
Abstract. Background/Aim: Survivin expression has been
shown to be associated with cancer progression, poor
prognosis, and drug resistance. The aim of this study was to
examine whether survivin knock-down could enhance
paclitaxel-induced apoptosis in breast cancer cells in vitro.
Materials and Methods: MCF-7 cells were infected with an
siRNA-expressing adenovirus vector against survivin (Adv-
siSurv) or Renilla luciferase as a control (Adv-siRL). After
treatment with paclitaxel, cells were analyzed by apoptotic, cell
cycle and immunoblotting assays. Results: Of cells treated with
paclitaxel alone, only 20.2±2.08% showed apoptotic features.
An increase in the paclitaxel dose was associated with increased
survivin expression. In contrast, Adv-siSurv infection resulted
in a marked increase in apoptotic cell death in paclitaxel-
treated MCF-7 cells (49.9±7.70%). The percentage of cells in
the G2M phase was lower (23.9±1.64%) in Adv-siSurv-infected
cells than that of Adv-siRL–treated cells (40.0±2.43%). Adv-
siSurv infection reduced survivin, procaspase-9, and
procaspase-3 levels in paclitaxel-treated MCF-7 cells.
Conclusion: Loss of survivin expression enhanced paclitaxel-
induced apoptosis in MCF-7 breast cancer cells in vitro.

Survivin, a member of the inhibitor of apoptosis protein (IAP)
family, is characterized by a unique structure that distinguishes
it from other members of the IAP family. To date, eight IAP
members have been identified (1), all of which contain one to
three copies of the baculovirus IAP repeat (BIR) domains in
the N-terminus. In some IAP members, such domains prevent
apoptosis to promote growth of tumor cells through inhibition

of caspase-3 and -7 activations (2). Survivin, which has only
one BIR domain and consists of 142 amino acids, is the
smallest of the IAP family members. Survivin expression has
been shown to be associated with cancer progression, poor
prognosis, and drug resistance. 

Paclitaxel is one of the most active cancer chemo -
therapeutic agents in breast cancer. Paclitaxel induces mitotic
arrest through polymerisation and stabilization of
microtubules and induces cell death by apoptosis. However,
acquired resistance to paclitaxel is one of the most significant
reasons for its eventual failure in chemotherapy (3). Previous
studies have demonstrated that paclitaxel resistance is
attributable to various mechanisms: First, the presence of
elevated drug efflux that results from the up-regulation of
membrane transporters such as P-glycoprotein (4). Second,
alterations in the expression of β-tubulin isotypes (5). Third,
changes in apoptotic regulatory proteins such as survivin (6).
We had previously constructed a replication-deficient
adenovirus that expressed survivin siRNA (7). In this study,
it was examined whether an adenovirus vector that expressed
survivin siRNA could enhance paclitaxel-induced apoptosis
in breast cancer cells in vitro.

Materials and Methods

Cell culture. MCF-7 cells, a human breast cancer cell line, were
maintained in MEM medium containing 10% FBS, 0.2% sodium
bicarbonate, penicillin (100 units/ml) and streptomycin (0.1 μg/ml)
at 37˚C in a humidified atmosphere of 5% CO2 and 95% air.

Adenovirus vectors expressing siRNA. Recombinant adenovirus
vectors used were based on E1- and E3-deleted Ad5 with a modified
fiber F/RGD harboring an integrin-binding RGD motif within the
HI loop of its knob protein. The construction of the siRNA
expression unit was of a tandem type, in which sense and antisense
strands composing the siRNA duplex were independently
transcribed by two human U6 promoters (Figure 1). Adv-siSurv is
a vector expressing siRNA against survivin, as previously described
(7), inserted immediately downstream of the U6 promoter as
follows: 5’-GAAAGTGCGCCGTGCCATC-3’. Adv-siRL is a
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control vector, expressing siRNA against Renilla luciferase, as
previously described (8).

Real-time polymerase chain reaction. MCF-7 cells were infected
with Adv-siSurv or Adv-siRL for three days. Total RNA was
reverse transcribed to cDNA at 48˚C for 30 min using TaqMan
Reverse Transcription Reagents (N808-0234; Applied Biosystems,
Foster City, CA, USA). Survivin primers were designed by an
assay-by-design service (#185137684; Applied Biosystems). The
primers for polymerase chain reaction (PCR) amplification used in
this study were as follows: survivin, forward primer 5’-
CTACATTCAAGAACTGGC CCTTCT-3’, reverse primer 5’-
CAAGTCTGGCTCGTTCTCAGT-3’; and GAPDH (internal
control), forward primer 5’-CCACCCATGG CAAATTCCAT
GGCA-3’, reverse primer 5’-TCTAGACGGCAGG TCAGG
TCCACC-3’. This system was used for real-time monitoring of
PCR amplification of the cDNA following a TaqMan Universal
PCR Master Mix protocol (Perkin–Elmer, Waltham, MA, USA). 

