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Survivin is a component of the chromosomal passenger complex (CPC) that plays a role in maintenance of an active
spindle checkpoint and in cytokinesis. To study whether these different functions can be attributed to distinct domains
within the Survivin protein, we complemented Survivin-depleted cells with a variety of point- and deletion-mutants of
Survivin. We show that an intact baculovirus IAP repeat (BIR) domain is required for proper spindle checkpoint
functioning, but dispensable for cytokinesis. In line with this, mutants lacking an intact BIR domain localized normally
to the central spindle, but their localization to inner centromeres was severely perturbed. Consequently, these mutants
failed to recruit Aurora B, Borealin/Dasra B, and BubR1 to centromeres and kinetochores, but they had retained the ability
to recruit Aurora B and Borealin/Dasra B to the midzone and midbody. Thus, the C terminus of Survivin is sufficient for
central spindle localization and execution of cytokinesis, but the additional presence of a functional BIR domain is
essential for centromere targeting and spindle checkpoint function. Importantly, our data show that the function of the
CPC at the centromere can be separated from its function at the central spindle and that execution of cytokinesis does not

require prior concentration of the CPC at centromeres.

INTRODUCTION

Aneuploidy is a hallmark of many types of cancers and is
thought to contribute to carcinogenesis (Rajagopalan and
Lengauer, 2004). Therefore, the generation of aneuploid
progeny should be avoided during cell division. Aneuploidy
can arise as a consequence of chromosome missegration
and/or of a defect in the coordination of chromosome seg-
regation and initiation of cytokinesis (Storchova and
Pellman, 2004). In mitosis, the spindle checkpoint prevents
anaphase onset until all sister-chromatids are properly at-
tached to the mitotic spindle, thereby contributing to the
maintenance of a stable diploid genome (Rieder et al., 1995;
Shah and Cleveland, 2000; Musacchio and Hardwick, 2002).
The Mad (Madl, Mad2, BubR1/Mad3) (Li and Murray,
1991; Li and Benezra, 1996; Taylor et al., 1998) and Bub
(Bub1-3) (Hoyt et al., 1991) proteins form the heart of the
spindle checkpoint by inhibiting Cdc20, an accessory sub-
unit of the anaphase promoting complex/cyclosome
(Hwang et al., 1998; Kim et al., 1998; Sudakin et al., 2001; Tang
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et al., 2001). However, it was recently shown that also a
number of chromosomal passenger proteins play an impor-
tant auxiliary role in the spindle checkpoint (Biggins and
Murray, 2001; Lens and Medema, 2003).

In human cells, the chromosome passenger proteins INner
CENtromere Protein (INCENP) (Cooke et al., 1987), Aurora
B (Bischoff et al., 1998), Borealin/Dasra B (Gassmann et al.,
2004; Sampath et al., 2004), and Survivin (Ambrosini et al.,
1997) exist in a complex termed the chromosomal passenger
complex (CPC) (Vagnarelli and Earnshaw, 2004). Together,
they localize to inner centromeres from G, until the met-
aphase-to-anaphase transition and then translocate to the
spindle midzone during anaphase and eventually localize
to the midbody during telophase (Adams et al., 2001;
Vagnarelli and Earnshaw, 2004). RNA interference (RNAi)
knockdown experiments in U20S and HeLa cells showed
that these proteins are mutually dependent on each other for
binding to the centromere (Carvalho et al., 2003; Ditchfield et
al., 2003; Honda et al., 2003; Lens et al., 2003; Gassmann et al.,
2004).

For one of the chromosome passenger proteins, Survivin,
not only a mitotic regulatory function but also an apoptosis
inhibitory function was proposed based on overexpression
experiments with mutant Survivin proteins. Overexpression
of a Survivin point mutant in which the baculovirus IAP
repeat (BIR) domain was disrupted (Survivingeg,,) resulted
both in cell division defects and cell death of HeLa cells (Li
et al., 1998, 1999). In contrast, overexpression of a Survivin
mutant that could no longer be phosphorylated by cyclin
B/cdc2 (Surviving,,s) did not result in cell division defects
but induced apoptosis, suggesting that Survivin could play
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a role as an apoptosis inhibitor and as a regulator of cell
division (O’Connor et al., 2000). Importantly, RNAi-medi-
ated knockdown of Survivin in human cells clearly resulted
in different mitotic defects, but it did not induce rapid cell
death as would be expected from knockdown of an apopto-
sis inhibitor (Carvalho et al., 2003; Lens et al., 2003). These
types of experiments not only confirmed the evolutionary
conserved roles of Survivin in chromosome alignment and
cytokinesis (Fraser et al., 1999; Li et al., 2000; Speliotes et al.,
2000) but also revealed that, together with the other passen-
ger proteins, this protein is required to maintain spindle
checkpoint activity in particular when cells are challenged
with drugs that interfere with the generation of tension
between paired sister kinetochores (e.g., paclitaxel and mo-
nastrol) (Carvalho et al., 2003; Ditchfield ef al., 2003; Hauf
et al., 2003; Lens et al., 2003). Unlike Mad2 and BubR1,
Survivin and the other passengers do not directly inhibit the
APC/C, yet they enable the cell to communicate lack of
tension back to the attached microtubules (Lens and
Medema, 2003). To understand how Survivin is able to
coordinate its various functions during mitosis, we comple-
mented Survivin knockdown cells with different point- and
deletion mutants of Survivin. Using this approach, we were
able to uncouple Survivin’s function in the spindle check-
point from its role during cytokinesis.

