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Abstract. The postulated dual roles of survivin as an anti-
apoptotic factor and a mitotic inducer have placed this factor 
in the spotlight of cancer research. The purpose of this study 
was to investigate whether survivin might connect the cell 
cycle with apoptosis. Here, by simultaneously monitoring 
survivin deficiency-induced morphological changes of 
HepG2 cells using time-lapse imaging as well as determining 
apoptosis progression, we observed synchronized defective 
mitosis characterized by multinucleated and polyploid cells 
and cell cycle arrest at S phase or G2/M phase followed by 
apoptosis, the processes of which depended on the simulta-
neous destruction of specialized subcellular compartments 
of survivin and activation of caspase-3-like protease. These 
findings showed that the survivin protein acted as mitotic 
regulator and apoptosis inhibitor, but may also possess the 
role of a bridge in integrating apoptosis and cell division. 
An essential prerequisite of this pathway was the specialized 
subcellular localization of survivin. The overexpression of 
survivin was required to maintain cell viability and proper 
cell cycle transitions, and to preserve genetic fidelity during 
cell division in HepG2 cells.

Introduction

Survivin, a member of the inhibitor of apoptosis (IAP) gene 
family (1), is overexpressed in almost all human tumors and 
cancer cell lines including HepG2, Huh7, sk-Hep1, and are 
frequently associated with resistance to cancer therapy with 
unfavorable outcome (2-4). Experimental work carried out 

in vitro (5) and in transgenic animals (6,7) has assigned a dual 
function to survivin, protection from apoptosis and regulation 
of cell division. In recent years, several important mitotic func-
tions have been associated with survivin, leaving little doubt 
about the importance of survivin as a regulator of cell cycle. 
As a part of the large chromosomal passenger complex (CPC), 
survivin might interact directly with other chromosomal 
passengers, including INCENP, Aurora B and Borealin (7-10). 
Evidence shows that survivin has four-dimensional regulation 
of mitotic events concentrated near centromeres in G2, diffuse 
at chromosome arms and concentrated at inner centromeres 
in prophase and (pro) metaphase. In anaphase, survivin is no 
longer associated with the centromeres but relocalizes to the 
central spindle and is positioned at the midzone in anaphase B. 
During cytokinesis, survivin accumulates at the midbody and 
is eventually expelled from the cell after abscission of the two 
daughter cells (11-13). Interestingly, the cell cycle-dependent 
expression of survivin and its antiapoptotic function has led to 
the hypothesis that survivin connects the cell cycle with apop-
tosis, thus providing termination of defective mitosis (14,15). 
However, recent experiments show that, although division 
in the absence of survivin results in defects in chromosome 
alignment, failure of cytokinesis and eventually cell death 
(9,10,12,16,17), the ensuing cell death appears to be a late event 
(18), does not occur in mitosis, and coincides with a decrease 
in the number of polyploid cells. Thus, it is suggested the cell 
death induced after survivin depletion is more likely to be an 
indirect consequence of aberrant cell division rather than of 
a failure to directly inhibit caspases, indicating that survivin 
might not be a survival factor or that its role of cytoprotective 
function is independent of caspase inhibition. Furthermore, 
although survivin has been widely recognized as an attractive 
target for cancer therapy and the survivin pathway is begin-
ning to be explored in liver cancer (19,20), it is still unclear 
whether the control of apoptosis is an obligatory requirement 
for hepatocellular cell cycle transitions (14,21). In this study, 
by simultaneously time-lapse imaging of HepG2 cells after 
antisense depletion of the survivin antiapoptotic effect, we 
observed synchronized defective mitosis characterized by 
multinucleated and polyploidy cells and cell cycle arrest at 
S phase or G2/M phase followed by apoptosis, the processes 
of which depended on the simultaneous destruction of special-
ized subcellular compartment of survivin and activation of 
caspase-3-like protease.
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Materials and methods

Antisense oligonucleotides for survivin. According to the 
method of Olie et al (22), antisense and sense oligonucleotides 
for survivin were designed. The antisense oligonucleotide 
which targets nucleotides 232-251 revealed the strongest effect 
and was used in the following experiments. The sequences 
are shown in Table Ⅰ. Phosphorothioate oligonucleotide ODNs 
were purchased from Sangon (Shanghai China), and were 
delivered in the form of complex with Lipofectamine 2000 
(Lip) (Invitrogen, USA).

