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Interaction between survivin and aurora-B Kkinase plays
an important role in survivin-mediated up-regulation of
human telomerase reverse transcriptase expression
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Abstract. Survivin, a member of the apoptosis inhibitor
family, shows increased expression in human cancers of
various origins. It has been demonstrated that survivin inhibits
apoptosis via caspase inhibition and promotes mitosis via
aurora-B kinase activation. We recently reported that survivin
enhances the expression of human telomerase reverse
transcriptase (h'TERT), a major determinant of telomerase
activity in colon cancer cells. Survivin up-regulates hTERT
expression by promoting the expression of specificity protein-1
(Spl)- and c-Myc-mediated gene transcription via enhancing
the phosphorylation of these transcriptional factors. However,
the mechanism by which survivin regulates the phosphory-
lation of Spl and c-Myc is not well defined. In the present
study, we hypothesized that survivin promotes the phos-
phorylation of Spl and c-Myc by activating aurora-B kinase.
Inhibition of this enzyme by introducing small inhibitory RNA
attenuated the phosphorylation of Spl and c-Myc and resulted
in the abolition of the survivin effect on hTERT expression.
In addition, blocking survivin phosphorylation at a threonine
residue by inhibiting cyclin-dependent kinase 1 caused the
dissociation of aurora-B kinase from survivin and attenuated
the up-regulation of hTERT expression by survivin. Taken
together, these results suggest that the interaction between
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survivin and aurora-B kinase may be essential for survivin to
increase hTERT expression.

Introduction

Survivin, a member of the apoptosis inhibitor family, is
expressed in the embryonic and fetal organs but has not been
identified in differentiated normal tissues, except in those of
the thymus, basal colonic epithelium, endothelial cells and
neural stem cells. Elevated levels of survivin expression were
observed in human cancers of various origins such as the
breast (1), esophagus (2), stomach (3,4), colon (5,6), pancreas
(7), liver (8), uterus (9) and ovaries (10) as well as in leukemias
(11).

It has been demonstrated that survivin inhibits the
activation of downstream effectors of apoptosis, namely,
caspase-3 and caspase-7, in cells exposed to apoptotic stimuli
(12-15). Since survivin overexpression desensitized cancer
cells to several anticancer agents (12) and irradiation (15)
that induce apoptosis, it acts as a resistance factor against these
cancer treatment modalities.

Li et al demonstrated that survivin is expressed in the
G2/M phase of the cell cycle in a cycle-regulated manner (16).
Bolton et al and Chen et al showed that survivin interacts with
aurora-B kinase, a serine/threonine kinase involved in the
regulation of mitosis and enhances its activity (17,18). These
results suggest that survivin promotes mitosis via aurora-B
kinase activation and contributes to the aberrant growth of
cancer cells.

We recently reported that survivin enhances Fas ligand
(FasL) expression in colon cancer cells. This indicates that
survivin enables cancer cells to counterattack immune cells by
inducing FasL-triggered apoptosis in the cells of the immune
surveillance system (19). In addition, we observed that survivin
up-regulates human telomerase reverse transcriptase (hTERT)),
a major determinant of telomerase activity and maintains the
telomere length, indicating that survivin prolongs the cellular
lifespan in cancer (20). These findings portray survivin as a
multifunctional protein that is important for the proliferation of
cancer cells in vivo.

Survivin up-regulates hTERT expression by promoting
specificity protein-1 (Spl)- and c-Myc-mediated gene
transcription via enhancing their DNA binding to the
hTERT gene promoter. Moreover, survivin increases the
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phosphorylation of these transcriptional factors at serine and
threonine residues, thereby up-regulating their DNA-binding
activity (20). However, the precise mechanism by which
survivin regulates the phosphorylation of Sp1 and c-Myc is not
well defined.

In the present study, we hypothesized that survivin
promotes the phosphorylation of Spl and c-Myc by the
activation of aurora-B kinase. Inhibition of this enzyme
attenuated the phosphorylation of Spl and c-Myc and resulted
in the abolition of the effect of survivin on hTERT expression.
We also observed that blocking survivin phosphorylation at
the threonine residue by inhibiting p34<¥ (cyclin-dependent
kinase 1; CDK1) caused the dissociation of aurora-B kinase
from survivin and attenuated the up-regulation of hTERT
expression by survivin. Taken together, these results suggest
that the interaction between survivin and aurora-B kinase may
be essential for survivin to increase hTERT expression.

