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Abstract
Survivin is an inhibitor of apoptosis protein (IAP) that is
markedly overexpressed in most cancers. We identified two
novel functionally divergent splice variants, i.e. non-anti-
apoptotic survivin-2B and antiapoptotic survivin-DEx3.
Because survivin-2B might be a naturally occurring antago-
nist of antiapoptotic survivin variants, we analyzed the
subcellular distribution of these proteins. PSORT II analysis
predicted a preferential cytoplasmic localization of survivin
and survivin-2B, but a preferential nuclear localization of
survivin-DEx3. GFP-tagged survivin variants confirmed the
predicted subcellular localization and additionally revealed a
cell cycle-dependent nuclear accumulation of survivin-DEx3.
Moreover, a bipartite nuclear localization signal found
exclusively in survivin-DEx3 may support cytoplasmic
clearance of survivin-DEx3. In contrast to the known
association between survivin and microtubules or centro-
meres during mitosis, no corresponding co-localization
became evident for survivin-DEx3 or survivin-2B. In conclu-
sion, our study provided data on a differential subcellular
localization of functionally divergent survivin variants,
suggesting that survivin isoforms may perform different
functions in distinct subcellular compartments and distinct
phases of the cell cycle.
Cell Death and Differentiation (2002) 9, 1334 ± 1342. doi:10.1038/
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Introduction

Deregulation of apoptosis is involved in carcinogenesis by
abnormally prolonging cell survival, facilitating the accumula-
tion of transforming mutations and promoting resistance to
immunosurveillance.1 The molecular pathways in the execu-
tion of apoptotic cell death are highly conserved evolutionarily,
as are their regulators.2,3 A novel family of proteins that
negatively regulates cell death is the inhibitor of apoptosis
(IAP) protein family. Originally identified in the baculoviral
genome,4 cellular homologues of IAPs have also been
identified in yeast, nematode, drosophila and vertebrates.5 ± 7

IAPs are characterized by one or multiple motifs called
baculoviral IAP repeat (BIR), which is considered to be the
main mediator of antiapoptotic function, enabling IAPs to
inhibit the action of cystein proteases (caspases).8,9

Survivin was identified as a novel human member of the
IAP family that contains only a single BIR domain.10 It was
shown that survivin inhibits processing of procaspase-3 and
-7 and specifically binds both active caspases in a cell free
system,11,12 although these actions are still a matter of
controversial debate.12 ± 14 Moreover, survivin was shown to
inhibit caspase-9 actions.15 Survivin expression exhibited a
marked cell cycle periodicity with a pronounced upregula-
tion during the G2/M phase followed by a rapid decline in
the G1 phase.16 The degradation of survivin protein by the
ubiquitin-proteasome pathway was found to be strictly
regulated by an intact carboxyterminal region downstream
of the BIR domain.17 In fact, survivin may act at the
interface between apoptosis and cell cycle regulation, as
evident from recent observations demonstrating complex
formation between survivin and centromeres18 ± 20 or the
cyclin dependent kinase Cdk421,22 as well as survivin
phosphorylation by the p34cdc2 ± cyclinB1 complex.15

The intracellular topography of survivin was described as
predominantly cytosolic with a ratio of cytosolic vs nuclear
survivin of 6 : 1,23 taking into account the breakdown of the
nuclear membrane in mitotic cells. On the subcellular level, it
was shown that survivin binds to microtubules of the mitotic
spindle and the midzone,16 to centrosomes18,20 or to
kinetochores.19 The reported diversity of subcellular locali-
zation could result from the analysis of different survivin
fusion proteins or from the use of diverse survivin-specific
antibodies recognizing distinct epitopes,20,23 but also from
differences in Thr34 phosphorylation15,23 or cell culture
conditions (e.g. treatment with paclitaxel).24

Survivin is expressed in many fetal and some proliferat-
ing adult tissues,25,26 whereas no transcripts were detected
in a variety of resting adult tissues.10,26 Most strikingly,
survivin was found in the most common human cancers,
suggesting that cancer cells return to a fetal pattern of
survivin expression. Re-expression of survivin may en-
hance cell viability and enable the neoplastic cell to
overcome the cytotoxic effects of chemotherapeutic agents.
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In fact, initial studies in neuroblastomas, colorectal
carcinomas, non-small-cell lung cancer, and bladder cancer
indicated a correlation between the re-expression of
survivin and an unfavorable course of the disease,
proposing survivin expression as a potential prognostic
factor.27,28

