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Abstract

Apoptosis is a form of programmed cell death that is critical for embryonic development, 
tissue homeostasis and regulation of the immune system of multi-cellular organisms.  
Aberrations in the apoptotic pathway are thought to be the cause or a contributing factor 
in a broad range of diseases. Inappropriate survival of cells that should die can cause 
cancer and also autoimmune disease, whereas killing of normally long-lived cells has 
been implicated in degenerative disorders. Mammals have two distinct, albeit ultimately 
converging apoptotic pathways. The so-called “death receptor” (also called “extrinsic”) 
pathway is triggered by ligand mediated activation of members of the tumour necrosis 
factor receptor (TNF-R) family with an intra-cellular “death domain”, such as Fas or TNF-
R1. The so-called ”Bcl-2-regulated” (also denoted as “stress”, “mitochondrial” or “intrin-
sic”) apoptotic pathway can be initiated by developmental cues (programmed cell death) 
or a diverse range of stress stimuli, such as cytokine withdrawal, oncogene activation, 
hypoxia or DNA damage. The two pathways activate distinct “initiator caspases” (cas-
pase 8 for “death receptor” signalling but caspase 9 in the “Bcl-2-regulated” pathway), 
which then proteolytically activate common effector caspases (caspase 3, 6 and 7). They 
promote cellular demolition by cleaving hundreds of critical proteins (e.g. essential struc-
tural components) and by proteolytic activation of the DNase CAD (caspase activated 
DNase), which degrades nuclear DNA. The “Bcl-2-regulated” pathway is controlled by 
three major subgroups of proteins of the Bcl-2 family. The five pro-survival members, Bcl-
2, Bcl-xL, Mcl-1, Bcl-w and A1, are required for cell survival, acting in a cell type specific 
manner, although there is also evidence for significant functional overlap. There are two 
pro-apoptotic sub-groups within the Bcl-2 family that differ in structure and function. The 
BH3-only proteins (Bim, Puma, Noxa, Bid, Bad, Bik, Bmf, Hrk) are critical for initiation 
of apoptosis whereas the multi-BH (Bcl-2 Homology) domain pro-apoptotic Bax, Bak 
(and possibly Bok) are essential for activation of the downstream phases of apoptosis. 
Death stimuli trigger transcriptional induction and/or post-translational activation of BH3-
only proteins. These pro-apoptotic proteins can interact with the pro-survival Bcl-2 family 
members. Some BH3-only proteins, such as Bim, Puma and activated tBid, can bind 
to all pro-survival members with high affinity, whereas other BH3-only members have 
more restricted binding specificity and it is believed that this accounts for the reduced 
killing capacity (compared to Bim, Puma or tBid). Neutralisation of the pro-survival Bcl-
2 family members by BH3-only proteins facilitates activation of Bax and Bak, but direct 
interaction with BH3-only proteins has also been implicated in Bax/Bak activation. Acti-
vated Bax and Bak can form multimers on the outer mitochondrial membrane resulting 
in mitochondrial outer membrane permeabilisation (MOMP), with consequent release of 
cytochrome C into the cytosol where it promotes the assembly of the apoptosome that 
also comprises pro-caspase 9 and its adaptor Apaf-1. This complex facilitates activation 
of caspase 9, which in turns proteolytically activates the effector caspases (3, 6 and 7), 
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thereby unleashing cellular demolition.

The oncogene Myc is a key transcriptional regulator of cell growth, proliferation and 
differentiation. Moreover, under conditions of stress, such as limited supply of growth 
factors, deregulated Myc expression can also promote apoptosis. Myc expression is 
abnormally elevated in a large fraction (estimated 50-70%) of human cancers. In some 
of these tumours, such as Burkitt’s lymphoma, Myc is over-expressed as a consequence 
of chromosomal translocations (t8;14 or t8;22/t2;8) that subjugate the myc gene under 
the control of the immunoglobulin heavy or light chain gene enhancers, respectively. 
The elevated expression of c-Myc enforces abnormal proliferation of B lymphoid cells. 
In many cases of Burkitt’s lymphoma the myc/Ig gene translocation is accompanied by 
a mutation in the tumour suppressor TP53 gene, which causes severe defects in the in-
duction of cell cycle arrest and apoptosis. Lymphomas with intact p53 often present with 
mutations in genes that regulate the p53 pathways, such as Mdm2, an E3 ligase that 
inhibits p53 function by promoting its ubiquitin/proteasome dependent degradation. Ab-
normally increased expression of pro-survival Bcl-2 members has also frequently been 
observed in Myc over-expressing cancers, particularly lymphoma and leukaemia, and 
this is thought to promote tumorigenesis by counteracting the aforementioned apoptosis 
inducing actions of Myc. Although Burkitt’s lymphoma generally responds fairly well to 
chemotherapeutic drugs and radiotherapy and can be cured by bone marrow transplan-
tation, there remains a need for better understanding of this disease and improved treat-
ment strategies. 

The Eµ-myc transgenic mouse strain, in which Myc is over-expressed under control of 
the IgH gene enhancer (Eµ), is the most widely used animal model for studying tumour 
development. In the pre-leukaemic phase, these animals display abnormally increased 
cycling with consequently elevated numbers of pro-B and pre-B lymphoid cells and, due 
to the ability of Myc to inhibit differentiation, a decrease in the more mature sIg+ B cells. 
Acquisition of additional oncogenic lesions that cooperate with Myc over-expression 
cause emergence of clonal pre-B or B lymphoma in these mice. Previous work has 
shown that over-expression of Bcl-2 (or its close relatives, Bcl-xL or Mcl-1) can dramati-
cally accelerate lymphoma development in Eµ-myc mice, most likely because this pro-
longs the survival of pre-leukaemic cells whilst they are acquiring oncogenic mutations, 
thereby promoting neoplastic transformation. Although sustained Bcl-2 over-expression 
was reported to be essential for sustained expansion of pre-B/B lymphomas elicited by 
combined over-expression of Myc and Bcl-2, endogenous Bcl-2 was found to be dis-
pensable for Myc-induced lymphomagenesis. This indicated that expression of other 
pro-survival Bcl-2 family members, such as Bcl-xL or Mcl-1, at endogenous levels might 
be critical for Myc-induced lymphoma development. To investigate the requirement for 
Bcl-xL in lymphomagenesis in the Eµ-myc transgenic mouse model, pre-leukaemic ani-
mals were prophylactically treated with the BH3 mimetic ABT-737 (which binds to Bcl-xL, 
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Bcl-2 and Bcl-w). This study demonstrated that Bcl-xL is critical to sustain the survival of 
Eµ-myc transgenic B lymphoid cells that are undergoing neoplastic transformation and 
consequently for Myc-induced lymphoma development.
In addition, I examined the role of Mcl-1 in Myc-induced lymphomagenesis. Remarkably, 
Eµ-myc mice lacking only one allele of mcl-1 survived considerably longer free of lym-
phoma compared to control Eµ-myc mice. Mice that are deficient for mcl-1 die around 
embryonic day 4 prior to implantation and therefore gene-targeted mice in which the 
mcl-1 gene has been flanked with loxP sites to facilitate its deletion by Cre recombinase 
in a lineage-specific manner were generated to examine the impact of complete loss of 
Mcl-1 on Myc induced lymphomagenesis. To allow specific deletion of loxP flanked mcl-1 
in B lymphoid cells we employed the CD19-cre transgenic mouse strain and generated 
Eµ-myc/mcl-1fl/+/CD19-cre and Eµ-myc/mcl-1fl/fl/CD19-cre mice. This analysis revealed 
that selective loss of one or both alleles of mcl-1 in B lymphoid cells could significantly 
delay lymphoma development in Eµ-myc mice, although this delay was less pronounced 
compared to that seen in Eµ-myc/mcl-1+/- mice. This was explained by the discovery that 
all lymphomas arising in the Eµ-myc/mcl-1fl/+/CD19-cre and Eµ-myc/mcl-1fl/fl/CD19-cre 
animals had been selected against loss of their floxed mcl-1 alleles. Collectively, these 
data demonstrate that Mcl-1 is essential for Myc-induced lymphoma development.

The tumour suppressor p53 is a transcription factor that is activated by diverse cell 
stresses, including DNA damage, oncogene activation or hypoxia, and regulates a range 
of target genes that control cell cycle arrest, apoptosis, cell senescence and many other 
processes. Mutation or loss of p53 have been implicated in the development of ~50% of 
human cancers. The development of a substantial fraction of sporadic as well as familial 
human cancers is facilitated (in part) by environmental stresses, such as exposure to 
mutagenic chemicals or radiation. In familial cancer syndrome patients, mutations that 
cause increased predisposition to cancer development are passed on to the next gen-
eration. For example, Li-Fraumeni Syndrome patients have a high predisposition to can-
cer development due to an inherited mutation in one TP53 allele. Gene-targeted mice, 
in which one or both alleles of p53 have been deleted or mutated represent a mouse 
model of Li-Fraumeni Syndrome. Evasion of apoptosis, by up-regulating proteins that se-
cure survival of transformed cells, such as pro-survival Bcl-2-like proteins, is a hallmark 
of cancer. To test the hypothesis that expression of pro-survival Bcl-2 family members 
under endogenous control is essential for development of lymphoma or other cancers, 
p53-deficient mice were prophylactically treated with ABT-737. Analysis of these mice 
revealed that collectively Bcl-2, Bcl-xL and Bcl-w do not appear to be critical to sustain 
survival of cells undergoing thymic lymphoma or sarcoma development due to mutations 
in p53. Hence, Mcl-1 or A1 might be more critical mediators in the setting of tumorigen-
esis driven by defects in the p53 tumour suppressor pathway.

The findings reported in this thesis, in context with published data, demonstrate that 
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Mcl-1 and Bcl-xL are both critical to sustain the survival of cells undergoing neoplastic 
transformation in Myc-induced pre-B/B cell lymphoma development. In contrast, Bcl-2, 
Bcl-xL and Bcl-w appear to be dispensable for the survival of cells undergoing neoplastic 
transformation in T cell lymphoma or sarcoma development initiated by defects in p53. 
Understanding the molecular mechanisms that are critical to sustain the survival of cells 
undergoing neoplastic transformation or those that sustain the continued expansion of 
a tumour will assist the development of improved therapies for treatment of cancer and 
possibly also early prophylactic intervention. 
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Chapter 1. Introduction 

1.1. Apoptosis
Apoptosis is a form of programmed cell death that is essential for normal development, 
tissue homeostasis and cellular defence mechanisms in multi-cellular organisms, such 
as worms, flies and humans (Strasser et al., 2000; Vaux et al., 1994). Classical morpho-
logical and biochemical features of apoptosis include surface membrane blebbing, loss 
of asymmetry of phosphatidyl serine (PS) distribution in the plasma membrane, loss of 
cell attachment, chromatin compaction and inter-nucleosomal cleavage of nuclear DNA. 
Defects in apoptotic cell death can lead to a multitude of diseases (Adams and Cory, 
1998). Defects that inhibit apoptosis can promote development of cancer or autoimmune 
disease and are also known to impair the response of malignant tumour cells to anti-
cancer therapeutics (Strasser et al., 2000). Conversely, defects that cause apoptosis of 
cells that should normally be long-lived are implicated in degenerative diseases, such as 
those involving neuronal and/or muscular tissues.

Cell demolition in apoptosis in multiple (possibly all) organisms is mediated by a group 
of aspartate-specific cysteinyl proteases, termed caspases (Thornberry and Lazebnik, 
1998).  These enzymes cleave a range of cellular proteins and proteolytically activate the 
DNase CAD (caspase activated DNase) to effect cellular demolition. 
In mammals, there are two distinct, albeit ultimately converging, apoptosis signalling 
pathways that control the activation of the caspases: the so-called “death receptor” (also 
called “extrinsic”) pathway and the “Bcl-2-regulated” (also called “intrinsic”, “mitochondri-
al” or “stress”) pathway (Cory and Adams, 2002). The extrinsic pathway is activated when 
death receptors, such as Fas or TNF-R1, are engaged by their corresponding ligands, 
FasL or TNF, respectively. This causes recruitment of the adapter proteins FADD (in the 
case of TNF-R1 also TRADD) via death domain-death domain interactions (Boldin et al., 
1995). The death effector domains within the adapter molecules can then recruit pro-
caspase 8 (in humans also pro-caspase 10) by binding to their death effector domains. 
The overall receptor associated multi-protein complex is called the death inducing sig-
nalling complex (DISC)(Kischkel et al., 1995), which serves to cause a conformational 
change in caspase 8 (and caspase 10, (Wang et al., 2001)) that renders this protease 
enzymatically active. Active caspase 8 can proteolytically cleave itself and this facilitates 
its dissociation from the DISC allowing it to proteolytically activate the effector caspases, 
caspase 3 and 7. Activated caspase 3 and 7 in turn activate the DNase CAD (caspase 
activated DNase), which causes cleavage of the nuclear DNA and thereby induces cel-
lular destruction (Enari et al., 1998).

The intrinsic pathway is regulated by the Bcl-2 protein family. Stress stimuli, such as 
cytokine deprivation or DNA damage, cause transcriptional and/or post-translational 
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activation of the pro-apoptotic BH3-only proteins. BH3-only proteins are thought to ac-
tivate Bax and Bak either through direct binding or indirectly by binding to pro-survival 
Bcl-2 family members leading to the release of “primed” Bax and Bak. Activated Bax 
and Bak promote mitochondrial outer membrane permeabilisation (MOMP) causing the 
release of cytochrome C and other apoptogenic factors (e.g. Smac/DIABLO, Htra2) from 
the inter-membrane space. Apaf-1, pro-caspase 9 and cytochrome C assemble within 
the so-called apoptosome, which facilitates activation of caspase 9 through conforma-
tional change. Active caspase 9 can cleave itself and can also proteolytically activate the 
effector caspases, caspase 3 and 7. This is the point where the two apoptosis signalling 
pathways converge (Acehan et al., 2002).
The death receptor pathway can engage the intrinsic apoptotic pathway through caspase 
8 mediated proteolytic activation of the BH3-only protein Bid (converting it into its active 
form tBid). This link serves to amplify overall caspase cascade activation downstream of 
death receptor stimulation and this amplification loop is essential for Fas-induced apop-
tosis in co-called type 2 cells (e.g. hepatocytes) but is not critical in so-called type 1 cells 
(e.g. thymocytes) (Jost et al., 2009). 

1.2. Bcl-2 family
The Bcl-2 family can, according to function, be divided into two groups, the pro-survival 
(Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1) and pro-apoptotic family members. The pro-apoptot-
ic Bcl-2 family members can be further sub-divided into the BH3-only proteins (Puma, 
Noxa, Bim, Bmf, Hrk, Bad, Bik, Bid) and the multi-BH domain containing Bax/Bak-like 
molecules (Bax, Bak, Bok). The BH3-only proteins share with each other and the wider 
Bcl-2 protein family only the BH3 domain; regions outside of this domain are often un-
structured in these proteins (Hinds et al., 2007). The pro-apoptotic Bcl-2 proteins Bak, 
Bak (and possibly also Bok) share all four BH domains and extensive 3D structural simi-
larity with the pro-survival Bcl-2 proteins (Kvansakul et al., 2008). The pro-survival and 
the multi-BH domain pro-apoptotic Bcl-2 family members contain a bundle of a-helices 
that somewhat resemble a-helices within bacterial toxins, such as Diphtheria or Coli-
cins (Schendel et al., 1997). This has engendered the hypothesis that at least some of 
them may function as pore forming proteins. However, it remains a mystery why despite 
such extensive structural similarity, the Bcl-2-like proteins are essential for cell survival 
whereas the Bax/Bak-like proteins are required for cell killing.

1.3. Pro-survival Bcl-2 family members
The pro-survival family members (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1) are essential for the 
survival of non-transformed cells and are also thought to play an important role in the 
survival of cells that undergo neoplastic transformation, thereby commonly facilitating 
the acquisition of oncogenic mutations. Studies using transgenic mice over-expressing 
Bcl-2 (McDonnell et al., 1989; Strasser et al., 1990a; Strasser et al., 1993a), Bcl-xL (Gril-
lot et al., 1995) or Mcl-1 (Campbell et al., 2010) have shown that these proteins enhance 
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survival of B lymphoid cells and render them refractory to a broad range of cytotoxic 
insults. 
Studies using gene-targeted mice have shown that pro-survival Bcl-2 family members 
have tissue specific roles in cell survival (for details see below). 

1.3.1. Bcl-2 
Bcl-2 was initially identified due to its involvement in the t14;18 chromosomal transloca-
tion in an acute lymphoblastic leukaemia (ALL) from a young male patient that also car-
ried a t8;14 chromosome translocation. The latter translocation is usually a characteristic 
of Burkitt’s lymphoma and the former is found in ~90% of cases of follicular B cell lym-
phoma. The lymphoma cells from this patient were Epstein-Barr virus antigen-negative, 
but stained positive for B cell surface markers, although they were not able to produce 
immunoglobulins (Ig). Pegoraro et al showed that these lymphoma cells carried two 
rearranged Cµ genes, two rearranged Cl genes and no Ck sequence, which prevents 
immunoglobulin production (Aisenberg et al., 1988; Cleary et al., 1986; Pegoraro et al., 
1984; Tsujimoto et al., 1984). 

Graininger et al demonstrated that bcl-2 mRNA levels are elevated in pre-B cells when 
immunoglobulin rearrangements occur, but down-regulated at the immature B cell stage. 
Immunohistochemical studies have shown that Bcl-2 is highly expressed in mature B 
cells and initially upregulated upon antigenic stimulation, but then downregulated in Ig 
secreting plasma cells (Gurfinkel et al., 1987). Translocation of the bcl-2 gene into the 
immunoglobulin heavy chain locus results in constitutive over-expression of Bcl-2 in af-
fected B lymphocytes, thereby facilitating abnormal cell survival (Graninger et al., 1987; 
Seto et al., 1988). Interestingly, B lymphocytes carrying bcl-2/IgH chromosomal translo-
cations have been found in a substantial fraction of healthy individuals, most of whom are 
unlikely to ever develop follicular lymphoma (Kluin Nelemans et al., 1991). This indicates 
that acquisition of additional oncogenic mutations is critical for progression to lymphoma. 

Over-expression of Bcl-2 was found to cause an abnormal accumulation of mature B 
lymphocytes and Ig secreting plasma cells in mice, leading to dramatic prolongation of 
humoral immune responses (McDonnell et al., 1989; Ogilvy et al., 1999; Strasser et al., 
1990b; Strasser et al., 1991b).  Bcl-2 over-expression also caused defects in deletion 
of developing B cells expressing self-antigen specific Ig (Enders et al., 2003; Lang et 
al., 1997), prompting the production of auto-antibodies (e.g. against nuclear self-anti-
gens) and development of systemic lupus erythematosus (SLE)-like autoimmune dis-
ease (Egle et al., 2004a; McDonnell et al., 1989; Strasser et al., 1990b; Strasser et al., 
1991b). In T lymphoid cells, Bcl-2 over-expression also caused an accumulation of ma-
ture T cells, prolongation of immune responses of activated mature T cells and defects 
in deletion of thymocytes expressing auto-reactive antigen receptors (TCR) (Sentman et 
al., 1991; Strasser et al., 1991a; Strasser et al., 1994b). Bcl-2 over-expression was also 
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found to render B as well as T lymphoid cells refractory to diverse cytotoxic stimuli, such 
as growth factor deprivation, DNA damage or treatment with anti-cancer drugs, both in 
culture and within the whole animal (Maraskovsky et al., 1997; McDonnell et al., 1989; 
Sentman et al., 1991; Strasser et al., 1991a; Strasser et al., 1991b).
Interestingly, long-term observations of cohorts of bcl-2 transgenic mice have shown that 
over-expression of Bcl-2 under the control of the immunoglobulin heavy chain gene en-
hancer (Eµ) has only relatively poor oncogenic potential with ~5-10 B lymphoid tumours 
arising by one year of age (McDonnell and Korsmeyer, 1991; Strasser et al., 1993a). 
Bcl-2 over-expression does, however, cooperate with deregulated Myc (in Eµ-myc trans-
genic mice) (Strasser et al., 1990a; Vaux et al., 1988) or v-abl over-expression (Zhu 
et al., 1996), which both cause abnormal cell proliferation, in the development of early 
haematopoietic tumours or plasmacytoma, respectively. These observations reaffirm the 
notion that Bcl-2 over-expression promotes tumorigenesis by sustaining survival of cells 
undergoing neoplastic transformation, thereby facilitating the acquisition of collaborating 
oncogenic mutations.

Bcl-2 is not only important for the survival of cells undergoing neoplastic transforma-
tion but is also critical for the survival of several cell types during mouse development 
and adult life. Studies with gene-targeted mice revealed that animals deficient for bcl-2 
can complete embryonic development but they rapidly (within 3-6 weeks) succumb to 
polycystic kidney disease caused by abnormally increased death of renal epithelial cell 
progenitors during embryogenesis (Bouillet et al., 2001; Veis et al., 1993). In addition, 
loss of Bcl-2 causes severe lymphopoenia, due to abnormal loss of mature B and T cells, 
and premature greying, due to abnormal death of melanocyte progenitors (Bouillet et al., 
2001; Veis et al., 1993). Remarkably, loss of even one allele of bim prevented polycystic 
disease and lymphopoenia in bcl-2-/- mice, and loss of both alleles prevented the death 
of melanocyte progenitors and the consequent premature greying (Bouillet et al., 2001). 
This demonstrates that restraining the pro-apoptotic activity of Bim is a major function of 
Bcl-2.

The role of Bcl-2 in sustaining the continued expansion of lymphomas has been inves-
tigated using a bcl-2 transgene that can be switched on or off and by germline deletion 
of the bcl-2 gene. The pre-B/B lymphomas that arose in mice carrying a transgene that 
leads to constitutive Myc over-expression in B lymphoid cells and an inducible transgene 
that allows Bcl-2 over-expression to be turned on or off, were found to necessitate sus-
tained Bcl-2 over-expression for continued survival and expansion (Letai et al., 2004). 
Surprisingly, loss of endogenous bcl-2 had no impact on the incidence or rate of pre-B/B 
lymphoma development in Eµ-myc transgenic mice (Kelly et al., 2007). This reveals that 
endogenous expression of Bcl-2 is not essential for Myc-induced lymphoma develop-
ment and indicates that perhaps one or several other pro-survival Bcl-2 family members 
are instead critical in this process.
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1.3.2. Bcl-xL

The bcl-x gene was discovered because of its extensive nucleotide sequence similarity 
to the bcl-2 gene (Boise et al., 1993; Gonzalez-Garcia et al., 1994). In contrast to the 
bcl-2 gene, the bcl-x gene encodes two alternative splice variants: bcl-xL and bcl-xS. The 
Bcl-xL protein contains all four Bcl-2 homology (BH) domains and enhances cell survival 
when over-expressed, indeed to a similar extent as over-expression of Bcl-2 (Linden et 
al., 2004; Swanson et al., 2004). In contrast, the Bcl-xS protein contains on the BH3 and 
4 domains (Chang et al., 1999) and has been shown to promote cell death when over-
expressed (Fang et al., 1994). However, the Bcl-xS is very difficult to detect (Marone 
et al., 1998) and all phenotypic abnormalities caused by bcl-x gene targeting in mice 
(which causes loss of both Bcl-xL and Bcl-xS protein) can be attributed solely to a loss 
of pro-survival function. These observations indicate that Bcl-xS protein may not have a 
physiological role.
No chromosomal translocations involving the bcl-x gene have so far been found in hu-
man tumours but somatically acquired copy number amplifications involving the chromo-
somal region harbouring the bcl-x gene have been detected in a substantial fraction of 
diverse human cancers (Beroukhim et al., 2010). Although the chromosomal region that 
was found to be amplified contains several genes in addition to bcl-x, it could be shown 
that siRNA mediated knock-down of Bcl-xL expression led to the death of cancer cells 
that contain such somatically acquired copy number variations (Beroukhim et al., 2010). 
Moreover, whole genome mRNA expression analyses have revealed that a substantial 
fraction of diverse human cancers, including breast cancer, neuroblastoma, colorectal 
cancer, Kaposi’s sarcoma, and follicular B cell lymphoma, Bcl-xL is highly expressed and 
often mediates chemoresistance (Castle et al., 1993; Grillot et al., 1996 {Schott, 1995 
#2750), express levels of Bcl-xL that are considerably higher than the levels found in their 
non-transformed counterparts. Collectively, these results indicate that expression of Bcl-
xL under control of its normal transcriptional regulators may be critical for the develop-
ment and also sustained growth of certain cancers.

Transgenic over-expression of Bcl-xL, similar to transgenic over-expression of Bcl-2, 
renders lymphoid cells resistant to diverse apoptotic stimuli and causes abnormal ac-
cumulation of mature lymphocytes (Fang et al., 1998). Moreover, like for bcl-2, bcl-xL 
transgenic mice, show only a low incidence of lymphoma, which manifests relatively late 
in life, however, Bcl-xL over-expression synergised potently with c-Myc over-expression 
in the development of B cell lymphoma and plasmacytoma (Linden et al., 2004; Swanson 
et al., 2004).
In mice, Bcl-xL is highly expressed in certain neuronal populations, female as well as 
male reproductive tissues, the kidneys and in bone marrow derived cells, including ery-
throid precursors, megakaryocytes, osteoclasts and lymphoid as well as certain my-
eloid cells (Iwasawa et al., 2009; Krajewski et al., 1994). Bcl-xL expression is greatly 
increased at the CD4+CD8+ double positive stage of T cell development in the thymus 
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but decreased when these cells mature into CD4+ or CD8+ single positive T cells (Boise 
et al., 1995; Broome et al., 1995). During B lymphocyte differentiation, Bcl-xL is highly 
expressed at the pro-B and pre-B cell stages but decreases with progression to the ma-
ture B cell stage. Interestingly, it appears that during both B and T cell differentiation BclxL 
and Bcl-2 have complimentary (and mostly non-overlapping) expression pattern (Fang 
et al., 1998).

