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Introduction

Survivin is a multitasking protein that is essential for mitosis 
and can inhibit cell death. Over the last decade, it has received 
much attention as a potential therapeutic target in cancer due 
to the correlation of its expression with tumorogenesis and the 
resistance of survivin positive tumors to conventional thera-
pies.1,2 During mitosis and meiosis, survivin is a chromosomal 
passenger protein (CPP) that operates with aurora-B, borealin 
and INCENP in the chromosome passenger complex (CPC). 
This complex facilitates the correction of maloriented chromo-
somes during prometaphase congression, and the execution of 
cytokinesis at cell division.3,4 Post-translation, survivin’s mitotic 
activity is modulated by many kinases, including Cdk1, aurora-
B and plk1 on T34, T117 and S20 respectively,5-9 and its phos-
phostatus can also influence its ability to inhibit cell death.5 
Most strikingly, a phosphomutant T34E, which behaves as a 
constitutively Cdk1 phosphorylated form, potently inhibits cell 
death via apoptosis or X-irradiation, while the non-phosphory-
latable form, T34A, sensitises cells to these challenges.5,10-12 In 
addition to the key mitotic kinases survivin is phosphorylated 
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by the constitutive kinase, PKA at S20, the same residue that 
is targeted by plk1, and it has been suggested that the non-
phosphorylatable form, S20A, has increased affinity for XIAP, 
with which it may operate as an inhibitor of apoptosis protein 
(IAP; reviewed in ref. 13).

Casein kinase 2 (CK2) is an essential and highly conserved 
serine-threonine protein kinase. Since its discovery in 1954, over 
300 CK2 substrates have been identified, therefore not surpris-
ingly it is reported to affect multiple cellular processes including 
regulation of gene expression, protein synthesis, signal transduc-
tion and cell survival.14 In accordance with its omnipresence, 
CK2 has been implicated in all cell cycle transitions: G

0
-G

1
, 

G
1
-S and G

2
-M, and is thought to promote cell proliferation by 

regulating key cell cycle proteins including p53, Cdk1, p21 and 
p27.15-18 It can also promote cell survival by augmenting an anti-
apoptotic response, which it can achieve via phospho-activation 
of the apoptotic repressor, ARC,19 and the inhibition of pro-apop-
totic proteins, such as the transcription factor CHOP.20 In addi-
tion CK2 can inhibit cell death by phosphorylating and thereby 
inhibiting cleavage of specific caspase target proteins such as Bid, 
HS1 and Max.21-23 During cell division CK2 is thought to operate 

In this study we report that the protein kinase CK2 phosphorylates survivin specifically on threonine 48 (T48) within its 
BIR domain, and that T48 is critical to both the mitotic and anti-apoptotic roles of survivin. Interestingly, during mitosis 
T48 mutants localise normally, but are unable to support cell growth when endogenous survivin is removed by siRNA. 
In addition, while overexpression of survivin normally confers inhibition of TRAIL-mediated apoptosis, this protection is 
abolished by mutation of T48. Furthermore in interphase cells depletion of endogenous survivin causes redistribution of 
T48 mutants from the cytoplasm to the nucleus and treatment of cells expressing survivin-GFP with the CK2 inhibitor TBB 
phenocopies this nuclear redistribution. Finally, we show T48 mutants have increased affinity for borealin, and that this 
association and cell proliferation can be restored by introduction of a second mutation at T97. To our knowledge these 
data are the first to identify T48 as a key regulatory site on survivin, and CK2 as a mediator of its mitotic and anti-apoptotic 
functions.



www.landesbioscience.com	 Cell Cycle	 539

 Report report

of this site renders the protein non-functional, both in terms of 
mitosis and as an IAP.

Intriguingly, mutation of a second site in the linker region of 
survivin (T97) alleviates the repression caused by mutating T48. 
From in vitro evidence presented herein, we speculate that muta-
tion of T48 alters the affinity of survivin for borealin, and that 
the revived proliferative potential brought about by T97 muta-
tion, is due, at least in part, to the restoration of this interaction 
to normal.

Results

Survivin is phosphorylated by CK2 at T48 in vitro. Using 
the online bioinformatics site, NetPhos, two highly conserved 
threonines in survivin were predicted to be potential phospho-
targets of CK2: T48 within the BIR domain, and T97 in the 
central linker domain between the BIR and C-terminal alpha-
helix, at the homodimerization interface (Fig.  1A and B). To 
establish whether survivin was indeed a CK2 target, an in vitro 
kinase assay was performed. Recombinantly expressed GST and 
GST‑survivin were bound to glutathione-sepharose beads, and 
incubated with purified CK2 in the presence of 32P-γ-ATP. As 
shown in Figure  1C, GST-survivin incorporated 32P, but the 
GST control did not, indicating that wild-type survivin is a CK2 
target in vitro. In addition, we made single mutations of T48 
and T97, substituting the threonines for non-phosphorylatable 
alanines and tested whether these too could be phosphorylated 
by CK2. Interestingly, the T48A mutant did not incorporate 
32P-γ-ATP, while radiolabelling of T97A was comparable to that 

