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Abstract Survivin is a member of the inhibitor of apoptosis (IAP) gene family, containing a single baculovirus IAP
repeat (BIR) and no RING ®nger, that is expressed in many human cancers. Although it has been proposed to be involved
in mitotic and cytokinetic processes, its functional subcellular distribution in the cytoplasm and nucleus, and its binding
to centrosomes, spindle ®bers, and centromeres in relation to these processes, is not fully resolved. We have analyzed
the localization of Survivin in normal (Detroit 551, IMR-90) and tumor-derived (HeLa, Saos-2) cell lines, and found that
it does colocalize with centrosomes in the cytoplasm during interphase, then moves to centromeres during mitosis, and
®nally localizes to the midbody spindle ®bers during telophase. However, Taxol, a popular microtubule stabilizing
agent that is frequently used in the study of these processes, severely disrupted the localization of Survivin. Taxol
treatment of cells promoted extensive relocalization of Survivin with a-tubulin on microtubules during either interphase
or mitosis. Survivin antisense oligonucleotide markedly sensitized HeLa cells to cell death induced by agents acting at
the level of cell surface receptor (Fas pathway) or at the level of mitochondria (etoposide). HeLa cell death induced by
Survivin antisense oligonucleotide could be partially complemented by Deterin, the Drosophila homolog of Survivin
(Jones et al. [2000] J. Biol. Chem. 275:22157±22166). Reciprocally, a chimera of the Deterin BIR domain and Survivin
C-terminus could rescue Drosophila Kc cells from death induced by transfection of a human caspase-7-expressing
plasmid. These results indicate common components of Survivin and Deterin antiapoptotic action in the vertebrate and
invertebrate phyla. J. Cell. Biochem. 83: 342±354, 2001. ß 2001 Wiley-Liss, Inc.
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Faithful replication and propagation of
genetic material by cells to their progeny thro-
ugh cell division, as well as the delicate balance
between cell proliferation and apoptotic cell

death, are two important factors in mainte-
nance of cell and tissue homeostasis. Inhibitors
of apoptosis (IAP) proteins [Bergmann et al.,
1998] were ®rst discovered in baculoviruses
[Crook et al., 1993] and then identi®ed in both
vertebrate and invertebrate cellular systems
[Hay et al., 1995; Rothe et al., 1995; Duckett
et al., 1996; Liston et al., 1996; Fraser et al.,
1997]. These proteins are typically character-
ized by 2±3 baculovirus IAP repeats (BIR) and a
RING ®nger motif [LaCasse et al., 1998;
Deveraux and Reed, 1999]. However, the role
and mechanisms of action of the IAPs in
apoptosis and normal cell physiology is poorly
understood. Some IAPs such as MIHA/XIAP/
HILP, MIHB/C-IAP-1/HIAP-1, MIHC/c-IAP-1/
hIAP2, MIHC/cIAP-2/hIAP1 [Rothe et al., 1995;
Duckett et al., 1996; Liston et al., 1996; Uren
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et al., 1996] and Drosophila DIAP1 [Hay et al.,
1995; Meier et al., 2000] are able to inhibit
caspase-mediated apoptosis directly or indir-
ectly. On the other hand, the BIR-containing
proteins from C. elegans and yeast seem to
function primarily in mitosis and cell division
rather than apoptosis [Fraser et al., 1999;
Rajagopalan and Balasubramanian, 1999; Uren
et al., 1999; Yoon and Carbon, 1999; Speliotes
et al., 2000]. Recently human Survivin and
Drosophila Deterin, novel members of the IAP
family containing a single BIR and no RING
®nger, were found to be expressed in fetal or
embryonic and larval tissues, respectively
[Ambrosini et al., 1997; Jones et al., 2000].
Survivin has been detected in most common
human cancers but not in most adult differ-
entiated tissues [Ambrosini et al., 1997; Adida
et al., 1998]. In both the human and Drosophila
systems, the respective Survivin and Deterin
were shown to be capable of inhibiting caspase-
mediated apoptosis in human and insect cells,
respectively, and a chimera of Survivin BIR
domain and Deterin C-terminal domain was
partially active in the insect cells [Jones et al.,
2000].

Experimental inquiries into a role of BIR-
containing proteins in cell division have asses-
sed immunocytological evidence on the subcel-
lular localization of the proteins with respect to
the mitotic and cytokinetic structures. Thus far
somewhat contradictory evidence concerning
Survivin localization has been reported from
the various (primarily tumor-derived) model
tissues and cell lines used. In tumor tissues,
Survivin has been localized to the cytoplasm of
tumor cells of lung adenocarcinoma, lung
squamous cell carcinoma, pancreatic adenocar-
cinoma, high grade non-Hodgkin's lymphomas
[Ambrosini et al., 1997], breast carcinomas
[Tanaka et al., 2000], neuroblastoma [Adida
et al., 1998], BCC tumor cells [Grossman et al.,
1999], and gastric tumor cells [Lu et al., 1998].
In contrast, Survivin was detected primarily in
the nucleus with only weak cytoplasmic stain-
ing in human hepatocellular carcinomas [Ito
et al., 2000].

With respect to cancer-derived cell lines,
published studies have primarily used the
human cervical adenocarcinoma cell line
(HeLa). In a series of reports, Survivin localiza-
tion in mitotic cells was determined to coincide
with g-tubulin on centrosomes [Li et al., 1999]
and with b-tubulin on spindle ®bers and mid-

body at prophase, metaphase, anaphase, and
telophase [Li et al., 1998; O'Connor et al., 2000].
During interphase, Survivin staining was
detected on cytoplasmic microtubules and the
microtubuleorganizingcenter (MTOC)[Lietal.,
1998]. Alternatively, Uren et al. [2000] and
Skou®as et al. [2000] reported no detectable
Survivin in interphase HeLa cells, no signi®-
cant colocalization with b-tubulin between
interphase and metaphase, and primarily a
centromeric localization at metaphase. In an-
other contrasting report, Survivin in human
hepatoma cell lines HepG2 and SK-VE2, was
reported to be primarily in the cytoplasm
[Suzuki et al., 2000a,b], and was either retained
in the cytoplasm under serum-free conditions of
G1 arrest [Suzuki et al., 2000b] or translocated
to the nucleus under conditions of Fas antibody-
stimulated cell proliferation [Suzuki et al.,
2000a]. It is as yet unclear which of the patterns
of Survivin localization, if any, applies to non-
cancerous human cells. Although, in C. elegans
staining of the related protein BIR-1 yet further
differs from the above cancer cell line outcomes
in that BIR-1 staining overlaps with the more
general chromosomal staining rather than the
speci®c centromeric (kinetochore) region [Spe-
liotes et al., 2000].

