
Pharmacological blockade of Bcl-2, Bcl-xL and Bcl-w
by the BH3 mimetic ABT-737 has only minor impact on
tumour development in p53-deficient mice
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The tumour suppressor p53 transcriptionally regulates a range of target genes that control cell growth and survival. Mutations of
p53 have been implicated in the development of B50% of human cancers, including those instigated by exposure to mutagens.
Although numerically rare, cancers can arise as a consequence of inherited mutations, such as in the Li–Fraumeni syndrome,
which is caused by mutation of one p53 allele. Gene-targeted mice deficient for p53 have been generated to study this familial
cancer syndrome. On a C57BL/6 background, p53-deficient mice develop primarily thymic lymphoma and more rarely sarcoma.
Evasion of apoptosis is considered to be essential for neoplastic transformation. As proteins of the Bcl-2 family are the critical
regulators of apoptosis, we investigated the role of the pro-survival members Bcl-2, Bcl-xL and Bcl-w in cancer development in
p53þ /� and p53�/� mice by testing whether ABT-737, a pharmacological inhibitor of these proteins, could prevent or delay
tumourigenesis. Our studies showed that ABT-737 prophylaxis only caused a minor delay and reduction in c-radiation-induced
thymic lymphoma development in p53�/� mice, but this was accompanied by a concomitant increase in sarcoma. These data
show that, collectively, Bcl-2, Bcl-xL and Bcl-w have only minor roles in thymic lymphoma development elicited by defects in p53,
and this may indicate that Mcl-1 and/or A1 may feature more prominently in this process.
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Li–Fraumeni syndrome (LFS) is a rare inherited autosomal
disorder characterised by development of a diverse range of
cancer types, including sarcomas, leukaemias/lymphomas,
colon, pancreatic or breast cancers and brain or adrenocorti-
coid tumours before the age of 45. Srivastava et al.1 and
Malkin et al.2 have linked LFS to heterozygous germline
mutations within the tumour-suppressor gene p53. Obligatory
loss or mutation of the wild-type (wt) p53 allele plus additional
lesions in oncogenes and/or tumour-suppressor genes drives
the development of cancers in these individuals. To establish
a mouse model of LFS, several groups have performed gene
targeting in ES cells to generate mice that either lack p533,4 or
carry point mutations in p53 that are commonly found in
human cancers.5 p53mutant mice are highly prone to develop
a similar range of cancers as those found in LFS patients,3–5

although lymphomas and sarcomas predominate with their
relative frequencies affected by the genetic background.4

The p53 tumour-suppressor gene encodes a transcription
factor that can be activated by a broad range of stress stimuli,
including DNA damage, hypoxia or activation of certain
oncogenes (e.g., c-myc).6 Upon activation, p53 transcription-
ally regulates various target genes that control a broad range
of effector pathways, including cell-cycle arrest, DNA repair,
cellular senescence and apoptosis.6 Somatically acquired

mutation or loss of p53 have been implicated in the
development of B50% of sporadic human cancers. Impor-
tantly, loss of p53 function also increases resistance of tumour
cells to a broad range of anticancer therapeutics, particularly
those that elicit DNA damage.6 Therefore, development of
new strategies that can kill tumour cells in a p53-independent
manner is an important area of research.

Apoptosis is a form of programmed cell death that is
essential for normal development and tissue homeostasis in
multicellular organisms.7 Evasion of apoptosis is a hallmark of
cancer cells that promotes neoplastic transformation in
concert with other tumourigenic processes, such as self-
sufficiency for cell growth and evasion of cellular senes-
cence.8 Apoptosis is regulated by interactions between the
pro-survival and pro-apoptotic members of the Bcl-2 family
and, accordingly, many cancer types show abnormalities in
the balance between these two factions.9 The pro-survival
Bcl-2-family members share four distinct Bcl-2 Homology
domains (BH1–BH4), and experiments using gene-targeted
mice have shown that these proteins have tissue-specific as
well as overlapping critical roles in cell survival.9 The
pro-apoptotic proteins Bax and Bak also contain four BH
domains and share substantial structural similarity to their
Bcl-2 pro-survival relatives, but serve critical functions in the
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activation of the effector stages of apoptosis by mediating
mitochondrial outer membrane permeabilisation (MOMP) and
consequent activation of the caspase cascade.9,10 The BH3-
only members among the Bcl-2-family members (Bim, Puma,
Noxa, Bid, Bad, Bmf, Bik and Hrk) share with each other and
the wider family only the 16- to 24-amino-acid BH3 domain.
Studies using gene-targeted mice have shown that BH3-only
proteins are essential for initiation of apoptosis signalling,
functioning in a cell death stimulus-specific as well as a cell
type-specific manner.9,11