MATERIALS AND METHODS

Plasmids

pSuper-Survivin, full-length Survivin, ;4, and a mutant that is nonresponsive
to our RNAi-targeting vector have all been described previously (Lens et al.,
2003). The T34A and C84A point mutations were introduced into the RNAi-
insensitive mutant of Survivin by site-directed mutagenesis using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and ap-
propriate primers. The 1-89 aa and 89-142 aa deletion mutants of Survivin
were generated by PCR by using specific primers harboring either a C-
terminal vesicular stomatitis virus (VSV)- or FLAG-tag and the RNAi-insen-
sitive Survivin, 4, as template. PCR products were digested with EcoRI and
XholI and cloned into pc-DNA3. Generation of a siRNA-targeting vector for
Borealin/Dasra B and an RNAi-resistant Borealin construct has been de-
scribed previously (Vader et al., 2006). Borealin,_;,; and Borealin, 4, 55, dele-
tion mutants were generated by PCR using appropriate primers and the
RNAi-resistant Borealin cDNA as a template. The PCR products were cloned
into pCR3 containing an N-terminal VSV epitope tag. Correctly mutated
constructs were confirmed by sequence analysis. The pBabe-puro vector
(Brummelkamp et al., 2002), spectrin-GFP (Kalejta et al., 1997), histone H2B-
GFP, (Kanda et al., 1998), histone H2B-diHcRed (gift from Dr. J. Ellenberg,
EMBL, Heidelberg, Germany) and INCENP-GFP (Vader et al., 2006) expres-
sion plasmids have all been described previously.

Antibodies and Dyes

Mouse anti-MPM-2 and rabbit anti-phospho-CENP-A (Ser7) were from
Upstate Biotechnology (Charlottesville, VA), rabbit anti-Aurora B and anti-
CENP-A were from Abcam (Cambridge, United Kingdom), mouse anti-
Aurora B was from BD Transduction Laboratories (Lexington, KY), rabbit
anti-Aurora A was from Cell Signaling Technology (Beverly, MA), and Sur-
vivin was from R&D Systems (Minneapolis, MN). Mouse anti-FLAG (M2) and
mouse anti-VSV were obtained from Sigma-Aldrich (St. Louis, MO), and
sheep anti-BubR1 was a kind gift from Dr. S. Taylor (University of Manches-
ter, Manchester, United Kingdom) (Taylor ef al., 2001). Rabbit anti-Dasra B
was a generous gift from Dr. H. Funabiki (Rockefeller University, New York,
NY) (Sampath et al., 2004). Cy5-conjugated donkey anti-mouse was from
Jackson ImmunoResearch Laboratories (West Grove, PA). Goat anti-rabbit/
Alexa568, goat anti-rabbit/Alexa647, and goat anti-mouse/Alexa568 or Alexa
647 conjugates were from Molecular Probes (Eugene, OR). Peroxidase-conju-
gated goat anti-rabbit and goat anti-mouse antibodies were from Dako Cy-
tomation Denmark (Glostrup, Denmark). Propidium iodide (PI), thymidine,
and paclitaxel were from Sigma-Aldrich.

Cell Culture, Transfection, and Synchronization

U20S osteosarcoma cells and human embryonic kidney (HEK)293 cells were
grown in DMEM supplemented with 6% fetal calf serum and antibiotics.
Transfections were performed by the standard calcium phosphate transfec-
tion protocol. Where indicated, the cells were synchronized at the G,/S
transition by addition of 2.5 mM thymidine directly after washing away the
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calcium-phosphate precipitate. Cells were maintained in thymidine for 24 h,
after which they were released from the block either in the presence or
absence of taxol (paclitaxel; 1 uM). Eighteen hours after release, cells were
harvested and analyzed by flow cytometry or immunofluorescence. Alterna-
tively, transfected cells were monitored by time-lapse analysis.

Time-Lapse Analysis

U208 cells were plated on 35-mm glass-bottom culture dishes (Willco-dish,
Amsterdam, The Netherlands) and transfected the next day with 1 ug of the
pSuper plasmids and 1 ug of the indicated expression plasmids in combina-
tion with 0.1 ug of H2B-GFP. Cells were synchronized with thymidine for
24 h and followed by time-lapse microscopy starting 10 h after release from
the thymidine block. For life imaging, dishes were transferred to a heated
stage (37°C) on a Zeiss Axiovert 200M microscope equipped with a 0.55
numerical aperture (N.A.) condenser and a 40X Achroplan objective (0.60
N.A.). Twelve bits differential interference contrast (DIC) and fluorescence
(100-ms exposures) images were captured every 1 to 5 min by using a
Photometrics CoolSNAP HQ charged-coupled device camera set at gain 1.0
(Scientific, Tucson, AZ) and appropriate filter cubes (Chroma Technology,
Brattleboro, VT) to select specific fluorescence. Images were processed using
MetaMorph software (Universal Imaging, Downingtown, PA).

Flow Cytometry

Cells were grown in 10-cm? dishes and transfected with GFP-spectrin (1 pg),
in combination with pSuper or pS-Survivin (10 ug each), and expression
plasmids encoding FLAG-tagged versions of the indicated Survivin mutants
(1 pg for Survivin, 4, 10 ug for the mutant proteins). Sixty hours after
transfection, cells were harvested and fixed in ice-cold 70% ethanol. The fixed
cells were washed once with phosphate-buffered saline (PBS) containing
0.05% Tween 20 and then incubated with anti-MPM-2 monoclonal antibody
(mAb) diluted in PBS containing 0.05% Tween 20 and 2% bovine serum
albumin (BSA) to specifically stain mitotic cells. Finally, cells were stained
with a secondary Cy5-conjugated goat-anti-mouse antibody and counter-
stained with propidium iodide. MPM-2 positivity of the GFP-positive cells
was analyzed using flow cytometry (CellQuest; BD Biosciences, San Jose, CA)
as described previously (Smits et al., 2000).

