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Radioresistance markedly impairs the efficacy of tumor
radiotherapy and may involve antiapoptotic signal trans-
duction pathways that prevent radiation-induced cell
death. A common cellular response to genotoxic stress
induced by radiation is the activation of the nuclear factor
kappa B (NF-jB). NF-jB activation in turn can lead to an
inhibition of radiation-induced apoptotic cell death. Thus,
inhibition of NF-jB activation is commonly regarded as
an important strategy to abolish radioresistance. Among
other compounds, the fungal metabolite gliotoxin (GT)
has been reported to be a highly selective inhibitor of NF-
jB activation. Indeed, low doses of GT were sufficient to
significantly enhance radiation-induced apoptosis in HL-
60 cells. However, this effect turned out to be largely
independent of NF-jB activation since radiation of HL-60
cells with clinically relevant doses of radiation induced
only a marginal increase in NF-jB activity, and selective
inhibition of NF-jB by SN50 did not result in a marked
enhancement of GT-induced apoptosis. GT induced
activation of JNKs, cytochrome c release from the
mitochondria and potently stimulated the caspase cascade
inducing cleavage of caspases �9, �8, �7 and �3.
Furthermore, cleavage of the antiapoptotic protein X-
linked IAP and downregulation of the G2/M-specific
IAP-family member survivin were observed during GT-
induced apoptosis. Finally, the radiation-induced G2/M
arrest was markedly reduced in GT-treated cells most
likely due to the rapid induction of apoptosis. Our data
demonstrate that various other pathways apart from the
NF-jB signaling complex can sensitize tumor cells to
radiation and propose a novel mechanism for radio-
sensitization by GT, the interference with the G2/M
checkpoint that is important for repair of radiation-
induced DNA damage in p53-deficient tumor cells.
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Introduction

Radioresistance is a significant problem in the treatment
of malignant tumors. Many factors affect susceptibility
of tumor cells to radiation. Among them apoptosis
sensitivity seems to play an important role. Apoptosis is
a hierachically controlled set of events by which cells are
eliminated from tissues without eliciting an inflamma-
tory response (Kerr, 1972). Caspase family proteases are
the key mediators of apoptosis (reviewed in Los et al.,
1999), which in turn are regulated by antiapoptotic
proteins belonging to the inhibitor of apoptosis (IAP)
family (Li et al., 1998; Holcik et al., 2000). Among the
IAPs, X-linked IAP (XIAP) is the most potent and
versatile caspase inhibitor. It directly inhibits the active
forms of caspase�9, �3 and �7 (Huang et al., 2001).
Another IAP-family member, survivin, is specifically
induced in the G2/Mphase and it appears to function
both as a cell cycle regulator and apoptosis suppressor
(Li et al., 1998).
There are several approaches to enhance radiosensi-

tivity. A major strategy is based on inhibition of nuclear
factor kappa B (NF-kB) (Yamagishi et al., 1997). NF-
kB is activated by ionizing radiation (IR) (Wilson et al.,
1993) and protects cells from radiation-induced apop-
tosis (Shao et al., 1997). In the cytoplasm, NF-kB is
found inactive in a complex with IkB proteins. NF-kB is
activated by phosphorylation of inhibitor of nuclear
factor ka (IkBa), at two serine residues (Ser-32 and Ser-
36), by IkB kinases leading to its subsequent ubiquitina-
tion and degradation by the proteasome (Baldwin,
1996). This reaction releases the active form of NF-kB
which upon translocation to the nucleus binds to
regulatory sequences in promoter/enhancer regions.
NF-kB probably exerts its antiapoptotic function by
upregulation of the expression of antiapoptotic genes
(Wang et al., 1998).
Another strategy to enhance the effects of IR is to

stimulate proapoptotic pathways, for example, in
NSCLC cell lines, activation of the c-Jun N-terminal
kinase (JNK) induces apoptosis and enhances radio-
sensitivity (Kawabe et al. 2002). JNK signaling pro-
motes apoptosis also in other cell lines (Zanke et al.,
1996; Bossy-Wetzel et al., 1997) and is mainly involved
in radiation-induced apoptosis (Chen et al., 1996). JNK
has been shown to phosphorylate Bcl-2 (Maundrell et al.,Received 18 May 2003; revised 3 July 2003; accepted 10 July 2003
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1997) and cause a release of cytochrome c (Cyt c) from
the mitochondria (Chaudhary et al., 1999; Tournier
et al., 2000).
To further evaluate the mechanisms underlying radio-

sensitizing, we used GT, a fungal metabolite produced
by human pathogenic Aspergillus fumigatus that is
known to induce apoptosis in various cell lines (Waring
et al., 1997). However, the underlying mechanism of
apoptosis induction by GT is still unclear. GT has been
reported to inhibit activation of NF-kB in different cell
lines by preventing the degradation of IkBa by the
proteasome (Pahl et al., 1996; Kroll et al., 1999).
Furthermore, GT sensitizes hepatoma cells towards
TNF-induced apoptosis by inhibiting NF-kB activation
(Pluempe et al., 2000). However, NF-kB-independent
apoptosis-inducing mechanisms of GT were also pro-
posed. The molecular structure of GT exhibits an
epipolythiodioxopiperazine ring containing a disulfide
bridge. This ring could be degraded to dithiol derivatives
by cellular redox cycles releasing free radicals such as
H2O2, which damage the DNA and stimulate apoptosis
(Eichner et al., 1988).
We have examined the effect of GT on radiation-

induced apoptosis in a p53-deficient HL-60 cell model
(Wolf and Rotter, 1985), since tumors lacking functional
p53 exhibit an impaired radiosensitivity (Lee and
Bernstein, 1993). Thymocytes of p53-knockout mice
become even resistant to radiation-induced apoptosis
(Lowe et al., 1993). Furthermore, p53 mediates radia-
tion-induced G1 arrest (Bristow et al., 1996). G1- and
G2 checkpoints are crucial for the detection of DNA
damage, DNA repair and induction of apoptosis. Prior
to apoptosis induction, p53-deficient cells arrest in the
G2-phase of the cell cycle probably due to the lack of an
intact G1 checkpoint (Han et al., 1995). This G2 arrest is
then required for the repair of DNA damage induced by
radiation. Consequently, the length of the G2 arrest
correlates with radioresistance in many cell lines,
including HL-60 cells and abrogation of this checkpoint
by drugs enhances radiosensitivity and radiation-
induced apoptosis (Russell et al., 1995; Aldridge and
Radford, 1998).
In this paper, we show that GT enhances radio-

sensitivity of HL-60 cells. Surprisingly, this effect was
largely independent of inhibition of NF-kB. In contrast,
the toxin activated JNKs and stimulated the caspase
cascade inducing cleavage of caspases �9, �8, �7 and
�3. This was accompanied by cleavage of the IAP
family member, XIAP. Finally, treatment with GT
markedly reduced the radiation-induced G2 arrest and
led to a downregulation of the G2/M-specific antiapop-
totic protein survivin.

