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Silencing Survivin Gene Expression Promotes Apoptosis
of Human Breast Cancer Cells Through a
Caspase-Independent Pathway
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ABSTRACT
Survivin is recognized as an attractive target in cancer therapy because of its selective overexpression in the majority of tumors. Upregulated

expression of this protein correlates with increased tumor grade, recurrence risk and decreased cancer patients survival. In this study, we

assessed the efficacy of two survivin-specific small interfering RNA (siRNA) constructs to inhibit T47D human breast cancer cell growth. After

siRNA transfection, T47D cells showed a significant reduction in proliferation and survival exhibiting clear signs of apoptosis. pSil_1 that

targeted exon 1 exhibited a stronger inhibitory effect on cell growth, and increased cell apoptosis compared to pSil_30 that targeted exon 4.

Cell apoptosis was found to be mediated by translocation of the mitochondrial apoptosis inducing factor (AIF), while no changes were

observed in caspase-3 activation and Bid cleavage. Thus, silencing survivin expression using siRNA strategies represents a suitable

therapeutic approach to selectively modulate the survival and growth of human breast cancer cells. J. Cell. Biochem. 105: 381–390,

2008. � 2008 Wiley-Liss, Inc.
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A poptosis plays an important physiological role in different

processes, from embryonic development to maintenance

of adult tissue homeostasis [Hengartner, 2000]. This evolutionary

conserved genetic program of cell death is characterized by unique
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biochemical and morphological features that distinguish this

process from other types of cell death such as necrosis or autophagia

[Hengartner, 2000]. Defects in physiological pathways of apoptosis

contribute to many human disorders including autoimmunity,
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neurodegeneration and cancer [Reed, 1999]. The molecular

executors of the apoptotic machinery are the caspases (cysteine

proteases that cleave after aspartic acid), which are constitutively

inactive as zymogens (pro-caspases), but can trans-process each

other, to produce fully active proteases, which are responsible of

generating a proteolytic cascade that ultimately leads to apoptotic

cell death [Salvesen and Dixit, 1997].

Two major pathways may lead to apoptosis in most cell types. The

‘‘extrinsic’’ pathway is triggered by the binding of ligands to

extracellular membrane receptors (death receptors) which leads to

activation of caspase-8. [Cryns and Yuan, 1998]. The ‘‘intrinsic’’

apoptotic pathway involves the mitochondria, which responds to

pro-apoptotic signals by releasing cytochrome c, which binds and

activates the apoptotic protease activating factor-1 (Apaf-1). These

sequential events promote the assembly of a multiprotein caspase-

activating complex (apoptosome), thus leading to activation of

caspase-9 and the initiation of the proteolytic cascade [Cryns and

Yuan, 1998].

The apoptotic machinery is regulated by several proteins

belonging to the Bcl-2 family, which include anti-apoptotic (Bcl-

2, Bcl-xl, Mcl-1) and pro-apoptotic (Bax, Bak, Bcl-xs, Bad and Bid)

mediators which differentially affect mitochondrial homeostasis

and cytochrome c release [Adams and Cory, 1998]. Other proteins

responsible of regulating apoptotic mechanisms are the inhibitors of

apoptosis protein (IAPs) family, including ML-IAP, XIAP, cIAP1,

cIAP2, NIAP, apollon and survivin. They block a common step

downstream of mitochondrial cytochrome c release by inhibiting the

terminal effectors caspase-3 and -7, and interfering with caspase-9

activity and processing [Deveraux and Reed, 1999].

Although caspase activation is considered a hallmark of apoptotic

cell death, other less defined cell death pathways have been

described which do not require caspase activation [Sperandio et al.,

2000]. In particular, some apoptotic stimuli activate apoptosis

inducing factor (AIF), a mitochondrial flavoprotein that induces

cytochrome c release and subsequent caspase activation; AIF also

translocates to the nucleus and causes nuclear fragmentation which

is not blocked by caspase inhibitors [Susin et al., 1999].