Immunofluorescence

Cells were grown on glass coverslips in 10-cm? dishes, transfected the next
day with GFP-spectrin (1 ug), in combination with pSuper or pS-Survivin (10
g each) and expression plasmids encoding VSV-tagged versions of the
indicated Survivin mutants (1 ug for Survivin, 4, 5-10 pg for the mutant
proteins), and synchronized using thymidine. Fourteen hours after thymidine
release, coverslips were removed from the culture dish and carefully washed
twice with PBS. Cells were then fixed for 5 min in 4% paraformaldehyde plus
0.2% (wt/vol) sucrose at room temperature and subsequently washed with
PBS. Cells were then permeabilized for 5 min with 0.5% Triton X-100 (in 20
mM Tris-Cl, pH 7.4, 50 mM NaCl, 300 mM sucrose, and 3 mM MgCl,),
blocked in PBS plus 3% BSA, and subsequently incubated with the appropri-
ate primary/secondary antibody combinations diluted in PBS/0.01% Tween
20 and 2% BSA as described previously (Pines, 1997). Confocal fluorescence
images were obtained on a Leica TCS NT (Leica Microsystems, Heidelberg,
Germany) confocal system, equipped with an Ar/Kr laser. Images were taken
using a 63X 1.3. N.A. objective. Possible bleed-through of the different fluo-
rochromes, which could give rise to false positive colocalization of the signals,
was avoided by careful selection of the imaging conditions. Standard filter
combination(s) and Kalman averaging was used.

Western Blotting and Immunoprecipitation

Cells were transfected with pBabe-puro (1 ug) in combination with pSuper or
pS-Survivin (10 ug each) and expression plasmids encoding FLAG-tagged
versions of the indicated Survivin mutants (1 ug for Survivin, 145, 10 ug for
the mutant proteins). Twenty-four hours after transfection, puromycin was
added, and the viable cells were harvested 36 h later. Cells were lysed in RIPA
(1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 20 mM Tris-Cl,
pH 7.4, and 2 mM EDTA) buffer containing protease inhibitors (Complete;
Roche Diagnostics, Mannheim, Germany) on ice, and lysates were cleared by
centrifugation. Equal amounts of protein were loaded on SDS-PAGE and
subsequently subjected to Western blotting. For immunoprecipitation, cells
were lysed in E1A-buffer supplemented with protease inhibitors (Complete)
for 30 min at 4°C (Smits et al., 2000). GFP-tagged proteins were immunopre-
cipitated with 3 ug of a-GFP polyclonal antibody (pAb) precoupled to pro-
tein G-Sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom).

RESULTS

Complementation of Survivin Knockdown Cells Identified
Survivin Mutants with Differential Rescue Capacity

Using an RNAi-complementation approach, we aimed to
separate the various mitotic functions of Survivin. To this
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end, we knocked down endogenous Survivin in U20S cells
by using vector-driven siRNA (pS-Survivin) and replaced
the endogenous protein with exogenous epitope-tagged Sur-
vivin proteins whose cDNA contained two silent mutations
in the RNAI targeting sequence, rendering these proteins
insensitive to RNA interference by our Survivin siRNA
(Lens et al., 2003). Because the C terminus of Survivin con-
tains a potential protein—protein-interacting coiled-coil do-
main (Chantalat et al., 2000; Muchmore et al., 2000; Verdecia
et al., 2000), a deletion mutant was generated that either
lacked the C terminus but harbored the BIR domain (Sur-
vivin, g) or a deletion mutant that only contained the C
terminus (Survivingg_14,). In addition, we mutated the po-
tential cyclin B-cdc2 phosphorylation site threonine 34 (T34)
and the zinc-chelating cysteine 84 of the BIR domain (C84)
into alanine (Figure 1A). Together with amino acids C57,
C60, and H77, cysteine 84 forms the zinc finger motif that
stabilizes most of the BIR domain (Chantalat et al., 2000;
Muchmore et al., 2000; Verdecia et al., 2000). Both point
mutants have been described to act as dominant negative
mutants (Li et al., 1998; O’Connor et al., 2000).

First, expression of these mutant proteins was confirmed
by Western blotting (Figure 1, B and C). When blots were
probed with an anti-Survivin pAb, both the endogenous and
ectopically expressed Survivin proteins could be visualized.
Using this antibody, the Survivin, g, mutant seemed to be
less well expressed than ectopic Survivin, ,,, and the Sur-
vivingg 14, mutant (Figure 1B, top). However, when we
transfected different amounts of the Survivin, gy and Sur-
Vivingg 14, expression plasmids and probed Western blots
with an anti-FLAG mAb, we found that the Survivin, g,
mutant was better expressed than the Surviving, ;4, mutant
(Figure 1C, anti-FLAG blot) but less well detected by the
anti-Survivin pAb (Figure 1C, anti-Survivin blot). These
blots show that the anti-Survivin pAb is more sensitive than
the anti-FLAG mAb and that the anti-Survivin pAb, pre-
dominantly recognizes epitopes residing within the C termi-
nus of Survivin. Finally, both Survivin,,, and Survivineg,a
were expressed to a slightly lesser extent than full-length Sur-
vivin (Survivin,_4,) (Figure 1B, bottom).

