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Survivin is a member of the chromosomal passenger complex implicated in kinetochore attachment, bipolar spindle
formation, and cytokinesis. However, the mechanism by which survivin modulates these processes is unknown. Here, we
show by time-lapse imaging of cells expressing either green fluorescent protein (GFP)-�-tubulin or the microtubule
plus-end binding protein GFP-EB1 that depletion of survivin by small interfering RNAs (siRNAs) increased both the
number of microtubules nucleated by centrosomes and the incidence of microtubule catastrophe, the transition from
microtubule growth to shrinking. In contrast, survivin overexpression reduced centrosomal microtubule nucleation and
suppressed both microtubule dynamics in mitotic spindles and bidirectional growth of microtubules in midbodies during
cytokinesis. siRNA depletion or pharmacologic inhibition of another chromosomal passenger protein Aurora B, had no
effect on microtubule dynamics or nucleation in interphase or mitotic cells even though mitosis was impaired. We propose
a model in which survivin modulates several mitotic events, including spindle and interphase microtubule organization,
the spindle assembly checkpoint and cytokinesis through its ability to modulate microtubule nucleation and dynamics.
This pathway may affect the microtubule-dependent generation of aneuploidy and defects in cell polarity in cancer cells,
where survivin is commonly up-regulated.

INTRODUCTION

Survivin is a member of the inhibitor of apoptosis (IAP) gene
family (Salvesen and Duckett, 2002), which is overexpressed
in nearly every human tumor and frequently associated
with resistance to therapy, and unfavorable outcome (Alt-
ieri, 2003). Experimental work carried out in vitro (Beltrami
et al., 2004) and in transgenic animals (Grossman et al., 2001;
Okada et al., 2004) has assigned a dual function to survivin:
protection from apoptosis and regulation of cell division.
Although the cytoprotective function of survivin has re-
cently come into better focus (Blanc-Brude et al., 2003; Ma-
rusawa et al., 2003) and has been linked to the upstream
initiation of mitochondrial apoptosis (Dohi et al., 2004), the
mechanism by which survivin participates in cell division is
still unclear. Although survivin-like IAP molecules in model
organisms seem to participate predominantly or exclusively
in cytokinesis (Uren et al., 1999; Speliotes et al., 2000), reduc-
tion or loss of survivin in mammalian cells has been associ-
ated with a panoply of cell division defects that include
supernumerary centrosomes (Li et al., 1999), aberrant spin-
dle assembly (Giodini et al., 2002), mislocalization of mitotic

kinases (Wheatley et al., 2001), loss of mitotic checkpoint(s)
(Lens et al., 2003), and cytokinesis failure with appearance of
multinucleated cells (Li et al., 1999). Adding further com-
plexity to its potential role in mitosis, survivin localizes to
multiple sites on the mitotic apparatus, including centro-
somes, microtubules of the metaphase and central spindle,
kinetochores, and midbodies (Fortugno et al., 2002).

Previous experiments of antibody microinjection suggested
a potential role of survivin in spindle microtubule assembly,
reflected in a phenotype of flattened mitotic spindles depleted
of microtubules (Giodini et al., 2002). Similar observations were
reported in knockout studies, and homozygous deletion of
survivin resulted in nearly complete absence of mitotic spin-
dles (Okada et al., 2004), and appearance of disorganized tu-
bulin bundles (Uren et al., 2000). This model may fit well with
the observation that survivin forms a complex with some of the
chromosomal passenger proteins, notably, Aurora B (Adams et
al., 2001) and the more recently described Borealin/hDasra B
(Gassmann et al., 2004; Sampath et al., 2004). It has been pro-
posed that the chromosomal passenger complex is a regulator
of kinetochore attachment and cytokinesis (Adams et al., 2001)
and is important for bipolar spindle formation in a pathway
independent of Ran-GTP involving Aurora B-dependent phos-
phorylation of the microtubule-destabilizing Kin I kinesin
MCAK (Gass-mann et al., 2004; Sampath et al., 2004). Survivin
can enhance the activity of Aurora B (Bolton et al., 2002),
suggesting a model whereby survivin regulates spindle forma-
tion through Aurora B.

In this study, we examined the role of survivin in micro-
tubule dynamics and its potential dependence on the chro-
mosomal passenger complex. Using time-lapse live imaging
of two independent microtubule markers, the microtubule
plus-end protein EB1 and �-tubulin, we found that survivin
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functions as a novel regulator of microtubule dynamics and
nucleation in interphase and throughout mitosis and that
this pathway is independent of Aurora B activity.

MATERIALS AND METHODS

Cells and Cell Cultures
Cervical carcinoma HeLa cells and monkey COS-7 cells were obtained from
the American Type Culture Collection (Manassas, VA) and were maintained
in culture according to the manufacturer’s specifications. Diploid, telomerase-
immortalized human RPE-1 cells (hTERT-RPE-1) were obtained from Clon-
tech (Palo Alto, CA) (Morales et al., 1999).

Antibodies
Antibodies used were �-tubulin (#DM1a; Sigma-Aldrich, St. Louis, MO),
acetylated-tubulin (#6-11B-1; Sigma-Aldrich), �-galactosidase (#1083 104;
Roche Diagnostics, Indianapolis, IN), tyrosinated-tubulin (rabbit W2) (Gur-
land and Gundersen, 1995), survivin (Fortugno et al., 2002), anti-EB1(catalog
no. 610534; BD Biosciences, Franklin Lakes, NJ), anti-�-tubulin (HM2569,
polyclonal peptide antibody raised against amino acids AATR; Covance,
Princeton, NJ) and hemagglutinin (HA) (#3F10; Roche Diagnostics). As sec-
ondary antibodies, we used anti-mouse cy3 (Molecular Probes, Eugene, OR),
anti-rabbit cy5 or fluorescein isothiocyanate (FITC) (Jackson ImmunoResearch
Laboratories, West Grove, PA), or anti-rat cy3 (Molecular Probes).