at several points, first it regulates mitotic entry through mediat-
ing the degradation of wee1;24,25 second it phosphorylates a num-
ber of proteins during mitosis including topoisomerase II,26,27 and 
third it localises to mitotic spindle and centrosomes,28-30 where it 
is phosphorylated by Cdk1.31,32 Intriguingly, emerging data point 
to a key role for Cdk1-phosphorylated CK2 in regulating the 
spindle assembly checkpoint (SAC), as Litchfield and co-workers 
recently showed that U2OS cells expressing CK2 that is unable to 
be phosphorylated by Cdk1 evade the SAC, while those express-
ing a phosphomimetic mis-segregate their chromosomes.33 CK2 
and the SAC have also been linked in yeast through CK2 phos-
phorylation of Mad2.34

As with survivin, increased levels of CK2 protein and activ-
ity are observed in cancer cells and are associated with increased 
cell proliferation and inhibition of apoptosis.35,36 Conversely, 
chemical inhibition of CK2 or overexpression of a catalyti-
cally inactive mutant of CK2 subunit α results in reduced cell 
viability and increased apoptosis.22,37 These data suggest a role 
for CK2 in the promotion of cell proliferation and inhibition of 
apoptosis, although exactly how CK2 regulates these processes 
is unknown. Thus as both survivin and CK2 are involved in 
cell division and protection against death, we were interested to 
determine whether they communicate with each other to effect 
their duties. While a link between CK2 and survivin has already 
been demonstrated at the transcriptional level through β-catenin 
and Tcf/ Lef-mediated induction of survivin expression,38 here we 
hypothesized that CK2 may regulate survivin activity post-trans-
lation. Our data reveal that survivin is phosphorylated by CK2 
at a single site, T48, within its BIR domain, and that mutation 

Figure 1. Survivin is phosphorylated by CK2 on T48 in vitro. (A) Sequence alignment of residues 46 to 104 of human survivin with survivin from other 
species demonstrates conservation of T48 and T97 and their contextual residues. (B) Crystal structure of the survivin homodimer indicating the  
positions of T48 within the BIR domain, and T97 within the central linker. The molecular graphic was produced using the UCSF Chimera package  
(www.cgl.ucsf.edu/chimera).65 (C) In vitro kinase assay using GST, GST-survivin, GST-T48A and GST-T97A as potential substrates, incubated with recom-
binant CK2 in the presence of γ-ATP labelled 32P. Lower Coomassie Blue part indicates equality of loading. 32P radiolabel incorporated into survivin and 
T97A but not GST or T48A, demonstrating that T48 is the principle CK2 phosphotarget of survivin. Nsb denotes a non-specific band. Note that the nsb 
is of higher mw than GST and that GST itself is not phosphorylated.
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of endogenous survivin with a notable decrease in cells with 2N 
DNA content (G

1
; 40%), and a concomittant increase in cells 

with 4N content (G
2
, M or with 4N ploidy; 32%). In addition, 

the abundance of cells with a DNA content >4N increased dra-
matically from 2 to 17%. By contrast, cells exhibiting restored 
proliferation by expression of the siRNA resistant form of wild- 
type survivin, showed little difference in FACS profile, whether 
transfected with control or survivin-specific siRNA. Similarly to 
the siRNA sensitive control cells, in the absence of endogenous 
survivin, cells expressing T48A or T48E exhibited a decreased 
G

1
 population (46 and 45% respectively), an increased G

2
 & M 

population (35 and 37%), and an elevation in the number of cells 
with >4N DNA content (both 7%), as compared with their pro-
files in the presence of control siRNA. Collectively these data 
demonstrate that neither T48A nor T48E can substitute for wild-
type survivin to support cell proliferation.

Localization of survivin-GFP in the absence of CK2 phos-
phorylation. Next we looked at the interphase localization of 
T48A and T48E mutants in our stable HeLa cell lines. In the 
presence of endogenous survivin both forms were cytoplas-
mic, (Fig.  3B and C, left parts); however, upon siRNA deple-
tion they relocated to the nucleus where they formed discrete 
subnuclear foci (Fig. 3B and C, right parts). Given this reloca-
tion we wondered whether the distribution of survivin-GFP in 
the absence of CK2 activity would phenocopy this behavior. 
To this end HeLa cells expressing GFP or survivin-GFP were 
treated with the CK2 inhibitor 4,5,6,7-tetrabromobenzotriazole 
(TBB) for 6 h (100 μM). As with the T48 mutants TBB treat-
ment did not affect the mitotic localization of survivin-GFP in 
HeLa cells (Fig. 3D), but did induce nuclear accumulation and 
focus formation in interphase cells (Fig.  3E, middle part). By 
contrast the distribution of the GFP control was unaffected by 
TBB (Fig. 3E, right part). As inhibition of CK2 activity has been 
shown to induce G

2
 arrest, we were concerned that the nuclear 

foci were simply a manifestation of G
2
 arrest, thus we examined 

the cell cycle distribution of untreated control and 100 μM TBB-
treated cells by DNA-FACS-profiling. However, as indicated in 
Table  1, no difference in cell cycle distribution was apparent. 
Immunoprobing with anti-CENP-A antibodies revealed that some 
of these foci were centromeres (Fig. 3E, central part and insert). 
These data suggest that the response of survivin-GFP to TBB 
phenocopies the behavior of T48 mutants in HeLa cells, and 
that CK2 facilitates survivin exclusion from the nucleus in  
interphase.