Recently, we identified two functionally divergent splice
variants of survivin, which are characterized by a common
structural alteration of their BIR domain:29 the loss of exon
3 in survivin-DEx3 results in a BIR domain truncated at
amino acid position 74 and a frame shift of the
carboxyterminus. Despite these profound structural altera-
tions, the antiapoptotic potential of survivin-DEx3 was
largely preserved. Remarkably, the survivin-DEx3-carboxy-
terminus is completely different from the survivin carboxy-
terminus, which might interfere with degradation of survivin-
DEx3 protein by ubiquitin tagging. Survivin-DEx3, therefore,
could evade the cell cycle-specific degradation by the
ubiquitin-proteasome pathway, known for survivin. In
survivin-2B, inclusion of the cryptic exon 2B encodes the
insertion of 23 additional amino acids into the BIR domain
at essentially the same position, where the BIR domain of
survivin-DEx3 is truncated. Because survivin-2B exhibited a
loss of antiapoptotic potential,29 we hypothesized that this
survivin variant might be a naturally occurring antagonist of
antiapoptotic survivin and survivin-DEx3, possibly by
competitive binding to common interaction partners, as
reported for survivin and survivin-2B interactions with
polymerized tubulin.30

Because competitive inhibition would require identical
subcellular localization for physical interaction, we com-
paratively analyzed the subcellular distribution of all
survivin variants in interphase cells and during mitosis ±
with a special focus on co-localization with the kinetochore-
binding passenger protein CENP-F and midbodies.

Results

PSORT II analysis predicts different subcellular
localization of antiapoptotic and non-antiapoptotic
survivin variants

Using the PSORT II program which applies algorithms for
protein sorting signals we analyzed the potential subcellular
localization of the different survivin variants. As shown in
Table 1, a largely congruent subcellular localization was

predicted for survivin and survivin-2B, the cytoplasm being the
most probable localization of both variants. Of note, the
predicted subcellular localization of survivin matches the
differential distribution of survivin reported experimentally.23

In contrast, survivin-DEx3 was predicted to exhibit an inverse
distribution pattern, the nucleus being the most probable
localization of this survivin variant.

Different subcellular localization of antiapoptotic
and non-antiapoptotic survivin variants

Because no antibodies are currently available to differentiate
the subcellular localization of endogenous survivin-DEx3 and
survivin-2B from survivin, we transfected HepG2 cells with
pEGFP vector constructs containing the different survivin
variants. In these transfectants, the survivin variants are
constitutively expressed under the control of the CMV
promoter, which is not regulated by the cell cycle. In
consequence, mRNA stability and the capacity of survivin-
degrading systems will determine the extent of protein
accumulation, but not its subcellular localization. The
functionality of the respective survivin-GFP fusion proteins
was tested by a CD95-specific apoptosis assay, since HepG2
cells are known to be sensitive for CD95-mediated apoptosis.
Using the agonistic CH11 antibody for CD95 activation,
survivin-GFP and survivin-DEx3-GFP exhibited preserved
antiapoptotic activity, whereas survivin-2B-GFP revealed a
loss of antiapoptotic potential (Figure 1), as previously
observed for untagged survivin variants as well.29

As predicted by PSORT II analysis, confocal laser
scanning microscopy confirmed the cytoplasmic colocaliza-
tion of survivin and survivin-2B, whereas survivin-DEx3
exhibited an exclusively nuclear accumulation (Figure 2A).

Additional immunostaining for the Ki-67 protein, which is
present during all active phases of the cell cycle (late G1,
S, G2, M) and absent from resting G0 cells,31 revealed
cytoplasmic accumulation of survivin and survivin-2B in
both Ki-67-negative and Ki-67-positive cells (Figure 2A). In
contrast, nuclear accumulation of survivin-DEx3 was
exclusively found in Ki-67-positive cells (Figure 2A).
Because the CMV promoter of our vector constructs is
not regulated by the cell cycle, survivin-DEx3 should be
constitutively transcribed and translated during all phases
of the cell cycle. Therefore, the selective accumulation of
survivin-DEx3 in Ki-67-positive nuclei may suggest a cell
cycle-dependent mechanism of survivin-DEx3 translation in
Ki-67-positive or protein degradation in Ki-67-negative cells.
First hints for a role of survivin-DEx3 degradation were
obtained from a cycloheximide block experiment (Figure
2B) demonstrating a more rapid turnover of ectopic
survivin-DEx3 when compared to the protracted degrada-
tion of ectopic survivin. This mechanism could also be
relevant for the endogenous survivin-DEx3, sustaining
elevated levels in the active (Ki-67-positive) phases of the
cell cycle (i.e. late G1, S, G2, and M), parallel to the cell
cycle-dependent upregulation of endogenous survivin.
However, degradation of survivin-DEx3 with its markedly
modified carboxyterminus presumably is different from the
ubiquitin-proteasome pathway, which depends on an intact
survivin carboxyterminus.17 Nevertheless, this as yet

