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Survivin appears to function as an apoptosis inhibitor and a regulator of cell division during
development and tumorigenesis. Here we report the
molecular characterization of the nucleocytoplasmic
transport of survivin and its potential implications for
tumorigenesis. We identified an evolutionary conserved
Crm1-dependent nuclear export signal (NES) in survivin. In dividing cells, the NES is essential for tethering
survivin and the survivin/Aurora-B kinase complex to
the mitotic machinery, which in turn appears to be
essential for proper cell division. In addition, export
seems to be required for the cytoprotective activity of
survivin, as export-deficient survivin fails to protect
tumor cells against chemo- and radiotherapy-induced
apoptosis. These findings appear to be clinically relevant since preferential nuclear localization of survivin
correlated with enhanced survival in colorectal cancer
patients. Targeting survivin’s nuclear export by the
application of NES-specific antibodies promoted its
nuclear accumulation and inhibited its cytoprotective
function. We demonstrate that nuclear export is essential for the biological activity of survivin and promote
the identification of molecular decoys to specifically
interfere with survivin’s nuclear export as potential
anticancer therapeutics.—Knauer, S. K., Krämer,
O. H., Knösel, T., Engels, K., Rödel, F., Kovács, A. F.,
Dietmaier, W., Klein-Hitpass, L., Habtemichael, N.,
Schweitzer, A., Brieger, J., Rödel, C., Mann, W., Petersen, I., Heinzel, T., Stauber, R. H. Nuclear export is
essential for the tumor-promoting activity of survivin.
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characteristic of human cancers (1, 2) which facilitates
acquisition of additional cancer traits that promote
resistance to therapy and disseminated disease. Among
several mechanisms, escape from apoptosis can be the
result of deregulated expression of apoptosis inhibitors
(3). Considerable therapeutic and prognostic interest is
focused on survivin (4), which at 16.5 kDa is the
smallest mammalian member of the inhibitor of apoptosis protein (IAP) family (5). Survivin contains a
single baculovirus IAP repeat and exists as a stable
homodimer in solution (6). A single-copy survivin gene
also gives rise to four alternatively spliced survivin
transcripts (ref. 7 and references within). Survivin is
largely undetectable in differentiated tissues but is
highly expressed in most human tumors; its expression
has been reported to correlate with reduced tumor cell
apoptosis, increased resistance to cancer therapy, and
abbreviated patient survival (4). However, the mechanims by which survivin counteracts apoptosis are still
controversial (3, 4). Several reports suggest that survivin interacts directly with Smac/DIABLO (6), can
form complexes with other IAP members (8), and
binds to procaspases (9, 10) or Hsp90 (11). On the
other hand, survivin has been defined as an essential
component of the chromosomal passenger complex
(CPC) (12). Among other factors, CPC includes the
Aurora-B kinase and plays crucial roles during cell
division (12, 13). Disturbance of CPC function by
RNAi-mediated depletion of survivin or Aurora-B kinase has also been shown to induce apoptosis (see refs.
3, 12).
The diverse intracellular localization of survivin reported ranges from predominantly cytoplasmic, nu1

An important advance in cancer research has been
the finding that resistance to apoptosis is an important
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clear, and mitochondrial to components of the mitotic
apparatus (4, 12). Although the low molecular weight
would theoretically allow survivin to access intracellular
compartments by passive diffusion, regulated subcellular localization has been proposed for survivin and
other key players of apoptosis (see ref. 14). Nucleocytoplasmic transport is regulated by specific signals and
transport receptors, and takes place through the nuclear pore complex (see ref. 15). Active nuclear import
is mediated by short stretches of basic amino acids,
termed nuclear localization signals, which interact with
import receptors (15). The best-characterized nuclear
export signals (NESs) are leucine-rich, interact with the
export receptor Crm1, and depend on the RanGTP/
GDP axis (15). Active transport signals have been
identified in many cellular proteins executing crucial
heterogeneous biological functions (see ref. 16). Thus,
specific interference with regulated nucleocytoplasmic
transport as a novel therapeutic principle has attracted
great interest from academia and industry (reviewed in
ref. 17).
To elucidate further survivin’s physiological roles
and to credential the survivin pathway for novel targeted interference approaches, we characterized the
molecular regulation of survivin’s dynamic localization.
We show that mammalian survivin homologues are
actively exported via a Crm1-dependent NES. The
integrity of the NES in survivin is essential to guard
tumor cells against cancer therapy-induced apoptosis
and is required for proper cell division. Based on our
results, we propose that survivin’s nuclear export is
biologically relevant and appears to be accessible to
pharmacological interventions.
MATERIALS AND METHODS
Patient characteristics and biopsy samples