To control for TBB off-target effects, we carried out similar 
experiments in EM9 cells harboring TBB-sensitive CK2 or CK2 
engineered to be insensitive to TBB via substitution of valine 66 
for alanine (V66A). When transiently transfected with survivin-
GFP then treated with 100 μM TBB, survivin-GFP became 
nuclear in EM9 cells expressing TBB-sensitive CK2 (Fig.  3F), 
but was retained in the cytoplasm in TBB insensitive EM9-V66A 
cells (Fig. 3G). In contrast to our data in HeLa cells, however, we 
did not witness the accumulation of survivin-GFP foci in TBB-
sensitive cells, thus collectively our data suggest that CK2 activ-
ity contributes to the maintenance of survivin in the cytoplasm 
during interphase.

of wild-type survivin. These data demonstrate that survivin is 
targetted by CK2 in vitro and is phosphorylated by it specifically 
at threonine 48 in its BIR domain.

T48 mutants localise normally during mitosis but cannot 
support proliferation. To determine whether T48 is important 
for survivin activity, we first examined the functional repertoire 
of T48 mutants during mitosis. HeLa cells stably overexpressing 
survivinT48A-GFP, or a substitution designed to potentially act as 
a constitutively phosphorylated form, survivinT48E-GFP, herein-
after referred to as T48A and T48E respectively, were generated 
and examined using fluorescence microscopy. Like wild-type 
survivin-GFP, both T48A and T48E localized to the centromeres 
during metaphase, the spindle midzone during anaphase and the 
midbody during telophase, indicating that altering threonine 48 
does not affect the normal distribution of survivin during mitosis 
(Fig. 2A, left parts). Note that in all our assays T48A and T48E 
behaved similarly, suggesting T48E can probably be considered 
a second non-phosphorylatable form, rather than a phosphomi-
metic, as intended. In addition all cell lines grew similarly regard-
less of the survivin variant that was overexpressed demonstrating 
that their presence was not cytotoxic (see Fig. 6B).

To assess whether these versions were mitotically competent 
we used an RNAi complementation assay. First we re-examined 
the localization of T48 mutants 72 h after removal of endogenous 
survivin using survivin-specific dsRNA oligonucleotides. As 
shown in Figure 2A (right parts), despite depletion of the endog-
enous form, as evidence by immunoblotting (Fig. 2B), T48A/E 
mutants still localized to the centromeres and midbody. Note, 
however, that the mitotic indices in these populations declined 
(see below), and we were unable to detect any cells in anaphase, 
suggesting defects in mitotic progression. To assess their prolifer-
ative potential, a trypan blue exclusion assay was conducted 72 h 
post-transfection with control or survivin-specific siRNA, and 
viable cells counted (Fig. 2C). In this experiment cells expressing 
an RNAi sensitive version of survivin-GFP failed to proliferate 
after treatment with siRNA specific to survivin (SVNNR), while 
those expressing an RNAi resistant wild-type form (SVNR) grew 
similarly when treated with either control or survivin-specific 
siRNA. These controls were included to demonstrate both the 
efficacy of depletion (see also Fig. 2B), and of complementation 
with wild-type survivinR-GFP in this system. Intriguingly, despite 
their normal localization neither T48A nor T48E supported cell 
proliferation in the absence of the endogenous form (Fig. 2C). 
Consistent with this the mitotic indices of both T48A and T48E 
populations declined from 1.9 to 0.7% and 1.5 to 0.7% respec-
tively when the endogenous form was removed, whilst wild-type 
SurvivinR-GFP expressing cells showed little deviation between 
control (1.9%) and survivin-specific (1.6%) siRNA, as judged by 
immunofluorescence imaging with phospho-H3 antibodies.

To begin to understand why growth ceased in populations 
expressing T48 mutants we examined their DNA content by FACS 
profiling 72 h post transfection (Fig. 2D). Here cells expressing 
wild-type survivin that was not resistant to RNAi showed a nor-
mal cell cycle profile 72 h after transfection with control siRNA 
G

1
 = 69%, S = 9%, G

2
 & M = 19% but, as expected from previ-

ous studies,40,44 this pattern changed radically upon elimination 
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during mitosis we next asked whether mutation of T48 compro-
mised its interaction with itself or any other CPP. To this end 
recombinant GST, GST-survivin and GST-T48 survivin variants 

Survivin T48 mutants display altered affinities for survivin 
and borealin in vitro. As survivin can self-associate and is an inte-
gral component of the chromosomal passenger complex (CPC) 

