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Deregulation of apoptotic pathways plays a central role in cancer pathogenesis. X-linked inhibitor of apoptosis protein (XIAP),
is an antiapoptotic molecule, whose elevated expression has been observed in tumor specimens from patients with prostate
carcinoma. Studies in human cancer cell culture models and xenograft tumor models have demonstrated that loss of XIAP
sensitizes cancer cells to apoptotic stimuli and abrogates tumor growth. In view of these findings, XIAP represents an attractive
antiapoptotic therapeutic target for prostate cancer. To examine the role of XIAP in an immunocompetent mouse cancer model,
we have generated transgenic adenocarcinoma of the mouse prostate (TRAMP) mice that lack XIAP. We did not observe a
protective effect of Xiap deficiency in TRAMP mice as measured by tumor onset and overall survival. In fact, there was an
unexpected trend toward more aggressive disease in the Xiap-deficient mice. These findings suggest that alternative
mechanisms of apoptosis resistance are playing a significant oncogenic role in the setting of Xiap deficiency. Our study has
implications for XIAP-targeting therapies currently in development. Greater understanding of these mechanisms will aid in
combating resistance to XIAP-targeting treatment, in addition to optimizing selection of patients who are most likely to respond
to such treatment.
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Apoptosis is a process of cell death that is tightly regulated by
a cadre of both pro- and antiapoptotic proteins. In contrast to
healthy cells, a hallmark of cancerous cells is the acquired
capacity to evade this process of programmed cell death.1,2

The acquisition of genetic lesions leading to oncogene
activation normally triggers a program of apoptosis or
senescence. Additionally, the tumor microenvironment often
exposes malignant cells to apoptotic stimuli, such as hypoxia
or activation of death receptors. Thus, suppression of the
pathway leading to cell death has been suggested as a
necessarily early event in the development of neoplasia.

Execution of the apoptotic cell death process is carried out
by caspases, a family of cysteine aspartate proteases.3,4

During apoptosis, loss of mitochondrial integrity or engage-
ment of death receptors leads to the activation of initiator
caspase-9 or -8, respectively. In either case, the initiator
caspases cleave and activate effector caspases, including
caspase-3 or -7. The cascade of caspase cleavage is
regulated by X-linked inhibitor of apoptosis protein (XIAP).
XIAP belongs to the IAP family, characterized by containing
at least one zinc-binding baculovirus IAP repeat.5 The only
member of the IAP family that potently inhibits caspase
activity, XIAP has been demonstrated to directly inhibit
caspases-3, -7 and -9, blocking both intrinsic and extrinsic
apoptotic signals.6 Given its role in apoptosis, there has been

much interest in understanding the role of XIAP in cancer and
evaluating XIAP as a therapeutic target.7–9

XIAP overexpression has been reported in a variety of
human cancers.10–16 Increased XIAP levels have been linked
to escaping anoikis and apoptosis induced by radiation,
chemotherapy and death receptor ligands.13,17–22 Further-
more, antagonism of XIAP has been reported to have
antitumor activity in a number of models, including prostate
cancer.21,23–25 Consistent with an antiapoptotic role, high
levels of XIAP have an adverse prognosis in certain
cancers.14,15 However, there was an unexpected favorable
prognosis seen in prostate and non-small cell lung cancers
with high levels of XIAP expression.12,26

We thus chose to further examine the role of XIAP in a
tumor model that would resemble human cancer more closely
than xenograft or in vitro studies. In this study, we describe an
evaluation of prostate cancer development in the presence
and absence of XIAP using the transgenic adenocarcinoma
of the mouse prostate (TRAMP) model. Prostate-specific
expression of SV40 T-antigen in TRAMP mice results in 100%
penetrance of prostate tumors and a substantial proportion
with metastatic disease.27 XIAP expression is elevated in
TRAMP tumors compared to normal prostate epithelium,12

further justifying an evaluation of the effect of Xiap deficiency
in this model.
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Surprisingly, we found no evidence for a protective effect of
Xiap deficiency in TRAMP mice. Xiap-deficient mice demon-
strated no difference in tumor onset or overall survival
compared to controls. Furthermore, tumor histology revealed
similar patterns of differentiation and frequencies of apoptosis
and proliferation in tumors from both groups. To our know-
ledge, these experiments represent the first examination of
XIAP in an immunocompetent cancer model and differ markedly
from previously published studies using xenografted cell lines.
These results are relevant to the development of therapeutics,
currently in clinical trials, that specifically antagonize XIAP.