New anticancer therapeutics are being developed to speci-
fically target the pro-survival members of the Bcl-2 family using
small-molecule mimetics of BH3-only proteins.12 ABT-737 and
(the orally available) ABT-263, two BH3-mimetics that bind with
high affinity to Bcl-2, Bcl-xL and Bcl-w, but not to Mcl-1 or A1,
have proven to be highly effective as single agents in inhibiting
the growth of small-cell lung carcinoma cells in xenograft mouse
models.13,14 In addition, ABT-737 synergised potently with
many conventional chemotherapeutic drugs (e.g., cyclophos-
phamide and taxol) and inhibitors of oncogenic kinases (e.g.,
Gleevec for blockade of BCR-ABL in CML) in the killing of a
broad range of cancers.15,16

Given that evasion of apoptosis, often due to deregulated
expression of pro-survival Bcl-2-family members, is thought to
be critical for tumour development, it is theoretically possible
that BH3 mimetics may find utility as a prophylactic strategy to
prevent or delay development of malignant disease in
genetically predisposed individuals, such as Li–Fraumeni
patients. To test this hypothesis experimentally, we explored
whether blockade of Bcl-2, Bcl-xL and Bcl-w by the BH3-
mimetic ABT-737 could inhibit or delay tumourigenesis in
p53-deficient mice. ABT-737 prophylactic treatment had only
a minor impact, although it did cause a minor delay in onset
and reduction in the incidence of g-radiation-induced thymic
lymphoma in p53-deficient mice, which was accompanied by
a compensatory increase in sarcoma. These results indicate
that Bcl-2, Bcl-xL and Bcl-w must only have a minor role in
sustaining the survival of cells undergoing neoplastic trans-
formation owing to defects in p53.

Results

Prophylactic treatment with the BH3 mimetic ABT-737
does not prevent tumour development in p53þ /� and
p53�/� mice. Expression of endogenous pro-survival Bcl-2-
family members is thought to be critical for the development
of many cancers.17 We wanted to determine which pro-
survival Bcl-2-family members are critical to sustain survival
of cells undergoing neoplastic transformation and hence are
essential for tumourigenesis in cancer-prone p53-deficient
mice. To block all of Bcl-2, Bcl-xL and Bcl-w, we
prophylactically treated p53þ /� and p53�/� mice from the
age of 4 weeks with ABT-737 (twice per week 50 mg/kg body
weight, i.p.) or vehicle for 20 consecutive weeks and
monitored the mice for tumour development. This dose of
ABT-737 caused a significant decrease in platelets
(P**¼ 0.0036) as well as leukocytes (P***¼ 0.0009) in the
blood, and also resulted in a decrease in thymocytes
(P**¼ 0.0024) and splenocytes (P*¼ 0.0321) of C57BL/6

(wt) mice (Supplementary Figure 1), indicating that this
treatment regime was efficacious. Surprisingly, ABT-737 had
no significant impact on the incidence or rate of tumour
development in the p53þ /� (P¼ 0.0623) or p53�/� mice
(P¼ 0.5477; Figure 1a). Although vehicle-treated p53þ /�

mice showed a trend towards increased survival compared
with ABT-737-treated p53þ /� animals (median survival:
vehicle¼ 469 days versus ABT-737¼ 312 days), this
difference did not reach statistical significance (P¼ 0.0623).