Materials and methods

Materials. Anti-hTERT antibody was from Calbiochem
(San Diego, CA). Anti-survivin antibody for immunoblot
analysis was from R&D Systems (McKinley Place, NE).
Anti-survivin antibody for immunoprecipitation, anti-CDK1
antibody, anti-Spl antibody, anti-c-myc antibody and anti-
actin antibody were from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-aurora-B kinase antibody was from Becton-
Dickinson (Franklin Lakes, NJ). Anti-phosphoserine antibody
and anti-phospho-threonine antibody were from Chemicon
International (Temecula, CA).

Cell culture. The human colon cancer cell line, LS180, was
obtained from the American Type Culture Collection
(Manassas, VA). This cell line was cultured in Dulbecco's
modified Eagle's medium (DMEM; Sigma-Aldrich, St.
Louis, MO) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA) and grown at
37°C in a humidified atmosphere of 5% CO,.

Transfection of survivin gene into colon cancer cells. The
plasmid encoding human survivin pcDNA3-myc-survivin
and the vector control pcDNA3-myc were kindly provided by
Dr John C. Reed (The Burnham Institute, La Jolla, CA).
Transfections were performed using the Lipofectamine Plus
reagent (Invitrogen) according to the manufacturer's protocol.
Geneticin-resistant clones were used in this study.

Immunoblot analysis. Cytoplasmic and nuclear proteins were
extracted from cells using NE-PER nuclear and cytoplasmic
extraction reagents (Pierce, Rockford, IL) with a protease
inhibitor cocktail (Sigma-Aldrich). Equal amounts of proteins
were suspended in Tris-glycine SDS sample buffer
(Invitrogen) with 0.05 M dithiothreitol and were separated on
a 4 to 20% gradient Tris-glycine gel (Invitrogen) under
denaturing conditions using Tris-glycine SDS running buffer
(Invitrogen). For detection of hTERT protein, 6% Tris-glycine
gel (Invitrogen) was used. Proteins were electroblotted to a
nitrocellulose membrane (Invitrogen). Proteins were detected
using a WesternBreeze chemiluminescent immunodetection
kit (Invitrogen) according to the manufacturer's protocol.
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Chemiluminescent was detected by radiographic film or
ChemiDoc XRS (Bio-Rad Laboratories, Hercules, CA).

Transfection of siRNA for aurora-B kinase and CDKI into
colon cancer cells. A small inhibitory RNA (siRNA) were
designed to target the coding region of the aurora-B kinase
gene (nucleotides 598 to 618, relative to the start codon) and
CDKI1 gene (nucleotides 123 to 143, relative to the start
codon), respectively. As the transfection control, we used
non-silencing siRNA which has no homology to any known
mammalian gene. The siRNA duplexes used in this study were
as follows. For aurora-B kinase, 5'-GUG GGA CAC CCG
ACA UCU UAA-3" and 5'-AAG AUG UCG GGU GUC
CCA CUG-3'. For CDK1, 5-GGA AGG GGU UCC UAG
UAC UGC-3" and 5'-AGU ACUA GGA ACC CCU UcCcC
UC-3'. Transfection of these siRNAs was performed using the
HiPerFect transfection reagnet (Qiagen, Valencia, CA)
according to the manufacturer's protocol.

Quantification of survivin and hTERT mRNA. The expression
of survivin and hTERT mRNA was determined by quantitative
reverse transcription polymerase chain reaction (RT-PCR)
using an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA), as described
previously (19,20). The gene-specific primers and fluorescent
hybridization probes for these genes used in quantitative
RT-PCR were as follows. For survivin, the forward primer
was 5'-AAG AAC TGG CCC TTC TTG GA-3"; reverse
primer, 5'-CAA CCG GAC GAA TGC TTT T-3'; and probe,
5'-(FAM) CCA GAT GAC GAC CCC ATA GAG GAA CA
(TAMRA)-3'. For hTERT, the forward primer was 5'-GGG
CGC GTA CGA CAC CAT-3'; reverse primer, 5'-ATG TAC
GGC TGG AGG TCT GTC A-3'; and probe, 5-(FAM) CGG
AGG TCA TCG CCA GCA TCA TC (TAMRA)-3'. Two
splice variants of surviving, survivin-2B (retaining a part of
intron 2 as a cryptic exon) and survivin-AEx3 (lacking exon 3),
were not detected by this set of primers and probe (21). The
amounts of these mRNAs were normalized as ratios to the
amounts of 18S ribosomal RNA (rRNA), which was quantified
using a Taq Man ribosomal RNA control reagents (Applied
Biosystems). PCR products were also confirmed by agarose
gel electrophoresis.