To test the functionality of these different mutants, U20S
cells were cotransfected with Survivin siRNA, expression
plasmids encoding the various proteins and GFP-spectrin as
transfection marker. The override of a paclitaxel-induced
mitotic arrest was used as measure for an impaired spindle
checkpoint. Polyploidy (>4N DNA content) in asynchro-
nous growing cells and tetraploidy (4N DNA content) in
synchronized cells (not shown) were taken as a read out for
defective cytokinesis (Lens et al., 2003). When synchronized
cells were released from a thymidine block in the presence of
paclitaxel, cells lacking Survivin failed to remain arrested in
mitosis, resulting in a low mitotic index (Figure 1D, left, and
E; Carvalho ef al., 2003; Lens ef al., 2003). Interestingly, only
Survivin,_,,, and Survivin 4, , were able to restore the spin-
dle checkpoint defect, because cells transfected with these
expression plasmids arrested in mitosis upon paclitaxel
treatment. However, neither Survivin,_go, nor Survivingg 14,
or Survivineg,, were able to rescue the spindle checkpoint
defect (Figure 1D, left, and E). The low mitotic indexes were
not because of a G, /S arrest, because all the transfected cell
populations accumulated with a 4N DNA content after thymi-
dine release in the presence of paclitaxel (Figure 1D, left).
Although ineffective in restoring the spindle checkpoint defect
of Survivin-depleted cells, Survivineg,, and Survivingg 4,
were capable of reverting polyploidization induced by Sur-
vivin depletion. Whereas Survivin.g, , rescued the cytokinesis
failure to a similar extent as the wild-type protein (Survivin,_
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142) and Surviving,, , Surviving, 4, rescued this failure some-
what less efficiently because a fraction of the reconstituted cells
accumulated with a 4N DNA content (Figure 1D, right). Sur-
vivin, g¢, in contrast, was totally incapable of reverting the
cytokinesis defect (Figure 1D, right, and F). Thus, whereas
Survivin, ,4, and Survivings,, can functionally complement
for endogenous Survivin, the mutant that lacks the C terminus
(Survivin,_go) is completely inert. Interestingly, Survivingg_;4,
and Survivineg, , can only rescue from polyploidization, but
they are incapable of restoring a paclitaxel-induced mitotic
delay.

Low Expression Levels of Survivingg 4, and Survivingg,,
Do Not Explain Their Inability to Restore the Spindle
Checkpoint Defect

The inability of Survivingg 4, and Survivineg,, to restore
the spindle checkpoint defect of Survivin-depleted cells
could be explained by low expression levels of these pro-
teins. In other words, low levels of Survivin might be suffi-
cient to rescue cytokinesis, whereas higher levels of Survivin
might be required to sustain the spindle checkpoint. To
investigate this possibility, we cotransfected U20S cells with
Survivin siRNA and different concentrations of the Sur-
vivin, 4, expression plasmid. If indeed higher Survivin lev-
els are needed to rescue the spindle checkpoint defect than
the cytokinesis defect, it is expected that at a certain level of
Survivin,_,,, this difference becomes apparent. Titration of
Survivin, 4, resulted in a concomitant decrease in rescue
potential of the cytokinesis (Figure 2B) and spindle check-
point defect (Figure 2C). The lowest concentration of Sur-
vivin,_,,, that rescued the cytokinesis failure to a compara-
ble level as the Surviving, 14, and Survivineg, , mutants was
0.1 pg (Figure 2B). Yet, at this concentration, Survivin, 4,
still significantly restored spindle checkpoint function (Fig-
ure 2C). We were unable to find a concentration at which
Survivin,_;,, mimics the differential rescue effect of Sur-
Vivingg 14, and Survivineg,,. These findings therefore sug-
gest that the differential rescue capacity of Survivingg 14, and
Survivineg, 5 is not because of reduced expression levels but
because of a functionally different behavior: the C-terminal
a-helical coiled coil of Survivin is necessary and sufficient to
restore the cytokinesis defect of Survivin-depleted cells, but
the additional presence of a functional BIR domain is nec-
essary to restore the spindle checkpoint defect.

Survivingg 4, and Survivineg,, Colocalize with
Aurora B and INCENP at the Midzone and Midbody
but Fail to Maintain High Levels of These Proteins
at the Centromeres

By titrating Survivin, ,,, it is expected that Survivin levels
will become limiting both at the centromeres and the central
spindle, and this is most likely why the capacity to rescue
the spindle checkpoint defect and the cytokinesis failure
were equally affected. It was next asked whether the differ-
ence in rescue potential of the Survivin mutants could be
explained by differences in subcellular localization. As ex-
pected, VSV-tagged Survivin, ,,, localized as the endoge-
nous protein: it was tethered to the centromeres during
(pro)metaphase and to the midzone and midbody during
anaphase and telophase, respectively (Figure 3Aa’ + a’,
VSV columns, and B, and Supplemental Figure 1). The
Survivings,, mutant that functionally behaves as the Sur-
vivin, ,4, protein, also localized correctly during mitosis
(Figure 3Ad" + d”, VSV columns, and B). Importantly, Au-
rora B, which is mislocalized in Survivin-depleted cells (Car-
valho et al., 2003; Honda et al., 2003; Lens et al., 2003),
colocalized with exogenous Survivin,_,,, and Surviving g,
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at the centromeres and midzone in Survivin knockdown
cells (Figure 3Aa’ + a", d’ + d”, Aurora B columns, and C).

Localization of the other mutant proteins correlated very
well with their functional behavior. In line with its lack of
rescue activity, Survivin, g, did not localize to the centro-
meres or to the midzone but was found dispersed through-
out the cytoplasm (Figure 3Ab’ + b”, VSV columns, and B).
In line with this, Survivin, g, also completely failed to relo-
calize Aurora B to centromeres and central spindle (Figure
3Ab" + b”, Aurora B column, and C). Interestingly, Sur-
Vivingg_ 14, and Survivineg, 5, incapable of rescuing the spin-
dle checkpoint defect but capable of rescuing the cytokinesis
failure, were hardly detectable on centromeres but clearly
detectable on midzone and midbody (Figure 3Ac’ + ¢’
e’ + ¢e”, VSV column, and B, and Supplemental Figure 1). In
13% of Surviving,_;4, and 21% of the Survivineg, 5-reconsti-
tuted cells, we could detect these mutants on the centro-
meres but always at very low levels (Figures 3B and 6Bd’),
implying that these mutants are able to interact with centro-
meres but that they have a severely reduced affinity for this
chromosome structure. Importantly, in Survivingg ,,, and
Survivineg, o-reconstituted cells, Aurora B colocalized with
these mutant proteins on the midzone and midbody, but it
was hardly detectable on the centromeres (Figure 3Ac’ + ¢,
e’ + €”, Aurora B column, and C). In line with the reduced
centromeric localization of Aurora B in the Survivin, g,
Survivingg 145, and Survivingeg,,-reconstituted cells phos-
phorylation of the Aurora B substrate, CENP-A was also
severely impaired in these cells (Supplemental Figure 2, A
and B) (Zeitlin et al., 2001; Lampson and Kapoor, 2005).