Recently, a great interest has emerged in survivin as a diagnostic

marker and potential drug target by virtue of its overexpression in

most tumor cell types. This protein has been shown to play an

important role in tumorigenesis and to a lesser extent in terminally

differentiated normal tissue [Hengartner, 2000]. Survivin has a

dual function inside the cell by suppressing apoptosis and

regulating cell cycle progression [Reed, 1999; Altieri, 2004; Canovas

and Guadagno, 2007]. Overexpression of survivin in tumor cells

correlates with poor prognosis in patients with different tumor types

[Altieri, 2003; Li et al., 2005; Hinnis et al., 2007]. Taken together,

these observations suggest that targeting survivin might provide

therapeutic benefits in clinical settings.

In this context, studies which evaluate the efficacy of different

strategies for silencing survivin would help for the development of

novel anti-tumor strategies. In recent years, the available strategies

for modulating apoptosis by counteracting survivin expression

include mostly the use of antisense oligonucleotides, pharmaco-

logical inhibitors and ribozymes [Plescia et al., 2005; Yan et al.,

2006; Pennati et al., 2007; Zaffaroni et al., 2007]. However, recent
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evidence highlights the efficacy of strategies using the interference

RNA (RNAi) technology that induce strong inhibition of specific

gene expression [Elbashir et al., 2001]. Several studies in ex-

perimental human tumor models have demonstrated the feasibility

of this approach for the inhibition of survivin [Uchida et al., 2004;

Huynh et al., 2006]. Carvalho and colleagues were the first to use

siRNA to specifically repress survivin in HeLa cells. The authors

showed that survivin-depleted cells experienced a significant

delay in their proliferative response. Finally, an enhanced apoptotic

response was also observed in several carcinoma cell lines

transfected with survivin-specific siRNAs [Uchida et al., 2004;

Huynh et al., 2006; Kappler et al., 2007].

The aim of the present study was to evaluate the efficacy of two

vectors encoding siRNA specific for survivin in their capacity to

modulate the apoptotic machinery in human breast cancer cells and

to analyze the cellular mechanisms involved in these effects.

MATERIALS AND METHODS

CELL CULTURES

The metastatic human breast carcinoma cell line T47D, was cultured

in DMEM complete growth medium: DMEM medium (Gibco)

supplemented with 10% fetal bovine serum (FBS) (Gibco), 200 mM L-

glutamine (Sigma), and antibiotic-antimycotic mixture (Gibco).

Cells were maintained in a humidified 378C incubator with 5% CO2.

PLASMID VECTORS

A DNA vector-based siRNA was designed to knockdown Survivin.

Design of specific siRNA was performed using Ambion Target

Finder (http://www.ambion.com/techlib/misc/sirna_finder.html).

BLAST search was used for selecting two target non-crossmatching

sequences among the siRNA candidates generated. The 21-

nucleotide target sequences to the exon 1 (50-GGACCACCGCATCTC-

TACATT-30) and exon 4 (50-GAATTTGAGGAAACTGCGAAG-30) of

the human SURVIVIN mRNA were selected and named pSil_1 and

pSil_30, respectively. Both sequences are directed against all

Survivin mRNA splicing variants. We used siRNA plasmid vectors

against green fluorescent protein (GFP) as a control (50-GCTGACCC-

TGAAGTTCATCT-30) named pSil_C.

TRANSFECTION

Cells (2� 105/well) were incubated in 6-well plates. Cells were

cultured in antibiotics-free medium before the start of transfection.

Survivin-specific siRNA or pSil_C was mixed with transfection

reagent LipofectamineTM Plus in OptiMEM medium (Invitrogen)

according to the manufacturer’s instructions. After transfection for

6 h at 378C, the cells were cultured in DMEM GlutaMAX medium

(Gibco) containing 10% FBS (Gibco). At 24, 48, and 72 h after

transfection, cells were harvested and stored at �208C until the time

of protein analyses.

COLONY FORMING ASSAYS

Colony forming assays were performed to evaluate the long-term

survival of treated cells. Twenty-four hours after transfection, cells

were seeded onto 6-well culture plates at a concentration of 102

or 103 cells per well and were cultured for 12 days. Following
JOURNAL OF CELLULAR BIOCHEMISTRY



removal of the medium, the wells were washed twice with PBS.

