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Survivin is a multitasking protein that can inhibit cell death and that is essential for mitosis. Due to these prosurvival
activities and the correlation of its expression with tumor resistance to conventional cancer treatments, survivin has
received much attention as a potential oncotherapeutic target. Nevertheless, many questions regarding its exact role at
the molecular level remain to be elucidated. In this study we ask whether the extreme C- and NH2 termini of survivin
are required for it to carry out its cytoprotective and mitotic duties. When assayed for their ability to act as a
cytoprotectant, both survivin1–120 and survivin11–142 were able to protect cells against TRAIL-mediated apoptosis, but
when challenged with irradiation cells expressing survivin11–142 had no survival advantage. During mitosis, however,
removing the NH2 terminal 10 amino acids (survivin11–142) had no apparent effect but truncating 22 amino acids from
the C-terminus (survivin1–120) prevented survivin from transferring to the midzone microtubules during anaphase.
Collectively the data herein presented suggest that the C-terminus is required for cell division, and that the NH2

terminus is dispensable for apoptosis and mitosis but required for protection from irradiation.

Introduction

Survivin is a prosurvival factor that inhibits cell death and is
essential for mitosis. It is overexpressed in all cancers 1 and its
abundance correlates with tumor resistance to conventional thera-
pies including chemo and radiation.2-4 Thus it has received much
attention scientifically and as a potential oncotherapeutic target.

The crystal structure of human survivin has been solved in 2
forms, as a homodimer,5,6 and in complex with its mitotic part-
ners, borealin and INCENP.7 These structural analyses have
revealed that survivin is essentially a globular protein with an out-
ward projecting C-terminal a helix of approximately 40 amino
acids (Fig. 1A). It homodimerises via a short linker positioned
centrally between the globular domain and the extended helical
tail, and engages leucine 6 and tryptophan 10 from the NH2 ter-
minus at this interface to secure the interaction.5,6,8 The central
linker also contains a nuclear export signal (NES), which actively
shuttles survivin into the cytoplasm in a CRM1 dependent man-
ner.9-11 If the NES is mutated or survivin is artificially relocated
to the nucleus, it no longer protects cells from apoptosis or radia-
tion.9 This loss of cytoprotection might be due to more rapid
turnover of survivin in the nucleus.12 However, there is also evi-
dence that nuclear survivin may play a protective role by reducing

DNA damage or facilitating DNA repair as cells expressing survi-
vin have fewer DNA lesions when compared with control cells.13

Reconciling this apparent paradox, when cells are exposed to irra-
diation (IR), survivin relocates from the cytoplasm to the
nucleus.13,14 Given that forced nuclear relocation eliminates
cytoprotection, these data suggest that survivin may be post-
translationally modified when retained in the nucleus post-IR,
indeed acetylation at K129, has been implicated in nuclear
enrichment.15

During mitosis survivin is a chromosomal passenger protein
(CPP), which operates in the chromosomal passenger complex
(CPC) with aurora-B, borealin and INCENP. The CPC facili-
tates the correction of maloriented chromosomes during prome-
taphase congression, and the execution of cytokinesis.16,17 When
bound to its mitotic partners, the C-terminus becomes part of a
3 helix bundle comprised of the NH2 terminus of borealin (see
Fig. 1B), and the coiled coil region of INCENP.7 Survivin targets
the CPC to the centromere, via two acidic residues D71D72, in
the BIR domain, which bind to threonine 3 of Histone H3,
when it has been phosphorylated by the mitotic kinase, haspin.18

The aim of this study was to determine whether the C- and
NH2-termini of survivin are required for its known roles in cyto-
protection and/or mitosis.
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Results and Discussion

In this report whether the extreme C- and NH2-terminal ends
of survivin are required for its ability to inhibit cell death, or for
its essential function during mitosis was investigated. To do this

2 truncation mutants were
generated, one in which the
C-terminal 22 amino acids
were removed (see Figs. 1A
and B), referred to as survi-
vin1–120; and the other lack-
ing the first 10 amino acids,
survivin11–142. Expression
constructs encoding these
truncations were transfected
into HeLa cells and cell
lines stably expressing these
forms were generated. GFP
and survivin-GFP express-
ing cells were used as con-

trols, see.19 Immunoblotting was used to verify the size of ectopic
proteins and compare their levels of expression (Fig. 1C). Fluo-
rescence imaging revealed that 90% of all cells were expressing
these constructs (data not shown), and like wild type (WT) both

