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Sensitization of pancreatic carcinoma cells for y-irradiation-induced

apoptosis by XIAP inhibition

S Giagkousiklidis, SH Vellanki, K-M Debatin and S Fulda

University Children’s Hospital, Ulm, Germany

Resistance of pancreatic cancer to current treatments
including radiotherapy remains a major challenge in
oncology and may be caused by defects in apoptosis
programs. Since ‘inhibitor of apoptosis proteins’ (IAPs)
block apoptosis at the core of the apoptotic machinery by
inhibiting caspases, therapeutic modulation of IAPs could
tackle a key resistance mechanism. Here, we report
that targeting X-linked inhibitor of apoptosis (XIAP) by
RNA-interference-mediated knockdown or overexpression
of second mitochondria-derived activator of caspase
significantly enhanced apoptosis and markedly reduced
clonogenic growth of pancreatic carcinoma cells upon
y-irradiation. Analysis of signaling pathways revealed that
antagonizing XIAP increased activation of caspase-2, -3,
-8 and -9 and loss of mitochondrial membrane potential
upon y-irradiation. Interestingly, inhibition of caspases
also reduced the cooperative effect of XIAP targeting and
y-irradiation to trigger mitochondrial perturbations,
suggesting that XIAP controls a feedback mitochondrial
amplification loop by regulating caspase activity. Impor-
tantly, our data demonstrate for the first time that small
molecule XIAP inhibitors sensitized pancreatic carcinoma
cells for y-irradiation-induced apoptosis, whereas they
had no effect on py-irradiation-mediated apoptosis of
non-malignant fibroblasts indicating some tumor specifi-
city. In conclusion, targeting XIAP, for example by
small molecules, is a promising novel approach to enhance
radiosensitivity of pancreatic cancer that warrants further
investigation.
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Introduction

Pancreatic carcinoma is among the leading causes of
cancer deaths in the Western World (Schneider et al.,
2005). Since pancreatic carcinoma is a prototype cancer
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that is usually resistant to current treatment protocols,
treatment of pancreatic cancer remains one of the most
challenging problems in oncology (Schneider et al.,
2005). This calls for novel strategies to overcome
resistance of pancreatic carcinoma cells in order to
improve the poor prognosis of this disease. Since
pancreatic cancer cells become refractory to undergo
apoptosis, the cell’s intrinsic death program (Westphal
and Kalthoff, 2003), current attempts to improve the
survival of pancreatic cancer patients will have to
include strategies that specifically target tumor cell
resistance to apoptosis.

Cell death by apoptosis has been implied to mediate
therapy-induced cytotoxicity, for example, following
chemo- or radiotherapy (Fulda and Debatin, 2006a—c).
Apoptosis pathways may be initiated through different
entry sites, such as death receptors or mitochondria
resulting in activation of effector caspases (Fulda and
Debatin, 2006a—c). The mitochondrial pathway is engaged
by the release of apoptogenic factors such as cytochrome
¢ or second mitochondria-derived activator of caspase
(Smac)/direct inhibitor of apoptosis proteins (IAPs)-
binding protein with low isoelectric point from mitochon-
dria into the cytosol triggering caspase-3 activation as a
result of formation of the cytochrome ¢/Apaf-1/caspase-9-
containing apoptosome complex (Saelens et al., 2004).

Radiation-induced apoptotic signaling can be in-
itiated in different cellular compartments, for example
the nucleus, cytosol or at the plasma membrane,
which eventually fuel into a common effector phase
of apoptosis characterized by activation of caspases
as death effector molecules (Jendrossek and Belka,
2006). However, caspase-independent apoptosis and
non-apoptotic modes of cell death upon irradiation
may also be involved (Schmidt-Ullrich et al., 2000;
Jendrossek and Belka, 2006).