Results

GT induces apoptosis in HL-60 cells

To determine whether GT could induce apoptosis in
HL-60 cells, annexin V labeling of cells was performed.
GT markedly induced apoptosis in HL-60 cells in a
concentration- and time-dependent manner. Maximum

apoptosis was detected at 72 h of exposure to GT. At
this time point, 18.0 and 68.5% of apoptotic cells were
observed upon exposure to 50 and 200 ng/ml GT,
respectively (Figure 1a and data not shown). In contrast,
upon irradiation of HL-60 cells with clinically relevant
doses of 2–6Gy, the fraction of apoptotic cells increased
only slightly reaching 2.1–13.4% after 72 h (control
1.4%, Figure 1b).

GT enhances radiation-induced apoptosis

Preincubation of HL-60 cells with GT markedly
increased radiation-induced cell death. A maximum
increase in apoptosis was achieved at 50 ng/ml GT and
6Gy (Figure 1a–c). Thus, the fraction of apoptotic cells
after combined exposure to 6Gy and 50 ng/ml GT over
72 h was 54.3%, compared to 31.4% , which is the sum
of the apoptotic fractions of 50 ng/ml GT, that is, 18.0%
(Figure 1a), and 6Gy, that is, 13.4% (Figure 1b). This
constituted a significant enhancement of apoptosis after
72 h (Po0.05). The combination of GT and radiation
killed the cells up to three times more effectively as
compared to radiation alone.

Survival data indicate an additive effect of GT and
radiation

In order to examine whether interactions, that is,
subadditive, additive or supra-additive effects were
obtained by the combined exposure to GT and
radiation, isobolograms were calculated using survival
data according to the method of Steel and Peckham
(1979). Survival data obtained by gating fractions of
viable cells as described in ‘Material and methods’
showed sigmoid curves at various concentrations of GT
and shoulder-shaped curves for radiation doses of 1–
20Gy. Based on these data, the reduction of the survival
curves of HL-60 cells by GT and radiation turned out to
be additive (Figure 1d).

Radiation induces only a slight increase in DNA-binding
activity of NF-kB

Radiation has been shown to upregulate DNA-binding
activity of NF-kB and this mechanism is supposed to be
important for radioresistance (Shao et al., 1997). HL-60
cells did not exhibit a constitutive activation of NF-kB.
Irradiation of HL-60 cells within a clinically relevant
dose of 6Gy induced only a minor, if at all, increase in
NF-kB activity after 1–4 h as detected by electrophoretic
mobility shift assay (EMSA) (Figure 2a). To further
quantify the increase in NF-kB activity after irradiation
with 6Gy, we used a highly sensitive ELISA-based NF-
kB assay that allows the detection of the activity of NF-
kB subunits. As shown in Figure 2b, there was only a
small, about 0.2-fold, increase in p50/p65 homodimer
activity upon irradiation with 6Gy as compared to
control values. Furthermore, this was only a minor
effect compared to up to 2.5-fold increase by stimulation
with TNFa. If HL-60 cells were exposed to 50 ng/ml GT,
basal levels of p50 slightly decreased whereas activity of
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p65 remained unchanged. The small increase in p50/p65
activity in response to radiation was inhibited by GT
(Figure 2b).

Selective inhibition of NF-kB does not substantially
enhance radiation-induced apoptosis in HL-60 cells

To determine whether the small increase in NF-kB
activity in response to radiation and the subsequent

inhibition by GT were sufficient to explain the
proapoptotic properties of the drug, we performed
experiments using SN50, a selective inhibitor peptide
of NF-kB. This peptide inhibits nuclear translocation
and DNA binding of active NF-kB (Lin et al., 1995).
First, we verified that SN50 prevents maximum NF-kB
activation by TNFa in our model system by EMSA
(Figure 2c, inset). Next, we examined the effect of SN50

Figure 1 Combined effect of GT and radiation on apoptosis in HL-60 cells (dashed bars) versus GT alone (empty bars, a) or
irradiation (IR) alone (empty bars, b). Cells were incubated with 10–50 ng/ml GT and irradiated with 2–6Gy. The percentage of
apoptotic cells was determined after 72 h by FITC-annexin V staining as shown in (c). Both, GT and radiation increased apoptosis in
dose-dependent manner, reaching 2.6–18.0% by 10–50 ng/ml GT and 2.4–13.4% by 2–6Gy. Combined exposure to GT and radiation
markedly enhanced apoptosis to a maximum of 54.3%. Values represent means7standard deviation (s.d.) based on at least six
independent experiments. (*Significantly greater than GT and radiation, respectively alone, Po0.05.) (c) Dot plots of FITC-annexin
V/propidium iodide (PI) two-parameter flow cytometry of exponentially growing HL-60 cells upon 6Gy irradiation and exposure to
50 ng/ml GT over 72 h. The lower left quadrants (R1) of each panel show the viable cells that exclude PI and are negative for FITC-
annexin V binding. The upper left quadrants (R2) represent the apoptotic cells which still exclude PI and bind FITC-annexin/V,
demonstrating cytoplasmic membrane integrity. The upper right quadrants (R3) contain the dead cells, positive for FITC-annexin V
binding and for PI uptake. Combined exposure to GT and radiation significantly increased the apoptotic and dead fractions.
Representative experiments out of six are shown. (d) Isobologram for the combination of radiation and GT in HL-60 cells. The iso-
effect curves are calculated as described by Steel and Peckham (1979). Mode I and mode II curves delineate an envelope of additivity
within which all responses are conceivably additive. Two alternative mode II lines are calculated, depending upon whether radiation is
regarded as saving GT dose or vice versa. The experimental point shows survival fraction S0.2 determined 72 h after exposure to
radiation and GT
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on radiation-induced apoptosis. In contrast to GT,
SN50 did not increase the fraction of apoptotic cells in
untreated HL-60 cells and only slightly enhanced
apoptosis in irradiated cells. Apoptosis induced by the
combined exposure of cells to 6Gy and various
concentrations of SN50 over 72 h was much less
pronounced than in response to GT (Figure 2c). Thus,
inhibition of NF-kB cannot explain both, the substan-
tial induction of apoptosis and the marked increase in
radiation-induced apoptosis in HL-60 cells treated
with GT.