The occurrence of Survivin in so many human
cancers has engendered much excitement on
the prospects of Survivin as a target for thera-
peutic strategies in prognosis or treatment of
cancer. Possible strategies include generation of
Survivin-speci®c CD8� T effector cells pulsed
with Survivin peptides [Schmitz et al., 2000].
Antisense approaches using Survivin antisense
cDNA [Ambrosini et al., 1998; Li et al., 1998;
Grossman et al., 1999], or Survivin antisense
oligonucleotides containing 20-O-methoxylethyl
modi®cations but natural phosphodiester
linkages [Chen et al., 2000], or with phosphor-
othioate linkages instead of natural phospho-
diester linkages [Olie et al., 2000], or both
modi®cations [Li et al., 1999] have been shown
to interfere with Survivin action. These results
have raised the prospect that antisense mediat-
ed down-regulation of Survivin may sensitize
tumor cells to chemotherapy [Olie et al., 2000],
although few studies have yet indicated such
sensitization [Grossman et al., 2001].

To further identify the Survivin subcellular
distribution and to determine whether the
distribution in noncancerous model cells is
similar to that seen in cancer-derived human
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model cell lines, we have examined Survivin
subcellular distribution in each stage of mitosis
of cultured normal human cells and human
cancer cell lines. We also used Survivin anti-
sense oligonucleotides to further evaluate Sur-
vivin interference as a target for inducing
cancer cell death or sensitization of cancer cells
to other therapeutic agents. Finally, we provide
evidence for functional similarity of Survivin-
and Deterin-antiapoptotic pathways in human
and Drosophila cells.

MATERIALS AND METHODS

Cell Culture

Hela cells, Detroit 551 and IMR-90 cells, CHO
and NIH3T3 cells (all from American Type
Culture Collection), and SaoS-2 (maintained
by Dr. Karl MuÈnger, Department of Pathology,
Harvard Medical School), were maintained in
DMEM (Sigma, St Louis, MD) at 378C, 5% CO2

supplemented with 2 mM glutamine, 100 U/ml
penicillin-streptomycin solution, 1�MEM non-
essential amino acid solution, 1�MEM vitamin
solution, and 10% heat-inactivated fetal bovine
serum (all from Life Technologies, Grand
Island, NY) and 2 g/ml D (�) glucose.

Immunocytochemistry

Cells were directly cultured on glass cover-
slips in a 6-well culture plate, rinsed with
phosphate-buffered saline (PBS) three times
and ®xed with 4% paraformaldehyde for 20 min.
The cells were then permeated with 2% Triton-
X 100 for 15 min and blocked by 10% normal
horse serum. These cells were incubated with
1:50 rabbit polyclonal Survivin antibody (Novus
Biologicals, Littleton, CO) and 1:300 mouse
monoclonal a-tubulin antibody. We only de-
tected a single, apparently full length Survivin
protein using this antibody [Conway et al.,
2000]. In other experiments the ®xed and
permated cells were coincubated with 1:50
rabbit polyclonal Survivin antibody and
1:2,000 CREST human anti-kinetochore anti-
body (kindly provided by Dr. Frank McKeon,
Harvard Medical School). Polyclonal antiserum
against an insect serum storage protein [aryl-
phorin, Jones et al., 1993] served in some
experiments as a negative control. After incuba-
tion overnight at 48C and then washing with
PBS, cells were reacted with 1:300 anti-rabbit
IgG TRITC (Sigma) and 1:250 anti-mouse IgG
FITC or with 1:300 anti-rabbit IgG TRITC and

1:150 anti-human IgG FITC (Vector Labora-
tories, Burlingame, CA) at 378C for 2 h. Finally,
the cell chromosomes were stained with DAPI
for 5 min and the triply stained cells were
observed and photographed with a Nikkon E800
Eclipse ¯uorescence microscope.

Cell Treatment With Taxol Treatment

Cells were directly grown on glass coverslips
and treated with 13 mg/ml Taxol (Sigma, St
Louis, MD). After 24 h the cells were collect-
ed and subjected to indirect immunocyto-
chemistry.

Immunoblotting

Cells were washed and extracted with cell
lysis buffer containing 0.1% SDS, 1 mM DTT in
PBS. One hundred micrograms of protein per
lane were electrophoresed on a 12% SDS±
polyacrylamide gel and electroblotted to nitro-
cellulose membrane (Schleicher & Schuell, Inc.,
Keene, NH) at 15 V for 20 min at room
temperature (RT). The membrane was blocked
in 5% skim milk for 1 h, washed and incubated
with 2 mg/ml rabbit anti-Survivin polyclonal
antibody (or the same concentration of rabbit
anti-storage protein antibody) and 1:2,000
mouse anti-a-tubulin monoclonal antibody in
5% skim milk at room temperature for 2 h or at
48C overnight. After washing with PBS, blots
were reacted with 1:1,000 alkaline phosphatase
goat anti-rabbit IgG (Southern Biotechnology
Associates, Birmingham, AL) or 1:1,000 alka-
line phosphatase horse anti-mouse IgG (Vector
Laboratories, Burlingame, CA) in 5% skim milk
for 1 h. After washing in PBS and blocking with
Tris±NaCl±CaCl2 solution (pH 9.5) for 20 min,
bands were visualized by NBT/BCIP solution
(Boehringer-Mannheim, Germany).