Defects in cell death programs including apoptosis
may contribute to radioresistance (Jendrossek and Belka,
2006). Apoptosis signaling may be disrupted by
deregulated expression and/or function of antiapoptotic
molecules, for example ‘inhibitor of apoptosis proteins’
(Fulda and Debatin, 2006¢c). IAPs such as X-linked
inhibitor of apoptosis (XIAP), cellular inhibitor of
apoptosis protein 1 (cIAP1), cIAP2, survivin or livin
are expressed at high levels in many human cancers,
which has been associated with treatment resistance,
for example, resistance to radiotherapy (Salvesen and
Duckett, 2002; Rodel et al., 2003; Cao et al., 2004; Lu



et al., 2004). Since IAPs block apoptosis at the core of
the apoptotic machinery by inhibiting caspases, ther-
apeutic targeting of IAPs may overcome resistance.
Therefore, there has been much interest in recent years
to antagonize IAPs for radiosensitization of human
cancers. To this end, survivin or XIAP antisense
oligonucleotides were shown to enhance the efficacy of
radiotherapy by reducing survival and increasing
apoptosis in lung cancer cells (Cao et al., 2004; Lu
et al., 2004). We recently reported that ectopic expres-
sion of Smac, an endogenous inhibitor of IAPs,
enhanced y-irradiation-induced apoptosis of cancer cells
(Giagkousiklidis et al., 2005). However, the question
whether or not inhibition of XIAP is an effective
approach to overcome radioresistance of pancreatic
cancer has not yet been explored. Searching for novel
strategies to overcome radioresistance of pancreatic
cancer, we investigated the role of XIAP in regulating
cell death of pancreatic carcinoma cells in response to
y-irradiation in the present study.

Results

XIAP targeting and vy-irradiation cooperate to induce
apoptosis and inhibit clonogenic growth of pancreatic
carcinoma cells

To investigate the role of XIAP in regulating radio-
resistance of pancreatic carcinoma, we used two distinct
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approaches to target XIAP: first, we knocked down
XIAP expression by RNA-interference (RNAi) and
second, we overexpressed full-length Smac. Infection of
PaTull pancreatic carcinoma cells with the retroviral
vector containing XIAP short hairpin RNA (shRNA)
resulted in marked downregulation of XIAP protein
compared to nonsense shRNA in different clones
(Figure la). To monitor potential off-target effects of
shRNA, we also assessed expression of other IAP
proteins. No detectable alterations in Smac, cIAPI,
cIAP2, survivin or livin expression were observed in
PaTull pancreatic carcinoma cells stably expressing
XIAP shRNA (Figure la), demonstrating that stable
suppression of XIAP by shRNA did not result in
suppression or compensatory upregulation of other
IAP members or Smac. Reh B-precursor cell leukemia
cells were used as positive control for livin expression
(Figure 1a). Importantly, knockdown of XIAP signifi-
cantly increased y-irradiation-induced apoptosis of PaTull
pancreatic carcinoma cells in a dose- and time-dependent
manner compared to cells harboring nonsense shRNA
as assessed by the analysis of DNA fragmentation
(Figure 2a and Supplementary Figure 1 for kinetic
analysis). Since sensitization for y-irradiation-induced
apoptosis was observed in several individual clones of
PaTull pancreatic carcinoma cells, in which XIAP was
knocked down by shRNA (Figure 2a), it is unlikely that
the sensitization for p-irradiation-induced apoptosis
provided by XIAP downregulation was simply the
result of clonal selection.
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Figure 1 Downregulation of XIAP or overexpression of Smac in PaTull pancreatic carcinoma cells. Protein expression of XIAP,
cIAP1, cIAP2, survivin, livin, Smac, Flag-tagged Smac (Smac (FT)) and f-actin was assessed by western blot in stable clones of PaTull
pancreatic carcinoma cells transduced with nonsense ShRNA or shRNA against XIAP (a) and in PaTull pancreatic carcinoma cells
transduced with full-length Smac cDNA or empty vector control (b). Reh B-precursor acute lymphocytic leukemia cells were used as
positive control for livin expression. Abbreviations: cDNA, complementary DNA; cIAPI, cellular inhibitor of apoptosis protein 1;
shRNA, short hairpin RNA; Smac, second mitochondria-derived activator of caspase; XIAP, X-linked inhibitor of apoptosis.
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In the second approach to antagonize XIAP, PaTull
pancreatic carcinoma cells were engineered to over-
express full-length Smac, which localizes to mito-
chondria as determined by fluorescence microscopy, or
empty vector as control (Figure 1b and data not shown
for fluorescence microscopy). No detectable changes in
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XIAP, cIAPI1, cIAP2, survivin or livin levels were found
in clones overexpressing Smac compared to empty
vector control (Figure 1b). In addition, control experi-
ments showed that transduction of PaTull pancreatic
carcinoma cells with the corresponding control vectors,
that is, nonsense shRNA (control for XIAP shRNA) or
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Neo vector (control for Smac-containing vector), had no
detectable effect on expression levels of XIAP or Smac
compared to parental PaTull pancreatic carcinoma cells
(Supplementary Figure 2). Notably, overexpression of
Smac significantly enhanced y-irradiation-induced apop-
tosis compared to empty vector control cells (Figure 2b).
Since we observed a significant increase in y-irradiation-
induced apoptosis in different clones overexpressing
Smac (Figure 2b), this sensitization provided by Smac is
unlikely to be due to clonal selection. Notably, knock-
down of XIAP by shRNA or overexpression of Smac
alone without concomitant y-irradiation had no effect
on spontaneous apoptosis of PaTull pancreatic carci-
noma cells (Figure 2). This is in line with results reported
by our group and other investigators that silencing of
XIAP or overexpression of Smac did not trigger
apoptosis in the absence of an additional apoptotic
stimulus in many cancer cells including pancreatic
carcinoma (Holcik et al., 2000; Guo et al., 2002; Fulda
et al., 2002; Cummins et al., 2004; Giagkousiklidis ez al.,
2005; Vogler et al., 2005, 2007). Together, these findings
demonstrate that targeting XIAP either by shRNA-
mediated knockdown of XIAP or by overexpression of
Smac markedly enhanced y-irradiation-induced apopto-
sis of PaTull pancreatic carcinoma cells. For further
experiments, we selected clone 12 of PaTull pancreatic
carcinoma cells, in which XIAP was knocked down by
shRNA, and clone 2 of PaTull pancreatic carcinoma
cells overexpressing Smac.