Gene-targeting experiments revealed that Bcl-xL is essential for normal mouse embry-
onic development and the survival of several cell types. Bcl-xL-deficient mice die around 
embryonic day 13 due to extensive death of neuronal cells and foetal erythroid progeni-
tors (Motoyama et al., 1995). Experiments with mice transplanted with a bcl-x-/- haemato-
poietic system and mice with hypomorphic mutations in bcl-x (which do not cause embry-
onic lethality) revealed that Bcl-xL is critical for the normal lifespan of anuclear platelets in 
the circulation and for survival of certain lymphoid cell populations (Mason et al., 2007). 
Remarkably, bcl-xL

+/- male mice are infertile, showing that Bcl-xL is required for spermato-
genesis (Kasai et al., 2003). Concomitant loss of the BH3-only protein Bim rescued the 
infertility of bcl-x+/- mice and even inhibited the defects in foetal erythropoiesis but had no 
impact on neuronal killing in bcl-x-/- embryos (Akhtar et al., 2008). This demonstrates that 
Bcl-xL has a major role in restraining Bim-mediated apoptosis in foetal erythroid progeni-
tors and developing male germ cells, but must restrain another (or additional) BH3-only 
proteins in neuronal cells.
The role of endogenous Bcl-xL in tumorigenesis was investigated by generating chi-
maeric mice that had an Eµ-myc/bcl-x-/- lymphoid compartment (Kelly et al., 2011). This 
revealed that Bcl-xL is critical for the survival of pre-leukaemic Eµ-myc transgenic pre-B 
and sIg+ B lymphoid cells and indispensable for Myc-induced pre-B/B lymphoma devel-
opment (Kelly et al., 2011). 

1.3.3. Mcl-1
The pro-survival family member Mcl-1 was identified in an immortalised myeloid leukae-
mia derived cell line that was forced to undergo differentiation in culture, and consequent-
ly named myeloid cell leukaemia 1 (Kozopas et al., 1993). The mcl-1 gene encodes two 
alternative splice variants: full-length mcl-1, which contains all four BH regions and mcl-
1S which misses exon 2 and hence encodes a protein reminiscent of BH3-only proteins 
(Bingle et al., 2000). Although enforced expression of Mcl-1S, similar to over-expression 
of Bim or Puma, can kill cells, it is not clear whether Mcl-1S plays a physiological role in 
cell killing. As for the bcl-x gene, all defects caused by loss of mcl-1 can be attributed to 
loss of pro-survival activity.

In healthy cells, Mcl-1 is able to restrain Bak (but possibly not Bax), preventing it from 
eliciting MOMP with consequent release of cytochrome C and unleashing of the caspase 
cascade (Willis et al., 2005; Willis et al., 2007). Upon exposure to stress stimuli that 
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cause increased expression and/or pro-apoptotic activity of BH3-only proteins, Mcl-1 can 
bind to its specific BH3-only binding partner Noxa as well as to the promiscuous binders 
Bim, Puma or tBid, thereby liberating Bak from Mcl-1 to induce cell death (Chen et al., 
2005; Kuwana et al., 2005). 

Mcl-1 expression is tightly regulated, both at the transcriptional and post-transcriptional 
level. Mcl-1 transcription can be activated by a range of cell growth or cell differentiation 
inducing signals that can stimulate various signal transduction pathways, including those 
involving MAP kinases or JAKs/STATs (Epling-Burnette et al., 2001; Puthier et al., 1999). 
Mcl-1 is a short-lived protein (t1/2 ~30 min), which is phosphorylated by GSK-3 thereby 
priming it for ubiquitination (e.g by the ubiquitin E3-ligase Mule and others, (Morel et 
al., 2009) and proteasomal degradation or cleavage by cytosolic proteases (Warr et al., 
2011). 

Experiments with transgenic mice have shown that over-expression of Mcl-1, like over-
expression of Bcl-2 or Bcl-xL, renders haematopoietic cells resistant to a broad range of 
apoptotic stimuli and causes abnormal accumulation of mature lymphocytes (Campbell 
et al., 2010). Mcl-1 over-expression was also shown to predispose mice to the develop-
ment of leukaemia and lymphoma, particularly when Myc is also over-expressed in the 
target population for neoplastic transformation (Campbell et al., 2010).

Gene-targeting studies in mice have demonstrated that Mcl-1 is essential for early em-
bryogenesis prior to implantation (Rinkenberger et al., 2000). Experiments with mice 
in which mcl-1 could be deleted in a cell lineage restricted and/or temporally controlled 
manner revealed that Mcl-1 is essential for the maintenance of HSCs, progenitors as 
well as mature cells of the B and T lymphoid lineage, antigen stimulated germinal centre 
B cells, certain myeloid cell subsets, hepatocytes and neuronal cells (Opferman et al., 
2005; Vikstrom et al., 2010).
A somatically acquired increase in mcl-1 copy numbers with concomitant high levels of 
Mcl-1 protein have been found in a substantial fraction of diverse cancer types (Beroukh-
im et al., 2010). Mcl-1 knock-down using RNA interference technology indicated that this 
elevated Mcl-1 is critical for the sustained survival and relative resistance to anti-cancer 
therapeutics of such tumour cells (Beroukhim et al., 2010). Experiments with genetically 
modified mice have shown that loss of Mcl-1 (even only one allele) substantially inhibits 
development of acute myeloid leukaemia (AML) induced by Myc over-expression of fu-
sion genes that cause AML in humans (e.g. mll-enl, mll-af9)  (Xiang et al., 2010) (Glaser 
S, in press). Remarkably, acute deletion or blockade of Mcl-1 rapidly triggered apoptosis 
of MLL-ENL transformed murine AML both in vitro and within the whole animal (curing 
leukaemia-burdened sick mice) and also killed primary human AML in culture (Glaser 
S, in press). This indicates that Mcl-1 may be a suitable target for treatment of AML and 
possibly other cancers.
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1.3.4. A1
The gene encoding A1, also known as Bfl-1, was originally identified by computer analy-
sis of random cDNA sequences from a human foetal liver derived cDNA library to ex-
pand the databases for the human genome project (Choi et al., 1995). A1 is primarily 
expressed in various haematopoietic cell subsets, such as lymphocytes, macrophages 
and neutrophils, but it can also be found at low levels in other tissues. 

A1 is an early response gene that is activated by a range of stimuli, such as antigen 
receptor ligation, TNF-a or IL-1b (but not IL-1a or IL-6), which suggests that A1 may 
be involved in immune stimulation and inflammation-mediated suppression of apoptosis 
(Karsan et al., 1996).

Structural analysis revealed that the helical structure of A1 is similar to the other pro-
survival Bcl-2 family members, but most highly related to that of Mcl-1. A1 contains an 
acidic residue in the BH3-binding groove instead of the hydrophobic residues found in 
Bcl-2, Bcl-xL and Bcl-w or the basic residues found in Mcl-1.  This is expected to affect 
its specificity for binding to BH3-only protein and Bax/Bak-like proteins. A1 was shown to 
bind with high affinity to the BH3-only proteins Bim, Puma and Noxa and to pro-apoptotic 
multi-BH domain protein Bak, but not Bax (Simmons et al., 2008). 
So far, no mice have been generated that are deficient for A1 since mice have four a1 
genes (one is a pseudogene) that, although closely located, are interspersed with other 
genes (Hatakeyama et al., 1998), making it difficult to target all expressed a1 genes in 
ES cells. Mice deficient for a1a alone were found to have abnormally increased apopto-
sis of neutrophils (Orlofsky et al., 1999) and allergen activated mast cells (Xiang et al., 
2001).
High levels of A1 have been found in certain cancers, including T cell acute leukaemia, 
and it has been hypothesised that this may render these tumour cells resistant to che-
motherapeutics (Olsson et al., 2007; Park et al., 1997). Hence, targeting of A1 may be a 
suitable strategy for the treatment of such cancers.

1.3.5. Bcl-w
The bcl-w gene was discovered using a PCR-based strategy searching for Bcl-2-related 
genes (Gibson et al., 1996). Studies using confocal microscopy have shown that Bcl-w 
is located at the outer mitochondrial membrane and to a lesser extend on the nuclear en-
velope and endoplasmatic reticulum, comparable to the sub-cellular location of Bcl-2 and 
Bcl-xL (O’Reilly et al., 2001). Bcl-w appears to be only loosely bound to the mitochondrial 
outer membrane or located as a soluble protein in the cytoplasm, which integrates into 
the mitochondrial outer membrane only upon a death stimulus (Wilson-Annan et al., 
2003). Compared to other pro-survival Bcl-2 family members, the binding groove of Bcl-
w is occluded by an a-helical C-terminus and therefore not freely accessible (Hinds et 
al., 2003). It has been shown that BH3-domain peptides of Bim and tBid can tightly bind 
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Bcl-w by replacing the carboxy-terminus, resulting in the unfolding of the a-helix. This 
indicates that the cytosolic domain of Bcl-w has a unique three-dimensional structure 
that allows a mode of regulation, that is not observed in other pro-survival Bcl-2 family 
members (Denisov et al., 2006).

Bcl-w is prominently expressed in neuronal tissues, intestine, ovary, thymus, spleen, 
pancreas, heart and testis, but not in the muscle or liver (Gibson et al., 1996; O’Reilly et 
al., 2001). Within the haematopoietic compartment, Bcl-w expression has been detected 
in lymphocytes, macrophages, granulocytes, megakaryocytes and erythroid cells. 

Bcl-w deficient mice were viable and healthy, perhaps indicating a redundant role for Bcl-
w in certain tissues. Bcl-w was, however, found to be essential for male fertility. Although 
spermatogenesis was mostly unaffected in pre-pubertal males, the seminiferous tubules 
of adult males exhibited an increased number of apoptotic cells with substantial reduc-
tion in the more mature germ cells (Print et al., 1998). Male infertility was also elicited by 
Bcl-w over-expression in the testis, suggesting that correct spatial and temporal Bcl-w 
expression is required for normal spermatogenesis (Yan et al., 2003). Although Bcl-w 
deficient mice develop a normal gastrointestinal tract under physiological conditions, 
treatment with g-radiation or 5’fluorouracil led to abnormally increased damage in the 
intestines of bcl-w-/- mice (Pritchard et al., 2000). 

High levels of Bcl-w expression have been detected in ~90% of colorectal adenocarci-
noma cases. The Bcl-w protein levels were found to increase with tumour progression 
and Bcl-w protein levels can therefore be used as biological marker for this neoplastic 
disease (Wilson et al., 2000). Increased expression of Bcl-w has also been hypothesised 
to have implications for the survival of neuronal cells containing fibrillised amyloid beta 
protein in Alzheimer disease (Yao et al., 2007). 

1.4. Pro-apoptotic Bcl-2 family members

1.4.1. BH3-only Bcl-2 family members
BH3-only proteins are the initiators of the “Bcl-2-regulated” (“intrinsic”, “mitochondrial”, 
“stress”) cell death pathway. The pro-apoptotic activity of the BH3-only proteins can be 
induced transcriptionally and/or post-translationally (Puthalakath and Strasser, 2002). 
Although it was originally thought that all BH3-only proteins have similar binding speci-
ficities, substantial differences have been uncovered (Chen et al., 2005; Kuwana et al., 
2005). Bim, tBid and Puma are so-called promiscuous binders that interact with high af-
finity with all pro-survival Bcl-2 family members. In contrast, Noxa only binds to Mcl-1 and 
A1 and Bad only to Bcl-2, Bcl-xL and Bcl-w (these BH3-only proteins are called selective 
binders). The promiscuous binders Bim, tBid and Puma are the most potent inducers 
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of cell death. Although Noxa and Bad have limited pro-apoptotic activity on their own, 
together they can kill cells as efficiently as expression of Bim or Puma alone (Du et al., 
2011). These observations are consistent with the hypothesis that for efficient cell killing 
all pro-survival Bcl-2 family members present within a given cell must be antagonised ef-
ficiently, either by promiscuous BH3-only proteins or selective binding BH3-only proteins 
with complimentary specificity (e.g. Bad plus Noxa).

1.4.2 Direct versus Indirect Model
Two models exist to explain how the BH3-only proteins activate Bax and Bak, leading 
to their oligomerisation in the outer mitochondrial membrane with consequent MOMP 
and cell death. The “direct activation” model proposes that BH3-only proteins termed 
“sensitisers”, such as Bad and Noxa bind to pro-survival Bcl-2 family members, thereby 
freeing the so-called “activator” BH3-only proteins Bim, tBid and possibly also Puma, 
which can then bind directly and activate Bax and Bak (Kuwana et al., 2002) (Kuwana et 
al., 2005). Conversely, the “indirect model” suggests that none of the BH3-only proteins 
can directly bind and activate Bax/Bak but that they trigger apoptosis by liberating Bax/
Bak from their sequestration by the Bcl-2 pro-survival proteins. Experiments with mice in 
which the BH3 region of Bim had been substituted with that of other BH3-only proteins 
indicated that developmentally programmed death involves aspects of both the “direct” 
and the “indirect” model of Bax/Bak activation.

1.4.3 Bim
Bim is a potent inducer of apoptosis that was discovered in a protein interaction screen 
using Bcl-2 as the bait. There are three major isoforms of Bim (BimEL, BimL and BimS) 
generated by alternative splicing. Bim is expressed predominantly in the lymphoid and 
myeloid lineages, but has also been found in epithelial, endothelial as well as neuronal 
cells and the reproductive system in both males and female mice (O’Connor et al., 1998; 
O’Reilly et al., 2000). 

Because Bim is such a potent initiator of apoptosis, its expression and activity are tight-
ly regulated (Puthalakath and Strasser, 2002). It has been reported that upon stress 
stimuli, bim mRNA synthesis is induced by the transcription factors Foxo3a (cytokine 
withdrawal), E2F1 (various stresses), RelA (ischemia), AP1 (nerve growth factor depri-
vation) or by CHOP (ER stress) (Biswas et al., 2007; Dijkers et al., 2000; Hershko and 
Ginsberg, 2004; Inta et al., 2006; Puthalakath et al., 2007). The physiological importance 
of these proposed transcriptional regulatory processes still remains to be demonstrated, 
for example by generating mice in which the relevant binding sites for these transcription 
factors within the bim promoter have been mutated. 
Bim mRNA stability and translation are controlled by the miR-17-92 cluster, demonstrat-
ed by the finding that its loss causes death of developing B cells, associated with excess 
Bim levels. Moreover, miR-17-92 over-expression, like loss of Bim (see below) leads to 
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lymphoid and myeloid hyperplasia and systemic lupus erythematosus (SLE) like autoim-
mune disease. BimEL and BimL (but not BimS) have also been reported to be regulated 
post-translationally, for example by binding to components of the dynein motor complex 
(Puthalakath et al., 1999) or by ERK-mediated phosphorylation, which lower the affin-
ity for Bim to Bcl-xL and Mcl-1 and also targets it for ubiquitin-dependent proteasomal 
degradation (Adams and Cory, 2007b). The physiological importance of these proposed 
post-translational regulatory processes remains to be demonstrated, for example by 
generating mice in which the binding site for ERK within BimEL has been mutated. 

Although the majority of bim-/- mice survive to birth, ~20-30% die before embryonic day 
10 (cause presently unknown), demonstrating that Bim is a crucial regulator in embryo-
genesis (Bouillet et al., 1999). Loss of Bim renders diverse cell types, including lympho-
cytes, osteoclasts, epithelial, endothelial and neuronal cells markedly resistant to various 
death stimuli, such as cytokine deprivation, glucocorticoids, deregulated calcium flux 
and ER stress. In mice, loss of Bim leads to the development of autoimmune diseases 
caused by auto-reactive T and B cell species that evaded negative selection (Bouillet et 
al., 1999; Bouillet and Strasser, 2002; Enders et al., 2003; Happo et al., 2009; Xiao et 
al., 2008).

There is growing evidence that Bim functions as a tumour suppressor and is also critical 
for the response of tumour cells to a broad range of chemotherapeutic drugs. In many 
cancer types, Bim is down-regulated either due to loss of its gene (Tagawa et al., 2005), 
an increase in copy numbers of the miR17-92 cluster (Xiao et al., 2008) or hypermeth-
ylation (Mestre-Escorihuela et al., 2007) of the bim promotor region. Accordingly, loss 
of Bim (even loss of one allele) substantially accelerates lymphomagenesis in Eµ-myc 
transgenic mice (Egle et al., 2004b), and mutant N-Ras induced development of epithe-
lial tumours in the kidney (White, 1996). Experiments using gene-targeted mice and shR-
NA mediated knock-down have revealed that Bim is essential for killing of tumour cells 
when exposed to glucocorticoids (Strasser, 2005), HDAC inhibitors (Chen et al., 2009) 
and inhibitors of oncogenic kinases, such as BCR-ABL by Gleevec (Kuroda et al., 2006) 
or Iressa or Tarceva (mutation in the EGF receptor) (Cragg et al., 2007). In addition, Bim 
also contributes to killing of lymphoma cells by DNA damage inducing chemotherapeutic 
drugs (Happo et al., 2010). 

1.4.4 Puma
Puma (p53 upregulated modulator of apoptosis), also called Bbc3 (Han et al., 2001), was 
initially identified as a direct target of the transcription factor p53 (Nakano and Vousden, 
2001; Yu et al., 2001), but it can also be up-regulated by p53-independent apoptotic 
stimuli (Han et al., 2001). It is comprised of 5 exons, of which exon 1a and 1b are non-
coding. The puma transcript is subject to extensive alternative splicing leading to several 
isoforms, only some of them containing the BH3 domain. The functions of the Puma iso-
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forms lacking the BH3 domain are unclear. The defects seen in puma-/- mice (see below) 
are all consistent with a loss of pro-apoptotic activity, indicating that the Puma isoforms 
lacking the BH3 domain may not have critical action.

Puma can bind with very high affinity to all pro-survival Bcl-2 family members and is 
therefore a potent inducer of apoptosis (Nakano and Vousden, 2001; Yu et al., 2001). 
In healthy cells, Puma is present at only low levels but its expression is transcriptionally 
up-regulated upon stress signals that activate p53, including DNA damage, hypoxia or 
oncogene activation but also by certain p53-independent stress stimuli, such as cytokine 
deprivation, treatment with glucocorticoids or phorbol ester and ER stress (Li et al., 2006; 
Nelson et al., 2004; Reimertz et al., 2003). In certain cell types, such as myeloid progeni-
tors, p53-mediated transcriptional induction of puma is repressed by the transcriptional 
repressor Slug (Wu et al., 2005). Moreover, certain splice variants of p73 have also 
been reported to negatively regulate puma transcription (Fernandez et al., 2003; Nyman 
et al., 2005). Puma expression is also regulated by the microRNA 221 and 222, which 
lead to Puma down-regulation (Zhang et al., 2010). Much less is known about possible 
post-translational mechanisms that regulate Puma’s pro-apoptotic activity, although it 
has been reported that phosphorylation of the serine 10 residue primes Puma for pro-
teasomal degradation. 

Gene-targeting experiments have shown that Puma is critical for apoptosis of lymphoid 
cells triggered by DNA damage (e.g. g-irradiation) mediated activation of p53, both in cul-
ture and within the whole animal (Jeffers et al., 2003; Villunger et al., 2003); (Erlacher et 
al., 2005). Loss of Puma afforded lymphoid cells with less protection against g-irradiation 
than loss of p53, but cells lacking both Puma and Noxa (another BH3-only protein that 
is directly transcriptionally regulated by p53; see below) were as resistant as p53-/- cells 
(Michalak et al., 2008). This indicates that Puma plus Noxa may account for all pro-
apoptotic effects of p53, at least those initiated by DNA damage in lymphoid cells. Loss 
of Puma was also shown to render cells resistant to several apoptotic stimuli that are 
able to kill p53-deficient cells normally, including treatment with glucocorticoids or phor-
bol ester, cytokine deprivation and ER stress (Jeffers et al., 2003; Villunger et al., 2003); 
(Ekoff et al., 2007; Erlacher et al., 2005; Michalak et al., 2008). Remarkably, combined 
loss of Puma and Bim renders lymphoid cells and mast cells almost completely resistant 
to cytokine withdrawal and treatment with glucocorticoids (Ekoff et al., 2007; Erlacher et 
al., 2006), demonstrating that these two BH3-only proteins constitute the major initiators 
of apoptosis in these settings.
Considerable efforts have been undertaken to determine the critical functions of Puma 
within the whole animal. Puma deficiency protects mice from DNA damage induced loss 
of haematopoietic stem cells (Labi et al., 2010; Michalak et al., 2010) and damage to 
the intestines (Qiu et al., 2008). Moreover, loss of Puma protects mice from ischemic 
infarcts, suggesting that Puma is required for cardiomyocyte death (Nickson et al., 2007; 
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Toth et al., 2006). Puma also appears to be involved in tissue injury in neurological 
disorders as well as gastrointestinal disease (Qiu et al., 2011) and also regulates T cell 
apoptosis during termination of acute cellular immune responses (Fischer et al., 2008). 
There is substantial evidence that Puma can function as a tumour suppressor and that 
it plays a critical role in the response of tumour cells to anti-cancer therapeutics particu-
larly those that elicit DNA damage. Many cancers are compromised in their ability to up-
regulate Puma expression, often due to p53 mutations (Karst et al., 2005) but also due 
to hyper-methylation of the puma promoter (e.g. in Burkitt’s lymphoma). Induction of Bim 
and Puma expression using BH3-mimetics or a 5’-fluorouracil based therapy as chemo-
therapeutic approach, emerges as promising treatment for cancer patients (Adams and 
Cory, 2007a; Sinicrope et al., 2008; Zhang et al., 2007). Puma deficiency, however, 
seems not to have the same effect on spontaneous tumour development as observed in 
p53-deficient mice suggesting the existence of a yet unknown regulator that is involved 
in the response to DNA damage.

1.4.5. Noxa
Noxa is a BH3-only Bcl-2 family member that, like Puma, is directly transcriptionally 
regulated by the tumour suppressor p53 (Oda et al., 2000) but also by certain other 
transcriptional regulators, such as p73 (Martin et al., 2009). It has been reported that 
in a healthy cells, noxa expression is maintained at low levels by Bmi1, a polycomb 
protein that enables silencing of specific targets genes. Glucocorticoids have also been 
implicated in repression of Noxa expression (Ploner et al., 2009). Noxa transcription 
is up-regulated by p53 in response to DNA damage, but it can also be up-regulated in 
response to p53-independent cytotoxic stimuli, for example by HIF-1a, a transcription 
factor activated by hypoxia, g-secretase tripeptide inhibitors (GSI), which are involved in 
Notch receptor inhibition and proteasome inhibitors, such as MG-123 (Qin et al., 2005).
Experiments with noxa-/- mice and knock-down studies using shRNA in human cell lines 
have shown that Noxa contributes to DNA damage-induced p53-mediated apoptosis, 
particularly in lymphoid cells where Noxa cooperates with Puma in cell killing (see also 
above) (Michalak et al., 2008; Shibue et al., 2003; Villunger et al., 2003). Interestingly, 
Noxa appears to be more important than Puma for UV radiation induced apoptosis in 
fibroblasts and keratinocytes, although this process is largely p53 dependent (Naik et al., 
2007). Since Puma plays a more prominent role than Noxa in apoptosis triggered by g-
irradiation or DNA damaging drugs (e.g. etoposide, cyclophosphamide) (Michalak et al., 
2008; Villunger et al., 2003), this indicates that different DNA lesions must preferentially 
activate Puma or Noxa. This could be due to different post-translational modifications on 
p53 and/or the activation of signalling pathways that determine gene activation in parallel 
to the p53 pathway.



Chapter 1

32

In contrast to Puma, there is little evidence for loss or repression of Noxa in human can-
cers (Lee et al., 2003). Nonetheless, loss of Noxa substantially accelerates g-radiation 
induced thymic lymphoma development in mice (Michalak et al., 2010).

1.4.6. Bad 
Bad (Bcl-2 associated death promotor) was discovered in a protein interaction screen 
using Bcl-xL as bait (Yang et al., 1995). Bad is expressed in many cells but kept inactive 
by phosphorylation, which prevents it from binding to Bcl-xL, Bcl-2 and Bcl-w by seques-
tration to 14-3-3 (Zha et al., 1996). Certain death stimuli, cause a loss of phosphorylation 
of Bad, thereby precipitating release from 14-3-3, consequent binding to Bcl-2, Bcl-xL 
and Bcl-w, leading to Bax/Bak activation and apoptosis (del Peso et al., 1997). Bad-
deficient mice are largely normal (Kelly et al., 2010), although some minor resistance of 
certain cell types to deprivation of EGF or IGF1 has been reported (Ranger et al., 2003). 
There are no published data to indicate that Bad functions as a tumour suppressor in hu-
man cancer, but loss of Bad in mice was reported to lead to spontaneous development 
of diffuse large B cell lymphoma (Ranger et al., 2003) and to accelerate Myc induced 
pre-B/B lymphoma development (Frenzel et al., 2010) as well as g-radiation induced 
thymic lymphoma development, when Bim was also missing (Kelly et al., 2010). Bad was 
reported to be highly phosphorylated in diverse cancers, such as CML, CLL and AML, 
and was postulated to be responsible for their chemoresistance (Neshat et al., 2000). 
Certain anti-cancer drugs, such as treatment of CML with the Bcr-Abl inhibitor Gleevec, 
cause loss of phosphorylation on Bad and this is thought to contribute to their ability to 
trigger tumour cell apoptosis (Kuroda et al., 2006; Zhao et al., 2004).