Sick ABT-737 or vehicle-treated p53þ /� mice succumbed
mostly to either sarcoma or thymic lymphoma, and a small
number developed carcinoma, such as prostate cancer
(Figure 1b). There was no significant difference in lymphoma
or sarcoma incidence between both treatment groups. The
ABT-737-treated p53þ /� mice presented with lower spleen and
lymph node weights, and lower WBCs, compared with the
vehicle-treated animals, but none of these differences were
statistically significant (Figures 2a–c). Thymus weights were
similar in both cohorts (Figure 2a). PCR genotyping of thymus
samples collected from p53þ /� mice that had to be killed either
because of thymic lymphoma or sarcoma revealed loss of the wt
p53 allele only in samples from thymic lymphoma-burdened
mice but not from those that had developed sarcoma
(Supplementary Figure 2). This result is consistent with previous
reports that loss of heterozygosity is essential for thymic
lymphoma development in p53þ /� mice.3,4 Flow-cytometric
analysis using surface marker-specific antibodies (CD3, CD4
and CD8 for T cells and B220 for B cells) revealed no significant
difference in T- and B-lymphoid-cell subset composition in thymi
and spleens between both treatment groups.

Sick p53�/� mice mostly succumbed to thymic lymphoma,
although in some cases this was also associated with
sarcoma development and/or liver/kidney failure (Figure 1c).
Mice that developed thymic lymphoma also commonly
presented with infiltration of lymphoma cells into the lungs
(which frequently led to breathing difficulties in the affected
animals), spleen and, to a lesser extent, the liver and kidney
(Figure 3c). No consistent differences in thymic lymphoma
incidence (Figure 1c) and tumour dissemination (Figure 3)
were observed between the two treatment groups at killing.
Our analysis revealed a trend towards a decrease in thymus,
spleen and lymph node weights as well as blood leukocyte
counts in sick, tumour-burdened p53�/� mice that had been
prophylactically treated with ABT-737 in comparison with mice
that had been treated with vehicle, but none of these
differences reached statistical significance (Figures 3a and
b). The majority of thymi from sick animals (regardless of
treatment cohort: ABT-737 or vehicle analysed by flow
cytometry) revealed the presence of lymphoma cells, char-
acterised by abnormal increase in cell size and an unusual
distribution of T-cell surface markers, such as CD4LowCD8High.
Collectively, these data show that prophylactic treatment
with ABT-737 is unable to delay spontaneous tumour develop-
ment or reduce the severity of malignant disease in p53þ /� and
p53�/� mice.

Prophylactic treatment with the BH3 mimetic ABT-737
has a significant, albeit minor, impact on low-dose
c-irradiation-induced thymic lymphoma development in
p53�/� mice. In order to mimic the effects of environmental
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mutagenic factors on tumourigenesis, we examined the
impact of prophylactic treatment with ABT-737 on low-dose
g-radiation-induced thymic lymphoma development in
p53þ /� and p53�/� mice. Repeated exposure to low-dose
g-radiation elicits thymic lymphoma development in certain
strains of mice, including C57BL/6, owing to activation of
the endogenous radiation-induced leukemia virus (RadLV)
and generation of oncogenic mutations resulting from
DNA-strand breaks.18 Loss of one or both alleles of p53
significantly accelerates g-radiation thymic lymphoma
development,19 most likely because of loss of p53’s ability
to coordinate cell-cycle arrest and DNA-repair responses. As
expected, when compared with non-irradiated p53þ /� mice,
both treatment cohorts (ABT-737 prophylactic treatment or
vehicle) of g-irradiated p53þ /� mice showed a considerably
accelerated tumour onset (compare Figures 1a and 4a). The
median survival and tumour incidence of g-irradiated p53þ /�

mice did not significantly differ between animals that had
been treated prophylactically with ABT-737 and vehicle-
treated mice (172 versus 190 days, respectively, P¼ 0.8992;
Figures 4a and b). The majority of mice in both treatment
groups presented with thymic lymphoma and these tumours
routinely showed, as expected,19 loss of the wt p53 allele
(Supplementary Figure 2). Analysis of thymus, spleen and
lymph node weights (Figure 5a), as well as blood leukocyte

counts (Figure 5b), of sick, tumour-burdened, g-irradiated
p53þ /� mice revealed no significant differences between the
treatment groups despite a trend towards a decrease in
lymph node weights (P¼ 0.0691; Figure 5a). Flow-cytometric
analysis revealed that most lymphomas were CD8þCD4� or
CD4LowCD8High in both the ABT-737 and vehicle-treated
mice. Histological analysis revealed some dissemination of
lymphoma cells into the lungs and occasionally the liver and
kidney (Figure 5c), but the extent of these pathological
features was not different between the ABT-737 and vehicle-
treated animals.