To double confirm the sensitization effect of XIAP
antagonism for y-irradiation-induced apoptosis, we used
annexin-V staining as a second method to determine
apoptotic cell death (van Engeland et al., 1998). Down-
regulation of XIAP by shRNA significantly enhanced
p-irradiation-induced exposure of phosphatidylserine on
the plasma membrane compared to nonsense shRNA, as
shown by the increase in annexin-V positive cells
(Figure 2c). Similarly, overexpression of Smac signifi-
cantly increased the number of annexin-V positive
PaTull pancreatic carcinoma cells in response to
y-irradiation compared to vector control cells (Figure 2d).

Next, we explored whether targeting XIAP also has an
effect on long-term survival of pancreatic carcinoma
cells by performing clonogenic assays. Importantly,
shRNA-mediated silencing of XIAP significantly reduced
clonogenic growth of PaTull pancreatic carcinoma cells
upon y-irradiation compared to control cells with
nonsense shRNA (Figure 2e). Similarly, ectopic expres-
sion of Smac cooperated with y-irradiation to suppress
clonogenic survival of PaTull pancreatic carcinoma cells
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compared to empty vector controls (Figure 2f). Together,
these results demonstrate that targeting XIAP by shRNA-
mediated knockdown of XIAP or overexpression of Smac
sensitized PaTull pancreatic carcinoma cells for y-irradia-
tion-induced apoptosis and loss of clonogenic survival.

XIAP targeting and y-irradiation cooperate to trigger
the mitochondrial pathway

To gain insight into the molecular mechanisms mediat-
ing the observed sensitization of PaTull pancreatic
carcinoma cells for y-irradiation provided by XIAP
knockdown or Smac overexpression, we first asked
whether XIAP targeting has an effect on the mitochon-
drial pathway. To address this question, we determined
mitochondrial membrane potential by flow cytometry in
cells exposed to y-irradiation. Downregulation of XIAP
or overexpression of Smac significantly enhanced break-
down of the mitochondrial membrane potential following
y-irradiation compared to nonsense ShRNA (Figure 3a)
or empty vector control cells (Figure 3b). These findings
indicate that targeting XIAP by shRNA-mediated knock-
down of XIAP or overexpression of Smac cooperated
with y-irradiation to trigger the mitochondrial pathway in
PaTull pancreatic carcinoma cells.