Electrophoretic mobility shift assay (EMSA). Nuclear proteins
were extracted from the cells using NE-PER nuclear and
cytoplasmic extraction reagents (Pierce) along with a protease
inhibitor cocktail (Sigma-Aldrich). Oligonucleotide probes
containing the Sp1-binding motif of the hTERT gene promoter
(5-TCC TTT CCG CGG CCC CGC CCT CTC CTC GCG
GCG CGA-3") and c-Myc-binding motif of the hTERT gene
promoter (5'-GCG CTT CCC ACG TGG CGG AGG G-3')
were prepared; these were 3' end-labeled with biotin from
Sigma Genosys Japan (Ishikari, Japan). Detection of Spl- and
c-Myc-oligonucleotide complexes was performed using the
LightShift Chemiluminescent EMSA kit (Pierce) according to
the manufacturer's protocol. The specificity of Spl or c-My
DNA binding was determined by competition reactions in
which a 200-fold molar excess of unlabeled oligonucleotide
was added to the binding reaction. Products of the binding
reactions were resolved by electrophoresis on a 6%
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polyacrylamide gel (Invitrogen) using 1/2X TBE buffer
(Invitrogen). The protein-oligonucleotide complexes obtained
were electroblotted to a nylon membrane (Invitrogen). After
incubation in blocking buffer at room temperature for 15 min,
the membrane was incubated with a streptavidin-horseradish
peroxidase conjugate at room temperature for 15 min. The
membrane was incubated with a chemiluminescent substrate
for 5 min.

Immunoprecipitation. Nuclear proteins (350-500 pg) extracted
from the cells were immuno-precipitated by incubating with
20 ul of Protein G PLUS-Agarose (Santa Cruz Biotechnology)
and 4 pug of rabbit anti-Sp1 antibody, anti-c-Myc antibody, or
anti-survivin antibody in phosphate-buffered saline (PBS)
overnight at 4°C. The protein-antibody-protein G complexes
were pelleted at 1,000 x g and then washed four times with
PBS. Immunoprecipitates were resuspended in the Tris-
glycine SDS sample buffer (Invitrogen) with 0.05 M
dithiothreitol and boiled for 3 min. The immunoprecipitate
was then electrophoresed on a 4-20% gradient Tris-glycine gel
(Invitrogen) and immunoblot analysis was performed.

Results

Survivin up-regulates hTERT expression. To confirm that
survivin up-regulates hTERT expression, we introduced the
survivin gene expression vector pcDNA3-myc-survivin into
LS180 cells and examined its effect on hTERT protein
expression by using immunoblot analysis. Since the survivin
protein is localized in both the cytosol and nucleus, we
determined its expression in both these sites. As shown in
Fig. 1A, the two survivin gene transfectants F1 and F15
confirmed the presence of both the myc-tagged survivin
protein and the endogenous survivin protein in the cytosol and
nucleus. Up-regulation of hTERT protein expression was
higher in these survivin gene transfectants as compared to the
control vector transfectants (vector control) and extent of
hTERT protein up-regulation appeared to depend on the level
of myc-tagged survivin protein expression. Up-regulation
of hTERT mRNA was also observed in survivin gene
transfectants (Fig. 1B).