Finally, to further confirm that centromere and central
spindle localization of the CPC is uncoupled in Survi-
Vingg_4o-reconstituted cells, we imaged the localization of
INCENP-GFP in living cells (Vader et al., 2006). In Survi-
vin,_,4,-reconstituted cells (Figure 4A), INCENP-GFP was
found both on the chromatin and clearly concentrated at the
centromeres in (pro)metaphase. In anaphase, the centro-
meric localization was progressively lost and midzone local-
ization became apparent. In Survivingg_;4, and Survivineg, -
reconstituted cells (Figure 4B; not shown), INCENP-GFP
was found weakly dispersed on chromatin but failed to
concentrate at centromeres. This weak chromatin localiza-
tion was also found in Survivin-depleted cells (Figure 4C).
However, in the Surviving,_,,,-reconstituted cells INCENP-
GFP was able to localize to the midzone and midbody
during anaphase and telophase, respectively. Thus, absence
of a functional BIR domain affects the centromere localiza-
tion of Survivin, Aurora B, and INCENP but not their central
spindle localization and implicates that previous concentra-
tion at the centromere is not a prerequisite for midzone and
midbody localization.

Chromosome Behavior and Cytokinesis in Survivin
Knockdown Cells Complemented with Survivingg_,4,
and Surviving g,

To further strengthen our observation that Survivin knock-
down cells complemented with Survivingg ;45 Or SUrvivineg, 5
indeed undergo cytokinesis, we cotransfected these cells with
H2B-GFP and performed live imaging of cells in which the
mitotic spindle was not disturbed by paclitaxel. The DIC
images clearly show that cells expressing either mutant can
undergo cytokinesis (Figure 4, D and E, bottom). Interest-
ingly, when monitoring chromosome behavior, we found
that in three of nine Survivineg,,-complemented cells and
three of eight Surviving, 4,-complemented cells chromo-
some alignment was impaired, yet these cells entered an-
aphase and performed cytokinesis, indicating premature si-
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depletion is not because of low expression levels. U20S cells were
cotransfected with mock siRNA or Survivin siRNA together with
pBabe-puro and 10 pg of Survivingg 145, 10 ug of Survivineg,,, or
titrated amounts of Survivin,_,,,. (A) Puromycin-selected cells were
lysed and subjected to SDS-PAGE and Western blotting. A degra-
dation product of the overexpressed Survivineg,, migrates at the
size of endogenous Survivin. (B) DNA content of asynchronous
growing GFP* cells. (C) Mitotic index (%MPM-2—positive cells) of
synchronized cells released in the presence of paclitaxel. Dashed
line is for comparison of the percentage of polyploid (>4N) and
mitotic cells complemented with 0.1 ug of Survivin, 4, (*) to cells
complemented with Survivineg,, and Survivingg_14,.

lencing of the spindle checkpoint (Figure 4, E and D, top,
and Table 1). Also, after fixation we frequently found lag-
ging chromosomes and anaphase bridges in the Survivingg_
142 and Survivineg, 5-reconstituted cell populations (Figure
3Ac” and Supplemental Figure 1B), reflecting the incapacity
of these mutants to restore Survivin function at the centro-
mere. Whereas mitotic exit in the presence of misaligned
chromosomes is reminiscent of Survivin knockdown cells,
anaphase and cytokinesis are not (Figure 4C; Lens ef al.,
2003). The phenotype of the reconstituted cells is in line with
the fluorescence-activated cell sorting (FACS) data, where
we found a reduction in the percentage of polyploid cells
best explained by restoration of the cytokinesis defect, but
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Figure 3. Colocalization of VSV-tagged Survivin proteins and endogenous Aurora B in Survivin-depleted cells. U20S cells were grown on
glass coverslips and cotransfected with Survivin siRNA, plasmids expressing VSV-tagged versions of the indicated Survivin proteins and
with H2B-GFP to visualize the DNA. Cells were fixed in paraformaldehyde 14 h after release from a thymidine block. (A) The exogenously
expressed proteins were detected with mouse anti-VSV mAb (columns labeled VSV) and endogenous Aurora B with rabbit anti-Aurora B
pAb (columns labeled Aurora B). The left panel shows prometaphases, and the right panel shows early and late anaphases. (B) Percentage
of transfected (H2B-GFP pos.) cells with centromeric (red) or midbody (green) localization of the VSV-tagged Survivin proteins. For each
mutant,50 prometaphases and 50 telophases were scored. In the Survivin, gy mutant, only 10 aberrant ana/telophases could be scored because
the majority of these cells did not align their chromosomes nor underwent anaphase. (C) Percentage of transfected cells with centromeric
localization of endogenous Aurora B. For each Survivin mutant, 75 prometaphases were scored.

an override of a paclitaxel-induced mitotic delay because of
an unrestored spindle checkpoint defect. This thus confirms
that Survivingg_,4, and Survivineg, , can indeed complement
for the cytokinesis defect observed after Survivin depletion.