XIAP targeting and vy-irradiation cooperate to activate

caspases
To further explore the molecular mechanisms of the
cooperative interaction of XIAP targeting and

y-irradiation, we analysed activation of the caspase
cascade by enzymatic caspase assay using fluorogenic
caspase substrates and flow cytometry. Notably, activity
of caspase-3, -8, -9 or -2 following py-irradiation
was increased in PaTull pancreatic carcinoma cells
with shRNA-mediated knockdown of XIAP compared
to nonsense shRNA in a time-dependent manner
(Figure 4a). Also, overexpression of Smac significantly
enhanced y-irradiation-induced activity of caspase-3, -8,
-9 or -2 compared to vector control cells in a time-
dependent fashion (Figure 4b). Increased activity of
caspase-3 and -9 in cells that overexpress Smac is likely
the result of enhanced release of ectopically expressed
Smac from mitochondria into the cytosol (data not
shown), where Smac neutralizes XIAP and thus pro-
motes caspase activation. The increase in caspase-8 or -2
activity in cells with XIAP knockdown or Smac over-
expression may reflect the elevated caspase-3 activity in
these cells, since caspase-3 has been reported to promote

Figure 2 XIAP targeting and y-irradiation cooperate to induce apoptosis and inhibit clonogenic growth of pancreatic carcinoma
cells. PaTull pancreatic carcinoma cells transduced with nonsense or XIAP shRNA (a, ¢ and e) or with empty vector or Smac cDNA
(b, d and f) were treated with 10 or 20 Gy y-irradiation and apoptosis and clonogenic survival was assessed in distinct clones. Apoptosis
was determined 96 h after y-irradiation by FACS analysis of DNA fragmentation of propidium-iodide-stained nuclei (a and b) or by
annexin-V staining (¢ and d). In (e and f) clonogenic survival was determined by clonogenic assay as described in Materials and
methods; colony formation is expressed as percentage of colonies of treated compared to untreated cells. In (a—f) mean +s.e.m. of three
independent experiments are shown; in (e and f) representative experiments are shown in upper panels. For statistical analysis, ¢-test
was performed comparing nonsense versus XIAP shRNA or empty versus Smac-containing vectors (#P<0.001). Abbreviations:
cDNA, complementary DNA; FACS, fluorescence-activated cell sorting; shRNA, short hairpin RNA; Smac, second mitochondria-

derived activator of caspase; XIAP, X-linked inhibitor of apoptosis.
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Figure 3 XIAP targeting and y-irradiation cooperate to trigger loss
of mitochondrial membrane potential. PaTull pancreatic carcinoma
cells transduced with nonsense or XIAP shRNA, clone 12 (a) or with
empty vector or Smac cDNA, clone 2 (b) were treated with 10 or 20
Gy y-irradiation. Mitochondrial transmembrane potential was
determined 96 h after y-irradiation by DiOCg(3) staining and FACS
analysis. Mean +s.e.m. of three independent experiments performed
in triplicate are shown. For statistical analysis, z-test was performed
comparing nonsense versus XIAP shRNA or empty versus Smac-
containing vectors (#P<0.001). Abbreviations: cDNA, complemen-
tary DNA; DiOCq(3), 3,3'-dihexyloxacarbocyanide iodide; FACS,
fluorescence-activated cell sorting; shRNA, short hairpin RNA;
Smac, second mitochondria-derived activator of caspase; XIAP,
X-linked inhibitor of apoptosis.

activation of the initiator caspases-8 and -2 in a positive
feedback loop (Slee et al., 1999, 2000; Sohn et al., 2005).

To investigate whether apoptosis was the result of
caspase activation, we used the broad-range caspase
inhibitor zVAD.fmk as well as relatively selective chemical
inhibitors of individual caspases, that is, caspase-2
(zVDVAD.fmk), caspase-3 (zDEVD.fmk) and caspase-8
(zIETD.fmk). Sensitization of PaTull pancreatic carcino-
ma cells for y-irradiation-induced apoptosis by XIAP
downregulation or Smac overexpression was substantially
reduced in the presence of zVAD.fmk, zVDVAD.fmk,
zDEVD.fmk or zIETD.fmk (Figure 4c and d). These
findings demonstrate that sensitization of PaTull pan-
creatic carcinoma cells for y-irradiation-induced apoptosis
provided by knockdown of XIAP or overexpression of
Smac occurred in a caspase-dependent manner.