Results

Loss of XIAP in TRAMP mice does not prevent tumor
development or improve survival. Xiap-deficient TRAMP
mice were generated with the hypothesis that mice deficient

in XIAP may be protected from tumor formation compared to
wild-type controls. Prostate size was monitored by magnetic
resonance imaging (MRI). Representative MRI images from
two littermate pairs of TRAMP mice are shown in Figure 1.
In the first pair, tumor onset occurred sooner in the Xiap-
deficient mouse compared to its wild-type littermate, but
there was no appreciable difference in tumor onset or growth
in the second littermate pair. Aggregate Kaplan–Meier
analysis showed no difference between the two groups of
mice (data not shown). The median age of tumor onset was
25.9 weeks for Xiap-deficient mice and 25.6 weeks for wild-
type mice (Xiap-deficient mice n¼ 9; wild-type mice n¼ 8;
P¼ 0.88).

In addition to MRI, tumor onset was evaluated by abdominal
palpation. The median age at the time of palpable tumor onset
was 26.0 weeks in Xiap-deficient mice and 27.3 weeks in
littermate controls (Xiap-deficient mice n¼ 13; wild-type mice
n¼ 11). Kaplan–Meier analysis was used to compare the
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Figure 1 MRI images of prostate tumors in Xiap-deficient and wild-type TRAMP mice. MRI scans are shown for two representative pairs (a, b) of Xiap-deficient and
wild-type TRAMP mice
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probability of remaining without tumor between the two groups
(Figure 2a). There was no evidence for a protective effect
of Xiap deficiency in TRAMP mice. In fact, there was an
unexpected trend for the Xiap-deficient mice to develop
tumors earlier than wild-type controls, although the difference
was not statistically significant (two-sided P-value¼ 0.15).

Although Xiap deficiency did not alter TRAMP tumor onset,
inhibition of apoptosis by XIAP could contribute to a more
lethal phenotype later in tumor progression. However, there
was no evidence for a protective effect of Xiap deficiency in
TRAMP mice on overall survival, and the trend for poorer
outcome in the Xiap-deficient mice was again observed
(Figure 2b). The median age at time of death was 35.0 weeks
for Xiap-deficient TRAMP mice (n¼ 13), and the median age
of control TRAMP mice at the time of death was 37.6 weeks

(n¼ 11), but this difference was not statistically significant
(two-sided P-value¼ 0.15).

Xiap deficiency does not retard growth of TRAMP
tumors. Since apoptosis may affect tumor growth without
significantly impacting either tumor onset or overall survival,
we hypothesized that a deficiency in XIAP may be expected
to result in a decreased tumor burden. To assess tumor
burden, the mass of the primary tumor at the time of
necropsy was determined and tumor mass as a percentage
of the mass of the mouse at necropsy was calculated. By
both of these measures, Xiap deficiency did not result in a
decrease in tumor burden as compared to wild-type controls
(Figure 3a). Indeed, average tumor mass was somewhat
greater in Xiap-deficient TRAMP mice (11.1±5.06 g) than
littermate controls (9.05±4.78 g) despite the shortened
survival observed above.

Although an effect on tumor burden at the time of death was
not seen, tumor size may reflect the duration of growth as
opposed to tumor growth rate. Thus, the time from palpable
tumor to time of killing was measured. Generally, a prolonged
duration between tumor onset and killing would indicate
slower tumor growth. However, when Xiap-deficient TRAMP
mice were compared to controls, there was no delay from the
time of palpable tumor to time of killing (Figure 3b, last bars).
As previously noted, the time to palpable tumor and time to
death for Xiap-deficient TRAMP mice was shorter than
controls.

Tumor growth was also assessed over time by clinical
examination on a four-point scale. The time from palpable
tumor to larger tumors was calculated and compared between
Xiap-deficient TRAMP mice and controls. In agreement with
our previous finding that Xiap deficiency does not delay time
to killing or time from palpable tumor to killing, tumors in
Xiap-deficient mice did not grow more slowly than tumors in
controls (Figure 3c). To the contrary, the average time from
palpable tumor to larger tumors (size 3 or 4) was seen to be
shorter in Xiap-deficient mice.