Cell Transfection

Oligonucleotides for interference with Survi-
vin messenger RNA expression were adapted
from Li et al. [1999], except that natural
phosphodiester bonds were preserved and
there were no 20-O-methoxyethyl modi®ca-
tions (Survivin antisense oligonuleotide: 50-
TGTGCTATTCTGTGAATT and negative con-
trol oligonucleotide: 50-TAAGCTGTTCTATG-
TGTT). HeLa cells (1.5� 105) were plated onto
each cover slip in a 6-well culture plate. After
24 h cells were transfected with 1.8 mg ¯uor-
escein-conjugated control or negative control
oligonucleotides and/or 1.5 mg of an expression
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vector construct. The expression constructs
used were either pcDNA3 vector, pcDNA3
encoding the full length Survivin cDNA,
pEGFPC1 vector, or pEGFPC1 encoding either
Survivin or Deterin. Transfections of HeLa cells
were performed using LipofectAmine (Life
technologies, Grand Island, NY) according to
the instructions of the manufacturer. The cell
transfection ef®ciency was about 60±70% as
estimated by FAScan. In some HeLa cells
transfections, 24 h after transfection with
300 nM Survivin antisense or control oligonu-
cleotides, cells were treated with 100 ng/ml
mouse anti-human Fas (Clone 11) antibody
(Upstate Biotechnology, Lake Placid, NY) and/
or 100 nM etoposide (Sigma). In all HeLa cell
transfections, 48 h after transfection, the super-
natant was removed and cells were either
stained with 0.4% trypan blue (Life Technolo-
gies, Grand Island, NY) or were stained with In
Situ Cell Death Detection Kit, TMR red (Boeh-
ringer Mannheim, Indianapolis, IN). Brie¯y,
cells were ®xed with 2% paraformaldehyde for
60 min at room temperature and rinsed with
PBS and incubated in permeabilisation solution
(0.1% Triton-X, 0.1% sodium citrate) for 2 min in
ice. The cells were washed twice with PBS and
incubated with TUNEL reaction mixture for
60 min at 378C in a humidi®ed box in the dark,
and washed twice with blocking buffer PBS/
Triton/BSA. Finally the cell nuclear DNA was
stained with 0.5 mg/ml DAPI for 5 min.

Three randomly chosen ®elds of each well
were photographed and the ratio of trypan blue-
positive or apoptotic cells (chromatic condensa-
tion, fragmentation, wrinkling of nuclear mem-
brane) to total counted cells from three wells
were calculated under a light microscope or a
¯uorescence microscope, as appropriate. The
experiment was performed with three replica-
tions. In other experiments, HeLa cells were
transfected with serial concentrations (50, 150,
and 300 nM) of Survivin antisense or control
oligonucleotides by the above described method.
After 48 h, cells were collected with trypsin/
EDTA and subjected to immunoblotting to
determine the level of endogenous Survivin.

For transfection of insect cells, �2.3� 106 Kc
cells (grown in Schneider's medium) were
seeded to 6-well dishes in 2 ml medium. The
DNA constructs were transfected into the cells
using CellFECTIN reagent (Life Technologies,
Grand Island, NY) in accordance with company
instructions. As a control, 2 mg of empty pIE 1±4

expression vector was transfected alone, and
the empty vector was also used to equalize the
total DNA amount in each well to 2.3 mg. Other
cells were transfected with 1 mg pIE1±4 encod-
ing human caspase-7 and/or 1 mg encoding a
chimera of the N-terminal BIR region of Deterin
and the C-terminus of Survivin [Jones et al.,
2000]. All treatments also included 0.3 mg of
pIE1±4 expression vector encoding beta galac-
tosidase to be used as a reporter. Approximately
56 h after transfection, the number of surviving
transfected cells in each well was determined by
staining the cells with X-Gal and counting the
blue cells in a transect across the middle of each
well. Or, the cells were stained with an In Situ
Cell Death Detection Kit and apoptotic cells
counted under ¯uorescent microscopy. Each
treatment was replicated three times and all
results are reported as mean and standard
error.

RESULTS

Changes in Localization of
Endogenous Survivin

First, we determined the mitotic structures
on which Survivin was localized during mitosis
of human cancer cell lines (SaoS-2 and HeLa).
In late interphase or early prophase the stron-
gest Survivin localization was as an adjacent
pair of cytoplasmic foci that localized closely to
two strongly staining a-tubulin foci (Fig. 1A,
inter/pro; see also Fig. 1, inset). Commencing
abruptly with prometaphase, Survivin moved
into the nucleus and became focussed at
numerous spots. At metaphase, the great majo-
rity of Survivin staining was on the chromo-
somes at the metaphase plate. Very little
Survivin at metaphase appeared to colocalize
with a-tubulin (Fig. 1A, Meta). During ana-
phase I, a portion of the Survivin staining
remained associated with each of the two
separating groups of chromosomes, while an-
other portion appeared at the midplate region
(Fig. 1A, Ana I). By anaphase II Survivin did not
appear to be speci®cally associated with chro-
mosomes, the staining being at the developing
midplate region and, consistently, in part gen-
erally dispersed in a pattern not coinciding with
chromosomal foci or ®bers of a-tubulin staining
(Fig. 1A, Ana II). In early telophase Survivin
staining was in the interfaces of two separating
daughter cells (Fig. 1A, Telo I) and then the
midbody between two separated daughter cells
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(Fig. 1A, Telo II). Similar results were observed
in another cancer cell line, Saos-2 cells (data not
shown).

Next, we assessed whether Survivin exhib-
ited the same localization as above in noncan-
cerous human cell lines, i.e., normal human

lung ®broblast-like cells (IMR-90 and Detroit
551 cells). We observed that in Detroit 551 cells
most Survivin during prometaphase and meta-
phase was not distributed on a-tubulin micro-
tubules, but rather as discrete spots coinciding
with chromosomes (Fig. 1B, Prometa and Meta).