Glutaraldehyde (1.25% in PBS) was added to each well and the plates

were incubated for 30 min at room temperature to allow for cell

fixation. After two washes with distilled water, 0.05% methylene

blue solution was added to each well and plates were incubated for

30 min at room temperature to facilitate staining of the colonies.

After two rinses with distilled water, plates were dried and

photographed, and the number of visible colonies (more than 10

cells) was determined.

IMMUNOBLOT ANALYSIS

Total cell lysates from transfected cells were extracted with lysis

buffer containing 20 mM HEPES pH 7.5; 1.5 mM KCl; 1mM EDTA;

1mM EGTA; 0.15% Triton-X100; 1 mM PMSF; 1 mM DTT; and a

cocktail of protease inhibitors (Sigma). The samples were centri-

fuged at 10,000 rpm for 10 min at 48C. Supernatants were collected

and protein concentration was determined by the MicroBCA assay

according to the manufactureŕs instruction (Pierce). Equal amounts

of protein (30 mg/well) were separated on 14% sodium dodecyl

sulfate polyacrylamide gels for detection of survivin, AIF, caspasa-3

and Bid. Subsequently, the resolved proteins were transferred onto

Immobilon-P membrane (Sigma) to 250 mA for 1 h; immunoblots

were sequentially incubated in 5% skimmed milk blocking

solution at room temperature for 1 h. The primary antibodies were

rabbit anti-survivin (FL-142; Santa Cruz Biotechnology), goat anti-

caspase-3 (L-18; Santa Cruz Biotechnology, Inc.), goat anti-Bid (C-

20; Santa Cruz Biotechnology, Inc.), rabbit anti-AIF (H-300; Santa

Cruz Biotechnology, Inc.) or rabbit anti-actin (H-196; Santa Cruz

Biotechnology, Inc.) polyclonal antibodies. After washing three

times with 0.05% Tween-PBS solution at room temperature for 15

min, membranes were incubated with anti-rabbit (1:3,000; BioRad)

and anti-goat (1:4,000; Vector Labs.) secondary antibodies. Finally,

detection was carried out using the enhanced chemoluminiscence

(ECL) kit (Amersham) according to the manufacturer’s instructions.

Nuclear and mitochondrial extracts were used to analyze the release

of AIF from mitochondria to nucleus, and protein bands were

compared with the expression of histone (FL-219; Santa Cruz)

marker of nuclear fraction and Complex I marker of mitochondrial

fraction.
APOPTOSIS ASSAYS

The frequency of apoptotic cells was assessed by flow cytometry

using a FACAria (BD Biosciences) after staining the cells with FITC-

annexin V (BD Biosciences). Briefly, T47D cells were collected,

washed twice with PBS (centrifuged 5 min at 2,000 rpm each time)

and resuspended in FITC-annexin V (BD Biosciences) according

to the manufactureŕs instructions. Then, cells were incubated for

15 min at RT in the dark. Cell-associated fluorescence was then

analyzed using WinMDI2.8 software.
CYTOFLUORIMETRIC ANALYSIS OF CASPASE-3 ACTIVATION

pSil-treated and control cells were washed twice with PBS and

the percentage of cells with active caspase-3 was assessed using

the PE-conjugated monoclonal active caspase-3 antibody kit (BD

Pharmigen) according to the manufactureŕs instructions and
JOURNAL OF CELLULAR BIOCHEMISTRY
analyzed on a FACSAria flow cytometer (BD Biosciences).

Staurosporine (STS; 1mM) was used as positive control of apoptosis

and caspase-3 activation. Cell-associated fluorescence was then

analyzed using WinMDI2.8 software.

IMMUNOFLUORESCENCE

T47D cells were grown on culture slides (BD Falcon), and when

reached 60-80% confluence, the transfection protocol with pSil_C,

pSil_1 and pSil_30 was performed. Seventy-two hours after

treatment, cells were washed three times with PBS and fixed with

2% of paraformaldehyde for 20 min at 48C. Cells were permeabilized

with ethanol:acetic acid 2:1 for 5 min at �208C and then washed

and incubated in PBS blocking solution (10% FBS, 1% BSA) for

30 min at RT. Next, cells were incubated with rabbit polyclonal

anti-survivin (FL-142), anti-AIF (H-300) (both from Santa Cruz

Biotechnology, Inc.) and monoclonal PE-conjugated anti-active

caspase-3 (BD Pharmigen) for 45 min. at 378C. After washing, cells

were incubated with FITC-conjugated anti-rabbit-IgG (1:200;

Sigma) for 45 min at 37 8C. Cells were counter-stained with PI

or 406-diamino-2-phenylindol (DAPI Sigma) and samples were

mounted on microscope slides with anti-fading agent (90% glycerol,

pH 9.0). The fluorescence signal was visualized in a confocal laser

microscope (NIKON C1).