Effects of the inhibition of protein synthesis by
cycloheximide (CHX) and proteasome blockage by
clasto-lactacystin (CLAC) on radiation-induced
apoptosis

GT has been supposed to induce apoptosis by inhibition
of protein synthesis (Waring and Beaver, 1996). To
examine whether this effect could be responsible for the
radiosensitization observed in response to GT, HL-60
cells were incubated with 0.5 mg/ml CHX, a concentra-
tion sufficient to block protein synthesis in HL-60 cells
(Bratton et al., 1999). A maximum efficient concentra-
tion of CHX enhanced radiation-induced apoptosis
slightly from 13.4 to 20.2% compared to 54.3% by
GT after 72 h (Figure 3). Furthermore, combined
exposure to CHX and GT doubled the apoptotic
fractions (35.7%) compared to CHX (13.2%) and GT
(18.0%), respectively, alone (Figure 3). Thus, GT is not
likely to exert its proapoptotic effect via inhibition of
protein synthesis. GT has also been demonstrated to
target proteolytic activities of the proteasome (Kroll
et al., 1999). Several proteasome inhibitors induce
apoptosis in neoplastic and rapidly growing cells
(Naujokat and Hoffmann, 2002), but many inhibitors
target various proteases (Rock et al., 1994). To
determine, whether the apoptotic effects of GT could

Figure 2 (a) Irradiation with 6Gy induces only a slight increase in
DNA-binding activity of NF-kB that is inhibited by GT and SN50.
Equal amounts of cytoplasmatic proteins were prepared and
analysed by EMSA. A radiolabeled oligonucleotide encompassing
the first kB element of the human NF-kB promotor was used as a
probe. As competitors, the unlabeled double-stranded oligonucleo-
tides were added at 20- and 60-fold excess. For unspecific
competition, an unrelated oligonucleotide containing the SP1-
binding site was used. Exact protein concentrations were deter-
mined using the Bio-Rad assay with bovine serum albumin as
standard. NF-kB DNA-binding activity was slightly upregulated
after 4 h by irradiation with 6Gy and inhibited by 50 and 200 ng/ml
GT (GT50, GT200) and 20 mm SN50. Results are typical of two
separate experiments, NS=non specific band. (b) To exactly
quantify NF-kB activation by radiation, ELISA-based NF-kB
assay was performed. p50/p65 profiling of NF-kB activation clearly
showed that irradiation with even 6Gy only slightly stimulated
NF-kB activity in HL-60 cells after 1–4 h, causing an increase to a
maximum of 20%/19% compared to 88%/259% by stimulation
with TNFa. Radiation-induced increase in NF-kB activity was
inhibited by 50 ng/ml GT (GT50). Data are shown as representa-
tive. (c) GT is a more potent inducer of apoptosis than SN50. GT
(50 ng/ml) and SN50 (100 mm) were added to HL-60 cells in culture.
Cells were also irradiated with 6Gy in the presence or absence of
GT and SN50. GT (GT50) enhanced radiation-induced apoptosis
clearly more markedly than SN50. Values represent means7s.d.
for four separate experiments. (*Significantly greater than control
or radiation alone, Po0.05.) As shown in the inset, SN50 was
sufficient to inhibit maximum stimulation of NF-kB activity by
400U/ml TNFa

Figure 3 GT (CHX) is a more potent inducer of apoptosis than
cycloheximide and clasto-lactacystin 2 (CLAC) in HL-60 cells. The
data shown are the percentage of apoptotic cells 72 h after exposure
to 0.5 mm CLAC, 0.5mg/ml CHX, 50 ng/ml GT, 6Gy and a
combination of GT, CHX and with radiation. Remarkably,
combined exposure to GT and CHX approximately doubled
apoptotic fractions compared to the drugs, respectively, alone.
Values represent means7s.d. for four separate experiments.
(*Significantly greater than control or radiation alone, Po0.05.)
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be explained by the inhibition of the proteasome, we
used CLAC, the active analog of lactacystin and a
highly selective inhibitor of the proteasome (Fenteany
et al., 1995). As shown in Figure 3, CLAC did not
significantly increase apoptosis neither by itself nor in
combination with radiation. In conclusion, the proa-
poptotic effect of GT is not due to inhibiton of protein
synthesis or the proteasome.

Induction of apoptosis by GT is dependent on the
activation of the caspase cascade

Next, we aimed to characterize the mechanisms by
which GT induces apoptosis in HL-60 cells. To examine
caspase activation in response to GT, cell lysates were
analysed using antibodies, which recognize the cleaved
active caspase subunits. Cleavage of caspases �9, �8,
�7 and �3 (Figure 4a) was clearly detected after
exposure to GT alone or in combination with radiation
over 16 h. In contrast, if radiation was applied alone,
caspase cleavage and activation was not observed within
the first 16 h of incubation (Figure 4a). At later time
points (72 h), radiation induced a slight cleavage of
caspase-3 (data not shown). To prove that the pro-
apoptotic effects of GT required caspase activation, we
coincubated HL-60 cells with benzyloxycarbonyl-Val-
Ala-Asp-fluoromethylketone (z-VAD-fmk), a broad-
spectrum inhibitor of caspases. Upon incubation of
cells with z-VAD-fmk, apoptosis was almost completely
blocked. Treatment of HL-60 cells with 100 mm z-VAD-
fmk decreased the apoptotic fractions from 18.0 to 2.0%
in cells exposed to 50 ng/ml GT alone and from 54.3 to
5.7% in cells exposed to a combination of 50 ng/ml GT

and 6Gy (Figure 4b). This constituted a significant
decrease of apoptosis by 89.5 and 88.9%, respectively
(Po0.05). The minor apoptotic effects of radiation
alone could also be blocked by z-VAD-fmk (data not
shown). In contrast, treatment of HL-60 cells with the
NF-kB inhibitor SN50 did not result in the cleavage of
caspase-3 within 16 h of incubation, demonstrating that
inhibition of NF-kB is not sufficient to trigger caspase
activation in this cell model (data not shown).