Figure 1. Expression of survi-
vin truncations and their abil-
ity to protect cells from death
threats. (A and B) 3D models
of the crystal structure of (A)
the survivin homodimer
(1F3H), and (B) survivin bound
to the NH2 terminus of borea-
lin (2RAW). Models were cre-
ated using UCSF Chimera
Modeling software 29. (A) Sur-
vivin monomers are shown in
light and dark gray. The termi-
nal 22 amino acids removed
in survivin1–120 are indicated
in red, the NH2 terminus of
survivin is shown in green.
Note that only amino acids 6–
10 are highlighted as residues
1–5 remain unresolved. (B)
The NH2 terminus of borealin
is indicated in blue. (C) An
immunoblot showing expres-
sion of the ectopic forms of
survivin in each stable line;
tubulin indicates loading. (D)
Fluorescence imaging reveals
that all forms examined are
predominantly cytoplasmic.
Scale bar 5 mm. (E) Caspase
activity assay in response to
TRAIL treatment over 90
minutes expressed in relative
fluorescence units (RFU). Error
bars indicate standard devia-
tion from the mean. (F) Clono-
genic survival in response to
X-irradiation plotted on a log-
arithmic scale. Experiments
were performed in triplicate,
3 independent times.
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survivin1–120 and survivin11–142 were predominantly localized
within the cytoplasm of interphase cells.(Fig. 1D)

Survivin terminal truncations can inhibit apoptosis
To test whether these truncation mutants could protect cells

against apoptosis, asynchronous cells expressing GFP, or the
GFP tagged survivin forms indicated, were treated with TRAIL
for 0, 60, or 90 minutes, whole cell lysates prepared, and apopto-
sis assessed using a caspase-3 tetrapeptide cleavage assay
(Fig. 1E). In this assay lysates from cells overexpressing WT
reduced caspase-3 activity compared with cells expressing GFP
alone, as expected. Lysates prepared from cells expressing survi-
vin1–120 and survivin11–142 were also able to protect cells against
this apoptotic challenge, demonstrating that neither end of the
protein is required to inhibit TRAIL- mediated apoptosis.

NH2 truncation eliminates protection from X-irradiation
Next to test the ability of survivin mutants to protect cells

against a second death-signaling pathway, cells were exposed to
increasing doses of X-rays (0, 2.5 and 5 Gy). Survival was moni-
tored using a clonogenic assay in which colonies of 50 cells or
more were counted 7 d post-treatment, and plotted on a logarith-
mic scale as the “surviving fraction.” As shown in Figure 1F,
when compared to control cells expressing only GFP, WT pro-
tected cells against this challenge. Surprisingly, despite effectively
protecting cells against TRAIL, cells expressing survivin11–142
exhibited the same sensitivity to IR as GFP control cells, while
survivin1–120, conferred a similar level of protection against this
insult as cells expressing the WT form. These data suggest that
the NH2 terminus is required for survivin to mediate protection
from IR.

This finding is intriguing as survivin11–142 is the first form
that we have encountered that can protect cells from TRAIL-
mediated apoptosis but not IR-mediated death, and suggests that
survivin may operate in distinct survival pathways in response to
TRAIL and IR. Moreover, it suggests that although exclusion
from the nucleus is necessary for survivin to protect cells against
IR,9,12 it is not sufficient: the NH2 terminus is also required. X-
irradiation induces double strand DNA breaks and survivin
expression has been shown to reduce DNA lesions post IR,13

thus it is possible that the NH2 terminus is engaged in some
aspect of DNA repair, see also.20,21 However, in addition to
damaging DNA, recent evidence has demonstrated that irradia-
tion induces autophagy,22 an intracellular recycling program that
is activated in times of stress. At its outset autophagy is prosur-
vival, but if it persists excessive recycling can ultimately kill the
cell, hence it is often considered to be a second form of pro-
grammed cell death, reviewed in.23 Whether survivin is part of
the autophagic response remains to be determined but could
explain the dichotomous responses of survivin11–142 cells to
TRAIL and IR. Clearly, as survivin is overexpressed in all cancers,
and its abundance correlates with tumor resistance to radiother-
apy, the modus operandi of survivin in protecting cells from IR
warrants further investigation.