Cell line and cultures. Liver cancer cell line HepG2, which 
is reported to express high levels of survivin, was obtained 
from Shanghai Institute of Cell Biology. Cells were grown in 
DMEM medium (Gibco, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Shi Ji Qing, Hangzhou, China). 
Cells were maintained in monolayer cultures at 37˚C in a 
humidified atmosphere of 5% CO2 and 95% air.

Treatment of HepG2 cells with antisense survivin oligonucle-
otides. One day before transfection, HepG2 cells were plated 
in, 96-, 24-, or 6-well tissue culture plates. Oligonucleotides 
were delivered in the form of survivin with Lip as described 
above. After a 24-h transfection, the transfection medium was 
replaced by medium without transfection reagent. HepG2 cells 
were harvested 24, 48 or 72 h after the start of transfection.

RNA extraction and RT-PCR. Total cellular RNA was 
extracted using RNeasy Plant Mini kit reagent according to 
the manufacturer's recommendations (Qiagen, Germany). 
The quantity and quality of RNA was assessed spectrophoto-
metrically at 260 and 280 nM (the A260/ = A280 ratio of 
pure RNA is ~2). RT-PCR amplification product was synthe-
sized with 0.1 µg of total RNA using OneStep RT-PCR kit 
(Qiagen, Germany), and was employed according to the 
manufacturer's protocol. Primers used for amplification 
were human survivin sense primer corresponding to nucleo-
tides 47-66: 5'-GGCATGGGTGCCCCGACGTT-3', and 
antisense primer complementary to nucleotides 466-485: 
5'-AGAGGCCTCAATCCATGGCA-3'. Amplification of 
human β-actin served as a endogenous control, β-actin 
sense primer corresponding to nucleotides 578-609: 5'-AT 
CTGGCACCACACCTTCTACAATGAGCTGCG-3', and 
antisense primer complementary to nucleotides 1415-1384: 
5'-CGTCATACTCCTGCTTCCTGATCCACATCTGC-3'. 
Following optimization of conditions: reverse transcription 
30 min at 50˚C, initial PCR activation step 15 min at 95˚C; 
3-step cycling, denaturation 1 min at 94˚C, annealing 1 min 
at 62˚C, extension 1 min at 72˚C, number of cycle 27, final 
extension 10 min at 72˚C. PCR products were resolved on a 
2% agarose gel and the bands were visualized by ethidium 
bromide staining.

Western blot analysis. Cells were collected on ice and centri-
fuged at 1,500 rpm for 5 min at 4˚C. The cells were resuspended 
and washed with ice-cold PBS buffer and centrifuged again at 
1,500 rpm for 5 min at 4˚C. Supernatants were discarded and 
cell pellets were lysed in 2X cell lysis buffer [2% Triton X-100, 
300 mmol/l NaCl, 20 mmol/l Tris-HCl pH 7.2, 10% glycerol 
and 4% SDS] and heating at 95˚C for 10 min. The lysates were 
centrifuged at 14,000 rpm for 30 min at 4˚C and the protein 
supernatants were collected and stored at -20˚C. The protein 
concentrations were determined by BCA assay according to 
the manufacturer's instructions (Pierce Co.). Equal amounts 
of proteins (20 µg/well) were separated on 7.5-12% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis for the 
detection of survivin. Following electrophoretic transfer of 
protein onto nitrocellulose membranes, immunoblots were 
sequentially incubated in 5% skimmed milk blocking solution 
at room temperature for 2 h. The membranes were incubated 
in a solution containing anti-human survivin antibody (1:800; 
Oncogene, USA) overnight at 4˚C. After washing with three 
changes of 1% PBS-Tween solution at room temperature for 
1 h, the membranes were incubated with horseradish perox-
idase-conjugated secondary antibodies (1:2000; Oncogene, 
USA) at room temperature for 2 h. Finally, after rewashing 
the membranes for 1 h, protein bands were detected by using 
the ECL system according to the manufacturer's instructions 
(Amersham Life Sciences). β-actin was used as a protein 
loading control.

Measurement of caspase activation. Caspase-3-like protease 
activity in cells was analyzed by flow cytometry (FACScalibur, 
Becton-Dikinson, USA) using of a PE-conjugated Polyclonal 
Rabbit Anti-Active Caspase-3 Antibody kit (Becton-
Dickinson). At 0, 24, 48 and 72 h after antisense survivin 
induction, respectively, cells were harvested and washed twice 
with PBS, fixed in ice-cold 70% ethanol and stored at 4˚C, 
prior to analysis, cells were again washed with PBS and was 
employed according to the manufacturer's recommendations. 
Cytometric analyses were performed using a flow cytometer 
and CellQuest software. Approximately 20,000 cells were 
counted for each determination.