Table 1 Prediction of subcellular localization by PSORT II analysis

Localization
Survivin

[%]
Survivin-DEx3

[%]
Survivin-2B

[%]

Cytoplasm
Nucleus
Cytoskeleton
Golgi apparatus
Plasma membrane
ER
Peroxysomes
Mitochondria
Lysosomes

56.5
17.4
0.0
0.0
4.3
4.3
0.0

13.0
4.3

26.1
52.2
8.7
4.3
4.3
0.0
4.3
0.0
0.0

52.2
21.7
0.0
0.0
4.3
4.3
0.0

13.0
4.3
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hypothetic alternative pathway could be even more
efficient, as suggested in our experiments by the lack of
ectopic survivin-DEx3 in Ki-67-negative cells in contrast to
cytoplasmic accumulation of ectopic survivin and survivin-
2B.

Because survivin may act, inter alia as a chromosomal
passenger protein that is closely associated with centro-
meres during mitosis,19,20 we further compared the
subcellular localization of the different survivin variants
using CENP-F as a centromere marker (Figure 3A,B,C).
CENP-F is a component of the nuclear matrix that gradually
accumulates during the cell cycle and reaches peak levels
in G2/M phase cells. CENP-F assembles onto the
centromeres during mitosis.32

In accordance with previous observations,19,20 we
observed a specific translocation of survivin to the
centromeric regions during mitosis, as evident from the
close co-localization of signals for survivin and CENP-F
(Figure 3A/b). In contrast, the loss of the nuclear membrane
during mitosis was accompanied by a redistribution of
survivin-DEx3 and survivin-2B throughout the cell. Even

more striking was the observation that neither survivin-
DEx3 nor survivin-2B showed the close association with the
centromere marker CENP-F, observed for survivin. Thus,
co-localizing signals with CENP-F were detected extremely
seldom only for survivin-DEx3 (Figure 3B/b) and not at all
for survivin-2B (Figure 3C/b). (Interestingly, the formation of
dual foci characteristic for CENP-F immunostaining of
centromeric regions seems to be disturbed in survivin-
DEx3 transfectants as well). Moreover, only survivin, but
not survivin-DEx3 or survivin-2B) was detectable in the

Figure 1 Differential antiapoptotic potential of survivin splice variants in the
human hepatoma cell line HepG2. (a) Cell death was induced by the CD95-
specific agonistic CH11-antibody. Survivin and survivin-DEx3 inhibit CD95-
specific apoptosis, whereas survivin-2B has completely lost its antiapoptotic
potential. The percentage of transfected cells was indirectly determined by
microscopic evaluation of b-galactosidase expressing cells. The transfection
efficiency was about 40% in all transfection experiments. Data are means of
three independent experiments. (b) Immunoblot analysis of these transfec-
tants with anti-survivin antibody revealed stable and comparable levels of
expression for the indicated survivin variants. Of note, less intensive survivin-
DEx3 signals may be due to the modified carboxyterminus, resulting in
incomplete epitope covering by polyclonal antibodies originally raised against
full-length survivin

Figure 2 (A), Differential localization of survivin variants. Immunofluores-
cence staining for Ki-67 (red) and direct fluorescence emission by GFP-tagged
survivin/survivin-DEx3/survivin-2B (green) in HepG2 cells grown on cover-
slips. Left panel shows survivin-GFP fusion proteins. Survivin and survivin-2B
are located in the cytoplasm, whereas survivin-DEx3 is located in the nucleus.
Right panel shows nuclear staining with the cell proliferation marker Ki-67,
which specifically stains cells in all active phases of the cell cycle (late G1, S,
G2, M). The middle panel shows the overlay of Ki-67 and survivin localization.
Recombinant survivin and survivin-2B were expressed in Ki-67-negative (a, c)
and Ki-67-positive (b, d) cells, whereas survivin-DEx3 could be detected only
in Ki-67-positive cells (e). (B) Comparison of survivin vs survivin-DEx3 protein
stability. After translation inhibition with cycloheximide, survivin-DEx3-GFP
degrades faster than survivin-GFP or GFP from vector control. Experiments
were repeated four times with highly comparable results. GFP (present as a
tag in all survivin variants) was used as additional control of protein stability
after CHX treatment. Comparable protein loading was shown after Ponceau-
red staining of the blotting membrane
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midbodies of telophase (Figure 3A/c, B/c and C/c),
suggesting a disturbed interaction with the microtubules of
the midbodies as well.