RNA extraction, reverse transcription, and quantitative realtime polymerase chain reaction analysis (RT-qPCR)
Total RNA was purified from patient material or cells using
TRIZOL® reagent (Invitrogen Life Technologies, Karlsruhe,
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共E target兲⌬CP target (control⫺sample)
共Eref兲⌬CP ref (control⫺sample)

based on its real-time PCR efficiencies E, the crossing point
(CP) difference of the tumor sample vs. NOM in comparison
to the expression of the reference gene glyceraldehyde-3phosphate dehydrogenase (GAPDH) (18). Primers (Invitrogen Life Technologies) were human survivin wild-type (WT),
5⬘-ATGGCCGAGGCTGGCTTCATC-3⬘ (sense) and 5⬘-GCGCAACCGGACGAATGCT-3⬘ (antisense); survivin⌬exon3, 5⬘ATGGCCGAGGCTGGCTTCATC-3⬘ (sense) and 5⬘-GCACTTTCTCCGCAGTTTCCTC-3⬘ (antisense).
Microarray expression analysis
Ten micrograms of total RNA was used to prepare biotinylated cRNAs. Hybridization of 15 g labeled cRNA was performed on HG-U133A Affymetrix microarrays (Affymetrix,
Santa Clara, CA, USA) as described (18). All arrays were
globally scaled to a target value of 1000, and survivin expression intensity values were derived using Microarray Suite 5.0
as described (18).
Statistical analysis
Survival analysis was applied to all patients and was performed
with SPSS® software (Munich, Germany) as described (19).
Differences of the Kaplan-Meier survival curves were tested
for statistical significance with the log-rank test, and the 95%
confidence intervals were calculated. Differences were considered to be significant for P ⬍ 0.05.
Plasmids

Tissue samples were obtained from patients at the Charité
University Medical Center Berlin, the Department of Radiation Oncology University Erlangen-Nuremberg, the Department of Otolaryngology University Mainz, and the Department of Maxillofacial Plastic Surgery University Frankfurt.
The study protocols were approved by the local ethics committees after obtaining the patients’ informed consent to
participate in the study; samples were processed anonymously. All cases were diagnosed histopathologically as colorectal carcinoma (CRC) or head and neck squamous carcinoma (HNSCC), and staged according to the TNM
classification. The biopsy of macroscopically normal mucosa
(NOM) was taken at a distance of ⬎3 cm surrounding the
tumor location. Tissue specimens were flash frozen in liquid
nitrogen and stored until extraction of mRNA after removal
of portions needed for pathological diagnosis. Histological
analyses ensured that tumor specimen contained ⬎70%
tumor tissue and ⬍10% necrotic debris, and samples not
meeting these criteria were rejected. On average, tissues
contained 40% epithelial mucosa and 60% submucosa tissue.
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Germany) (18), and changes in mRNA levels were compared
by reverse transcription (RT) and subsequent quantitative
real-time polymerase chain reaction (qPCR) analysis as described (18). To define relative gene expression, the PCR
product from each tumor sample was compared with the PCR
product from NOM of the same patient. The relative expression ratio (R) of the target gene was calculated using the
equation:

Eukaryotic and bacterial expression constructs for green
fluorescent protein (GFP) -tagged and untagged versions of
human and rat survivin WT and mutants were constructed by
PCR amplification using appropriate primers containing
BamHI/NheI-restriction sites. PCR products were cloned into
the vector pc3-GFP or pGEX-GFP according to (20) (Table
1). To generate NES-deficient survivin, critical aa were
changed by mutagenesis as described (20). Likewise, siRNAresistant human survivin mutants were generated by introducing silent mutations at positions essential for siRNA binding
(nucleotides 1229C3 T and 1236A3 C). Plasmids p3-Crm1-HA
encoding hemagglutinin (HA) -tagged CRM1, pRev14-GFP
encoding a cytoplasmic HIV-1 Rev mutant, p3AuroraB encoding Aurora-B kinase (21), and pDsRed encoding the red
fluorescent protein (RFP) were reported (22).
Purification of recombinant glutathione S-transferase
fusion proteins
Glutathione S-transferase-green flourescent protein (GSTGFP) hybrid proteins were expressed and purified from
bacteria as described (20). GST-RanQ69L was purified in the
presence of 0.1 mM GTP and stored in Ran-Buffer (50 mM
HEPES, pH 7.6, 100 mM NaCl, 2 mM MgCl2, 0.5 mM EDTA,
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TABLE 1.

Analysis of the transport activity of WT and survivin mutantsa
Export activity

Protein

Survivin
survivin (rat)
survivin⌬NES
survivin sim
survivin⌬NES sim
Survivin1–119
Survivin1–88
survivinNES
survivinNESmut
Survivin93–104
a

Aa

tf

1–142
1–142
1–142
1–142
1–142
1–119
1–88
89–98
89–98
93–104

ⴙ(2, H, HN, CC)
ⴙ(2, H, HN, CC)
ⴚ(2, H, HN, CC)
ⴙ(2, H, HN, CC)
ⴚ(2, H, HN, CC)
ⴙ(H, HN, CC)
ⴚ(H, HN, CC)
n.d.
n.d.
n.d.

Import activity
mj

ⴙ(V,
ⴙ(V,
ⴚ(V,
ⴙ(V,
ⴚ(V,

HN,
HN,
HN,
HN,
HN,
n.d.
n.d.
ⴙ(V, HN,
ⴚ(V, HN,
ⴚ(V)

mj

CC)
CC)
CC)
CC)
CC)

ⴚ(V,
ⴚ(V,
ⴚ(V,
ⴚ(V,
ⴚ(V,

CC)
CC)

HN,
HN,
HN,
HN,
HN,
n.d.
n.d.
n.d.
n.d.
n.d.