Flow cytometry analysis. HepG2 cells treated with control or 
antisense survivin (100, 300 and 600 nM) were collected at 
24-72 h after transfection. The cells were again washed twice 
with PBS, fixed in cold methanol, and rewashed with PBS to 
remove methanol. They were suspended in 500 ml of PBS 
and then digested with 20 mg/ml RNase at 37˚C for 30 min 
and chilled on ice for 10 min. The cellular DNA was then 
stained with 50 mg/ml propidium iodide and incubated for 
1 h at room temperature in the dark. The cell cycle distribution 
was analyzed by flow cytometry using a Becton-Dickinson 
FACScan.

Eletron microscopic examination. HepG2 cells treated with 
control or survivin antisense were collected at 24-48 h after 
transfection. Cells were seeded into 30-mM dishes, collected 
on ice with medium by gently scraping, and washed three 
times in ice-cold PBS. The cell pellets were fixed with a solu-
tion of 2% formaldehyde and 3% glutaraldehyde in 0.1 mol/l 
sodium cacodylate buffer (pH 7.4) for 1 h at 48˚C. The fixed 

Table Ⅰ. Sequences of oligonucleotides for survivin.

Antisense	 5'-CCCAGCCTTCCAGCTCCTTG-3'
Sense	 5'-CAAGGAGCTGGAAGGCTGGG-3'
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cells were washed three times in cacodylate buffer (pH 7.2) 
containing 0.2 mol/l sucrose, postfixed with 1% osmic acid 
in 0.3 mol/l cacodylate buffer, dehydrated in a graded series 
of acetone, and embedded in epoxy resin. Ultrathin sections 
were cut, stained with uranyl acetate and lead citrate, and 
assessed by using a TECNA10 electron microscope (Philips, 
The Netherlands).

Immunofluorescence and confocal laser scanning micros-
copy. Cells were cultured on microscope slides. Then, treated 
or not treated with antisense survivin (1:4) for 48 h. Cells were 
washed three times with PBS for 15 min and fixed in ice-cold 
paraformaldehyde for 30 min. Then fixed in ice-cold CAM 
(chloroform:acetone:methanol = 1:1:2) at -20˚C for 30 min, 
and washed three times with PBS for 15 min. Cells were 
incubated for overnight at 4˚C with polyclonal anti-survivin 
(1:400 diluted; rabbit polyclonal IgG; Oncogene, USA), then 
washed three times with PBS for 30 min, and incubated for 
2 h at room temperature with fluorescein (FITC)-conjugated 
anti-rabbit-IgG (1:1000; Oncogene). After a further 
washing step, cell membranes were stained for 2 min with 
a 5x10-3 % (w/v) solution of Alexa-labelled concanavalin A 
(MoBiTec, Gottingen, Germany) in BPS. Finally, the cells 
were embedded in a gel containing 22.73% (w/w) glycerine, 
9.1% (w/w) Mowiol 4-88 (a present from Ningbo Institute 
of Microcirculation and Henbane), 22.73% (w/w) double-
distilled water, 45.45% (w/w) 0.2 mol/l Tris-buffer, pH 8.5, 
and 2.5% (w/w) DABCO (a present from Ningbo Institute of 
Microcirculation and Henbane) as an anti-fading agent. After 
12 h, confocal microscopy was performed with a microscope 
(TCS-SP2, Leica, Germany) equipped with an argon/krypton 
laser. Two channel image recording at 488 and 633  nM 

laser excitation was used. Optical filters were chosen for the 
FITC and TRLTC range. All optical sections were recorded 
with the same laser and detector settings using software 
(Leica Confocal, Germany). Further image processing was 
performed with software (Leica Confocal) on a computer 
system. Confocal stacks of green and red fluorescence were 
visualized in section view mode.

Statistical methods. All statistical analyses were performed 
by the SPSS 11.0 software package for Windows (SPSS Inc., 
Chicago, IL). The one-ANOVA test was used to compare the 
distribution of individual variables. A two-tailed P-value <0.05 
was considered statistically significant.