Fig. 1. Survivin localization during the cell cycle. A: Cancer
cell line (HeLa) and (B) normal cell line Detroit 551 cells were
stained with anti-Survivin and anti-a-tubulin antibodies, and
with DAPI, to visualize Survivin (red), a-tubulin (green), and
chromosomes (blue), respectively. Inter/pro (Interphase or early
prophase), prometaphase (Prometa), metaphase (Meta), early

anaphase I (Ana I), late anaphase II (Ana II), early telophase I
(Telo I), and late telophase II (Telo II). Inset shows close up of
merged imaged in Figure 1A, inter/pro, showing that the two
foci of a-tubulin and Survivin, while very closely juxtaposed, are
not coincident.
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(In contrast, we have observed that in mouse
NIH 3T3 cells, most Survivin widely colocalized
with a-tubulin at metaphase, data not shown).
Then, at anaphase Survivin disappeared from
the chromosomes and localized toward the
region of the midbody, but not localizing with
a-tubulin generally (Fig. 1B Ana). During
telophase, Survivin speci®cally localized to the
midbody at the interface of two separating sister
cells (Fig. 1B Telo I, II). The same distribution
during the cell cycle was detected in another
human normal cell line, IMR-90 cells (data not
shown). No staining was detected in negative
controls treated with either rabbit anti-storage
protein antibody or by omission of the Survivin
or tubulin primary antibodies.

Co-Localization of Survivin and Kinetochore
During Early Mitosis

The above results showed that during transi-
tion from prophase to metaphase, Survivin
stained in numerous foci in the region of
the chromosomes, although the Survivin was
clearly not generally dispersed along the chro-
mosomes as reported to occur in C. elegans
[Speliotes et al., 2000]. This distribution sug-
gested a possible centromeric localization, simi-
lar to that known for kinetochores, a possibility
which we tested with CREST anti-kinetochore

antibody. Indeed, staining was partially over-
lapping with kinetochore staining from pro-
phase through early anaphase in Detroit 551
cells (Fig. 2). Similar patterns of staining were
obtained in the HeLa cancer cell line (data not
shown).

Relocation of Survivin With
Taxol Treatment

The above results showed that subsequent
to interphase/early prophase, at no time dur-
ing the mitotic cycle of two normal or two
cancer-derived cell lines did Survivin generally
colocalize with a-tubulin. These results appear
different than those reported by Li et al. [1998]
and O'Connor et al. [2000], who observed
marked codistribution of Survivin and b-tubu-
lin microtubules in HeLa cells from prophase
through metaphase. One difference in experi-
mental methods is that in those previous
studies, HeLa cells were treated with Taxol to
stabilize microtubules before the immunocyto-
logical analyses, whereas in our studies cells
were not Taxol treated. To investigate the
distribution of Survivin under conditions of
Taxol treatment, we also treated the four cell
lines with 13mg/ml Taxol for 24 h before staining
with Survivin, a-tubulin, and DAPI. Under
these conditions,�70% of the cells are in mitosis

Fig. 2. Co-localization of Survivin and kinetochores during
mitosis. Detroit 551 cells were stained with anti-Survivin, anti-
CREST (kinetochore), and DAPI to visualize Survivin (red),
kinetochores (green), and DNA (blue), respectively. Survivin
was colocalized with kinetochores at the prometaphase,

metaphase, and early anaphase, and separately localized from
the kinetochore at late anaphase and telophase. Prometaphase
(Prometa), metaphase (Meta), anaphase I (Ana I), anaphase II
(Ana II), early telophase I (Telo I), and late telophase II (Telo II).
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with condensed chromosomal DNA, although
the nuclear membrane may still be intact [Schiff
and Horwitz, 1980]. We observed the strong
colocalization of Survivin and a-tubulin in both

normal and cancer cell lines, regardless of
whether the chromosomal DNA appeared mito-
tic (DNA condensed) or in interphase (DNA not
condensed) (Fig. 3A). Thus, the relationship

Fig. 3. Subcellular redistribution of Survivin with Taxol
treatment. A: Cancer cell lines (Hela, Saos-2) and normal cell
lines (Detroit 551, IMR-90) were treated with 13 mg/ml Taxol for
24 h and stained with anti-Survivin and anti-a-tubulin anti-
bodies, and with DAPI, to visualize Survivin (red), a-tubulin
(green), and DNA (blue), respectively. Strong colocalization of
Survivin with a-tubulin was observed in all cells under Taxol
treatment conditions. B: Survivin and kinetochore localization

in Taxol treated HeLa cells during various stages of mitotic
condensation of DNA. Panels a, b, and c concern an experiment
in which cells were probed with Survivin and kinetochore
antibodies, while in d, e, and f the cells were probed with
antibodies to Survivin and a-tubulin. Survivin is clearly
colocalizing with a-tubulin, and not with kinetochores, under
the conditions of Taxol treatment.

348 Jiang et al.



between Survivin and a-tubulin, in relation to
subcellular localization inside vs. outside the
nucleus was not the same in untreated cells vs.
those with microtubules stabilized by Taxol.
Although quantitative measurements were not
performed, it also appeared that the abundance
of Survivin under these conditions of Taxol
treatment was signi®cantly higher than in
untreated cells.

In view of that Taxol apparently altered the
relationship between Survivin and a-tubulin, it
became necessary to re-examine the spatial re-
lationship between Survivin and kinetochores
in HeLa cells under conditions of Taxol stabili-
zation of microtubules. First, we examined the
early mitotic situation in which the chromoso-
mal DNA has condensed without concomitant
breakdown of the nuclear envelope (Fig. 3B
panel a,d). In this case, the kinetochores are
associated with DNA inside the nucleus but
Survivin is instead essentially cytoplasmic and
colocalizing with a-tubulin. In later mitotic
stages, when the DNA is more highly condensed
and/or the nuclear membrane is dissolved, a
minor portion of Survivin localized in a pattern
similar to kinetochores, but the majority of
Survivin was still colocalizing with a-tubulin.
These patterns of cytoplasmic vs. nuclear, and
kinetochore vs. a-tubulin, colocalizations of
Survivin under Taxol treatment conditions are
clearly different than those observed under
nontreated conditions.