Figure 4 (a) GT leads to a broad activation of caspases. Cells exposed
to GT and radiation were removed after 16 h, normalized for protein
content and analysed by Western blot analysis using antibodies that
recognize the cleaved caspases �9, �8, �7 and �3. Cleavage of the
indicated caspases could be clearly detected in cells exposed to 50 ng/ml
GT, but not in cells treated with 6Gy alone. If cultures were
preincubated with 100mm z-VAD-fmk, cleavage of the key effector
caspase-3 was effectively blocked. (b) GT-induced apoptosis is
dependent on the activation of the caspase pathway. Blockage of the
caspases by z-VAD-fmk was accompanied by a significant decrease in
apoptotic fractions to 2.0% (vs 18%) and 5.7% (vs 54.3%) in cells
exposed to 50 ng/ml GT or 50 ng/ml GT and 6Gy, respectively, after
72 h. Values represent means7s.d. for at least two separate experi-
ments performed in duplicates. Key: *significantly lower than cells
treated in absence of z-VAD-fmk, Po0.05. (c) Cytochrome c (Cytc) is
released to the cytosol during GT- and radiation-induced apoptosis.
Mitochondrial fraction was separated from the cytosolic fraction by
using the ApoAlert Cell Fractionation Kit. A 5–10mg measure of each
cytosolic and mitochondrial fraction was loaded on 12% SDS–PAGE,
then proceeded with Western blot and probed with Cyt c antibody. As
a control to confirm that mitochondrial fraction was successfully
separated from the cytosolic fraction, Cyt c oxidase subunit IV
(COX4) antibody was used. Cyt c release from the mitochondria was
more marked by exposure to 50 ng/ml GT than by irradiation with
6Gy after 16 h. (d) Endogenous XIAP is cleaved during GT-mediated
apoptosis. A typical B30-kDa cleavage fragment of XIAP was
detected in cells treated with GT or with radiation in presence of GT
over 16 h. In contrast, XIAP was not cleaved in cells treated with
radiation alone. Cleavage of XIAP was dependent on activation of
caspases because the cleavage fragment nearly completely disappeared
by using z-VAD-fmk. Each panel reports one experiment representa-
tive of two performed
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Mitochondrial apoptosis pathway is involved in
GT-induced apoptosis

To further examine the proapoptotic mechanisms
induced by GT, we examined Cyt c release from
mitochondria in HL-60 cells. As shown in Figure 4c,
HL-60 cells undergoing GT-induced apoptosis exhibit a
markedly increased release of Cyt c from the mitochon-
dria after 16 h. In contrast, Cyt c release to the cytosol
was much lower in irradiated cells at this time point.
Thus, GT-induced apoptosis is substantially mediated
by the mitochondrial pathway.

XIAP is cleaved during GT-induced apoptosis

Since NF-kB exerts its antiapoptotic effect at least in
part by upregulating the expression of members of the
IAP family (Wang et al., 1998), we examined the
expression of one of the most potent IAPs, XIAP,
(Deveraux et al., 1997). If the proapoptotic effects of GT
were due to inhibition of NF-kB, XIAP expression
should be downregulated after GT treatment of HL-60
cells. As shown in Figure 4d, treatment of cells with GT
resulted in a marked breakdown of XIAP protein as
demonstrated by the occurrence of a typical B30-kDa
cleavage fragment that reacted with the XIAP antibody
(Deveraux et al. 1999). Thus, treatment of HL-60 cells
with GT does not downregulate the protein expression
as expected after inhibition of NF-kB (Hida et al., 2000),
but induces cleavage of XIAP. Interestingly, XIAP
breakdown by GT could be completely prevented by
treatment of cells with z-VAD-fmk, suggesting that
activation of caspases was responsible for XIAP break-
down in response to GT.

GT stimulates proapoptotic JNK pathway

The JNK signaling has been known to promote
apoptosis in various cell lines (Bossy-Wetzel et al.,
1997). To examine whether GT could activate this
proapoptotic signaling pathway, we performed JNK-
immune complex kinase assays. GT induced sustained
activation of JNK for at least 16 h in HL-60 cells, which
was even enhanced by combined exposure to radiation
(Figure 5a). Interestingly, radiation alone did not lead to
a detectable activation of JNK in immune complex
kinase assays (Figure 5a) after 16 h, suggesting that the
additional exposure to GT is necessary to substantially
enhance JNK activation. GT-induced JNK activation
could be blocked by low concentrations of the selective
JNK inhibitor SP600125. This low concentration was
used to avoid potential unspecific effects of the inhibitor.
SP600125 also markedly reduced the synergistic activa-
tion of JNK by GT and radiation. However, the low
concentration of SP600125 was not sufficient to
substantially block maximum JNK activation in re-
sponse to anisomycin (Figure 5a), a bacterial compound
that potently activates kinase cascades, especially the
JNKs (Hazzalin et al., 1998). To evaluate whether this
mechanism contributes to the synergistic proapototic
effects of GT and radiation, we preincubated HL-60
cells with the same concentration of the JNK inhibitor

SP600125 required to reduce synergistic activation of
JNK by GT and radiation and detected the apoptotic
fractions after 72 h by annexin V labeling. As shown in
Figure 5b, treatment of cells with SP600125 significantly
reduced apoptosis induced by the combination of GT
and radiation by 57% (Po0.05). SP600125 also reduced
GT-induced apoptosis in HL-60 cells. Based on these
data, we propose that activation of JNK is involved in
GT-induced apoptosis and contributes to the enhance-
ment of radiation-induced apoptosis by GT.