A bipartite nuclear targeting sequence in
survivin-DEx3 and its role in differential
subcellular localization

Because the nuclear accumulation of survivin-DEx3 may be
due to a specific nuclear localization signal (NLS), absent in
both survivin and survivin-2B, we used PSORT II analysis
for the identification of three different NLS recognition
patterns: Whereas no `pat4' NLS pattern could be detected
in any survivin variant, the `pat7' recognition pattern
identified the NLS sequence PTIRRKN84 in survivin-DEx3,
but not in the other survivin variants. Interestingly, this
sequence was also found to be a part of the bipartite NLS
RKPTIRRKNLRKLRRKC92, identified by PSORT II analysis
exclusively in survivin-DEx3. This bipartite NLS is gener-
ated in survivin-DEx3 by alternative splicing and the frame
shift of exon 4 (Figure 4), whereas no fragment of this
bipartite NLS motif was present in survivin and survivin-2B.
The bipartite NLS sequence of survivin-DEx3 encompasses
a spacer of 11 amino acids and fully meets the consensus
sequence criteria defined for other bipartite nuclear

Figure 3 (A), Subcellular localization of survivin-GFP during the cell-cycle.
The left panel shows survivin-GFP expression, the middle panel survivin-GFP
and DNA staining (DAPI). The right panel shows a CENP-F staining. Of note,
CENP-F gradually accumulates during the cell cycle with peak levels in G2
and M phase cells and rapid degradation upon completion of mitosis.32 Paired
foci of CENP-F immunostaining clearly mark the centromeres (b) by binding to
the outer plates of the kinetochores. Survivin-GFP is predominantly localized
to the cytoplasm in interphase (a), accumulates in distinct foci on centromeres
in metaphase (b), and is found in the midbody during cytokinesis (c). (B),
Subcellular localization of survivin-DEx3-GFP during the cell cycle. The left

panel shows survivin-DEx3-GFP expression, the middle panel survivin-DEx3-
GFP and DNA staining (DAPI), the right panel shows staining for CENP-F.
Survivin-DEx3-GFP is exclusively localized to the nucleus in interphase, with
respect to Ki-67 staining (cf. Figure 2) presumably in late G1, S and G2 periods
of the interphase (a). In metaphase cells (b) survivin-DEx3-GFP is distributed
throughout the cell, indicating a loss of nuclear compartmentalization after
dissolution of the nuclear membrane. In contrast to the close co-localization of
survivin-GFP and CENP-F (cf. A/b), co-localizing signals for survivin-DEx3-
GFP and CENP-F were only rarely observed in a very small number of cells. Of
note, the formation of dual foci characteristic for CENP-F immunostaining of
centromeric regions (cf. A/b) seems to be disturbed in survivin-DEx3
transfectants. During cytokinesis (c) no survivin-DEx3-GFP is observed at
the midbody. (C), Subcellular localization of survivin-2B-GFP during the cell
cycle. The left panel shows survivin-2B-GFP expression, the middle panel
survivin-2B-GFP and DNA staining (DAPI), the right panel shows staining for
CENP-F. Survivin-2B-GFP is localized in the cytoplasm in interphase (a). In
metaphase cells (b) survivin-2B-GFP shows no centromeric association. At
telophase (c) no survivin-2B-GFP is found at the midbody

Figure 4 Alignment of bipartite nuclear localization signals of survivin-DEx3
and other proteins. The bipartite NLS of survivin-DEx3 has marked homology
to steroid receptor NLSs. Interestingly, the bipartite NLS of survivin-DEx3 also
encompasses basic amino acids of the `pat7'-NLS PTIRRKN. Alignment of
selected bipartite nuclear localization signals was made by ClustalW and
enhanced with Boxshade. Darker shading is of residues that are highly
conserved; lighter shading is of less well conserved residues, and residues
that are not shaded are not conserved
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targeting motifs (consensus sequence according to Jans
and HuÈbner:33 (K/R)(K/R) ± (10 ± 12 amino acid spacer) ± (K/
R)(K/R)(K/R)). The differential subcellular localization of the
survivin variants was further suggested by an NLS score of
+0.36 for survivin-DEx3 vs 70.47 each for survivin and
survivin-2B. Interestingly, a closely corresponding bipartite
NLS could be found in survivin-DEx118 (Figure 5), the
recently identified porcine homologue of survivin-DEx3.7

To further evaluate the relevance of the bipartite NLS
within survivin-DEx3, an NLS-deleted mutant was gener-
ated. Interestingly, however, the nuclear localization of the
NLS-deleted survivin-DEx3-GFP variant was preserved,
but now accompanied by an additional cytoplasmic

distribution (Figure 6). Corresponding observations have
previously been reported after deletion of the essential
NLS involved in nuclear sorting of human uracil-DNA
glycosylase.34 The bipartite NLS, therefore, may not
directly mediate the selective accumulation of survivin-
DEx3 in the nuclear compartment, but, nevertheless,
seems to be functionally active in that it supports
survivin-D-Ex3 clearance out of the cytoplasmic compart-
ment. In consequence, additional NLS-flanking sequences
(including non-basic residues) in the strongly modified
carboxyterminus are necessary for the exclusive nuclear
accumulation of survivin-DEx3.

