and paclitaxel-treated cells dis-
played little evidence of AIF-1 release. Similarly RA and

Figure 6. Combined RA and paclitaxel increases sub 4N DNA content. (a) Flow cytometric analysis of DNA content. MCF-7(pcDNA3),
(survivin-AS) and (survivin-S) cells were treated with 100 nM paclitaxel for 48 h with or without RA as described in Methods and fixed with
ethanol prior to staining with PI. Cells were then analyzed for DNA content using the Multi-cycle program for Windows as described in Methods.
DNA content is represented on a linear-log scale and the position of 2N, 4N and 8N cells were determined by calculating the peak mean
for each population. Sub G1 DNA is depicted as apoptotic cells and debris (apop/debris). Histograms typical of triplicate determinations are
shown. (b) Graphs depicting the percentages of cells with 2N to <4N and >4N to ≤8N intermediate DNA content. Percentages are the means
of triplicate samples ± standard error. The percentage change in each of the cell populations following RA and paclitaxel treatment relative to
paclitaxel alone is shown.
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Figure 6. Continued.

paclitaxel combination treatment of MCF-7(pcDNA3) cells
induced release of only low levels of AIF-1. In contrast AIF-
1 was reproducibly released into the cytoplasm in MCF-
7(survivin-S) cells treated with both agents. Thus, under
conditions of differential survivin expression, the addition

of RA to paclitaxel can induce AIF-1 release which may con-
tribute to a caspase-independent increase in cell death. In
MCF-7(survivin-AS) cells AIF-1 was found in the cytoplasm
of both paclitaxel-treated and combination RA/paclitaxel-
treated cells (Figure 7c) suggesting a role for AIF-1 in
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Figure 7. RA reduces cyclin B1 expression in paclitaxel-arrested
cells and differentially induces AIF-1 mitochondrial release in MCF-
7(survivin-S) cells. (a) Whole cell protein extracts from MCF-
7(pcDNA3), (survivin-S) and (survivin-AS) cells treated with 100 nM
paclitaxel or cotreated with RA and paclitaxel as described in Meth-
ods were subjected to immunoblot analysis with antibodies to cy-
clin B1 and survivin. Anti-α-actin was used as a control for protein
loading. (b) The soluble fractions shown in Figure 2 from MCF-
7(pcDNA3), MCF-7(survivin-S) and from MCF-7(survivin-AS) cell
lines (c), treated with 100 nM paclitaxel and RA/paclitaxel were sub-
jected to immunoblot analysis with anti-AIF-1. The internal control
for mitochondrial contamination reactivity with anti-cytochrome c ox-
idase and protein loading was standardized with anti-actin and anti-
PCNA. The positions of molecular weight markers from each gel is
shown on the left and the calculated relative molecular weights of
each protein are indicated.

mediating the higher levels of paclitaxel-induced cell death
not seen in the other two cell lines. Despite the presence
of soluble AIF-1 it is important to note that there were
virtually no cells with morphologies consistent with mi-
totic catastrophe following RA/paclitaxel treatment in this
population. It is also noteable that mitochondrial release of
both cytochrome c and Smac was considerably greater in
MCF-7(surivivin-AS) cells than in the other cell lines after
either paclitaxel or RA/paclitaxel. Moreover there was a de-
crease in the levels of these proteins suggesting that in some
cells there may be complete mitochondrial membrane poten-
tial collapse. Thus differential AIF-1 release distinguishes
survivin-overexpressing cells from those with endogenous
survivin but not those depleted of survivin protein.

Together with the reductions in mitotic cells, nuclear
morphological data and flow cytometric data these results
support the notion that RA promotes mitotic progression
facilitating death out of mitosis in cells constitutively over-
expressing survivin. On the other hand the vector control
clones and cells depleted of survivin appear to preferentially
undergo apoptosis.