Xiap deficiency does not result in less aggressive
TRAMP tumors. When tumor mass at autopsy was
measured, it was observed that the mass of the primary
tumor varied significantly, indicating that local growth did not
always correspond to tumor lethality. Tumor aggressiveness
also correlates with tumor grade and metastatic potential.
Elevated expression of XIAP has been observed to correlate
with higher tumor grades in renal cell carcinoma and breast
cancer,10,14 although this is not the case in other
cancers.26,28 To evaluate the effect of Xiap deficiency on
tumor grade, tumor differentiation was assessed as another
measure of tumor aggressiveness. Poorly and moderately
differentiated carcinomas, as well as the more benign
phylloides tumor, were observed in both Xiap-deficient and
wild-type TRAMP mice. Examples of poorly differentiated
and moderately differentiated primary tumors in both Xiap-
deficient and wild-type mice are shown in Figure 4a. When
tabulated, 67% (6/9) Xiap-deficient mice were noted to have
carcinoma and the remainder (33%, 3/9) were phylloides. In
comparison, 50% (4/8) of tumors from control mice were
carcinoma and 50% (4/8) were phylloides. Among those
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Figure 2 Kaplan–Meier analysis for tumor onset and overall survival.
(a) Kaplan–Meier curves were plotted for Xiap-deficient (dotted line) and wild-
type (solid line) TRAMP mice. The probability of remaining without tumor is plotted
against age in weeks. One wild-type TRAMP mouse died from unknown causes at
36 weeks of age before evidence of tumor onset, and this mouse (x) was censored.
A one-sided log-rank analysis yields a P-value of 0.924, indicating a 7.6% probability
that Xiap-deficient mice would protect against tumor onset. (b) Kaplan–Meier curves
were plotted for Xiap-deficient (dotted line) and wild-type (solid line) TRAMP mice.
The probability of survival is plotted against age in weeks. A one-sided log rank
analysis yields a P-value of 0.928, indicating a 7.2% probability that Xiap deficiency
is protective for overall survival
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classified as carcinoma, tumors were poorly differentiated in
83% of Xiap-deficient mice (5/6 mice with carcinoma) and
50% of controls (2/4 mice with carcinoma). Overall, this
equated to 56% of the entire cohort of Xiap-deficient mice
with poorly differentiated carcinoma and 25% of the wild-type

cohort (Figure 4b). Therefore, Xiap-deficient mice are not
protected from more aggressive histologic subtypes of
TRAMP tumors.
Xiap-deficient and control TRAMP mice were also eval-

uated for metastatic spread of tumor. An increase in XIAP has
been implicated in resistance to anoikis and increased
metastatic potential.17,20 However, at necropsy, both Xiap-
deficient and wild-type mice were observed to have pelvic
nodal metastases and distant metastases. Metastatic deposits
were confirmed histologically and representative images are
presented in the right-hand panels of Figure 4a. When
quantified, 56% (5/9) of Xiap-deficient TRAMP mice were
noted to have metastases compared to 63% (5/8) of control
TRAMP mice (Figure 4b). Evidence of distant metastases
(liver and lung) was identified in three Xiap-deficient TRAMP
mice (33%, 3/9 mice) compared to two control mice (25%, 2/8
mice). Thus, Xiap-deficient mice were not protected from
metastatic spread. The majority of metastatic lesions in
both Xiap-deficient and control TRAMP mice were poorly
differentiated.

Xiap deficiency does not result in decreased incidence
of pre-invasive lesions. Elevation of XIAP expression has
been observed in pre-invasive prostatic intraepithelial
neoplasia (PIN) specimens from patients treated for
prostate cancer as well as TRAMP mice.12 To investigate
the possibility that XIAP contributes to early tumor
development, we studied the effect of loss of XIAP in a
cohort of Xiap-deficient and control TRAMP mice who were
followed until 25 weeks of age. Mice were assessed for
prostate gland histology and micrometastatic disease
(Table 1). None of the 25-week-old mice had evidence of
micrometastases. There was no difference between Xiap-
deficient and wild-type TRAMP mice in the incidence of PIN
or microscopic carcinoma.