Discussion

As recently demonstrated by our group7,29 and subsequently
confirmed by others,30,35 alternative splicing may be important
for the fine tuning of survivin actions. In close analogy to other
regulators of apoptosis, e.g. Bcl-XL or Bcl-XS, the actions of
antiapoptotic survivin and survivin-DEx3 might be counter-
balanced by the non-antiapoptotic survivin-2B variant. Func-
tional antagonism between antiapoptotic and non-
antiapoptotic survivin variants could result from competitive
binding of heterologous interaction partners or ± with respect
to the recently observed dimer formation of survivin13,36,37 ±
from the formation of inactive survivin : survivin-2B hetero-
dimers. In fact, our studies revealed an important prerequisite
for physical interaction, i.e. a cytoplasmic co-localization of
survivin and survivin-2B. In contrast, survivin-DEx3 exhibited
a preferential localization in the nuclear compartment from
late G1 to G2 phase.

Figure 5 Alignment, using ClustalW and enhanced with Boxshade, of
complete amino acid sequences of survivin-DEx3 and the survivin-homologue
D118 from S. scrofa. The first part of the carboxyterminus including the NLS of
survivin-DEx3 is conserved in survivin-D118. Both alternative splice variants
have a high identity, which could indicate similar function in both species. Of
note, the second part of the carboxyterminus of survivin-D118 from S. scrofa
shows only weak homology and has ± in contrast to survivin-DEx3 ± a higher
probability for a coiled coil (data not shown). Darker shading is of residues that
are highly conserved; lighter shading is of less well conserved residues, and
residues that are not shaded are not conserved. The frame shifted region of
the carboxyterminus is boxed

Figure 6 Deletion of the bipartite NLS in survivin-DEx3-NLS-GFP results in both cytoplasmic and nuclear localization, suggesting that the bipartite NLS does not
directly modulate nuclear accumulation, but rather supports clearance out of the cytoplasmic compartment (a). The expression of survivin-DEx3-NLS-GFP
constructs was checked by immunoblotting using anti-survivin antibodies (b) and the accuracy of deletion was proven by DNA sequencing (c)
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Because survivin may act, inter alia as a centromere-
binding chromosomal passenger protein associated with
INCENP and Aurora-B kinase,18 ± 20 we additionally
compared the subcellular localization of survivin, survi-
vin-DEx3 and survivin-2B during mitosis, using CENP-F
as a centromere marker protein. CENP-F is known to
bind specifically at the outer plate of the kinetochores as
a chromosomal passenger protein, producing character-
istic dual foci in CENP-F immunostaining. In accordance
with previous reports, survivin showed a close co-
localization with the centromeres in our experiments as
well. Survivin-DEx3 and survivin-2B, however, did not
exhibit such a close association to the centromere region.
Thus, sparse co-localizing signals for survivin-DEx3 and
CENP-F were observed in a very few cells only. In
contrast to survivin, the loss of the nuclear membrane
during mitosis was accompanied by a redistribution of
survivin-Ex3 throughout the cell and no accumulation in
the midbodies became evident during cytokinesis. With
respect to the nuclear accumulation of survivin-DEx3
during late G1, S and G2, as indicated by Ki-67
counterstaining, it is tempting to speculate that survivin-
DEx3 might also play a regulatory role for cell cycle
progression at the mitotic spindle checkpoint as pre-
viously demonstrated for survivin.16 On the other hand,
survivin-DEx3 was not found in midbodies at late
telophase, suggesting that survivin-DEx3 in contrast to
survivin, fails to interact with microtubules at the mitotic
spindle midzone. Although survivin-2B has been sug-
gested to be a microtubule binding protein in vitro,30 we
did not observe survivin-2B binding at midbodies either.
The actual molecular interaction partners for survivin-
DEx3 and survivin-2B, however, still remain elusive. Thus,
it is still unclear, whether survivin-DEx3 may interact, at
least to some degree, with centromeres or whether we
observed an incidental co-localization without functional
relevance. The latter view is supported by recent reports
indicating that structural relatives of survivin-DEx3 and
survivin-2B, i.e. survivin mutants with a truncated BIR
domain or a deletion of the carboxyterminus, also fail to
localize correctly to the centromeres or midbodies.19