Microinjection and Live Cell Imaging
COS-7 cells were synchronized by double-thymidine block (Quintyne and
Schroer, 2002), and upon release from the S phase block, they were microinjected
into the nucleus with plasmids containing HA-survivin or �-galactosidase (200
ng/ml) together with 25 ng/ml an EB1-GFP plasmid (a gift from L. Cassimeris,
Lehigh University, Bethlehem, PA) using an Eppendorf transjector 5246 and
Micromanipulator (Brinkmann, Westbury, NY). Cells were returned to the incu-
bator for 8–10 h and then used for live imaging or fixed and stained for other
antigens as indicated using methods described previously (Gromley et al., 2003).

Adenoviral Transduction
The replication-deficient adenoviruses encoding survivin (pAd-survivin) or
GFP (pAd-GFP) were described previously (Mesri et al., 2001). Cells (2.5 �
107) were transduced at a multiplicity of infection of 50 for 24 h at 37°C,
washed, and replenished with fresh growth medium for further analysis.

Microtubule Quantification in Fixed Cells
COS-7 cells plated at comparable density were transduced with pAd-GFP or
pAd-survivin, treated with 10 �M of the microtubule-depolymerizing agent
nocodazole (Sigma-Aldrich), and harvested at increasing time intervals be-
tween 5 and 60 min (Hergovich et al., 2003). Cells were fixed in ice-cold
methanol, washed three times in phosphate-buffered saline with 1% bovine
serum albumin and 0.5% Triton X-100 (PBSAT), and stained with antibody to
acetylated tubulin (Gromley et al., 2003) followed by a secondary anti-IgG
conjugated to cy3 and mounting on glass slides (Prolong Antifade; Molecular
Probes). Microtubule fluorescence was quantified by acquiring 13 optical
sections (333 � 50 nm) using wide-field fluorescence microscopy (Olympus,
Tokyo, Japan) and a 63� objective from six random fields. For individual cell
measurements, we obtained fluorescence values of areas outside those con-
taining microtubules and subtracted this background from the total value
(typically 5–10% of total cellular fluorescence). The fluorescence intensity
(integrated optical density) (Dictenberg et al., 1998) for every optical section in
every full cell profile or within an entire population was calculated using
MetaMorph software (Universal Imaging, Downingtown, PA) (see above) or
IP Lab software version 3.5.4 (Scanalytics, Fairfax, VA) as described previ-
ously (Purohit et al., 1999; Gromley et al., 2003). These values were then
averaged to calculate the fluorescence of the total population.

RNA Interference (RNAi)
Double-stranded (ds)RNA oligonucleotides targeting survivin (S4), Aurora B,
or a control unrelated sequence (VIII) were described previously (Altieri,
2003; Beltrami et al., 2004). Cells were transfected with 50 nM of the various
dsRNA oligonucleotides using Oligofectamine (3 ml/well) reagent (Invitro-
gen, Carlsbad, CA) and replenished with growth medium after 4 h. After
24–48 h, in the absence of any detectable apoptosis, cells were harvested and
analyzed for reduction of survivin levels by immunoblotting, or used for live
analysis of EB1-GFP or GFP–�-tubulin dynamics.

Microtubule Regrow Assay (Nucleation)
Cells grown on coverslips were either transfected with the indicated dsRNA
oligonucleotides or transduced with the indicated adenovirus as described
above. Cells were than incubated for 4 h in 8 �M nocodazole at 37°C and then
for an additional 30 min on ice before washing. Coverslips were than washed

twice in 50 ml of ice-cold phosphate-buffered saline and incubated at 37°C for
2 min to allow microtubule growth and subsequently fixed in �20°C meth-
anol, washed three times in PBSAT, and stained with antibodies to EB1 and
�-tubulin followed by cy3 and FITC-conjugated secondaries, respectively. EB1
foci were quantified by acquiring 16 optical sections (200 � 50 nm) using
wide-field fluorescence microscopy (Olympus) and a 100� objective from
random fields. EB1 foci were individually counted from the entire z-series,
and final images are presented as maximum projection of all planes used.
Centrosomes containing two �-tubulin foci were used. Graphs represent data
taken from 25 to 30 cells in two experiments.

Live Microscopy of GFP-EB1
Cells (COS-7 or RPE) were plated on coverslips (25 mm in diameter) and were
placed in a chamber (PDMI-2; Harvard Apparatus, Holliston, MA) in com-
plete medium with CO2 exchange (0.5 l/min) at 37°C. Cells were imaged
every 3 s for two or more minutes using a 100� objective on an inverted
microscope (Olympus IX-70). Images were captured on a CoolSNAP HQ
charge-coupled device camera (Roper Scientific, Trenton, NJ). Time-lapse
movies of EB1 movements were obtained. In some cases, individual images
were concatenated to produce linear elements representing the total distance
traveled and providing a measure of the total amount of microtubule growth
during the imaging period (MetaMorph software 4.6). Using similar visualization
techniques, we quantified the number of growing microtubules in cells. Where
indicated, 10 �M taxol (Sigma-Aldrich) was added to live microscopy media.
Resulting movies are shown at a rate of 15 frames per second.

Time-Lapse Analysis of Cells Expressing GFP-�-Tubulin
RPE cells stably expressing GFP-�-tubulin were transfected with survivin-
specific S4 or control VIII dsRNA oligonucleotides and imaged by confocal
laser scanning microscopy. Microtubule growth, catastrophe, shrinking, and
rescue as well as growth/catastrophe transition rates for individual microtu-
bules were calculated from images collected as time-lapse movies from sev-
eral random areas of the cytoplasm that in most cases comprised the leading
edge of the cell. Average transition values were obtained from five microtu-
bules. Similar results were obtained from five individual cells in two different
experiments. For targeting of Aurora B kinase, RPE GFP-� tubulin cells were
first transfected with control (VIII) or Aurora B-directed dsRNA oligonucle-
otide for 36 h and analyzed by Western blotting. In independent experiments,
cells were treated with the Aurora B kinase inhibitor hesperadin (100 nM for
6 h) characterized in previous studies (Hauf et al., 2003; Sessa et al., 2005). For
analysis of microtubule dynamics, cells prepared as described above were
observed using an inverted Zeiss microscope equipped with a 100�, numerical
aperture 1.4 objective lens, a spinning-disk confocal scan head (PerkinElmer Life
and Analytical Sciences, Boston, MA), and a MicroMAX interline transfer cooled
charge-coupled device camera (Roper Scientific). All images (16-bit) were ac-
quired using a single-wavelength (488-nm) filter cube. Image acquisition was
controlled by Ultraview RS software (PerkinElmer Life and Analytical Sciences).
Time-lapse sequences were acquired at 3-s intervals by using an exposure time of
0.2 s at four optical planes per interval with a Z-step of 0.3 �m. Resulting movies
are shown at a rate of 15 frames per second.