Remarkably, prophylactic treatment with ABT-737 signifi-
cantly, albeit to a relatively minor extent, prolonged the
tumour-free survival of g-irradiated p53�/� mice (median
survival: 134 days versus 121 days, respectively,
P**¼ 0.0070; Figure 4a). Autopsy of sick animals from both
treatment groups showed that the majority developed thymic
lymphoma that was routinely associated with lymphoma cell
infiltration into the lungs, and in some cases also sarcoma or
splenomegaly and lymphadenopathy (Figure 6c). In addition
to delaying overall tumour development, ABT-737 prophy-
lactic treatment also caused a pronounced reduction in the
incidence of thymic lymphoma and a significant reduction in
thymus weight and a marked but not significant decrease in
leukocytes in the peripheral blood (Figures 4c, and 6a and b).

0 200 400 600
0

20

40

60

80

100
p53+/- vehicle (n=17)

p53+/-ABT-737 (n=17)

p53-/- vehicle (n=16)

p53-/-  ABT-737 (n=9)

[days]

T
u

m
o

u
r-

fr
ee

 s
u

rv
iv

al
 [

%
] 

p53+/-

lymphoma other

0

20

40

60

80

100
vehicle

ABT-737

T
u

m
o

u
r 

in
ci

d
en

ce
 [

%
]

p53-/-

lymphoma other
0

20

40

60

80

100
vehicle

ABT-737

T
u

m
o

u
r 

in
ci

d
en

ce
 [

%
]

ABT-737
p=0.5477 p=0.0623

Figure 1 Prophylactic treatment of pre-malignant p53þ /� and p53�/� mice with the BH3 mimetic ABT-737 does not prevent or even delay tumourigenesis. (a) Kaplan–
Meier analysis of tumour-free survival comparing two cohorts of p53þ /� mice as well as two cohorts of p53�/� mice, one prophylactically treated with the BH3 mimetic ABT-
737 the other with vehicle between 4 and 24 weeks after birth (treatment period is indicated with a line). Median tumour onset of p53þ /� mice prophylactically treated with
ABT-737 was 312 days versus 469 days for p53þ /� mice that had been treated with vehicle. This difference is not statistically significant (nABT�737¼ 17, nVehicle ¼ 17;
Mantel–Cox log–rank test: P¼ 0.0623). Median tumour onset for p53�/� mice prophylactically treated with ABT-737 was 166 days versus 137 days for mice that had been
treated with vehicle. This difference was also not statistically significant (nABT�737¼ 9, nVehicle¼ 16; Mantel–Cox log-rank test: P¼ 0.5477). (b) Percentages of p53þ /� mice
within each cohort (ABT-737 prophylaxis or vehicle treatment) that developed the different types of malignancies (nABT�737¼ 17, nVehicle ¼ 17). (c) Percentages of p53�/�

mice within each cohort (ABT-737 prophylaxis or vehicle treatment) that developed the different types of malignancies (nABT�737¼ 6, nVehicle¼ 6)
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This was, however, accompanied by a compensatory
increase in sarcoma in g-irradiated p53�/� mice that had
been exposed to ABT-737 (Figure 4c). No marked differences
in lymphoma burden or lymphoma cell dissemination into
lungs and other tissues were detected between the two
cohorts (Figures 6a–c). Most of these tumours were CD8
SP or CD4LowCD8High (Supplementary Figure 3), a phenotype
frequently observed in radiation-induced thymic
lymphomas.20,21 These results demonstrate that prophylactic
treatment with ABT-737 can inhibit g-radiation-induced thymic
lymphoma development in p53�/� mice, albeit only to a minor
extent.

Thymic lymphoma cells from p53-deficient mice,
regardless of ABT-737 prophylaxis or vehicle
treatment, are relatively resistant to in vitro treatment
with ABT-737. To explore whether thymic lymphoma cells
that develop under the pressure of ABT-737 prophylactic
treatment might be selected for resistance to apoptotic
stimuli, we generated cell lines (CLs) from three different
primary thymic lymphomas of untreated p53�/� mice as well
as from g-irradiated p53�/� that had either been treated
prophylactically with ABT-737 or vehicle. These CLs and as
control, the ABT-737-sensitive pre-B lymphoma-derived CL
Em-myc/rv-bcl-2,15 were exposed to 5mM ABT-737, 30 nM
dexamethasone or vehicle (dimethyl sulphoxide (DMSO)) in
culture, and their viability was monitored over 24 h (Figure 7).
We observed no significant differences in the response to
ABT-737 or dexamethasone between the thymic lymphoma-
derived CLs from ABT-737 prophylactically treated mice and
those from vehicle control-exposed animals. In comparison