Cell cycle analysis. Cell cycle analysis was performed by flow
cytometry following propidium iodide (PI) staining. MCF-7 cells
were infected with Adv-siSurv or Adv-siRL for three days and
treated with varying doses (ranging from 0 to 30 nM) of paclitaxel.
From 24 h to 120 h later, cells were removed by trypsinisation,
washed with phosphate buffered saline (PBS) and fixed with 70%
ethanol. Fixed samples were centrifuged, treated with RNase (0.25
mg/ml), and resuspended in PI (50 μg/ml). PI-stained cells were
analysed by a FACScan flow cytometer (Becton Dickinson, San
Jose, CA, USA).  

Immunoblot analysis. MCF-7 cells were infected with Adv-siSurv
or Adv-siRL for three days, and then treated with varying doses
(ranging from 0 to 30 nM) of paclitaxel for five days. Total cell
lysates from treated cells were extracted with lysis buffer (10 mM
Tris-HCL [pH 8.0], 0.2% NP-40, 1 mM EDTA, and 2% SDS).
Thirty μg of protein from each extract were separated using 5-20%
gradient polyacrylamide gels and were transferred onto
nitrocellulose membranes. After blocking with 5% dry milk in TBS
(10 mM Tris-HCl (pH 7.5), 150 mM sodium chloride), the
membranes were incubated with the primary antibodies for 1 h at
25˚C. The primary antibody was either mouse anti-survivin
monoclonal antibody (#2802; Cell Signaling Technology, Danvers,
MA, USA), rabbit anti–caspase-9 polyclonal antibody (#9502; Cell
Signaling Technology), mouse anti–caspase-3/CPP32 monoclonal
antibody (C31720; Transduction Laboratories), or mouse anti–β-
actin monoclonal antibody (A5441; Sigma–Aldrich, St Louis, MI,
USA). The secondary antibody was horseradish peroxidase-
conjugated rabbit anti-mouse IgG+A+M (H+L; #61-6420; Zymed
Laboratories, San Francisco, CA, USA) or donkey anti-rabbit IgG,
peroxidase-linked species-specific F(ab’) fragment (Amersham,
Little Chalfont, USA). Staining was carried out using an ECL kit
(Amersham) according to the manufacturer’s instructions. 

Phase contrast microscopy. MCF-7 cells were infected with Adv-
siSurv or Adv-siRL for three days, and then treated with varying
doses (ranging from 0 to 30 nM) of paclitaxel for five days. Cellular
morphological change was observed by phase contrast microscopy.
Statistical evaluation. The significance of differences between
groups was assessed by a Student’s t-test using JMP. Statistical
significance was defined as p<0.05. 

Results

Silencing of survivin with siRNA in MCF-7 cells. In an
attempt to down-regulate the expression of survivin, MCF-7
cells were infected with Adv-siSurv or Adv-siRL for 72 h.
The expression levels of survivin and GAPDH genes in
MCF-7 cells were evaluated based on their quantitative qRT–
PCR threshold cycle values (Ct). As shown in Figure 2, the
average Ct value of survivin was 26.55±0.15 cycles for Adv-
siSurv–transfected cells compared to 23.86±0.40 cycles for
Adv-siRL–transfected cells. For the 2–ΔCt value method,
adenovirus-mediated siRNA resulted in a 6.43-fold reduction
in survivin expression. In contrast, average Ct values for
GAPDH were not different, with 21.03±0.15 cycles for Adv-
siSurv–transfected cells and 21.01±0.03 cycles for Adv-
siRL–transfected cells. Thus, survivin expression was
successfully reduced in MCF-7 cells.