Quantification of Microtubule Dynamics
Individual microtubules were analyzed as described previously (Rusan et al.,
2001). Briefly, time-lapse images were exported from the proprietary Ultra-
view software and imported into MetaMorph software (Universal Imaging)
for further analysis. A stack of four optical planes was used to make a
z-projection at each time point, and a time-lapse movie was reconstructed.
The position of the microtubule end was tracked using the “track points”
function in MetaMorph that was linked to Excel to produce a history plot of
each microtubule. Growth and shortening phases were identified based on
the history plots. The frequency of catastrophe was calculated by dividing the
sum of the number of transitions from growth to shortening and pause to
shortening by the sum of the duration of growth and pause. The frequency of
rescue was calculated by dividing the sum of the number of transitions from
shortening to growth and shortening to pause by the duration of shortening.
Microtubule dynamicity was calculated as the total number of tubulin dimers
exchanged at the microtubule end (using 1624 dimers/�m), considering the
lifetime of the microtubule (Waterman-Storer et al., 2000; Toso et al., 1993). The
value from each microtubule was used to calculate an average for each
experiment and was used in Table 1. The time spent in each phase (shrink,
growth, and pause) was recorded, and the percentage of time spent in each
phase was calculated for each microtubule. The percentage of time was
averaged individually and used in Table 1.

Immunofluorescence of Phosphorylated Histone H3
RPE-GFP-�-tubulin cells were grown on glass coverslips, treated with control
or 100 nM hesperadin for 6 h, and fixed in �20°C methanol for 30 min.
Coverslips were stained with 4,6-diamidino-2-phenylindole (DAPI) and an
antibody to phosphorylated H3 (catalog no. 6-570; Upstate Biotechnology,
Lake Placid NY) followed by cy5 secondary reagents. Images were acquired
using the MetaMorph software as described above.
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Quantification of Phosphorylated H3 Fluorescence
The method used was similar to the quantification EB1-GFP fluorescence
(supplemental material). Briefly, 0.2 �m optical sections were taken of each
mitotic cell for DAPI, GFP, and cy5. Because phosphorylated H3 specifically
labels the chromatin, a region of the cytoplasm was used as background to
subtract from the cy5 fluorescence. The DAPI labeling for each corresponding
phosphorylated H3 image was used to define a region of interest based on the
“threshold image” function in MetaMorph. The region was transferred to the
appropriate phosphorylated H3 image, and the fluorescence in the defined
region (occupied by the chromatin) was quantified.

Statistical Analysis
Data were analyzed using the unpaired t test on a GraphPad software
package for Windows (Prism; GraphPad Software, San Diego, CA). Phos-
phate-buffered saline values of 0.05 were considered statistically significant.

RESULTS

Depletion of Survivin by RNA Interference Increases
Microtubule Dynamics
Because of its reported localization to microtubules (For-
tugno et al., 2002) and its ability to alter microtubule orga-
nization during mitosis (Giodini et al., 2002), we asked
whether survivin modulated microtubule dynamics in liv-
ing cells. We first examined microtubule dynamics in cells
depleted of survivin by small interfering RNAs (siRNA).
Transfection of RPE cells with a previously characterized
dsRNA oligonucleotide targeting survivin (S4) (Beltrami et
al., 2004) resulted in �90% reduction in survivin levels by
immunoblotting 48 h later, whereas a control dsRNA oligo-
nucleotide (VIII) had no effect on survivin levels (Figure 1A).
We next examined several parameters of microtubule dy-
namics, including microtubule growth, catastrophe (transi-
tions from growth to shrinking), shrinking, rescue (transi-
tions from shrinking to growth) and pause (periods between
growth and shrinking) in interphase cells stably expressing
GFP-labeled �-tubulin (Desai and Mitchison, 1997). We
found that the average frequency of catastrophe (number
per second) and dynamicity (dimers exchanged at the tip/
lifetime of microtubule; see Materials and Methods) (Water-
man-Storer et al., 2000; Toso et al., 1993) were significantly
higher in survivin-depleted cells (Figure 1, C and E) com-
pared with control cells (Figure 1, B and D; n � 25 micro-
tubules from 5 cells, 2 experiments/condition); other param-
eters were not significantly different from controls. Each
parameter of microtubule dynamics is independently pre-
sented in Table 1. Histories of growth and shrinking events
of five microtubules per condition are shown in Figure 1,
B–E, and in Movies 1 and 2. In addition, we analyzed cul-
tures by fluorescence microscopy with an antibody to acety-
lated tubulin, a posttranslationally modified tubulin found
in stabilized microtubules (Bulinski et al., 1988). The acety-
lated tubulin signal was diminished compared with controls
(our unpublished data; see below). The decrease in acety-
lated tubulin staining and increased frequency of microtu-
bule catastrophe demonstrate that survivin depletion in-
creases microtubule dynamics.

To independently validate results obtained with GFP-�
tubulin-expressing cells, we used GFP-tagged EB1 as a
marker for the plus ends of growing microtubules. Recent
studies have shown that GFP-EB1 accurately reflects micro-
tubule growth rates and the number of growing microtu-
bules, including those nucleated from centrosomes (Piehl et
al., 2004; Tirnauer et al., 2004). Stable expression of GFP-EB1
in control cells (VIII) revealed GFP-EB1 foci moving out-
ward from the centrosome as previously described (Movie
3) (Piehl et al., 2004). The number of GFP-EB1 foci in sur-
vivin-depleted cells was increased compared with control
cells (Figure 2, A–C). When EB1 foci were collectively dis-

played as a single projected image in control cells, long
tracks representing extended periods of microtubule growth
were observed (Figure 2, D, F, and H; Movie 3). Survivin-
depleted cells expressing similar levels of GFP-EB1 (see
below) had shorter EB1 tracks (Figure 2, E, G, and H; Movie
4). These results are consistent with an increase in the num-
ber of growing microtubules and a higher rate of catastrophe
(Gliksman et al., 1993). The changes in microtubule param-
eters observed in survivin-depleted cells occurred in the
absence of changes in total cellular �-, �-tubulin levels (our