Oncogene

XIAP targeting promotes a caspase-dependent
mitochondrial amplification loop upon y-irradiation

We then wished to dissect the sequence of events leading
to caspase activation and mitochondrial perturbations
after y-irradiation in PaTull pancreatic carcinoma
cells in which XIAP was antagonized. To address this
question, we examined the effect of caspase inhibitors on
mitochondrial membrane perturbations after y-irradia-
tion. y-Irradiation-induced drop of mitochondrial mem-
brane potential was inhibited by the wide-spectrum
caspase inhibitor zZVAD.fmk and the relatively specific
inhibitors of caspase-2 (zVDVAD.fmk), caspase-3
(zDEVD.fmk) and caspase-8 (zIETD.fmk) in PaTull
pancreatic carcinoma cells with XIAP downregulation
(Figure 5a). Similarly, loss of mitochondrial membrane
potential following y-irradiation was prevented in the
presence of zZVAD.fmk, zVDVAD.fmk, zDEVD.fmk or
zIETD.fmk in cells overexpressing Smac (Figure 5b).
These findings suggest that targeting XIAP enhanced
mitochondrial perturbations of PaTull pancreatic
carcinoma cells in response to y-irradiation in a cas-
pase-dependent manner by increasing caspase activity,
which in turn initiated a loop acting back on the
mitochondria to cause further disruption of the mito-
chondrial membrane potential.

XIAP targeting by small molecule XIAP inhibitors
potentiates y-irradiation-induced apoptosis in various
pancreatic carcinoma cell lines
Having established that neutralizing XIAP sensitized
PaTull pancreatic carcinoma cells for y-irradiation-in-
duced apoptosis, we then wished to extend our studies to
additional pancreatic carcinoma cell lines to exclude that
the sensitization effect was restricted to a particular cell
line. Importantly, overexpression of Smac also sensitized
ASPC1 pancreatic carcinoma cells for y-irradiation-
induced apoptosis and significantly reduced clonogenic
growth after y-irradiation (Figure 6a and b). In addition,
overexpression of Smac significantly enhanced loss of
mitochondrial potential upon y-irradiation (Figure 6c¢).
Finally, to test whether our approach could be
translated into a therapeutic setting, we antagonized
XIAP by two distinct small molecule XIAP inhibitors
that bind to the BIR3 domain of XIAP or a close
structural analogue that only very weakly binds to the
BIR3 domain of XIAP as control (Oost et al., 2004).
Treatment with XIAP antagonists alone did not induce
apoptosis in pancreatic carcinoma cells (Figure 7a—d).
Importantly, XIAP inhibitors strongly sensitized different
pancreatic carcinoma cell lines for y-irradiation-induced
apoptosis (Figure 7a—d). In contrast, the control com-
pound had no effect on y-irradiation-induced apoptosis
compared to solvent demonstrating the specificity of the
sensitizing effect (Figure 7a—d). Furthermore, we inves-
tigated whether or not XIAP inhibitors have an effect on
normal cells. Notably, XIAP antagonists did not alter
y-irradiation-induced apoptosis of non-malignant fibro-
blasts compared to the control compound (Figure 7e),
although these cells express high levels of XIAP (data not
shown). These data demonstrate that small molecule
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Figure 4 XIAP targeting and y-irradiation cooperate to activate caspases. (a and b) Effect of XIAP targeting and y-irradiation on
caspase activity. PaTull pancreatic carcinoma cells transduced with nonsense or XIAP shRNA, clone 12 (a) or with empty vector or
Smac cDNA, clone 2 (b) were treated with 10 or 20 Gy y-irradiation. Caspase activity of caspase-3, -8, -9 and -2 was determined 24 h
(upper two panels) and 48 h (lower two panels) after y-irradiation by FACS analysis as described in Materials and methods and the
percentage of cells with increased caspase activity compared to untreated cells is shown. Mean+s.e.m. of three independent
experiments performed in triplicate are shown. For statistical analysis, z-test was performed comparing nonsense versus XIAP shRNA
or empty versus Smac-containing vectors (#P<0.001). (c and d) Effect of caspase inhibitors on apoptosis induced by XIAP targeting
and y-irradiation. PaTull pancreatic carcinoma cells transduced with nonsense or XIAP shRNA, clone 12 (¢) or with empty vector or
Smac cDNA, clone 2 (d) were treated with 20 Gy y-irradiation in the presence or absence of 50 uM zVAD.fmk, 25 uM zVDVAD.fmk,
50 uM zIETD.fmk or 50 um zDEVD.fmk. Apoptosis was determined 96 h after y-irradiation by FACS analysis of DNA fragmentation
of propidium-iodide-stained nuclei. Mean +s.e.m. of three independent experiments performed in triplicate are shown. For statistical
analysis, t-test was performed comparing nonsense versus XIAP shRNA or empty versus Smac-containing vectors (#P<0.001).
Abbreviations: cDNA, complementary DNA; FACS, fluorescence-activated cell sorting; shRNA, short hairpin RNA; Smac, second
mitochondria-derived activator of caspase; XIAP, X-linked inhibitor of apoptosis.
XIAP inhibitors are potent sensitizers for y-irradiation-  Discussion