CC)
CC)
CC)
CC)
CC)

2, 293T; H, HeLa; HN, 1624; CC, RKO; V, Vero; N, NIH3T3; tf, transient expression; mj, microinjection; n.d., not done.

1 mM DTT, 0.1 mM GTP) after proteolytic removal of GST to
ensure GTP loading.
Cells, transfection, microscopy, and microinjection
The CRC cell line RKO, the HNSCC cell line 1624, HeLa,
Vero, and 293 cells were maintained under conditions recommended by the American Type Culture Collection (Manassas, VA, USA). Cells were prepared for microinjection or
transfected as described (20). Microinjection of recombinant
GST-GFP fusion proteins, observation, image analysis, and
quantification of protein colocalization were performed as
described in detail (20, 23). Laser scanning confocal microscopy was performed using a Leica TCS SL microscope (Leica
Microsystems, Bensheim, Germany) as described (25). DNA/
cell nuclei were visualized by staining with Hoechst 33258
(Sigma Aldrich, Munich, Germany) as described (20). Cell
lines stably expressing survivin-GFP fusion proteins were
selected with G418 (23).
Drug treatment and irradiation
Cells were treated with the export inhibitor leptomycin B
(LMB) (10 nM), 1.5 mM valproic acid (VPA), 1.5 mM sodium
butyrate, or 3 mM cisplatin (Sigma Aldrich) as described (20,
24). Radiation was delivered using a CIS IBL437 cesium
irradiator (CIS, France) (dose rate⫽5.2 Gy/min with a single
dose of 8 Gy). Sham-irradiated cultures were kept in the X-ray
control room and the other samples were irradiated. After
irradiation, the cells were kept in culture for 48 h.
Immunoprecipitation, immunoblotting,
immunofluorescence, and immunohistochemistry (IHC)
Immunoblotting and immunofluorescence were carried out
according to standard procedures (20). Immunohistochemical staining of survivin was performed using the polyclonal
anti-(␣)-survivin antibody (Ab) (Novus NB 500 –201, Novus
Biologicals, Littleton, CO, USA; CRC samples: 1:2000;
HNSCC samples: 1:1000) and the FastRed chromogen® (CRC
samples) (Immunotech, Hamburg, Germany) or the EnVision® detection system (HNSCC samples) (DakoCytomation
GmbH, Hamburg, Germany) conjugated with horseradish
peroxidase and 3,3 diaminobenzidine as the chromogen as
described (19). The slides were finally counterstained with
50% hematoxylin and examined by light microscopy. The
overall intracellular localization of survivin in the tumors was
evaluated independently by two pathologists and scored as: ⫺,
negative; ⫹C, predominantly cytoplasmic (⬎80% of surSURVIVIN’S EXPORT IS ESSENTIAL FOR TUMORIGENESIS

vivin-positive tumor cells displayed cytoplasmic staining);
⫹N, predominantly nuclear (⬎60% of survivin-positive
tumor cells displayed nuclear staining). Before staining of
patient material, the specificity of the ␣-survivin Ab and
optimization of the staining protocol were performed on
formalin fixed, paraffin-embedded RKO and 1624 cells
expressing survivin-GFP.
The following antibodies were used in the study: ␣-survivin
(Novus NB 500 –201; Novus Biologicals, Littleton, CO, USA);
anti-␤-actin (A2066), anti-␣-tubulin (T5168) and ␣-Aurora-B
kinase (A5102) (Sigma Aldrich); ␣-caspase-3 (H-277) and
␣-caspase-9 (F-7) (Santa Cruz Biotechnology, Heidelberg,
Germany). Appropriate Cy3- or FITC-conjugated secondary
antibodies (Sigma Aldrich) were used.
Synthetic survivin NES peptide (89VKKQFEELTLGEFLK103) was derivatized with an amino-terminal cysteine
residue, coupled to keyhole limpet hemocyanin, and used to
immunize rabbits according to standard protocols (Pineda Ab
Service, Hamburg, Germany) (20). The serum was preincubated with GST-SurvivinNESmut-GFP protein bound to glutathione Sepharose beads to remove unspecific binders, and
subsequently affinity purified against the peptide using the
SulfoLink coupling gel according to the manufacturer’s instructions (Pierce Chemical Co., Rockford, IL, USA).
Crm1 pull-down assays and in vitro translation
Coupled transcription/translation was performed using the
TNT reticulocyte lysate system (Promega, Heidelberg, Germany) supplemented with [35S]-labeled methionine (Amersham Pharmacia Biotech, Buckinghamshire, UK) and the
plasmids p3Crm1-HA, p3AuroraB-GFP, and p3-survivin-GFP
as the templates. Pull-down assays with the specific recombinant GST-GFP substrates prebound to glutathione Sepharose
beads were performed as described (20). Briefly, 4 g of the
bound GST-GFP proteins was incubated with equal amounts
of in vitro translated Aurora B, survivin, or Crm1 (in the
presence of 5 mM GTP-RanQ69L). After several washing
steps, complexes were resolved by SDS-PAGE and visualized
by fluorography (20).
RNAi
The sequence and activity of the survivin double-stranded
siRNA (Eurogenetec, Searing, Belgium) (sense: 5⬘-CUGGACAGAGAAAGAGCCATT-3⬘, residues mutated in the siRNAresistant survivin mutants are underlined; antisense: 5⬘-UGGCUCUUUCUCUGUCCAGTT-3⬘) has been described (26).
Cells were treated in parallel with a scrambled siRNA duplex
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(sense: 5⬘-GGUGUGCUGUUUGGAGGUCTT-3⬘, antisense:
5⬘-GAACUCCAAACAGCACACCTT-3⬘) as a control. The
siRNA duplexes (each 50 nM) were transfected together with
0.2 g of the RFP expression plasmid using Lipofectamine2000® (Invitrogen Life Technologies) according to
the manufacturer’s recommendations.
Quantification of apoptosis
Apoptosis was assessed by TUNEL staining using the in situ
cell death detection kit (Roche Diagnostics, Mannheim,
Germany) as described (23). Briefly, 200 GFP-positive cells
from three separate images were inspected, the number of
TUNEL-positive cells was counted, and the percentages were
calculated. In microinjection experiments, 100 Ab-injected
cells visualized by immunofluorescence using FITC-labeled
␣-IgG antibodies (Sigma Aldrich) were inspected and the
number of TUNEL-positive cells was determined. Cell extracts were assayed for caspase-3-dependent hydrolysis of the
fluorogenic substrate N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide
(Axxora GmbH, Grünberg, Germany); enzyme-catalyzed release of p-nitroanilide was monitored at 405 nm as described
(27).