Results

Down-regulation of survivin mRNA and protein by antisense 
survivin. To determine the knock-down effect of antisense 
survivin in HepG2 cells, we transfected cells, where survivin 
was highly expressed, with different concentrations of survivin 
antisense-oligonuleotides (100-600 nM). Cells transfected 
with sense oligonucleotides (600 nM), Lip (600 nM), as well 
as untreated cells were used as controls. Forty-eight hours 
after transfection or treatment, HepG2 cells were examined 
by RT-PCR and Western blot analyses. As shown in Fig. 1, 
antisense-survivin down-regulated survivin expression at both 
mRNA (Fig. 1A and B) and protein levels (Fig. 1C and D) 
in a dose-dependent manner, with an IC50 of ~250 nM. At a 
concentration of 600 nM, maximum down-regulation to 20% 
of the initial mRNA level was achieved. A further increase 
in oligonucleotide concentration did not result in a further 
increase in the knock-down efficacy of antisense survivin. 

  B

Figure 1. Survivin mRNA and protein expression in HepG2 cells was down-regulated in dose-dependent manner on treatment with antisense survivin. (A) 
RT-PCR assay detected the expression of survivin mRNA in HepG2 cells when treated with sense compound (lane 1), Lip (lane 2), ODNs (lane 3), untreated 
cells (lanes 4 and 5), 100 nmol/l antisense survivin (lane 6), 200 nmol/l (lane 7), 300 nmol/l (lane 8), 400 nmol/l (lane 9), 500 nmol/l (lane 10), and 600 nmol/l 
(lane 11), respectively. M, marker. (B) RT-PCR quantification of the relative expression of survivin mRNA in HepG2 cells when treated by antisense survivin, 
Lip, ODNs, and the sense, respectively, using β-actin as internal standard; the level of survivin mRNA relative to β-actin in untreated cell maintained under 
identical experimental conditions was taken as 100%. (C) Survivin protein expression was determined by Western blotting in HepG2 cells when treated with 
control (lane 1), 100 nmol/l antisense compound (lane 2), 200 nmol/l (lane 3), 300 nmol/l (lane 4), 400 nmol/l (lane 5), 500 nmol/l (lane 6), 600 nmol/l (lane 7). 
(D) Western blot quantification of the relative expression of survivin protein in HepG2 cells, using β-actin as internal standard.

  A   C

  D  B
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The sense oligonucleotide (600 nM), Lip (600 nM), and anti-
sense without Lip (600 nM), did not down-regulate survivin 
expression.

Induction of apoptosis by antisense survivin. Having demon-
strated that down-regulation of survivin expression reduced the 
viability of HepG2 cells, we analyzed whether cell death was 
due to the induction of apoptosis. As shown in Fig. 2, HepG2 
cells were treated with antisense survivin at 24, 48 and 72 h 
after the start of transfection. Then, the cells were analyzed 
by flow cytometry using PE-conjugated polyclonal rabbit anti-
active caspase-3 antibody. Antisense survivin-treated cells 
revealed increased caspase-3-like protease activity compared 
with untreated cells. Treated cells for 24 h had detectable active 
caspase-3 corresponding to measurable value 23, whereas 
about 16% of the cell population were induced to undergo 
apoptosis; at 48 h, measurable value 33 corresponding to 
60%; at 72 h, measurable value 42 corresponding to 70%; 
unteated cells as control primarily negative for the presence 
of active-caspase-3, measurable value 16 corresponding to 
5% apoptosis cells.

Antisense survivin produces cell cycle arrest and apoptosis. 
To determine whether survivin is required for the control 
of apoptosis during the cell cycle, the cell cycle distribution 

Figure 2. Flow cytometric analysis of caspase-3-like protease activity (A) 
and the rate of apotosis (B). HepG2 cells were treated with antisense survivin 
at 24, 48 and 72 h after the start of transfection. At 24 h, treated cells had 
detectable active caspase-3 activity corresponding to measurable value 23, 
whereas about 16% of the cell population were induced to undergo apoptosis; 
at 48 h, measurable value 33 corresponding to 60%; at 72 h, measurable value 
42 corresponding to 70%; unteated cells as control primarily negative for 
the presence of active-caspase-3, measurable value 16 corresponding to 5% 
apoptotic cells.

Figure 3. Cell cycle analysis of HepG2 cells treated with control or survivin antisense compound (100, 300 and 600 nmol/l) at 24-72 h after transfection. At low 
concentration of survivin (100 nM), the tendency of the cell of the G0/G1 phase decreased and the same time the cells of the S phase or G2/M phase increased; 
at high concentration (30 and 600 nM), the cell cycle arrest was strengthened in S phase and G2/M phase, the rate of apoptosis was increased in a time- and 
concentration-dependent manner.