Radiation-induced G2/M arrest is markedly reduced by
GT-induced apoptosis

Since radiation-induced apoptosis is enhanced upon the
abrogation of G2/M checkpoint in p53-deficient HL-60
cells (Aldridge and Radford, 1998), cell cycle profiles
were evaluated. IR induced a dose-dependent G2/M
arrest in HL-60 cells, which was most pronounced after
16-24 h. If cells were irradiated with 6Gy, the fraction of
G2/M cells was 91.9% after 16 h, 81.7% after 24 h
(Figure 6a), 52.4% after 48 h and 44.6% after 72 h (data
not shown), respectively. This was a significant differ-
ence compared to control G2/M cells after 16–72 h, for

Figure 5 (a) GT induces sustained activation of JNK for at least
16 h that is even more enhanced in combination with irradiation of
6Gy in HL-60 cells. JNK activity was determined in JNK-immune
complex kinase assays using a GST-c-Jun fusion protein as
substrate as described in Materials and methods. Activation of
JNK by 50ng/ml GT was at least partly inhibited with 10 mm
SP600125 (JNKI). This low dose was used to avoid potentially
unspecific effects of the inhibitor. Irradiation with 6Gy alone did
not stimulate JNK after 16 h. Anisomycin (ANI) was used as
positive control. The maximum stimulation of JNK by anisomycin
could not be significantly blocked by the low dose of the inhibitor
used. Results are typical of two separate experiments. (b) Inhibition
of JNK by SP600125 significantly reduces apoptosis in HL-60.
After 72 h, cells were stained with annexin V. The apoptotic
fractions were reduced from 54.0 to 30.8% in cells exposed to a
combination of GT and 6Gy and from 18.0 to 12.1% in cells
treated with GT (Po0.05). The values represent means7s.d. for
four separate experiments. (*Significantly lower than GT or a
combination of GT and radiation in the absence of the JNK
inhibitor, Po0.05.)
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Figure 6 GT reduces radiation-induced G2/M arrest due to potently inducing apoptosis (a). HL-60 cells subjected to radiation showed a G2/M
arrest with a dose- and time-dependent peak. If cells were irradiated with 6Gy, the fraction of G2/M cells was 81.7% after 24 h. If irradiated cells
were additionally exposed to GT, G2/M cells were significantly lowered to 33.3% (Po0.05). If apoptosis was blocked by 100mm z-VAD-fmk,
abrogation of G2/M could be significantly reduced to 60.0% (Po0.05). Cell cycle profiles were assessed after staining the DNA with DAPI staining
solution (Partec). Multinucleated and apoptotic cells were gated out of the flow cytometry cell cycle analysis. The values represent means7s.d. for
three separate experiments. (*significantly higher than GT and 6Gy in the absence of z-VAD-fmk, Po0.05.) (a, inset) Abrogation of radiation-
induced G2/M arrest was accompanied by decrease of expression level of the antiapoptotic IAP family member survivin. Cells were lysed in Chaps
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid buffer after 16–24 h, and equal amounts of protein were subjected to
immunoblotting with anti-human survivin antibody. HL-60 cells exhibited constitutive expression of survivin. The expression level of survivin
was reduced at most in cells exposed to radiation in presence of GT accompanied by a maximum reduction of G2/M cells due to marked apoptosis,
but was high in cells treated with irradiation alone, evaluated at time points (16–24h) with a maximum of radiation-induced G2/M arrest. If cells
were treated with 100mm z-VAD-fmk, reduction of G2/M arrest and survivin expression by GT could be partially reversed, (b) DNA histograms of
control and cells treated with 100mm z-VAD-fmk, 50 ng/ml GT, 6Gy, 50 ng/ml GT/6Gy and 50ng/ml GT/6Gy/100mm z-VAD-fmk after 24 h are
shown. Abrogation of the radiation-induced G2/M arrest was combined with a marked increase in sub-G1 cells showing decreased DNA content
by apoptosis. If apoptosis was blocked by 100mm z-VAD-fmk, sub-G1 cells were completely abolished and G2/M arrest was restored. Data show
one representative of four independent experiments
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example, 13.6% (Po0.05) after 24 h (Figure 6a). Inter-
estingly, if irradiated cells were additionally exposed to
GT, the radiation-induced G2/M arrest was significantly
reduced after 24–72 h: The fraction of G2/M cells after
exposure to 50 ng/ml GT and irradiation with 6Gy was
55.7% after 16 h (Po0.05), 33.3% after 24 h (Figure 6a,
Po0.05) and 19.6% after 72 h (Po0.05). In contrast, if
cells were treated with 0.5 mg/ml CHX, radiation-
induced G2/M arrest was significantly prolonged reach-
ing a maximum of 71.6% after 72 h (Po0.05, data not
shown). At doses of 50 ng/ml GT alone a minor, not
significant, S-phase arrest could be observed (P¼ 0.23).
Reduction of the radiation-induced G2/M arrest by GT
was accompanied by an increase of apoptosis, as
detected by a 15-fold rise in the sub-G1 fraction
(Po0.05). Interestingly, if cells were treated with z-
VAD-fmk and then exposed to GT and radiation,
downregulation of G2/M could be blocked and sub-G1
fraction disappeared (Figure 6b). The IAP-family
protein survivin has been shown to be specifically
induced in the G2/Mphase and to function as a cell
cycle regulator and apoptosis suppressor (Li et al.,
1998). Therefore, we examined the expression of
survivin in HL-60 cells in the presence or absence
of radiation and/or GT treatment. As shown in
Figure 6a inset, HL-60 cells exhibit a constitutive
expression of survivin. The levels of survivin increased
in irradiated cells to a maximum after 16–24 h
which correlated well with the G2/M arrest of the cell
cycle. Interestingly, survivin levels markedly decreased
in cells that did not exhibit a G2/M arrest due to the
combined treatment with GT and radiation. If apoptosis
and breakdown of G2/M arrest were inhibited by z-
VAD-fmk, survivin protein expression increased. In
conclusion, these data show that GT reduces radiation-
induced G2/M arrest by rapidly inducing apoptosis
accompanied by breakdown of the G2/M-phase protein
survivin.

Discussion

Apoptosis is accounted in part for the antitumor activity
of IR. However, the radiation doses applied to
demonstrate this effect often largely exceed a clinically
feasible dose range. Therefore, these results cannot be
translated into clinical practice. Our results demonstrate
that treatment of HL-60 human promyelocytic leukemia
cells lacking functional p53, a genetic abnormality
frequently found in tumors, with clinically feasible
radiation doses of 2–6Gy induces only a minor
apoptotic response. However, if cells were preincubated
with 10–50 ng/ml of the fungal toxin GT prior to
radiation, the fraction of apoptotic cells significantly
increased at all concentrations used. The enhancement
of radiation-induced apoptosis by GT showed an
additive effect according to the model of Steel and
Peckham (1979). GT potently activates the apoptosome
as demonstrated by the release of Cyt c from mitochon-
dria and the activation of caspases �9, �8, �7 and �3
after 16 h. Irradiation of HL-60 cells did not result in

any detectable caspase activation under our experimen-
tal conditions.
A pivotal mechanism leading to apoptosis and