RESULTS
Survivin contains an evolutionary conserved
leucine-rich NES interacting with Crm1
The pivotal role of survivin as an apoptosis inhibitor
and a regulator of cell division suggests that regulated
nucleocytoplasmic transport controls the localization of
survivin. We found survivin overexpressed in CRC and
head and neck squamous cell carcinomas (HNSCC)
compared with the corresponding non-neoplastic mucosa (NOM) of the same patient (Fig. 1A, Supplemental Fig. S1A, and Supplemental Tables S1 and S2).
Survivin was detected as a cytoplasmic but also as a
predominantly nuclear protein in interphase tumor
cells (Fig. 1B).
To analyze the nucleocytoplasmic transport of survivin in live cells, we expressed human and rat survivin
(Rn_survivin-GFP) as C-terminal GFP fusion proteins
(Table 1). Survivin-GFP fusions have been widely used
and appear to be fully functional (12). Fluorescence
microscopy shows that survivin-GFP is predominantly
cytoplasmic after expression in several cell lines including the HNSCC cell line 1624 and the CRC cell line
RKO (Fig. 1C, Supplemental Fig. S1C, Table 1). Treatment with the nuclear export inhibitor leptomycin B
(LMB) resulted in enhanced nuclear localization (Fig.
1C, Supplemental Fig. S1C), suggesting the presence of
an active NES. Although endogenous survivin was almost undetectable in most RKO and 1624 interphase
cells, a similar intracellular localization and LMB sensitivity for endogenous survivin could be observed in
some cells (Supplemental Fig. S1B).
To map potential transport signals, we expressed the
survivin amino acids (aa) 1–119 and 1– 88 as GFP
fusions, and tested their localization and LMB sensitivity. In contrast to survivin1– 88-GFP, which was nuclear
and cytoplasmic, cytoplasmic localization of survivin1–
210
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Figure 1. Survivin is overexpressed in CRC and HNSCC, and
localizes to the cytoplasm and the nucleus of tumor cells. A)
Quantitative RT-polymerase chain reaction (RT-PCR) indicating the fold change in expression of survivin in tumor vs.
NOM. Bars, median. B) Representative examples of cytoplasmic and nuclear staining of survivin in tumor sections. Scale
bar, 50 m. C) Localization and LMB sensitivity of survivinGFP in living transfectants. Fluorescence microscopy shows
that survivin-GFP localizes predominantly to the cytoplasm,
and accumulates in the nucleus on LMB treatment. Scale
bars, 10 m.
119-GFP