Figure 1. Survivin silencing increases microtubule dynamics. (A)
RPE cells were transfected with survivin-specific S4 or control VIII
dsRNA oligonucleotides (siRNAs), harvested after 48 h, and ana-
lyzed by immunoblotting. (B and C) Analysis of microtubule
growth and shrinking. RPE cells stably expressing GFP-� tubulin
were transfected with control VIII (B) or survivin-specific S4 dsRNA
oligonucleotide (C), and imaged by time-lapse videomicroscopy
(see Movies 1 and 2). The extent of growth and shrinking (red
arrows) was measured for individual microtubules in interphase. (D
and E) Quantification of microtubule dynamics observed in B and C.
The length of microtubule polymer growth or shrinking (distance in
micrometers) was examined over time in control cells (D) or sur-
vivin-depleted cells (E). Increasing values represent microtubule
growth; decreasing values represent shrinking. Transitions from
growth to shrinking (catastrophe), shrinking to growth (rescue),
periods of no net growth (pause), and other parameters of micro-
tubule dynamics are quantified in Table 1. Symbols represent five
individual microtubules from two cells for both D and E.
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unpublished data). These results confirm data from GFP-�-
tubulin-expressing cells and verify that GFP-EB1 is a reliable
marker for microtubule dynamics.

The increase in the number of EB1 foci demonstrated that
more microtubules were present in survivin-depleted cells
and suggested an increase in the number of microtubules
nucleated from centrosomes. To test this directly, cells were
treated with nocodazole to depolymerize microtubules and
then washed to remove the drug and to allow regrowth of
centrosomal microtubules. By counting the number of EB1
foci stained with anti-EB1 emanating from centrosomes, an
accurate determination of microtubule nucleation could be
determined as described previously (Piehl et al., 2004; Tir-
nauer et al., 2004). We found a significant increase in the
number of EB1 foci after siRNA-mediated depletion of sur-
vivin compared with cells treated with a control siRNA
(Figure 3A), demonstrating an increase in the number of
centrosome-nucleated microtubules.

Expression of Survivin Suppresses Microtubule Dynamics
and Nucleation at Multiple Cell Cycle Phases
Based on the increase in microtubule dynamics and nucle-
ation observed in survivin-depleted cells, we reasoned that

elevated survivin levels would suppress these parameters.
To test this prediction, we first examined GFP-EB1 move-
ments in living COS-7 cells microinjected with a plasmid
encoding GFP-EB1 together with a plasmid encoding HA-
survivin or a control protein, �-galactosidase. As expected,
multiple GFP-EB1 foci emanated from the centrosome in
control �-galactosidase-expressing cells (Figure 4, A and B,
and Movie 5) and long GFP-EB1 tracks marking EB1 move-
ments over time were observed (Figure 4, B and D). When
the same cell was subsequently treated with taxol to sup-
press microtubule dynamics, GFP-EB1 movements were
abolished, and no GFP-EB1 foci or tracks of EB1 movements
were detected (Figure 4C and Movie 6). Survivin-expressing
cells revealed a phenotype similar to that of taxol-treated
cells. In many cells (�80%), no detectable GFP-EB1 foci were
observed and GFP-EB1 track projections yielded little to no
linear dimension (Figure 4E and Movie 7). GFP-EB1 levels
achieved in these experiments were roughly similar in all
cells examined (�11%; see below) and never approached
levels known to induce microtubule changes (Ligon et al.,
2003). Consistent with the decrease in the number of GFP-
EB1 foci, the number of centrosomal EB1 foci and hence the

Table 1. Microtubule dynamics in survivin-depleted cells

A

Avg. frequency rescue (s�1) Avg. frequency catastrophe (s�1)

Control siRNA 0.070 � 0.0148 0.025 � 0.0047
Survivin siRNA 0.094 � 0.0207 0.045 � 0.0044*
Aurora B siRNA 0.064 � 0.0464 0.023 � 0.0103
Hesperadin analogue 0.064 � 0.0270 0.030 � 0.0082
Hesperadin 0.069 � 0.0168 0.027 � 0.0120

B

Avg. time (%) Avg. growth rate (�m/s) Avg. shrink rate (�m/s) Dynamicity (dimer/s)

Control siRNA
Shrink 24.67 0.383 � 0.1167 0.920 � 0.2752 686.38
Pause 20.42
Growth 54.56

Survivin siRNA
Shrink 27.94 0.398 � 0.1258 0.852 � 0.2503 811.89*
Pause 19.80
Growth 52.43

Aurora B siRNA
Shrink 27.94 0.326 � 0.0598 0.817 � 0.2480 587.11
Pause 19.85
Growth 52.21

Hesperadin analogue
Shrink 30.38 0.338 � 0.1215 0.897 � 0.1715 634.55
Pause 21.94
Growth 47.68

Hesperadin
Shrink 22.77 0.391 � 0.0592 0.897 � 0.4081 618.12
Pause 19.80
Growth 57.42

(A) Catastrophe is increased in survivin-depleted cells compared with cells treated with control siRNAs or siRNAs targeting Aurora B (1.66-
to 1.99-fold increase, respectively; value indicated by asterisk). (B) The average time microtubules spent shrinking, pausing, or growing is not
significantly perturbed. There is no significant difference in growth or shrinkage rates in survivin-depleted cells compared with controls.
Dynamicity is increased in cells with depleted survivin. Here, dynamicity represents the exchange of dimer at the microtubule tip over time
(seconds); see Materials and Methods. Pauses represent periods between growth and shrinking or vice versa (�0.5-�m change). All data shown
were acquired from 25 microtubules in five cells per experimental condition. All differences described are statistically significant (t test;
p � 0.005).
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number of microtubules nucleated from centrosomes was
decreased (Figure 3B).