1.4.7. Bmf
Bmf (Bcl-2 modifying factor) was discovered in a yeast 2-hybrid screen using Mcl-1 as 
bait (Puthalakath et al., 2001). There are at least three different isoforms of Bmf: Bmf-I-
III. In the mouse, only Bmf-I has pro-apoptotic potential whereas over-expression of Bmf-
II and III, which both lack the BH3 region, enhances colony formation (Morales et al., 
2004), indicating that they might exert dominant-negative action. In humans, however, 
Bmf-II and III contain the BH3 domain and therefore have pro-apoptotic activity. Bmf can 
be sequestered by the myosin motor complex and was reported to be unleashed from 
this sequestration in response to cell detachment (anoikis) or actin-depolymerisation 
drugs, which allows it to bind to Bcl-2, Bcl-xL, Bcl-w as well as Mcl-1 and thereby activate 
Bax/Bak (Puthalakath et al., 2001). Bmf is expressed in a broad range of haematopoi-
etic cells, most prominently in pre-B and immature B cells and CD4+CD8+ (DP) thymo-
cytes (Labi et al., 2008). Bmf deficient mice display no developmental abnormalities, 
but develop progressive accumulation of B lymphoid cells, and bmf-/- pre-B cells show 
abnormally increased resistance to glucocorticoids and HDAC inhibitors (Labi et al., 
2008). The human bmf gene is located in a region on chromosome 15 that is frequently 
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lost in advanced (metastatic) stages of breast and lung cancer (Wick et al., 1996), but it 
is presently unclear whether loss of Bmf plays a critical role in the progression of these 
neoplasms. Interestingly, in mice loss of Bmf accelerated g-radiation induced thymic 
lymphoma development (Labi et al., 2008) and Myc-induced pre-B/B lymphoma devel-
opment (Frenzel et al., 2010). Bmf has also been reported to contribute to the killing of 
tumour cells by certain chemotherapeutic drugs, particularly HDAC inhibitors (Labi et al., 
2008) and arsenic trioxide (Morales et al., 2008). 

1.4.8. Bid
Bid (BH3-interacting domain death agonist) was discovered in a protein interaction 
screen using Bcl-2 or Bax as bait (Wang et al., 1996). Bid is expressed at readily de-
tectable levels in most (perhaps all) cell types, but has no pro-apoptotic activity in its 
full-length form. To attain pro-apoptotic activity, Bid needs to be cleaved by caspase 8, 
certain other caspases and possibly also certain cathepsins or granzyme B to produce 
truncated Bid (tBid) (Li et al., 1998; Luo et al., 1998). This cleavage of Bid was reported 
to expose a site for myristylation, which was thought to facilitate its insertion into the 
outer mitochondrial membrane (Zha et al., 2000). Caspase 8 mediated activation of Bid 
connects the death receptor pathway with the Bcl-2 family regulated apoptotic pathway. 
This activation of Bid with consequent activation of Bax/Bak is critical for FasL induced 
killing in certain cell types (so-called type 2 cells), such as hepatocytes or pancreatic b 
cells, but is not needed in so-called type 1 cells, including thymocytes (Jost et al., 2009; 
Kaufmann et al., 2007; Yin et al., 1999). 

It has been reported that in response to DNA damage, Bid is regulated extensively, 
for example transcriptionally (through p53) (Sax et al., 2002) and post-translationally 
through phosphorylation by ATM or ATR (Desagher et al., 2001; Kamer et al., 2005; 
Zinkel et al., 2005). The functional significance of these processes has, however, been 
questioned (Kaufmann et al., 2007).
Although one study reported that Bid deficient mice develop myeloid malignancies (Zin-
kel et al., 2005) this could not be reproduced in another (Kaufmann et al., 2007) and 
there is no strong evidence for a role of Bid in tumour suppression or response to anti-
cancer therapeutics in human tumours. 

1.4.9. Bik/Nbk/Blk
Bik (Bcl-2 interacting killer) is a 160 aa protein that was discovered in a protein interac-
tion screen using the viral pro-survival Bcl-2 like proteins BHRF1 and E1B19kD as bait 
(Boyd et al., 1995)n. Bik is predominantly localised on the ER membrane (Germain et 
al., 2002). Upon a death stimulus (e.g. viral infection), Bik transcription can reportedly 
be up-regulated in a p53-dependent or independent manner, which then leads to Bax/
Bak activation and apoptosis (Germain et al., 2005; Mathai et al., 2002; Paquet et al., 
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2004). Bik expression can also be induced by inflammatory cytokines, such as INFg 
(Mebratu et al., 2008). Curiously, Bik shows only low DNA sequence homology (~40%) 
between species, compared to other BH3-only proteins that are 60-99% identical. Bik 
deficient mice display no developmental defects and cells from these mice were found to 
be normally sensitive to diverse apoptotic stimuli (Coultas et al., 2004). Bik/Bim double 
deficient males exhibited severe defects in spermatogensis (Coultas et al., 2005), dem-
onstrating that these two BH3-only proteins have overlapping functions in this setting. 
It was reported that in humans, Bik may play a prominent role in BCR ligation induced 
killing of B cells (Coultas et al., 2004).
Silencing of the bik gene has been observed in diverse human cancer types, such as in 
renal cell carcinomas, gliomas, colorectal cancer and head and neck cancer and B cell 
lymphomas (Arena et al., 2003; Bredel et al., 2005; Castells et al., 1999; Sturm et al., 
2006), but loss of Bik in mice was so far not found to accelerate tumorigenesis. 

1.4.10 Hrk/DP5
Hrk/DP5 was discovered in a protein interaction screen using Bcl-xL as bait (Inohara et 
al., 1997). This BH3-only proteins appears to be expressed only in the brain and loss of 
this BH3-only protein only causes minor defects in certain neuronal populations, such as 
resistance to deprivation of neuronal growth factors (Coultas et al., 2007). So far there 
is no evidence for a role of Hrk in tumorigenesis or response of tumour cells to cancer 
therapeutics.

1.4.11. Bax/Bak-like proteins
Mammals have three so-called multi-BH domain containing pro-apoptotic Bcl-2 family 
members, including Bax, Bak and Bok (although the role of the latter in apoptosis has not 
yet been proven) (Youle and Narendra, 2011). Bax was originally identified as a protein 
that could be co-immunoprecipitated with Bcl-2 and was able to oppose the pro-survival 
function of Bcl-2 when over-expressed (Oltvai et al., 1993). In healthy cells, Bax is ex-
pressed at readily detectable levels in most (possibly all) cell types and localised mostly 
in the cytosol. In response to apoptotic stimuli, Bax translocates to the outer mitochondri-
al membrane, where it forms homo-oligomers to promote mitochondrial outer membrane 
permeabilisation (MOMP) with consequent release of apoptogenic molecules, such as 
cytochrome C and Smac/Diablo, that promote activation of the caspase cascade that 
causes cell demolition (Youle and Narendra, 2011). The 3D structure of Bax is remark-
ably similar to that of Bcl-xL (Suzuki et al., 2000) and it remains an enigma why a protein 
that is required for cell survival and a protein that is critical for cell killing look so similar 
(Youle and Narendra, 2011). These protein structures were determined in solution and 
it is possible that within the outer mitochondrial membrane, where Bax as well as Bcl-2 
exert their functions, they may have substantially different shapes. 
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Bak was discovered using degenerate PCR searching for genes related to bcl-2 and 
bax (Chittenden et al., 1995) and, like Bax, Bak is expressed in most cell types at readily 
detectable levels. However, in contrast to Bax, in healthy cells, a substantial fraction of 
Bak is located on the outer mitochondrial membrane, but in response to apoptotic stimuli 
must still undergo substantial structural changes to allow homo-oligomerisation and in-
duction of MOMP (Dewson et al., 2009; Dewson et al., 2008). 

Bok was discovered in a yeast 2-hybrid screen, using Mcl-1 as bait and it is most highly 
expressed in female reproductive tissues (Hsu et al., 1997), but also present in other 
cell types (Ke F, CDD in press). Although over-expression of Bok was reported to trigger 
apoptosis (Hsu et al., 1997), a role for Bok in apoptosis in normal physiology has not yet 
been demonstrated. In contrast, it is clearly established that Bax and Bak play essential, 
albeit largely overlapping, roles in the activation of the effector phase of apoptosis (Youle 
and Narendra, 2011).

So far no marked defects have been observed in mice lacking Bak (Lindsten et al., 
2000). Mice lacking Bax are also largely normal but display an abnormal increase in 
certain neuronal populations, male infertility (due to abnormally reduced death of early 
progenitors in spermatogenesis) and increased spleen weight. Remarkably, mice lack-
ing both Bak and Bax show show severe developmental abnormalities, consistent with 
failure of programmed cell death, such as webbed paws and severe progressive lymph-
adenopathy (Lindsten et al., 2000; Rathmell et al., 2002). Fibroblasts and lymphoid cells 
from bax-/-bak-/- mice were found to be markedly resistant to all cytotoxic stimuli that ac-
tivate the Bcl-2 regulated apoptotic pathway, such as cytokine deprivation or DNA dam-
age (Lindsten et al., 2000; Rathmell et al., 2002). The bax-/-bak-/- fibroblasts were also 
found to be resistant to enforced over-expression of all BH3-only proteins (Wei et al., 
2001; Zong et al., 2001), demonstrating that Bax/Bak are essential for BH3-only protein 
mediated induction of apoptosis,
Several reports have implicated defects in Bax, Bak or Bok in tumorigenesis and resis-
tance of tumour cells to anti-cancer therapeutics. For example, loss of Bax markedly ac-
celerated Myc-induced lymphomagenesis in mice (Eischen et al., 2001). Bax deficiency 
was observed in human colorectal cancer (Rampino et al., 1997), (Mahyar-Roemer et al., 
2002) and somatic mutations in bax were found in acute lymphoblastic leukemia (Yip and 
Reed, 2008). As shown for Bax, low Bak expression is thought to contribute to colorectal 
cancer development by inhibiting programmed cell death. Somatically acquired loss of 
copy number of the genomic region containing the bok gene was reported in a broad 
range of human cancer (Beroukhim et al., 2010), but it is presently unclear whether loss 
of Bok or loss of another gene located in this region is critical for tumorigenesis.
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1.5. BH3 mimetics
Many cancer types are thought to be dependent on pro-survival Bcl-2 family members 
for their survival (Kelly and Strasser, 2011). Therefore, targeting pro-survival Bcl-2 family 
members has become an attractive strategy for cancer therapy, particularly the treat-
ment of tumours, which express abnormally high levels of these proteins (Lessene et al., 
2008).

BH3-mimetics are small chemical compounds designed to target pro-survival Bcl-2 fam-
ily members, by mimicking the binding of BH3-only proteins and thereby trigger cell 
death by unleashing Bax/Bak to cause MOMP and activation of the caspase cascade 
(Oltersdorf et al., 2005). Several BH3-mimetics have been published, but only ABT-737 
(Oltersdorf et al., 2005) and the closely related ABT-263 (Tse et al., 2008), which both 
bind avidly to Bcl-2 Bcl-xL and Bcl-w but not Mcl-1 or A1, kill cells by the mechanism of 
action predicted, namely activating induction of apoptosis in a Bax/Bak-dependent man-
ner (van Delft et al., 2006). In contrast, all other so-called BH3-mimetic compounds (e.g. 
gossypol) killed bax-/-bak-/- fibroblasts as efficiently as control wt cells (van Delft et al., 
2006) and must therefore exert some non-mechanism based toxicity. Pre-clinical studies 
have shown that ABT-737 and ABT-263 on their own can efficiently kill certain tumour 
derived cell lines in vitro (and some even within the whole animal), including chronic 
lymphocytic leukaemia, certain lymphomas and small cell lung cancer (Oltersdorf et al., 
2005; Shoemaker et al., 2008; Tse et al., 2008; van Delft et al., 2006; Wilson et al., 2010). 
Sensitive tumour cells characteristically expressed high levels of Bcl-2 or Bcl-xL and only 
low levels of Mcl-1, which was proven to impair killing by these BH3-mimetics (van Delft 
et al., 2006). Moreover, many tumour cells that are refractory to ABT-737 or ABT-263 
on their own, can be killed efficiently when these BH3-mimetics are combined with ad-
ditional anti-cancer drugs, such as the DNA damaging cyclophosphamide or etoposide, 
paclitaxel, proteasome inhibitors or inhibitors of oncogenic kinases (e.g. Bcr-Abl inhibitor 
Gleevec, EGF-R inhibitor Iressa or Tarceva) (Cragg et al., 2007; Kuroda et al., 2006; 
Mason et al., 2008; Oltersdorf et al., 2005); (Cragg et al., 2009; Kutuk and Letai, 2008; 
Letai, 2008). In this setting, ABT-737/ABT-263 block Bcl-2, Bcl-xL as well as Bcl-w and 
the BH3-only proteins (e.g. Bim, Puma, Noxa) that are induced by exposure to the other 
anti-cancer drug(s) can bind to Mcl-1 (and perhaps also A1), thereby allowing efficient 
neutralisation of all pro-survival Bcl-2 family members to cause cell killing. Although ABT-
737 and ABT-263 can also kill certain non-transformed cells, such as platelets (Mason et 
al., 2007) and some lymphoid cell populations (Carrington et al., 2010), there is emerg-
ing evidence that a therapeutic window can be found for the use of these compounds in 
cancer patients (Gandhi et al., 2011; Wilson et al., 2010).

1.6. The transcription factor p53
The p53 family of transcription factors consists of three family members: p53, p63 and 
p73. The most investigated and best understood member is p53, which is mutated in 
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~50% of human cancers (Vousden and Lu, 2002). p53 is transcriptional regulator that 
binds to specific sequences in target genes as a homo-tetramer (Cho et al., 1994). p53 
functions as a master regulator that controls cell cycling, differentiation, senescence, 
energy metabolism, angiogenesis, immune response, migration and apoptosis (Vousden 
and Lu, 2002). 

In healthy cells, p53 activity is maintained at low levels by the action of the ubiquitin E3-
ligases MDM2 (Haupt et al., 1997) and MDM4/MDMX (Shvarts et al., 1996), which prime 
p53 for proteasomal degradation. Upon stress signals, such as DNA damage, hypoxia or 
oncogenic stress, p53 and its negative regulators MDM2 and MDM4 are phosphorylated 
by ATR-CHK1 or ATM-CHK2 (Lavin and Gueven, 2006). The phosphorylation inhibits the 
interaction between p53 and the ubiquitin E3-ligases and thus p53 can accumulate in the 
nucleus, bind to the regulatory sites within its target genes and induce (or repress) their 
transcription. Depending on the cell type and severity of the damage, p53 induces cell 
cycle arrest (sometimes followed by cell senescence) or cell death. The cyclin depen-
dent kinase inhibitor p21, a direct p53 target, is critical for the ability of p53 to trigger cell 
cycle arrest at the G1/S boundary (Deng et al., 1995). As described above, puma and, 
albeit to a lesser extent noxa, are direct p53 target genes and critical for its ability to initi-
ate apoptosis (Erlacher et al., 2005; Jeffers et al., 2003; Michalak et al., 2008; Shibue et 
al., 2003; Villunger et al., 2003). Although it has previously been proposed that induction 
of apoptosis is the most important, perhaps even sole, effector pathway that is critical for 
the ability of p53 to suppress tumorigenesis, this cannot be the case. Firstly, loss of both 
Puma and Noxa and hence ablation of p53 mediated apoptosis signalling (see above), 
does not predispose mice to cancer (Michalak et al., 2009; Michalak et al., 2008) in con-
trast to loss of p53 (Donehower et al., 1992; Jacks et al., 1994) and Noxa (Eµ-myc/puma-

/-/noxa-/- mice) causes less acceleration of lymphomagenesis than loss of a single allele 
of p53 (Eµ-myc/p53+/- mice). Secondly, analysis of mice with point mutations that disable 
p53 from regulating some of its target genes but allow it to normally control others has 
shown that induction of apoptosis is not critical for p53 mediated tumour suppression 
(Brady et al., 2011). Hence, tumour suppression by p53 probably relies on its ability to 
activate several effector pathways and coordination of DNA repair programs and induc-
tion of senescence may feature as prominently as induction of apoptosis.

In certain cases, proliferation of cell populations, that undergo transformation, or even 
malignant cancer cells, is counteracted by a large extent of apoptosis and transformation 
will only progress when the former outweighs the latter (Finch et al., 2006). Therefore, 
cells that are undergoing neoplastic transformation often develop mutations in the p53 
pathway over time and may even acquire gain-of function mutations in p53 itself, which 
frequently lead to enhanced survival of rogue cells and thereby promotes tumorigenesis 
(Lozano, 2007; Olive et al., 2004; Song et al., 2007; Strano et al., 2007). 
Although ~50% of human cancers present with mutation complete loss or mutation of 
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p53, it is noteworthy that the other ~50% retain wildtype p53 (Vousden and Lu, 2002). 
In some of these cancers, the p53 pathway is still compromised, for example by over-
expression of Hdm2 (the human homologue of Mdm2), such as in sarcomas (Polsky et 
al., 2001; Polsky et al., 2002). It also appears that a functional p53 pathway can under 
certain circumstances offer a selective advantage, for example by allowing emerging 
neoplastic cells that are damaged or stressed to recover from the initial DNA damage 
and associated metabolic stress (Cairns et al., 2011).
Tumours with functional p53 have developed strategies to avoid activation of the Arf-
p53 tumour surveillance pathway, for example by expressing only low but steady levels 
of oncogenes, such as mutant Ras or Myc, which drive a sedate tumour progression 
(Sarkisian et al., 2007).
Genetically engineered mice with three alleles of p53, the so-called p53 super-mice, as 
well as transgenic mice that express a truncated version of p53, thereby increasing p53 
levels display a significant protection from spontaneous or carcinogen-inducted tumour 
formation (García-Cao et al., 2002; Tyner et al., 2002). However, the p53 super-mouse 
has the advantage that its p53 is subject to normal regulation. Therefore these appear 
normal and have a normal lifespan, whereas the mice expressing the truncated form of 
p53 exhibit premature aging caused by constitutive over-activation of the p53 pathways. 
Many pharmaceutical companies are trying to develop compounds to reactivate dormant 
p53, enhance p53 expression and function or even return mutant p53 into a wildtype 
conformation, but as these two examples show, much needs to be learnt to grasp all 
possible side-effects of too much p53 activity that can harm the organism (Marte, 2002).

1.7. The Li-Fraumeni Familial Cancer Syndrome
In 1969, Frederick Li and Joseph Fraumeni described an autosomal dominant disease 
characterised by osteo-sarcoma and soft tissue sarcoma, breast cancer leukemias and 
various other neoplasms in children and young adults of 4 families. Families were con-
sidered to be affected by this familial cancer syndrome if one individual, designated as 
the proband, presented with sarcoma before the age of 45 and a first degree relative and 
another first or second degree family member had developed cancer before the age of 
45 years (Li and Fraumeni, 1969). In 1988, Li and Fraumeni extended their study to 24 
kindreds that were eligible based on pathology records and death certificates. Among 
the 923 blood relatives, 151 had developed cancer and 119 of them had developed the 
disease before the age of 45. Cytogenic analysis and molecular studies revealed trans-
locations and either loss of function or complete deletion of regions on chromosome 11 
or 13 (Li et al., 1988). In 1990, Malkin et al reported that they discovered characteristic 
germline mutations in the TP53 allele in tumour-derived tissues from Li-Fraumeni Syn-
drome patients (Malkin et al., 1990) (Srivastava et al., 1990). Although TP53 mutations 
are common in LFS patients, not all families have TP53 mutations but exhibit mutations 
in other genes that function in the p53 pathway (Birch et al., 1998). Studies have shown 
that mutant p53 can act in a dominant-negative manner. It appears likely that within a 
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cell heterozygous for mutant and wildtype p53, most p53 tetramers (the functional form 
of p53, see above) will contain both mutant and wildtype p53 and the mutant p53 pro-
teins may abrogate the function of the entire tetrameric complex (Aurelio et al., 2000). 
In addition it has been proposed that some mutations in p53 produce “gain-of-function” 
effects that promote tumorigenesis, for example by activating expression of oncogenes 
or repressing tumour suppressor genes that are not normally regulated by wildtype p53 
(Dittmer et al., 1993). 

Two major types of p53 mutations are known: one is related to the DNA binding proper-
ties of p53 and the other affects its three-dimensional structure. Several mouse models 
of Li-Fraumeni Syndrome have been developed to mimic the human condition for point 
mutations in p53 (Olive et al., 2004) or complete loss of p53 (Donehower et al., 1992; 
Jacks et al., 1994). These models exhibit different disease phenotypes with prevalence 
of different types of cancers: mostly thymic lymphoma in p53-/- mice but higher frequen-
cies of sarcomas and carcinomas in p53 point mutant mice. The latter resemble the Li-
Fraumeni Syndrome more closely (Olive et al., 2004).

1.8. The transcription factor Myc
Myc is a transcription factor that regulates more than 15% of all genes. Myc target genes 
are involved in cell growth, metabolism, proliferation, differentiation and apoptosis. The 
Myc protein family is composed of three nuclear phosphoproteins that share a high de-
gree of homology (c-Myc, L-Myc and N-Myc) but differ markedly in their expression pat-
terns; c-Myc is widely expressed, N-Myc mostly in neuronal cells and L-Myc mostly in the 
lung (DePinho et al., 1986; Hatton et al., 1996; Loke et al., 1988). All three proteins con-
tain a carboxy-terminal basic helix-loop-helix motif (bHLH) and a leucine zipper. These 
motifs are required for heterodimerisation with the partner protein Max and binding to E-
box elements within the regulatory regions of target genes. The amino-terminal regions 
of the Myc proteins contain two highly conserved Myc boxes (MBI and MBII), which are 
required for trans-activation of target genes. While binding of Myc to Max is essential for 
transcriptional induction of target genes (Grandori et al., 2000; Grandori and Eisenman, 
1997), Myc activity is negatively regulated by the MAD proteins, a family of bHLH domain 
containing transcriptional repressors (Mad1, MxI1, Mad3, Mad4) that can heterodimerise 
with Max (Ayer et al., 1993; Grinberg et al., 2004). Expression of MAD proteins is associ-
ated with down-regulation of Myc activity, which leads to cell growth arrest and exit from 
the cell cycle. Loss of Mad1 or Mxi1 causes an increase in cellular proliferation and in the 
case of Mxi1 deficient mice even development of tumours.

In 1982, a viral homolog of c-myc (v-myc) was isolated from the avian myelocytomatosis 
retrovirus and shown to be critical for the transforming action of this retrovirus. Subse-
quently, it was found that over-expression of c-Myc as a consequence of the t[8;14] chro-
mosomal translocation of the c-myc gene into the IgH gene locus is the cause of human 
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Burkitt’s lymphoma (Pulvertaft, 1964). Although chromosomal translocations that cause 
Myc-over-expression are rare in human cancers, it appears that up to 70% of all human 
tumours express abnormally high levels of Myc and may therefore depend on Myc for 
sustained expansion (Soucek and Evan, 2010).
Over-expression of Myc, such as in B lymphoid cells of Eµ-myc transgenic mice (Ad-
ams et al., 1985), causes abnormally increased proliferation of cells (Langdon et al., 
1986), and this is critical for Myc’s oncogenic action. However, in conditions of stress, 
such as limiting availability of growth factors (a condition that is likely to occur during tu-
morigenesis), Myc over-expression also enhances the predisposition of cells to undergo 
apoptosis (Evan et al., 1992; Strasser et al., 1996). Apoptosis induction functions as a 
potent suppressor of Myc-induced tumorigenesis and whereas over-expression of Bcl-2 
(Strasser et al., 1990a), Bcl-xL (Swanson et al., 2004) or Mcl-1 (Campbell et al., 2010), 
or loss of Bax (Eischen et al., 2001), Bim (Egle et al., 2004b) or Puma (Garrison et al., 
2008; Hemann et al., 2004; Michalak et al., 2009), can accelerate Myc-induced lympho-
magenesis. In addition, mutations in p53 (Chang et al., 1995; Gaidano et al., 1991) or 
its regulator Arf (Schmitt et al., 1999) can also enhance Myc over-expression induced 
tumorigenesis.

1.9. Project Rationale
In recent years, extensive studies have been undertaken to understand the complex net-
work of the interactions that occur between the different pro-apoptotic and anti-apoptotic 
members of the Bcl-2 family to regulate programmed cell death (apoptosis) and their in-
volvement in the development of cancer and the response of tumour cells to anti-cancer 
therapeutics (Youle and Strasser, 2008). Pro-survival Bcl-2 family members are essential 
for the survival of non-transformed (normal) cells and there is emerging evidence that 
they may also be responsible for the survival of cells undergoing neoplastic transforma-
tion and for sustaining the continued survival and expansion of malignant cancers. It is 
therefore important to determine which pro-survival Bcl-2 member(s) is/are essential for 
the development and sustained expansion of cancer.

Abnormally high expression of Bcl-2 was identified as a common feature in the devel-
opment of various types of lymphoma in humans (Aisenberg et al., 1988; Cleary et al., 
1986; Pegoraro et al., 1984; Tsujimoto et al., 1984). However, deletion of endogenous 
bcl-2 in Eµ-myc transgenic mice, a model of Burkitt’s lymphoma, showed that loss of Bcl-
2 had no major impact on lymphoma development (Kelly et al., 2007). This suggested 
that another pro-survival Bcl-2 family member may be critical for the survival of B lym-
phoid cells during neoplastic transformation.

The pro-survival Bcl-2 protein Bcl-xL is critical for the survival of a range of cell types, such 
as erythroid progenitors, select neuronal populations and certain lymphocyte subsets. 
Abnormally increased levels of Bcl-xL protein are frequently found in Kaposi sarcoma, 
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breast cancer, neuroblastoma, colorectal cancer and follicular B cell lymphoma (Dole et 
al., 1995; Jin-Song et al., 2011; Schott et al., 1995) and recent studies conducted in Eµ-
myc transgenic mice have shown that Bcl-xL is crucial for Myc-induced lymphomagen-
esis and the survival of pre-leukaemic pro-B and pre-B cells as they undergo neoplastic 
transformation (Kelly et al., 2011). Although Bcl-xL seems to play a prominent role in this 
setting, it is, however, not clear whether Bcl-xL is the sole pro-survival Bcl-2 family mem-
ber that is required for Myc-induced B cell lymphoma development. 