STATISTICAL ANALYSIS

Statistical significance was calculated with the Student́s t-test and

Mann–Whitney U-test using Prism software (GraphPad). P values of

0.05 or less were considered significant.

RESULTS

siRNA-MEDIATED SILENCING OF SURVIVIN EXPRESSION IN

BREAST CANCER CELLS

In an attempt to downregulate the expression of the antiapoptotic

protein survivin, T47D human breast cancer cells were transfected

with plasmids encoding siRNA against exon 1 (pSil_1) and

4 (pSil_30) within the Survivin transcript, as well as a control

plasmid. In all cases the plasmid concentrations were 1.6 mg/ml and

the efficiency of transfection was higher than 70% (Fig. 1A). The

expression levels of survivin were evaluated at 48 and 72 h post-

transfection by Western blot and confocal microscopy. After 72 h

the expression of survivin was significantly down-regulated in T47D

cells transfected with pSil_1 and pSil_30 compared with cells

transfected with control vector (pSil_C). Densitometric analysis

revealed that the levels of survivin in cells transfected with pSil_1

and pSil_30 were reduced to values of 48% and 70%, respectively,

indicating that pSil_1 was more efficient than pSil_30 to silence

survivin gene expression (Fig. 1B). Transfection of pSil_C, a control

vector expressing siRNA against the green fluorescent protein, had

no effect on survivin expression (Fig. 1B). There was no significant

difference in the expression levels of survivin 48 h following

transfection with either pSil_1, pSil_30, or control vector (data

not shown). To confirm these results, confocal microscopy

analysis of survivin expression was performed. Psil_C-treated cells

(Fig. 1C) or non-transfected cells (data not shown) showed strong

cytoplasmatic expression of survivin. On the other hand, cells
APOPTOSIS OF HUMAN BREAST CANCER CELLS 383



Fig. 1. si-RNA-mediated silencing of survivin in T47D cells. Cells were transfected with pSil_C, pSil_1 and pSil_30. A: Efficiency of transfection of T47D cells modified by pSil

and GFP encoding-vectors by flow cytometry analysis and confocal microscopy (inset). In all cases more than 70% of cells were GFP positive. Data are representative of three

independent experiments. B: Immunoblot analysis of survivin expression in T47D cells 72 h post-transfection. Data are representative of three independent experiments.

C: Confocal microscopy of survivin expression in cells treated with pSil plasmids. White arrow indicates the absence of survivin expression. Data are representative of three

independent experiments performed in triplicates. Scale bars 10 mm. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
treated with pSil_1 and Psil_30 showed a significant reduction of

survivin immunoreactivity (Fig. 1C) in agreement with the results

obtained by immunoblot analysis.
siRNA-MEDIATED SURVIVIN SILENCING RESULTS IN ATTENUATED

GROWTH CAPACITY

To analyze the biological consequences of silencing survivin

expression, we assessed tumor cell growth in vitro using a colony

forming assay. For this purpose, transfected T47D cells were

incubated for 12 days. Following colonies staining with methylene

blue, we observed that transfection of T47D cells with pSil_1 or

pSil_30, resulted in a marked reduction of the colony growth capacity

of these cells (47.2% and 56.5%, respectively) when compared to

pSil_C-transfected cells (Fig. 2). Transfection with pSil_C yielded no

significant effect on the growth of T47D cells. Once again, pSil_1

exhibited a stronger inhibitory effect on cell growth compared to

pSil_30 (Fig. 2). Thus, siRNA-mediated survivin silencing results in

attenuated growth capacity in human breast cancer cells.
Fig. 2. Impact of siRNA-mediated silencing of survivin in the growth of T47D

breast cancer cells. T47D cells were seeded onto six-well culture plates at a

concentration of 102 or 103 cells per well and following transfection with

different constructs (pSil_C, pSil_1 and pSil_30). Transfected cells were

cultured for 12 days. Colonies were stained by methylene blue and photographs

were taken. Cell survival was determined as the percentage of colonies respect

to the control vector. Data are representative of three independent experiments

(�P< 0.05; pSil_30 vs. pSil_C and pSil_1 vs. pSil_C).
siRNA-MEDIATED SURVIVIN SILENCING RESULTS IN