Importantly, in 24% of the Surviving, ,4,-reconstituted
and 56% of the Survivineg,,-complemented cells we found
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that chromosome alignment was normal (Table 1 and Figure
4B). Because Aurora B is important for the establishment of
bipolar attachments of the microtubules from the mitotic spin-
dle to the sister chromatids (Tanaka et al., 2002; Lampson et al.,
2004), the most likely explanation for this result is that low
levels of Aurora B protein and kinase activity at the centro-
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Figure 4. INCENP-GFP localization, chromosome segregation, and cytokinesis in living Survivin,_,,,, Survivingg_,4,, and Survivineg, , comple-
mented cells. U20S cells were grown in glass-bottom wells and cotransfected with Survivin siRNA and Survivin, 14, (A) Survivingg 4, (B and D),
empty plasmid (C), or Survivingg,, (E). To visualize CPC behavior, INCENP-GFP and H2B-diHcRed were cotransfected (A—C); in the other panels,
only H2B-GFP was cotransfected (D and E). Cells were mounted on a time-lapse microscope 10 h after release from a thymidine block. Fluorescent
and DIC images were captured every 1-5 min. Imaging was started at the onset of nuclear envelope breakdown in D and in prometaphase
for A-C and E. To better visualize the localization of INCENP-GFP, enlargements of the images are shown in A-C. (D and E) Both the
Survivingg 14, (3/8) and Survivingg,, (3/9) reconstituted cells partially align their chromosomes. However, even in the situation where
chromosome alignment was incomplete, cells start to segregate their sister chromatids, enter anaphase, and undergo cytokinesis (D and E).
Note that in two or eight Survivingg 14,- and five of nine Survivineg,,-reconstituted cells alignment was normal. Time is hours:minutes.

meres, as occasionally observed in the Survivingg 4, and These data thus imply that higher levels of Survivin and
Survivineg, -expressing cells (Figure 3C and Supplemental =~ Aurora B are needed at the centromere to sustain a mitotic

Figure 2, A and B), are sufficient for correcting maloriented delay after paclitaxel treatment than to resolve occasional
microtubules in an unperturbed mitosis but may fail todoso ~ maloriented kinetochore-microtubule attachments in an un-
when normal spindle formation is perturbed by drugs. perturbed mitosis.
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Table 1. Summary of live cell imaging experiments

Survivin siRNA+

Mock siRNA Empty vector Survy 4 Survegga Survgg 14
Category of defect: n=9) n=29) (n = 10) n=29) (n=28)
Aligned chromosomes and successful 100 22 90 56 24
cytokinesis (“normal” mitosis)
Misaligned chromosomes and no 0 78 10 11 38
cytokinesis
Misaligned chromosomes and successful 0 0 0 33 38
cytokinesis

Values are percentage of transfected U20S cells with chromosome alignment and cytokinesis defects after reconstitution with Survivin

mutants.

Survivingg_,4, and Survivingeg,, Are Unable to Retain High
Levels of BubR1 at Kinetochores

To further understand why Survivin knockdown cells com-
plemented with Survivingy_,,4, and Survivineg,, are unable
to restore a mitotic arrest after paclitaxel treatment, we
checked kinetochore localization of BubR1. As shown pre-
viously, kinetochore localization of BubR1 is greatly reduced
in cells lacking Survivin, even when treated with paclitaxel
(Carvalho et al., 2003; Lens et al., 2003) (Figure 5A). Impor-
tantly, the proteins that could rescue the spindle checkpoint
override (Survivin, ;4, and Surviving;,,) were also able to
localize BubR1 to the kinetochores (Figure 5Ba,d and C). In
contrast, for the mutants that failed to restore a paclitaxel-
induced mitotic delay (e.g., Survivin, g, Survivingg_,,,, and
Survivingg, ») we found that the BubR1 intensity levels at
the majority of kinetochores were very low (<0.8 over
background) (Figure 5Bb,c,e and C). Thus, the inability of
the latter mutants to maintain high levels of BubR1 at the
kinetochores correlates very well with their incapacity to
restore the spindle checkpoint defect in Survivin-depleted
cells.

The C Terminus of Survivin Interacts with Borealin/Dasra
B and Can Localize the Protein to the Midbody

Recently, Borealin/Dasra B was identified as a novel inter-
action partner of Survivin (Gassmann ef al., 2004; Sampath et
al., 2004). An N-terminal fragment of Borealin (aa 1-141) was
found to interact with Survivin and when overexpressed,
this N-terminal fragment displaced Survivin and other pas-
senger proteins from the centromeres but not from the cen-
tral spindle (Gassmann et al., 2004). This observation implied
an important function of Borealin/Dasra B in centromere
targeting of the chromosome passenger holocomplex. Yet,
the observation that a single point mutation in the BIR
domain of Survivin affected localization and function of
Survivin and Aurora B at the centromere but not at the
central spindle also suggests a function for the Survivin BIR
domain in centromere targeting of the CPC. For CSC-1 (the
functional homologue of Borealin/Dasra B in Caenorhabditis
elegans), it was shown that mutation of C83 in the Survivin
homologue BIR-1 abolished the interaction between CSC-1
and BIR-1. Similar to C84 in Survivin, C83 of BIR-1 is pre-
dicted to chelate zinc, which is important for stabilization of
its BIR domain (Romano et al., 2003). We therefore first
investigated whether disruption of the Survivin BIR domain
also affected the interaction between human Survivin and
Borealin/Dasra B. GFP-tagged Borealin was coexpressed
with the various Survivin mutants in HEK293 cells and
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subsequently immunoprecipitated from these cells. Interest-
ingly, Borealin/Dasra B interacted with Survivin, ,,,,
Survivings,, and with Survivineg, . (Figure 6A). Moreover,
the C terminus of Survivin and not the N-terminal BIR do-
main was able to interact with Borealin/Dasra B, although less
efficiently as Survivin,_,,, (Figure 6A). Importantly, whereas
Survivin,_,4, and Survivin,,, restored localization of endog-
enous Borealin/Dasra B to both centromeres and central spin-
dles, Survivineg, , and Survivingg ;4, could restore localization
of endogenous Borealin/Dasra B to the midzone/midbody but
not to the centromere (Figure 6Bc’ + ¢”, d' + d"), suggesting
that the Survivin—BIR domain contains essential cues for cen-
tromere localization of the CPC. Finally, when we comple-
mented Borealin-depleted cells (Figure 6C) with the N-terminal
fragment of Borealin/Dasra B (Bor,_,4,) we found that, despite
its capacity to localize to the central spindle (Supplemental
Figure 3, A and Bb"; Gassmann et al., 2004), it did not have the
functional capacity to revert the cytokinesis defect due to Bo-
realin/Dasra B depletion (Figure 6D).