Localization of survivin truncations during mitosis
To investigate whether the ends of survivin are required for

cell division the localization of these truncation mutants during
mitosis was examined. Survivin has a very distinct pattern of
localization during mitosis.24, 25 It is centromeric until the meta-
phase-anaphase transition, after which it transfers to the central
anaphase spindle, decorates the equatorial cortex at the site where
the cell will form the cleavage furrow, and finally it is discarded
from the cell during cytokinesis via midbody externalisation
(Fig. 2A). Interestingly, although the C-terminal truncation, sur-
vivin1–120 localized to the centromeres during early mitosis, it
was not specifically confined to these foci, instead it was distrib-
uted all along the chromosome arms (Fig. 2B, upper panel).
Most strikingly instead of transferring to the midzone during
anaphase, survivin1–120 remained associated with the chromo-
some arms and appeared to become enriched at the ends of the
separating chromosomes (Fig. 2B, middle panels). The NH2-
terminal truncation, survivin11–142 also mislocalised but in con-
trast to survivin1–120, it was simply found diffusely localized at all
stages (Fig. 2C). Neither truncation concentrated at the midbody
(Figs. 2B and 2C, lower panels). The inability of these mutants
to localize to the central anaphase spindle was not due to a defect
in this structure itself as intact midzone microtubules were clearly
evident in fixed anaphase cells immunoprobed with anti-tubulin
antibodies (Fig. 2D). We also noted that the chromosomal
localization of survivin1–120 witnessed in live cells was compro-
mised when cells were fixed, compare middle panels in
Figures 2B and D.

The competence of these versions of survivin to correct malor-
iented chromosomes was then assessed using an error correction
assay. Briefly, cells were arrested in mitosis with monopolar spin-
dles and syntelically attached chromosomes using the Eg5 inhibi-
tor dimethylenastron (DMA), harvested by mitotic shake-off,
then released for 120 minutes before fixing and immunoprobing
with anti-tubulin antibodies. The percentage of cells in each
mitotic stage was then assessed by fluorescence microscopy and
quantified (Fig. 2E). As judged by the percentage of cells persist-
ing in prometaphase at 120 minutes (35%), survivin1–120 was
less efficient at correcting maloriented chromosomes compared
to either WT or survivin11–142 which both had a majority
(approx. 80%) of their populations in cytokinesis. In addition we
noted that while only 10.9% (N D 92; WT) and 10% (N D 70;
survivin11–142) cells exhibited abnormalities during mitotic exit,
92.3% (N D 26) of the survivin1–120 population were aberrant,
clearly demonstrating that this form causes genomic instability
during mitosis.

In all cells examined in Figure 2 the native protein as well
as the ectopic form was present. Thus to ascertain whether the
localization of the ectopic forms was influenced by the endoge-
nous protein the distribution of the siRNA resistant truncation
mutants was re-examined after depletion of the native protein.
Surprisingly, although the localization of survivin1–120
remained unchanged (Fig. 3A), removing native survivin
enabled survivin11–142 to localize normally, gaining access to
the centromeres and the midzone during prometaphase and
anaphase respectively (Fig. 3B). Removal of endogenous
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survivin and resistance of the ectopic forms to siRNA was veri-
fied by immunoblotting (Fig. 3C). Mislocalisation only in the
presence of the endogenous protein suggests competition
rather than interaction and raises the question as to whether
the NH2 terminus is really involved in survivin dimerization,
as has been suggested for L6 and W10.5 Note also that
removal of the endogenous protein from survivin11–142 cells
does not impact on the outcome of the TRAIL assay, survi-
vin11–142 remains protective in its absence (data not shown).
On the flipside, loss of this end is not expected to interfere
with the essential mitotic borealin-INCENP helix interaction7

(see Fig. 1B). These experiments suggest that the NH2

terminus is dispensable for mitosis, but that the C-terminus
facilitates centromere targeting and is required for transfer to
the central spindle during anaphase, data that concur with.26