Loss of XIAP does not affect apoptosis or proliferation
of tumor cells in vivo. Because of the accepted role of
XIAP in cell death, we examined tumor specimens from Xiap-
deficient mice by terminal dUTP nick end labeling (TUNEL)
staining to assess the number of cells undergoing apoptosis
(Figure 5a). There was no difference seen in TUNEL staining
between the Xiap-deficient and wild-type tumors. Moreover,
when quantitated, the apoptotic index was not increased
in Xiap-deficient compared to wild-type TRAMP tumors
(Figure 5b). In most tumors from both wild-type and Xiap-
deficient TRAMP mice, the apoptotic index was on the order
of 10 apoptotic cells per 1000, with only a few tumors
exhibiting higher apoptotic indices. There did not seem to be
a correlation between apoptotic index and histologic subtype.
Of the three tumors with apoptotic indices greater than 15
cells per 1000, one was poorly differentiated, one was well
differentiated and one was phylloides.

In view of previous work in resected lung cancer suggesting
an increased proliferative and mitotic index in tumors with low
XIAP expression,26 we also performed an analysis of the
proliferative rates present in these TRAMP tumors. Using both
nuclear Ki-67 staining and mitotic figures as markers for
proliferation, we did not observe any differences between the
wild-type and Xiap-deficient TRAMP tumors (Figure 6).
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Figure 3 Comparison of tumor characteristics in Xiap-deficient and wild-type
TRAMP mice. (a) Mass of animals and mass of tumors at necropsy were compared
between the wild-type and Xiap-deficient mice. The tumor mass as a percentage of
total mouse mass at the time of necropsy was also compared. Mean values are
plotted with error bars representing one standard deviation. (b) Time to palpable
tumor, time to death and time from palpable tumor to death were assessed for Xiap-
deficient and wild-type mice. Mean values for each variable are plotted with error
bars representing one standard deviation. (c) The time in weeks from tumor onset
(size 1) to larger tumors (sizes 2–4) was calculated for each cohort of mice. Mean
values for each variable are plotted with error bars representing one standard
deviation
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Finally, lysates from TRAMP tumors were assessed for
expression of caspase-9 and the presence of active caspase-
3 (Figure 7a). We did not detect any active caspase-3 in either
wild-type or Xiap-deficient TRAMP tumors. This finding is
consistent with our previous finding of generally low apoptotic
rates in TRAMP prostate tumors.

Xiap deficiency does not increase c-IAP1 and c-IAP2
expression in TRAMP tumors. Of the mammalian IAP
family members, only cellular IAP1 (c-IAP1) and c-IAP2 are
capable of binding caspases and might functionally
compensate in the apoptotic pathway following loss of
XIAP.29 Furthermore, in the initial description of Xiap-
deficient mice, it was found that c-IAP1 and c-IAP2 are
overexpressed in Xiap-deficient mice.30 For this reason,
expression of c-IAP1 and c-IAP2 was examined in prostate
tumor specimens from control and Xiap-deficient mice
by immunoblot (Figure 7a). There was no obvious
compensatory overexpression of c-IAP1 or c-IAP2 in the
Xiap-deficient TRAMP tumors. Detection of c-IAP1 and
c-IAP2 by immunoblot was quantified, and results are
presented in Figure 7b. Not only was there no evidence of
overexpression of c-IAP1 or c-IAP2, the mean level of c-IAP2
was actually decreased in the Xiap-deficient tumors
compared to wild-type controls. Since levels of c-IAP1 and
c-IAP2 are also subject to post-translational regulation,31

expression of c-iap1 and c-iap2 transcripts was also
examined by quantitative RT-PCR. Consistent with
measurements of protein expression, expression of c-iap1
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Figure 4 Histology from primary and metastatic lesions of Xiap-deficient and wild-type TRAMP mice. (a) Examples of poorly differentiated tumors from wild-type and Xiap-
deficient mice are shown in the left-most panels. Examples of moderately differentiated tumors are shown in the second set of panels. Metastases to liver and lung were also
histologically confirmed and representative images are shown in the two right-most panels. (b) Results of histologic analysis for both primary and metastatic tumors were
tabulated and compared between the wild-type and Xiap-deficient mice