  B

  A
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was analyzed by flow cytometry in HepG2 cells treated with 
antisense survivin. As showed in Fig. 3, antisense survivin 
induced cell cycle arrest, followed by apoptosis. By treatment 
with low concentration of survivin (100 nM), the cells of the 
G0/G1 phase decreased and at the same time the cells of the 
S phase or G2/M phase increased; at high concentration (300 
and 600 nM), the cell cycle arrest was strengthened in S phase 
and G2/M phase, but the rate of apoptosis was increased in a 
time- and concentration-dependent manner.

Antisense survivin produces polyploidy and apoptosis. To 
determine whether survivin is required to preserve cell viability 
and ploidy. We analyzed nuclear morphology and ploidy of the 
cells treated with antisense survivin at 24-48 h after transfec-
tion by electron microscopy, and the morphological changes 
were observed by inverted phase-contrast microscope. As show 
in Fig. 4, at 24 h, the cell of survivin antisense transfectants 
became abnormally large and flattened as judged by inverted 
phase-contrast microscope, accumulating multiple nuclei and 
polyploidy as judged by electron microscope; at 48 h, the cells 
exhibited morphological features typical of apoptosis, including 

condensed chromatin and nuclear fragmentation, whereas 
cells transfected with control survivin had normal ploidy.

Localization of survivin protein in HepG2 cells. We carried 
out double immunofluorescence staining using FITC-labelled 
antibody against survivin and Alexa-labelled concanavalin A 
with which cells of the membranes were counterstained. The 
stained cells were investigated by confocal laser scanning 
microscopy. As shown in Fig. 5, the cells not treated with 
antisense survivin, green-immunofluorescence staining of 
survivin clearly showed that survivin was expressed mainly in 
the form of a spotted distribution inside the cytoplasm, which 
was named termed the survivin pool (Fig. 5A). In cells treated 
with antisense survivin, however, there was rare and weak 
green fluorescence inside cells of which the membranes had 
been counterstained with Alexa-concanavalin A (Fig. 5B).

Discussion

In this study, we observed synchronized defective mitosis 
characterized by multinucleated and polyploidy cells, and cell 

Figure 4. Effect of survivin targeting on cell nuclear morphology and ploidy. (A1 and A2) Untreated cells showed normal structure by inverted phase-contrast 
microscope and electron microscopy. (A1, x200; A2, x3500). (B1) Cells treated with antisense surviving for 24 h became abnormally large and flattened as 
judged by the inverted phase-contrast microscope (x200). (B2) Cells treated for 24 h showed accumulating multiple nuclei and polyploidy as judged by the 
electron microscope (x2500). (C1 and C2) Cells treated for 48 h showed morphological changes of apoptosis by the inverted phase-contrast microscope and 
the electron microscope (C1, x200; C2, x3500). 

Figure 5. Subcellular localization of survivin protein in HepG2 cells detected by confocal laser scanning microscopy. (A) In cells untreated with antisense 
survivin, green-immunofluorescence staining of survivin clearly showed that survivin was expressed mainly in the form of a spotted distribution inside the 
cytoplasm, as a survivin pool. (B) In cells treated with antisense survivin, however, there was rare and weak green fluorescence inside cells of which the 
membranes had been counterstained with Alexa-concanavalin A.
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cycle arrest in S phase or G2/M phase followed by apoptosis 
in hepatocellular carcinoma cells after antisense depletion 
of survivin, the mechanism of which were involved with the 
simultaneous destruction of specialized subcellular compart-
ment of survivin and activation of caspase-3-like protease.

The mechanism of apoptosis is required to preserve cell 
viability and ploidy. Effector molecules of apoptosis may also 
influence cell proliferation and cell cycle transitions of all phases 
(12,23-25). We tested this hypothesis by antisense depletion 
targeting the expression of survivin, our results show that anti-
sense survivin expression resulted in cell cycle arrest (S+G/M), 
followed by apoptosis. By treatment with low concentration of 
survivin, the cells of the G0/G1 phase decreased and at the 
same time the cells of the S phase or G2/M phase increased; 
at high concentration, the cell cycle arrest was strengthened 
in S phase and G2/M phase, and the rate of apoptosis was 
increased in a time- and concentration-dependent manner 
at 24, 48 and 72 h after the start of transfection of antisense 
survivin. This indicated that survivin might have a key role 
in cell cycle progression in HepG2 cells, demonstrating that 
anti-apoptotic survivin molecule may promote S-phase entry, 
and cooperate with the G2/M checkpoint to regulate proper 
cell cycle progression (26,27). Antisense deleption of survivin 
caused apoptosis of proliferating HepG2 cells, indicating that 
down-regulation of survivin reduced the apoptotic threshold 
(29,30). Accordingly, loss of survivin by antisense expression 
may activate a ‘default’ apoptotic program at mitosis and 
trigger caspase-dependent cell death (12,24). Overexpression 
of survivin in cancer may represent an exploitation of this 
cytoprotective mechanism, providing a uniformly increased 
anti-apoptotic environment in cancer cells throughout the 
various cell cycle phases (23,30).