Survivin-mediated hTERT up-regulation was attenuated by the
inhibition of aurora-B kinase expression. It has been reported
that survivin interacts with the mitotic regulator aurora-B
kinase and enhances its activity (18,19). To clarify whether
aurora-B kinase is required for survivin to enhance hTERT
expression, we introduced siRNA targeting the aurora-B
kinase gene (ABK-siRNA) into the survivin gene transfectant
F1 and determined hTERT protein expression by using
immunoblot analysis. As illustrated in Fig. 2A, the introduction
of ABK-siRNA inhibited aurora-B kinase protein expression
but not endogenous and myc-tagged survivin protein
expression. The hTERT protein expression was greater in
survivin gene transfectants than in control vector transfectants
after introducing the non-silencing siRNA. However, when
ABK-siRNA was introduced into the survivin gene
transfectant, enhanced hTERT protein expression was
attenuated. A similar pattern was noted in hTERT mRNA
expression (Fig. 2B). These results indicate that the up-
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Figure 1. Survivin up-regulated hTERT expression. LS180 cells are transfected
with pcDNA3-myc-survivin or pcDNA3-myc. Expression of survivin and
hTERT proteins (A) or mRNA (B) in control vector transfectants (vector
control) and survivin gene transfectants (F1 and F15) were examined using
immunoblot analysis and quantitative RT-PCR, respectively. The amounts
of mRNA were normalized as ratios to the amount of 18S rRNA. Data are
represented as mean + SD. Open bars, survivin mRNA; gray bars, hTERT
mRNA. "P<0.001, “P<0.01, as evaluated using t-test.

regulation of hTERT expression by survivin requires the
aurora-B kinase.

Inhibition of aurora-B kinase expression abolished the
enhancement of Spl- and c-Myc-mediated hTERT gene
transcription by survivin. Since the inhibition of aurora-B
kinase abolished the ability of survivin to up-regulate hTERT
mRNA expression, aurora-B kinase may be involved in the
transcriptional regulation of hTERT by survivin. It has been
demonstrated that the transcription factors Spl and c-Myc
were required for basal transcription from the hTERT gene
promoter (22). We previously showed that the binding of Sp1
and c-Myc to the hTERT gene promoter was enhanced by
survivin (20). In addition, survivin promoted the phosphory-
lation of these two transcriptional factors at serine and
threonine residues, thereby increasing their DNA-binding
activity (23-25). Therefore, we investigated the DNA binding
of Spl and c-Myc to the hTERT gene promoter in the ABK-
siRNA transfectants by using EMSA. In this assay, we used
two types of biotinated oligonucleotides, one containing the
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Figure 2. Survivin-mediated hTERT up-regulation was attenuated by the
inhibition of aurora-B kinase expression. The survivin gene transfectant F1
was transfected with non-silencing siRNA, which does not share its homology
with any known mammalian gene, or siRNA targeting the aurora-B kinase
gene (ABK-siRNA). Expression of indicated proteins (A) and hTERT
mRNA (B) were assessed at 6 days after transfection by immunoblot analysis
or quantitative RT-PCR, respectively. The amounts of mRNA were
normalized as ratios to the amount of 18S rRNA. Data are represented as
mean + SD. Vector control, control vector transfectants. *P<0.001, as
evaluated using t-test.

Spl-binding motif and the other, the c-Myc-binding motif.
Each oligonucleotide spanned the nucleotide positions from
-21 to +14, or -173 to -152 relative to the hTERT translation
initiation site. As shown in Fig. 3A and B, survivin gene
transfectants showed higher DNA binding of Spl and c-Myc
as compared to the control vector transfectants even after the
introduction of non-silencing siRNA. On the other hand,
introduction of ABK-siRNA resulted in decreased DNA
binding of these two transcriptional factors in survivin gene
transfectants.
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Figure 3. Enhanced DNA binding of Spl and c-Myc to the hTERT gene
promoter in survivin gene transfectants was reduced by the inhibition of
aurora-B kinase. The survivin gene transfectant F1 was transfected with
non-silencing siRNA, which does not share its homology with any known
mammalian gene, or siRNA targeting the aurora-B kinase gene (ABK-
siRNA). DNA binding of Spl (A) and c-Myc (B) to the hTERT gene
promoter was examined at 6 days after transfection by EMSA. Arrows
indicate the protein-oligonucleotide complexes. Vector control, control vector
transfectants.

Next, we determined the amounts of the phosphorylated
Spl and c-Myc protein in the ABK-siRNA transfectants. Sp1
and c-Myc proteins were immunoprecipitated from nuclear
extracts of the transfectants by using the anti-Sp1 or c-Myc
antibody. The samples were adjusted such that they contained
an equal amount of Spl or c-Myc protein; subsequently,
phosphorylated Spl and c-Myc protein expression was
analyzed by immunoblot analysis using the anti-phosphoserine
or anti-phosphothreonine antibody and the anti-phosphorylated
c-Myc antibody, respectively. As shown in Fig. 4A and B, the
expression of phosphorylated Spl and c-Myc protein in
survivin gene transfectants transfected with non-silencing
siRNA was higher than that in the control vector transfectant.
When ABK-siRNA was introduced into the survivin gene
transfectants, the enhanced phosphorylated expression of these
two proteins was clearly decreased. These results suggest that
aurora-B kinase plays an important role in the promotion of
Spl and c-Myc-mediated hTERT gene transcription by
survivin.