Mcl-1 is essential for embryonic development, haematopoietic stem cell survival and 
development of the myeloid and lymphoid lineages (Opferman et al., 2005; Opferman et 
al., 2003; Rinkenberger et al., 2000). Pertinently, Mcl-1 is critical for the survival of pro-
B and pre-B cells (Opferman et al., 2003), the cells that are thought to be the origin of 
Eµ-myc lymphoma (Langdon et al., 1986). Deletion of a single allele of mcl-1 has been 
shown to be sufficient to abrogate Myc-induced acute myeloid leukaemia development 
in transgenic mice (AML, (Xiang et al., 2010)).

Small molecules that mimic the action of the pro-apoptotic BH3-only proteins that bind 
to and block the function of pro-survival Bcl-2 family members are currently being devel-
oped for anti-cancer therapy, particularly haematological malignancies. Some of these 
so-called BH3 mimetic compounds are currently undergoing clinical trials for the treat-
ment of various malignancies (Oltersdorf et al., 2005), including non-small lung cancers 
and B cell lymphomas (e.g. CLL, (Tan et al., 2011)). 

In this thesis, the well-characterised Eµ-myc mouse model (Adams et al., 1985) was 
utilised to examine the effect of germline deletion of a single allele of mcl-1, or B cell 
restricted deletion of both mcl-1 alleles on Myc-induced lymphomagenesis. This allowed 
me to determine whether deletion of Mcl-1 can prevent B cell lymphoma development, 
as observed for loss of Bcl-xL (Kelly et al., 2011). Since high levels of Mcl-1 are frequent-
ly associated with resistance to conventional anti-cancer therapeutics, pharmaceutical 
blockade of Mcl-1 is expected to be efficacious in the treatment of a broad range of can-
cers. Whilst there is currently no compound that specifically targets Mcl-1, the BH3 mi-
metics ABT-737 and ABT-263 (the latter undergoing clinical trials (Tse et al., 2008)), can 
efficiently antagonise Bcl-2, Bcl-xL and Bcl-w. Since loss of Bcl-xL was able to abrogate 
B cell lymphoma development in Eµ-myc transgenic mice, prophylactic treatment with 
ABT-737 may be able to inhibit Myc-induced lymphoma development and by inference, 
prophylactic treatment with BH3 mimetics may be useful for preventing development of 
cancer in patients that are genetically predisposed to malignant disease (e.g. carriers of 
p53 or Brca1 mutations)

Li-Fraumeni Syndrome patients are born with one mutant p53 allele, and loss or mutation 
of the remaining wildtype allele and acquisition of additional oncogenic lesions in rare 
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cells will cause cancer with very high frequency at a young age (Li et al., 1988; Malkin 
et al., 1990; Srivastava et al., 1990). It may be therefore possible that prophylactic treat-
ment with BH3 mimetics will be able to kill emerging neoplastic cells and thereby delay or 
even prevent tumour development in such patients. To explore this, I examined whether 
prophylactic treatment with ABT-737 could prevent development of thymic lymphoma 
and sarcoma in p53 deficient mice (Donehower et al., 1992; Jacks et al., 1994), a model 
of the human condition Li-Fraumeni Syndrome. Deletion or mutation of the tumour sup-
pressor p53 disrupts normal responses to genotoxic damage, leading to defects in cell 
cycle regulation, apoptosis and control of genomic stability, thereby facilitating tumour 
development (Jacks et al, 1994). 
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Figure 1.1. Intrinsic and extrinsic pathway of apoptosis
The intrinsic (Bcl-2 family regulated) and extrinsic (death receptor) pathways of apopto-
sis are induced by different stimuli. The extrinsic pathway is activated when death recep-
tors, such as Fas or TNF-R1, are engaged by their corresponding ligands, FasL or TNF, 
respectively. This leads to the recruitment of the adapter proteins FADD and TRADD, 
respectively, via death domain-death domain interactions. The death effector domains 
within the adapter molecules can then recruit pro-caspase 8 (in humans pro-caspase 
10) by binding to their death effector domains. The overall receptor associated multi-
protein complex is called the death inducing signalling complex (DISC), which facilitates 
a conformational change in caspase 8/caspase 10 and induces their enzymatical activity. 
Active caspase 8 can proteolytically cleave itself, which leads to its dissociation from the 
DISC allowing it to proteolytically activate the effector caspases 3 and 7. Activated cas-
pase 3 and 7 are capable to cleave a various range of cellular proteins including DNase 
CAD (caspase activated DNAse). CAD in turn cleaves the nuclear DNA into fragments, 
which consequently causes cell death.
The intrinsic pathway is regulated by the Bcl-2 protein family. Stress stimuli, such as 
cytokine deprivation or DNA damage, cause transcriptional and/or post-translational ac-
tivation of the pro-apoptotic BH3-only proteins. BH3-only proteins are thought to acti-
vate Bax and Bak either through direct binding or indirectly by binding to pro-survival 
Bcl-2 family members leading to the release of “primed” Bax and Bak. Activated Bax 
and Bak promote mitochondrial outer membrane permeabilisation (MOMP) causing the 
release of cytochrome C and other apoptogenic factors (e.g. Smac/DIABLO, Htra2) from 
the inter-membrane space. Apaf-1, pro-caspase 9 and cytochrome C assemble as the 
so-called apoptosome, which facilitates activation of caspase 9 through conformational 
change. Active caspase 9 can cleave itself and can also proteolytically activate the effec-
tor caspases, caspase 3 and 7. 
Both, the intrinsic and extrinsic pathway, converge at the level of caspase activation and 
cleavage of the BH3-only protein Bid into its active form tBid.
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Figure 1.2. The Bcl-2 family
The pro-survival members of the Bcl-2 protein family consists of Bcl-2, Bcl-xL, Mcl-1, Bcl-
w and A1. The pro-apoptotic members, which facilitate cell death, can be further divided 
into two subgroups: the BH3-only proteins, including Bim, Puma, Noxa, Bad, Bid, Bmf, 
Bik and Hrk and the multi-BH domain Bax/Bak-like proteins, which include Bax, Bak and 
Bok. 
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Figure 1.3. B cell development
All lymphoid and myeloid lineages, including B lymphoid cells, originate from common 
pool of haematopoietic stem cells (HSC). HSC differentiate first into distinct progenitor 
cell populations (MPP: multipotent progenitor and LMPP: lymphoid-primed multipotent 
progenitor) that have restricted potential to give rise to only certain haematopoietic lin-
eages (e.g. CLP: common lymphoid progenitors or CMP, common myeloid progenitors). 
Cells of the B lymphoid lineage are characterised by the expression of the cell surface 
marker B220, starting at the pre-pro B cell stage. Pre-pro B cells differentiate further into 
pro-B (B220+c-Kit+sIg-). From there on, sequential rearrangement of Ig heavy and Ig light 
chain genes promotes differentiation into pre-B (B220+c-Kit-sIg-) and then immature B 
cells (B220+sIgMhisIgDlo) in the bone marrow. These immature B cells emigrate into the 
spleen where they develop into mature B cells (B220+sIgMlosIgDhi), which after antigenic 
stimulation can further differentiate into memory B cells or Ig-secreting plasma cells.
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Figure 1.4. T cell development
T lymphocytes develop in the thymus from committed T cell progenitors that have immi-
grated from the bone marrow. (Note only development of TCRa/b T cells, the numerically 
dominant T cell population, is described here). Distinct stages of T cell differentiation 
in the thymus can be recognised by the expression of the surface markers Thy-1 (pan 
T cell marker), CD4, CD8, TCRa/b, CD3, CD25 and CD44.  The earliest recognisable 
T cell progenitors in the thymus are called double negative (CD4-CD8-) stage 1 cells 
(DN1: TCR/CD3-CD4-CD8-CD25-CD44+), which develop via the DN2 (TCR/CD3-CD4-

CD8-CD25+CD44+) into the DN3 (TCR/CD3-CD4-CD8-CD25+CD44-) stage when TCRb 
gene rearrangement occurs. Only cells with a productive TCRb gene rearrangement that 
can express a receptor composed of TCRb, the invariant pTa chain and the CD3 signal-
ling complex can pass the so-called TCRb checkpoint and develop into DN4 thymocytes 
(TCR/CD3loCD4-CD8-CD25-CD44-). DN4 cells differentiate into immature double posi-
tive (CD4+CD8+) thymocytes, which undergo rearrangement of their TCRa genes. These 
CD4+CD8+ thymocytes are subject to stringent selection, based on the specificity of their 
TCRa/b antigen receptor. Cells expressing a TCRa/b that bind with low to intermediate 
affinity to self-antigen derived peptides presented by MHC class I or class II protein com-
plexes undergo positive selection; class I MHC restricted thymocytes will develop into 
CD4-CD8+ T cells and class II MHC restricted thymocytes into CD4+CD8- T cells.  Thy-
mocytes expressing TCRa/b receptors that bind with high affinity to self-antigen derived 
peptides presented by MHC class I or class II protein complexes are negatively selected 
and undergo apoptotic cell death. Mature CD4+CD8- and CD4-CD8+ T cells are released 
from the thymus and exert critical functions in cellular immune responses in peripheral 
lymphoid tissues.
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Chapter 2. Materials and Methods

2.1. 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 background generated using 129SV derived ES cells were 
kindly provided by Prof. Tyler Jacks (Jacks et al., 1994) from the Massachusetts Institute 
of Technology, Cambridge, MA, USA and were backcrossed onto a C57BL/6 background 
for >20 generations before commencement of our studies.

Eµ-myc transgenic mice on a C57BL/6 background expressing the myc transgene un-
der the control of the immunoglobulin heavy chain enhancer Eµ have been previous-
ly reported by Adams et al, 1985. Eµ-myc mice were originally generated on a mixed 
C57BL/6xSJL background and then backcrossed to C57BL/6 for >30 generations.

Mcl-1 flox mice on a C57BL/6 background, using C57BL/6 derived ES cells, have been 
generated by Drs Philippe Bouillet and Priscilla N Kelly by introducing loxP targeting 
sites to ablate Mcl-1 expression when loxP targeting sites are recombined following Cre 
recombinase activation (Vikstrom et al., 2010). Furthermore, a human CD4 transgene 
has been introduced into this construct. Human CD4 is expressed after mcl-1 has been 
deleted and can be detected by using appropriate anti-human CD4 antibodies. Thus, hu-
man CD4 expression serves as a reporter for mcl-1 deletion.

Mcl-1+/- mice have been generated by deleting the mcl-1 flox allele in mcl-1fl/+ mice by 
crossing these mice with a global cre-recombinase deleter mouse strain (Schwenk et al., 
1995)
Eµ-myc/mcl-1+/- mice were generated by crossing Eµ-myc males with mcl-1+/- females.
Eµ-myc transgenic males were crossed to females that express the Cre recombinase 
under control of the CD19 promotor (CD19-cre mice) to delete mcl-1 specifically in the B 
cell lineage. The Eµ-myc/CD19-cre offspring were crossed with mcl-1fl/fl females to pro-
duce Eµ-myc/CD19-cre/mcl-1fl/+ mice and in subsequent matings also Eµ-myc/CD19-cre/
mcl-1fl/fl mice.

All mice were genotyped using PCR. Oligonucleotides were obtained from GeneWorks 
at PCR grade quality. Oligonucleotides for mcl-1 and p53 were generated to differenti-
ate between the wildtype and mutant alleles whereas oligonucleotides for myc and cre 
recombinase recognise the presence of the transgene. The Eµ-myc transgene and the 
CD19-cre knock-in allele were only used in heterozygous form to prevent potentially del-
eterious effect on B lymphoid cells.
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C57BL/6-Ly5.1 mice were bred at the Walter and Eliza Hall Institute of Medical Research 
and were utilised for transplantation of primary or lymphoma cells from C57BL/6-Ly5.2 
animals. The polymorphic difference between Ly5.1 and Ly5.2 can be detected by spe-
cific antibodies, allowing discrimination between donor-derived (Ly5.2+) and host-derived 
(Ly5.1+) cells. 

Table 2.1. Oligonucleotides for mouse genotyping
gene name PCR product size sequence (5’-3’)

mcl-1 ko knock-out 570 bp CGACACAGATCAGCAGGCGTTC
TAGCCACAATCCTGTAGCCACT

mcl-1 flox wildtype 327 bp GCCGCAGTACAGGTTCAAG
mutant 390 bp GCACAATCCGTCCGCGAGCCAA

cre 250 bp GCATAACCAGTGAAACAGCATTGCTG
GGACATGTTCAGGGATCGCCAGGCG

myc 830 bp CAGCTGGCGTAATAGCGAAGAG
CTGTGACTGGTGAGTACTCAACC

p53 wildtype 450 bp TTATGAGCCACCCGAGGT
mutant 600 bp TATACTCAGAGCCGGCCT

TCCTCGTGCTTTACGGTATC

Table 2.2. Antibodies used for flow cytometric analysis
specificity origin clone catalogue # Source

B220 rat RA3-6B2 WEHI
CD19 rat 1D3 WEHI
CD3 hamster 145-2C11 WEHI

hCD4 mouse RPA-T4 555347 BD Pharmingen
CD4 rat YTA3.2.1 WEHI
CD8 rat YTS169 WEHI
c-kit rat Ack4 WEHI
IgM rat 5.1 WEHI
IgD rat 11-26C WEHI
Gr-1 rat RB6-8C5 WEHI

Mac-1 rat MI/70 WEHI
Thy-1 rat T24.3.21 WEHI
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Table 2.3. Primary antibodies used for Western blot analysis
specificity species type catalogue # Source

A1 rat monoclonal 51B2 WEHI
Bak rabbit polyclonal N-20 Sigma
Bak rabbit polyclonal 06-499 Upstate
Bcl-2 hamster monoclonal 3F11 WEHI
Bcl-w rat monoclonal 13F9 WEHI
Bcl-x mouse monoclonal 2F12 BD Pharmingen
Bim rabbit polyclonal 9292 Stressgen

Hsp-70 mouse monoclonal N-6
Dr Robin Anderson, 

Peter McCallum Can-
cer Centre

Mcl-1 rat monoclonal 19C4-15 WEHI
p53 rabbit polyclonal CM5 Novocastra

Puma rabbit polyclonal Ab-27669 Abcam

Table 2.4. Oligonucleotides used for quantitative reverse transcription-PCR
gene 
name

alternative 
name assay/sequence (5’-3’) company

A1 Bcl2a1 Mm00833201_s1 Applied Biosystems
bad Bbc2 Mm00432042_m1 Applied Biosystems
bak Bak1 Mm00432045_m1 Applied Biosystems
bax Mm00432051_m1 Applied Biosystems
bcl-2 Mm00477631_m1 Applied Biosystems
bcl-w Bcl2l2 Mm00432054_m1 Applied Biosystems
bcl-x Bcl2l1 Mm00437783_m1 Applied Biosystems
bid Mm00626981_m1 Applied Biosystems
bik Mm00476123_m1 Applied Biosystems
bim Bcl2l11 Mm01333921_m1 Applied Biosystems
bmf Mm00506773_m1 Applied Biosystems

mcl-1 Mm01257352_g1 Applied Biosystems
noxa Pmalp1 Mm00451763_m1 Applied Biosystems
puma Bbc3 Mm00519268_m1 Applied Biosystems

cre GGGATTGCTTA AA ACCCTGTTACG
Hamsa Puthalakath

TATTCGGATCATCAGCTACACCAGAG
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2.2. Buffers and solutions
High glucose Dulbecco’s modified Eagle medium (DMEM; Gibco) contained 4 g/L glu-
cose, 6 mg/L folic acid, 36 mg/l L-asparagine, 116 mg/L L-arginine, 2 g/L NaHCO3, 10 
mM HEPES, 107.4 mg/L penicillin and 100 mg/L streptomycin.
Balanced salt solution (BSS), pH 7.2 contained 149 mM NaCl, 3.7 mM KCl, 1.2 mM 
MgSO4, 7.4 mM HEPES*NaOH, 1.2 KH2PO4 and 0.8 mM K2HPO4 in distilled water.

MT-PBS – Mouse tonicity phosphate buffered saline was formulated in distilled water 
containing 2.85 g/L Na2HPO4*2H2O, 0.62 g/L NaH2PO4*2H2O and 8.7 g/L NaCl.

RCRB – Red cell removal buffer, pH 7.3: distilled water formulated with 156 mM NH4Cl, 
0.1 mM EDTA and 12 mM NaHCO3.

2.3. Inhibitors for in vivo and in vitro studies
ABT-737 provided to me by Genentech Inc and Abbott Laboratories was designed to 
inhibit the pro-survival activity of Bcl-2, Bcl-xL and Bcl-w. The powder was dissolved in 
DMSO and either stored at -20°C or further diluted in vehicle (30% propylene glycol, 5% 
Tween 80, and 65% D5W (5% dextrose in water; pH 4.2) to the appropriate concentra-
tion of either 50 mg/kg or 75 mg/kg body weight for in vivo treatment studies.

QVD-OPH is a broad-spectrum inhibitor of caspases (1, 3, 8, 9, 10, 12) and can there-
fore be used to prevent apoptosis. QVD-OPH was purchased from MP Biomedicals as 
a powder, dissolved in DMSO and stored at -20°C. QVD-OPH was used in vitro at a 
final concentration of 25 µM and commonly administered to cultured cells 30 min prior to 
treatment with cytotoxic drugs.

2.4. Genotyping
The genotype of all mice was determined by PCR using DNA extracted from tails of 3 
week-old mice at weaning. The tails were incubated overnight in 200 µL Direct Lysis tail 
digestion buffer (100 mM Tris, 5 mM EDTA, 0.5% SDS, 200 mM NaCl/ 250 µg, Viagen 
Biotech) containing freshly added Proteinase K (Sigma Aldrich) with shaking at 56°C. 
Tail lysates were heated to 85°C for 45 min to inactivate the Proteinase K. One µL of the 
supernatant was used for a 20 µL PCR reaction (GoTaq Green Master Mix, Promega) 
that was supplemented with 10 pmol of the appropriate oligonucleotide primer pair listed 
in the material section (Table 2.1.). 

2.5. Analysis of the haematopoietic system

2.5.1. Analysis of tumour-burdened mice 
Eµ-myc transgene containing mice and p53-deficient mice were examined daily by the 
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animal technicians for signs of malignant disease. Mice were sacrificed when declared 
unwell by the technician. Signs of disease included splenomegaly, lymphadenopathy, 
paralysis, hunching, weight loss, laboured breathing (indicative of lymphoma growth in 
the thymus) and in case of p53-deficient mice also sarcoma development.

2.5.2. B and T cell lymphoma cell survival assays
Lymphoma cells were cultured at 37°C in a humidified 10% CO2 incubator in Dulbecco’s 
Modified Eagle’s medium supplemented with 10% FCS, 50 µM b-mercaptoethanol and 
100 µM asparagine. Cells were adapted 2 weeks to tissue culture before use in cell sur-
vival assays. For cell survival assays, 5x105 lymphoma cells in 200 µL total volume were 
plated in a 96-well flat bottom plate (Nunc), pre-treated for 30 min with QVD-OPH (MP 
Biomedicals) or vehicle and then challenged with cytotoxic drugs, including ABT-737 
(Genentech Inc/Abbott Laboratories), etoposide (Mayne, 0.5-1 mg/ml), dexamethasone 
(Pfizer, 30 nM) or DMSO (vehicle control). Cell viability was determined by flow cytomet-
ric analysis after staining with FITC-conjugated Annexin-V plus propidium iodide (2 µg/
mL). Cells not stained with either Annexin-V or PI (Annexin V-/PI-) were deemed viable.

2.5.3. Haematopoietic reconstitution of lethally irradiated mice with foetal 
liver cells 
C57BL/6-Ly5.1 mice were lethally irradiated (2x 5.5 Gy g-radiation generated by a 60Co 
source, 3 h apart) to deplete the host haematopoietic system. This was followed by re-
constitution with donor foetal liver cells (FLC), a rich source of haematopoietic stem cells 
(HSC).

Tails from embryos were taken for genotyping. Tails were incubated in 200 µL Direct tail 
digestion buffer containing 0.4 µL Proteinase K (Sigma-Aldrich) at 56°C for 1 h, then for 
30 min at 85°C to heat inactivate Proteinase K. One µL of the tail DNA was mixed with 20 
µL GoTaq Green mastermix (Promega). Fragments were analysed by electrophoresis in 
a 3% agarose gel containing ethidium bromide (Sigma). 

Foetal livers from E13 embryos were harvested and transferred into 1 mL BSS/2% FCS 
to prepare single cell suspensions. Foetal liver cells were filtered through a cell strainer 
(Falcon) to remove cell clumps and debris. The strainers were rinsed once with 1 mL 
BSS/2% FCS. Foetal liver cells were centrifuged at 1500 rpm for 5 min at 4°C, super-
natants aspired and cells resuspended in 1 mL BSS/2% FCS and stored at 4°C. Foetal 
liver cells of the desired genotype, as determined by PCR, were stained with trypan blue 
and counted using a haematocytometer (cell number counted/2 squares x dilution fac-
tor x 104). Cells were then centrifuged at 1500 rpm for 5 min at 4°C and resuspended 
at a concentration of 2x106 cells/200 µL MT-PBS. Two hours post g-irradiation, recipi-
ent C57BL/6-Ly5.1 mice were injected intravenously with 2x106 foetal liver cells. Mice 
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were allowed to reconstitute their haematopoietic system for at least 6 weeks. Failure of 
reconstitution would result in death of recipient mice during the first 6 weeks post trans-
plantation. 

2.5.4. Analysis of pre-leukaemic mice
Cells from two femora of 4 week-old mice were harvested into 2 mL BSS/2% FCS using 
a 1 mL syringe with a 25G needle attached. Single cell suspensions were prepared by 
10x pipetting up and down with a 1 mL pipette. Cell suspensions were filtered through a 
polystyrene round bottom tube containing a cell-strainer cap (Falcon). The cell strainer 
cap was then rinsed with another 2 mL BSS/2% FCS to collect the maximal number of 
cells, leaving bone debris in the cap filter. Cell suspensions were centrifuged at 1500 
rpm for 5 min at 4°C and then resuspended in 107 cells/90 µL MT-PBS/2 mM EDTA/0.5% 
BSA. Ter-119 (anti-mouse erythroid cell surface marker) monoclonal antibody (MACS) 
beads were added to the cell suspension (10 µL bead solution/107 cells). Cells were 
mixed well and incubated on a rotating wheel for 15 min at 4°C. Cells were then cen-
trifuged at 2,000 rpm for 5 min at room temperature, washed with 1 mL MT-PBS/2 mM 
EDTA/0.5% BSA and again centrifuged at 2,000 rpm for 5 min at room temperature. 
Supernatants were aspired and cells resuspended in 1 mL MT-PBS/2 mM EDTA/0.5% 
BSA. Erythroid cells were depleted using the calibrated AutoMACS following the manu-
facturer’s instructions. The Ter-119 positive fraction (containing erythroid cells) was dis-
carded and the Ter-119 negative fraction collected and centrifuged at 1,500 rpm for 5 
min at 4°C. Supernatants were aspired and cells resuspend in 1 mL BSS/10% FCS 
containing the following flurochrome conjugated antibodies (final concentration ~0.2-3 
mg/mL) in 24G2 anti-mouse-FcgR antibody containing hybridoma supernatant (to block 
non-specific binding of antibodies to Fcg receptors): anti-mouse IgM-FITC, anti-mouse 
IgD-FITC, anti-mouse B220-PE, anti-mouse c-Kit-APC. Cells were allowed to incubate 
with the antibodies for 1 h in darkness on ice. Cells were centrifuged at 2,000 rpm for 5 
min at 4°C and washed once with BSS/2% FCS and then resuspended in 1 mL BSS/2% 
FCS containing 2 µg/mL propidium iodide (PI) to stain dead cells. Flow cytometric sorting 
of the cell suspension was conducted by the Flow cytometry laboratory staff using a Mo-
Flow cell sorter (Beckman Coulter). A snap shot analysis of the stained cells was taken 
to adjust gates for cell sorting: 1st gate on propidium iodide and forward scatter (FSC) 
to exclude dead cells and debris, 2nd gate on the B220-positive B cell population. The B 
cell population was further separated according to sIg-positive and c-Kit-negative cells 
(mature B cells), sIg-negative and c-Kit-negative cells (pre-B cells) and sIg-negative and 
c-Kit-positive cells (pro-B cells). Collected B cell populations were centrifuged at 1,500 
rpm for 5 min at 4°C.

2.5.5. Pre-leukaemic cell survival assays
B lymphoid cell populations (pro-B, pre-B and sIg+ B cells) sorted by the flow cytom-
etry laboratory staff (see above) were resuspended at a concentration of 25,000-50,000 
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cells/200 µL in pre-warmed FMA and plated in 96-well flat bottom plates (Nunc). Cell 
viability was determined after 0, 4, 8, 16, 24 and 48 h by centrifuging the plates at 1,500 
rpm for 5 min at 4°C, then adding 30 µL Annexin-V-FITC plus propidium iodide (2 µg/
mL) to each well. Cells were transferred into flow cytometry tubes (BD) and analysed in 
a FACSCalibur (BD Biosciences). Cell survival was analysed using the FlowJo program. 
Annexin-V-FITC-positive/PI-negative cells represent the early apoptotic stage, cells that 
are Annexin-V-FITC positive/PI-positive are in an advanced apoptotic stage and Annex-
in-V-FITC negative/PI negative cells were deemed alive.