INCREASED TUMOR CELL APOPTOSIS

Since down-regulation of survivin expression results in reduced

growth capacity of T47D cells, we further analyzed whether this

inhibitory effect occurred through apoptotic cell death. For this

purpose, the frequency of ‘‘early’’ apoptotic cells was analyzed

by flow cytometry using annexin-V staining. Cells treated with
384 APOPTOSIS OF HUMAN BREAST CANCER CELLS
the siRNA constructs for 48 h showed a modest increase in the

frequency of apoptosis in comparison to cells transfected with

the control vector pSil_C (Fig. 3A; upper panels). By contrast, we

found a marked increase in the frequency of apoptotic cells

in T47D transfected with pSil_1 and pSil_30 compared to those

observed following transfection with control vectors. Percentages of

apoptotic cells at 72 h were 26.2% when pSil_30 was used compared

to 36% when cells were transfected with pSil_1 (Fig. 3A; lower
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Tumor cell apoptosis following siRNA-mediated silencing of survivin. T47D cells were transfected with pSil_C, pSil_1 and pSil_30 as described in Materials and Methods

Section. Transfected cells were cultured for 48 and 72 h, stained with FITC-annexin V and analyzed by flow cytometry. A: Flow cytometry analysis of the percentages of apoptotic

cells assessed by annexin-V staining (x-axis) and side-scatter (SSC-H) analysis. B: Comparative analysis of apoptosis in different transfected cells. Data represent mean

fluorescence intensity relative to pSil_C� SEM. rMFI is calculated as MFI of the population treated with iRNAs–MFI of control untreated cells/MFI of control untreated cells.
�P< 0.05, ��P< 0.01.
panels) demonstrating a direct correlation between the induction of

apoptosis and survivin silencing. Apoptosis induced by pSil_30 was

significantly reduced compared to pSil_1 (P< 0.05). Interestingly,

72 h following transfection the mean fluorescence intensity in

pSil_1-transfected cells was found to be 3-fold higher compared

to cells transfected with the control vector, suggesting that the

induction of apoptosis was a direct consequence of the extent of

survivin silencing (Fig. 3B).

TUMOR CELL APOPTOSIS INDUCED BY SURVIVIN SILENCING DOES

NOT INVOLVE CASPASE-3 AND BID CLEAVAGE

Silencing survivin results in reduced survival of tumor cells,

although the precise mechanisms involved in this effect are still in

debate [Altieri, 2004; Liu et al., 2004; Li and Ling, 2006]. Therefore,
JOURNAL OF CELLULAR BIOCHEMISTRY
we investigated possible pathways by which survivin would

modulate tumor cell survival.

To establish whether apoptosis triggered by pSil_1 and pSil_30 was

mediated by caspase-3 activation, we evaluated the status of

activation of this enzyme following different treatments [Liu et al.,

2004]. As shown in Figure 4, siRNA-mediated silencing of survivin

expression did not affect expression (Fig. 4A) or activation (Fig. 4B,C)

of executor caspase-3. To rule out the possibility that caspase-3

would be constitutively inactive in T47D cells, we incubated the cells

with STS at a concentration of 1 mM for 6 h. As shown in Figure 4B,C,

STS-induced apoptosis of T47D cells was accompanied by caspase-3

activation. In addition, cells treated for 72 h with pSil_1 and pSil_30

bound FITC-labeled annexin V but they were not capable of

activating caspase-3 (Fig. 4B), which indicates a caspase-3-

independent apoptotic pathway. To determine whether silencing
APOPTOSIS OF HUMAN BREAST CANCER CELLS 385