with the Em-myc/rv-bcl-2 lymphoma cells, all thymic
lymphoma cells from p53-deficient mice were relatively
resistant to ABT-737 (Figure 7). In agreement with a
previous study,22 dexamethasone efficiently induced
apoptosis of p53-deficient thymic lymphoma cells, whereas,
as expected,23 the Bcl-2-overexpressing Em-myc/rv-bcl-2
lymphoma cells were highly resistant to this glucocorticoid.
Taken together, these data show that ABT-737 prophylaxis
does not alter the response of thymic lymphomas originating
in p53-deficient mice to ABT-737 or dexamethasone.

Thymic lymphomas arising in c-irradiated p53�/� mice
prophylactically treated with ABT-737, display no
differences in RNA and protein expression of Bcl-2
family members when compared to those from vehicle
treated control mice. Quantitative RT-PCR and western
blot analysis revealed that the levels of Bcl-2 (P¼ 5379), Bcl-
xL (P¼ 0.3121), Mcl-1 (P¼ 0.6667), Bcl-w (P¼ 0.5119) and
A1 (P¼ 0.7927) were not markedly different between thymic
lymphomas from the two treatment groups (Figures 8a and
b). In certain tumours, however, we occasionally observed a
minor increase in the protein levels of Mcl-1 and/or Bcl-xL of
ABT-737- or vehicle-treated animals as compared with
extracts from C57BL/6 thymi, which were used as control.
In addition, there was no consistent difference between the
various thymic lymphomas in the levels of the pro-apoptotic
BH3-only proteins Bim, Bid or Puma. We did, however,
observe a downregulation of Bim and Bid protein levels when
comparing the primary tumour cells and their derivative CLs,
which might explain the decreased sensitivity to ABT-737
treatment in our in vitro experiment (Figure 7). Collectively,
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Figure 2 Prophylactic treatment with ABT-737 does not alter the severity and manifestation of thymic lymphoma in p53þ /� mice. (a) Thymus (P¼ 0.2012, ±S.E.M.),
spleen (P¼ 0.3195, ±S.E.M.) and lymph node (P¼ 0.1577, ±S.E.M.) weights from p53þ /� mice that had been prophylactically treated with ABT-737 as compared with
their vehicle-treated counterparts. (b) WBCs in tumour-burdened sick p53þ /� mice that had been prophylactically treated with ABT-737 or vehicle (P¼ 0.2305, ±S.E.M.). (c)
Histological analysis of representative thymus, sternum and lung tissue samples of p53þ /� mice treated with ABT-737 or vehicle (nABT�737¼ 2, nVehicle ¼ 2). Tissue sections
were stained with haematoxylin and eosin
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Figure 3 Prophylactic treatment with ABT-737 does not alter the severity and manifestation of thymic lymphoma in p53�/� mice. (a) Thymus (P¼ 0.5909, ±S.E.M.),
spleen (P¼ 0.1835, ±S.E.M.) and lymph node (P¼ 0.2286, ±S.E.M.) weights from p53�/� mice that had been treated with either ABT-737 or vehicle. (b) WBCs of sick
p53�/� mice that had been prophylactically treated with ABT-737 or vehicle (P¼ 0.5764, ±S.E.M.). (c) Histological analysis of representative thymus, sternum and lung
tissue samples of p53�/� mice treated with ABT-737 or vehicle (nABT�737¼ 2, nVehicle¼ 2). Tissue sections were stained with haematoxylin and eosin
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our results show that prophylactic treatment with ABT-737
during thymic lymphoma development does not select for
aberrations in the expression of the pro-survival or pro-
apoptotic Bcl-2-family members or other general defects in
the apoptotic machinery.