Truncation of the C-terminus inhibits mitosis.
To determine whether these mutants can support mitosis

alone, cell proliferation was monitored at 0, 48 and 72h post-
siRNA. As shown in Figure 3D survivin depletion inhibited pro-
liferation of cells expressing GFP alone (control), while those
expressing the siRNA resistant WT form, continued to grow. By
contrast, although populations of both survivin1–120 and survi-
vin11–142 -expressing cells expanded, they did not rescue

Figure 2. Survivin truncations mislocalise during mitosis. (A–C) Exponentially growing HeLa cells expressing (A) survivin-GFP (WT); (B) survivin1–120-GFP
and (C) survivin 11–142-GFP as indicated, were stained with NucBlue and imaged live. (D) Anaphase cells were fixed with formaldehyde and immuno-
probed with anti-tubulin antibodies to show the integrity of the central spindle in the different lines. Scale bars 5 mm. (E) Analysis of mitotic stages of
cells 120 minutes post-release from DMA-induced mitotic arrest.

264 Volume 14 Issue 2Cell Cycle



proliferation as efficiently
as WT suggesting a partial,
but incomplete rescue.
Next the DMA arrest and
release assay was repeated
in cell populations that
had been depleted of
endogenous survivin for
48h, and their ability to
exit mitosis analyzed by
fluorescence imaging. As
shown in Figure 3E, while
the majority of WT and
survivin11–142 -expressing
cells were either complet-
ing a normal cytokinetic
event, or were in G1
(mononucleated) 2h post-
release from DMA, the
sur- vivin1–120 experienced
many difficulties, which
resulted in 14% with multiple nuclei, 43% undergoing
apoptosis.

As survivin1–120 and survivin11–142 clearly were different in
their mitotic competency, yet the proliferation assay in
Figure 3D suggested that they were equally effective at (par-
tially) restoring cell growth, the siRNA experiment was
extended to a clonogenic analysis to assess survival more

specifically. Briefly, cells that had been exposed to control or
survivin specific siRNA for 72 h were seeded at low density
onto live imaging chambers and petri dishes. The number of
colonies that formed in the survivin siRNA treated popula-
tions was counted and expressed as a percentage of the con-
trol siRNA treated population (top left corner of each panel,
Fig. 4A). In addition, fluorescence imaging of colonies seeded

Figure 3. Mitotic compe-
tency of survivin trunca-
tions. Endogenous survivin
was removed by siRNA from
cells expressing survivin1–
120-GFP (A) or survivin 11–

142-GFP. (B) 72 h later cells
were fixed and immuno-
probed with anti-tubulin
antibodies (red) and coun-
terstained with DAPI (blue).
Scale bars 5 mm. (C) Immu-
noblotting with anti-survi-
vin antibodies confirming
removal of the endogenous
protein, and resistance of
the ectopic form. Tubulin is
shown to indicate equality
in loading. C D control, S D
survivin specific siRNA. (D)
Cell proliferation over 72h
was assessed using a meta-
bolic (resazurin) assay. Aver-
age and standard deviation
of cell number is plotted on
the Y-axis. (E) Analysis of
cell condition 72h post-
siRNA treatment in each
population, viewed in real
time by fluorescence imag-
ing using GFP and NucBlu
signals.
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onto live imaging chambers revealed that the GFP control
cells were unable to form viable colonies (Fig. 4A), while
those expressing WT survivin grew into uniform colonies
with cells of regular size. This assay clearly demonstrated that
survivin11–142 expressing cells form a similar number of
highly regular exponentially growing colonies to WT, how-
ever, consistent with the mitotic defects observed in previous
experiments, the colonies that developed from cells expressing
survivin1–120, contained many binucleated and multinucleated
cells (Fig. 4B) further confirming that mitosis and cytokinesis
was impaired in this population. The average number of cells
in each colony was also counted (Fig. 4C), and was found to
be highest in the WT (72.3C/¡14.6) population and lowest
and most variable in the population expressing survivin1–120
(42.4C/¡20.8). Interestingly, survivin11–142 expressing colo-
nies had on average 58.8C/¡6.6 cells, suggesting that the less
efficient rescue observed for this cell line in the proliferation

assay may be due to a
reduced rate of cell
growth, rather than any
reduction in viability.