enhanced radiosensitivity is thought to be the inhibition
of the transcription factor NF-kB, which is activated by
IR and induces the expression of antiapoptotic genes
(Shao et al., 1997; Wang et al., 1998). Activation of
NF-kB is normally achieved by phosphorylation of
its main inhibitor, IkBa, at two serine sites (Ser-32 and
Ser-36) by IkB kinases (Baldwin, 1996). Interestingly,
we found that the levels of IkBa and phospho-IkBa
were not changed (Western blot, data not shown),
and NF-kB DNA-binding activity detected by EMSA
was only slightly increased by irradiation with 6Gy in
HL-60 cells. To clearly quantify the increase in NF-kB
activity by radiation, we additionally used an ELISA-
based NF-kB assay showing that p50/65 homodimer
activity was only slightly upregulated even after
6Gy. These data are comparable to those obtained
in ECV cells and human B cells, where clinically
feasible radiation doses also failed to significantly alter
NF-kB DNA-binding activity (Wilson et al., 1993;
Pajonk and McBride, 2001). Only much higher radiation
doses such as 15Gy, which cannot be achieved in a
clinical setting, were able to potently activate NF-kB
(Wilson et al., 1993). Thus, the NF-kB signaling
pathway may not be the most relevant target to
overcome radioresistance when clinically relevant doses
of radiation are applied.
GT has been reported to selectively inhibit NF-kB

(Elsharkawy et al., 1999). In certain cell models, GT can
block the activation of NF-kB via the inhibition of IkBa
degradation by the proteasome (Pahl et al., 1996).
Likewise, our data show that GT can inhibit the small
increase in NF-kB DNA-binding activity by radiation.
However, several lines of evidence support the conclu-
sion that this effect is not responsible for the apoptosis
induction and the enhancement of radiosensitivity
observed after GT treatment. Firstly, our data show
that the selective inhibition of NF-kB by an inhibitor
peptide does not induce apoptosis by itself. The
radiation-sensitizing effect of the peptide is minimal in
comparison to the effect of GT. Secondly, in marked
contrast to GT, selective inhibition of NF-kB does not
result in the activation of caspases in HL-60 cells.
Thirdly, the NF-kB target, the XIAP was cleaved by
caspases in response to GT; however, no downregula-
tion of the protein expression was observed as one
would expect after inhibition of the NF-kB (Hida et al.,
2000). XIAP belongs to the IAPs family known to
counteract apoptosis induced by a variety of stimuli,
including chemotherapeutic agents and radiation (Hay
et al., 1995; Duckett et al., 1998). Thus, the cleavage of
XIAP may be at least partially responsible for the
proapoptotic effects of GT observed in irradiated cells.
Several hypotheses unrelated to the NF-kB-dependent

mechanism have been proposed to explain the proa-
poptotic effects of GT. GT was supposed to undergo
degradation by cellular redox cycles releasing reactive
oxygen species (ROS) effecting damage to genomic
DNA and apoptosis (Eichner et al., 1988). Although

Radiosensitizing by gliotoxin
H Baust et al

8793

Oncogene



GT-induced apoptosis was accompanied by a rise in
ROS measured by dihydrorhodamine-123, inhibition of
ROS by the antioxidant butylated hydroxyanisole
(BHA) did not prevent apoptosis in HL-60 cells (data
not shown). Since GT has also been reported to inhibit
protein synthesis (Waring, 1990), we treated cells with
CHX at doses sufficient to inhibit protein synthesis in
HL-60 cells (Bratton et al., 1999). Surprisingly, CHX
increased apoptosis in irradiated cells much smaller than
GT. Therefore, it is unlikely that GT-induced apoptosis
results from an inhibition of protein synthesis. To
evaluate whether the inhibition of the proteasome
could be responsible for the proapoptotic effects of
GT, we treated HL-60 cells with CLAC which selectively
targets the proteasome but not other proteases, such as
calpains and lysosomal cysteine proteases (Sasaki et al.,
1990; Fenteany et al., 1995). However, CLAC induced
only a slight increase of apoptosis in irradiated HL-60
cells. Therefore, we concluded that inhibition of
the proteasome cannot explain the proapoptotic effects
of GT.
An important discovery of the present study was the

role of the JNK pathway in enhancement of radation-
induced apotosis by GT. The JNK has been shown to be
activated by several proapoptotic stimuli in various cell
lines (Zanke et al., 1996; Bossy-Wetzel et al., 1997).
Here, we demonstrate for the first time that GT induces
sustained activation of JNK in HL-60 cells. Further-
more, the JNK activity was markedly enhanced by the
combination of GT and radiation. Radiation alone did
not stimulate JNK activity under the conditions used in
this study. The treatment with the JNK inhibitor
SP600125 significantly reduced apotosis triggered by
combined exposure to GT and radiation. Thus, we
concluded that the synergistic stimulation of JNK by
GT and radiation is at least in part responsible for
the proapoptotic effects observed in HL-60 cells.
A recent study by Yuan et al. (2002) suggested a
negative regulation of JNK by NF-kB via upregulation
of XIAP. Since we could not detect downregulation of
XIAP expression during GT-induced apoptosis in HL-
60 cells, the activation of JNK by GT is unlikely to be
related to inhibition of NF-kB in our experimental
system.
Our data show a significant reduction of the radia-

tion-induced G2/M arrest by GT that was accompanied
by a marked increase in apoptosis and the breakdown of
the G2/M-specific IAP-family member survivin. Strik-
ingly, the apoptosis was completely abolished, the
radiation-induced G2/M arrest and the expression of
survivin was clearly restored upon the treatment with
the broad-spectrum caspase inhibitor z-VAD-fmk. The
decrease of survivin that is expressed in G2/M and
protects cells from apoptosis during G2/M transitions
by inhibiting the terminal effector caspases �3 and �7
(Li et al., 1998) may contribute to the toxicity of GT.
For p53-deficient HL-60 cells lacking the G1 arrest, the
G2/M checkpoint is crucially important for the decision
to repair DNA damage induced by radiation or undergo
apoptosis (Han et al., 1995). As shown in HL-60 cells
and other cell lines, that is, fibroblasts (Powell et al.,

1995) or human lung cancer cells (Russell et al., 1995),
the length of G2/M arrest is correlated with radio-
resistance. Therefore, decrease of G2/M arrest may be a
novel mechanism by which GT overcomes radiation
resistance.
In conclusion, our data demonstrate that radio-

sensitization can be achieved even in the absence of
a marked activation of NF-kB by targeting various
signaling cascades. In particular, drugs activating
the JNK signaling pathway and targeting the
radiation-induced cell cycle arrest are promising
novel tools to increase the radiosensitivity of tumor
cells. This mechanism may be particularly important
for the treatment of tumors that lost the functio-
nal p53.