Discussion

Small molecules that can directly activate the programmed
cell death machinery are of great clinical interest for anti-
cancer therapy.12 Much effort has been invested to develop
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Figure 5 Prophylactic treatment with ABT-737 does not alter the severity and manifestation of thymic lymphoma in g-irradiated p53þ /� mice. (a) No significant changes
were observed in thymus (P¼ 0.7315, ±S.E.M.), spleen (P¼ 0.9649, ±S.E.M.) and lymph node (P¼ 0.0691, ±S.E.M.) weights in tumour-burdened sick p53þ /� mice
that had been g-irradiated and prophylactically treated with ABT-737 as compared with vehicle-treated controls. (b) WBCs in sick p53þ /� mice that had been g-irradiated and
prophylactically treated with ABT-737 or vehicle (P¼ 0.7140, ±S.E.M.). (c) Histological analysis of representative thymus, sternum and lung tissue samples from g-irradiated
p53þ /� (nABT�737¼ 2, nVehicle ¼ 2). Tissue sections were stained with haematoxylin and eosin
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Figure 6 Prophylactic treatment with ABT-737 has a minor impact on the severity and manifestation of thymic lymphoma in g-irradiated p53�/� mice. (a) Significantly
decreased thymus (P*¼ 0.0378, ±S.E.M.), but not spleen (P¼ 0.1273, ±S.E.M.) and lymph node (P¼ 0.2104, ±S.E.M.), weights in tumour-burdened sick p53�/� mice
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prophylactically treated with ABT-737 or vehicle (P¼ 0.3365, ±S.E.M.). (c) Histological analysis of representative thymus, sternum and lung tissue samples of sick
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small-molecule mimetics of the pro-apoptotic BH3-only
proteins that can bind pro-survival Bcl-2-family members to
elicit apoptotic death in cancer cells.13,14 Because of their
ability to directly induce apoptosis, Bcl-2-family inhibitors offer
great potential for treatment of cancer, especially in treating
malignancies with a dependency on Bcl-2 or Bcl-xL for their

survival.12 Here, we investigated the role of Bcl-2, Bcl-xL and
Bcl-w inhibition not as a modality for treatment of established
malignant cancers, but as a potential prophylactic strategy to
prevent tumour development in the first place.

To address this question, we used gene-targeted mice
deficient for the tumour suppressor p53, a suitable model of
the human LFS, although these animals are more predis-
posed to thymic lymphoma rather than sarcoma as seen in the
human condition.3,4 We examined whether pharmacological
blockade of Bcl-2, Bcl-xL and Bcl-w using the BH3 mimetic
ABT-737 in pre-malignant p53þ /� and p53�/� mice could
prevent or delay tumour development. In particular, given that
Bcl-xL

24 and Bcl-225 are both critical for cell survival during
normal T lymphopoiesis, it appeared promising that their
inhibition could interfere with thymic lymphoma development.
Moreover, although Bcl-w is not readily detectable in thymic
lymphomas elicited by p53 deficiency (Figure 8b) and is
not essential for T-cell development,26 it is expressed in
T lymphoid cells (including progenitors)27 and hence might
contribute to the survival of nascent thymic lymphoma cells.
Our results showed, however, that prophylactic treatment with
ABT-737 had no significant impact on spontaneous tumour
development in p53-deficient mice (Figure 1a). This indicates
that endogenous expression of pro-survival Bcl-2-family
members other than or in addition to Bcl-2, Bcl-xL or Bcl-w
may be critical for survival of cells undergoing neoplastic
transformation in the development of both thymic lymphoma
and sarcoma. Mcl-1 appears to be a good candidate for this
function as it is critical for survival of T-cell progenitors28 as
well as stem/progenitor cells in many other lineages.29

Moreover, it is also possible that repression of pro-apoptotic
Bcl-2-family members, such as Bim30 or Puma,31 maintains
survival of p53-deficient cells undergoing neoplastic transfor-
mation. Finally, it remains of course possible that prophylaxis
with higher doses of ABT-737, such as the (B4–7 times
higher) conventional dose of 75–100 mg/kg body weight/day
commonly used for short-term studies (e.g., see Cragg
et al.32), could significantly delay tumour development in
p53-deficient mice. The treatment regime applied in this study
was chosen because of the intent to administer ABT-737 and
vehicle for a prolonged rather than short period of time;
notably this dose caused a significant reduction in platelets
and certain lymphocyte populations (Supplementary Figure
1), demonstrating that it was efficacious.