induced apoptosis in a variety of pancreatic carcinoma
cell lines, but not in normal fibroblasts pointing to some  The intrinsic resistance of pancreatic carcinoma to
tumor specificity. established therapies including radiotherapy calls
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Figure 5 XIAP targeting promotes a caspase-dependent mito-
chondrial amplification loop upon y-irradiation. PaTull pancreatic
carcinoma cells transduced with nonsense or XIAP shRNA, clone
12 (a) or with empty vector or Smac cDNA, clone 2 (b) were treated
with 20 Gy y-irradiation in the presence or absence of 50 uM
zVAD.fmk, 25uM zVDVAD.fmk, 50uM zIETD.fmk or 50 um
zDEVD.fmk. Loss of mitochondrial transmembrane potential was
determined 96 h after y-irradiation by DiOCg(3) staining and FACS
analysis. Mean+s.e.m. of three independent experiments per-
formed in triplicate are shown. For statistical analysis, z-test was
performed comparing nonsense versus XIAP shRNA or empty
versus Smac-containing vectors (#P<0.001). Abbreviations:
cDNA, complementary DNA; DiOCg(3), 3,3'-dihexyloxacarbocya-
nide iodide; FACS, fluorescence-activated cell sorting; shRNA,
short hairpin RNA; Smac, second mitochondria-derived activator
of caspase; XIAP, X-linked inhibitor of apoptosis.

for novel strategies to target tumor cell resistance
(Schneider et al., 2005). Since IAPs block apoptosis at
the core of the apoptotic machinery, therapeutic
modulation of IAPs could addresses a key control point
in deciding cell fate (Fulda and Debatin, 2006c). Here,
we provide for the first time evidence that targeting
XIAP by RNAi-mediated knockdown of XIAP or by
small molecule XIAP inhibitors significantly enhanced
y-irradiation-induced apoptosis. Also, downregulation
of XIAP markedly reduced clonogenic growth of

Oncogene

pancreatic carcinoma cells upon y-irradiation, demon-
strating that it impaired long-term tumor cell survival.
Similarly, overexpression of Smac, an inhibitor of XIAP
that is released from mitochondria into the cytosol
upon y-irradiation, sensitized pancreatic carcinoma
cells for y-irradiation-induced apoptosis and loss of
clonogenicity. These data provide convincing evidence
that blocking XIAP, for example, by small molecule
inhibitors, is a promising novel strategy to restore
radiosensitivity of pancreatic carcinoma, a prototype
cancer that is notoriously resistant to apoptosis.

There is mounting evidence that IAPs are involved in
determining sensitivity to radiotherapy in human
cancers (Rodel et al., 2003; Cao et al., 2004; Lu et al.,
2004). To this end, high levels of XIAP or survivin have
been associated with resistance to radiotherapy in lung
or colorectal carcinoma (Holcik et al., 2000; Rodel ef al.,
2003; Cao et al., 2004; Lu et al., 2004). Inhibition of
survivin or XIAP by antisense oligonucleotides was
shown to enhance the efficacy of radiotherapy of lung
cancer cells by reducing survival and increasing apop-
tosis (Cao et al., 2004; Lu et al., 2004). However, the
question whether or not direct targeting of XIAP is
an effective approach to overcome radioresistance of
pancreatic cancer has not yet been explored. Our pre-
sent study is the first to demonstrate that neutralizing
XIAP by RNAi-mediated knockdown or small mole-
cule inhibitors potentiates the antitumor activity of
y-irradiation in pancreatic carcinoma. By significantly
advancing the present knowledge on the role of XIAP in
pancreatic cancer biology and therapy, our study has
important implications for the development of novel
approaches designed to overcome apoptosis resistance
of pancreatic cancer. Of note, it is increasingly becoming
clear that XIAP regulates apoptosis in a context-
dependent manner, since XIAP inhibition has been
reported to fail to sensitize cancer cells for apoptosis
under certain conditions, for example in leukemia cells
treated with etoposide (Wilkinson et al., 2004) or in
breast carcinoma cells upon treatment with carboplatin
or doxorubicin (McManus et al., 2004). This underlines
the importance of studies that evaluate the impact of
XIAP inhibition in response to distinct stimuli, that is,
y-irradiation, in specific cancer types in order to see
which tumor type might benefit from the concomitant
use of XIAP inhibitors as adjuvant therapy. Thus, by
identifying pancreatic carcinoma as a cancer that is
vulnerable to XIAP inhibition when combined with
y-irradiation, our study has considerable impact on the
successful development of experimental therapeutics for
the treatment of pancreatic cancer. Of note, XIAP anta-
gonists promoted apoptosis upon y-irradiation in
pancreatic cancer cells, but not in non-malignant fibro-
blasts. Although these data point to some tumor spec-
ificity of the radiosensitizing effect of XIAP inhibitors,
this issue remains to be further addressed in normal cells
that are more radiosensitive than fibroblasts.