2.5.6. In vivo treatment studies
Mice at the age of 4 weeks were either left untreated or exposed to 1.5 Gy of g-irradiation 
once a week for four consecutive weeks using a 60Co source. This treatment is known 
to elicit thymic lymphoma development in C57BL/6 mice with high efficiency (Kaplan, 
1948). Between the ages of 4-24 weeks, half the cohort was injected intra-peritone-
ally twice a week with 50 mg/kg body weight ABT-737 and the other half with vehicle. 
The non-irradiated cohort was treated with either ABT-737 or vehicle for 20 consecu-
tive weeks whereas the g-irradiated cohort was treated for the first time with 50 mg/kg 
ABT-737 or vehicle on the day when the first dose of g-irradiation was administered. 
Subsequently, ABT-737 or vehicle was applied twice a week for 10 consecutive weeks. 
Mice were examined daily and were sacrificed when declared unwell by the animal tech-
nicians. ABT-737 was formulated in 30% propylene glycol, 5% Tween 80 and 65% D5W 
(5% dextrose in water, pH 1) pH 4.2.
2.6. Flow cytometric analysis
Lymphoid organs were harvested and single cell suspensions prepared using forceps. 
Red cells were depleted using red cell removal buffer. Cells (5x106) were resuspended in 
BSS supplemented with 10% FCS and 2% normal rat serum (to block non-specific bind-
ing of antibodies to Fcg receptors) and stained for 30 min at 4°C for surface markers with 
cell surface marker specific monoclonal antibodies that had been conjugated to diverse 
fluorochromes (Table 2.2.).

2.6. RNA isolation from primary lymphoma cells
Lymphoid organs from lymphoma-burdened animals were harvested and single cell sus-
pensions prepared using forceps. Cells were collected into 2-3 mL BSS/2% FCS and 
centrifuged at 1,500 rpm for 5 min at 4°C. Supernatants were aspired and cells washed 
in 1 mL MT-PBS. Cells were then transferred into an RNase-free Eppendorf tube with 1 
mL TRIZOL reagent (Invitrogen) added to 1-2x107 cells according to the manufacturer’s 
instructions. The samples were immediately stored at -80°C or centrifuged at 12,000 
rpm for 10 min at 4°C to pellet cellular debris (carbohydrates and lipids). RNA-containing 
supernatants were transferred into a new RNase-free Eppendorf tube with addition of 
200 µL 100% chloroform/1 mL TRIZOL. The TRIZOL/Chloroform mixture was vortexed 
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for 15 sec and incubated for 3 min at room temperature. The samples were then centri-
fuged at 12,000 rpm for 15 min at 4°C. After centrifugation, three distinct phases become 
apparent: the upper aqueous phase containing RNA, the white middle layer containing 
protein and the lower phenol/chloroform layer containing DNA. The RNA-containing up-
per phase was transferred into an RNase-free Eppendorf tube, making sure not to touch 
the protein containing interface. RNA was precipitated by adding 500 µL 100% isopro-
panol/1 mL TRIZOL and incubation for 10 min at room temperature. The samples were 
then centrifuged again at 12,000 rpm for 10 min at 4°C to pellet RNA. Supernatants were 
aspired using a vacuum pump. The RNA pellets were washed in 1 mL 75% RNase-free 
ethanol. At this point the samples could be stored at -80°C or could be further incubated 
for 1 h at -20°C. Finally, RNA samples were centrifuged at 13,000 rpm for 15 min at 4°C. 
Supernatants were aspired using a vacuum pump and the pellets (containing RNA) left 
to air-dry for 10 min at room temperature and finally 10 µL RNase-free water was added. 
The RNA samples were allowed to dissolve in water for 10 min at 56°C in a shaker and 
the RNA concentration determined using 1 µL undiluted RNA solution and analysis of the 
260/280 ratio with NanoDrop.

2.7. First Strand Synthesis (cDNA)
The RNA was diluted to 500 ng/sample in an RNase-free tube with RNase-free water. 
The following reagents were added to the RNA sample: 1 µL dNTP (10 mM), 1 µL ran-
dom hexamer primer solution (50 ng/µL) and the final volume was adjusted to 10 µL 
by addition of DEPC water. The samples were incubated at 65°C for 5 min and subse-
quently placed on ice for 1 min. The following master-mix was added to each sample: 2 
µL 10x RT buffer, 4 µL 25 mM MgCl2, 2 µL 0.1 M DTT, 1 µL RNaseOUT (40 U/µL) and 1 
µL SuperScript III (200 U/µL). Samples were incubated for 10 min at 25°C, followed by 
50 min at 50°C. The reaction was terminated by raising the temperature to 85°C for 5 
min. The samples were subsequently chilled on ice and then centrifuged to collect the 
reaction at the bottom of the tube and 1 µL RNase H was added to each sample. The 
reaction was incubated at 37°C for 20 min to remove RNA leaving only the synthesised 
cDNA. The cDNA samples were stored at -20°C.

2.8. Quantitative Reverse Transcription-PCR (qRT-PCR)
qRT-PCR analysis was performed using TaqMan probes as described in the material 
section (Table 2.4.). The cDNA samples were diluted 1 in 10 in water to a concentration 
of 2.5 ng/µL. One µL cDNA solution was then added to 5 µL TaqMan mastermix, 0.5 µL 
gene-specific oligonucleotides and 3.5 µL distilled water. All samples were prepared as 
triplets and pipetted into a 384-well plate. qRT-PCR analysis of b-actin mRNA levels was 
used as a normalising standard. A water control was utilised to make sure that no PCR 
products are generated by water contaminates. The samples were analysed using the 
ABI-Prism 7900 and SDS2.2 program. All data were analysed by applying the compara-
tive threshold cycle method.
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2.9. Immunoblotting
Primary cells or cultured cells were pelleted and washed with ice-cold MT-PBS and lysed 
in 1x Onyx buffer supplemented with a protease inhibitor cocktail (Roche) for 10 min on 
ice. Cell lysates were centrifuged at 13,000 rpm to pellet cell debris. The protein contain-
ing supernatants were transferred into fresh Eppendorf tubes. The protein concentra-
tions of these lysates were determined by utilising the Bradford method (Bio-Rad). Sam-
ples were analysed using the Genios microplate reader adjusted to 595 nm absorbance. 
Protein samples were compared to a bovine serum albumin standard. 
Protein lysates (20-40 µg) were mixed with 4x Laemmli buffer containing 0.25 M Tris-
HCl pH 6.8, 40% glycerol, 8% b-mercaptoethanol, 10% SDS and 0.1% bromo-phenol 
blue. The samples were heated to 95°C for 5 min to denature the proteins. The protein 
samples were commonly loaded alongside protein standards of known molecular weight 
(Rainbow marker, Bio-Rad) onto a 10% Bis/Tris gel (Invitrogen) that was placed into a 
gel tank covered in MES buffer (Invitrogen). The proteins were separated according to 
molecular weight by electrophoresis for 1.5 h at 125 V until the blue dye front reached 
the bottom of the gel. The separated proteins were transferred onto a nitrocellulose 
membrane using the iBlot system (Invitrogen). Nitrocellulose membranes were blocked 
for 2 h using 5% skim milk powder dissolved in MT-PBS and supplemented with 0.5% 
Tween 20. 
Western blots were commonly probed with primary antibodies overnight at 4°C (Table 
2.3.). The blots were washed 3x for 5 min in MT-PBS supplemented with 0.5% Tween 
20. The blots were then incubated with secondary HRP-conjugated antibodies raised 
against mouse, rat, hamster or rabbit IgG for 1 h at room temperature and again washed 
3x for 5 min in MT-PBS supplemented with 0.5% Tween 20. Finally, blots were exposed 
to the Amersham ECL reaction and developed on an autoradiograph Hyperfilm (Amer-
sham). 

2.10. Statistical analysis
Kaplan-Meier mouse survival curves were generated and analysed with Graph Pad Prism 
(GraphPad Software Inc). Mouse cohorts were compared using the log-rank Mantel-Cox 
test. P-values of less than 0.05 were considered significant.
In vitro cell survival, blood cell counts, organ weights and RNA levels were plotted and 
analysed with GraphPad Prism using two-tailed student’s t test comparing two groups 
with each other. Error bars are presented as standard error of mean (±SEM).

2.11. Histology
Soft tissues (thymus, spleen, lymph nodes, lung, liver, kidney, pancreas, salivary gland, 
brain, testis or ovary, heart, intestine, stomach), sternum and spine were harvested and 
fixed in 80% Histochoice or 10% formalin and embedded in paraffin and stained with 
haematoxylin and eosin. 
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2.11.1. TUNEL staining
Organs of mice were excised and fixed in 80% Histochoice in ethanol prior to preparation 
of paraffin-embedded histological sections and staining with haematoxylin and eosin. 
Unstained sections were de-paraffinised prior to Proteinase K treatment (20 µg/mL). Fol-
lowing this treatment, the sections were washed 3x in 1x MT-PBS. Endogenous peroxi-
dases were blocked by incubating the sections in 3% hydrogen peroxide in methanol for 
5 min at room temperature. Sections were washed once with 1x MT-PBS and once with 
distilled water and subsequently incubated in 1x TdT buffer for 10 min at room tempera-
ture followed by washing the sections twice with 1x MT-PBS. Tissue sections were then 
incubated in 0.6 U/µL Terminal Deoxynucleotidyl Transferase (Promega), 20 µM Biotin-
16-dUTP (Roche), 1 mM CoCl2 (Sigma) in 1x Terminal Transferase Buffer (Promega) 
for 1 h at 37°C. After three washes, the sections were blocked with 2% FCS (Bovogen) 
in 1x MT-PBS for 10 min at room temperature. The blocking solution was removed and 
Vectorstain ABC (Vector Laboratories) reagents were applied according to the manufac-
turer’s instructions. The sections were then washed 3x with 1x MT-PBS and once with 
distilled water followed by DAB staining according to manufacturer’s instructions (Vector 
Laboratories). Sections were washed twice with distilled water and counterstained with 
haematoxylin or stored overnight in 70% ethanol prior to haematoxylin staining. Ethanol 
residues were removed by washing with distilled water prior to counterstaining with hae-
matoxylin.  

2.11.2. Counterstaining
Stained slides washed in distilled water were tapped dry on a towel and incubated in a 
haematoxylin solution for 15 sec. Slides were cleared of excess haematoxylin stain un-
der running water for 30 sec. Slides were dried on a towel and incubated in Scott’s tap 
water for 30 sec to fix the haematoxylin staining and washed under running water for 30 
sec. After drying, the slides were dehydrated in 100% ethanol (ethanol #1, 2 and 3) for 
2 min each, then further dehydrated with 100% xylene (#1 and 2) for 3 min each. Slides 
were cover-slipped with mounting medium by the histology department staff. 
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Chapter 3. Mcl-1 sustains survival of Myc over-expressing pre-
leukaemic B lymphoid cells and is essential for pre-B/B cell lym-
phoma development in Eµ-myc transgenic mice

3.1. Introduction
Apoptosis is a genetically programmed process for killing unwanted cells that is critical 
for normal development and tissue homeostasis in multi-cellular organisms (Hotchkiss 
et al., 2009). Defects in apoptosis are implicated in the development of a multitude of 
diseases, including cancer (Hanahan and Weinberg, 2011) and autoimmunity (Stras-
ser et al., 1991a). The proteins of the Bcl-2 family are major regulators of apoptosis 
(Youle and Strasser, 2008). The BH3-only proteins (Puma, Noxa, Bim, Bid, Bmf, Hrk, 
Bad, Bik) are activated by distinct death stimuli and essential for initiation of apoptosis, 
whereas the pro-apoptotic multi-BH domain proteins Bax/Bak are needed for mitochon-
drial outer membrane permeabilisation (MOMP) and triggering of the caspase cascade 
that dismantles the doomed cell (Chipuk and Green, 2008; Youle and Strasser, 2008). 
Conversely, the pro-survival Bcl-2 family members (Bcl-2, Bcl-xL, Mcl-1, Bcl-w, A1) are 
required for cell survival. Many cancers display abnormalities in the ratio between pro-
survival and pro-apoptotic Bcl-2 family members and it is widely believed that expression 
of pro-survival Bcl-2 family members is critical to sustain survival of nascent neoplastic 
cells and consequently tumour development (Adams and Cory, 2007b; Hanahan and 
Weinberg, 2011).

The pro-survival family member Mcl-1 is essential for early embryonic development 
(Rinkenberger et al., 2000) and for the maintenance of a broad range of cell types, 
including haematopoietic stem cells (HSC) (Opferman et al., 2005) as well as B and 
T lymphoid (Opferman et al., 2003) and certain myeloid cell types (Dzhagalov et al., 
2007). In healthy cells, Mcl-1 keeps Bak and possibly also Bax in check, but upon stress 
signals, Mcl-1 is neutralised either by its specific BH3-only binding partner Noxa or the 
promiscuous Bim, Puma or tBid liberating the pro-apoptotic multi-BH domain proteins 
to cause MOMP (Willis et al., 2005). Mcl-1 expression is regulated by a diverse range 
of growth and differentiation stimuli, including extra-cellular factors (e.g. GM-CSF, IL-7) 
that in turn activate the MAP kinase or JAK/STAT signalling pathway (Opferman, 2007). 
These pathways control mcl-1 mRNA transcription, turnover and translation as well as 
Mcl-1 protein stability (Opferman, 2007).
It is widely believed that evasion of apoptosis is essential for tumorigenesis but the mech-
anisms that inhibit apoptosis during neoplastic transformation are not resolved (Adams 
and Cory, 2007b; Hanahan and Weinberg, 2011). Defects in the Bcl-2-regulated apop-
totic pathway have been implicated in B cell lymphoma development. In humans, Bcl-2 
over-expression elicited by the t[14;18] chromosomal translocation or loss of Bim have 
been shown to cause follicular centre B cell lymphoma or mantle cell lymphoma, respec-
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tively (Adams and Cory, 2007b; Tagawa et al., 2005). Accordingly, it was found that trans-
genic over-expression of Bcl-2 (or Bcl-xL, Mcl-1) or loss of pro-apoptotic Bim, Puma or 
Bax can promote lymphoma development, particularly in the context of cell cycle deregu-
lation, for example as a consequence of Myc over-expression (Egle et al., 2004a; Egle et 
al., 2004b; Garrison et al., 2008; Hemann et al., 2004; Michalak et al., 2009; Strasser et 
al., 1990a). Although lymphomas elicited by combined over-expression of Myc and Bcl-2 
require sustained Bcl-2 over-expression (Letai et al., 2004), we, surprisingly, found that 
endogenous Bcl-2 is dispensable for Myc-induced lymphoma development although its 
loss reduced the numbers of pre-leukaemic sIg+ B lymphoid cells (Kelly et al., 2007). In 
contrast, Bcl-xL proved to be essential for the survival of pre-leukaemic pro-B/pre-B cells 
undergoing neoplastic transformation and lymphoma development in Eµ-myc transgenic 
mice (Kelly et al., 2011). It is, however, not clear whether Bcl-xL is the sole pro-survival 
Bcl-2 family member that is required for Myc-induced pre-B/B lymphoma development. 
Since Mcl-1 is critical for the survival of non-transformed pro-B/pre-B cells (Opferman 
et al., 2003), the cells of origin of Eµ-myc lymphoma (Langdon et al., 1986), and since 
loss of Mcl-1 was found to inhibit Myc-induced acute myeloid leukaemia (AML) (Xiang 
et al., 2010), I examined its role in pre-B/B lymphoma development in Eµ-myc mice. I 
found that even loss of a single allele of mcl-1 substantially reduced the survival of pre-
leukaemic pro-B/pre-B cells and delayed lymphoma development in Eµ-myc mice.

3.2. Results

3.2.1. Loss of one allele of mcl-1 delays pre-B/B cell lymphoma develop-
ment in Eµ-myc transgenic mice
Mice deficient for mcl-1 in all tissues (mcl-1-/- mice) die at embryonic day 3 prior to im-
plantation, making it impossible to generate Eµ-myc/mcl-1-/- mice. I therefore crossed 
mcl-1+/- females with Eµ-myc males to generate Eµ-myc/mcl-1+/- and control Eµ-myc off-
spring and monitored them long-term for lymphoma development (Figure 3.1.). The Eµ-
myc/mcl-1+/- mice developed pre-B or B lymphoma considerably more slowly compared 
to their Eµ-myc counterparts (median survival Eµ-myc = 89 days vs. Eµ-myc/mcl-1+/- = 
351 days; Mantel-Cox Log-rank test: p***<0.0001).  Remarkably, at the time when all 
Eµ-myc had succumbed to malignant disease (333 days), ~50% of Eµ-myc/mcl-1+/- mice 
still appeared healthy.
These results demonstrate that Mcl-1 plays a key role in Eµ-myc-driven pre-B/B cell 
lymphoma development. Since loss of one allele of bcl-x has considerably less impact 
on pre-B/B lymphoma development in Eµ-myc transgenic mice (Kelly et al., 2011) than 
loss of one allele of mcl-1 it appears that Mcl-1 is more important than Bcl-xL to sustain 
the survival of nascent malignant cells, at least those in which tumorigenesis is driven by 
Myc over-expression. 
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3.2.2. Eµ-myc/mcl-1+/- mice have lower numbers of pre-leukaemic B lym-
phoid cells compared to control Eµ-myc mice
Since Eµ-myc/mcl-1+/- mice live considerably longer, free of lymphoma, compared to 
their Eµ-myc counterparts, I investigated the impact of loss of one mcl-1 allele on pro-
duction and accumulation of leukocytes, particularly B lymphoid cells, in primary and 
secondary lymphoid organs at an early age, before these animals showed evidence of 
malignant disease.  As reported (Langdon et al., 1986), I found that Eµ-myc mice had 
a significant increase of total leukocytes in the blood (WBC, Figure 3.3. A; p**=0.0047), 
spleen (Figure 3.2. A; p=0.1065) and lymph nodes (Figure 3.2. B; p=0.3810) compared 
to wt mice. Loss of one allele of mcl-1 significantly reduced overall leukocyte counts in all 
of these tissues of Eµ-myc mice (Figure 3.3. A; blood: p***<0.0001; Figure 3.2. A, spleen 
p*=0.0159; Figure 3.2. B, lymph nodes p*=0.0449). Interestingly, leukocyte numbers in 
all tissues examined were comparable between wildtype and mcl-1+/- mice. This demon-
strates that Mcl-1 is more critical for survival of these cells when they over-express Myc. 
The erythrocyte numbers were normal (i.e. comparable to those of wildtype mice) in 
both Eµ-myc/mcl-1+/- and mcl-1+/- mice (Figure 3.3. B). Eµ-myc mice had abnormally low 
numbers of platelets compared to wildtype mice (Figure 3.3. C, p**=0.0070), possibly as 
a result of their excess WBC and increased B lymphoid cell accumulation in the bone 
marrow (Langdon et al., 1986), but loss of one allele of mcl-1 returned platelet numbers 
back to wildtype levels (Figure 3.3. C). 
B lymphoid cells originate from haematopoietic stem cells in the bone marrow (BM) 
where they undergo differentiation passing through the pro-B (B220+c-Kit+sIg-) and pre-B 
(B220+c-Kit-sIg-) stages (Rajewsky, 1996). Upon productive rearrangement of immuno-
globulin heavy (IgH) and light (Igk or Igl) chain genes, these precursors develop into 
immature B cells (B220+sIgMhisIgDlo) that emigrate into the secondary lymphoid organs 
(spleen (Sp), where they differentiate further via the transitional B (T1 and T2) B cell 
stages into mature (sIgMlosIgDhi) B cells, which can also be found in lymph nodes (LN) 
(Allman et al., 2004). Since loss of one mcl-1 allele caused a reduction in overall WBC in 
Eµ-myc mice (Figure 3.3. A), I examined the impact of mcl-1 deficiency on B lymphocyte 
development in pre-leukaemic animals, comparing 4 week-old Eµ-myc/mcl-1+/- and Eµ-
myc mice, using wildtype and mcl-1+/- mice as additional controls (Figure 3.4. A-C). 

As reported (Langdon et al., 1986), pre-leukaemic Eµ-myc mice had abnormally in-
creased numbers of pre-B and sIg+ B cells in their bone marrow (Figure 3.4. B and C). 
The loss of one allele of mcl-1 significantly reduced the numbers of pre-B (p***<0.0001) 
and sIg+ B cells (p**=0.0012) but not pro-B cells (p=0.0754; Figure 3.4. A-C). There were 
no differences in the numbers of any of the B cell subsets measured between mcl-1+/- 
and wildtype mice. Collectively, these results demonstrate that the levels of Mcl-1 are 
highly critical for the survival of Myc-over-expressing B lymphoid cells, but not critical for 
the survival of normal B lymphoid cells. 
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3.2.3. Loss of one mcl-1 allele accelerates apoptosis of Eµ-myc pro-B cells 
in culture
Based on the reductions in the numbers of pre-leukaemic pre-B cell in the bone marrow 
of Eµ-myc/mcl-1+/- mice compared to their Eµ-myc littermates, we hypothesised that loss 
of one mcl-1 allele accelerates the death Eµ-myc B lymphoid cells in culture. I therefore 
compared the in vitro survival of FACS sorted pro-B (B220+c-Kit+sIg-), pre-B (B220+c-Kit-

sIg-) and sIg+ B (B220+c-Kit-sIg+) cells isolated from the bone marrow of Eµ-myc/mcl-1+/- 
and Eµ-myc mice, using cells from wildtype and mcl-1+/- animals as additional controls 
(Figure 3.5. A-C). Surprisingly, loss of one mcl-1 allele did not affect the survival of Myc-
over-expressing (or normal) pre-B or sIg+ B cells in simple medium, but it did significantly 
accelerate the death of Eµ-myc pro-B cells (Figure 3.5. A; p24h*=0.0472, p48h**=0.0063). 

3.2.4. Impact of B cell lineage restricted deletion of mcl-1 on Myc-induced 
lymphomagenesis 
To explore the impact of complete loss of mcl-1 on Myc-induced lymphoma development 
I generated Eµ-myc mice in which one or both mcl-1 alleles are flanked by loxP sites 
and also express the Cre recombinase selectively in B lymphoid cells (Eµ-myc/CD19-
cre/mcl-1loxP/+ or Eµ-myc/CD19-cre/mcl-1loxP/loxP mice). In our mcl-1 gene-targeted mice, 
recombination of the mcl-1fl allele subjugates a 3’ located human CD4 reporter transgene 
to the mcl-1 promoter/enhancer elements. Human CD4 expression (readily detectable 
by FACS analysis) thereby serves as a reporter of mcl-1 deletion (Vikstrom et al., 2010). 
The incidence and rate of pre-B/B lymphoma development were compared between Eµ-
myc, Eµ-myc/CD19-cre, Eµ-myc/CD19-cre/mcl-1fl/+ and Eµ-myc/CD19-cre/mcl-1flfl mice 
(Figure 3.6. A). There was no difference between Eµ-myc/CD19-cre and Eµ-myc mice, 
demonstrating that the Cre recombinase expression did not exert an effect detrimental to 
lymphoma development (Eµ-myc = 89 days vs. Eµ-myc/CD19-cre 93 days; Mantle-Cox 
Log-rank test p=0.6852). Remarkably, Eµ-myc/CD19-cre/mcl-1fl/+ mice developed pre-
B/B cell lymphoma significantly slower than their Eµ-myc counterparts (median survival: 
Eµ-myc = 89 days vs. Eµ-myc/CD19-cre/mcl-1fl/+ = 151 days; Mantle-Cox Log-rank test 
p***<0.0001, Figure 3.6. A). Analysis of protein expression of primary lymphoma cells 
from Eµ-myc and Eµ-myc/CD19-cre/mcl-1fl/+ mice showed no significant difference in 
the indicated Bcl-2 family members (Figure 3.8.). Remarkably, genotyping revealed that 
most lymphomas arising in Eµ-myc/CD19-cre/mcl-1fl/+ mice had not recombined their 
loxP targeted mcl-1 allele  (Figure 3.10.)
Eµ-myc/CD19-cre/mcl-1fl/fl mice also developed pre-B/B lymphoma more slowly than Eµ-
myc mice (median survival: Eµ-myc = 89 days vs. Eµ-myc/CD19-cre/mcl-1fl/fl = 121 days, 
p*=0.0379, Figure 3.6.). Western blot analysis revealed no significant difference in pro-
tein levels of the Bcl-2 family members examined (Figure 3.8.). PCR analysis showed 
that all Eµ-myc/CD19-cre/mcl-1fl/fl pre-B or B lymphomas examined retained both of their 
mcl-1loxP alleles and, accordingly, they did not express the human CD4 reporter (Figure 
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3.10.). These results confirm that Mcl-1 is highly critical for lymphoma development in 
Eµ-myc mice. 

3.2.5. Eµ-myc/CD19-cre/mcl-1fll+ and Eµ-myc/CD19-cre/mcl-1fllfl mice show 
no difference in tumour burden compared to Eµ-myc transgenic mice 
As expected from the finding that the Eµ-myc/CD19-cre/mcl-1fll+ and Eµ-myc/CD19-
cre/mcl-1fllfl lymphomas were selected for retention of their floxed mcl-1 allele(s), mice 
with these tumours had similar leukaemic cell counts as well as spleen and lymph 
node weights at autopsy compared to sick, control Eµ-myc mice (Figure 3.6. B and 
C, 3.7. A-C; Eµ-myc/CD19-cre/mcl-1fll+ vs. Eµ-myc: pWBC=0.0828, pRBC=0.9918, pPlate-

let=0.4251, pSp=0.4974, pLN=0.2456; Eµ-myc/CD19-cre/mcl-1fl/fl vs. Eµ-myc: pWBC=0.3628, 
pRBC=0.6925 pPlatelet=0.5888, pSp=0.3570, pLN=0.8606). Upon transplantation into C57BL/6 
recipient mice, lymphomas from both Eµ-myc/CD19-cre/mcl-1fll+ and Eµ-myc/CD19-cre/
mcl-1fllfl mice grew readily, verifying their transformed status (Figure 3.11.). All lympho-
mas growing in transplant recipient mice were human CD4 negative, confirming that the 
malignant cells had been selected for retention of their mcl-1fl allele(s) (Figure 3.9.). 