Discussion

Elevated survivin protein expression is a feature of many
cancers.42,43 Moreover, paclitaxel has been shown to increase
survivin expression through a mechanism that may be
independent of the G2/M block23 and this has been pro-
posed to be a mechanism by which paclitaxel itself restricts
cytotoxicity. Our finding that survivin overexpression did
not protect cells from paclitaxel-induced cytotoxicity shows
that increased survivin does not promote paclitaxel resis-
tance. The importance of survivin in the paclitaxel response
derives from the mitotic function of survivin wherein it
forms a complex with INCENP (inner centromere binding
protein) and the aurora B kinase.22 The mitotic checkpoint
is regulated by proteins of the MAD family (mitotic arrest
deficient) which bind kinetochores of unattached chromo-
somes and sense spindle tension44,45 Survivin is required for
normal mitosis since in its absence microtubule formation is
disrupted and MAD proteins are prematurely released from
kinetochores. It is also been demonstrated to be required
for maintaining mitotic arrest in response to microtubule
disrupting agents such as paclitaxel15,16 which reduce
spindle tension. Paclitaxel-treated HeLa cells depleted of
survivin can progress out of M phase without undergoing
cytokinesis resulting in essentially tetraploid G1 phase cells
with multiple micronuclei and undergo apoptosis.16 On the
other hand it has been proposed that cells overexpressing
survivin may not undergo cell death in G1, but instead
be highly susceptible to death by mitotic catastrophe-
a function of the ability of overexpressed survivin to
stabilize the paclitaxel-induced spindle checkpoint.18 It is
interesting that at least after the 24 h treatment period in
100 nM paclitaxel, MCF-7(survivin-AS) cells depleted of
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survivin were still able to undergo mitotic arrest and this
was associated with substantial induction of cell death. It is
possible that paclitaxel induces sufficient survivin even in
these cells to promote M phase arrest. The MCF-7(survivin-
S) cells, wherein the paclitaxel-induced mitotic arrest
would be predicted to be highly stabilized, underwent
significantly less cell death than MCF-7(survivin-AS)
cells after paclitaxel treatment. Together these results
suggest that the mitotic arrest in paclitaxel-treated cells
can be dissociated from its cytotoxicity. This conclusion
parallels that of Zhou et al.24 who found that while survivin
expression could restore mitotic arrest to paclitaxel-resistant
ovarian cancer cells it did not improve cytotoxicity.

Our data suggest that the combination of paclitaxel and
RA would result in cells which have stabilized microtubules
yet proceed through mitosis into G1 as a result of enforced
mitotic slippage, a hypothesis supported by the decreased
levels of cyclin B1 as well as the observed reduction in mi-
totic cells. This would amount to an increase in the rate of
mitotic exit in the absence of proper segregation of sister
chromatids and cytokinesis. The G1 checkpoint is subse-
quently activated in these cells and most will then undergo
classical apoptosis.17 However, in cells constitutively overex-
pressing survivin, RA may alter gene expression to promote
mitotic progression while the high survivin levels stabi-
lize the mitotic arrest preventing successful entry into G1,
resulting instead in enforced catastrophic mitosis accompa-
nied by the production of higher order DNA degradation
products.

Release of AIF-1 has been associated, albeit not ex-
clusively, with mitotic catastrophe and paclitaxel-induced
apoptosis46,47 and its preferential release from MCF-
7(survivin-S) cells versus MCF-7(pcDNA3) cells following
RA/paclitaxel combination treatment, further supports the
contention that significant proportions of these cells un-
dergo the latter form of cell death. Unlike MCF-7(survivin-
S) and (pcDNA3) cells, AIF-1 was present in the soluble
fraction of MCF-7(survivin-AS) cells after either paclitaxel
or RA+paclitaxel treatment. It is possible that the depletion
of survivin may result in the priming of a broader spectrum
of apoptotic events after cytotoxic challenge, especially given
the fact that most cancer cells have elevated levels of survivin
wherein it plays a role beyond mitosis.