Inhibition of survivin phosphorylation resulted in the loss of
survivin effect on the up-regulation of hTERT expression.
O'Connor et al demonstrated that CDK1-cyclin B1 phos-
phorylates survivin at threonine 34 and this phosphorylation
is required for the inhibition of apoptosis during cell division
(26). To investigate the role of survivin phosphorylation in the
up-regulation of hTERT expression, we introduced siRNA
targeted to the CDK1 gene into survivin gene transfectants.
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Figure 4. Survivin-mediated phosphorylation of Spl and c-Myc protein was
attenuated by the inhibition of aurora-B kinase. The survivin gene transfectant
F1 was transfected with non-silencing siRNA, which does not share its
homology with any known mammalian gene, or siRNA targeting the aurora-B
kinase gene (ABK-siRNA). Spl protein (A) and c-Myc protein (B) from
nuclear extracts were immunoprecipitated at 6 days after transfection by
using the anti-Spl antibody or anti-c-Myc antibody, respectively. Spl
immunoprecipitates and c-Myc immunoprecipitates were immunoblotted
using the anti-Sp1, anti-phosphoserine, or anti-phosphothreonine antibody
and anti-c-Myc or anti-phosphorylated c-Myc antibody, respectively. Vector
control, control vector transfectants.

As shown in Fig. 5A, although there was no difference in the
level of CDK1 protein expression between the control vector
transfectants and survivin gene transfectants transfected with
non-silencing siRNA, the introduction of CDK1-siRNA
reduced CDK1 protein expression. The levels of endogenous
and myc-tagged survivin proteins were not affected by the
introduction of CDK1-siRNA. In contrast, the enhanced
expression of the hTERT protein in the survivin gene
transfectant was decreased after the introduction of CDK1-
siRNA as compared to the non-silencing siRNA transfectant.
A similar pattern was noted in hTERT mRNA expression
(Fig. 5B).

To confirm that the introduction of CDK1-siRNA
suppressed phosphorylation of the survivin protein, we
determined the level of phosphorylated survivin protein
expression in the CDK1-siRNA transfectant (Fig. 5C). Since
the CDK1 protein is localized in the nucleus, survivin proteins
from the nuclear extracts of transfectants were immuno-
precipitated using an anti-survivin antibody. After adjustment
of the samples to ensure that they contained an equal amount
of survivin protein, phosphorylated survivin protein expression

1065
A =
éﬁ;
e £ &
e @
£ 44
F £
o & -
CDK1 | i
Myc-survivin ““
Endogenous survivin

hTERT

actin —— em—

B
(=
R=] 250
w
o
a 200
>
o
;E 150
©
E 100
[
i
w50
=
]
&
C &
PSR
£ £
£ F
s 5
s O
DA
- ! | P Myc-survivin
Total survivin _._._ -
Endogenous survivin
Phosphorylated survivin T
(Anti-phosphothreonine) * “ | Endogenous survivin

Figure 5. Survivin-mediated hTERT up-regulation was attenuated by the
inhibition of survivin phosphorylation. Effect of CDK1 inhibition on the
hTERT expression in survivin gene transfectants (A and B). The survivin gene
transfectant F1 was transfected with non-silencing siRNA, which does not
share its homology with any known mammalian gene, or siRNA targeting
the CDK1 gene (CDK1-siRNA). Expression of indicated proteins (A) and
hTERT mRNA (B) were assessed at 6 days after transfection by immunoblot
analysis and quantitative RT-PCR, respectively. The amounts of mRNA
were normalized as ratios to the amount of 18S rRNA. Data are represented
as mean + SD. Vector control, control vector transfectants. “P<0.001, as
evaluated by t-test. Effect of CDK1 inhibition on the expression of the
phosphorylated survivin protein in the survivin gene transfectant (C). Survivin
protein from nuclear extracts was immunoprecipitated at 6 days after
transfection by using the anti-survivin antibody. Immunoprecipitates were
immunoblotted using the anti-survivin or anti-phosphothreonine antibody.
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Figure 6. Enhanced DNA binding of Spl and c-Myc to the hTERT gene
promoter in the survivin gene transfectant was decreased by the suppression
of survivin phosphorylation. The survivin gene transfectant F1 was
transfected with non-silencing siRNA, which does not share its homology
with any known mammalian gene, or siRNA targeting the CDK1 gene
(CDK1-siRNA). DNA binding of Spl (A) and c-Myc (B) to the hTERT
gene promoter was examined at 6 days after transfection by EMSA. Arrows
indicate the protein-oligonucleotide complexes. Vector control, control
vector transfectants.