Increased Sensitivity of Hela Cells to Fas and
Etoposide Mediated Cell Death by Survivin

Antisense Oligonucleotide

Immunoblotting of proteins extracted from
human cancer cell lines and normal cell lines
with Survivin antibody yielded a band of 16.5
kDa in each (Fig. 4A). No speci®c bands were
detected with the anti-storage protein antibody.
Transfection of HeLa cells with a serial concen-
tration of Survivin antisense oligonucleotide
(50, 150, and 300 nM) effected a down-regula-
tion of the 16.5 kDa Survivin protein levels in a
dose-dependent manner, whereas the random
oligomer had no effect. In addition, no change of
a-tubulin expression was observed between the
two groups, demonstrating the speci®city of the
effect to suppress the Survivin protein level
(Fig. 4B).

With the above demonstration that the
Survivin antisense oligonucleotide we used
speci®cally suppressed Survivin protein levels,

we next tested whether the antisense oligomer
could sensitize cancer cells (HeLa) to che-
motherapy. Hela cells were treated with
100 ng/ml Fas antibody or 100 nM etoposide
24 h after the start of transient transfection
with antisense and control oligonucleotides and
incubated for another 48 h. Cell death due com-
bined treatment with the antisense oligonucle-
tide and either Fas or Etoposide was markedly
increased over that caused by any of the agents
alone or either of the agents combined with the
control random oligonucleotide (Fig. 4C).

Similarity in Human Survivin and Drosophila
Deterin Antiapoptotic Activities

It had been previously reported that Survivin
could partially complement a cytokinetic effect
of loss of BIR-1 activity in C. elegans [Fraser
et al., 1999], indicating that cytokinetic path-
ways of the Survivin-type proteins may have
similarities between vertebrates and inverte-
brates. The apoptotic activity of the Survivin
antisense oligonucleotide provided an opportu-
nity to assess whether the Drosophila Deterin is
recognized by pathways in human tumor cells.
Transfection of HeLa with the Survivin anti-
sense oligomer plus an expression vector en-
coding GFP induced signi®cant apoptosis as
compared with the control receiving the random
oligomer (Fig. 5A). When the cells were instead
cotransfected with expression vector producing
GFP-Survivin, then apoptosis was signi®cantly
decreased. GFP-Deterin showed partial activ-
ity, compared to GFP-Survivin, in inhibiting
apoptosis in HeLa cells induced by the antisense
oligonucleotide (Fig. 5A). We then sought to
assess Survivin activity in insect cells. When
Drosophila Kc cells were transfected with an
expression vector encoding human caspase-7,
there was a signi®cant reduction in cell survival
compared with cells transfected with the empty
expression vector (Fig. 5B). However, when the
cells were cotransfected with a vector expres-
sing Deterin, the rate of apoptotic death was
cut in half. In addition, contransfection with a
vector expressing instead a chimeric fusion of
the BIR region of Deterin with the C-terminus of
Survivin also cut apoptotic death in half.

DISCUSSION

The BIR-containing IAP proteins were initi-
ally discovered as antiapoptotic modulators
[Miller, 1999]. Prototypically characterized by
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Fig. 4. Sensitivity of HeLa cells to chemotherapeutic agents
caused by Survivin antisense oligonucleotide. A: Survivin
protein expression in human cancer cell lines and normal cell
lines. One hundred micro grams of extracted cell protein were
fractionated by 12% SDS±PAGE gel and blotted with anti-
Survivin antibody. A single band of 16.5 kDa corresponding to
Survivin was observed under these conditions in Hela, Saos-2,
Detroit 551, and IMR-90 cells by Western blot. B: HeLa cells
were treated with 50, 150, and 300 nM Survivin antisense and
negative control oligonucleotides. A down-regulation of Survi-

vin expression by Survivin antisense oligonucleotide was
observed in a dose-dependant manner but not in the control
oligonucleotide treatment. No a-tubulin expression changed in
two treated groups. C: HeLa cells were treated with 300 nM
Survivin antisense and negative control oligonucleotides and/or
either 100 ng/ml Fas antibody or 100 nM etoposide. After 48 h
nonviable cells were stained with trypan blue and counted (left
panel) or percentages of apoptotic nuclei were measured by the
TUNEL method (right panel). All data are presented as the
mean�SE of three independent experiments.
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two or three BIR domains and a C-terminal
RING ®nger, IAPs with these features have
been shown to inhibit caspase-dependent apop-
tosis in a number of vertebrate and invertebrate
systems [Bergmann et al., 1998; Deveraux and
Reed, 1999]. Interest in therapeutic targeting of
apoptotic pathways in cancer cells engendered
contemplation of means by which IAPs may be
exploited for the control of cancer. The subse-
quent discovery of Survivin opened a new
strategic possibility for cancer research. Survi-
vin, and its homologs in mouse (TIAP) and
Drosophila (Deterin) have but a single BIR with
no RING ®nger, and are capable of inhibiting
caspase-dependent apoptosis [Ambrosini et al.,
1997; Jones et al., 2000]. Perhaps even greater
interest has arisen in the participation of
Survivin-type molecules in regulation of cell
cycle and cytokinesis, as evidenced by cell-cycle
correlated changes in its subcellular distribu-
tion and by outcome of over- or under-expres-
sion [Reed and Reed, 1999]. These properties of
Survivin-type regulators may provide for a
functional link between checkpoint decisions
for the mitotic vs. the apoptotic pathways, and
as a new target for cancer therapeutic agents.