3.2.6. Specific deletion of one mcl-1 allele in B lymphoid cells significantly 
reduces pre-leukaemic pre-B cells in Eµ-myc mice
To understand why lymphomas from Eµ-myc/CD19-cre/mcl-1fll+ and Eµ-myc/CD19-cre/
mcl-1fllfl mice out-grow as human CD4-negative tumours that have not deleted the floxed 
mcl-1 allele, I analysed pre-leukaemic Eµ-myc, Eµ-myc/CD19-cre, Eµ-myc/CD19-cre/
mcl-1fll+ and as control CD19-cre/mcl-1fll+ and wildtype mice at the age of 4-6 weeks. 
The total leukocyte numbers of Eµ-myc, Eµ-myc/CD19-cre and Eµ-myc/CD19-cre/
mcl-1fll+ mice in the bone marrow and lymph nodes resembled those of wildtype mice 
but there was a marked increase in leukocyte numbers for Eµ-myc mice in the spleen 
(Figure 3.12. A-C). I found that Eµ-myc/CD19-cre/mcl-1fll+ mice displayed a significant 
reduction in pre-B cells (ppro-B=0.6472, ppre-B**=0.0098), as observed for Eµ-myc/mcl-1+/- 
mice (Figure 3.4.), but a significant increase in sIg+ B cells when compared to control 
Eµ-myc mice (psIg B*=0.0346). Pro-B cell numbers were similar in mice of all genotypes 
(Figure 3.13. A-C). Since pre-B cell numbers were significantly reduced in pre-leukaemic 
Eµ-myc/CD19-cre/mcl-1fll+ mice compared to control Eµ-myc mice, I was interested to 
determine whether mcl-1fl is efficiently deleted in these cells. I therefore stained splenic 
lymphocytes of pre-leukaemic Eµ-myc, Eµ-myc/CD19-cre/mcl-1fll+ as well as those from 
control CD19-cre/mcl-1fll+ and wildtype animals with anti-B220 (B cell marker) and also 
with anti-human CD4 (reporter for mcl-1 deletion) antibodies and gated on B220+ cells 
(Figure 3.14.). B lymphoid cells from Eµ-myc and wildtype mice did not express (as 
expected) human CD4 expression. In contrast, B lymphoid cells from CD19-cre/mcl-1fll+ 
were composed of two distinct populations, one negative and the other positive (~41%) 
for human CD4 expression. This demonstrates that some B lymphoid cells were unable 
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to delete mcl-1. Interestingly, the deletion of the mcl-1fl allele in B lymphoid cells from 
Eµ-myc/CD19-cre/mcl-1fll+ (~21%) mice was markedly reduced compared to B lymphoid 
cells from CD19-cre/mcl-1fll+ mice (~41%). This indicates that Myc over-expression ren-
ders pre-leukaemic B lymphoid cells exquisitely dependent on Mcl-1 for their survival.  
Interestingly, when I compared the survival of pre-leukaemic pro-B, pre-B and sIg+ B cells 
of Eµ-myc and Eµ-myc/CD19-cre/mcl-1fll+ mice in simple growth medium (without the 
addition of cytokines) I found no difference between cells of the two different genotypes. 
This result is in contrast to my finding that pre-leukaemic pro-B cell from Eµ-myc/mcl-1+l- 
mice die more rapidly in culture than pro-B cells from control Eµ-myc mice (Figure 3.4.). 
The reason for this difference is most likely that in Eµ-myc/mcl-1+l- mice all (100%) of the 
pro-B cells lack one allele of mcl-1, whereas in the Eµ-myc/CD19-cre/mcl-1fll+ mice only 
~20%. These results demonstrate that already at the pre-leukaemic state there exists 
potent selection against Myc over-expressing B lymphoid cells that have deleted their 
floxed mcl-1 lymphomas allele(s) and that Eµ-myc/CD19-cre/mcl-1fll+ and Eµ-myc/CD19-
cre/mcl-1fl/fl mice contain large pools of pre-leukaemic B lymphoid cells that have failed 
to delete their mcl-1 alleles from which the malignant lymphomas will eventually emerge.

3.3. Discussion
Evasion of cell death is considered an essential requirement for the development of 
cancers (Adams and Cory, 2007b; Hanahan and Weinberg, 2011). Impaired apoptosis 
is often a result of the deregulation of members of the Bcl-2 family, particularly in hae-
matological malignancies. Evasion of apoptosis, that is triggered either by normal de-
velopmental cues or stress induced by oncogenic mutations (e.g. Myc over-expression) 
provides nascent neoplastic cells with the opportunity to undergo further rounds of pro-
liferation, thereby facilitating the acquisition of additional oncogenic lesions that promote 
neoplastic transformation (Adams and Cory, 2007b). Over-expression of all pro-survival 
Bcl-2 family members tested, namely Bcl-2 itself (Strasser et al., 1990a), Bcl-xL (Swan-
son et al., 2004) or Mcl-1 (Campbell et al., 2010), can accelerate Myc-induced lymphoma 
development. This does not necessarily mean that endogenous expression of these 
pro-survival proteins is essential for Myc-induced lymphoma development. Indeed, our 
group has previously shown that although endogenous Bcl-xL is essential for lymphoma 
development in Eµ-myc transgenic mice (Kelly et al., 2011), Bcl-2 proved to be dispens-
able (Kelly et al., 2007). The finding that Bcl-xL is required for lymphoma development 
in Eµ-myc mice does not exclude the possibility that another pro-survival Bcl-2 family 
member may also be essential. Here I show that not only Bcl-xL, but also Mcl-1 is critical 
for Myc-induced lymphoma development. Remarkably, even loss of only one allele of 
mcl-1 substantially extended lymphoma-free survival of Eµ-myc mice. The observation 
that loss of one mcl-1 allele has far greater impact on the rate of lymphoma onset in Eµ-
myc mice than loss of one bcl-x allele (Kelly et al., 2007) implies that Mcl-1 has greater 
importance in sustaining the survival of pre-leukemic B lymphoid cells undergoing neo-
plastic transformation. This is consistent with the finding that loss of one mcl-1 allele (but 
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not loss of one bcl-x allele (Kelly et al., 2007) reduces the numbers of pre-leukaemic B 
lymphoid cells and accelerates apoptosis of the pro-B cells. This is thought to delay tu-
morigenesis by limiting the precursors from which these pre-B/B lymphomas arise upon 
acquisition of cooperating oncogenic mutations. 
I also employed conditional gene targeting to examine the consequences of loss of Mcl-1 
selectively in B lymphoid cells (using a CD19-cre transgene) for Eµ-myc mice. The num-
bers of pre-leukaemic pre-B lymphoid cells were significantly reduced in Eµ-myc/CD19-
cre/mcl-1fl/+ mice compared to Eµ-myc controls, indicating that the one floxed mcl-1 allele 
must have been deleted fairly efficiently. Although, Eµ-myc/CD19-cre/mcl-1fl/+ B lymphoid 
cells are less efficient in deleting their mcl-1fl allele compared to their counterparts from 
control (no Eµ-myc transgene) CD19-cre/mcl-1fl/+ mice. This might explain, why Eµ-myc/
CD19-cre/mcl-1fl/+ as well as Eµ-myc/CD19-cre/mcl-1fl/fl mice showed only a relatively mi-
nor, albeit significant, delay in lymphoma development compared to Eµ-myc or Eµ-myc/
CD19-cre mice. Certainly the extensions in lifespan in Eµ-myc/CD19-cre/mcl-1fl/+ as well 
as Eµ-myc/CD19-cre/mcl-1fl/fl mice were considerably less than that seen in Eµ-myc/mcl-
1+/- mice. This could be explained by the observation that the pre-B/B lymphomas aris-
ing in Eµ-myc/CD19-cre/mcl-1fl/+ and Eµ-myc/CD19-cre/mcl-1fl/fl mice had been selected 
against loss of their mcl-1 allele(s). It therefore appears that cells that have not recom-
bined their loxP targeted mcl-1 allele(s) have a tremendous advantage in progressing 
through further steps of neoplastic transformation. 
An interesting question arising from my work is: why are two pro-survival Bcl-2 family 
members, namely Bcl-xL and Mcl-1, critical for Myc-induced lymphoma development. 
One possibility is that significant levels of both of these pro-survival Bcl-2 family mem-
bers are necessary within the one cell type to mount a sufficient barrier to keep the 
pro-apoptotic Bcl-2 family members in check. Alternatively, Mcl-1 and Bcl-xL might be 
needed to sustain survival of cells during distinct stages of B lymphopoiesis or neoplas-
tic progression. In conclusion, my results demonstrate that Mcl-1 is essential for Myc-
induced lymphoma development. Consequently, if this pro-survival Bcl-2 family member 
is required not only for the survival of cells undergoing neoplastic transformation but also 
for sustaining the survival and continued expansion of malignant lymphoma cells, Mcl-1 
constitutes a potential target for therapeutic intervention. 
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Figure 3.1. Loss of one allele of mcl-1 is sufficient to significantly prolong survival 
of Eµ-myc transgenic mice
Kaplan-Meier survival curve comparing Eµ-myc (n=105) and Eµ-myc/mcl-1+/- (n=13) 
mice (Mantel-Cox Log-rank test: p***<0.0001). Median onset of pre-B/B cell lymphoma 
was 89 days for Eµ-myc mice and 351 days for Eµ-myc/mcl-1+/- mice.
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Figure 3.2. Deletion of one allele of mcl-1 significantly decreases total leukocyte 
cellularity of spleen and lymph nodes in pre-leukaemic Eµ-myc transgenic mice
Total leukocyte cellularity of spleen and lymph nodes of pre-leukaemic wildtype (mcl-1+/+), 
mcl-1+/-, Eµ-myc and Eµ-myc/mcl-1+/- mice was determined by visual counting using a hae-
matocytometer. Comparison between Eµ-myc and Eµ-myc/mcl-1+/-: pSp*=0.0159±SEM; 
pLN*=0.0449±SEM. 
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Figure 3.3. Loss of one allele of mcl-1 significantly reduces total leukocyte num-
bers in the blood of pre-leukaemic Eµ-myc transgenic mice
The numbers of leukocytes (WBC; A), red blood cells (RBC; B) and platelets (C) in pe-
ripheral blood of 4-6 week-old pre-leukaemic wildtype (mcl-1+/+), mcl-1+/-, Eµ-myc and 
Eµ-myc/mcl-1+/- mice were determined using an ADVIA blood analyser. (Eµ-myc vs. Eµ-
myc/mcl-1+/-: pWBC***<0.0001±SEM; pRBC=0.7657±SEM; pplatelet*=0.0112 ±SEM). 
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Figure 3.4. Loss of one allele of mcl-1 reduces the numbers of pre-leukaemic B 
lymphoid cells in Eµ-myc transgenic mice
Total numbers of pro-B (B220+c-Kit+sIg-), pre-B (B220+c-Kit-sIg-) and sIg+ B cells (B220+c-
Kit-sIg+) in the bone marrow of 4-6 week-old pre-leukaemic wildtype (mcl-1+/+), mcl-1+/-, 
Eµ-myc and Eµ-myc/mcl-1+/- mice was determined by flow cytometric analysis. Compari-
son between Eµ-myc and Eµ-myc/mcl-1+/- mice: pro-B cells (p=0.0754±SEM; A); pre-B 
cells (p***<0.0001±SEM; B); sIg+ B cells (p**=0.0012±SEM; C).
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Figure 3.5. Impact of loss of one allele of mcl-1 on in vitro survival of pre-leukae-
mic Eµ-myc transgenic B lymphoid cells 
FACS sorted pro-B (B220+c-Kit+sIg-; A), pre-B (B220+c-Kit-sIg-; B) and sIg+ B cells 
(B220+c-Kit-sIg+; C) from the bone marrow of 4-6 week-old pre-leukaemic wildtype (mcl-
1+/+), mcl-1+/-, Eµ-myc and Eµ-myc/mcl-1+/- mice were cultured in simple medium (no add-
ed growth factors). Cell viability was examined at the indicated time points by staining 
with Annexin-V-FITC plus propidium iodide followed by FACS analysis (Annexin-V-/PI- 
cells were considered to be alive). (C) Pro-B cells from Eµ-myc/mcl-1+/- mice displayed 
significantly increased apoptosis after 24 and 48 h in culture compared to their Eµ-myc 
counterparts (p24h*=0.0472±SEM; p48h**=0.0063±SEM). No statistically significant differ-
ences in cell survival were found for pre-B cells and sIg+ B cells.
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Figure 3.6. Specific loss of one or both alleles of mcl-1 in B lymphoid cells signifi-
cantly delays B cell lymphoma onset
(A) Kaplan-Meier survival curves comparing Eµ-myc (n=105), Eµ-myc/CD19-cre (n=19), 
Eµ-myc/CD19-cre/mcl-1fl/+ (n=41) and Eµ-myc/CD19-cre/mcl-1fl/fl mice (n=11). Mantel-
Cox Log-rank test Eµ-myc vs. Eµ-myc/CD19-cre: p=0.6852; Eµ-myc vs. Eµ-myc/CD19-
cre/mcl-1fl/+: p***<0.0001; Eµ-myc vs. Eµ-myc/CD19-cre/mcl-1fl/fl: p*=0.0379). Median 
onset of pre-B/B cell lymphoma: Eµ-myc: 89 days; Eµ-myc/CD19-cre: 93 days, Eµ-myc/
CD19-cre/mcl-1fl/+ 151 days, Eµ-myc/CD19-cre/mcl-1fl/fl: 121 days. 
At autopsy, lymphoma-burdened Eµ-myc/CD19-cre, Eµ-myc/CD19-cre/mcl-1fl/+ 
and Eµ-myc/CD19-cre/mcl-1fl/fl mice displayed no significant differences in spleen 
(p=0.7018±SEM; p=0.4974±SEM; p=0.3570±SEM, respectively; B) and lymph node 
weights (p=0.3116±SEM; p=0.1179±SEM; p=0.2456±SEM, respectively; C) compared 
to sick Eµ-myc mice.
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Figure 3.7. Loss of one or both alleles of mcl-1 in B lymphoid cells does not sig-
nificantly reduce leukocyte counts in lymphoma-burdened Eµ-myc, Eµ-myc/CD19-
cre, Eµ-myc/CD19-cre/mcl-1fll+ and Eµ-myc/CD19-cre/mcl-1fl/fl mice
At autopsy, lymphoma-burdened Eµ-myc/CD19-cre, Eµ-myc/CD19-cre/mcl-1fl/+ and 
Eµ-myc/CD19-cre/mcl-1fl/fl displayed no significant (p=0.0842±SEM; p=0.0828±SEM; 
p=0.3628±SEM, respectively; A) differences in WBC counts, RBC counts (p=0.9455±SEM, 
p=0.9918±SEM, p=0.6925±SEM, respectively; B) or platelet counts (p=0.6679±SEM, 
p=0.4251±SEM, p=0.5888±SEM, respectively; C) compared to sick Eµ-myc mice.
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Figure 3.8. Expression of Bcl-2 family members in pre-B/B lymphomas from Eµ-
myc/CD19-cre/mcl-1fl/+, Eµ-myc/CD19-cre/mcl-1fl/fl and Eµ-myc mice
The levels of pro-survival as well as pro-apoptotic members of the Bcl-2 protein fam-
ily in pre-B/B lymphomas of Eµ-myc, Eµ-myc/CD19-cre/mcl-1fl/+ and Eµ-myc/CD19-cre/
mcl-1fl/fl mice were determined by Western blot analysis. Panel 1 shows representative 
samples probed with antibodies specific for Mcl-1, Bcl-2, Bcl-xL, Bim, Puma, Bak, p53 
and Hsp70 (loading control), comparing lysates from Eµ-myc/CD19-cre/mcl-1fl/+ and Eµ-
myc lymphomas. Panel 2 shows representative samples probed with Mcl-1, Bcl-2, Bcl-
xL, Bim, Puma, Bak, p53 and Hsp70 (loading control), comparing lysates from Eµ-myc/
CD19-cre/mcl-1fl/fl and Eµ-myc lymphomas.
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Figure 3.9. Flow cytometric analysis reveals selection against mcl-1fl deletion in 
lymphomas arising in Eµ-myc/CD19-cre/mcl-1fl/+ and Eµ-myc/CD19-cre/mcl-1fl/fl 
mice
Flow cytometric analysis of pre-B (positive control; CD19-cre/mcl-1fl/+) or B lymphoma 
cells from the spleens of sick Eµ-myc, Eµ-myc/CD19-cre/mcl-1fl/+ or Eµ-myc/CD19-cre/
mcl-1fl/fl mice stained with anti-B220 and anti-human CD4 monoclonal antibodies reveals 
only minor or no positive staining for human CD4 expression, an indicator of mcl-1fl dele-
tion.
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Figure 3.10. Genotypical analysis shows that mcl-1fl alleles are not recombined in 
pre-B/B lymphoma cells arising in Eµ-myc/CD19-cre/mcl-1fl/+ or Eµ-myc/CD19-cre/
mcl-1fl/fl mice
Genotypical analysis of sorted (human CD4+ and human CD4-) pre-B or B lymphoma 
cells from spleens of sick Eµ-myc, Eµ-myc/CD19-cre, Eµ-myc/CD19-cre/mcl-1fl/+ or Eµ-
myc/CD19-cre/mcl-1fl/fl mice using specific primers to detect the wildtype mcl-1 allele, the 
floxed mcl-1 allele, cre or the deleted mcl-1 allele. This analysis reveals that only a minor 
fraction of pre-B or B lymphoma cells from Eµ-myc/CD19-cre/mcl-1fl/+ or Eµ-myc/CD19-
cre/mcl-1fl/fl mice had recombined their mcl-1fl allele(s).  
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Figure 3.11. Lymphoma cells from Eµ-myc/CD19-Cre/mcl-1fl/+ or Eµ-myc/CD19-cre/
mcl-1fl/fl mice can grow as transplanted tumours in recipient mice
C57BL/6-Ly5.1 recipient mice were injected with 1x106 pre-B or B lymphoma cells from 
spleens of sick Eµ-myc, Eµ-myc/CD19-cre, Eµ-myc/CD19-cre/mcl-1fl/+ or Eµ-myc/CD19-
cre/mcl-1fl/fl mice. No statistically significant differences in survival of recipient mice trans-
planted with lymphomas of the different genotypes were detected (Mantel-Cox Log-rank 
test: Eµ-myc vs. Eµ-myc/CD19-cre: p=0.648, Eµ-myc vs. Eµ-myc/CD19-cre/mcl-1fl/+ lym-
phomas p=0.1142; Eµ-myc mice vs. Eµ-myc/CD19-cre/mcl-1fl/fl lymphomas p=0.5042).
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Figure 3.12. B lymphoid cellularity in the bone marrow of pre-leukaemic Eµ-myc, 
Eµ-myc/CD19-cre and Eµ-myc/CD19-cre/mcl-1fll+ 

Total leukocyte cellularity of the bone marrow (BM, A), spleen (Sp, B) and lymph nodes 
(LN, C) from 4-6 week-old pre-leukaemic Eµ-myc, Eµ-myc/CD19-cre and Eµ-myc/CD19-
cre/mcl-1fl/+ mice and, as a control, wildtype mice was determined by visual counting 
using a haematocytometer. 
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Figure 3.13. Specific deletion of one allele of mcl-1 in B lymphoid cells reduces the 
numbers of pre-leukaemic B lymphoid cells in Eµ-myc transgenic mice
Total numbers of pro-B (B220+c-Kit+sIg-), pre-B (B220+c-Kit-sIg-) and sIg+ B cells (B220+c-
Kit-sIg+) in the bone marrow of 4-6 week-old pre-leukaemic wildtype (mcl-1+/+), Eµ-myc, 
Eµ-myc/CD19-cre and Eµ-myc/CD19-cre/mcl-1fl/+ mice was determined by flow cyto-
metric analysis. Comparison between Eµ-myc and Eµ-myc/CD19-cre mice: pro-B cells 
(p=0.1715±SEM; A); pre-B cells (p=0.0901±SEM; B); sIg+ B cells (p=0.4603±SEM; C). 
Eµ-myc and Eµ-myc/CD19-cre/mcl-1fl/+ mice: pro-B cells (p=0.6472±SEM; A); pre-B 
cells (p**=0.0098±SEM; B); sIg+ B cells (p*=0.0346±SEM; C).
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Figure 3.14. Deletion of mcl-1fl in B lymphoid cells is less efficient in pre-leukaemic 
Eµ-myc/CD19-cre/mcl-1fl/+ transgenic mice compared to CD19-cre/mcl-1fl/+ mice
Flow cytometric analysis of B lymphoid cells of pre-leukaemic Eµ-myc, Eµ-myc/CD19-
cre and Eµ-myc/CD19-cre/mcl-1fl/+ and, as a further control, wildtype mice. Splenocytes 
were stained with anti-B220 (B cell marker) and anti-human CD4 (reporter for mcl-1 de-
letion) antibodies. Cells presented in the histogram are gated on B220-positive stained 
B cells.



Chapter 3

99

100 101 102 103 104

FL2-H: B220

0

20

40

60

80

# 
Ce

lls

20.5

100 101 102 103 104

FL2-H: B220

0

20

40

60

80

100
# 

Ce
lls

0.23

100 101 102 103 104

FL2-H: B220

0

30

60

90

120

# 
Ce

lls

0.35

100 101 102 103 104

FL2-H: B220

0

20

40

60

80

# 
Ce

lls

40.6

C
el

l n
um

be
r

C
el

l n
um

be
r

hCD4-PE

Eµ-myc Eµ-myc/CD19-cre/mcl-1

wildtype CD19-cre/mcl-1

hCD4-PE

fl/+

fl/+



Chapter 3

100

Figure 3.15. In vitro survival of pro-B, pre-B and sIg+ B lymphoid cells from pre-
leukaemic Eµ-myc and Eµ-myc/CD19-cre/mcl-1fll+ mice
FACS sorted pro-B (B220+c-Kit+sIg-; A), pre-B (B220+c-Kit-sIg-; B) and sIg+ B cells 
(B220+c-Kit-sIg+; C) from the bone marrow of 4-6 week-old pre-leukaemic wildtype, Eµ-
myc, Eµ-myc/CD19-cre and Eµ-myc/CD19-cre/mcl-1fl/+ mice were cultured in simple 
medium (no added growth factors). Cell viability was examined at the indicated time 
points by staining with Annexin-V-FITC plus propidium iodide followed by FACS analysis 
(Annexin-V-/PI- cells were considered to be alive).
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Chapter 4. Prophylactic treatment with the BH3 mimetic ABT-737 
inhibits Myc-driven lymphomagenesis in mice

4.1. Introduction
Evasion of apoptosis is a prerequisite for the development of most, possibly all, malig-
nancies (Cory and Adams, 2002; Hanahan and Weinberg, 2000; Letai, 2008). Interac-
tions between the pro-survival and pro-apoptotic members regulate apoptosis signalling 
(Chipuk and Green, 2008; Strasser et al., 2011a). The members promoting cell survival 
include Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1; largely due to their diverse expression pat-
terns, particular ones are critical to sustain specific cell types (Youle and Strasser, 2008). 
One sub-group of the pro-apoptotic members, the so-called multi-BH domain pro-apop-
totic members, includes Bax and Bak, which, akin to their pro-survival relatives, contain 
four Bcl-2 homology (BH) regions. Activation of Bax or Bak is essential for the pivotal 
step of mitochondrial outer membrane permeabilisation (MOMP), which unleashes the 
caspase cascade that demolishes the cell (Chipuk and Green, 2008; Lindsten et al., 
2000). Members of the more distantly related second pro-apoptotic group, the so-called 
BH3-only proteins (Bim, Puma, Bid, Bmf, Bad, Bik, Noxa, Hrk), which are activated by 
diverse stress stimuli (including cytokine deprivation and DNA damage), initiate apopto-
sis signalling. They can activate Bax and Bak either by binding them directly, or indirectly 
by liberating them from guardian pro-survival Bcl-2 relatives or both ways (Chipuk and 
Green, 2008; Merino et al., 2009; Strasser et al., 2011b).

As recently reviewed (Strasser et al., 2011b), both genetic alterations in human cancers 
and analysis of transgenic mice over-expressing Bcl-2 or one of its pro-survival homo-
logues leave no doubt that these proteins can contribute to tumorigenesis. However, 
on its own, the tumorigenic impact of Bcl-2 over-expression or any defect in apoptosis 
(e.g. loss of Bim) is relatively low (McDonnell and Korsmeyer, 1991; Strasser et al., 
1993b), unless an oncogene that promotes abnormal cell cycling, such as Myc, is also 
abnormally expressed (Strasser et al., 1990a). As many of the mutations that initiate on-
cogenesis, like those imposing Myc over-expression, disturb cell cycle checkpoints and 
thereby render cells more sensitive to apoptosis (Evan and Vousden, 2001), I reasoned 
that emerging neoplastic clones might be exquisitely dependent upon the endogenous 
levels of certain Bcl-2 pro-survival proteins for their sustained survival, and hence ability 
to be transformed into a malignant cancer. I examined this hypothesis using the well-
studied lymphoma-prone Eµ-myc transgenic mouse model, in which enforced Myc over-
expression creates an expanded pool of proliferating pro-B and pre-B lymphocytes from 
which malignant clonal pre-B or B lymphomas emerge (Adams et al., 1985; Harris et al., 
1988; Langdon et al., 1986). To test the consequences of loss of Bcl-2 or Bcl-xL in these 
mice, we circumvented the early postnatal or embryonic lethality caused by loss of Bcl-2 
or Bcl-xL, respectively, by generating cohorts of chimaeric mice in which the haematopoi-



Chapter 4

104

etic system was of Eµ-myc/bcl-2-/-, Eµ-myc/bcl-x-/- or control Eµ-myc genotype (Kelly et 
al., 2011; Kelly et al., 2007).