Figure 2. Survivin CK2 mutants localise normally in mitosis but cannot support proliferation. (A) Exponentially growing HeLa cells expressing 
wild-type or mutant versions of survivin-GFP (green), as indicated, were fixed and stained to localise the DNA with DAPI (blue). All forms localized 
normally to the centromeres, midzone and midbody, during (pro)metaphase, anaphase and cytokinesis, when the endogenous protein was present 
(left parts). Upon removal of the endogenous form by RNAi, localization was also normal (right parts); however, no anaphase cells were observed. 
Bars 5 μm. (B) Endogenous survivin was depleted from the HeLa lines indicated using siRNA, and immunoblotted with anti-survivin antibodies 72 h 
post-depletion. C, control siRNA; S, survivin-specific siRNA. (NR indicates non-resistant to survivin siRNA; R indicates the resistant form). Both mutants 
bear resistance to survivin siRNA. (C) Survival of each cell line 72 h post-RNAi treatment was assessed by trypan blue exclusion. Cell growth of the 
survivin depleted sample is expressed as a percentage of the control cell number, which is given as 100%. The positive control (SVNR) restored cell 
growth to 80%, while lines expressing T48A and T48E showed comparable response to the negative control population (SVNNR), demonstrating that 
neither mutant could restore cell proliferation. Results are representative of three independent experiments with error bars indicating standard devia-
tion. (D) FACS profiles of T48 mutants: Asynchronous cell lines were fixed and stained with propidium iodide 72 h post-siRNA. After depletion of the 
endogenous protein, both T48 mutants displayed a decrease in 2N cells (G1 phase), an increase in 4N cells (G2, M or binucleated), and a modest increase 
in cells with >4N (polyploid). FACS profiles are respresentative of two independent experiments.
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phosphorylation target of CK2 in survivin we analyzed the 
activity of T97 mutants, see reference 45, and double mutants, 
T48AT97A and T48ET97E. Intriguingly, this second muta-
tion restored proliferation of T48 mutants in our siRNA assay 
(Fig. 5A and B). By microscopy, we observed that both double 
mutants localized to the centromeres, midzone and midbody 
in the absence of endogenous survivin (Fig.  5C, lower parts), 
although their localization to these sites was impeded when the 
endogenous form was present (Fig. 5C, upper parts). As our in 
vitro data in Figure 4B showed that mutation of T48 increased 
the affinity of survivin for borealin, we next asked whether the 

were purified and incubated on glutathione beads in the presence 
of in vitro translated 35S-methionine labelled CPPs, in a series 
of in vitro pull down assays (Fig.  4). Using this method both 
T48 mutants interacted with all CPCs examined. Most noteably, 
after normalizing band intensities of IVT-CPC abundance with 
GST-protein loadings in each sample, borealin was found to have 
a three-fold increase in affinity for the mutant forms, compared 
with the wild-type protein (Fig.  4B). These data suggest that 
mutation of T48 enhances the affinity of survivin for borealin.

Mutation of T97, restores the proliferative potential of 
T48 mutants. Prior to determining that T48 was the sole 

Figure 3. TBB treatment phenocopies relocation of T48 mutants to the nucleus. (A–C) Interphase localization of GFP tagged SVN, T48A or T48E 
(green) in formaldehyde fixed, DAPI (blue) stained HeLa cell lines. All forms are distributed in the cytoplasm when endogenous survivin is present 
(left parts), but after its depletion with siRNA (right parts), T48A and T48E redistribute to the nucleus where they form punctuate foci. (D) Mitotic HeLa 
cells expressing survivin-GFP (green) were mock-treated (upper part), or treated with 100 μM TBB for 6 h to inhibit CK2 activity (lower part), then fixed 
and immunoprobed to localise the microtubules (red) and counterstained to localise the DNA (blue). Survivin-GFP localization during mitosis was 
unaltered by TBB. (E) Interphase cells expressing survivin-GFP were treated with TBB, which caused survivin-GFP to relocate to the nucleus and form 
discrete foci, some of which were centromeres, as indicated by CENP-A immunostaining (E, middle part inset, red). (E, right part) The localization of 
GFP alone is unaffected by TBB treatment. (F and G) EM9 cells expressing a TBB-sensitive CK2, or a TBB resistant version of CK2, V66A, were transfected 
with survivin-GFP then treated with 100 μM TBB for 48 h. Survivin-GFP redistributed from the cytoplasm to the nucleus in TBB-sensitive EM9 cells 
(F) but not in the TBB resistant cells (G). Bars 5 μm.
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were treated with TRAIL for 0, 60, 90 or 120 minutes, whole 
cell extracts were prepared and used in a caspase-3 activity assay 
to monitor cleavage of the tetrapeptide target DEVD-AMC 
(Fig. 6B). In this assay lysates from cells overexpressing survivin-
GFP inhibited caspase-3 activity as expected. By contrast those 
prepared from T48A and T48E expressing cells showed elevated 
caspase-3 activity compared with cells expressing survivin-GFP 
(or GFP), indicating that they were unable to inhibit (and possi-
bly enhanced) apoptosis. For comparative levels of expression, see 
control lanes in Figure 2B. When the assay was conducted with 
cells expressing the double mutants, T97A was found to atten-
uate caspase activity observed by cells expressing T48A alone; 
however, its expression did not confer protection against apopto-
sis. Combining T97E with T48E exacerbated apoptosis. Hence, 
we conclude that neither double mutant could restore the anti- 
apoptotic activity of survivin once abrogated by mutation of T48.