To investigate whether the control apoptosis by survivin are 
required for hepatocellular cell mitotic progression, we carried 
out the time-lapse imaging of HepG2 cells treated by antisense 
survivin to analyzed nuclear morphology and ploidy of the 
cells at 24-48 h after transfection by electron microscope, and, 
at the same time, the morphological changes were observed by 
inverted phase-contrast microscope. Our findings show that 
the cells after transfection go on to transient morphological 
changes characterized by multinucleated and polyploid cells  
followed by apoptosis. Observed by inverted phase-contrast 
microscope after transfection of antisense survivin, the cells 
became abnormally large and flattened at 24 h, and most cells 
floated and eventually died at 48 h. Judged by electron micros-
copy, we detected accumulating multiple nuclei and polyploidy 
at 24 h, and the cells exhibited morphological features typical 
of apoptosis at 48  h, including condensed chromatin and 
nuclear fragmentation. However, the cells transfected with 
control compound had normal morphology and ploidy. The 
results were further evaluated by analysis of ploidy of the cells 
showing that cell cycle was arrested in S phase and G2/M 
phase, indicating these cells became progressively polyploid, 
with an 8N or 16N DNA content, after ablating survivin. 
These data demonstrated that the overexpression of survivin 
in HepG2 was essential to maintain polyploidy (15). During 
somatic cell division, faithful chromosomal segregation must 
follow DNA replication to prevent aneuploidy or polyploidy. 
After mitotic spindle damage these cells continue DNA repli-
cation in the absence of cell division and become polyploid. 

The depletion of survivin can lead to damage of the mitotic 
spindle, a potential mechanism that interferes with chromo-
somal segregation. Notably, other authors reported that after 
removal of antisense survivin at early stage, the cells restored 
normal ploidy and nuclear morphology (31). In this way, 
whether the cells treated by ablating survivin died or become 
polyploidy depended on the degree of activation of caspase-
3-like protease and instantaneous subcellular localization of 
survivin (21,32,34). To further demonstrate the bifunctional 
role of survivin in inhibition of apoptosis and regulation of cell 
division, we carried out double immunofluorescence staining 
to observe the spealized subcellular localization by time-lapse 
imaging of HepG2 cells treated by antisense survivin. The 
stained cells were investigated by confocal laser scanning 
microscopy. In the present study, double immunofluorescence 
analysis confirmed the presence of survivin protein pool 
in the cytoplasm. In untreated HepG2 cells, labeled-FITC 
immunofluorescence staining of survivin clearly showed that 
survivin was expressed mainly in the formation of a spotted 
distribution inside the cytoplasm. Whereas, in treated cells at 
24 h after transfection, survivin was found to be rare and weak 
in survivin immunoreactivity. As demonstrated by Western 
blot analysis, in cells treated with antisense depletion, survivin 
expression level was decreased in a dose-dependent manner. 
This suggested that the survivin antisense approach was able 
to affect the localization of survivin. Notably, our findings 
agree with those reported by Fortugno et al (33) and Temme 
et al (32). Fortugno et al also identified a cytosolic pool of 
survivin which associated with interphase microtubules, 
centrosomes, spindle poles and mitotic spindle microtubules 
at metaphase and anaphase, and a nuclear survivin localized to 
kinetochores of metaphase chromosomes and to the central 
spindle midzone at anaphase. The findings in our study 
strongly indicated that anti-apoptotic survivin at the inter-
face between cell proliferation and cell apoptosis provides a 
death switch for the termination of defective mitosis (21,23, 
32,34).

In summary, our results show that overexpression of 
survivin is required to maintain cell viability and proper cell 
cycle transitions, and preserve genetic fidelity during cell divi-
sion, an essential prerequisite of this pathway is the specialized 
subcellular localization of survivin.