DISCUSSION

Using an RNAi complementation approach, we were able to
discriminate distinct domains in Survivin that are involved
in localization of the chromosomal passenger complex to
different subcellular structures and that play a role in sepa-
rate functions of Survivin. We found that the C-terminal
domain of Survivin (aa 89-142) was capable of localizing to
the midzone and midbody and of restoring the cytokinesis
defect induced by Survivin depletion. However, this mutant
had a reduced ability to localize to the centromeres and to
retain high levels of Aurora B, INCENP, Borealin/Dasra B,
and BubR1 at these sites. As a consequence, Survivingg 4,
was unable to restore a spindle checkpoint defect induced
by the microtubule-stabilizing drug paclitaxel. Interestingly,
the Survivingg, , mutant behaved in a similar manner as the
Survivingg_,4, mutant. By mutating C84 into alanine, the
architecture of the BIR domain is disturbed (Chantalat et al.,
2000; Muchmore et al., 2000; Verdecia et al., 2000), and this
most likely explains why the Survivineg,, mutant mimics
the rescue effect of the Survivingg 4, deletion mutant. Not
surprisingly, complete deletion of the BIR domain has a
more dramatic effect on the localization and function of
Survivin than perturbation of the BIR by a single point
mutation. Clearly, the add-back experiments with these mu-
tants show that an intact BIR domain is essential for proper
centromere localization and spindle checkpoint function.
Yet, the BIR domain by itself is not sufficient because expres-
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kinetochore pixel intensity was divided by the
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intensity levels over background. The lowest
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BubR1 localization

sion of Survivin, g, could not restore centromere localization
and spindle checkpoint function in Survivin-depleted cells.
Moreover, because Survivingg,, and Survivingg .4, fail to
recruit the CPC to the centromeres, but do allow execution
of cytokinesis, these data indicate that concentration of the
CPC at centromeres is not a requirement for cytokinesis, as
had been proposed previously.
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mock empty 1-142
siRMNA  vector

M BubR1 bright (av. intensity
over background = 0.8)

B BubR1 weak (av. intensity
over background < 0.8)

1-89 89-142 T34A C84A

Survivin siRNA

Survivineg,, has been described to act as a dominant
negative protein that could induce apoptosis and cell divi-
sion defects by displacing wild-type, endogenous Survivin
from polymerized microtubules (Li et al., 1998, 1999). Similar
to Skoufias et al. (2000), mere overexpression of Survivingegya
in U20S cells did not result in any cell division defects in our
hands (Lens and Rodriguez, unpublished data). More im-
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Figure 6. Borealin/Dasra B interaction and localization with wild-type and mutant Survivin proteins and reconstitution of Borealin-
depleted cells with Borealin/Dasra B truncation mutants. (A) HEK293 cells were cotransfected with GFP-tagged Borealin and the indicated
Survivin mutants. Immunoprecipitations (IPs) were performed with anti-GFP pAb, and Western blots were probed with anti-Survivin pAb.
Left, whole cell extracts (WCE). Right, immunoprecipitated proteins (IP). GPF-tagged Borealin runs just above the heavy chain (HC) and
Surveg, , migrates slower than Surv,_;,, and Survs, . Asterisk (*) is endogenous Survivin, and double asterisk (**) is a degradation product
of the exogenously expressed protein. (B) Confocal images of U20S cells cotransfected with Survivin siRNA, H2B-GFP, and the expression
plasmids of the indicated VSV-tagged Survivin mutants. Endogenous Borealin/Dasra B was visualized with an anti-Dasra B pAb and the
Survivin mutants with an anti-VSV mAb. (C) U20S cells, grown on coverslips, were cotransfected with mock siRNA or Borealin siRNA and
H2B-GFP as transfection marker. Fourteen hours after thymidine release, coverslips were fixed and stained with anti-Dasra B pAb.
Borealin/Dasra (red) and H2B-GFP (blue). (D) U20S cells were cotransfected with spectrin-GFP, Borealin siRNA and the indicated Borealin
cDNAs. Left, cells were synchronized with thymidine and released in the presence of paclitaxel for 18 h. Mitotic index was determined by
combined MPM2/PI staining and FACS analysis. Right, cells were grown asynchronously, harvested 60 h after transfection, stained with PI,
and DNA content was determined by FACS analysis.

portantly, when localization of this mutant was monitored localize diffusely throughout the mitotic cell. The typical
in the presence of endogenous Survivin, it was found to midzone and midbody localization of Survivineg,, became
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only apparent when expression of endogenous Survivin was
suppressed by siRNA (Lens, unpublished observation). Its
incapacity to displace endogenous Survivin from centro-
meres and the central spindle may explain why this typical
localization pattern of Survivineg,, was missed previously
(Skoufias et al., 2000) and why in our hands overexpression
of this mutant does not have any dominant negative effects.
However, by combining mutational analysis with RNAi
complementation, we have revealed a novel function for the
BIR domain; it is essential for centromere localization and
spindle checkpoint function of Survivin.

Overexpression experiments with Survivin,;,, suggested
that also this mutant could act in a dominant negative man-
ner (O’Connor et al., 2000; Grossman et al., 2001). The fact
that this mutant can localize to all the expected sites during
cell division, even in the presence of endogenous Survivin
(Lens, unpublished observation), suggests that Survivins, 5
is able to compete with the localization of endogenous Sur-
vivin and that in principle it could act as a dominant nega-
tive protein. Yet, overexpression of this mutant did not affect
the cell cycle or cell survival (Lens and Rodriguez, unpub-
lished data). More importantly, this mutant was as effective
as the wild-type protein in restoring all the cell cycle defects
induced by Survivin depletion, indicating that CDK-depen-
dent phosphorylation of T34 is not essential for Survivin
function during mitosis.