We next examined the effect of elevated survivin levels in
mitotic cells, where microtubules are more dynamic than
interphase cells (Rusan et al., 2001). We used living COS-7
cells overexpressing either survivin or �-galactosidase (con-
trol), and expressing similar levels of GFP-EB1. We found
that survivin-expressing cells had significantly less spindle-
associated GFP-EB1 and more cytoplasmic GFP-EB1, which
was reversed in control cells (Supplemental Figure 1). More-
over, survivin-expressing cells showed little to no detectable
microtubule growth, because most spindles (85%; n � 20)

contained a negligible number of organized GFP-EB1 foci
(Figure 4, F and G, and Movie 11). Although EB1 foci were
present in some spindles (�15%; n � 20), their number
never exceeded 10% of control levels (our unpublished
data). As expected, control cells showed multiple GFP-EB1
foci moving away from both spindle poles (Figure 4, F and
H, and Movie 10). Results from living cells were also con-
firmed in fixed cells. In control experiments, fixed �-galac-
tosidase-expressing cells contained organized bipolar spin-
dles with numerous EB1 foci (Figure 4, I–K). Conversely,
fixed cells expressing survivin had little to no spindle-asso-
ciated GFP-EB1 foci (Figure 4, L–N) and revealed small or
disorganized mitotic spindles as reported previously (Gio-
dini et al., 2002).

We next examined the effect of survivin on microtubule
dynamics during cytokinesis. In control cells expressing
�-galactosidase (Figure 5, A–C), GFP-EB1 foci in midbodies
were numerous (Figure 5A). They moved away from the
center of the midbody (the zone that does not stain for
microtubules at asterisk; Figure 5D, arrow; Gromley et al.,
2005) as well as toward the midbody center (Figure 5E,
arrow), showing that microtubules were growing in both

Figure 2. Survivin silencing increases the number of growing mi-
crotubules and decreases the duration of microtubule growth. (A
and B) Number of EB1 foci. GFP-EB1-expressing RPE cells were
transfected with control dsRNA (A) or survivin-specific S4 dsRNA
(B), and EB1 foci were examined in composite images made from
three consecutive frames of each movie (see Movies 3 and 4). (C)
GFP-EB1 foci, representing individual microtubules, are quantified
from fields covering 50–70% of a cell’s area (boxes in A and B) from
five cells in two separate experiments (C; each bar represents the
average number of EB1 tracks). (D and E) GFP-EB1 movements.
GFP-EB1-expressing RPE cells were transfected with control dsRNA
(D) or survivin-specific S4 dsRNA (E), and EB1 movements were
examined over 1-min (see Movies 3 and 4). All GFP-EB1 move-
ments, representing microtubule growth, are displayed as linear
tracings in D and E. The first 15 s of microtubule growth is repre-
sented in yellow, and the final 45 s is in red. Bar (E), 5 �m for D and
E. Examples of microtubules used for analysis are displayed as
green to blue instead of yellow to red. (F and G) Higher magnifi-
cation images of individual growing microtubules in D (control; VIII
transfectants) and E (survivin; S4 transfectants) at times indicated.
(H) Quantification of GFP-EB1 tracking distances after transfection
of dsRNA VIII (control) or survivin-directed S4 (survivin) oligonu-
cleotide. Length in micrometers. Data represent 10 measurements
from each of 10 cells from two separate experiments. Examples of
microtubules analyzed for H are shown as green (first 15 s) and blue
(next 45 s) in D and E. Bars (C and H) represent the mean � SD.

Figure 3. Survivin modulates the number of growing microtu-
bules emanating from the centrosome. (A) Maximum projection of
z-series taken of individual centrosomes in interphase RPE cells
treated with nocodazole and then allowed to regrow microtubules
for 2 min. Cells had been treated with either survivin-specific S4
dsRNA (A; left) or control dsRNA (A; right). Cells were stained by
immunofluorescence using an antibody to EB1 (red) and �-tubulin
(green) (A; left and right), and foci were quantified in each z-plane
and compared with adjacent planes to ensure that individual foci
were not counted multiple times (graph; A, far right). (B) Maximum
projection as in A where cells had been transduced either by pAd-
GFP-survivin (B; left) or pAd-GFP-survivin (B; right). Cells were
stained by immunofluorescence and quantified as in A (B; far right).
(C) Maximum projection as in A and B where cells had been treated
with either survivin-specific S4 dsRNA (C; left) or control dsRNA
(C; right) in the presence of hesperadin. Cells were stained by
immunofluorescence and quantified as in A and B (C; far right).
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directions at this site (better visualized in Movies 8 and 9).
These data suggest that midbody microtubules are highly
dynamic, of dual polarity, and undergo bidirectional growth
both toward and away from the midbody center. In compari-
son, GFP-EB1 foci in survivin-expressing cells (Figure 5, F and
H) were either undetectable or diminished in number. The
expressed survivin (Figure 5G) primarily accumulated with the
endogenous protein at the midbody (Li et al., 1999), suggesting
that this was the site of action of the ectopically expressed
protein. Consistent with previous observations (Uren et al.,
1999; Speliotes et al., 2000), survivin-expressing cells with re-
duced microtubule dynamics often failed cytokinesis and gen-
erated multinucleated cells (our unpublished data).

Expression of Survivin Stabilizes Microtubules in
Interphase and Mitosis
Because of its role in modulating microtubule dynamics, we
next asked whether survivin influenced microtubule stabil-
ity in fixed cell preparations. We expressed GFP-tagged
survivin in COS-7 cells using a replication-deficient adeno-
virus (GFP-survivin) (Mesri et al., 2001) and analyzed cul-
tures by fluorescence microscopy for acetylated tubulin (see
above). Interphase cells expressing GFP-survivin showed an
increase in the amount of acetylated tubulin compared with
GFP-expressing control cells (Figure 6, A–D). In addition,
cells in cytokinesis showed an increase in the amount of
actylated tubulin at midbodies when survivin levels were
increased (Figure 6, E–H). Moreover, survivin-expressing
interphase cells treated with the microtubule-depolymeriz-
ing agent nocodazole showed increased resistance to micro-
tubule depolymerization compared with controls (Figure
6K). Twenty minutes after nocodazole treatment, most mi-
crotubules were depolymerized in control cells (Figure 6I,
GFP), whereas microtubules persisted in survivin-express-
ing cells at this time (Figure 6J) and for an additional 40 min.