Materials and methods

Cell culture

HL-60 cells were obtained from the DKFZ-Tumorbank
Heidelberg (Germany) and were cultured in a humidified
chamber with 95% air and 5% CO2 at 371C. The cells were
split twice a week at a cell density of o 5� 105 cells/ml in
McCoy’s 5A medium (10ml/25 cm2 flask) supplemented 1 : 6
with fetal calf serum and seeded at 1� 105 cells/ml for
experiments.

Chemicals

GT was purchased from Sigma and stored at �201C. GT stock
solutions were made in ethanol and diluted in medium prior to
use. Exponentially growing cells were incubated with 10–
200 ng/ml GT 1-2 h before irradiation. GT was left in culture
for up to 72 h. Additionally, some cells were treated with
100 mm z-VAD-fmk (Enzyme Systems Products, Livermore,
USA), 10mm JNK inhibitor SP600125 and 20–100 mm SN50
(Biomol Research Laboratories, Plymouth Meeting, USA).
z-VAD-fmk, SP600125 and SN50 were added 1 h before
treatment with GT and left in culture for 72 h. In some
experiments, cultures were treated with TNFa (400U/ml),
0.5mg/ml CHX and 0.5mm CLAC (Biomol Research Labora-
tories, Plymouth Meeting, USA).

Irradiation

HL-60 cells were irradiated with 2, 4, 6, 8, 10 and 20Gy
X-rays at 1Gy/min (300 kV, filtered to a half-value layer of
1.4mm Cu).

Annexin V-FITC/PI staining

Cells were checked 12, 16, 24, 48 and 72 h after treatment.
Samples (1ml) from the same flask were stained with 5mg/ml
PI and 20ml/ml fluorescein isothiocyanate (FITC)-conjugated
annexin V in calcium-HEPES buffer consisting of 10mm

HEPES/NaOH (pH 7.4), 140mm NaCl and 5mm CaCl2. To
avoid cell damage by centrifugation (which was clearly
detectable from light-scatter measurements after 5min at
200 g), the samples were directly added to 1ml of the staining
buffers. The percentage of apoptotic cells was evaluated
both, morphologically by fluorescence microscopy and
independently quantified by flow cytometry. Measurements
were done on a PAS - III flow cytometer (Partec), using
the 488 nm line of a 15mW argon-laser for excitation.
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Simultaneously, forward (trigger-signal) and sideward scatter,
red and green fluorescence were detected in four decade log-
mode. A dotplot of the green fluorescence (FITC) versus the
red fluorescence (PI) showed three cell populations: viable cells
(FITC-, PI-), apoptotic cells (FITCþ , PI-) and dead cells
(FITCþ , PIþ ). By quadrant gating, the apoptotic fraction
was evaluated. Approximately, 2� 104 events per sample were
measured.

Isobologram analysis

Isobolograms were used to examine whether interactive
(subadditive, additive or supra-additive) interactions occurred
between GT and X-rays under conditions of radiation with
concomitant drug exposure. Dose–response curves were
determined from the fraction of cells considered viable by
staining with annexin V/PI 72 h after exposure to various doses
of GT and radiation. The two survival curves were fitted to a
fixed iso-effect (S0.1–S0.3) and adjusted to the dose range
encompassing this iso-effect. Iso-effect curves were calculated
according to modes I and II (as defined by Steel and Peckham,
1979) obtaining envelopes of additivity. Since survival curves
for both GT and radiation had substantial ‘shoulders’, two
alternative mode II lines were calculated, depending upon
whether radiation is regarded as saving GT dose or vice versa.
According to this method, only data points falling below the
envelope of additivity are to be accepted as supra-additive
interaction.

Western blotting

Treated cells were lysed in 50mm HEPES, 10% CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonic acid),
10% NP40, 5mm dithiothreitol (DTT), 1mm AEBSF (4-(2-
aminoethyl)benzenesulfonyl fluoride), 10mg/ml pepstatin,
10mg/ml leupeptin and 10mg/ml aprotinin (pH 7.6, lysis
buffer), proteins were denatured at 951C for 10min, protein
concentrations were determined by using the Bio-Rad assay
(Hercules, USA). Additionally, some probes were treated with
the ApoAlert Cell Fractional Kit (BD Biosciences Clontech,
USA) to separate a highly enriched mitochondrial fraction
from the cytosolic fraction. Aliquots of each protein lysate or
of mitochondrial and cytosolic fraction were loaded on
SDS–PAGE (polyacrylamide gel electrophoresis). After
electrophoresis, proteins were transferred to nitrocellulose
membranes and blocked with TBST buffer (50mm Tris-HCl,
pH 7.4/150mm NaCl/0.05% Tween 20) containing 5% nonfat
dry milk powder for 60min at 371C. Primary antibodies
were added and incubated overnight at 41C. Incubation
with secondary peroxidase-coupled goat anti-mouse or goat
anti-rabbit antibody was performed for 1 h at 371C. Blots
were developed by using the ECL system (Amersham) or
the LumiGLO reagent (Cell Signaling). For detection of
caspase �9, �8, �7 and �3, survivin, XIAP and Cyt c,
cells were treated as indicated in the ‘figure legends’, lysed in
SDS–PAGE sample buffer and samples were further analysed
by SDS–PAGE and Western blotting with specific antisera to
these proteins (New England Biolabs, Beverly, USA) as
described above.

Kinase assay

For the JNK assay, cells were washed with PBS and lysed in
20mm HEPES pH 7.4, 2mm EGTA, 50mm glycerophosphate,
1mm DTT, 1mm Na3VO4, 10% glycerol, 1% Triton X-100,
2mm leupeptin, 0.5mm AEBSF, 5mg/ml aprotinin, 0.1mg/ml
okadaic acid. After 5min on ice, the lysate was clarified and

immunoprecipitated with a pan-JNK antibody. The immuno-
precipitates were washed thrice each in lysis buffer and finally
in assay buffer (20mm MOPS (morpholinepropanesulfonic
acid) pH 7.2, 2mm EGTA, 10mm MgCl2, 1mm DTT, 0.1%
Triton X-100). Kinase reactions contained 20ml kinase
buffer with 1mg of c-Jun-GST fusion protein and Mg-ATP
mixes as follows: 7.5ml 50mm MgCl2, 100mm ATP,
2 mCi [32P]ATP. After 20min at 301C, the reactions were
stopped by addition of 5� SDS–PAGE sample buffer and
samples were further analysed by SDS–PAGE. GST-c-Jun
fusion proteins were prepared essentially as described (Seuf-
ferlein et al., 1999).