Truncation of the
C-terminus disrupts
interaction with borealin

The observation that
survivin1–120 expressing
cells fail to divide is consis-
tent with previous studies
that have reported that the
C-terminal helix is respon-
sible for binding to borealin
(see Fig. 1B). Indeed, in a
parallel paper, we recently
reported that substitution
of a lysine at position 129,
for a glutamic acid, K129E,
is sufficient to inhibit survi-
vin from interacting with
borealin.27 Thus to con-
firm that C-terminal
truncation abrogates inter-
action with borealin, an
immunoprecipitation assay
was performed with each of
the cell lines. Immunoblot-
ting analysis after immuno-
precipitation with anti-
GFP antibodies revealed
that borealin does indeed
co-immunoprecipitate
with WT survivin during
mitosis, as does survivin11–
142, but not with survivin1–
120 (Fig. 4D). Finally,
immunolocalisation in

fixed cells revealed that borealin was misplaced in prometaphase
and anaphase cells expressing only survivin1–120, but localized
normally in cells expressing survivin11-142 (Fig. 4E).

In summary, the data herein presented suggest that the last 22
amino acids of survivin are required to bind to borealin and support
mitosis and cytokinesis, whereas the first 10 amino acids are
needed to protect cells from irradiation. How this short sequence
contributes to protection from IR remains to be determined but
initial data suggest that its removal may influence the rate of cell
growth.

Materials and Methods

Unless otherwise stated, tissue culture reagents were obtained
from www.lifetechnologies.com, and all other reagents were from
www.sigmaaldrich.com.

Figure 4. C-terminal truncation inhibits borealin interaction and inhibits mitosis. (A) To determine viability over a lon-
ger period, cells treated for 72 h with siRNA were re-seeded at low density and the resultant clonal morphologies
assessed 7 d later. Scale bar 50 mm. The number of colonies that formed as expressed in the top left corner as a per-
centage of colonies on control siRNA treated plates. (B) Quantitation of the percentage of cells that are mononucle-
ated, binucleated, apoptotic or mitotic within individual colonies. (C) Average number of cells in each colony and the
standard deviation from the mean. (D) Immunoprecipitation using anti-GFP antibodies and immunoblot analysis to
assess interaction with endogenous borealin. Equality of borealin expression is indicated in lower panel which is an
immunoblot of whole cell extracts. (E) Immunofluorescence of fixed cells in prometaphase or anaphase, probed with
anti-borealin antibodies, and visualised with Cy5 anti-rabbit secondary antibodies. Bar, 5 mm.
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Molecular biology
Survivin truncations were generated by PCR using VENT

polymerase (www.neb.com), with wild type human survivin
(accession number NM001168) in pBluescript as template,
see.24,28 Once generated, mutants were subcloned into the mam-
malian expression vector pcDNA3.1 (Invitrogen) such that the
protein was fused at its C-terminus to GFP. All final constructs
were sequence verified prior to use.

Cell Lines, transfection and proliferation
HeLa cell lines stably expressing GFP, survivin-GFP, sur-

vivin1–120-GFP or survivin11–142-GFP were established by
transfection with the relevant pcDNA3.1 constructs using
Transit LT1 (ww. mirusbio.com) diluted in Optimem, and
selection post-transfection with 500 mg/ml G418, followed
by clonal identification, pooling and FACS sorting on the
GFP signal. Cells were cultured at 378C and 5% CO2 in
DMEM with 10% Hyclone Bovine Growth Serum (www.
thermoscientific.com), 1% penicillin-streptomycin; 1% fungi-
zome and 500 mg/ml G418. Cell proliferation was assessed
in triplicate using a resazurin assay in which cells grown in
96 welled plates were incubated for 1 h at 378C in 10 mg/ml
resazurin (Sigma R7017) prepared in complete medium.
Resazurin signal was measured using a spectrophotometer
(FLUOstar Galaxy, BMG Labtechnologies) with excitation
set at 530 nm and emission at 590 nm.