We also investigated whether prophylactic treatment with
ABT-737 could delay tumourigenesis in p53þ /� and p53�/�

mice that had been exposed to repeated low-dose
g-irradiation to mimic environmental mutagenic factors that
can promote neoplastic transformation, as a model for
tumourigenesis provoked by environmental insults that cause
DNA damage. Consistent with previous studies,19 the
g-irradiated p53�/� and p53þ /� mice succumbed to tumours,
almost exclusively thymic lymphomas, considerably faster
than their non-irradiated counterparts. Interestingly, the
g-irradiated p53�/� mice prophylactically treated with ABT-
737 survived significantly, albeit only marginally, longer
(P**¼ 0.0070) than the corresponding control mice injected
with vehicle (Figure 4a). Although ABT-737 prophylaxis
caused a 20% reduction in lymphoma incidence, this was
accompanied by a compensatory increase in sarcoma
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Figure 7 Response of thymic lymphoma derived CLs from p53�/� mice that
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CL, Em-myc/rv-bcl-2 (triplicate), were treated in culture with either 5mM ABT-737,
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(Figure 4c). These observations indicate that Bcl-2, Bcl-xL and
Bcl-w may have a minor role in maintaining the survival of
‘cancer-initiating cells’ that give rise to g-radiation-induced
thymic lymphoma, but appear dispensable for the survival of
‘cancer-initiating cells’ giving rise to sarcomas.

Thymic lymphoma burden was frequently observed to be
somewhat lower in ABT-737 prophylactically treated mice as
compared to vehicle-treated animals (Figures 3, 5 and 6). This
reduction may have been caused by a minor cytotoxic effect
on lymphoma cells by the BH3 mimetic, particularly in mice
where the final injection of ABT-737 and killing coincided
because of the advanced progress of the malignant disease.
Alternatively, ABT-737 might affect lymphoma growth in-
directly, for example, by impairing the survival of stromal cells
that are critical for lymphoma dissemination and/or survival.
This latter explanation may account for the reduction in overall
lymphoma burden seen in moribund mice that had received
their final injection of ABT-737 a longer period of time before
they were killed.

In conclusion, our studies showed that Bcl-2, Bcl-xL and
Bcl-w have only a minor role in the development of thymic
lymphoma and sarcoma in p53-deficient mice. We therefore
reason that Mcl-1 and/or A1, the other two anti-apoptotic Bcl-2-
family members, may have a more critical role in sustaining the
survival of cells undergoing neoplastic transformation in this
hematopoietic malignancy. This would be consistent with the
finding that both Mcl-128 and A133 are critical in sustaining the
survival of non-transformed T lymphoid cells at several stages
of differentiation. Our observations may indicate that blockade
of Mcl-1 and/or A1, rather than inhibition of Bcl-2, Bcl-xL and/or
Bcl-w, is required to impede tumourigenesis in patients with
germline mutations in p53. Although blockade of Bcl-2, Bcl-xL

and Bcl-w by ABT-737 had only a minor impact on tumour
development in p53-deficient mice, such treatment may still be
efficacious in inhibiting tumourigenesis in other inherited cancer
syndromes, most likely those that are associated with high
levels of Bcl-2 and/or Bcl-xL expression.

Materials and Methods
Experimental animals. All experiments were conducted according to the
guidelines of the Walter and Eliza Hall Institute of Medical Research Animal Ethics
Committee. p53-deficient mice on a mixed C57BL/6/129SV genetic background4

were provided by Professor Tyler Jacks from the Massachusetts Institute of
Technology (Cambridge, MA, USA) and were backcrossed onto a C57BL/6
background for 420 generations before commencement of these studies.

Treatment of mice with c-radiation and/or ABT-737. Mice (p53þ /�

and p53�/�) at the age of 4 weeks were either left untreated or exposed to 1.5 Gy of
g-radiation once a week for four consecutive weeks using a 60Co source to elicit
thymic lymphoma development.18 Between the ages of 4 and 24 weeks, nine mice
of the non-irradiated cohort were injected intra-peritoneally twice a week with ABT-
737 (50 mg/kg body weight) and 16 mice with vehicle. The g-irradiated cohort was
treated for the first time with ABT-737 or vehicle on the day when the first dose of
g-radiation commenced. Subsequently, ABT-737 or vehicle was applied twice a
week for 10 consecutive weeks. Mice were examined daily and killed when declared
unwell by the animal technicians. ABT-737 was formulated in 30% propylene glycol,
5% Tween-80 and 65% D5W (5% dextrose in water, pH 4.2).