Expression of endogenous survivin has previously been
found to be regulated at the transcriptional and the post-
transcriptional level. Thus, the combined action of G1
transcriptional repressor elements within the survivin
promoter38 and cell cycle-dependent degradation via the
ubiquitin-proteasome pathway17 results in upregulation of
endogenous survivin at G2/M and downregulation at G1.
Moreover, endogenous survivin is rapidly turned over with a
half-life of about 30 min.17 Little, however, is known so far
about the mechanisms determining the protein levels of
endogenous survivin-DEx3 and survivin-2B, although the
mRNA levels of both variants have been found to be
constantly exceeded by survivin mRNA levels in different
tumor types.29,39,40 Because G1 transcriptional repressor
elements within the survivin promoter are relevant for the
transcription of all survivin variants, a cell cycle-dependent
transcription of survivin-DEx3 and survivin-2B seems to be
feasible as well. The actual protein levels of endogenous
survivin-DEx3 and survivin-2B, however, will depend on

both the splicing machinery regulating the relative propor-
tions of each mRNA variant and the stability of each mRNA
or protein variant. Interestingly in this context, not all
survivin variants seem to be substrates for the ubiquitin-
proteasome pathway of degradation, which becomes
effective in the cytoplasm only and requires an intact
carboxyterminus.17 Therefore, both the nuclear transloca-
tion and the strongly modified carboxyterminal region may
effectively protect survivin-DEx3 from rapid degradation by
the ubiquitin-proteasome pathway. Nevertheless, our cyclo-
heximide block experiments suggested the existence of an
alternative pathway of survivin-DEx3 degradation, which
resulted in an accelerated turnover of ectopic survivin-DEx3
when compared to ectopic survivin. Further experiments
will have to show to what extent this alternative pathway
may contribute to the cell cycle-dependent nuclear
accumulation of survivin-DEx3.

PSORT II analysis suggested that nuclear accumulation
of survivin-DEx3 could also be related to a novel bipartite
nuclear localization signal, which was not detected in
survivin and survivin-2B. Our transfection experiments with
an NLS-deleted survivin-DEx3 mutant, however, demon-
strated that the bipartite NLS does not directly mediate the
selective nuclear accumulation, but rather supports its
clearance out of the cytoplasmic compartment. Further
studies, therefore, will have to elucidate the molecular
mechanisms resulting in the selective nuclear accumulation
of survivin-DEx3 in Ki-67-positive cells.

Interestingly, we did not found any conventional NLS by
PSORT II analysis of survivin, despite reports on nuclear
import of survivin after induction of apoptosis.21 Although
we cannot exclude the existence of other as yet undefined
NLS-functioning sequences, nuclear translocation of survi-
vin may also be regulated by alternative mechanisms,
including as yet unknown shuttle proteins, cytoplasmic
retention factors or phosphorylation events. In this context,
it is interesting to note that casein kinase II (CKII) increases
the nuclear translocation of nucleoplasmin41 and that
survivin, as well as survivin-2B, exhibit multiple sites for
the action of CKII and other kinases.29 Moreover, targeted
phosphorylation of survivin at T34 by the p34cdc2-cyclinB1
complex was recently shown to be associated with nuclear
translocation.15,23

In conclusion, our study provides data on differential
subcellular localization of functionally divergent survivin
variants. The cytoplasmic co-localization of anti-apoptotic
survivin and non-antiapoptotic survivin-2B might permit an
interactive fine-tuning of survivin actions. The accumulation
of antiapoptotic survivin-DEx3 in the nuclear compartment
might suggest a regulatory role for survivin-DEx3 during cell
cycle progression. In contrast to the known association
between survivin and centromeres or midbody microtubules
during mitosis, no corresponding colocalization became
evident for survivin-DEx3 or survivin-2B. These two survivin
isoforms, therefore, may have functions and molecular
interaction partners different from survivin in distinct phases
of the cell cycle. Further studies with survivin variant-
specific antibodies are clearly needed to elucidate the
regulatory interactions of different survivin variants under
physiological conditions.
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Materials and Methods

Prediction of subcellular localization by PSORT II
analysis

We performed a PSORT II analysis, which is based on a pattern
recognition algorithm called the k-nearest-neighbor method.42 The
predictive accuracy of PSORT II had been assessed by 10-fold cross-
validation using 1531 S. cerevisiae sequences encoded in nuclear
DNA. The sequences and localization sites used for prediction by
PSORT II are derived from the SWISS-PROT and YPD data-
bases.43,44 The PSORT II program displays the most probable sites
for subcellular localization of proteins calculated on the basis of their
amino acid sequence.