Nuclear extract preparation and electrophoretic mobility shift
assays

Nuclear extracts were prepared from 5� 106 cells according to
the method of Dignam et al. (1983) at 0, 0.5, 1.0, 4.0 and 16h
after irradiation. Approximately, 10mg of extracted protein was
used for EMSA and incubated in a binding buffer consisting of
10mm Tris (pH 7.5), 50mm NaCl, 1mm DTT, 3% glycerol and
50mm MgCl2 for 15min on ice. For binding reactions, 1mg of
poly(dI-dC) and 0.5ng of 32P-labeled oligonucleotides containing
the NF-kB site from human immunodeficiency virus were added.
For competition experiments, a 10- and 60-fold excess of
unlabeled competitor was used. The resulting DNA–protein
complexes were resolved and separated by electrophoresis on 4%
nondenaturing polyacrylamide gel, dried and analysed by
autoradiography.

Elisa-based NF-kB assay

TransAM NF-kB kit was used to quantify NF-kB activation.
Cells were lysed and 0.5mg nuclear extracts were incubated over
1h in a 96-well dish coated with NF-kB consensus oligos. After
incubation with antibodies recognizing an epitope on p50, p52,
p65, c-Rel and RelB of NF-kB, HRP-conjugated secondary
antibody was added to the wells for a last third hour. Wells were
washed, incubated with developing solution and after stopping
absorbance was read on a spectrophotometer at 450nm.

Cell cycle analysis

Cells were permeabilized and DNA stained with DAPI
staining solution (Partec) after 2, 4, 8, 12, 16, 20, 24, 48 and
72 h. Cell cycle profiles were assessed with a Partec CCA flow
cytometer using PAS software. Multinucleated and apoptotic
cells were gated out of the flow cytometry cell cycle analysis.
Additionally, cells with sub-G1 DNA values to the left of the
G1/G0-peak were measured to evaluate DNA degradation as
caused by apoptosis. A minimum of 1.0� 104 cells per sample
were analysed.

Statistical analysis

The statistical evaluation was performed by the exact
Wilcoxon test for independent samples. A P-value of less than
0.05 was accepted as the limit of significance.

Abbreviations

AEBSF, 4-(2-aminoethyl)benzenesulfonyl fluoride; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic
acid; CHX, cycloheximide; CLAC, clasto-lactacystin; COX,
cytochrome c oxidase; Cyt c, cytochrome c; DTT, dithiothrei-
tol; EMSA, electrophoretic mobility shift assay; FITL,
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fluorescein isothiocyanate; GT, gliotoxin; IkBa, inhibitor of
nuclear factor ka; IR, ionizing radiation; JNK, c-Jun NH2-
terminal kinase; MOPS, morpholinepropanesulfonic acid;
NF-kB, nuclear factor kB; PAGE, polyacrylamide gel
electrophoresis; PI, propidium iodide; z-VAD-fmk, benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethylketone.
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A, Czernilofsky AP and Baeuerle PA. (1996). J. Exp. Med.,
183, 1829–1840.

Pajonk F and McBride WH. (2001). Radiother. Oncol., 59,
203–212.

Pluempe J, Malek NP, Bock CT, Rakemann T, Manns MP
and Trautwein CT. (2000). Am. J. Physiol. Gastrointest.
Liver Physiol., 278, G173–G183.

Powell SN, DeFrank J, Connell P, Eogan M, Preffer F,
Dombkowski D, Tang W and Friend S. (1995). Cancer Res.,
55, 1643–1648.

Rock KL, Gramm C, Rothstein L, Clark K, Stein R, Dick L,
Hwang D and Goldberg AL. (1994). Cell, 78, 761–777.

Russell KJ, Wiens LW, Demers GW, Galloway DA, Plon SE
and Groudine M. (1995). Cancer Res., 55, 1639–1642.

Sasaki T, Kishi M, Saito M, Tanaka T, Higuchi N, Kominam
E, Katunuma N and Murachi T. (1990). J. Enzyme Inhib., 3,
195–201.

Seufferlein T, Van Lint J, Liptay S, Adler G and Schmid RM.
(1999). Gastroenterology, 116, 141–1452.

Shao R, Karunagaran D, Zhou BP, Li K, Lo SS, Deng J, Chiao
P and Hung MC. (1997). J. Biol. Chem., 272, 32739–32742.

Steel GG and Peckham MJ. (1979). Int. J. Radiat. Oncol. Biol.
Phys., 5, 85–91.

Tournier C, Hess P, Yang DD, Xu J, Turner TK, Nimnual A,
Bar-Sagi D, Jones SN, Flavell RA and Davis RJ. (2000).
Science, 288, 870–874.

Wang CY, Mayo MW, Korneluk RG, Goeddel DV and
Baldwin Jr AS. (1998). Science, 281, 1680–1683.

Waring P. (1990). J. Biol. Chem., 265, 14476–14480.
Waring P and Beaver J. (1996). Gen. Pharmacol., 27, 1311–1316.
Waring P, Khan T and Sjaarda A. (1997). J. Biol. Chem., 272,
17929–17936.

Wilson RE, Taylor SL, Atherton GT, Johnston D, Waters CM
and Norton JD. (1993). Oncogene, 8, 3229–3237.

Wolf D and Rotter V. (1985). Proc. Natl. Acad. Sci. USA, 82,
790–794.

Yamagishi N, Miyakoshi J and Takebe H. (1997). Int. J.
Radiat. Biol., 72, 157–162.

Yuan Z, Feldman RI, Sun M, Olashaw NE, Coppola D,
Sussman GE, Shelly SA, Nicosia SV and Cheng JQ. (2002).
J. Biol. Chem., 277, 29973–29982.

Zanke BW, Boudreau K, Rubie E, Winnett E, Tibbles LA,
Zon L, Kyriakis J, Liu FF and Woodgett JR. (1996). Curr.
Biol., 6, 606–613.

Radiosensitizing by gliotoxin
H Baust et al

8796

Oncogene