Fig. 4. Effect of pSil_1 and pSil_30 constructs on caspase-3 and Bid activation. T47D cells were transfected with pSil_C, pSil_1 and pSil_30 to silence survivin. A: After 72 h

cells were collected and caspase-3 cleavage was analyzed by immunoblot analysis. B: Analysis of caspase-3 activation was performed using a PE-conjugated monoclonal anti-

active caspase-3 antibody and early apoptotic cells were detected by annexin V binding in cells treated with the distinct constructs (��P< 0.01 vs. pSil._C). Confocal microscopy of

active-caspase-3 in pSil-treated cells. Staurosporine (1 mM) was used as a positive control of caspase-3 activation and nuclear DAPI was used as a counterstaining procedure. D:

Immunoblot analysis of Bid (23 kDa) expression showing the absence of truncated activated Bid (17 kDa) in cells treated with pSil vectors. pSil_C was used as a control vector.

Data are the mean� SD of three independent experiments. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
survivin affected the extrinsic apoptotic pathway, we also

evaluated the expression of the proapoptotic protein Bid. Remarkably,

targeting survivin did not result in any detectable cleavage of the

pro-apoptotic protein Bid (Fig. 4D). Thus, tumor cell apoptosis induced

by survivin silencing involves caspase-3 and Bid-independent

pathways.
386 APOPTOSIS OF HUMAN BREAST CANCER CELLS
SILENCING SURVIVIN RESULTS IN NUCLEAR TRANSLOCATION

OF MITOCHONDRIAL AIF

Given the lack of involvement of caspase-3 and Bid activation in T47D

cell apoptosis induced by survivin silencing, we evaluated whether

other molecular mechanisms leading to apoptosis may participate in

this process. For this purpose, we evaluated the translocation of AIF
JOURNAL OF CELLULAR BIOCHEMISTRY



from the mitochondria to the nucleus, an event which has been shown

to contribute to apoptosis through a caspase-independent pathway

[Daugas et al., 2000]. Upon induction of apoptosis by survivin silencing

with either pSil_1 or pSil_30, a large fraction of AIF staining was found

in the nucleus, as determined by confocal microscopy and immunoblot

analysis (Figure 5). Noteworthy, we were able to detect translocation of

AIF to the nucleus in cells transfected with pSil_1 (77%) and pSil_30

(52%) (Fig. 5B). In addition, AIF translocation induced by survivin

silencing was confirmed by immunoblot analysis of nuclear and

mitochondrial fractions (Fig. 5C). This finding correlated with the

increased frequency of apoptosis and the efficacy of siRNA transfection

(Figs. 1A and 3A). Importantly, there was no significant translocation

of AIF in pSil_C-transfected cells (Fig. 5A,C). Collectively, these data

indicates that targeting survivin using siRNA-encoding vectors results

in reduced growth and increased apoptosis of human breast cancer

cells through a mechanism involving AIF redistribution from the

mitochondria to the nucleus but independent of caspase-3 activation

and Bid cleavage.

DISCUSSION

Survivin, a member of the inhibitor of apoptosis protein (IAP)

family, has received increasing attention as a candidate target for
Fig. 5. Nuclear translocation of AIF in survivin-targeted cells. A: Confocal laser micros

pSil_C transfected cells was predominantly detected in the cytosol. Nuclei immunorea

transfected cells are shown as controls. Bars represent 20mm. B: Percentage of cells showin

experiment. Four independent experiments were performed (**P< 0.01 vs. pSil_C). C: Imm

and mitochondrial proteins were prepared from cells 72 h after transfection and subjected

(controls of mitochondrial fractions). Data are representative of three independent expe
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anticancer therapies due to its selective expression in tumors versus

normal tissues, its distribution and subcellular localization, and the

emerging evidence for its dual role in the control of both cell

apoptosis and proliferation [Altieri, 2001; Jiang et al., 2001; Lens

et al., 2006; Canovas and Guadagno, 2007]. Survivin is expressed

during embryonic development, is completely downregulated in

terminally differentiated adult tissues, and is overexpressed in

transformed cell lines and a variety of human tumors [Altieri, 2008].