Bcl-2 and Bcl-xL both proved critical for the survival of pre-leukaemic Eµ-myc sIg+ B cells, 
but only Bcl-xL was required for the survival and accumulation of pre-leukaemic Eµ-myc 
pro-B and pre-B cells. Remarkably, loss of Bcl-2 affected neither the incidence nor rate 
of lymphoma development (Kelly et al., 2007), whereas loss of Bcl-xL abrogated lympho-
magenesis (Kelly et al., 2011). These observations are consistent with the notion that the 
pro-B and pre-B cell stages are critical for neoplastic progression in the Eµ-myc mouse 
lymphoma model, most likely due to their high rate of proliferation and the genomic insta-
bility caused by immunoglobulin gene rearrangement, which both facilitate acquisition of 
mutations (Wang et al., 2009).

Our demonstration that Bcl-xL was essential for the survival of Myc-driven lymphoma-
initiating cells while they acquire the additional oncogenic lesions that propel neoplas-
tic transformation raised the possibility that pharmacological blockade of Bcl-xL might, 
like loss of the bcl-x gene, inhibit Myc-induced lymphoma development. BH3 mimet-
ics, synthetic compounds that mimic the BH3-only proteins by engaging and inhibiting 
one or more of the pro-survival proteins, are showing great promise for cancer therapy 
(Lessene et al., 2008; Oltersdorf et al., 2005; Strasser et al., 2011a), but their potential 
as prophylactics for preventing cancer development remains largely unexplored. Here I 
demonstrate that prophylactic treatment of pre-leukaemic Eµ-myc mice with the BH3 mi-
metic ABT-737, which neutralises Bcl-xL, Bcl-2 and Bcl-w but not Mcl-1 or A1 (Oltersdorf 
et al., 2005; van Delft et al., 2006), markedly delayed the onset and greatly reduced the 
incidence of lymphoma development.

4.2. Results
To generate standardised cohorts of lymphoma-prone animals, the haematopoietic sys-
tem of lethally irradiated C57BL/6-Ly5.1 mice was reconstituted with the foetal liver stem 
cells of E14.5 Eµ-myc transgenic embryos. Six weeks post reconstitution, the recipient 
mice (hereafter called Eµ-myc) were either treated with a single dose of ABT-737 (75 
mg/kg body weight) or vehicle to monitor acute effects on the pre-leukaemic B lymphoid 
compartment, or 3 times a week for an 8-week period to assess long-term effects on 
lymphomagenesis (Figure 4.1.). 

4.2.1. ABT-737 reduces the numbers of pre-leukaemic B lymphoid cells in 
Eµ-myc mice
The enforced Myc expression in Eµ-myc mice generates a several-fold elevation in pro-
B and pre-B cell numbers that is evident in several haematopoietic tissues (Langdon et 
al., 1986), but this also renders these lymphocytes more susceptible to apoptotic stimuli 
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(Strasser et al., 1996). I wanted to assess whether ABT-737 affects the pre-leukaemic 
abnormalities caused by Myc over-expression. Therefore, I treated reconstituted mice 
with a single dose of ABT-737 (75 mg/kg; Figure 4.1.) and sacrificed these animals for 
analysis 24 h post treatment (Figure 4.2.). Notably, compared to the vehicle control treat-
ed animals, the drug-treated Eµ-myc mice had a marked drop in pre-leukaemic pro-B, 
pre-B and sIg+ B cells in the blood (Figure 4.2. B; ppro-B**<0.01, ppre-B***<0.001 and psIg 

B***<0.001) and also of pre-B cells in the lymph nodes (Figure 4.2. D; ppre-B**<0.01), as 
well as a significant reduction of sIg+ B cells in the bone marrow and spleen (Figure 4.2. 
A and C; pBM**<0.01 and pSp***<0.001). 

TUNEL staining for DNA strand breaks, a hallmark of apoptosis, revealed that ABT-
737-treated Eµ-myc animals contained significantly (p**<0.01) more apoptotic cells in 
their bone marrow than vehicle-treated mice (Figure 4.3. A and B). This suggests that the 
reduction in lymphocyte numbers as demonstrated in Figure 4.2. is caused by an increase 
in apoptosis. Furthermore, cell sorted pre-leukaemic pro-B and pre-B cells from the bone 
marrow of the Eµ-myc mice treated for 24 h with a single dose of ABT-737 or vehicle and 
cultured them in simple medium (i.e. without addition of ABT-737 or cytokines). The Eµ-
myc transgenic lymphocytes exposed in vivo to ABT-737 died more rapidly (ppro-B**<0.01 
and ppre-B*<0.05) in culture than their counterparts from vehicle-treated Eµ-myc animals 
(Figure 4.4.). Collectively, these results demonstrate that ABT-737 treatment causes a 
significant reduction in the pre-leukaemic Myc over-expressing B lymphoid cells within 
the whole animal by increasing their propensity to undergo apoptosis.

4.2.2. ABT-737 substantially delayed the onset and reduces the incidence of 
Myc-driven lymphoma 
Next I investigated whether the reduction in pre-leukaemic B lymphoid cells and their 
increased rate of apoptosis elicited by ABT-737 treatment translated into a delay and/
or reduction in incidence in Myc-induced lymphomagenesis. From 6 to 14 weeks after 
reconstitution, cohorts of transgenic mice were treated three times a week with ABT-737 
(75 mg/kg) or vehicle (Figure 4.1.) and then monitored for up to 18 months to determine 
the impact of the drug on the incidence and rate of lymphoma development. The vehi-
cle-treated Eµ-myc mice developed lymphoma as early as 9 weeks post-reconstitution, 
reaching a tumour incidence of ~80% by 60 weeks (Figure 4.5.). In striking contrast, all 
ABT-737-treated Eµ-myc mice remained tumour-free until 24 weeks post reconstitution 
and only 2 of 15 (13.4%) succumbed to lymphoma by 60 weeks (p***<0.001; Figure 4.5.). 

Notably, the only two lymphomas that arose in the drug-treated arm developed 8 and 
40 weeks after cessation of ABT-737 treatment (Figure 4.5.), and therefore both almost 
certainly developed in the complete absence of the drug. Furthermore, the expression 
of Bcl-2 family members and sensitivity in culture to apoptotic stimuli of cell lines derived 
from these tumours closely resembled that of conventional Eµ-myc lymphoma derived 
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cell lines (Figure 4.6.). Hence, I believe that these lymphomas represent tumours that 
emerged after ABT-737 blockade had ceased. 

4.3. Discussion
The now widely accepted concept that cells must evade apoptosis to become malig-
nant (Cory and Adams, 2002; Hanahan and Weinberg, 2011; Letai, 2008; Strasser et 
al., 2011a) was engendered by the discoveries that bcl-2, commonly translocated in 
human follicular lymphoma, promotes cell survival (Vaux et al., 1988) and that its over-
expression in transgenic mice promotes lymphomagenesis (McDonnell and Korsmeyer, 
1991) (Strasser et al., 1993a). However, compared to the tumorigenesis driven by the 
Eµ-myc transgene (Harris et al., 1988), Bcl-2 over-expression alone is slow and of low 
penetrance (McDonnell and Korsmeyer, 1991; Strasser et al., 1993a). Hence, I surmise 
that the initial mutations leading to most cancers enhance proliferation or self-renewal, 
and those impairing apoptosis are selected later, for example to counter the stress im-
posed by disrupted cell cycle checkpoints. If so, emerging neoplastic clones must initially 
be sustained by endogenous levels of expression of Bcl-2 pro-survival proteins. Accord-
ingly, Bcl-xL proved to be essential for emergence of Eµ-myc lymphomas (Kelly et al., 
2011). 

That discovery prompted me to test whether a BH3 mimetic could retard or even inhibit 
tumorigenesis, and I show here that treatment with ABT-737 (Oltersdorf et al., 2005) 
provided effective prophylaxis against Myc-induced lymphomagenesis. I believe that the 
prophylactic effect of ABT-737 can be ascribed largely (possibly solely) to its ability to 
antagonise Bcl-xL and not its other targets, Bcl-2 and Bcl-w (Oltersdorf et al., 2005). Bcl-
w is probably not important in this setting because it is only poorly expressed in both 
normal lymphocytes (O’Reilly et al., 2001) and Myc-over-expressing pre-leukaemic pro-
B and pre-B lymphoid cells (Michalak et al., 2009), the cell types from which the Eµ-myc 
lymphomas are thought to arise (Adams et al., 1985) (Harris et al., 1988). Furthermore, 
loss of Bcl-2 did not have notable impact on the onset or incidence of Eµ-myc lymphoma 
and did not lower the numbers of the pro-B and pre-B cells in pre-leukaemic Eµ-myc 
mice (Kelly et al., 2007). In contrast, both loss of Bcl-xL (Kelly et al., 2011) and ABT-737 
prophylaxis reduced the numbers of Eµ-myc B lymphoid cells, rendered them sensitive 
to apoptosis and strongly inhibited Myc-induced lymphomagenesis. 
 
Notably, the only two mice treated prophylactically with ABT-737 that developed lym-
phoma presented with tumours 8 and 40 weeks after ABT-737 treatment had ceased 
(Figure 4.5.). As BH3 mimetics, including ABT-737, have only a short half-life (Vogler 
et al., 2010), these tumours probably arose from Myc-driven pre-leukaemic precursors 
that acquired cooperating oncogenic lesions after ABT-737 had disappeared from the 
mice. Consistent with this hypothesis, neither of these two lymphomas displayed any 
overt abnormalities in expression of pro-survival or pro-apoptotic Bcl-2 family members 
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or behaviour in culture that might be expected from lymphoma cells that had undergone 
neoplastic progression under selective pressure exerted by ABT-737, such as marked 
elevation in Mcl-1 (van Delft et al., 2006) or generalised resistance to apoptosis. These 
observations indicate that several shorter intervals of ABT-737 prophylaxis might inhibit 
Eµ-myc induced lymphoma development even more efficiently than the single-period 
treatment strategy that I had employed. 

Over-expression of Myc increases expression of the pro-apoptotic BH3-only Bcl-2 family 
members Bim and Puma (Egle et al., 2004b; Michalak et al., 2009), and loss of Bim or 
Puma accelerates Eµ-myc-induced lymphomagenesis (Egle et al., 2004b; Garrison et 
al., 2008; Hemann et al., 2005; Hemann et al., 2004; Michalak et al., 2009). Hence, I sur-
mise that in the pre-leukaemic pro-B and pre-B cells of Eµ-myc mice treated with ABT-
737 the elevated levels of Bim and Puma elicited by Myc over-expression overwhelm the 
pro-survival Bcl-2 proteins that this agent cannot inhibit (Mcl-1 and A1), and perhaps can 
also directly activate Bax or Bak. The resulting apoptosis is expected to reduce the target 
population for neoplastic transformation and to also eliminate nascent neoplastic clones.

It is interesting to note that, although ABT-737 greatly impedes the emergence of Myc-
induced lymphomas (Figure 4.5.), the fully fledged pre-B/B cell malignancies induced 
solely by the Eµ-myc transgene are instead highly refractory to treatment with this BH3 
mimetic (Mason et al., 2008). The loss in sensitivity may be because the malignant Eµ-
myc lymphomas commonly have acquired mutations that block the functions of p53 or 
ARF (Eischen et al., 1999), impairing their ability to induce the pro-apoptotic targets, 
Puma and Noxa (Jeffers et al., 2003; Villunger et al., 2003) that together with Bim are 
critical for DNA damaging chemo-therapeutic drug induced killing of Eµ-myc lymphoma 
cells (Happo et al., 2010). 

My findings indicate that drugs that target the expression or activity of specific pro-surviv-
al Bcl-2 family members, such as the BH3 mimetic ABT-737 (Oltersdorf et al., 2005) and 
the closely related compound ABT-263 (Tse et al., 2008), which is currently undergoing 
clinical trials, may not only help to eliminate established cancers but may also prevent 
the development of certain types of tumours by unleashing the pro-apoptotic impetus of 
the oncogenic changes they have sustained (e.g. c-Myc activation). Hence, in principle, 
such drugs could contribute to the management of individuals with hereditary predisposi-
tions to malignancy, such as individuals bearing germline mutations in p53 (Li-Fraumeni 
syndrome) or BRCA1 or BRCA2.
With certain types of malignancies, BH3 mimetics might also have a prophylactic role 
in reducing the frequency of recurrences. In human acute B lymphoblastic leukaemias, 
which derive from cells of the same stage as those yielding the Eµ-myc lymphomas, ge-
nome-wide comparisons of paired primary and relapse samples suggested that relapses 
often arise from distinct minor sub-clones present at diagnosis but lacking some of the 
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mutations present in the predominant diagnostic clone (Mullighan et al., 2008). Conceiv-
ably, some recurrences arise from clones that, like the pre-leukaemic Myc-driven pro-B/
pre-B lymphocytes, still rely initially upon endogenous levels of particular pro-survival 
proteins. If so, prophylactic use of a BH3 mimetic could prevent the re-emergence of 
malignant clones.

A potential concern in the prophylactic use of BH3 mimetics would be whether they might 
compromise defence against infections by damaging the immune system. However, the 
impact on immunity will depend greatly upon the specificity of the BH3-mimetic. Condi-
tional deletion of bcl-x in antigen-activated B cells of mice had no effect on development 
of germinal centre or memory B cells and little on plasma cells, whereas deletion of 
mcl-1 essentially abolished all three populations (Vikstrom et al., 2010). Hence, a BH3 
mimetic that targets Bcl-xL but not Mcl-1 should not compromise immunity unacceptably 
and could have prophylactic potential, if the transient drop in platelets on Bcl-xL inhibition 
(Mason et al., 2007) can be managed by dosage and schedule.
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Figure 4.1. Experimental strategy to assess the impact of ABT-737 on Eµ-myc in-
duced lymphoma development
C57BL/6-Ly5.1 mice reconstituted with Eµ-myc foetal liver derived haematopoietic stem 
cells were treated 6 weeks post-reconstitution with ABT-737 (75 mg/kg) or vehicle 3 
times per week for 8 consecutive weeks. Mice treated with a single dose of ABT-737 or 
vehicle were sacrificed after 24 h and analysed for the impact of this compound on the 
pre-leukaemic B lymphoid cells. Mice treated for 8 weeks with ABT-737 were examined 
for its impact on the rate of onset and incidence of lymphoma.
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Figure 4.2. ABT-737 reduced the numbers of pre-leukaemic Eµ-myc B lymphoid 
cells in vivo
Enumeration of pre-leukaemic B lymphoid cells in the bone marrow (A), blood (B), spleen 
(C) and lymph nodes (D) of Eµ-myc reconstituted mice 24 h after treatment with a single 
dose of ABT-737 or vehicle. Data represent 5-9 mice per treatment group (p*<0.05±SEM, 
p**<0.01±SEM, p***<0.001±SEM for ABT-737 vs. vehicle).
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Figure 4.3. ABT-737 induced apoptosis of pre-leukaemic Eµ-myc B lymphoid cells 
in vivo
(A) Enumeration of TUNEL positive (i.e. apoptotic) pre-leukaemic B lymphoid cells in 
the bone marrow of Eµ-myc reconstituted mice 24 h after treatment with a single dose 
of ABT-737 (nABT-737=8, nvehicle=9; p**<0.01±SEM). (B) TUNEL staining of representative 
bone marrow sections from mice treated prophylactically with ABT-737 or vehicle. Con-
trol stainings were conducted without terminal deoxynucleotidyl transferase (TdT). All 
sections were counterstained with haematoxylin. 
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Figure 4.4. Exposure to a single dose of ABT-737 in vivo increased the propensity 
of pre-leukaemic Eµ-myc B lymphoid cells to undergo apoptosis in simple medium 
in vitro
Eµ-myc reconstituted mice treated with a single dose of ABT-737 (75 mg/kg body weight) 
or vehicle were sacrificed after 24 h. Pre-leukaemic Eµ-myc pro-B and pre-B cells were 
FACS sorted and cultured for 4 h in simple medium (no addition cytokines). The viability of 
cells was determined by flow cytometric analysis (ppro-B**<0.01±SEM, ppre-B*<0.05±SEM).
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Figure 4.5. ABT-737 prophylaxis delayed the onset and reduced the incidence of 
Eµ-myc induced lymphoma
Kaplan-Meier analysis of lymphoma-free survival of mice treated for 8 weeks with ABT-
737 (n=15) versus vehicle-treated (n=14) Eµ-myc reconstituted mice (Mantel-Cox Log-
rank test: p***<0.001).
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Figure 4.6. Bcl-2 family protein expression levels of the two Eµ-myc lymphomas 
that arose in mice treated prophylactically with ABT-737 are similar to those of 
conventional Eµ-myc tumours
Western blots showing that the two lymphomas that arose at a late time after cessation 
of ABT-737 treatment (Figure 4.5.) and a conventional Eµ-myc tumour had comparable 
expression of the indicated pro-survival and pro-apoptotic Bcl-2 family members. Prob-
ing with an antibody to Hsp70 provided a loading control. 
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Figure 4.7. Eµ-myc lymphomas that arose in mice treated prophylactically with 
ABT-737 behaved similarly to conventional Eµ-myc tumours when exposed to cy-
totoxic drugs in vitro
Cell survival assays showing that the two lymphomas from the mice treated with ABT-
737 behaved similarly to conventional Eµ-myc tumours in culture when they were left 
untreated (DMSO) or exposed to etoposide (1 µg/mL), ABT-737 (1 µM) or a combination 
of 0.5 µg/mL etoposide and 1 µM ABT-737. Cell viability was determined by flow cyto-
metric analysis. 
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Chapter 5. 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

5.1. Introduction
Li-Fraumeni Syndrome (LFS) is a rare inherited autosomal disorder characterised by the 
development of a diverse range of cancer types, including sarcomas, leukaemias/lym-
phomas, colon, pancreatic or breast cancers and brain or adrenocorticoid tumours be-
fore the age of 45. Srivastava and Malkin and their colleagues have linked Li-Fraumeni 
Syndrome to heterozygous germline mutations within the tumour suppressor gene p53 
(Malkin et al., 1990; Srivastava et al., 1990). Obligatory loss or mutation of the wildtype 
p53 allele plus additional lesions in oncogenes and/or tumour suppressor genes drive the 
development of cancers in these individuals. To establish a mouse model of Li-Fraumeni 
Syndrome, several groups have performed gene targeting in ES cells to generate mice 
that either lack p53 (Donehower et al., 1992; Jacks et al., 1994) or carry point mutations 
in p53 that correspond to those commonly found in human cancers (Olive et al., 2004). 
p53 mutant mice are highly prone to develop a similar range of cancers as those found 
in Li-Fraumeni Syndrome patients (Donehower et al., 1992; Jacks et al., 1994; Olive et 
al., 2004), although lymphomas and sarcomas predominate in mice, with their relative 
frequencies is affected by the genetic background (Jacks et al., 1994).
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) (Vousden and Lane, 2007). Upon activation, p53 transcription-
ally regulates various target genes that control a broad range of effector pathways, in-
cluding cell cycle arrest, DNA repair, cellular senescence and apoptosis (Vousden and 
Lane, 2007). Somatically acquired mutation or loss of p53 have been implicated in the 
development of ~50% of sporadic human cancers. Importantly, loss of p53 function also 
increases resistance of tumour cells to a broad range of anti-cancer therapeutics, par-
ticularly those that elicit DNA damage (Vousden and Lane, 2007). Therefore, the devel-
opment 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 multi-cellular organisms (Hotchkiss et al., 2009). Evasion of 
apoptosis is a hallmark of cancer cells that promotes neoplastic transformation in concert 
with other tumorigenic processes, such as self-sufficiency for cell growth and evasion of 
cellular senescence (Hanahan and Weinberg, 2000). Apoptosis is regulated by the inter-
actions between pro-survival and pro-apoptotic members of the Bcl-2 family and, accord-
ingly, many cancer types display abnormalities in the balance between these two factions 
(Youle and Strasser, 2008). Pro-survival Bcl-2 family members share four distinct Bcl-2 
Homology domains (BH1-BH4) and experiments with gene-targeted mice have shown 
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that these proteins have tissue specific as well as overlapping critical roles in cell survival 
(Youle and Strasser, 2008). 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 activation of the effector stages of apoptosis by mediat-
ing mitochondrial outer membrane permeabilisation (MOMP) and consequent activation 
of the caspase cascade (Green and Kroemer, 2004; Youle and Strasser, 2008). The 
BH3-only members of the Bcl-2 family members (Bim, Puma, Noxa, Bid, Bad, Bmf, Bik, 
Hrk) share with each other and the wider family only the 16-24 amino acid BH3 domain. 
Studies with gene-targeted mice have shown that BH3-only proteins are essential for ini-
tiation of apoptosis signalling, functioning in a cell death stimulus specific as well as cell 
type specific manner (Huang and Strasser, 2000; Youle and Strasser, 2008). 
New anti-cancer therapeutics are being developed to specifically target pro-survival 
members of the Bcl-2 family with small molecule mimetics of BH3-only proteins (Lessene 
et al., 2008). 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 Mcl-1 or A1, have proven to be highly 
effective as single agents in inhibiting the growth of small-cell lung carcinoma (SCLC) 
cells in xenograft mouse models (Oltersdorf et al., 2005; Park et al., 2008). In addition, 
ABT-737 synergised potently with many conventional chemotherapeutic drugs (e.g. cy-
clophosphamide, 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 (Cragg et al., 2009; Mason 
et al., 2008). 
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, I explored whether blockade of 
Bcl-2, Bcl-xL and Bcl-w by the BH3-mimetic ABT-737 could inhibit or delay tumorigenesis 
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-irradiation induced 
thymic lymphoma in p53-deficient mice, this was accompanied by a compensatory in-
crease in sarcoma. These results indicate that Bcl-2, Bcl-xL and Bcl-w must only play a 
minor role in sustaining the survival of cells undergoing neoplastic transformation due to 
defects in p53.

5.2. Results

5.2.1. Prophylactic treatment with the BH3 mimetic ABT-737 does not pre-
vent tumour development in p53+/- and p53-/- mice
Expression of endogenous pro-survival Bcl-2 family members is thought to be critical 
for the development of many cancers (Cory et al., 2003). I wanted to determine which 
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pro-survival Bcl-2 family members are critical to sustain survival of cells undergoing neo-
plastic transformation and hence are essential for tumorigenesis in cancer prone p53 
deficient mice. To block all of Bcl-2, Bcl-xL and Bcl-w, I prophylactically treated p53+/- and 
p53-/- mice from the age of four 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 de-
velopment. This dose of ABT-737 caused a significant drop in platelets (p**=0.0036) as 
well as leukocytes (p***=0.0009) in the blood and also resulted in a decrease in thy-
mocytes (p**=0.0024) and splenocytes (p*=0.0321) of C57BL/6 (wt) mice (Figure 5.2.), 
indicating that this treatment regime was efficacious. Surprisingly, ABT-737 had no sig-
nificant impact on the incidence or rate of tumour development in the p53+/- (p=0.0623) 
or p53-/- mice (p=0.5477; Figure 5.1. A-C). Although vehicle treated p53+/- mice showed 
a trend towards increased survival compared to ABT-737 treated p53+/- animals (median 
survival: vehicle = 469 days vs. ABT-737 = 312 days), this difference did not reach sta-
tistical significance (p=0.0623).
Sick ABT-737 or vehicle treated p53+/- mice succumbed mostly to either sarcoma or 
thymic lymphoma and a small number developed carcinoma, such as prostate cancer 
(Figure 5.1. B). There was no significant difference in lymphoma or sarcoma incidence 
between both treatment groups. When sick ABT-737 treated p53+/- mice presented with 
slightly lower spleen and lymph node weights and lower white blood cell counts com-
pared to the sick animals that had been treated with vehicle, but none of these differenc-
es were statistically significant (Figures 5.3. B-D). Thymus weights were similar in both 
cohorts (Figure 5.3. A). PCR genotyping of thymus samples collected from p53+/- mice 
that had to be sacrificed either because of thymic lymphoma or sarcoma revealed loss 
of the wildtype p53 allele only in samples from thymic lymphoma-burdened mice but not 
from those that had developed sarcoma (Figure 5.4.). This result is consistent with previ-
ous reports that loss of heterozygosity is essential for thymic lymphoma development in 
p53+/- mice (Donehower et al., 1992; Jacks et al., 1994).  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 and in some cases these mice 
developed sarcoma and/or liver/kidney disease in addition to lymphoma (Figure 5.1. C). 
Mice that developed thymic lymphoma commonly presented with infiltration of lymphoma 
cells into the lungs (which frequently led to breathing difficulties in affected animals), 
spleen and to a lesser extent liver and kidney (Figure 5.5. E). No consistent differences 
in thymic lymphoma incidence (Figure 5.1. C) or tumour dissemination (Figure 5.5.) were 
observed between the two treatment groups. 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 to mice that had been treated with vehicle, but none of these differences 
reached statistical significance (Figures 5.5. A-C). The majority of thymi from sick ani-
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mals regardless of treatment (ABT-737 or vehicle) analysed by flow cytometry revealed 
the presence of lymphoma cells, characterised 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 tu-
mour development or reduce severity of malignant disease in p53+/- and p53-/- mice.