Depletion or Pharmacologic Inhibition of Aurora B
Kinase Does Not Affect Microtubule Dynamics or
Nucleation
To investigate the mechanism by which survivin modulates
microtubule dynamics and nucleation, we first tested whether
Aurora B perturbed microtubule dynamics when depleted by
RNAi. Aurora B depletion was achieved using siRNAs previ-
ously used in studies to deplete Aurora B (Hauf et al., 2003).
These effectively reduced Aurora B levels in RPE cells by
60–80% (Figure 7A). Reduction of Aurora B expression by
siRNA was associated with formation of binucleated cells pre-
sumably because of cytokinesis failure (Figure 7, B and C), in
agreement with published results. However, analysis of micro-
tubule stability using acetylated tubulin antibodies under these
experimental conditions revealed no significant differences be-
tween control and Aurora B siRNA-treated cultures (Figure 7,
D–F). To formally test whether Aurora B suppression by
siRNA affected microtubule dynamics, we used time-lapse im-
aging of stably transfected cells expressing GFP-labeled �-tu-
bulin. In these experiments, the frequency of microtubule res-
cue and catastrophe, the duration of microtubule pause,
growth and shrinking, and the rate of growth and shrinking
were indistinguishable from cultures treated with control (VIII)
or Aurora B-directed siRNA (Figure 8, A and B, and Table 1).
To independently validate these results, we used time-lapse
imaging of microtubule growth in living cells expressing GFP-
EB1. In these experiments, Aurora B suppression by siRNA did
not significantly alter microtubule growth distances and the
number of GFP-EB1 foci, compared with control (VIII)-
transfected cells (Figure 8, C and D). We also showed that
immunoprecipitation of survivin from logarithmically grow-
ing or mitotic HeLa cells did not pull down detectable Aurora
B, although the survivin-binding protein heat-shock protein of
90 kDa (Hsp90) effectively coimmunoprecipitated with sur-
vivin (Figure 8E, cells overexpressing survivin did not pull
down detectable levels of Aurora B; our unpublished data).
These biochemical experiments suggest that at least some sur-

Figure 4. Increased levels of survivin sup-
press microtubule growth in interphase and
mitotic cells. (A and B) Individual frames
from a movie of GFP-EB1 in an interphase
COS-7 cell coexpressing �-galactosidase
(control) showing multiple foci at time 0 (A)
that became more visible after growth (dis-
played as tracks that extend for long dis-
tances over 1 min; B; see Movie 5). First 15 s
of microtubule growth are in yellow, and last
45 s are in red. (C) Taxol treatment. The same
cell as in B treated with 10 �M taxol for 31
min; no detectable GFP-EB1 foci are seen (see
Movie 6). (D) Higher magnification of a
growing microtubule in B at 0, 30, and 60 s of
filming. (E) Suppression of microtubule dy-
namics by survivin. Cell coexpressing sur-
vivin and GFP-EB1 showing no detectable
GFP-EB1 foci (see Movie 7). (F) Quantifica-
tion of spindles with detectable GFP-EB1 foci
(or short tracks) in living cells expressing
�-galactosidase or survivin. Data are the av-
erage of two separate experiments. n � 20
cells per bar. (G and H) Individual frames
from movies of GFP-EB1 in mitotic cells ex-

pressing either survivin (G; see Movie 11) or � galactosidase (H; see Movie 10). Bar (C), 5 �m for A–H. (I–N) Cells coexpressing GFP-EB1
together with �-galactosidase (I–K) or survivin (L–N) were analyzed for GFP-EB1 foci (I and L), �-galactosidase and HA-survivin expression
(J and M), or microtubules (K and N). Insets, DNA labeled with DAPI. For all injection studies, an average of 91% of cells survived injections,
and 96% of those expressed both GFP-EB1 and either survivin or �-galactosidase at levels that do not affect microtubule dynamics or
organization (survivin). Bar (N), 10 �m for I–N.
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vivin was not bound to Aurora B kinase in HeLa cells under
these conditions, a result different from studies done in Xeno-
pus extracts or cells ectopically expressing the proteins (see
Discussion) (Bolton et al., 2002; Beardmore et al., 2004, Temme et
al., 2005).

Because recent data suggests that depletion of Aurora B
can affect the cellular levels of survivin and vice versa
(Honda et al., 2003), we used the pharmacologic agent hes-
peradin to inhibit the activity of the kinase as done previ-
ously (Hauf et al., 2003). Treatment with hesperadin dramat-
ically reduced phosphorylation of the Aurora B target
protein histone H3 compared with cells exposed to an inac-
tive hesperadin analogue (Figure 9A). Hesperadin induced
defects in spindle organization and chromosome alignment
(17/17 spindles and 0/10 controls; Figure 9, B–D). Spindles
were usually more narrow and sometimes longer than con-
trols, and the two halves of the spindles were misoriented in
that they were not aligned 180° from one another but cres-
cent shaped. Chromosomes were often positioned outside
the area occupied by spindle microtubules (Figure 9, C and
D). The spindle defects in hesperadin-treated cells were
distinct from those observed in survivin-expressing cells,
where spindles were often shortened in the pole-to-pole
dimension but had normally aligned chromosomes (Figure
4G) (Giodini et al., 2002). The different spindle disruption
phenotypes suggested that Aurora B and survivin affected
spindles by different mechanisms, providing additional sup-
port for the idea that these proteins functioned indepen-
dently and not as members of a common protein complex.

Cells treated with either hesperadin or the inactive analogue
showed no differences in the rates of microtubule growth or
shrinking, the duration of microtubule growth, shrinking or
pause, the frequency of microtubule catastrophe, or rescue
as collectively measured by time-lapse and fixed cell imag-
ing of GFP-� tubulin or GFP-EB1 (Figure 9, B–F, and Table
1). Moreover, hesperadin treatment of survivin-depleted
cells showed no effect on microtubule nucleation, suggesting
that there was no contribution of Aurora B in the context of
reduced survivin (Figure 3C). This was consistent with our
data showing that survivin depletion did not significantly
affect Aurora B levels and vice versa (Figure 7A; see Discus-
sion). Together with data from the Aurora B depletion ex-
periments, these results show that inhibition of Aurora B
activity or levels has no effect on microtubule dynamics
despite induction of dramatic defects in mitosis under both
conditions. The microtubule dynamics and nucleation
changes seen in cells with altered survivin levels seem to be
independent of Aurora B and could be induced by a fraction
of survivin that is not associated with the chromosomal
passenger complex or by survivin within the complex.