Blood analysis. Blood was taken at the time of killing by cardiac puncture and
analysed using an Advia blood analyser (Siemens, Deerfield, IL, USA). Blood
parameters were plotted by using GraphPad Prism (GraphPad Software Inc.,
La Jolla, CA, USA).

Flow-cytometric analysis. Lymphoid organs were harvested and single-cell
suspensions were prepared. Red cells were depleted using red cell lysis buffer.
Cells (5� 104) were stained for surface markers using fluorochrome-conjugated
monoclonal antibodies to mouse CD4, CD8, CD3 and B220 for 30 min in balanced
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salt solution (BSS) supplemented with 2% fetal calf serum (FCS) and 10% normal
rat serum.

Histological analysis. Soft tissues, sternum and spine were harvested and
fixed in 80% Histochoice/20% ethanol and embedded in paraffin, and stained with
haematoxylin and eosin and analysed by a qualified pathologist (PW).
Representative images of the thymus, sternum and lung were taken at a
magnification of � 25.

Genotyping. DNA samples from tail biopsies of mice or thymic lymphoma cells
were analysed by PCR using primer sets that can detect wt and deleted p53 alleles.
Samples were compared to tail-derived DNA from 3-week-old p53þ /� and p53�/�

mice. Mcl-1 primers were used as control for quality of extracted DNA.

Cell culture and cell survival assays. Thymic lymphoma cells were
cultured at 37 1C in a humidified 10% CO2 incubator in Dulbecco’s modified Eagle’s
medium supplemented with 10% FCS (Bovogen Biologicals PTY, East Keilor, Victoria,
Australia), 50mM b-mercaptoethanol (Sigma Aldrich, Castle Hill, NSW, Australia) and
100mM asparagine (Sigma Aldrich). Cells were grown for 2 weeks in culture before
being subjected to cell survival assays. For cell survival assays, 5� 104 cells/well in a
96-well flat bottom plate were treated with either 5mM ABT-737, 30 nM dexamethasone
or DMSO (Sigma Aldrich). Cell viability was determined by flow-cytometric analysis,
considering cells that are not stained with either FITC-conjugated Annexin-V (1mg/ml) or
propidium iodide (2mg/ml) as live cells.

qRT-PCR analysis. Quantitative PCR (qRT-PCR) analysis was performed by
using TaqMan probes according to the manufacturer’s instructions and analysed by
ABI-7900 (Applied Biosystems, Mulgrave, Victoria, Australia). Details of TaqMan
gene expression assays will be provided on request.

Western blot analysis. Western blot analysis was conducted following
standard protocols using extracts from primary thymic lymphomas or CLs derived
from these tumours. Western blots were probed using monoclonal hamster anti-
mouse Bcl-2, monoclonal mouse anti-mouse Bcl-xL (BD Pharmingen, San Diego,
CA, USA), monoclonal rat anti-mouse Mcl-1, monoclonal rat anti-mouse Bcl-w,
monoclonal rat anti-mouse A1, monoclonal rat anti-mouse Bid34 (last four, all gifts
from Professor David Huang, The Walter and Eliza Hall Institute), polyclonal rabbit
anti-mouse Bim (Stressgen, Sapphire Bioscience PTY.LTD, Waterloo, NSW,
Australia) and polyclonal rabbit anti-mouse Puma (Abcam, Sapphire Bioscience
PTY.LTD; Ab-27669) antibodies. Probing using monoclonal anti-mouse Hsp-70
antibody (gift from Robin Anderson, Peter MacCallum Cancer Institute, Melbourne,
Australia) was used as a loading control. Monoclonal goat anti-mouse, anti-rat and
anti-rabbit IgG antibodies coupled to HRP were purchased from Southern Biotech
(In Vitro Technologies PTY.LTD, Noble Park, Victoria, Australia).

Statistical analysis. Kaplan–Meier mouse survival curves were generated
and analysed using GraphPad Prism (GraphPad Software Inc). Mouse cohorts were
compared by log-rank Mantel–Cox test. P-values less than 0.05 were considered
significant.

In vitro cell survival, blood cell counts, organ weights and RNA levels were
plotted and analysed using GraphPad Prism, using two-tailed Student’s t-test for
comparing two groups.
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