Several reports have demonstrated survivin expression in the

majority of human tumor types including lung, breast, colon,

esophagus, pancreas, bladder, uterus, ovary, liver and skin cancer

[Jiang et al., 2001; Meng et al., 2004; Li and Ling, 2006]. Moreover,

up-regulated expression of survivin has been consistently asso-

ciated with tumor resistance to chemotherapeutic drugs [Grossman

and Altieri, 2001; Chawla-Sarkar et al., 2004; Nomura et al., 2005],

decreased survival of patients, and poor prognosis [Grossman et al.,

1999; Li et al., 2005; Hinnis et al., 2007]. In this context, therapeutic

strategies aiming to counteract survivin expression and activity in

tumor cells have been proposed with the dual goal of suppressing

tumor growth through an increase in spontaneous apoptosis, and

enhancing tumor cell response to apoptosis-inducing agents [Jiang

et al., 2001; Altieri, 2008]. Different types of survivin antagonists

have been reported, including antisense oligonucleotides [Olie
copy of T47D cells treated with pSil_C, pSil_30 or pSil_1 for 72 h. Staining of AIF in

ctivity was only observed in pSil_1- and pSil_30-transfected cells (arrows). Non-

g AIF redistribution in the nuclei. Data are shown as mean� SEM of at least 50 cells per

unoblot analysis of AIF expression in the mitochondrial and nuclear fractions. Nuclear

to immunoblot analysis of AIF, histones (controls of nuclear fractions) and Complex I

riments.
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et al., 2000], ribozymes [Zaffaroni et al., 2007], small interfering

RNAs (siRNAs) [Chawla-Sarkar et al., 2004; Kappler et al., 2004] and

dominant-negative mutants, as well as cyclin-dependent kinase

inhibitors [Pennati et al., 2007].

In the present study, we used the siRNA gene-silencing

technology as an efficient approach to counteract Survivin gene

expression in breast cancer cells [Duxbury and Whang, 2004;

Hannon, 2002] and successfully transfected T47D cells with novel

plasmids expressing siRNA against survivin. Breast cancer cells

transiently expressing these constructs displayed a marked reduc-

tion in cell growth compared to control cells. Moreover, introduc-

tion of survivin-specific siRNAs, elicited an increased frequency of

tumor cells undergoing apoptosis. We have found that pSil_1, that

targeted exon 1, was the most potent approach to efficiently down-

regulate survivin expression and trigger apoptosis.

The silencing effect observed could be explained by a successful

siRNA uptake by target cells during prolonged times of culture

(72 h). Despite the fact that the duration of gene silencing in rapidly

dividing cells is short, our results are in accordance with other

studies suggesting that the effect peaks at around 3 days and lasts

approximately 1 week [Uchida et al., 2004; Pai et al., 2006]. In fact,

the effects observed in pSil_1 T47D-transfected cells may be

supported by the rapid decline of survivin levels involving the

ubiquitin-proteasome pathway [Zhao et al., 2000].

It may be reasonable to hypothesize that cancer cells survive

based on the predominance of antiapoptotic over proapoptotic

molecules and that the disturbance of such balance by transducing

an siRNA against survivin might lead to cancer cell apoptosis.

Moreover, silencing of survivin in lung cancer cells not only increased

the levels of apoptosis, but also enhanced the susceptibility of

tumor cells to chemotherapeutic agents. These results are consistent

with earliest results of Altieri and colleagues, who reported that

functional ablation of Survivin using a dominant-negative mutant

(T34A) was sufficient to trigger apoptosis in cancer cells without the

requirement of additional cell death inducers [Mesri et al., 2001].