Analysis of signaling pathways mediating the co-
operative effect of XIAP targeting and y-irradiation in
pancreatic carcinoma cells revealed that downregulation
of XIAP or overexpression of Smac enhanced activation
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Figure 6 XIAP targeting by Smac overexpression cooperates with y-irradiation to induce apoptosis in ASPC1 pancreatic carcinoma
cells. ASPC1 pancreatic carcinoma cells stably transduced with empty vector or Smac ¢cDNA were treated with 10 or 20 Gy
y-irradiation. Apoptosis was determined 96 h after y-irradiation by annexin-V staining (a). In (b) clonogenic survival was determined by
clonogenic assay as described in Materials and methods; colony formation is expressed as percentage of colonies of treated compared
to untreated cells. In (¢) mitochondrial transmembrane potential was assessed 96 h after y-irradiation by DiOCg(3) staining and FACS
analysis. In (a—¢) mean +s.e.m. of three independent experiments performed in triplicate are shown; in (b) a representative experiment
is shown in the upper panel. For statistical analysis, 7-test was performed comparing empty versus Smac-containing vectors (*P<0.05,
#P<0.001). Abbreviations: cDNA, complementary DNA; DiOC¢(3), 3,3'-dihexyloxacarbocyanide iodide; FACS, fluorescence-
activated cell sorting; Smac, second mitochondria-derived activator of caspase.

of caspase-2, -3, -8 and -9 and promoted loss of
mitochondrial membrane potential upon y-irradiation
in a caspase-dependent fashion. Thus, the increase in
caspase activity in cells with XIAP downregulation or
Smac overexpression initiated a feedback amplification
loop acting back on the mitochondria to trigger
further mitochondrial perturbations. Caspase-3 may
contribute to this mitochondrial amplification loop by
cleaving Bid, caspase-8 and/or caspase-2 (Slee et al.,
1999, 2000; Sohn et al., 2005). Caspase-2 may also act
upstream of mitochondria upon y-irradiation, as
suggested by our data showing that the caspase-2
inhibitor zZVDVAD.fmk reduced loss of mitochondrial
membrane potential upon y-irradiation in the corre-
sponding control cell lines, that is, cells infected with
nonsense shRNA or empty vector. However, commer-
cially available chemical inhibitors of caspases lack
absolute specificity (Turk et al., 2002). Thus, the role
of caspase-2 in controlling mitochondrial functions
following y-irradiation remains to be confirmed in
future studies.

Clinically, resistance to apoptosis is a major cause
of intrinsic or acquired resistance of cancers leading
to treatment failure. By demonstrating that strategies

to antagonize XIAP potentiate the antitumor activity
of p-irradiation in pancreatic carcinoma, a prototype
tumor known to be notoriously resistant to current
treatment options, our findings have important implica-
tions for the development of novel treatment concepts
in radiotherapy. Thus, targeting XIAP, for example,
by small molecule inhibitors, presents a promising
approach to enhance the radiosensitivity of pancreatic
cancer that warrants further investigation.