positioned the NES between aa 88 and 119
(Supplemental Fig. S1D, Table 1). We next examined
the nucleocytoplasmic transport of survivin using microinjection, a highly stringent system that allows observation and quantification of transport in living cells
(20). Due to the size of the GST-GFP fusion protein (54
kDa), localization of the autofluorescent transport substrate was not affected by passive diffusion upon microinjection (not depicted). In contrast, GST-survivin-GFP
was quantitatively exported into the cytoplasm after
nuclear injection in 1624 and RKO cells (Fig. 2A and
data not shown). Export was abrogated by treatment
with LMB (Fig. 2A). No nuclear import was observed
even in the presence of LMB, arguing that survivin does
not contain an active nuclear import signal (Fig. 2A and
data not shown). Similar results were observed for rat
survivin (GST-Rn_survivin-GFP) (not depicted). Subsequently, we tested the activity of potential NESs within
aa 88 to 119 of survivin, matching the loosely defined
leucine-rich NES-consensus sequence (22). Only a recombinant GST-GFP protein containing survivin aa
89 –98 (89VKKQFEELTL98) was quantitatively exported
upon microinjection (Fig. 2B). As a stringent control, a
signal in which essential residues in the NES were
mutated (NESmut; 89VKKQFEELTL98 3 89VKKQPEEATA98, mutated residues underlined) was inactive under identical experimental conditions (Fig. 2B and
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Figure 2. Survivin contains a NES interacting with
Crm1. A, B) Indicated GST-survivin-GFP substrates were microinjected into the nucleus or
cytoplasm, and transport was recorded by fluorescence microscopy. ⬃100 cells were injected; representative examples are shown. Scale bars, 10
m. A) GST-survivin-GFP injected into nuclei was
exported after 3 h (top). In the multinucleated
cell, no import into the noninjected nucleus
(marked by an asterisk) occurred. Export was
prevented upon LMB treatment (middle). Export-deficient GST-survivin⌬NES-GFP was neither
exported after nuclear injection nor imported
after cytoplasmic injection (bottom). B) Nuclearinjected GST-survivinNES-GFP (aa 89 –99) was
efficiently exported (top) whereas inactivation of
the NES (GST-survivinNESmut-GFP) blocked export (bottom). C) Survivin interacts with Crm1 in
GST pull-down assays. In vitro translated [35S]labeled Crm1 protein was incubated with equal
amounts of the indicated GST-GFP fusions. Binding of Crm1 to the NES-containing substrates was
abolished by mutating the NES. GST-GFP served
to control for unspecific binding. D) Ectopically
expressed survivin⌬NES-GFP is distributed equally between the nucleus and the cytoplasm, and does not respond to LMB. Nuclei are
marked by Hoechst dye. Scale bars, 10 m.

Supplemental Fig. S1F). To analyze the biological relevance of the signal, we mutated the NES in the context
of the full-length protein. In contrast to WT survivin,
survivin⌬NES-GFP was distributed equally between the
nucleus and the cytoplasm, and did not respond to
LMB treatment (Fig. 2D).
Inhibition of export by treatment with LMB indicated that survivin was exported via the Crm1 pathway.
The direct NES-mediated survivin/Crm1 interaction
was verified biochemically by in vitro interaction studies.
Figure 2C illustrates that recombinant GST-survivinGFP binds to Crm1 in contrast to inactive GSTsurvivin⌬NES-GFP or GST-GFP alone. Binding of Crm1
was dependent on Ran-GTP (Supplemental Fig. S2A).
Similar results were obtained for GST-survivinNES-GFP
and GST-survivinNESmut-GFP. Upon overexpression,
Crm1 also colocalizes with survivin-GFP but not with
Survivin⌬NES-GFP at the nuclear membrane (Supplemental Fig. S1G). Similar results were obtained upon
expression of untagged survivin proteins (not depicted).
These results unambiguously define the leucine-rich
NES conserved in mammalian survivin proteins (Supplemental Fig. S1E) and exclude additional NESs.
The survivin-NES is required to promote proper
cell division
Besides its role as a nuclear export receptor, Crm1 has
been described as an effector for mitotic spindle assembly and functions (28). To investigate the biological
significance of the survivin-Crm1 interaction, we analyzed whether survivin⌬NES-GFP was able to counteract
the formation of multinucleated cells upon ablation of
endogenous survivin by RNAi. Various reports demonstrated defects in cell cycle progression after downSURVIVIN’S EXPORT IS ESSENTIAL FOR TUMORIGENESIS

regulation of survivin, resulting in mitotic arrest and
polyploidy (see ref. 12). Transfection of GFP-expressing HeLa cells with survivin siRNA resulted in an
increased number of multinuclear cells (Fig. 3B, left
panel). This effect was reduced in survivin-GFP but not
in survivin⌬NES-GFP-expressing cell lines (middle
panel), albeit both proteins were expressed equally
(Fig. 3A). Since RNAi affected endogenous as well as
ectopically expressed survivin, we generated HeLa cell
lines stably expressing siRNA-resistant survivin-GFP fusion proteins (survivin_sim-GFP and survivin⌬NES_simGFP), by introducing two silent mutations within the
survivin siRNA target sequence. Upon RNAi-mediated
ablation of endogenous survivin, the inability of NESdeficient survivin to support proper mitosis became
more obvious (Fig. 3B, right panel, and Supplemental
Fig. S2B). Of note, blocking survivin’s export by prolonged treatment with LMB also resulted in multinuclear cells, which finally underwent apoptosis (not
depicted).
The NES is required to tether survivin and the
survivin/Aurora-B complex to the mitotic machinery
To provide a molecular rationale why NES-deficient
survivin was unable to promote proper cell division, we
examined the localization of survivin-GFP and
survivin⌬NES-GFP in dividing cells. In contrast to survivin-GFP, which localizes correctly to the metaphase
plate, the kinetochores, and the midbody during cytokinesis, survivin⌬NES-GFP fails to associate with the
mitotic machinery (Fig. 3C and data not shown; Supplemental Fig. S2C). Similar results were observed in
the RKO cell line, as well as for untagged survivin and
survivin⌬NES (not depicted). The kinase Aurora-B is
another essential component of the CPC, and forms a
211