Discussion

Survivin is a CK2 substrate. From the bioinformatics service, 
NetPhos, survivin was predicted to be phosphorylated by CK2 
at two sites, T48 and T97 (reviewed in ref. 46). Both these sites 
and their adjacent residues have been highly conserved through-
out evolution, suggesting that they play a fundamental role in 
survivin function. In this study we report that survivin is indeed 
phosphorylated by CK2, but find that T48 in the globular BIR 
domain unique residue that is targeted. Consistent with these 
findings, for optimal phosphorylation of its substrates CK2 pre-
fers acidic residues downstream of the target S/T, a consensus to 
which T48, but not T97, conforms.14 The context of T97 actually 
fits precisely the consensus for plk1;47 however, as with CK2, we 

Figure 4. Mutation of T48 alters the affinity of survivin for borealin in vitro. Recombinant GST, GST-survivin, GST-T48A, or GST-T48E were bound to glu-
tathione sepharose beads and incubated with the in vitro translated 35S-labelled CPP of interest: (A) survivin, (B) borealin, (C) aurora-B or (D) INCENP. 
While affinity for borealin was three-fold higher with the mutants (B), little difference was observed in their associations with survivin, aurora-B or IN-
CENP. Data is representative of two independent experiments. Lane splicing was carried out in (A and D) to remove irrelevant samples. Pixel intensity 
of bands was measured using a Storm Phosphoimager, and normalized against the intensity of Coomassie GST-bands. Quantitation is presented as 
intensity in relative units, and fold difference from wild type.

Table 1. Cell cycle analysis of TBB-treated HeLa cells using FACS

TBB (µM) G1 S G2/M

0 64.6 ± 0.1 16.7 ± 0.6 16 ± 0.4

100 64.2 ± 0.3 16.9 ± 0.5 13 ± 0.6

additional mutation of T97 could return this interaction to nor-
mal. Using a direct GST-pull down assay with IVT-borealin, we 
found that although T48AT97A and T48ET97E had 1.5- and 
1.4-fold increased affinity for borealin over the wild-type form 
(Fig.  5D), these interactions were greatly reduced when com-
pared with the three-fold increase in the interaction observed for 
the single mutants (Fig. 4B). Next we analyzed the interaction 
between the survivin variants and borealin by immunoprecipita-
tion from asynchronous cells cotransfected with cDNA encoding 
the survivin variant of interest and cDNA to borealin (Fig. 5E). 
Using this method we discovered that all forms could interact 
with borealin in vivo, but that T48A exhibited the strongest 
affinity. As in the in vitro assay, the strength of T48A interac-
tion was diminished when combined with the mutation T97A. 
Collectively these data suggest that mutation of T97 may restore 
cell proliferation in the presence of mutations in T48, by altering 
the binding of survivin to its partner borealin.

Mutation of T48 abrogates the anti-apoptotic activity of 
survivin. Finally, having established that T48 mutants lack the 
ability to support mitosis, we asked whether the anti-apoptotic 
activity of survivin was compromised by A/E substitution at this 
site. First we noted that ectopic expression of any of the survivin 
variants did not alter the rate of cell proliferation, indicating that 
they were not cytotoxic (Fig. 6A). Next asynchronous HeLa cells 
expressing the GFP, or the GFP tagged survivin forms indicated, 



544	 Cell Cycle	 Volume 10 Issue 3

CPC to the centromere during mitosis where they interact with 
Haspin-phosphorylated histone H3, see also reference 53. T48 is 
the second phosphorylation site identified in the BIR domain of 
survivin with mitotic relevance: Cdk1 targets T34, and mutation 
of T34 influences both the mitotic and anti-apoptotic activities 
of survivin.5,6,10-12 In contrast to Cdk1 which is only active during 
mitosis, CK2 is a constitutively active “house-keeping” kinase, 
thus it will be interesting to determine whether survivin is phos-
phorylated throughout the cell cycle by CK2.