Table 1 Histologic analysis of tumors from 25-week-old wild-type and
Xiap-deficient TRAMP mice

Wild type (%) Knockout (%) P-value

Primary tumor
Phylloides 1/8 (13) 0/8 (0) 0.30
Carcinoma 2/8 (25) 2/8 (25) 1.00

Poorly differentiated 2/8 (25) 1/8 (13) 0.52
Well differentiated 0/8 (0) 1/8 (13) 0.30

PIN 5/8 (63) 6/8 (50) 0.59

Metastases
Mice with metastases 0/8 (0) 0/8 (0) 1.00

Wild-type and Xiap-deficient mice were followed in cohorts of 10 mice until 25
weeks of age; eight of ten total mice were left in both groups at this time. Results
from histologic analysis were tabulated and compared.
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and c-iap2 mRNA was not increased in Xiap-deficient tumors
compared to controls (Figure 7c). Levels of c-iap1 and c-iap2
transcripts were actually somewhat less in the Xiap-deficient
group, which was surprising but correlated with our
observations of protein levels. In summary, compensation
by c-IAP1 or c-IAP2 could not explain why Xiap deficiency did
not protect TRAMP mice against tumor onset, growth or
lethality.

Discussion

Malignant cells demonstrate a resistance to apoptosis, which
allows these cells to survive in cellular environments that
would typically induce cell death.1 One proposed mechanism
for the acquired capacity of cancer cells to evade apoptosis is
antagonism of caspase activity through increased expression
of XIAP. Elevated expression of XIAP has been demonstrated
in cancers of various origins.10–16 Not only is XIAP over-
expressed in cancer, increased XIAP expression has been
shown to contribute to apoptosis resistance and conversely,
XIAP antagonism sensitizes cancer cells to multiple types

of apoptotic stimuli in vitro and in vivo.13,17–25,28,32–37 These
apoptotic stimuli have included various chemotherapeutic
agents, ionizing radiation, tumor necrosis factor-related
apoptosis-inducing ligand, anoikis induction and immune
clearance by cytotoxic lymphocytes. Despite these encoura-
ging reports supporting a role for XIAP in the pathogenesis of
cancer, there are data that are difficult to reconcile with the
currently known functions of XIAP. Specifically, the paradox-
ical and dramatic favorable prognostic value of elevated XIAP
levels observed in patients with resected prostate cancer
does not correspond with the predicted increased resistance
to apoptosis.12 Interestingly, c-IAP1 and c-IAP2 expression
correlated negatively with prognosis in this same group of
patients.

We report here that Xiap-deficient TRAMP mice do not
develop tumors later than wild-type TRAMP mice. Further-
more, Xiap deficiency does not lessen the lethality, metastatic
potential, histologic grade or tumor growth of TRAMP tumors;
in fact, the data suggested a trend of more aggressive
behavior in Xiap-deficient TRAMP tumors. Thus, we conclude
that although elevations of XIAP expression have been
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observed in TRAMP tumors, upregulation of XIAP is not
essential for transformation of prostate epithelium. It is
possible that the aggressiveness of the TRAMP model, in
which p53 and pRB are inhibited by the SV40 T-antigen, may
have overwhelmed the ability to detect an effect of Xiap
deficiency. In addition, the inhibition of p53 itself may be
sufficient to inhibit apoptosis. However, the TRAMP model
has been used to successfully establish a role for the
antiapoptotic Bcl-2 in tumorigenesis,38 as well as to demon-
strate that compounds such as green tea and celecoxib
suppress tumorigenesis.39,40

These findings suggest that although XIAP is over-
expressed in cancer it may not play a causal role in tumor
pathogenesis. Conspicuously, evidence of XIAP mutations,
translocations or amplifications, as is typically associated with
classic oncogenes, has been absent in human cancers. Worth
considering is the possibility that overexpression of XIAP may
instead be a surrogate marker for other biologic behaviors.
For example, XIAP is known to be upregulated by hypoxia32

and thus may be overexpressed in tumors that are outgrowing
a vascular supply.