complex with survivin. We found that Aurora-B kinase
correctly colocalizes with survivin-GFP at the spindle
midzone and midbody (Fig. 3D, left panel). In contrast,
in the presence of survivin⌬NES-GFP, Aurora-B kinase is
not detectable at the centromeres but localizes with
survivin⌬NES-GFP (Fig. 3D, right panel; Supplemental
Fig. S2D).
To determine that the observed inhibition of the
biological activity of survivin is mediated by preventing
the survivin-Crm1 interaction rather than by affecting
survivin’s capability to dimerize and to interact with
Aurora-B kinase, we performed binding studies. Survivin-GFP/Aurora-B- and survivin⌬NES-GFP/Aurora-Bcomplexes could be recovered with similar efficiencies
from HeLa transfectants (Supplemental Fig. S2G). In
addition, immobilized GST-survivin-GFP or GSTsurvivin⌬NES-GFP bound in vitro translated survivin-GFP
or Aurora-B with equal efficiencies (Supplemental Fig.
S2E, F).
These results strongly suggest that the presence of
the NES in survivin is required for guiding not only
survivin but also the survivin/Aurora-B kinase complex
to the mitotic machinery, underlining why the survivin
NES seems to be essential for proper cell division.
The cytoprotective activity of survivin depends on
active nuclear export
Survivin expression in cell lines and tumors has been
correlated with resistance against chemo- and radiotherapy-induced apoptosis (4, 26). To investigate
whether nuclear export was required for the cytoprotective activity of survivin, HeLa and RKO cells stably
expressing survivin-GFP or survivin⌬NES-GFP, respectively, were treated with chemotherapeutic compounds
or irradiated. We recently found that histone deacetylase inhibitors (HDACi) induced apoptosis and down-

Figure 3. The integrity of the survivin NES is required to
promote proper cell division. HeLa cells stably expressing
GFP, survivin-GFP, survivin⌬NES-GFP, or the siRNA resistant
survivin mutants (survivin_sim-GFP and survivin⌬NES_simGFP) were transfected with survivin siRNA or a control siRNA
together with an RFP expression plasmid as the transfection
control. A) siRNA-mediated silencing and similar expression
levels of the survivin-GFP fusion proteins were verified by
212

Vol. 21

January 2007

Western blot analysis using an ␣-survivin Ab. Actin served to
control loading. B) In parallel cultures, the number of
multinucleated cells was examined in 200 cells, and the
percentages of GFP- and RFP-double-positive cells with two or
more nuclei, was determined. Columns, mean; bars, ⫾sd
from two independent experiments. siRNA-mediated silencing of survivin resulted in an increased number of multinuclear cells (left) that could be rescued by coexpressing
survivin-GFP, but not by survivin⌬NES-GFP (middle). Since
RNAi affected endogenous as well as ectopically expressed
survivin (A), rescue by survivin_sim-GFP but not by
survivin⌬NES_sim-GFP became more obvious (right). C, D)
Export-deficient survivin fails to tether survivin and Aurora-B
kinase to the mitotic machinery. C) Survivin-GFP correctly
localizes to the metaphase plate (M) and the midbody during
cytokinesis. In contrast, survivin⌬NES-GFP is not associated
with the mitotic machinery. D) Aurora-B kinase correctly
colocalizes with survivin-GFP at the spindle midzone and
during cytokinesis. In the presence of survivin⌬NES-GFP,
Aurora-B kinase is not detectable at either the mitotic spindle
or midbody, but localizes similar to survivin⌬NES-GFP. DNA is
marked by Hoechst dye (blue), microtubules by anti-␣-tubulin staining (red), and Aurora-B kinase by ␣-Aurora-B kinase
Ab (red). Scale bars, 10 m.
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treatment of GFP or survivin⌬NES-GFP-expressing cells
results in increased apoptosis evident by TUNEL staining and increased caspase-3 activity (Fig. 4A, B). Exportdeficient survivin-GFP also fails to protect cells against
irradiation-induced apoptosis. Blocking the nuclear
export of survivin by treatment with LMB for 24 h
enhanced irradiation-induced cell death. Similar expression levels of survivin-GFP and survivin⌬NES-GFP in
the cell lines were controlled by immunoblot (not
depicted).
IAPs are assumed to be active predominantly in the
cytoplasm. For survivin, the types of caspases and the
exact molecular mechanisms involved are still under
investigation. We find that the amount of cytoplasmic
survivin having the potential to interact with cytoplasmic procaspase-3 and -9 is significantly higher for
survivin-GFP compared with survivin⌬NES-GFP, providing a possible explanation for the difference observed
in their cytoprotective activity (Fig. 4C, D and data not
shown).
Preferential nuclear localization of survivin correlates
with enhanced patient survival