Materials and methods

Cell lines and chemicals

PaTull, ASPC1, MiaPaCa2 and Colo357 pancreatic carcino-
ma cell lines and Reh B-precursor acute lymphocytic leukemia
cells were cultured as described previously (Vogler et al., 2007).
Generation of PaTull or ASPCI pancreatic carcinoma cells in
which XIAP was stably downregulated by shRNA against
XIAP at position 241 or full-length Smac was ectopically
expressed were described previously (Vogler ef al., 2005, 2007).
Clones were selected by limiting dilutions. Nonsense shRNA
directed against a sequence with no corresponding part in the
human genome (Vogler et al., 2007) and shRNA against
enhanced green fluorescence protein (data not shown) were
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Figure 7 XIAP antagonists sensitize pancreatic carcinoma cells for y-irradiation-induced apoptosis. PaTull (a), ASPCI (b), Colo357
(c), MiaPaCa2 (d) pancreatic carcinoma cells or NIH3T3 fibroblasts (e) were treated with 0 or 10 Gy y-irradiation in the presence of
10 uM XIAP antagonists 1 or 2 (hatched or black bars), control compound (grey bars) or solvent (DMSO, white bars). Apoptosis was
determined 96 h after y-irradiation by FACS analysis of DNA fragmentation of propidium-iodide-stained nuclei. Mean +s.e.m. of
three independent experiments performed in triplicate are shown. For statistical analysis, 7-test was performed comparing XIAP
antagonists versus control compound (#P<0.001). Abbreviations: DMSO, dimethyl sulfoxide; FACS, fluorescence-activated cell

sorting; XIAP, X-linked inhibitor of apoptosis.

used as negative controls. All chemicals were purchased
by Sigma (Steinheim, Germany) unless indicated otherwise.
XIAP antagonists 1 and 2 and control compound were
kindly provided by Idun Pharmaceuticals now Pfizer Inc.
(Groton, CN, USA) and correspond to compounds 2, 11 and
15 as described by Oost et al. (2004). They were dissolved in
dimethyl sulfoxide and used at a final concentration of 10 uM.

Western blot analysis

Western blot analysis was performed as described previously
(Fulda et al., 1997) using mouse anti-XIAP monoclonal
antibody (1:1000; clone 28; BD Biosciences, Heidelberg,
Germany), rabbit anti-clAP2 polyclonal antibody (1:1000;
R&D Systems Inc., Wiesbaden, Germany), rabbit anti-survivin
polyclonal antibody (1:1000; R&D Systems Inc.), mouse

Oncogene

anti-Smac monoclonal antibody (1:1000, BD Biosciences),
mouse anti-Flag tag monoclonal antibody (M3, 1:5000; Sigma)
or mouse anti-f-actin monoclonal antibody (1:5000; Sigma)
followed by goat-antimouse IgG or goat-anti-rabbit IgG
conjugated to horseradish peroxidase (1:5000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Enhanced chemilumi-
nescence was used for detection (Amersham Bioscience,
Freiburg, Germany). f-Actin was used as loading control.
All western blots shown are representative of at least three
independent experiments.

Determination of apoptosis and clonogenic assay

Cells were treated with p-irradiation (Nuclear Data, CS-137,
44Tbq, 4 Gy/min, Frankfurt, Germany) at the indicated doses
and times. For determination of apoptosis, cells were cultured



at 0.5 x 10°cells/cm®. Apoptosis was determined by fluores-
cence-activated cell-sorting (FACS) analysis (FACScan, BD
Biosciences) of DNA fragmentation of propidium-iodide-
stained nuclei as described previously (Fulda et al., 1997) or
by annexin-V staining (Roche Diagnostics, Mannheim, Ger-
many) according to the manufacturer’s instructions. Clono-
genic growth was determined as described previously (Vogler
et al., 2007). Clusters of >20 cells were counted as colonies.

Determination of mitochondrial membrane potential
3,3’-Dihexyloxacarbocyanide iodide (460ng/ml, Molecular
Probes, Karlsruhe, Germany) was used to measure the
mitochondrial transmembrane potential. Cells were incubated
for 15min at 37°C in the presence of the fluorochrome, washed
in phosphate-buffered saline (PBS)/1% fetal calf serum and
immediately analysed by flow cytometry at fluorescence
channel 1.

Determination of caspase activity

To determine caspase activity in living non-fixed, non-lysed cells,
substrates conjugated to Rhodamine R110 were used according to
the particular cleavage sequences: (N-benzyloxycarbonyl-Asp-Glu-
Val-Asp-fluoromethylketone-R110 (zDEVD-R110) for caspase-3,
N-benzyloxycarbonyl-Val-Asp-Val-Ala-Asp-fluoromethylke-
tone-R110 (zVDVAD-R110) for caspase-2, N-benzyloxycarbo-
nyl-Ile-Glu-Thr-Asp-fluoromethylketone-R110 (zIETD-R110) for
caspase-8, N-benzyloxycarbonyl-Leu-Glu-His-Asp-fluoromethyl-
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