CK2 phosphorylation regulates the interphase localization of 
survivin and its IAP activity. When overexpressed in interphase 
cells survivin is predominantly cytoplasmic. This localization is 
regulated, at least in part, by a nuclear exportation sequence in its 
central linker domain.45,54 T48 mutants retain this cytoplasmic 
location provided the endogenous protein is present; however, 
in its absence, they enter the nucleus where they form speckles, 
some of which are associated with centromeres. These data are 
interesting as we recently showed that when forcibly expressed in 

recently showed that, T97A can still be phosphorylated by plk1 
in vitro, and that S20 the NH

2
 terminus of survivin is the prin-

ciple site targeted by plk1.9

CK2 regulates the mitotic function of survivin. Here, using 
mutagenic analysis we have demonstrated that T48 is a critical 
residue for the proper functioning of survivin during mitosis 
as neither T48A nor T48E were able to support cell prolifera-
tion. Curiously, as mentioned above, T48 lies within the BIR 
domain of survivin, a region considered characteristic of proteins 
that inhibit apoptosis, the inhibitor of apoptosis (IAP) proteins. 
Indeed, survivin was assigned membership to the IAP family by 
the presence of this domain.48,49 However, emerging data support 
the notion that the BIR fold is not exclusive to anti-apoptotic 
proteins, but is involved in many protein-protein interactions 
and multiple pathways.50 Excitingly, Higgins and co-workers51 

recently reported that two aspartic acids (D70D71) at the very 
tip of the BIR domain of survivin, previously found to aid asso-
ciation with aurora-B kinase,52 are responsible for positioning the 

Figure 5. Mutation of T97A/E alleviates repression of survivin activity conferred by T48A/E. (A and B) Cell lines indicated were subjected to RNAi with 
control (C) or survivin-specific (S) oligos for 72 h. (A) Number of viable cells is presented as a percentage of the control. (B) Immunoblot indicating the 
efficacy of depletion and confirming resistance of the double mutant forms. (C) Localization of double mutants (green) in the presence (upper parts) 
and absence (lower parts) of endogenous survivin in HeLa lines after fixation with formaldehyde and staining with DAPI (blue). Bar 5 μm. (D) GST-pull 
down with 35S-methionine labelled in vitro translated borealin with the GST-constructs indicated. (E) Asynchronous HeLa cells were cotransfected 
with pcDNA constructs encoding the relevant survivin-GFP variants and pcDNA-borealin. Anti-survivin antibodies and protein A/G beads were used 
to immunoprecipitate the ectopically expressed survivin variants and immunoblots interrogated for the presence of borealin. Exogenous borealin 
expression in the WCE, and IP’d GFP tagged version of survivin are shown to demonstrate equality in abundance.
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Further possibilities are that phosphoryla-
tion of T48 facilitates binding to another 
protein that is needed to inhibit apopto-
sis, such as XIAP,58 or prevents binding to 
Smac/ DIABLO, and a non-acidic mutant 
form, D53A, like T48 mutants, is also 
unable to inhibit apoptosis.59 However, 
preliminary GST pulldown data from our 
lab suggest that T48 mutants can interact 
with XIAP in vitro, and the importance 
of the Smac/DIABLO-survivin interac-
tion in the inhibition of apoptosis is not 
entirely clear.60 Indeed, how survivin pre-
vents apoptosis at the molecular level is yet 
to be understood.

Phosphorylation of survivin at T48 
influences its association with borealin. 
Our in vitro and immunoprecipitation data 
suggest that T48 regulates heterodimeriza-
tion of survivin and borealin. Localization 
of T48 mutants to the centromeres is con-
sistent with their ability to bind borealin, 
as it has been reported that survivin is not 
configured as a homodimer when part of 
the CPC.61,62 However, another implica-
tion from our data is that for completion 
of mitosis, survivin may need to be phos-
phorylated at T48 and allowed to reas-
sociate with itself. Crystallographic data 
has shown that survivin interacts with 
itself,63,64 and with borealin,61,62 via its 
central, “linker” region, between the BIR 
domain and the C-terminal alpha helix, 
thus it is interesting that modification 
of the BIR domain could influence these 
interactions. Intriguingly, that the loss in 
mitotic potential observed by T48 mutants 
can be compensated for by a second muta-
tion within the linker region, T97, further 
suggests cooperation between the BIR 

domain and the dimerization site. Although we cannot exclude 
the possibility that a conformational change is required before 
T97 is accessed by a kinase, such as plk1 or CK2, it will be inter-
esting to determine whether it is indeed phosphoregulated and 
which kinase is responsible for modification of this pivotal site.

In conclusion, these data show for the first time that survivin 
is a CK2 substrate and identify T48 as its target residue in vitro. 
Using mutagenic analysis in combination with overexpression, 
RNAi complementation and apoptosis assays, we have demon-
strated that this residue is not only critical for survivin to inhibit 
cell death, but is also crucial for mitosis. Our protein interac-
tion assays show that mutation of T48 alters the binding affinity 
of survivin for borealin. Collectively these data suggest that the 
phospho-status of survivin at T48, which can be regulated by 
CK2, alters its binding to borealin and thereby may influence its 
ability to promote cell proliferation and inhibit cell death.

the nucleus by NLS fusion, survivin is rapidly degraded in a cdh1 
dependent manner.55 The presence of T48 mutants in the nucleus 
(whether focal or diffuse) after depletion of the endogenous pro-
tein suggests that these versions are more resistant to degradation 
than NLS-survivin-GFP, thus it is formally possible that modifi-
cation of T48 could in some way regulate its turnover. Moreover, 
survivin needs to be cytoplasmic, as opposed to nuclear, in order 
to protect cells from death threats.45,55 Here we have reported that 
T48 mutants, despite being positioned in the cytoplasm in the 
presence of the endogenous protein, are unable to protect cells 
against apoptosis, demonstrating that although cytoplasmic 
localization is necessary for cytoprotection, phosphorylation of 
T48 is also required. As CK2 activation has been linked to the 
inhibition of apoptosis,21,23,56,57 it is tempting to speculate that its 
contribution is through phosphorylation of survivin, but with a 
plethora of substrates, it is unlikely that the cascade is so simplistic. 