Figure 4. Nuclear export is required for survivin-mediated
protection against chemo- and radiotherapy-induced apoptosis.
A, B) HeLa cells stably expressing the indicated proteins were
treated with the HDAC inhibitors VPA (1.5 mM) or sodium
butyrate (1.5 mM), cisplatin (3 mM), or irradiated (8 Gy). 48 h
later, apoptosis was assessed by A) TUNEL staining or by B)
measuring caspase-3 activity. Caspase-3 activity in untreated
survivin-GFP-expressing cells was set to 1. Columns, mean; bars,
⫾sd from two independent experiments. In contrast to survivinGFP, survivin⌬NES-GFP could not counteract induction of apoptosis by drug treatment or irradiation. Blocking the nuclear
export of survivin by treatment with LMB for 24 h enhanced
irradiation-induced apoptosis. C, D) Nuclear export of survivin
enhances potential interaction with procaspase-3. HeLa cells
were transfected with the indicated plasmids and stained with an
␣-caspase-3 Ab. C) the amount of survivin protein that has the
potential to interact with cytoplasmic procaspase-3 is significantly reduced for the NES mutant. Scale bar, 10 m. D)
Percentage of cytoplasmic survivin-GFP was quantitated in 100
procaspase-3-expressing cells. Columns, mean; bars, ⫾sd from
two independent experiments.

regulation of survivin in tumor cells (24). Figure 4A, B
shows that survivin-GFP could counteract the induction
of apoptosis by treatment with the HDACi VPA and
butyrate. Similar results were obtained upon treatment
with the DNA-damaging agent cisplatin. In contrast,
SURVIVIN’S EXPORT IS ESSENTIAL FOR TUMORIGENESIS

The above data suggest that interference with the
nuclear export of survivin results in increased nuclear
survivin with impaired tumor-promoting activities. Consequently, we would expect increased overall survival in
patients with predominantly nuclear survivin in their
tumors. To test this hypothesis, the intracellular localization of survivin was analyzed by IHC in colorectal
cancer specimens (for patients’ characteristics, see Supplemental Table S3). Predominantly “nuclear survivin”
tumors (Fig. 1B depicts an example of a representative
tumor) were evident in 24 of 263 cases (9.2%). KaplanMeier curves of overall and recurrence-free survival
demonstrate a statistically significant association
(P⫽0.005) with improved survival in these patients as
calculated by the log-rank test (Fig. 5A). No multivariant analysis was performed. The possibility that the
detected nuclear survivin protein represents the
survivin⌬exon3 splice variant instead of WT survivin was
controlled by analyzing expression levels of the respective proteins in tumors with enhanced nuclear survivin
staining by RT-qPCR. In contrast to WT survivin,
survivin⌬exon3 levels were almost undetectable (data not
shown), consistent with previous reports (7).
NES-specific antibodies inhibit nuclear export and
activity of survivin
Our results indicate that blocking the nuclear export of
survivin by molecular decoys could be exploited to
affect survivin’s functions. However, no substrate-specific export inhibitors have been identified so far. To
support our concept of NES-specific export inhibition
(23), we raised antibodies against the survivin NES
peptide. Specificity of the antibodies was confirmed by
immunofluorescence staining of survivin-GFP-expressing cells (Supplemental Fig. S3A). Microinjection of
213

injected into the nuclei of RKO cells and cells were
treated with cisplatin. TUNEL staining revealed that
NES antibody-injected cells showed a significantly
higher apoptotic rate than control cells injected with
IgG (Fig. 5C).

DISCUSSION

Figure 5. Nuclear survivin is associated with enhanced survival
of CRC patients and can be induced by interference with
nuclear export. A) Kaplan-Meier survival curves for positive
(n⫽24) and negative (n⫽239) cases of CRC regarding “nuclear survivin” tumors. Patients with predominantly nuclear
survivin staining in their tumors showed a statistically significant association (P⫽0.005) with improved survival as calculated by the log-rank test. B, C) Survivin NES-specific antibodies (NES antibody) inhibit nuclear export and the
cytoprotective activity of survivin. B) Microinjection of the
NES antibody (3 mg/ml) but not of control IgG (5 mg/ml)
into the nucleus of survivin-GFP-expressing cells causes inhibition of export and nuclear accumulation. In contrast,
export of the shuttle protein Rev14-GFP is not affected. As a
control, LMB treatment inhibited export of both GFP fusion
proteins. The intracellular localization of GFP fusion proteins
was examined in 100 injected cells, and injected antibodies
were visualized by staining with Cy3-labeled ␣-IgG. Columns,
mean; bars, ⫾sd from two independent experiments. C)
Injection of the NES antibody interfered with the cytoprotective activity of survivin, resulting in enhanced apoptosis. RKO
cells were injected into the nucleus with the NES antibody (3
mg/ml) or control IgG (5 mg/ml) and treated with 3 mM
cisplatin for 12 h postinjection. Injected cells were visualized
by immunofluorescence using FITC-labeled ␣-IgG, and the
number of apoptotic TUNEL-positive cells was determined in
100 injected cells. Columns, mean; bars, ⫾sd from two
independent experiments.