In both MCF-7(pcDNA3) cells and MCF-7(survivin-S)
cells the level of paclitaxel-induced cytochrome c release
was relatively low compared with untreated cells. Unlike its
minimal effects on cytochrome c release, however, paclitaxel
induced a substantial release of Smac from MCF-7(survivin-
S) and MCF-7(pcDNA3) cells relative to untreated controls.
This suggests that, at least following paclitaxel, differential
mitochondrial release of these proteins can occur. Similar
to our findings, paclitaxel-arrested G2/M leukemic U937
cells also release little cytochrome c.48 However, paclitaxel-
treated B lymphoid BJAB cells display caspase-3 and -8-
dependent release of cytochrome c but little Smac release.49

Moreover, cell death in these cells was prevented by caspase-

3 inhibition. One explanation for the very different pattern
of Smac and cytochrome c release we observed in MCF-7
cells may be related to the lack of caspase-3 in MCF-7 cells
which could impact on amplification of mitochondrial cy-
tochrome c release. However, the lack of endogenous caspase-
3 in MCF-7 cells, does not effect the eventual cytotoxic re-
sponse of these cells to paclitaxel and RA after longer term
culture post-treatment. In fact Wang et al.30 showed that
MCF-7 cells treated with RA for 72 h followed by a 1 h
exposure to 100 uM paclitaxel resulted in nearly 60% of
cells staining positive for Trypan blue after an additional 3
days in culture compared with 40% following RA alone and
20% for paclitaxel only. Thus the combined effect was essen-
tially additive at these concentrations. The RA sensitization
was more fully realized at higher concentrations of paclitaxel
and after longer culture periods which is consistent with our
results following clonogenic assays and those of others30,31

wherein clear sensitization was observed. In order to observe
early apoptotic changes prior to large scale cell death, we
performed assays after only 24 h of exposure to paclitaxel
(approximately one cell cycle). Thus, as expected, the per-
centages of dead cells as determined by trypan blue exclusion
and enumeration of morphologically apoptotic nuclei in our
experiments do not reflect the major sensitization effects of
RA on paclitaxel-induced cytotoxicity.

Although caspases are clearly induced by paclitaxel in
MCF-7 cells without significant cytochrome c release, it
is interesting to note that high levels of cytoplasmic Smac
have been shown in ovarian cancer cells to sequester sufficient
hIAP-1/-2 activity to result in autoprocessing of caspase-9.50

The role of caspases in the eventual cell death induced by
paclitaxel in MCF-7 cells has been shown to be minimal in
at least one study.51 In fact, collectively, studies have shown
that the mechanism of taxane-induced cancer cell death is
cell-type dependent and can be either caspase-independent
(NSCLC (lung), SKOV (ovarian) and MCF-7), or caspase-
dependent (lymphoma).51,52

The possibility that retinoids may find utility in combi-
nation with standard chemotherapeutics has recently been
explored.53,54 From the standpoint of tumour-specific ther-
apy, RA-mediated downregulation of survivin may be es-
pecially important given that survivin is expressed in most
common tumors but not normal tissue.6 While survivin may
actually predispose cells to paclitaxel- induced cytotoxicity,
it has been shown to inhibit apoptosis induced in many
ways including a spectrum of anticancer drugs.8 In this
way survivin downregulation may be a novel mechanism
by which retinoids act in conjunction with chemotherapy
to effectively lower the survival threshold in cancer cells.
Retinoids have also long been recognized as chemopreven-
tive agents.55 Although it is not yet clear at what point in
transformation deregulation of survivin expression begins,
based on its ability to impinge on mitotic function, it is
possible that survivin may contribute to cancer progression
through mitotic dysfunction resulting in polyploidy which
has been suggested to result in genomic instability and

Apoptosis · Vol 11 · No 4 · 2006 603



Pratt et al.

eventual aneuploidy39 Thus retinoid-mediated inhibition
of survivin expression might attenuate this phenomenon.

Two groups have shown that survivin overexpression
can prevent apoptosis in NIH3T3 cells induced by
paclitaxel16,34 However, as suggested by our data, suffi-
ciently high levels of survivin in cancer cells may also make
them susceptible to death through mitotic catastrophe
following paclitaxel treatment and therefore confer a degree
of cancer cell specificity to paclitaxel-induced cytotoxicity.
We propose that RA may, through downregulation of
survivin and cyclin B1, succeed in accelerating cell death
by enforcing G1 progression resulting in mitotic death in
cells with high survivin levels or in apoptosis in cells with
lower survivin levels.
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