Enhanced apoptosis in MCF-7 cells by siRNA against
survivin. The changes in the apoptosis-inducing potential of
Adv-siSurv transfected cells were next examined via flow
cytometric analysis. MCF-7 cells were stained with PI,
treated with adenovirus-mediated siRNA for 3 days and then
exposed to various concentrations of paclitaxel for 24, 72
and 120 h. Adv-siSurv–mediated survivin knock-down
treatment alone slightly increased the percentage of cells in
the sub-G1 fraction compared with Adv-siRL treatment
during the time course (Figure 3). Adv-siRL–transfected
MCF-7 cells showed an increased population of cells in G2M
arrest after exposure to paclitaxel in a dose-dependent
manner for 120 h (Figure 4A: white columns). The
percentage of cells arrested in the G2M phase at paclitaxel
concentrations of 0, 3, and 30 nM was 16.4±0.81, 21.2±0.83,
and 40.0±2.43, respectively. Only a small proportion of the
cell population had apoptotic features (sub-G1 population:
6.12±0.79, 18.07±1.56, and 20.2±2.08% respectively; Figure
4B: white columns). In contrast, paclitaxel treatment of Adv-
siSurv–transfected MCF-7 cells suppressed any increase in
paclitaxel-mediated G2M arrest compared to the control
treated group: The percentage of cells arrested in the G2M
phase at concentrations of 0, 3, and 30 nM of paclitaxel was
17.7±0.58, 19.2±0.58, and 23.9±1.64, respectively (p<0.05;
Figure 4A: black columns). Thus, Adv-siSurv infection
resulted in a marked increase in apoptotic cell death in
paclitaxel-treated MCF-7 cells compared to the control group
over time (sub-G1 population: 7.26±0.29, 30.14±5.15, and
49.9±7.70% respectively; Figure 4B black columns; p<0.05).  

To confirm that exposure to paclitaxel affected the
expression of survivin and to show that paclitaxel-induced
apoptosis enhanced by survivin knock-down was mediated by
the activation of caspases, western blot analysis was
performed for procaspase-9, procaspase-3 and survivin
proteins as shown in Figure 5. Surprisingly, in Adv-siRL–
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transfected MCF-7 cells exposed to paclitaxel (0-30 nM) for
120 h, survivin expression increased in a paclitaxel
concentration-dependent manner. In contrast, MCF-7 cells
transfected with Adv-siSurv and exposed to paclitaxel did not
show an increase in paclitaxel-mediated survivin expression.
As a result, despite paclitaxel exposure, the amount of pro-
caspase-9 and pro-caspase-3 proteins decreased in MCF-7
cells after infection with Adv-siSurv. Infection with Adv-siRL
did not affect the levels of procaspase-9 and the procaspase-
3. siRNA for survivin and paclitaxel treatment strikingly
increased cell death in MCF-7 cells. 

Phase-contrast microscopic analysis of the cell
morphology showed that Adv-siSurv–transfected cells
treated with paclitaxel appeared rounded-up and in
fragmented form at concentrations above 10 nM (Figure 6:
lower panels). In contrast, the Adv-siRL–transfected cell line
showed few floating cells, even when the concentration of
paclitaxel was increased to 30 nM (Figure 6: upper panels).
These results indicated that the inhibition of paclitaxel-
mediated survivin induction by adenoviral transduction of
siRNA against survivin significantly increased paclitaxel-
induced cell death.
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Figure 1. A schematic presentation of the structure of an adenovirus vector encoding U6 promoter-driven siRNA. The backbone of the adenoviral
vectors used in this study was an E1- and E3-deleted serotype 5 adenovirus with a modified fiber F/RGD, harbouring an integrin-binding RGD
motif within the HI loop of its knob protein. The construction of this siRNA expression unit is of a tandem type, in which sense and antisense strands
composing the siRNA duplex were independently transcribed by two human U6 promoters.

Figure 2. The effects of adenovirus-mediated siRNA against survivin in MCF-7 cells. The RNA levels of survivin (A) and GAPDH (B) after infection
with Adv-siRL or Adv-siSurv at 3,000 VP/cell for 72 h were evaluated by quantitative real-time (qRT)–polymerase chain reaction (PCR). Data are
presented as mean±standard deviation (SD). n=9. Threshold cycle value (Ct)=qRT–PCR.
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Discussion

Many cancer cases that were once responsive to anti-cancer
drugs acquire resistance through expression of protective
gene products or mutations induced by exposure to such
drugs. Resistance to a single agent eventually develops into
a multidrug resistance and the disease’s ability to counteract
all available chemotherapies. Therefore, elucidating the
mechanism of resistance to anti-cancer drugs and using this
knowledge to overcome this resistance is very important.
One of the causes of resistance to anti-cancer drugs is the
induction of a wide range of stress-related genes involved in
cell death and apoptosis. This mechanism involves systems
activated by conditions associated with microenvironments
surrounding tumors, such as hypoxia, low glucose levels,
low pH, the elevation or absence of a DNA repair system,
and inhibition of cell death through elevation of activation
signals of anti-apoptotic factors such as Akt, Bcl-2 and
survivin. IAP family proteins are crucial factors involved in
the regulation of apoptosis. 