the NES antibody (NES-ab) into the nucleus of survivinGFP-expressing cells results in inhibition of export and
subsequent nuclear accumulation of survivin-GFP (Fig.
5B and Supplemental Fig. S3B). In contrast, shuttling
of a NES-containing HIV-1 Rev mutant (Rev14-GFP)
(29) is not affected (Fig. 5B and Supplemental Fig.
S3B), underlining the NES specificity of the survivin
NES antibody. Subsequently, the NES antibody was
214
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Survivin is overexpressed in most tumors and appears
to be involved in tumorigenesis and clinical outcome,
which justifies its role as a rational target for cancer
therapy. We show here that survivin’s dynamic intracellular localization is regulated by active nuclear export,
which appears to be essential for survivin’s tumorpromoting functions.
Whereas Rodriguez et al. (30) proposed that survivin’s export is mediated in trans-by a NES-containing
protein binding to the carboxyl-terminal domain of
survivin, we identified the NES. The NES of survivin is
conserved in mammalian survivin proteins and fits the
consensus sequence for leucine-rich export signals
(22). Export of survivin is mediated by Crm1, since
Crm1 antagonists cause nuclear accumulation of survivin, block export of recombinant survivin, and survivin-GFP interacts with Crm1 in vitro and in vivo.
Although suggested previously (31), our data do not
support the presence of an active nuclear import signal
in survivin. For one NES mutation or LMB treatment
do not result in complete nuclear accumulation of
survivin, and GST-survivin-GFP is not imported into the
nucleus. Therefore, the low molecular weight of survivin even as a dimer appears to allow survivin to enter
the nucleus by passive diffusion. The reported nuclear
accumulation of survivin on irradiation and its potential function in postirradiation DNA damage repair (26,
32) may thus be explained by interaction with nuclear
binding sites. Hence, our results indicate that interference with active nuclear import will most likely not be
applicable to impede potential nuclear functions of
survivin.
In contrast, it seems conceivable that inhibiting the
nuclear export of survivin is a more promising strategy
to affect survivin’s activity. First, during cell division, the
NES appears to be required to tether not only survivin
but also the survivin/Aurora-B kinase complex to the
mitotic machinery. One can speculate that among
components of the CPC, Crm1 may be critically involved in guiding survivin during mitosis. Besides its
function as a nuclear export receptor, Crm1 has recently been identified as an essential mitotic effector
(28), and further studies are required to dissect the
molecular mechanism. Second, we observed that survivin (but not export-deficient survivin) is able to
efficiently counteract chemo- and radiotherapy induced apoptosis. We consider these findings to be
potentially relevant clinically since HDAC inhibitors,
cisplatin compounds, and irradiation are current treatment modalities for HNSCC and CRC patients, and
therapy resistance represents a general problem in
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oncology. Since the exact mechanism by which survivin
directly or indirectly affects the apoptotic machinery in
the cytoplasm has not been resolved (33), enhancing
the cytoplasmic concentration of survivin by active
nuclear export may promote survivin’s antiapoptotic
function. Thus, preferential nuclear localization of
survivin in tumors should be linked to a favorable
prognosis as shown for colorectal cancer (this study),
breast cancer (34), non-small-cell lung cancer (35),
ovary tumors (36), and pancreatic cancer (37). Although, some reports consider nuclear survivin to be
associated with poor survival (38, 39), this discrepancy
may be due to the variable parameters used to classify a
tumor as “nuclear survivin” vs. “cytoplasmic survivin.”
The molecular reasons why survivin accumulates in
some tumors in contrast to others are not yet known.
Our previous studies (22) indicate that nuclear localization of shuttle proteins can be induced by the
competition for export factors or by interfering with
the nuclear transport machinery (17). In addition,
mutations in the NES of survivin or binding to nuclear
components could account for the pronounced nuclear localization observed in patient material.
Although we find that export inhibition by LMB
increased irradiation-induced apoptosis, and LMB has
also been proposed for anticancer therapy (40), Crm1directed inhibitors can not be used in therapeutic
applications due to their toxic side effects by blocking
all Crm1-mediated transport pathways. Therefore, protein-specific transport inhibitors are urgently needed.
Since NESs can be grouped into specific categories
according to their activity in vivo (22, 23), these differences represent an attractive opportunity to selectively
block export and the biological functions of proteins by
the generation of NES-specific inhibitors. In our study,
the application of the survivin-NES directed antibodies
interfered with survivin’s export and function, and
supports our concept of NES-specific interference.
These results and the availability of our recently developed cell based translocation assays (23) encourage
screens to identify NES-specific small molecules. Positioning the linear NES in the NMR structure of the
survivin dimer (6) (Supplemental Fig. S3C) may help to
design NES binding inhibitors in silico. Since survivin is
not only expressed in somatic cancer cells but also in
tumor endothelial (41) and cancer stem cells (42),
survivin-specific transport inhibitors may have a promising therapeutic potential.
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