However, our understanding of Survivin
functional mechanisms, and potential exploita-
tion of those mechanisms for cancer prognosis
and therapy has been limited by divergent
results reported by various laboratories that

have used alternative model systems and
methodologies. Thus far, most studies on ex-
pression of Survivin in tumors have localized
Survivin to the cytoplasm [Ambrosini et al.,
1997; Adida et al., 1998; Lu et al., 1998; Gross-
man et al., 1999; Tanaka et al., 2000], although,
predominance in the nucleus of some tumors
has been shown [Ito et al., 2000]. Studies of
cancer-derived cell lines have yielded even more
diverse results. The occurrence and location
of Survivin during interphase has been much
contested. Endogenous Survivin in human hep-
tama cells lines was determined to be primarily
cytoplasmic during interphase [Suziki et al.,
2000a,b]. In contrast, Uren et al. [2000] did not
detect Survivin in interphase HeLa cells and
found no marked colocalization with b-tubulin
between interphase and metaphase. Conver-
sely, using Taxol-stabilized HeLa cells [Li et al.,
1998] found Survivin located during late inter-
phase on cytoplasmic microtubules and the
MTOC, and on centrosomes during late inter-
phase and mitosis. Yet alternatively, most cells
producing highly overexpressed hemagluttinin-
tagged Survivin (HA-Survivin) showed HA-
Survivin widely dispersed in the cytoplasm
during interphase with no obvious colocaliza-
tion with b-tubulin, a similar result to that for
insect cells overexpressing GFP-Deterin [Jones
et al., 2000]. In some reports, the distribution
of overexpressed HA-tagged Survivin was

Fig. 5. Antiapoptotic activity of human Survivin and insect
Deterin in reciprocal heterologous systems. A: HeLa cells were
transfected with Survivin antisense oligonucleotide or antisense
cDNA expression vector, or with indicated controls, and
cotransfected with the indicated expression vectors encoding
Survivin or a Deterin-Survivin chimera. Final percentages of
apoptotic nuclei were determined by the TUNEL method. B:
Drosophila Kc cells were cotransfected with pIE1-4 vector

encoding human caspase-7 and either empty vector or vector
encoding either Deterin or Deterin-Survivin chimera. The
percentages of apoptotic nuclei were determined by the TUNEL
method (left panel) and the number of surviving cells was
monitored by cotransfection with b-galactosidase expressing
reporter (right panel). All data are presented as the mean�SE of
three independent replications.
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detected solely on chromosomes, and not b-
tubulin, at metaphase in Taxol-treated HeLa
cells [Skou®as et al., 2000], as was endogenous
Survivin [Uren et al., 2000]. However, other
reports found that endogenous Survivin was
coincident at prophase and metaphase with b-
tubulin on spindle ®bers in Taxol-treated cells
[Li et al., 1998; O'Connor et al., 2000].

In the present study, we have addressed these
questions by examining the distribution of
endogenous levels of Survivin in both untreated
and Taxol-treated HeLa cells, as well as in other
tumor-derived and normal cell lines derived
from different tissues. We found that during
interphase, endogenous Survivin in untreated
HeLa cells was reproducibly observed as two
strongly staining, closely approximated foci,
which localized closely with a pair of tubulin
foci on the centrosomes. These observations
support the report of Li et al. [1999], at least
insofar as the localization of Survivin to centro-
somes during later interphase/early prophase.
We did not observe the dispersed, general
cytoplasmic staining for HA-Survivin reported
by Skou®as et al. [2000] or for GFP-Deterin
reported by Jones et al. [2000]. We do not believe
that these different results arise due to misdis-
tribution on account of interference by the HA or
GFP fusion tag, because Jones et al. [2000]
demonstrated that the GFP-Deterin retained
antiapoptotic activity. It may be that high
overexpression leads to saturation of the nat-
ural Survivin/Deterin binding sites. Our obser-
vation of interphase occurrence of Survivin on
cytoplasmic centrosomes suggests a function at
that time that is in addition to the function of
passenger proteins during mitosis.

We next observed that the subcellular dis-
tribution of Survivin in HeLa cells during
mitosis was greatly disturbed by microtubule
stabilization with Taxol. In untreated human
tumor cells (HeLa and Saos-2) and in normal
human cells (Detroit 551 and IMR-90) endogen-
ous Survivin changed from its interphase
colocalization with a-tubulin on cytoplasmic
centrosomes to colocalization at prometaphase
and metaphase with kinetochores at centro-
meres, and ®nally to midbodies at telophase.
The consistency of these results in each of these
untreated cell lines supports the proposition
that at mitosis one function of Survivin, in
addition to checkpoint inhibition of apoptosis,
[Li et al., 1998] is as a passenger protein.
However, when HeLa cells were treated with

Taxol, Survivin vividly decorated a-tubulin
®bers in the cytoplasm of interphase cells. In
mitotic Taxol-treated cells, only a minor part of
endogenous Survivin staining colocalized with
kinetochores at centromeres. Instead, Survivin
staining generally colocalized with a-tubulin.
We interpret that at least some of the different
results reported for different studies concerning
Survivin localization during mitosis may be
due to the use of Taxol in some studies to
stabilize microtubules. Under the conditions of
our studies here, microtubule stabilization with
Taxol strongly promoted the localization of
Survivin on microtubules, which may have
interfered with the normal movement of Survi-
vin to and from its bindings sites on centro-
somes, centromeres, and spindle midbodies. We
did detect a portion of the Survivin population
binding to spindle microtubules during early
anaphase, which was not detected by Uren
et al. [2000], but which was detected by
the overexpression system used by Skou®as
et al. [2000]. Additional studies will be needed
to further clarify the signi®cance of Sur-
vivin binding to spindle microtubules during
anaphase.

The participation of Survivin in both apopto-
tic and cell cycle/cytokinesis pathways make
it attractive as a target for strategies in
prognosis or treatment of cancer. Survivin
antisense cDNA [Ambrosini et al., 1998; Li
et al., 1998; Grossman et al., 1999], Survivin
antisense oligonucleotides containing 20-O-
methoxylethyl modi®cations but natural phos-
phodiester linkages [Chen et al., 2000], or with
phosphorothioate linkages instead of natural
phosphodiester linkages [Olie et al., 2000], or
both modi®cations [Li et al., 1999] have been
shown to interfere with both of Survivin
cytokinetic and antiapoptotic activities. Of
special interest is whether cancer cells can be
sensitized by cell-killing cancer therapeutic
agents by Survivin interference methods [Olie
et al., 2000]. To test such a potential, we utilized
two agents that induce cell death by different
mechanisms: (a) etoposide, the topoisomerase II
inhibitor that acts at the level of the mitochon-
dria, and (b) the level of the Fas pathway that
initiates through cell surface receptors. We
observed that the cell death in the presence of
Survivin antisense oligonucleotide and either
chemical agent was markedly greater than that
caused by any of the agents or oligonucleotide
alone or of either agent in combination with a
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control oligonucletide, all evidencing additional
support for Survivin antisense chemotherapeu-
tic approaches.