For detection of nuclear localization signals (NLS) by PSORT II,
three different rules were used: `pat4' recognizes a pattern composed
of four basic amino acids (K or R), or three basic amino acids (K or R)
with either H or P; `pat7' recognizes a pattern which starts with a P and
is followed within the next three amino acids by a basic segment of four
amino acids containing three K or R residues; a `bipartite' NLS pattern
which is composed of two basic amino acids, plus a ten amino acid
spacer plus another basic region of five amino acids containing three
basic amino acids. Moreover, a score which discriminates the
localization tendency was calculated based on a neural network
method.45

The detection of nuclear exporting signals (NES) is not
implemented in PSORT II, and, therefore, could not be analyzed.

Cell lines and cultures

HepG2 hepatoma cells and HeLa were maintained with RPMI medium
or DMEM (Life Technologie/GibcoBRL, Karlsruhe, Germany), both
supplemented with 10% heat-inactivated fetal calf serum (FCS),
penicillin and streptomycin. Cells were cultivated at 378C in an
atmosphere with 5% (v/v) CO2.

Construction of expression vectors

Reverse transcription (RT) reactions contained 2 mg of total RNA,
16RT buffer (Promega, Heidelberg, Germany), 25 mM of each dNTP,
10 pmol of sequence-specific RT-primer (5'-AGG AAC CTG CAG CTC
AGA-3', corresponding to nucleotides 914 ± 931 of the survivin
antisense strand) or 0.06 mg random primer (Stratagene, Heidelberg,
Germany), 20 U of RNAsin RNAse inhibitor (Promega), and 5 U of
AMV reverse transcriptase (Promega) in a final volume of 30 ml. The
specific RT reactions were incubated at 508C for 1 h, random RT
reactions at 378C for 1 h. PCR amplifications were performed on a
PTC-100 Programmable Thermal Controller (Biozym Diagnostic,
Hess. Oldendorf, Germany). Three ml of cDNA mixture were subjected
to amplification in a 50 ml mixture containing 2.5 U Taq polymerase,
16PCR buffer (both from Qiagen), 25 mM each of dATP, dCTP, dGTP,
dTTP and 25 pmol each of 5' and 3' primers. PCR conditions were:
Initial denaturation for 2 min at 948C, followed by 30 cycles of
denaturation at 948C for 30 s, annealing for 1 min at 628C, extension
at 728C for 1 min, and a final extension at 728C for 5 min. To generate
enhanced green fluorescent protein (GFP)- tagged survivin constructs,
the coding sequences of the three survivin variants were PCR-
amplified as described above using the following primer sets: 5'-GTC
GTC GGT ACC ATG GGT GCC CCG ACG TTG-3' (sense), and 5'-
CAG CAG GGA TCC ATC CAT GGC AGC CAG CTG CTC-3'
(antisense) for survivin and survivin-2B; 5'-CAG CAG GGA TCC AGA
CAT TGC TAA GGG GCC CAC A-3' (antisense) for survivin-DEx3. The
NLS-deleted survivin-DEx3-GFP construct (lacking amino acids

Arg76 ± Cys92, designated as survivin-DEx3-NLS-GFP) was generated
as follows: both sequences flanking the NLS of survivin-DEx3 were
amplified separately by PCR with the following primer sets: 5'-GTC
GTC GGT ACC ATG GGT GCC CCG ACG TTG-3' (sense); 5'-TTG
CAT GGG GTC GTC AT-3'(antisense) and 5'-GCC GTG CCA TCG
AGC-3' (sense); 5'-CAG CAG GGA TCC AGA CAT TGC TAA GGG
GCC CAC (antisense). Afterwards the different PCR products were
purified (Pharmacia Biotech Europe, Freiburg, Germany), ligated, and
subsequently cloned in pEGFP-N3 (Clontech, Heidelberg, Germany)
according to standard protocols.

All other PCR reactions were purified using Microspin S-300
columns too, digested with KpnI and BamHI, ligated into the
mammalian expression vector pEGFP-N3, and cloned according to
standard protocols. Bands of interest were eluted from agarose gels
using the QIAquick gel extraction kit (Qiagen), ligated into the pGEM-
T-cloning vector (Promega) and cloned in accordance to standard
protocols. Plasmid DNA containing the inserts was recovered
employing the Plasmid Mini Kit (Qiagen), cycle sequenced and
analyzed in an ABI Prism 310 sequencing apparatus (Applied
Biosystems, Weiterstadt, Germany) using T7 or SP6 site specific
primers.