DISCUSSION

In this study, we have shown that survivin functions as a novel
regulator of microtubule dynamics and microtubule nucleation
throughout the cell cycle and that this pathway is independent
of the expression or activity of the chromosomal passenger
protein Aurora B. Time-lapse imaging of living cells using two

Figure 5. Increased levels of survivin sup-
press microtubule growth in midbodies dur-
ing cytokinesis. (A–C) GFP-EB1 staining at
midbodies in telophase cells expressing con-
trol protein (�-galactosidase) or survivin (F–
H). Midbody GFP-EB1 labeling is significant
in control cells (A–C), with movements (rep-
resenting microtubule growth) both away
from the central midbody region (D; arrow)
and toward the central midbody (E; arrow)
(see Movies 8 and 9). Schematic in D shows
midbody region examined in this figure. In
survivin-expressing cells (F–H), little GFP-
EB1 labeling is observed at the midbody (F)
although the cell is at a similar stage of cyto-
kinesis to that in A. Insets (A–C and F–H),
DNA labeled with DAPI. Images in A and F
represent enlargements of midbodies seen in
B and G, respectively. Bar (H), 10 �m for B, C,
G, and H and 5 �m for A and F. Bar (E), 5 �m
for D and E.
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independent GFP-labeled microtubule markers, the plus-end
protein EB1 and �-tubulin, combined with quantitative analy-
sis of multiple parameters of microtubule dynamics revealed
that survivin affected rates of microtubule catastrophe and the
degree of centrosomal microtubule nucleation.

Our results are consistent with a role for survivin in
microtubule dynamics and microtubule nucleation indepen-
dent of at least one protein of the chromosomal passenger
complex (Aurora B) for several reasons. First, we found no
effect on microtubule dynamics or nucleation when Aurora
B was pharmacologically inactivated during a short incuba-
tion periods (up to 6 h), even though inhibitory activity
dramatically affected spindle function. Second, inhibition of
Aurora B activity or depletion of Aurora B levels produced
spindle phenotypes dramatically different from survivin-
depleted or -overexpressing cells. Third, survivin affected
microtubule dynamics and nucleation in interphase when
Aurora B is thought to be absent or drastically reduced.
Fourth, our previous studies show that survivin is in mul-
tiple separate compartments within cells (Fortugno et al.,
2002), whereas Aurora B and other chromosomal passenger
proteins have not been localized to these other sites. Fifth,
our biochemical studies suggest that cells possess a fraction
of survivin that is not physically associated with the chro-
mosomal passenger complex and even if it was in the com-
plex, survivin could still affect microtubule dynamics and
nucleation independent of other members of the complex.

A Unifying Model for the Multiplicity of Survivin
Phenotypes?
The work in this manuscript provides new mechanistic in-
sights into the complex functions of survivin at multiple cell
cycle stages. We propose a model in which survivin modula-
tion of microtubule dynamics and nucleation contributes to
microtubule-based functions at multiple cell cycle stages and at
all cellular sites to which the protein is localized. In this model,
survivin could modulate the organization and/or function of
mitotic spindles (Li et al., 1999; Giodini et al., 2002; Okada et al.,
2004), the spindle checkpoint (Carvalho et al., 2003; Lens et al.,
2003), midbody activities (Adams et al., 2001), centrosome-
mediated microtubule nucleation and organization (Li et al.,
1999), and interphase microtubule-based processes.

Two Pathways to Regulate Microtubule Dynamics
The mitotic function of survivin is thought to be related to its
localization to kinetochores, and in particular its association
with at least some “chromosomal passenger proteins” (Wheat-
ley et al., 2001). In addition to its potential involvement in
proper kinetochore attachment, central spindle formation, and
cytokinesis, the chromosomal passenger complex has been
more recently implicated in a Ran-GTP-independent pathway
of bipolar spindle assembly via Aurora B inhibitory phosphor-
ylation of the microtubule-depolymerizing activity of the Kin I
kinesin MCAK. It remains possible that survivin indirectly

Figure 6. Increased levels of survivin in-
crease microtubule stability. (A and B) Sur-
vivin increases acetylated tubulin content.
COS-7 cells transduced by pAd-GFP (A) or
pAd-GFP-survivin (B) were stained by im-
munofluorescence using an antibody to a sta-
bilized acetylated form of �-tubulin. Bar (B),
5 �m for A and B. Individual cells outlined.
(C and D) Quantification of acetylated tubu-
lin signal in individual cells (C; total inte-
grated fluorescence of a single representative
experiment) and in all cells (D; expressed as
an average, n � 2 � 103 measurements from
optical sections taken from �200 cells/bar).
All data for A–D were acquired from inter-
phase cells). (E and F) Survivin increases
acetylated microtubules at midbodies. Cells
were transduced with pAd-GFP (E) or pAd-
GFP-survivin (F) and analyzed with an anti-
body to acetylated tubulin by fluorescence
microscopy. Bar (F), 5 �m for E and F. (G and
H) Quantification of acetylated tubulin signal
at midbodies in individual cells (G) or whole
cell population (H). (I and J) Nocodazole re-
sistance. Cells were transduced with pAd-
GFP or pAd-GFP-survivin, exposed to no-
codazole for 20 min (I and J), and analyzed
for �-tubulin staining by fluorescence mi-
croscopy. I and J represent high-magnifica-
tion images of cells acquired from random
fields for analysis. Bar (J), 5 �m for I and J. (K)
Quantification of nocodazole resistance of
microtubules (�-tubulin staining) in cells ex-
pressing GFP or survivin at 20 min. Fluores-
cence intensity is in arbitrary units.
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regulates MCAK activity, and therefore microtubule stability,
at the kinetochore. However, our data argue for the existence of
a separate, survivin-selective/specific pathway for modulating
microtubule dynamics. For example, the complex could be
selectively involved in modulating microtubule stability at ki-
netochores, whereas survivin could participate in more global
mechanisms of spindle assembly/function, midbody function
and interphase microtubule nucleation/organization. The dif-
ferences in the ability to detect an interaction of Aurora B and
survivin observed by different investigators will require further
investigation. It is possible that these differences reflect an
interaction that is labile or transient. In any case, we think that
the ability of survivin to modulate microtubule nucleation and
dynamics in an Aurora B-independent manner could be
achieved whether the protein is alone or in a complex with
Aurora B and other members of the chromosomal passenger
complex.