Figure 6. T48 mutants and T48T97 double mutants abolish survivin’s IAP activity. (A) A rezasurin 
cell proliferation assay was performed on cell lines overexpressing the survivin variants indicated; 
all cells grew normally. (B) Caspase-3 activity assay. Lysates prepared from the lines indicated after 
treatment for 0, 60, 90 or 120 minutes in TRAIL were incubated with Ac-DEVD-Amc, and fluoro-
genic release assessed using a Spectrophotometer in relative fluorescence units (RFU). Extracts 
prepared from cell lines expressing T48 mutants exhibited high caspase 3 activity, indicating that 
these forms were unable to protect cells against apoptosis. Second site mutations did not recover 
cytoprotection. Data is representative of three independent experiments. Average values are 
plotted with error bars indicating standard deviation within a single experiment performed in 
triplicate.
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(Ambion) diluted in OptiMEM (Invitrogen) were transfected 
into cells at a final concentration of 10 nM, using siPORT 
NeoFX (ABI Biosystems, AM4511), and cells allowed a mini-
mum of 48 h to grow in antibiotic free medium before analy-
sis. RNAi insensitive versions of survivin were made resistant to 
siRNA knockdown by a base substitution C54G, in the siRNA 
targeting region see reference 40, and is denoted “R” for clarity 
where appropriate. All mutant forms are “R.”

Immunoblotting/immunoprecipitation. Standard proce-
dures were used for immunoblotting with 0.22 μm nitrocellu-
lose, and the enhanced chemiluminescence method of detection 
(Pierce). Anti-survivin antibodies were used (in-house; 1/1,000) 
and anti-tubulin (B512, 1/2,000, Sigma, T5168), to assess load-
ing. HRP-conjugated secondary antibodies were from DAKO. 
Immunoprecipitation: pcDNA3.1 encoding 1 μg each of survivin 
variants tagged to GFP and untagged borealin were transiently 
co-transfected into 5 x 105 HeLa cells using TransIT LT1 (Mirus, 
MIR2300) and whole cell lysates prepared 24 h post-transfection 
in RIPA buffer. To immunoprecipitate survivin-GFP and its 
variants lysates were incubated for 2 h at room temperature with 
4 μg polyclonal anti-survivin antibodies (in-house) then incu-
bated overnight at 4°C with 25 μl protein A/G beads (Pierce, 
20421). After a series of RIPA-buffer based washes, see refer-
ence 42, proteins were boiled off the beads in Laemmli sample 
buffer, separated by SDS-PAGE and transferred to nitrocellulose. 
Subsequent blots were immunoprobed with anti-borealin (poly-
clonal, in-house; 1/500), and goat anti-survivin (1/1,000, R & D 
Systems, AF6471) antibodies.

Flow cytometry. The DNA content of cells was assessed by 
propidium iodide staining. 500,000 cells were harvested, washed 
in PBS, then resuspended in 1 ml of ice cold 70% ethanol and 
left on ice for 2 h at 4°C. Cells were pelletted by gentle centrifu-
gation, washed with PBS and resuspended in 100 μg/ml prop-
idium iodide (Sigma) and 100 μg/ml RNase (Sigma) diluted in 
PBS. Cells were analyzed using a Fluorescence Activated Cell 
Sorter (FACSCanto, BD Biosciences) with FACS Diva software.

Inhibition of CK2 activity. CK2 activity was inhibited in 
cultured cells by treatment with 4,5,6,7-tetrabromo-2-azaben-
zamidazole (TBB), initially a gift from Prof. E. Pinna, latterly 
from Sigma.43 TBB was diluted directly into culture medium 
to a working concentration of 100 μM from a 10 mM stock in 
DMSO.

Caspase assays. Cells were seeded at 1 x 105 per well in 24-well 
plates, and cultured for 16 h before induction of apoptosis. Cells 
were treated with 250 ng/ml recombinant TRAIL (PeproTech 
EC Ltd., 310-04) for the times indicated, then lysed in 150–
200 μl of MPER buffer (Pierce) containing 1 mM EDTA, 1 μg/
μl pepstatin A, 1 mM AEBSF for 45 minutes and centrifuged at 
13,000 rpm to remove debris. Caspase activity assays were per-
formed in a 96-well microtiter plate: 5 μg of caspase-3 substrate 
(Ac-DEVD-AMC; Biomol, P-411) was incubated with 20 μl of 
cell lysate and 200 μl of reaction buffer (20 mM HEPES, 10% 
glycerol, 2 mM DTT, pH 7.5) at 37°C for 1 h. Fluorescent emis-
sion was measured using a Spectrofluorometer (Fluostar Galaxy) 
with excitation and emission wavelengths set at 390 and 450 nm 
respectively.