Transfection of HepG2 cells, induction of cell
death, assessment of cell viability and inhibition of
translation

Two mg pEGFP-N3 vector control and survivin constructs were each
co-transfected with 0.4 mg pCMVb by the DEAE-dextran protocol into
HepG2 hepatoma cells according standard protocols. After culturing
for 24 h, cells were plated into 6-well plates and incubated with
250 ng/ml of the antibody CH11 (Immunotech, Marseille, France), that
induces apoptosis via the CD95 pathway by crosslinking CD95
receptor molecules.46 Cell viability was measured after 24 h by
scoring cells as alive or dead by trypan blue staining. Transfection
experiments were performed at least three times as triplicates. To
determine transfection efficiency, control cells were fixed 48 h after
transfection (2% formaldehyde/0.2% glutaraldehyde in PBS) and
stained for b-galactosidase expression (0.1% 5-bromo-4-chloro-3-
indolyl b-D-galactoside (X-Gal), 5 mM potassium ferricyanide, 5 mM
potassium ferricyanide, 2 mM MgCl2). For determining the specific
degradation of survivin and survivin-DEx3, cells were grown in six-well
plates, transiently transfected using Polyfect reagent (Qiagen, Hilden,
Germany) with the constructs containing survivin-EGFP, survivin-
DEx3-EGFP and EGFP, respectively. Eighteen hours after transfec-
tion, cells were treated with 50 mg/ml cycloheximide (CHX) for 12, 24
and 48 h. Afterwards, cells were harvested and proteins were
extracted.

Immunocytochemical analysis of subcellular
localization

Thirty-six hours after transfection, HepG2 cells were plated onto
slides, fixed with methanol and labeled with Ki-67 antibody (Dianova,
Hamburg, Germany). Ki-67 staining was detected with CyIII-coupled
anti-mouse antibodies. Cell samples were analyzed using a Leica
TCS-NT confocal laser scanning system (with an argon-krypton laser
on a Leica DM IRB inverted microscope). Confocal microscopy images
were acquired from two channels at 488 nm and 568 nm excitation
wavelength. Emission was measured at 530+10 nm (green) and
4590 nm (red). Co-localization of the green (fluorescein) and red
(CyIII) fluorescent dyes results in a yellow signal. Only samples which
were prepared in parallel in all steps were compared, using the same
adjustments for all parameters (i.e. laser power, filter settings, setting
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of the acousto-optical tuneable filter, pinhole, lens, voltages at the
photo multiplier tubes, number of accumulated scans, format size and
zoom, scan speed and z-step-size when whole thickness of the cell
samples were analyzed).

For CENP-F staining, HeLa cells were transfected with constructs
for survivin, survivin-2B or survivin-DEx3, using PolyFect (Qiagen,
Hilden, Germany) according to the manufacturer's protocol. After
incubation for 24 h (378C, 5% CO2), HeLa cells were fixed with 2%
para-formaldehyde for 10 min at room temperature. For centromere
labeling, cells were incubated with rabbit polyclonal antibody CENP-F
(Calbiochem, San Diego, CA, USA; dilution: 1 : 1000 in PBS, 5% BSA
and 0.5% Saponin). CENP-F binding was detected with Texas-Red
coupled anti-rabbit-antibody (Zymed Lab. Inc., San Francisco, CA,
USA; dilution: 1 : 250 in PBS, 5% BSA and 0.5% Saponin). Nuclei were
counterstained with 0.1 mg/ml DAPI (Sigma-Aldrich, Taufkirchen,
Germany) in PBS for 10 min at room temperature. Cell samples were
analyzed using Zeiss Axioskop and Cytovision 3.52D software
(Applied Imaging, Newcastle upon Tyne, UK).

Immunoblotting

Protein extracts of transfected HepG2 cells were electrophoresed
on SDS-polyacrylamide gels and transferred to nitrocellulose
membranes. The membrane was blocked overnight in blocking buffer
(100 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.2% Tween 20) plus 3%
non-fat dry milk/1% BSA, incubated for 1 h at room temperature with
polyclonal anti-human survivin antibody (Novus Biologicals, clone NB
500-201, Littleton, CO, USA), and incubated thereafter with the
secondary antibody coupled with horseradish peroxidase for 1 h at
room temperature. Detection was performed by incubation with the
Lumi-Light substrate (Roche, Mannheim, Germany). Comparable
loading was confirmed by a-tubulin detection with an anti-a-tubulin
antibody (Sigma-Aldrich, Deisenhofen, Germany).

Blocking of translation by CHX: 10 mg of protein extracts was
subjected to immunoblotting. To detect the fusion proteins, we used a
mouse monoclonal anti-GFP-antibody (JL8; Clontech, Heidelberg,
Germany) diluted 1 : 2000, followed by incubation with a secondary,
horseradish peroxidase-coupled antibody, diluted 1 : 2000.

Note added in proof
During the reviewing process of our manuscript, Rodriguez et al. (Exp.
Cell. Res., 275:44, 2002) described corresponding observations on the
subcellular localization of survivin-DEx3.
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