Survivin-depleted cells are unable to sustain a mitotic
delay induced by treatment with paclitaxel (Carvalho et al.,
2003; Lens et al., 2003). The Survivingg 14, and Survivinggya
mutants, although capable of restoring cytokinesis, could
not restore this mitotic delay in Survivin-depleted cells most
likely because these mutants did not fully reestablish Aurora
B and BubR1 localization at the centromeres and kineto-
chores, respectively. Aurora B is thought to influence spindle
checkpoint activity by destabilizing kinetochore-microtubule
attachments that do not create tension (e.g., that are nonbipo-
lar) (Biggins and Murray, 2001; Tanaka et al., 2002; Lampson et
al., 2004). The resulting unattached kinetochore most likely
(re)recruits Mad?2 that will inhibit the APC/C (Zhou et al., 2002;
Lens and Medema, 2003). In addition, sustained kinetochore
localization of BubR1 seems to be Survivin/Aurora B-depen-
dent (Carvalho et al., 2003; Ditchfield et al., 2003; Lens et al.,
2003). Interestingly, when mitotic progression was studied
in the absence of paclitaxel, in 38% of the Surviving, ;4,- and
33% of the Survivingg,a-reconstituted cells chromosome
congression was impaired. Still, in 24% of the Survivingg_; 4,-
and 56% of the Survivineg,s-reconstituted cells chromo-
some alignment was apparently normal. This could mean
that the low protein levels and kinase activity of centromeric
Aurora B that we sometimes observed in Survivingg_,4,- and
Survivingeg, o-reconstituted cells is sufficient to reorientate an
occasional misattached microtubule in an unperturbed mi-
tosis but is not sufficient to sustain a mitotic delay after
microtubule stabilization induced by paclitaxel. Moreover,
the inability of the Survivingg 14, and Survivineg,, mutants
to restore normal levels of BubR1 at the kinetochores may
also contribute to their incapacity to restore a paclitaxel-
induced mitotic delay. Interestingly, these data also suggest
that a gradual reduction of the levels of the CPC at the
centromeres results in a gradual loss of checkpoint function-
ality, and as such (minor) changes in the level of CPC
components could potentially lead to mild checkpoint de-
fects.

By combining mutational analysis and siRNA comple-
mentation, we were able to uncouple Survivin’s centromere
localization and spindle checkpoint function from its central
spindle localization and cytokinesis function. Interestingly,
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in Drosophila secondary spermatocytes, cytokinesis can take
place in the absence of chromosomes and importantly, Au-
rora B was found to be normally localized at the midzone
(Bucciarelli et al., 2003). This is in line with our findings and
suggests that centromeric concentration of the CPC is not a
prerequisite for its accumulation at the central spindle. Sim-
ilarly, overexpression of an N-terminal fragment of Borealin
(aa 1-141) in Borealin-proficient cells displaced the other
passenger proteins from the centromeres but did not affect
their midbody localization (Gassmann ef al., 2004). Interest-
ingly, when this N-terminal Borealin fragment was ex-
pressed in Borealin-depleted cells, it was also able to localize
to the central spindle, but not to the centromeres. Thus, the
Borealin N terminus seems to localize in a similar manner in
Borealin-depleted cells as the Survivin C terminus in Sur-
vivin-depleted cells. Nonetheless, the Borealin N terminus
could not efficiently rescue the cytokinesis defect of Borea-
lin-depleted cells. Whereas full-length Borealin can directly
interact with INCENP, the Borealin N-terminal fragment
cannot (Gassmann et al., 2004). Moreover, we found Borea-
lin/Dasra B to be important for an efficient interaction be-
tween Survivin and INCENP, and Survivin to be capable of
localizing the CPC in the absence of Borealin/Dasra B when
directly fused to INCENP (Vader et al., 2006). Thus, in Sur-
vivin-depleted cells reconstituted with Surviving, ,4,, en-
dogenous full-length Borealin/Dasra B will be able to inter-
act with both the Survivin mutant as well as with INCENP/
Aurora B. In contrast, in Borealin-depleted cells reconsti-
tuted with Borealin,_,,,, Borealin/Dasra B may be able to in-
teract with endogenous Survivin but cannot make the connec-
tion with INCENP/Aurora B. Together with Survivin, this
Borealin mutant could therefore localize to the central spindle
but is most likely unable to relocalize the other passengers to
this structure, hence its incapacity to functionally complement
the cytokinesis defect.

With respect to the centromere localization, we propose
that the Survivin BIR domain is the portion of the CPC that
interacts with the centromere. A single point mutation in the
BIR domain of Survivin is sufficient to disturb its centromere
localization but does not abolish its interaction with Borealin/
Dasra B. Thus, unlike BIR-1 in C. elegans (Romano ef al.,
2003), the BIR domain of mammalian Survivin is not essen-
tial for Borealin/Dasra B interaction. Again, Borealin/Dasra
B may help in connecting centromere-bound Survivin to
INCENP and Aurora B, and the entire complex may subse-
quently stabilize the Survivin-centromere interaction. By
binding to Survivin but failing to make the connection with
INCENP and Aurora B, Borealin, 4, may thus prevent sta-
bilization of the Survivin-centromere interaction.

Our combined findings imply that Survivin is crucial for
the spatial control of the chromosomal passenger complex.
By interfering with its localization during mitosis, typical
CPC-associated functions, such as sustaining a mitotic arrest
in the absence of bipolar spindle attachments and execution
of cytokinesis, can be uncoupled. Further understanding on
how the different domains within Survivin are able to dictate
its localization will provide insight into the spatiotemporal
regulation of the CPC and its role in maintaining a stable
genome.
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