Alternatively, XIAP may modulate apoptosis and tumor
progression without being a classic oncogene. In this
case, tumor formation in the absence of XIAP could occur
if increased apoptosis was compensated by an increase
in proliferation. In fact, although Ferreira et al.26 did not
observe a correlation between XIAP expression levels
and apoptotic index in resected non-small cell lung cancer,
they did note an increased proliferative and mitotic index
in tumors with low XIAP expression. However, the surprising
finding that Xiap deficiency did not result in an increase in
the apoptotic index suggests that an increased prolifera-
tive index would not explain our findings. Indeed, when
proliferative rate and mitotic index were assessed, there were
no discernible differences between the wild-type and Xiap-
deficient mice.

In addition, expression of the oncogenic SV40 T-antigen
in the absence of XIAP may have selected for pathogenic
mechanisms of apoptosis resistance that do not depend on
XIAP. This selection pressure may be less acute in a clinical
setting when XIAP antagonists are given after cancer
has already developed. To explore the possibility of
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XIAP-independent mechanisms of apoptosis inhibition,
c-IAP1 and c-IAP2 were evaluated as obvious candidates
for a possible compensatory effect. No evidence for such a
role was found based on levels of c-IAP1 and c-IAP2
overexpression. Moreover, although c-IAP1 and c-IAP2 are
capable of binding caspases, the affinity of c-IAP1 or c-IAP2
for caspases is much lower than XIAP, and recent data
suggest that both are incapable of inhibiting caspase
activity.29,41 If inhibition of caspases is relevant to the
physiology of cancer cell biology and XIAP overexpression,
it is unlikely that c-IAP1 or c-IAP2 can compensate for this
activity.

Another possibility for our results is the absence of a
significant apoptotic stimulus in our experiments. Although it
has been reported that cancer cells can have high basal levels
of apoptotic signaling molecules such as caspases-3 and -8,42

we did not observe significant apoptotic activity in TRAMP
tumors. It is interesting that the active 35-kDa form of
caspase-9 was observed only in the wild-type mice. However,
there did not appear to be a significant amount of active
caspase-3 detected in either wild-type or Xiap-deficient mice.
This finding correlates with the relatively low apoptotic indices
in these tumors as assessed by TUNEL staining. The absence
of an effective apoptotic stimulus may have negated any effect
from Xiap deficiency. Synergy between XIAP antagonism has
been seen when combined with an apoptosis-inducing
stimulus, even if little effect is seen in the absence of such a
stimulus. Future combinations of chemotherapy or radiation
therapy with XIAP antagonism in this or other transgenic
cancer models may help resolve this possibility. XIAP
antagonists may also have more clinical efficacy if combined
with traditional cytotoxic therapies.

Given the promising preclinical reports of XIAP-targeted
therapy, it is not surprising that these agents are being
developed for clinical use. XIAP is a particularly attractive
therapeutic target, because the apparent health of Xiap-
deficient mice suggests that the side effects of suppressing
XIAP should be minimal. The present study is, to our
knowledge, the first evaluation of the role of XIAP in an
immunocompetent autochthonous tumor model. Contrary to
the previously discussed preclinical reports, we did not
observe a protective effect in Xiap-deficient mice. Moreover,
the suggestion of an adverse impact of Xiap deficiency on
tumor progression, in addition to previous accounts of an
adverse prognosis associated with low XIAP levels in prostate
and lung cancer, underscores the need for a better under-
standing of the physiologic function of XIAP. These findings
have obvious implications for treatments targeting XIAP
activity. Neoplastic cells likely develop antiapoptotic mecha-
nisms that do not depend on XIAP overexpression, which may
have greater importance in the setting of XIAP antagonism.
Greater insight into these pathways will help in selection of
patients who would benefit most from XIAP-targeted thera-
pies, as well as in overcoming resistance to such therapies.

Materials and Methods
Animals. Generation and genotyping of TRAMP and Xiap-deficient mice have
been previously described.27,30 All mice were bred and maintained on a C57BL/6
background. TRAMP males were mated with Xiapþ /� females to generate Xiap�

TRAMP males, as well as Xiapþ TRAMP males for controls. Research was

conducted on a UCUCA-approved protocol in a manner consistent with the NIH
Guidelines for the Care and Use of Laboratory Animals. Beginning at 12 weeks of
age, weekly abdominal palpation by two independent observers was used to
determine tumor onset. Mice were euthanized when moribund and samples were
taken for histology, RNA and protein evaluation. The pelvic lymph nodes and the
abdominal and thoracic cavities were observed for signs of metastasis and visible
metastases were confirmed histologically.