Acknowledgements

Grants support: China Postdoctoral Science Foundation 
funded project (no. 20060390155), Shanghai Natural Science 
Foundation (no. 07ZR14087), and National Science Foundation 
of China (no. 30171059 and no. 30271483).

References

  1.	 Salvesen GS and Duckett CS: IAP proteins: blocking the road to 
death's door. Nat Rev Mol Cell Biol 3: 401-410, 2002.

  2.	Zhu ZB, Chen Y, Makhija SK, et al: Survivin promoter-based 
conditionally replicative adenoviruses target cholangiocarci-
noma. Int J Oncol 29: 1319-1329, 2006.

  3.	Altieri DC: Validating survivin as a cancer therapeutic target. 
Nat Rev Cancer 3: 46-54, 2003.

  4.	Chau GY, Lee AF, Tsay SH, Ke YR, Kao HL, Wong FH, 
Tsou AP and Chau XP: Clinicopathological significance of 
survivin expression in patients with hepatocellular carcinoma. 
Histopathology 51: 204-218, 2007.



ONCOLOGY REPORTS  27:  621-627,  2012 627

  5.	Beltrami E, Plescia J, Wilkinson JC, Duckett CS and Altieri DC: 
Acute ablation of survivin uncovers p53-dependent mitotic 
checkpoint functions and control of mitochondrial apoptosis. J 
Biol Chem 279: 2077-2084, 2004.

  6.	Grossman D, Kim PJ, Blanc-Brude OP, Brash DE, Tognin S, 
Marchisio PC and Altieri DC: Transgenic expression of survivin 
in keratinocytes counteracts UVB-induced apoptosis and coop-
erates with loss of p53. J Clin Invest 108: 991-999, 2001.

  7.	 Okada H, Bakal C, Shahinian A, Elia A, Wakeham A, Suh WK, 
Duncan GS, Ciofani M, Rottapel R, Zuniga-Pflucker JC and 
Mak TW: Survivin loss in thymocytes triggers p53-mediated 
growth arrest and p53-independent cell death. J Exp Med 199: 
399-410, 2004.

  8.	Bolton MA, Lan W, Powers SE, McCleland ML, Kuang J and 
Stukenberg PT: Aurora B kinase exists in a complex with survivin 
and INCENP and its kinase activity is stimulated by survivin 
binding and phosphorylation. Mol Biol Cell 13: 3064-3077, 
2002.

  9.	 Sampath SC, Ohi R, Leismann O, Salic A, Pozniakovski A and 
Funabiki H: The chromosomal passenger complex is required 
for chromatin-induced microtubule stabilization and spindle 
assembly. Cell 118: 187-202, 2004.

10.	 Gassmann R, Carvalho A, Henzing AJ, Ruchaud S, Hudson DF, 
Honda R, Nigg EA, Gerloff DL and Earnshaw WC: Borealin: a 
novel chromosomal passenger required for stability of the bipolar 
mitotic spindle. J Cell Biol 166: 179-191, 2004.

11.	 Vagnarelli P and Earnshaw WC: Chromosomal passengers: the 
four-dimensional regulation of mitotic events. Chromosoma 113: 
211-222, 2004.

12.	Beardmore VA, Ahonen LJ, Gorbsky GJ and Kallio MJ: Survivin 
dynamics increases at centromeres during G2/M phase transition 
and is regulated by microtubule-attachment and Aurora B kinase 
activity. J Cell Sci 117: 4033-4042, 2004.

13.	 Skoufias DA, Mollinari C, Lacroix FB and Margolis RL: Human 
survivin is a kinetochore-associated passenger protein. J Cell 
Biol 151: 1575-1582, 2000.

14.	 Li F, Yang J, Ramnath N, Javle MM and Tan D: Nuclear or cyto-
plasmic expression of survivin: what is the significance? Int J 
Cancer 114: 509-512, 2005.

15.	 Rosa J, Canovas P, Islam A, Altieri DC and Doxsey SJ: Survivin 
modulates microtubule dynamics and nucleation throughout the 
cell cycle. Mol Biol Cell 17: 1483-1493, 2006.

16.	 Platica M, Ionescu A, Ivan E, Holland JF, Mandeli J and Platica 
O: PAR, a protein involved in the cell cycle, is functionally 
related to chromosomal passenger proteins. Int J Oncol 38: 
777-785, 2011.