The molecular mechanisms underlying the anti-apoptotic

function of survivin still remain unclear. It has been demonstrated

that survivin is able to bind caspase-3 and caspase-7 in vitro [Shin

et al., 2001]. Moreover, it has been proposed that survivin may

inhibit apoptosis through suppression of caspases activities [Tamm

et al., 1998]. However, comparison of the X-ray crystallographic

structure of survivin with that of the XIAP (BIR2):caspase-3

complex fails to show the ability of survivin to suppress caspase-3

directly [Riedl et al., 2001]. Although the single BIR domain in the

survivin protein has been shown to be closely related to the XIAP

BIR3 domain on the basis of three-dimensional structure, a direct

evidence of survivin binding to caspase-9 still remains to be

demonstrated [Shi, 2000]. Wu and colleagues reported that survivin

can bind to the pro-apoptotic mitochondrial protein Smac/DIABLO,

both in vitro and in vivo. Furthermore, the authors proposed that

binding of survivin to Smac/DIABLO may reduce Smac/DIABLO

antagonism to IAPs, such as XIAP, thereby enabling free XIAP to

directly block caspases [Song et al., 2003]. Alternatively, the

relevance or survivin in the regulation of the cell cycle, and cell

viability might be compromised by the occurrence of mitotic

catastrophe [Lens et al., 2006].
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Another line of evidence suggested a new mechanism by which

the primary function of survivin in apoptosis is associated with the

inhibition of the apoptosis-inducing factor (AIF) and secondarily

with the inhibition of caspase activity [Liu et al., 2004]. AIF is a

mitochondrial flavoprotein that induces cytochrome c release and

subsequent caspase activation; AIF also translocates to the nucleus

and causes nuclear fragmentation; this effect is not blocked by

caspase inhibitors [Susin et al., 1999; Daugas et al., 2000].

In the present study, we attempted to elucidate the mechanisms of

survivin protection, which are critical not only for the under-

standing of the fundamental role of this protein in cancer cells but

also in the development of potential therapeutic strategies.

We observed that silencing survivin does not trigger a caspase-

dependent apoptotic pathway in T47D human breast cancer cells

and that the earliest proapoptotic event in survivin-targeted cells

was the nuclear translocation of mitochondrial AIF. It is intriguing

to speculate that AIF translocation and caspase-independent

apoptosis may represent a backup apoptotic mechanism in normal

cells in which caspases fail or become deregulated. In fact, various

caspases have been found to be mutated or their activity has been

shown to be blocked or interrupted in normal and malignant cells

[Reed and Bischoff, 2000]. Hence, expression of survivin may

provide tumor cells with the ability to suppress AIF activity and

eliminate this backup mechanism, further enhancing the resistance

of cancer cells to agonist-induced cell death. Understanding the

integration of survivin and AIF in the context of the cellular

apoptotic machinery would have important therapeutic implications

for promoting apoptosis in cancer cells or preventing exacerbated

cell death in degenerative diseases.

In recent years, manipulation of certain genes in cancer have

provided clues as to how we can intervene to make tumor cells

specifically more sensitive to chemical and physical antitumor

agents [Chawla-Sarkar et al., 2004; Plescia et al., 2005; Kappler

et al., 2007; Zaffaroni et al., 2007]. Such tumor specificity can only

be obtained by exploiting a basic difference between normal and

malignant cells. In this context, targeting survivin is particularly

attractive because of its high levels of expression in tumor cells and

its proven association with disease progression. Overall, the results

obtained by different studies aimed at targeting survivin by

means of different approaches demonstrated that inhibition of this

cytoprotective factor can promote spontaneous apoptosis in tumor

cells and enhance the efficacy of several types of conventional

treatments including chemotherapy, radiotherapy and immuno-

therapy. In fact, survivin expression has been reported as a

mechanism by which tumor cells evade T cell-mediated cytotoxicity

[Croci et al., 2007; Rabinovich et al., 2007]. Moreover, the evidence

that survivin plays a crucial role also in tumor angiogenesis [Caldas

et al., 2007] would suggest that targeting survivin can increase

the overall tumor response to treatment not only through direct

interference with the apoptotic pathways in cancer cells, but also

by favoring the apoptotic involution of newly formed tumor

vasculature.

In conclusion we found, using two different constructs that

siRNA approaches can efficiently down-regulate the expression of

survivin, suppress tumor growth and promote apoptosis in human

breast cancer cells. Silencing survivin gene expression results in the
JOURNAL OF CELLULAR BIOCHEMISTRY



induction of a caspase-independent apoptotic pathway involving

translocation of AIF to the nucleus. Therefore, targeting survivin

expression using siRNA strategies in combination with chemo-

therapy, radiotherapy or immunotherapy may increase the clinical

effectiveness of cancer treatments.
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