We have evidenced in this study similarities
in the human Survivin and Drosophila Deterin
antiapoptotic pathways. The Survivin C-termi-
nus, in fusion with Deterin BIR motif, exhibited
antiapoptotic activity against human caspase-7
in the heterologous Drosophila Kc cells, while
Deterin partially complemented Survivin anti-
sense oligonucleotide-mediated apoptosis in
HeLa cells. The BIR region of other IAP proteins
has been shown to be necessary for antiapopto-
tic function [Takahashi et al., 1998] and muta-
tion of the BIR domain of Survivin removes its
ability to inhibit caspase 7 [Tamm et al., 1998].
There is also evidence that Survivin activity
against caspase-3 requires anchoring of the C-
terminal domain of Survivin to microtubules
[Li et al., 1998]. The activity of the Deterin-
Survivin chimera to inhibit human caspase-7 in
insect cells suggests that the Deterin BIR region
has similar functional structure to Survivin.
Survivin has been reported to partially comple-
ment RNAi-mediated loss of BIR-1 function in
cytokinesis of C. elegans embryos [Fraser et al.,
1999]. The Deterin±Survivin chimera used in
the present study showed similar activity com-
pared to Deterin to inhibit caspase-dependent
apoptosis in Kc cells [Jones et al., 2000]. The
partial or full complementation detected in
these studies strongly indicate the existence of
similarities in the participation of Survivin-
type IAPs in the antiapoptotic and/or cytoki-
netic pathways of vertebrates, nematodes, and
insects.

ACKNOWLEDGMENTS

Stephan Duensing is supported by a fellow-
ship from the DFG (DU 343/1-1). Grace Jones
expresses her appreciation for the lab of Dr.
Karl MuÈnger, in whose lab the research
reported here was initiated, and who kindly
provided Saos-2 cells and CREST antibody.

REFERENCES

Adida C, Crotty PL, McGrath J, Berrebi D, Diebold J,
Altieri DC. 1998. Developmentally regulated expression
of the novel cancer anti-apoptosis gene Survivin in hu-
man and mouse differentiation. Am J Pathol 152:43±
49.

Ambrosini G, Adida C, Altieri DC. 1997. A novel anti-
apoptosis gene, survivin, expressed in cancer and
lymphoma. Nat Med 3:917±921.

Ambrosini G, Adida C, Sirugo G, Altieri DC. 1998.
Induction of apoptosis and inhibition of cell proliferation
by survivin gene targeting. J Biol Chem 273:11177±
11182.

Bergmann A, Agapite J, Steller H. 1998. Mechanisms and
control of programmed cell death in invertebrates.
Oncogene 17:3215±3223.

Chen J, Wu W, Tahir SK, Kroeger PE, Rosenberg SH,
Cowsert LM, Bennett F, Krajewski S, Krajewska M,
Welsh K, Reed JC, Ng SC. 2000. Down-regulation of
survivin by antisense oligonucleotides increases apopto-
sis inhibits cytokinesis and anchorage-independent
growth. Neoplasia 2:235±241.

Conway EM, Pollefeyt S, Cornelissen J, DeBaere I, Steiner-
Mosonyi M, Ong K, Baens M, Collen D, Schuh AC. 2000.
Three differentially expressed survivin cDNA variants
encode proteins with distinct antiapoptotic functions.
Blood 95:1435±1442.

Crook NE, Clem RJ, Miller LK. 1993. An apoptosis-
inhibiting baculovirus gene with a zinc ®nger-like motif.
J Virol 67:2168±2174.

Deveraux QL, Reed JC. 1999. IAP family proteins-sup-
pressors of apoptosis. Genes Dev 13:239±252.

Duckett CS, Nava VE, Gedrich RW, Clem RJ, Van Dongen
JL, Gil®llan MC, Shiels H, Hardwick JM, Thompson CB.
1996. A conserved family of cellular genes related to the
baculovirus iap gene and encoding apoptosis inhibitors.
EMBO J 15:2685±2694.

Fraser AG, McCarthy NJ, Evan GI. 1997. drICE is an
essential caspase required for apoptotic activity in
Drosophila cells. EMBO J 16:6192±6199.

Fraser AG, James C, Evan GI, Hengartner MO. 1999.
Caenorhabditis elegans inhibitor of apoptosis protein
(IAP) homologue BIR-1 plays a conserved role in
cytokinesis. Curr. Biol 9:292±301.

Grossman D, McNiff JM, Li F, Altieri DC. 1999. Expression
of the apoptosis inhibitor, survivin, in nonmelanoma skin
cancer, and gene targeting in a keratinocyte cell line. Lab
Invest 79:1121±1126.

Grossman D, Kim PJ, Schechner JS, Altieri DC, Hay BA,
Wassarman DA. 2001. Inhibition of melanoma tumor
growth in vivo by survivin targeting. Proc Natl Acad Sci
USA [epub ahead of print].

Hay BA, Wassarman DA, Rubin GM. 1995. Drosophila
homologs of baculovirus inhibitor of apoptosis proteins
function to block cell death. Cell 83:1253±1262.

Ito T, Shiraki K, Sugimoto K, Yamanaka T, Fujikawa K,
Ito M, Takase K, Moriyama M, Kawano H, Hayashida M,
Nakano T, Suzuki A. 2000. Survivin promotes cell
proliferation in human hepatocellular carcinoma. Hepa-
tology 31:1080±1085.

Jones G, Jones D, Zhou L, Steller H, Chu Y. 2000. Deterin, a
new inhibitor of apoptosis from Drosophila melanogaster.
J Biol Chem 29:22157±22165.