was analyzed by immunoblot analysis using the anti-
phosphothreonine antibody. Although we could detect only the
phosphorylated endogenous survivin protein, we observed
that this phosphorylation was attenuated in parallel with a
decrease in the level of CDKI1 protein expression. These
results indicate that phosphorylation of the survivin protein
by CDKI1 is an important post-transcriptional modification for
the up-regulation of hTERT expression by survivin.

Survivin phosphorylation was required for the promotion of
Spl- and c-Myc-mediated hTERT gene transcription by
survivin. Reduction of hTERT mRNA expression by the
introduction of CDK1-siRNA indicates that the phosphory-
lation of the survivin protein may be required for the
transcriptional regulation by survivin. To investigate this
possibility, we examined the DNA binding of Spl and c-Myc
to the hTERT gene promoter in the CDK1-siRNA transfectants
by using EMSA (Fig. 6A and B). Enhanced binding observed
in the survivin gene transfectants was markedly attenuated by
the introduction of CDK1-siRNA transfection. We then
determined the effect of CDK1-siRNA on the phosphorylation
of Spl and the c-Myc protein (Fig. 7A and B). Expression of
phosphorylated Spl and c-myc protein was decreased in the
CDK1-siRNA transfectant as compared to the non-silencing
siRNA transfectant.

Interaction between survivin and aurora-B kinase is abrogated
by the inhibition of survivin phosphorylation. ABK-siRNA
and CDK1-siRNA showed similar effects on the survivin-
induced up-regulation of hTERT expression. Therefore, we
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Figure 7. Survivin-mediated phosphorylation of Spl and c-Myc protein was
attenuated by suppression of survivin phosphorylation. The survivin gene
transfectant F1 was transfected with non-silencing siRNA, which does not
share its homology with any known mammalian gene, or siRNA targeting
the CDK1 gene (CDK1-siRNA). Spl protein (A) and c-Myc protein (B)
from the nuclear extracts were immunoprecipitated at 6 days after
transfection by using the anti-Sp1 or anti-c-Myc antibody, respectively. Spl
immunoprecipitates and c-Myc immunoprecipitates were immunoblotted
using the anti-Spl, anti-phosphoserine, or anti-phosphothreonine antibody,
and anti-c-Myc or anti-phosphorylated c-Myc antibody, respectively. Vector
control, control vector transfectants.
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Figure 8. Suppression of survivin phosphorylation abrogated the interaction
between survivin and aurora-B kinase. The survivin gene transfectant F1
was transfected with non-silencing siRNA, which does not share its
homology with any known mammalian gene, or siRNA targeting the CDK1
gene (CDK1-siRNA). Survivin protein from the nuclear extracts was
immunoprecipitated at 6 days after transfection by using the anti-survivin
antibody. Immunoprecipitates were immunoblotted using the anti-survivin
or anti-aurora-B kinase antibody.

hypothesized that there is an inter-relationship between
aurora-B kinase function and survivin phosphorylation. Since
the activation of aurora-B kinase is induced by interaction with
survivin (17,18), we next determined the binding of aurora-B
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kinase to survivin in CDK1-siRNA transfectants. Survivin
proteins were immunoprecipitated from the nuclear extracts of
transfectants by using an anti-survivin antibody. After
adjusting the samples to ensure that they contained an equal
amount of survivin protein, aurora-B kinase protein expression
was analyzed by immunoblot analysis using the anti-aurora-B
kinase antibody. As shown in Fig. 8, the amount of aurora-B
kinase protein that bound to survivin was decreased in the
CDKI1-siRNA transfectant as compared to the non-silencing
siRNA transfectant. This observation suggests that survivin
phosphorylation may be required for the interaction between
survivin and aurora-B kinase.