Materials and Methods

Molecular biology. Site directed mutants were generated using 
relevant primers and QuikChange site-directed mutagenesis 
(Stratagene) with wild-type human survivin (accession number 
NM001168), bearing a siRNA resistant mutation (C54G) in 
pBluescript as template, see reference 39 and 40. Once gener-
ated, mutants were subcloned into pGEX4T1 (G.E.Healthcare) 
for recombinant expression, or into pcDNA3.1 (Invitrogen), 
with a C-terminal GFP tag, for analysis in tissue culture cells. 
All mutants were confirmed by sequencing of the final construct.

In vitro kinase assays. Recombinant GST, GST-Survivin, 
GST-Survivin-T48A and GST-Survivin-T97A (see GST pull 
down for expression), were incubated for 20 minutes at 37°C 
with purified CK2 (a gift from Prof. E. Pinna), 32P-γATP (5 μCi) 
and 0.1 mM ATP in kinase buffer (25 mM Tris-HCL pH 7.5, 
5 mM MgCl

2
, 1 mM DTT, 0.25 mM EDTA, 50 mM NaCl) in 

a final volume of 20 μl.
Cell lines, transfection and cell proliferation assay. All cells 

were cultured at 37°C and 5% CO
2
 in DMEM with 10% FCS, 

1% penicillin-streptomycin and 1% fugizome. HeLa cell lines 
stably expressing GFP, survivin-GFP, survivinR-GFP or sur-
vivinRT48A-GFP and survivinRT48E-GFP (referred to as T48A 
and T48E) were established as described previously in refer-
ence 10. Clones were selected in 500 μg/ml G418, then pooled 
and FACS sorted to yield homogeneous populations.

EM9 cells were a gift from Prof. Keith Caldecott.41 Where 
indicated cells were transfected with pcDNA3.1 constructs using 
FuGene 6 (Roche) diluted in Optimem, and cultured in anti-
biotic-free medium, according to the manufacturer’s guidelines. 
Cell viability and proliferation was assessed either using trypan 
blue exclusion and a hemocytometer or using a resazurin assay. 
Resazurin assay: cells were grown in 96-well plates then incu-
bated for 1 h at 37°C in 10 μg/ml resazurin prepared in complete 
medium. Using a spectrophotometer (Fluostar Galaxy) fluores-
cence emission was read at 590 nm after excitation at 530 nm. All 
samples were prepared in triplicate.

Immunofluorescence and fluorescence imaging. Cells were 
grown on polylysine coated coverslips then fixed and permeabi-
lized using 4% formaldehyde and 0.15% triton in PBS as previ-
ously described in reference 9. For immunoprobing, cells were 
blocked with 1% BSA in PBS, then incubated sequentially for 
1 h at RT with primary, then texas-red conjugated secondary 
antibodies (1/200, Vector). Centromeres were detected with 
anti-CENPA (1/1,000, AbCam, Ab13939), mitotic spindles with 
tubulin (B512, 1/2,000, Sigma, T5168), mitotic indices were 
determined using anti-phospho-H3 (1/500, Upstate, 06-570). 
All samples were counterstained with DAPI in Vectashield 
(Vector  Labs). Image stacks were acquired using an Olympus 
inverted microscope fitted with an x63 (NA 1.4) oil immersion 
objective and Deltavision Software (Applied Precision). Images 
presented are 2D projections of 0.3 μm stepped Z-stacks.

RNAi. Exponentially growing HeLa cells were seeded imme-
diately before RNAi transfection at a density of 5 x 104 per well 
of a 24-welled plate and cultured in antibiotic free DMEM 
with 10%  FCS. Control and survivin-specific oligonucleotides 
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the in vitro translated protein of choice for 1 h at 4°C. Beads were 
washed with 1 ml of lysis buffer x3, then boiled in SDS loading 
buffer and analyzed by SDS-PAGE and autoradiography.
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GST pull downs. All genes encoding GST tagged recombi-
nant proteins were cloned in pGEX4T1, and protein expression 
induced in BL21 E. coli with 0.5 mM IPTG at 18–20°C, using 
standard methods, see reference 42. Recombinant proteins were 
bound to glutathione-sepharose 4B beads (G.E Healthcare) in 
lysis buffer (PBS, 10 mM EDTA (pH 7.5), 0.05% triton X-100, 
100 μM PMSF and 1 μg/ml CLAP) by incubation for 1 h at 
4°C with rotation. For in vitro translation proteins were tran-
scribed and translated using the T7 or T3 T

N
T coupled reticu-

locyte lysate system (Promega) with approximately 0.04 mCi of 
35S methionine (G.E Healthcare) as tracer. After binding to the 
beads, GST-lysates were washed with PBS then incubated with 
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