17.	 Abou Alaiwi WA, Ratnam S, Booth RL, Shah JV and Nauli SM: 
Endothelial cells from humans and mice with polycystic kidney 
disease are characterized by polyploidy and chromosome 
segregation defects through survivin down-regulation. Hum Mol 
Genet 20: 354-367, 2011.

18.	 Carvalho A, Carmena M, Sambade C, Earnshaw WC and on 
in taxol-treated HeLa cells. J Cell Sci 116: 2987-Wheatley SP: 
Survivin is required for stable checkpoint activati2998, 2003.

19.	 Zaffaroni N, Pennati M and Daidone MG: Survivin as a target 
for new anticancer interventions. J Cell Mol Med 9: 360-372, 
2005.

20.	Jin X, Li Q, Wu Q, Li P, Matsumoto Y, Furusawa Y, Gong L, 
Hao J and Dai Z: Radiosensitization by inhibiting survivin in 
human hepatoma HepG2 cells to high-LET radiation. J Radiat 
Res 52: 335-341, 2011.

21.	 Altieri DC: The case for survivin as a regulator of microtubule 
dynamics and cell-death decisions. Curr Opin Cell Biol 18: 
609-615, 2006.

22.	Olie RA, Simoes-Wust AP, Baumann B, Leech SH, Fabbro D, 
Stahel RA and Zangemeister-Wittke U: A novel antisense oligo-
nucleotide targeting survivin expression induces apoptosis and 
sensitizes lung cancer cells to chemotherapy. Cancer Res 60: 
2805-2809, 2000.

23.	Li F, Ambrosini G, Chu EY, Plescia J, Tognin S, Marchisio PC 
and Altieri DC: Control of apoptosis and mitotic spindle check-
point by surviving. Nature 396: 580-584, 1998.

24.	Vogel C, Hager C and Bastians H: Mechanisms of mitotic cell 
death induced by chemotherapy-mediated G2 checkpoint abro-
gation. Cancer Res 67: 339-345, 2007. 

25.	Austin KM, Gupta ML, Coats SA, Tulpule A, Mostoslavsky G, 
Balazs AB, Mulligan RC, Daley G, Pellman D and Shimamura A: 
Mitotic spindle destabilization and genomic instability in 
Shwachman-Diamond syndrome. J Clin Invest 118: 1511-1518, 
2008.

26.	Tao W: The mitotic checkpoint in cancer therapy. Cell Cycle 4: 
1495-1499, 2005.

27.	 Weaver BA and Cleveland DW: Decoding the links between 
mitosis, cancer, and chemotherapy: the mitotic checkpoint, adap-
tation and cell death. Cancer Cell 8: 7-12, 2005.

28.	Kang BH and Altieri DC: Regulation of survivin stability by the 
aryl hydrocarbon receptor-interacting protein. J Biol Chem 281: 
24721-24727, 2006.

29.	 Bourhis E, Hymowitz SG and Cochran AG: The mitotic regulator 
survivin binds as a monomer to its functional interactor Borealin. 
J Biol Chem 282: 35018-35023, 2007.

30.	Yagi Y, Fushida S, Harada S, et al: Effects of valproic acid on 
the cell cycle and apoptosis through acetylation of histone and 
tubulin in a scirrhous gastric cancer cell line. J Exp Clin Cancer 
Res 29: 149-160, 2010.

31.	 Li F, Ackermann EJ, Bennett CF, Rothermel AL, Plescia J, 
Tognin S, Villa A, Marchisio PC and Altieri DC: Pleiotropic 
cell-division defects and apoptosis induced by interference with 
survivin function. Nat Cell Biol 1: 461-466, 1999.

32.	Temme A, Rieger M, Reber F, Lindemann D, Weigle B, 
Diestelkoetter-Bachert P, Ehninger G, Tatsuka M, Terada Y and 
Rieber EP: Localization, dynamics, and function of survivin 
revealed by expression of functional survivin DsRed fusion 
proteins in the living cell. Mol Biol Cell 14: 78-92, 2003.

33.	 Fortugno P, Wall NR, Giodini A, O'onnor DS, Plescia J, 
Padgett KM, Tognin S, Marchisio PC and Altieri DC: Survivin 
exists in immunochemically distinct subcellular pools and is 
involved in spindle microtubule function. J Cell Sci 115: 575-585, 
2002.

34.	Asumen MG, Ifeacho TV, Cockerham L, Pfandl C and Wall NR: 
Dynamic changes to survivin subcellular localization are 
initiated by DNA damage. Onco Targets Ther 3: 129-137, 2010. 