Jones G, Venkataraman V, Manczak M. 1993. Transcrip-
tional regulation of an unusual trypsin-related protein
expression during insect metamorphosis. Insect Biochem
Mol Biol 23:825±929.

LaCasse EC, Baird S, Korneluk RG, MacKenzie AE. 1998.
The inhibitors of apoptosis (IAPs) and their emerging role
in cancer. Oncogene 17:3247±3259.

Li F, Ambrosini G, Chu EY, Plescia J, Tognin S, Marchisio
PC, Altieri DC. 1998. Control of apoptosis and mitotic
spindle checkpoint by survivin. Nature 396:580±584.

Survivin in Mitosis and Apoptosis 353



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

Liston P, Roy N, Tamai K, Lefebvre C, Baird S, Cherton-
Horvat G, Farahani R, McLean M, Ikeda JE, MacKenzie
A, Korneluk RG. 1996. Suppression of apoptosis in
mammalian cells by NAIP and a related family of IAP
genes. Nature 379:349±353.

Lu CD, Altieri DC, Tanigawa N. 1998. Expression of a novel
antiapoptosis gene, survivin, correlated with tumor cell
apoptosis and p53 accumulation in gastric carcinomas.
Cancer Res 58:1808±1812.

Meier P, Silke J, Leevers SJ, Evan GI. 2000. The
Drosophila caspase DRONC is regulated by DIAP1.
EMBO J 19:598±611.

Miller LK. 1999. An exegesis of IAPs: salvation and
surprises from BIR motifs. Trends Cell Biol 9:323±
328.

O'Connor DS, Grossman D, Plescia J, Li F, Zhang H, Villa
A, Tognin S, Marchisio PC, Altieri DC. 2000. Regulation
of apoptosis at cell division by p34cdc2 phosphorylation
of survivin. Proc Natl Acad Sci USA 97:13103±
13107.

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

Rajagopalan S, Balasubramanian MK. 1999. S pombe
pbh1p: an inhibitor of apoptosis domain containing protein
is essential for chromosome segregation. FEBS Letters
460:187±190.

Reed JC, Reed SI. 1999. Survivin cell-separation anxiety.
Nat Cell Biol 1:E199±E200.

Rothe M, Pan MG, Henzel WJ, Ayres TM, Goeddel DV.
1995. The TNFR2-TRAF signaling complex contains two
novel proteins related to baculovirus inhibitor of apopto-
sis proteins. Cell 83:1243±1252.

Schiff PB, Horwitz SB. 1980. Taxol stabilizes microtubules
in mouse ®broblast cells. Proc Natl Acad Sci USA
77:1561±1565.

Schmitz M, Diestelkoetter P, Weigle B, Schmachtenberg F,
Stevanovic S, Ockert D, Rammensee HG, Rieber EP.
2000. Generation of survivin-speci®c CD8� T effector
cells by dendritic cells pulsed with protein or selected
peptides. Cancer Res 60:4845±4849.

Skou®as DA, Mollinari C, Lacroix FB, Margolis RL. 2000.
Human survivin is a kinetochore-associated passenger
protein. J Cell Biol 151:1575±1582.

Speliotes EK, Uren A, Vaux D, Horvitz HR. 2000. The
survivin-like C. elegans BIR-1 protein acts with the
aurora-like kinase AIR-2 to affect chromosomes and the
spindle midzone. Mol Cell 6:211±223.

Suzuki A, Ito T, Kawano H, Hayashida M, Hayasaki Y,
Tsutomi Y, Akahane K, Nakano T, Miura M, Shiraki M.
2000a. Survivin initiates procaspase 3/p21 complex
formation as a result of interaction with Cdk4 to
resist Fas-mediated cell death. Oncogene 19:1346±1353.

Suzuki A, Hayashida M, Ito T, Kawano H, Nakano T, Miura
M, Akahane K, Shiraki K. 2000b. Survivin initiates cell
cycle entry by the competitive interaction with Cdk4/
p16(INK4a) and Cdk2/cyclin E complex activation.
Oncogene 19:3225±3234.

Takahashi R, Deveraux Q, Tamm I, Welsh K, Assa-Munt N,
Salvesen GS, Reed JC. 1998. A single BIR domain of
XIAP suf®cient for the inhibiting caspases. J Biol Chem
273:7787±7790.

Tamm I, Wang Y, Sausville E, Scudiero DA, Vigna N,
Oltersdorf T, Reed JC. 1998. IAP-family protein inhibits
caspase activity and apoptosis induced by Fas(CD95),
Bax, Caspase, and anticancer drugs. Cancer Res
58:5315±5320.

Tanaka K, Iwamoto S, Gon G, Nohara T, Iwamoto M,
Tanigawa N. 2000. Expression of survivin and its
relationship to loss of apoptosis in breast carcinomas.
Clin Cancer Res 6:127±134.

Uren AG, Pakusch M, Hawkins CJ, Puls KL, Vaux DL.
1996. Cloning and expression of apoptosis inhibitory
protein homologs that function to inhibit apoptosis and/
or bind tumor necrosis factor receptor-associated factors.
Proc Natl Acad Sci USA 93:4974±4978.

Uren AG, Beilharz T, O'Connell MJ, Bugg SJ, van Driel R,
Vaux DL, Lithgow T. 1999. Role for yeast inhibitor of
apoptosis (IAP)-like proteins in cell division. Proc Natl
Acad Sci USA 96:10170±10175.

Uren AG, Wong L, Pakusch M, Fowler KJ, Burrows FJ,
Vaux DL, Choo KH. 2000. Survivin and the inner
centromere protein INCENP show similar cell-cycle
localization and gene knockout phenotype. Curr Biol
10:1319±1328.

Yoon HJ, Carbon J. 1999. Participation of Bir1P, a member
of the inhibitor of apoptosis family, in yeast chromosome
segregation events. Proc Natl Acad Sci USA 96:13208±
13213.

354 Jiang et al.


	MATERIALS AND METHODS
	RESULTS
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