Fluorescence imaging
Cells were either grown on poly-l-lysine coated 4-cham-

bered slides (nunc Lab-TekII, www.thermoscientific.com) or
13 mm2 glass coverslips. To image cells live, the growth
medium was replaced with CO2 independent, phenol red free
medium containing NucBlue (www.lifetechnologies.com) to
visualize the DNA. To fix cells for immunofluorescence, cov-
erslips were incubated with 4% formaldehyde (378C, 5 min)
and permeabilised in 0.15% triton in PBS (378C, 2 min).
Before immunoprobing, cells were blocked with 1% BSA in
PBS, then incubated sequentially for 1 h at room temperature
with anti-tubulin (B512, 1/2000, Sigma, T5168) or anti-
borealin (1/500, in-house), then texas-red conjugated anti-
mouse secondary antibodies (1/200, www.vectorlabs.com) or
Cy5-anti-rabbit antbodies (1/1000, www.abcam.com). All
fixed samples were counterstained with DAPI and mounted
in 1% propyl gallate/ glycerol mounting medium. Images
were acquired using an Olympus inverted microscope fitted
with a x 20, or a x 63 (NA 1.4, oil) objective and operated
with Deltavision Software (api.gehealthcare.com). High resolu-
tion images are presented as 2D projections of 0.3 mm
stepped Z-sections and processed for presentation using
Adobe Photoshop, adhering to image manipulation
regulations.

RNAi
Exponentially growing HeLa cells were seeded immediately

before RNAi transfection at a density of 5£104 per well of a
24-welled plate and cultured in antibiotic free DMEM with

10% FCS. Control and survivin specific oligonucleotides
(Ambion, www.lifetechnologies.com) diluted in OptiMEM
were transfected into cells at a final concentration of 10 nM,
using HiPerfect (www.qiagen.com), and cells allowed a mini-
mum of 48 h to grow in antibiotic free medium before anal-
ysis. RNAi insensitive versions of survivin were made
resistant to siRNA knockdown by a base substitution C54G
(Wheatley et al., 2004).

Immunoblotting and immunoprecipitation
Cells were lysed in RIPA buffer (20mM Tris, pH8.0,

137 mM NaCl, 0.5 mM EDTA, 10% glycerol, 1% Non-Idet
P40, and 1% SDS) with protease and phosphatase inhibitors.
Cell lysates were then boiled in Laemmli sample buffer, and
50 mg protein lysate loaded per lane. Proteins were separated
by SDS-PAGE (12%) and transferred to 0.22 mm nitrocellu-
lose (www.pall.com) using standard Tris/glycine based meth-
ods. The following antibodies were used: anti-survivin (in-
house; 1/1000) and anti-tubulin (B512, 1/2000, Sigma,
T5168). HRP-conjugated secondary antibodies (diluted 1/
2000) were from www.dako.com. All antibodies were pre-
pared in 5% milk (Marvel) in PBS with 0.1% Tween 20.
Signals were detected using enhanced chemiluminescence and
hyperfilm (www.gehealthcare.com).

Immunoprecipitation was carried out as described in,27 except
that protein G Dynabeads (www.lifetechnologies.com) were
used.

Caspase assay
Cells were seeded at 1£105 per well in 24-welled plates, and

cultured for 16 h before induction of apoptosis. Cells were
treated with 250 ng/ml recombinant TRAIL (www.peprotech.
com cat no. 310–04) for the times indicated, then lysed in
200 ml of mammalian protein extraction reagent (MPER;
www.pierce.com) containing 1 mM EDTA, 1 mg/ml pepstatin
A, 1 mM AEBSF for 45 minutes. Caspase activity assays were
performed in a 96-well microtiter plate: 4 mg of the caspase-3
substrate Ac-DEVD-AMC (Biomol cat no. P-411, www.
enzolifesciences.com) was incubated with 40 ml of cell lysate
and 200 ml of reaction buffer (20 mM HEPES, 10% glycerol,
2 mM DTT, pH 7.5) at 37�C for 1 h. Fluorescent emission
(450 nm) was measured using a Spectrofluorometer (Fluostar
Galaxy, BMG Labtechnologies) with excitation wavelength set
at 390 nm.

X-Irradiation and clonogenic survival Aasays
Cells were seeded at low density in 10 cm2 Petri dishes

and irradiated 2 h later at 0, 2.5, or 5 Grays using an Hs-
X-ray System (A.G.O Installations Ltd). Seven days post-
irradiation cultures were stained with 1% methylene blue in
absolute ethanol (1 h, 25�C), and colonies of >50 cells
counted.
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