Discussion

In this study, we showed that aurora-B kinase plays an
important role in the survivin-mediated up-regulation of
hTERT expression. Since inhibition of the aurora-B kinase
protein resulted in the suppression of Spl and c-Myc
phosphorylation, aurora-B kinase may regulate their
phosphorylation. However, whether aurora-B kinase directly
phosphorylates these two transcriptional factors remains
unclear. It has been reported that aurora-B kinase phos-
phorylates several proteins at serine residues and these
proteins include histone H3, MCAK, Incenp, MgCRacGAP,
CENP-A and MKLP1 (27-31). However, all these nuclear
proteins are involved in mitotic regulation and our literature
search did not identify any study stating that aurora-B kinase
phosphorylates transcriptional factors. Recently, Sun et al
demonstrated that aurora-A kinase, another member of the
aurora kinase family, regulates NF-kB via IkBa phosphory-
lation (32). Although the functions of aurora-A and aurora-B
kinase are known to be divergent, the central catalytic domains
of these two proteins share substantial homology (33);
therefore, it is plausible to consider that aurora-B kinase is
involved in the phosphorylation of Sp1 and c-Myc.

Interestingly, Yang et al demonstrated that overexpression
of aurora-A kinase in ovarian and breast epithelial cells
induced up-regulation of hTERT expression via enhancing
the hTERT gene promoter activity (34). In addition, they
observed elevated expression of the c-Myc protein in aurora-A
kinase overexpressed cells. Since the level of c-Myc protein
expression was not influenced by the introduction of aurora-B
kinase siRNA in this study (data not shown), we believe that
aurora-B kinase might not be involved in the up-regulation of
c-Myc expression. Considering these results, we may conclude
that aurora kinases appear to function not only as mitotic but
also as transcriptional regulator of many genes.

We also demonstrated that phosphorylation of survivin at
the threonine residue by CDKI1 is an important step in the
interaction between survivin and aurora-B kinase. When we
determined the expression of phosphorylated survivin in
survivin gene transfectants, we were able to detect only the
phosphorylated endogenous survivin protein. The reason for
this observation is unclear. Since the anti-survivin antibody
used for immunoblot analysis in this study was not available
for immunoprecipitation, we used another kind of anti-survivin
antibody for immunoprecipitation. As shown in Fig. 1B,
immunoblot analysis showed that the expression of the myc-
tagged survivin protein was predominant over the endogenous
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survivin protein in the survivin gene transfectant F1. In
contrast, immunoprecipitation immunoblot analysis showed
that expression of the endogenous survivin protein was
predominant over the myc-tagged survivin protein (Fig. 5C).
Therefore, there is a possibility that myc-tag may interfere
with the binding of the anti-survivin antibody that was used in
immunoprecipitation.

O'connor et al demonstrated that phosphorylation of
survivin at threonine 34 by CDK1 was required for the
inhibition of apoptosis during cell division (26). Since
phosphorylated survivin binds to caspase-9 at midbodies
during cytokinesis and mutant survivin with a substitution at
threonine 34 to alanine, failed to interact with caspase-9, it
was suggested that phosphorylation at threonine 34 may
increase the affinity of survivin for caspase-9. Therefore,
phosphorylation at threonine 34 may increase the affinity of
this domain for aurora-B kinase.

Keeping in mind the differential expression of survivin in
tumor tissues versus normal tissues and the potential
requirement of survivin for maintaining cancer-cell viability,
considerable efforts have been made by researchers to use
survivin as a target for cancer therapeutics with the dual aim of
inhibiting tumor growth and enhancing tumor cell response
to apoptosis-inducing agents. Different types of survivin
molecular antagonists, including antisense oligonucleotides,
ribozymes, siRNAs and dominant-negative mutants, have been
used. The introduction of these molecules into cancer cells
successfully induced apoptosis and enhanced the effect of
anticancer agents and irradiation (35-37). However, these
approaches may not be developed for application in routine
clinical therapy for cancer until a technique efficiently
introducing survivin molecular antagonists into cancer cells is
established. Our data indicate that a selective antagonist of
aurora-B kinase or CDK1 may attenuate the survivin function
without the down-regulation of survivin expression.
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