Survivin as a Dual-Function Protein
The IAP gene family is comprised of two classes of molecules,
one implicated in cell division and a second that suppresses
apoptosis via inhibition of caspase maturation and/or activity.
However, as a structurally unique IAP family member, sur-
vivin is an apparent exception to this rigid definition, and
accumulating evidence indicates a role for the protein in both
functions (Altieri, 2003). Survivin seems to inhibit apoptosis
through a pathway centered on intermolecular cooperation

with cofactors (Marusawa et al., 2003) and dynamic subcellular
shuttling of a mitochondrial pool of survivin. The role of sur-
vivin in mitotic control has remained controversial. Although
survivin is unanimously viewed as indispensable for cell divi-
sion, given the panoply of catastrophic mitotic defects induced
by functional abrogation of the protein, the mechanism of

Figure 7. Aurora B silencing has no detectable effect on microtu-
bule dynamics. (A) RPE cells were transfected with a survivin-
specific siRNA or an Aurora B-specific siRNA, harvested 48 h later,
and analyzed by immunoblotting. (B) Binucleated cells were quan-
tified 24 and 48 h after transfection of Aurora B and control siRNAs
(n � 300 cells/bar). (C) Image showing two binucleated cells after
treatment with Aurora B siRNA (arrows). Nuclei, blue, microtu-
bules, red. (D) Quantification of microtubule acetylation following
Aurora B or control siRNA treatment (n � 200 cells for each bar). (E
and F) Images of acetylated microtubules in cells treated with
Aurora B (E) or control (F) siRNAs. Nuclei, blue, acetylated micro-
tubules, red. Bar (C), 5 �m; bar (F), 5 �m for E and F.

Figure 8. Aurora B silencing has no detectable effect on microtu-
bule dynamics. (A and B) RPE cells stably expressing GFP �-tubulin
were transfected with Aurora B (B) or control (A; VIII) siRNAs.
Images of microtubules in interphase cells were acquired every 3 s,
and the resulting time-lapse movies were used to construct history
plots of individual microtubules. No significant differences were
observed in microtubule catastrophe or rescue frequencies (6 micro-
tubules from 2 cells are shown), the duration of microtubule pause,
growth or shrinking, or the rate of microtubule growth or shrinking
(see Table 1). (C and D) Silencing of Aurora B has no detectable
effect on the distance traveled for GFP-EB1 foci (C; tracking dis-
tances) or the number of GFP-EB1 foci per unit area (D) (n � 16
microtubules from 3 or more cells for each bar). See legends to
Figures 1 and 2 and Table 1 for more details. (E) Survivin was
immunoprecipitated from asynchronous cultures of HeLa cells us-
ing previously characterized antibodies (Giodini et al., 2002) and
probed for survivin, Hsp90 and Aurora B as indicated. Although
Aurora B can be detected in the cell lysates it is undetectable in the
survivin immunoprecipitation. IgG is nonimmune rabbit IgG used
for immunoprecipitation control. Asterisk (*) represents the IgG band.
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mitotic disruption and the cell cycle stages regulated by this
protein are unclear. Our results suggest that the complex series
of interphase and mitotic defects induced by changes in sur-
vivin levels are modulated through its ability to control micro-
tubule nucleation and dynamics.

Survivin-dependent Changes in Microtubule Dynamics
during Cytokinesis
Our data demonstrate a role for survivin in cytokinesis, which
was originally proposed by analogy with ancestral IAP pro-
teins in model organisms (Speliotes et al., 2000) and by obser-

vations linking survivin depletion to regression of cleavage
furrow (Chen et al., 2000). In this study, we first show that
midbody microtubules are highly dynamic in normal cells, a
surprising result given the apparent static nature and high
stability of this population of microtubules (high level of acety-
lated tubulin). Moreover, we show that microtubules grow
toward the central midbody as might be expected, but also
away from the midbody. This suggests the presence of several
microtubule populations at this site. They could arise from
overlapping microtubules of the central spindle (plus ends at
center), cytoplasmic microtubules that subsequently invade the
midbody, or midbody-generated microtubules possibly nucle-
ated by �-tubulin at the central midbody. Further studies will
be required to elucidate the functions of these populations of
midbody microtubules. The dynamics of these microtubule
populations is severely inhibited when survivin levels are al-
tered, and this may account for the observed cytokinesis de-
fects.

Survivin-dependent Changes in Microtubule Dynamics in
Interphase
An important conclusion of this study is that the effect of
survivin depletion or overexpression on microtubule dynamics
was not restricted to mitosis but occurred throughout multiple
cell cycle phases, including interphase. There is already con-
vincing evidence that survivin expression may be induced
outside mitosis, and this has been experimentally validated for
cytokine-stimulated hematopoietic progenitors, angiogenic en-
dothelial cells, and tumor cells where survivin is abundantly
overexpressed at all cell cycle phases (Altieri, 2003). This may
reflect distinct transcriptional mechanisms of survivin gene
expression at different cell cycle phases, as exemplified by the
recently reported role of E2F family proteins at inducing sur-
vivin expression at the G1/S transition. Accordingly, the ability
of survivin to control microtubule dynamics at multiple cell
cycle phases may have dramatic repercussions for cancer cells,
promoting aneuploidy at cell division but also potentially al-
tering cell polarity through disruption of microtubule dynam-
ics and nucleation in interphase. Moreover, the interphase ef-
fects of survivin on microtubules provide additional evidence
for an Aurora B-independent activity because the kinase is
thought to be mitosis specific.

In summary, our data demonstrate that survivin functions
in a continuum throughout multiple cell cycle phases and its
role is centered on the regulation of microtubule dynamics
and nucleation. The independence of this pathway from
Aurora B kinase expression and activity suggests that it may
provide a novel mechanism of microtubule regulation in
both mitotic and interphase cells, and a potential critical
point of intervention for molecular antagonists of survivin
as rational anticancer agents (Altieri, 2003). The overexpres-
sion of survivin in nearly every human tumor underlines the
importance of this endeavor.
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