The anti-apoptotic mechanism of survivin has not yet been
completely elucidated. Unlike other IAP family members,
survivin lacks the BIR2 domain structure necessary for
binding caspase-3 and -7; consistent with this, certain studies
have shown that survivin does not directly inhibit the activity
of these two caspases (9). Survivin most likely inhibits the
activity of caspase-9, not through direct binding but, rather,
by interacting with cofactors such as XIAP (10). In the
present study, caspase-3 activity was induced by caspase-9
activation triggered by survivin knock-down in MCF-7
breast cancer cells (Figure 5), which supports the results of
the above described studies.

Survivin also plays an essential role as a mitotic regulatory
factor ensuring the appropriate completion of cell division.
Expression of survivin is strictly regulated during the cell
cycle and peaks during G2M phase (11). In the metaphase of
the cell cycle, survivin is localized in the centromere,
interacts with the chromosomal passenger proteins, Aurora B
kinase, inner centromere protein, and Borealin/Dasra, and is
involved in the dynamics and stabilization of microtubules
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Figure 3. Flow cytometric analysis of cell cycle phases in MCF-7 cells treated with adenovirus-mediated siRNA (Renilla luciferase as a control
[Adv-siRL]) or siRNA-expressing adenovirus vector of survivin [Adv-siSurv] for 72 h and exposed to paclitaxel for 24 to 120 h. Cells were collected
after treatment with paclitaxel at 24 h (A), 72 h (B), or 120 h (C) and stained with propidium iodide (PI) for flow cytometric analysis Each histogram
image shows representative results obtained from three independent experiments.



(12). Furthermore, survivin expression is increased in cancer
cells resistant to many available cytotoxic anti-cancer drugs,
including taxanes (13) and radiotherapy (14). Similarly, in our
study, cell populations arrested in the G2M phase also
displayed increased expression of survivin in a paclitaxel
concentration-dependent manner (Figure 4A).

Several approaches, including the use of the transcriptional
inhibitor sepantronium bromide (YM155), have been
designed to target survivin (15-17). However, recent studies
have revealed that an improvement in the response rate was
not observed when YM155 was added to the combination
therapy of carboplatin and paclitaxel for progressive non-
small cell lung cancer in Phase I/II trials (18). This failure is
probably due to the lack of specificity of YM155 and its
inadequate inhibition of survivin in patients (19). It is
believed that a novel strategy that can effectively down-
regulate survivin is required to increase chemotherapeutic
efficacy, thereby improving the survival of cancer patients.

We have developed genetically modified adenoviral vectors
to introduce therapeutic genes into cancer cells and have
reported that they are effective for in vitro (20) and in vivo
(21, 22) cancer treatments. In this study, survivin expression
was successfully inhibited using a tandem siRNA expressed
in an adenovirus system under a U6 promoter, which
increased the antitumor activity of paclitaxel (Figures 4B
and 6). 

In summary, the sensitivity of paclitaxel towards a breast
cancer cell line was investigated after treatment with a
recombinant adenovirus vector encoding siRNA targeting
survivin. Strong inhibition of survivin by specific siRNA
enhanced paclitaxel-induced apoptosis in cultured breast
cancer cells, suggesting that this system is an attractive
strategy for treating breast cancer from the perspective of
conquering drug resistance.
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Figure 5. Immunoblot analysis of apoptosis-related proteins in MCF-7
cells treated with adenovirus-mediated siRNA and exposed to paclitaxel
for 120 h. Renilla luciferase was used as a control (Adv-siRL). siRNA-
expressing adenovirus vector of survivin (Adv-siSurv).

Figure 4. Percentage of cells arrested in the G2M phase after exposure
to various doses of paclitaxel for 120 h (A). Percentage of induced
apoptotic cells from 24 to 120 h after paclitaxel treatment (B). An siRNA-
expressing adenovirus vector of survivin (Adv-siSurv) suppressed the G2M
population of the cell cycle, while paclitaxel treatment induced apoptosis.
Values are percentages and represent means±standard deviation (SD) of
three experimental replicates as shown in Figure 3. Renilla luciferase was
used as a control (Adv-siRL). *p<0.05, Student’s t-test.
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