MRI imaging. Mice were imaged with abdominal MRI biweekly by the Michigan
Small Animal Imaging Resource (http://www.med.umich.edu/msair). Mice were
anesthetized with 2% isoflurane–air mixture. Images were obtained with a 7.0T
Varian MR scanner (183-mm horizontal bore; Varian, Palo Alto, CA, USA). A
double-tuned volume radiofrequency coil was used to scan the abdominal region of
the mice. Axial T2-weighted images were acquired using a fast spin-echo sequence
with the following parameters: repetition time/effective echo time, 4000/60 ms; echo
spacing, 15 ms; number of echoes, 8; field of view 30 mm� 30 mm; matrix,
128� 128; slice thickness, 1 mm; slice spacing, 0.25 mm; number of slices, 17 and
number of scans, 4 (total scan time was approximately 4 min.).

Immunoblot. Previously frozen specimens were lysed on ice in radio-
immunoprecipitation analysis buffer containing protease inhibitors. Membranes
were probed using a 1 : 2000 dilution of rodent inhibitor of apoptosis protein (RIAP)
rabbit polyclonal antibody (a gift from Peter Liston and Robert Korneluk), which
recognizes mouse c-IAP1 and c-IAP2. Immunoblots were also probed for XIAP
(goat polyclonal, R&D, cat no. AF8221, Minneapolis, MN, USA), caspase-3 (rabbit
polyclonal, a gift from Guy Salvesen) and caspase-9 (mouse monoclonal,
Stressgen, cat no. AAM-139, Ann Arbor, MI, USA). b-Actin antibody was
purchased from Sigma (St Louis, MO, USA). The following HRP-conjugated
secondary antibodies were used: sheep anti-mouse (Amersham, Piscataway, NJ,
USA), donkey anti-rabbit (Amersham) and donkey anti-goat (Serotec, Raleigh,
NC, USA). Densitometry was performed by NIH ImageJ software (http://
rsb.info.nih.gov/ij/).

Quantitative RT-PCR. Tissue specimens were preserved in RNAlater
(Ambion, Austin, TX, USA). RNA was extracted using an RNeasy kit (Qiagen,
Valencia, CA, USA). cDNA was generated using RTScript reverse transcriptase and
quantified using TaqMan gene expression assays (Applied Biosystems, Foster City,
CA, USA) on an ABI 7500 qPCR instrument.

Histology. Hematoxylin and eosin-stained slides were prepared from paraffin-
embedded formalin-fixed tissue by the University of Michigan Tissue core. Slides
were examined in a blinded fashion by a certified genitourinary pathologist (KJW)
and classified as phylloides, PIN, or carcinoma. Carcinoma specimens were graded
as well, moderately or poorly differentiated. Liver and lung sections were similarly
inspected. TUNEL staining was performed with the Apoptag kit (Chemicon,
Temecula, CA, USA) by the University of Michigan Tissue core. Digital images of
five independent fields were taken of each tumor at � 40 magnification. TUNEL-
positive cells were counted manually, while total cell number was determined by
ImageJ analysis. Quantification was recorded as the number of TUNEL-positive
cells per 1000 cells. Mitotic and proliferative indices were calculated in an analogous
manner, although images were visualized at � 100 to facilitate the identification of
mitotic figures. Ki-67 staining was also performed by the University of Michigan
Tissue core using a primary antibody from Dako (Carpinteria, CA, USA) and the
MOM immunodetection kit from Vector Laboratories (Burlingame, CA, USA).

Statistical analysis. Statistical analysis for Kaplan–Meier plots was
performed using a two-sided log-rank test. In addition, a one-sided log-rank test
was used to determine whether the knockout mice had better outcomes than the
wild-type mice. All other comparisons were performed using a two-tailed w2 test.
Calculations were performed using the R statistical computation system (http://
www.R-project.org). Values of Po0.05 were considered statistically significant.
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