5.2.2. Prophylactic treatment with the BH3 mimetic ABT-737 has significant, 
albeit minor, impact on low dose g-irradiation induced thymic lymphoma 
development in p53-/- mice
In order to mimic the effects of environmental mutagenic factors on tumorigenesis, I 
examined the impact of prophylactic treatment with ABT-737 on low dose g-irradiation 
induced thymic lymphoma development in p53+/- and p53-/- mice. Repeated exposure to 
low-dose g-irradiation elicits thymic lymphoma development in certain strains of mice, 
including C57BL/6, due to activation of the endogenous radiation-induced leukaemia 
virus (RadLV) and generation of oncogenic mutations resulting from DNA strand breaks 
(Kaplan, 1948) Loss of one or both alleles of p53 significantly accelerates g-irradiation-
induced thymic lymphoma development (Kemp et al., 1994), most likely due to the loss 
of p53’s ability to coordinate cell cycle arrest and DNA repair responses. As expected, 
when compared to non-irradiated p53+/- mice, both treatment cohorts (ABT-737 prophy-
lactic treatment or vehicle) of g-irradiated p53+/- mice displayed a considerably acceler-
ated tumour onset (compare Figures 5.1. A and 5.6. A). The median survival and tumour 
incidence of g-irradiated p53+/- mice did not significantly differ between animals that had 
been treated prophylactically with ABT-737 compared to those treated with vehicle (172 
vs. 190 days, respectively, p=0.8992, Figures 5.6. A and B). The majority of mice in both 
treatment groups presented with thymic lymphoma and these tumours routinely showed, 
as expected (Kemp et al., 1994), loss of the wildtype p53 allele (Figure 5.8.). Analysis 
of thymus, spleen and lymph node weights (Figure 5.7. A-C) as well as blood leukocyte 
counts (Figure 5.7. D) of sick, tumour-burdened g-irradiated p53+/- mice revealed no sig-
nificant differences between the treatment groups despite a trend towards a decrease 
in lymph node weights (p=0.0691; Figure 5.7. C) in the ABT-737 treated cohort. Flow 
cytometric analysis revealed that most lymphomas were CD8+CD4- or CD4LowCD8High 
in both the ABT-737 and vehicle treated mice. Histological analysis revealed some dis-
semination of lymphoma cells into the lungs and occasionally liver and kidney (Figure 
5.7. E), but the extent of these pathological features was not different between ABT-737 
and vehicle treated animals.
Remarkably, prophylactic treatment with ABT-737 significantly, albeit to a relatively minor 
extent, prolonged tumour-free survival of g-irradiated p53-/- mice (median survival: 134 
days vs. 121 days, respectively, p**=0.0070; Figure 5.6. A). 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 
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splenomegaly, lymphadenopathy and also occasionally concomitant development of 
sarcoma (Figure 5.6. C). In addition to delaying overall tumour development, ABT-737 
prophylactic treatment also caused a pronounced reduction in the incidence of thymic 
lymphoma with a significant reduction in thymus weight and a marked but not significant 
drop in leukocytes in the peripheral blood (Figures 5.6. C, 5.9. A and D). This was, how-
ever, accompanied by a compensatory increase in sarcoma in g-irradiated p53-/- mice 
that had been prophylactically treated with ABT-737 (Figure 5.6. C). No marked differ-
ences in lymphoma burden or lymphoma cell dissemination into lungs and other tissues 
were detected between the two cohorts (Figures 5.9. E). Most of these tumours were 
CD8 SP or CD4LowCD8High (Figure 5.10.), a phenotype frequently observed in g-irradia-
tion-induced thymic lymphomas (Labi et al., 2010; Michalak et al., 2010). These results 
demonstrate that prophylactic treatment with ABT-737 can inhibit g-irradiation-induced 
thymic lymphoma development in p53-/- mice, albeit only to a minor extent.

5.2.3. Thymic lymphoma cells from p53 deficient mice, regardless of ABT-
737 prophylaxis or vehicle treatment, are relatively resistant to in vitro treat-
ment 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, I generated 
cell lines 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 cell lines and as a control, the ABT-737-sensitive pre-B lymphoma 
derived cell line Eµ-myc/rv-bcl-2 (Mason et al., 2008) were exposed to 5 µM ABT-737, 
30 nM dexamethasone or vehicle (DMSO) in culture and their viability monitored over 
24 h (Figure 5.11.). I observed no significant differences in the response to ABT-737 
or dexamethasone between the thymic lymphoma derived cell lines from ABT-737 pro-
phylactically treated mice compared to those from vehicle treated control animals. In 
comparison to the Eµ-myc/rv-bcl-2 lymphoma cells, all thymic lymphoma cells from p53-
deficient mice were relatively resistant to ABT-737 (Figure 5.11.). In agreement with a 
previous study (Strasser et al., 1994a), dexamethasone efficiently induced apoptosis of 
p53-deficient thymic lymphoma cells, whereas, as expected (Strasser et al., 1991a), the 
Bcl-2 over-expressing Eµ-myc/rv-bcl-2 lymphoma cells were highly resistant to this glu-
cocorticoid. Taken together, these data show that ABT-737 prophylaxis does not select 
for the development of thymic lymphomas originating in p53-deficient mice that show 
different responses to ABT-737 or dexamethasone than thymic lymphomas from p53 
deficient mice that had not been treated with ABT-737.



Chapter 5

130

5.2.4. RNA and protein levels of Bcl-2 family members do not differ between 
thymic lymphomas that arose in g-irradiated p53-/- mice that had been pro-
phylactically treated with ABT-737 or vehicle
Quantitative RT-PCR and Western blot analysis revealed that the levels of Bcl-2 (p=5379), 
Bcl-xL (p=0.3121), Mcl-1 (p=0.6667), Bcl-w (p=0.5119) and A1 (p=0.7927) were not mark-
edly different between thymic lymphomas from the two treatment groups of g-irradiated 
p53 deficient mice (Figure 5.12. and 5.13.). In certain tumours, however, I occasionally 
observed a minor increase in protein levels of Mcl-1 and/or Bcl-xL of ABT-737 or vehicle 
treated animals compared to extracts from C57BL/6 thymi, which were used as a control. 
In addition, there was no consistent difference between the different thymic lymphomas 
in the levels of the pro-apoptotic BH3-only proteins Bim, Bid or Puma. I did, however, 
observe down-regulation of Bim and Bid protein levels when comparing the primary tu-
mour cells and their derivative cell lines, which might explain the decreased sensitivity 
to ABT-737 treatment in my in vitro experiments (Figure 5.13.). Collectively, my results 
show that prophylactic treatment of p53 deficient mice with ABT-737 during g-irradiation-
induced 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.

5.3. Discussion
Small molecules that can directly activate the programmed cell death machinery are of 
great clinical interest for anti-cancer therapy (Lessene et al., 2008). Much effort has been 
invested to develop 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 (Olt-
ersdorf et al., 2005; Park et al., 2008). Because of their ability to directly induce apop-
tosis, such inhibitors of pro-survival Bcl-2 family members offer great potential for the 
treatment of cancer, especially in treating malignancies with a dependency on Bcl-2 or 
Bcl-xL for their survival (Lessene et al., 2008). Here, I investigated the impact of inhibiting 
Bcl-2, Bcl-xL and Bcl-w 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, I utilised gene-targeted mice deficient for the tumour suppres-
sor p53, a suitable model of the human Li-Fraumeni Syndrome, although these animals 
are more predisposed to thymic lymphoma rather than sarcoma as seen in the human 
condition (Donehower et al., 1992; Jacks et al., 1994). I examined whether pharmacolog-
ical blockade of Bcl-2, Bcl-xL and Bcl-w using the BH3 mimetic ABT-737 in pre-malignant 
p53+/- and p53-/- mice could prevent or delay tumour development. In particular, given that 
Bcl-xL (Motoyama et al., 1999) and Bcl-2 (Bouillet et al., 2001) 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 de-
tectable in thymic lymphomas elicited by p53 deficiency (Figure 5.13.) and not essential 
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for T cell development (Print et al., 1998), it is expressed in T lymphoid cells (including 
early thymic progenitors; (O’Reilly et al., 2001) and hence might contribute to the survival 
of nascent thymic lymphoma cells. My results showed, however, that prophylactic treat-
ment with ABT-737 did not have significant impact on spontaneous tumour development 
in p53 deficient mice (Figure 5.1. A). 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 for cells undergoing neoplastic transformation in the development of 
both thymic lymphoma and sarcoma. Mcl-1 appears to be a good candidate for this func-
tion as it is critical for the survival of T cell progenitors (Opferman et al., 2003) as well as 
stem/progenitor cells in many other lineages (Opferman et al., 2005). Moreover, it is also 
possible that repression of pro-apoptotic Bcl-2 family members, such as Bim (Bouillet et 
al., 1999) or Puma (Villunger et al., 2003), maintain survival of p53 deficient cells under-
going neoplastic transformation. Finally, it remains of course possible that prophylaxis 
with higher doses of ABT-737, such as the conventional dose of 75-100 mg/kg body 
weight/day commonly used for short-term studies (for e.g. (Cragg et al., 2008)), could 
significantly delay tumour development in p53 deficient mice. The treatment regime ap-
plied in this study was chosen because of the intent to administer ABT-737 and vehicle 
for a prolonged rather than only a short period of time. Notably the dose that I employed 
caused a significant reduction in platelets and certain lymphocyte populations (Figure 
5.2.), demonstrating that it was efficacious.
I also investigated whether prophylactic treatment with ABT-737 could delay tumorigen-
esis in p53+/- 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 tumorigenesis provoked by environmental insults that cause DNA damage. 
Consistent with previous studies (Kemp et al., 1994), the g-irradiated p53-/- and p53+/- 
mice succumbed to tumours, almost exclusively thymic lymphomas, considerably faster 
than their non-irradiated counterparts. Interestingly, the g-irradiated p53-/- mice that had 
been prophylactically treated with ABT-737 survived significantly, albeit only marginally, 
longer (p**=0.0070) than the corresponding control mice injected with vehicle (Figure 
5.6. A). Although ABT-737 prophylaxis caused a 20% reduction in lymphoma incidence, 
this was accompanied by a compensatory increase in sarcoma (Figure 5.6. C). These 
observations indicate that Bcl-2, Bcl-xL and Bcl-w may play a minor role, in maintaining 
the survival of the “cancer initiating cells” that give rise to g-irradiation-induced thymic 
lymphoma but appear dispensable for the survival of the “cancer initiating cells” that give 
rise to sarcomas. 
Thymic lymphoma burden was frequently observed to be somewhat lower in ABT-737 
prophylactically treated mice compared to vehicle treated animals (Figures 5.5., 5.7. and 
5.9.). 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 
sacrifice coincided due to the advanced progress of the malignant disease. Alternatively, 
ABT-737 might affect lymphoma growth indirectly, for example by impairing survival of 
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stromal cells that are critical for lymphoma dissemination and/or survival. This latter ex-
planation 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 sacrificed. 
In conclusion, my studies showed that Bcl-2, Bcl-xL and Bcl-w play only a minor role in 
the development of thymic lymphoma and sarcoma in p53 deficient mice. I therefore rea-
son that Mcl-1 and/or A1, the other two anti-apoptotic Bcl-2 family members, may play a 
more critical role in sustaining the survival of cells undergoing neoplastic transformation 
in this haematopoietic malignancy. This would be consistent with the finding that both 
Mcl-1 (Opferman et al., 2003) and A1 (Mandal et al., 2005) are critical in sustaining sur-
vival of non-transformed T lymphoid cells at several stages of differentiation. My obser-
vations 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 tumorigenesis in patients with germline mutations 
in p53. Although blockade of Bcl-2, Bcl-xL and Bcl-w by ABT-737 had only minor impact 
on tumour development in p53 deficient mice, such treatment may still be efficacious in 
inhibiting tumorigenesis in other inherited cancer syndromes, most likely those that are 
associated with high levels of Bcl-2 and/or Bcl-xL expression.
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Figure 5.1. Prophylactic treatment of pre-malignant p53+/- and p53-/- mice with the 
BH3 mimetic ABT-737 does not prevent or even delay tumorigenesis
(A) Kaplan Meier analysis of tumour-free survival comparing two cohorts of p53+/- mice 
as well as two cohorts of p53-/- mice, one prophylactically treated with the BH3 mimetic 
ABT-737 and the other with vehicle between 4-24 weeks after birth (treatment period is 
indicated with a line). Median tumour onset of p53+/- mice prophylactically treated with 
ABT-737 was 312 days vs. 469 days for p53+/- mice that had been treated with vehicle. 
This difference is not statistically significant (nABT-737=17, nvehicle=17; Mantel-Cox Log–rank 
test: p=0.0623). Median tumour onset for p53-/- mice prophylactically treated with ABT-
737 was 166 days vs. 137 days for mice that had been treated with vehicle. This differ-
ence is also not statistically significant (nABT-737=9, nvehicle=16; Mantel-Cox Log-rank test: 
p=0.5477). (B) Percentages of p53+/- mice within each cohort (ABT-737 prophylaxis or 
vehicle treatment) that developed the different types of malignancies (nABT-737=17, nve-

hicle=17). (C) Percentages of p53-/- mice within each cohort (ABT-737 prophylaxis or ve-
hicle treatment) that developed the different types of malignancies (nABT-737=6, nvehicle=6).
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Figure 5.2. Treatment with ABT-737 reduces platelet numbers in the peripheral 
blood
Analysis of C57BL/6 (wt) mice showing a significant reduction of (A) thymus 
(p**=0.0024±SEM) and (B) spleen cellularity (p*=0.0321±SEM) as well as (C) total leu-
kocyte (p***=0.0009±SEM) and (D) platelet numbers (p**=0.0036±SEM) in the periph-
eral blood after 7 injections of ABT-737 at a concentration of 50 mg/kg (n=6) compared 
to vehicle (n=6) treated animals.
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Figure 5.3. Prophylactic treatment with ABT-737 does not alter the severity and 
manifestation of thymic lymphoma in p53+/- mice
(A) Thymus (p=0.2012±SEM), (B) spleen (p=0.3195±SEM) and (C) lymph node 
(p=0.1577±SEM) weights from p53+/- mice that had been prophylactically treated with 
ABT-737 compared to their vehicle treated counterparts. (D) White blood cell counts in 
tumour-burdened sick p53+/- mice that had been prophylactically treated with ABT-737 
or vehicle (p=0.2305±SEM). (E) Histological analysis of representative thymus, sternum 
and lung tissue samples of p53+/- mice treated with ABT-737 or vehicle (nABT-737=2, nve-

hicle=2). Tissue sections were stained with haematoxylin and eosin.
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Figure 5.4. Thymic lymphoma development in p53+/- mice is associated with loss 
of the wildtype allele
Genotyping of extracts from thymi from vehicle (lanes 1-3) or ABT-737 treated (lanes 
4-6) p53+/- mice that had spontaneously (no g-irradiation treatment) developed thymic 
lymphoma (lane 1) or sarcoma (lanes 2-6). 
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Figure 5.5. Prophylactic treatment with ABT-737 does not alter the severity and 
manifestation of thymic lymphoma in p53-/- mice
(A) Thymus (p=0.5909±SEM), (B) spleen (p=0.1835±SEM) and (C) lymph node 
(p=0.2286±SEM) weights from p53-/- mice that had been treated with either ABT-737 
or vehicle. (D) White blood cell counts of sick p53-/- mice that had been prophylactically 
treated with ABT-737 or vehicle (p=0.5764±SEM). (E) Histological analysis of represen-
tative thymus, sternum and lung tissue samples of p53-/- mice that had been treated with 
ABT-737 or vehicle (nABT-737=2, nvehicle=2). Tissue sections were stained with haematoxylin 
and eosin.
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Figure 5.6. Prophylactic treatment with ABT-737 slows the development of thymic 
lymphoma in g-irradiated p53-/- but not p53+/- mice
(A) Kaplan-Meier analysis of tumour-free survival comparing two cohorts of g-irradiated 
p53+/- as well as two cohorts of g-irradiated p53-/- mice, one prophylactically treated be-
tween 4-14 weeks after birth with the BH3 mimetic ABT-737 and the other treated with 
vehicle. Arrow-heads indicate the days when mice had been g-irradiated. The time of 
treatment with ABT-737 or vehicle is indicated by a red line. Median tumour onset for 
g-irradiated p53+/- mice prophylactically treated with ABT-737 was 172 days vs. 190 days 
for g-irradiated p53+/- mice that had been treated with vehicle (nABT-737=17, nvehicle=21). This 
difference is not statistically significant (Mantel-Cox Log–rank test: p=0.8992). Median 
tumour onset for g-irradiated p53-/- mice prophylactically treated with ABT-737 was 134 
days vs. 121 days for g-irradiated p53-/- mice treated with vehicle. This difference is statis-
tically significant (nABT-737=12, nvehicle=11; Mantel-Cox Log–rank test: p**=0.0070). (B) Per-
centages of g-irradiated p53+/- mice within each cohort (ABT-737 prophylaxis or vehicle 
treatment) with indicated type of malignancy (nABT-737=17, nvehicle=21). (C) Percentages of 
g-irradiated p53-/- mice within each cohort (ABT-737 prophylaxis or vehicle treatment) 
with the indicated type of malignancy (nABT-737=12, nvehicle=11)
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Figure 5.7. Prophylactic treatment with ABT-737 does not alter the severity and 
manifestation of thymic lymphoma in g-irradiated p53+/- mice
(A) No significant changes in thymus (p=0.7315±SEM), (B) spleen (p=0.9649±SEM) 
and (C) lymph node (p=0.0691±SEM) weights in tumour burdened sick p53+/- mice that 
had been g-irradiated and prophylactically treated with ABT-737 compared to vehicle 
treated controls. (D) White blood cell counts in sick p53+/- mice that had been g-irradiated 
and prophylactically treated with ABT-737 or vehicle (p=0.7140±SEM). (E) Histological 
analysis of representative thymus, sternum and lung tissue samples from g-irradiated 
p53+/- (nABT-737=2, nvehicle=2). Tissue sections were stained with haematoxylin and eosin.



Chapter 5

147

vehicle ABT-737
0.0

0.2

0.4

0.6

0.8
w

ei
gh

t [
g]

vehicle ABT-737
0.00

0.01

0.02

0.03

0.04

0.05

w
ei

gh
t [

g]

vehicle ABT-737
0.00

0.05

0.10

0.15

0.20

w
ei

gh
t [

g]

vehicle ABT-737
0

10

20

30
[x

10
3  c

el
ls

/
l]

p=0.0691
p=0.7140

p=0.7315 p=0.9649

A B

C D

E
vehicle ABT-737

thymus

sternum

lung

thymus spleen

lymph nodes WBC



Chapter 5

148

Figure 5.8. Thymic lymphoma development in g-irradiated p53+/- mice is associated 
with loss of the wildtype p53 allele regardless of whether the animals had been 
prophylactically treated with ABT-737 or vehicle
Genotyping (PCR) revealed consistent deletion of the wildtype p53 allele in representa-
tive samples of thymic lymphomas from vehicle (n=3, lanes 1-3) or ABT-737 (n=4; lanes 
4-7) treated p53+/- mice that had been exposed to 4 doses of 1.5 Gy g-irradiation. 
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Figure 5.9. Prophylactic treatment with ABT-737 has minor impact on the severity 
and manifestation of thymic lymphoma in g-irradiated p53-/- mice
(A) Significantly decreased thymus (p*=0.0378±SEM), (B) but not spleen (p=0.1273±SEM) 
and (C) lymph node (p=0.2104±SEM) weights in tumour burdened sick p53-/- mice that 
had been g-irradiated and prophylactically treated with ABT-737 compared to vehicle 
treated controls. (D) White blood cell counts of sick p53-/- mice that had been g-irradiated 
and prophylactically treated with ABT-737 or vehicle (p=0.3365±SEM). (E) Histological 
analysis of representative thymus, sternum and lung tissue samples of sick g-irradiated 
p53-/- mice (nABT-737=2, nvehicle=2). Tissue sections were stained with haematoxylin and 
eosin.
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Figure 5.10. Immuno-phenotyping of thymic lymphomas arising in g-irradiated p53-

/- mice that had been prophylactically treated with ABT-737 or vehicle
Flow cytometric characterisation of lymphoma cells from thymi and spleens of tumour-
burdened sick p53-/- mice that had been g-irradiated and prophylactically treated with 
ABT-737 or treated with vehicle. Lymphoma cells from mice of both cohorts exhibited a 
CD4 SP, CD8 SP or CD4LowCD8High and CD3low expression pattern (n=2).
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Figure 5.11. Response of thymic lymphoma derived cell lines from p53-/- mice that 
had been prophylactically treated with ABT-737 or vehicle to apoptotic stimuli in 
vitro
Thymic lymphoma derived cell lines from p53-/- mice that had either been left untreated 
(n=2) or had been g-irradiated and prophylactically treated with ABT-737 (n=3) or vehicle 
(n=3) and an ABT-737 sensitive control lymphoma cell line, Eµ-myc/rv-bcl-2 (triplicate), 
were treated in culture with either DMSO (vehicle control), 5 µM ABT-737 or 30 nM dexa-
methasone or were left untreated for 0, 8 or 24 h. Cell viability was monitored by FACS 
analysis.
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Figure 5.12. Prophylactic treatment with ABT-737 does not alter mRNA levels of 
Bcl-2 family members in thymic lymphomas arising in g-irradiated p53-/- mice
Analysis of the mRNA levels of the genes indicated using quantitative RT-PCR on cD-
NAs generated from total RNA from thymic lymphomas arising in g-irradiated p53-/- mice 
that had been prophylactically treated with either ABT-737 (n=5) or vehicle (n=5). Levels 
of mRNAs were normalised to the mRNA levels of these genes found in thymi of healthy, 
untreated (i.e. non-irradiated, no ABT-737 prophylaxis) C57BL/6 (wt) mice. 
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Figure 5.13. Prophylactic treatment with ABT-737 does not alter protein expres-
sion levels of Bcl-2 family members in thymic lymphomas arising in g-irradiated 
p53-/- mice
Western blot analysis using antibodies against the indicated Bcl-2 family members and 
Hsp70 (loading control) of primary thymic lymphoma cells (T) and cell lines (CL) derived 
from tumours that arose in g-irradiated p53-/- mice that had been prophylactically treated 
with ABT-737 (n=2) or vehicle (n=2). As a control I used a protein extract from thymo-
cytes of a healthy, untreated (i.e. non-irradiated, no ABT-737 prophylactic treatment) 
C57BL/6 (wt, Ctrl) mouse.
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Chapter 6. Conclusions and Perspectives 

Tumorigenesis is a multistep process. Alterations that lead to self-sufficiency in growth 
signals, insensitivity to anti-proliferation signals, acquisition of limitless replication poten-
tial, impairment of apoptosis, angiogenesis and the capability to invade into different tis-
sues and to metastasise drive the step-wide transformation of healthy cells into a highly 
malignant state (Hanahan and Weinberg, 2011). Changes in the expression or regulation 
of pro-survival or pro-apoptotic members of the Bcl-2 family of cell death regulators are a 
hallmark of cancer. These defects cripple the cell death machinery and thereby promote 
the survival of cells that are damaged or stressed (e.g. due to oncogenic mutations) and 
hence facilitate acquisition of further cooperating oncogenic lesions.

6.1. The role of endogenously controlled pro-survival Bcl-2 family members 
in B cell lymphoma development
Pro-survival Bcl-2 family members are essential for both the development of the hae-
matopoietic system and maintenance of T as well as B lymphoid cells and also some 
myeloid subsets (Dzhagalov et al., 2007; Graninger et al., 1987; Motoyama et al., 1999; 
Motoyama et al., 1995; Opferman et al., 2005; Opferman et al., 2003). Several stud-
ies have shown that over-expression of pro-survival Bcl-2 family members can promote 
tumour development, particularly in combination with oncogenic lesions that deregulate 
the cell cycle (Vaux et al., 1988) (Strasser et al., 1990a). Accordingly, over-expression 
of Bcl-2, Bcl-xL or Mcl-1 cooperates with deregulated expression of the transcription fac-
tor Myc in Eµ-myc transgenic mice to substantially accelerate lymphoma development 
(Campbell et al., 2010; Strasser et al., 1990a; Swanson et al., 2004). Bcl-2 appears to 
play a critical role in tumorigenesis since it is abnormally highly expressed in many can-
cer types. However, germline deletion of endogenous bcl-2 had no impact on lymphoma 
development in Eµ-myc transgenic mice, a model of Burkitt’s lymphoma, although it 
reduced the numbers of pre-leukaemic sIg+ B lymphoid cells (Kelly et al., 2007). These 
results are consistent with the notion that earlier stages of B cell development constitute 
the origin of pre-B/B lymphoma in Eµ-myc mice. They also suggested that another pro-
survival Bcl-2 family member must be required to sustain survival of Eµ-myc transgenic 
B lymphoid cells undergoing neoplastic transformation.
Bcl-xL is critical for the survival of erythroid progenitors and certain neuronal populations 
and also plays a role in cell survival during B and T lymphocyte differentiation. During B 
lymphopoiesis Bcl-2 and Bcl-xL have largely complimentary expression patterns. Bcl-xL 
levels are high at the pro-B and pre-B cell stages but relatively low at the immature and 
mature B cell stage (Bovia et al., 1998), whereas Bcl-2 levels are high at the pro-B and 
mature B cell stages but low at the pre-B and immature B cell stages. Abnormally high 
levels of Bcl-xL are frequently found in Kaposi sarcoma, breast cancer, neuroblastoma, 
colorectal cancer and follicular B cell lymphoma (Dole et al., 1995; Jin-Song et al., 2011; 
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Schott et al., 1995). Recent studies conducted in Eµ-myc transgenic mice have shown 
that Bcl-xL is critical to sustain the survival of pre-leukaemic pro-B and pre-B cells that 
are undergoing neoplastic transformation in Eµ-myc transgenic mice (Kelly et al., 2011). 
It is not clear, however, whether Bcl-xL is the sole pro-survival Bcl-2 family member that 
is required for Myc-induced pre-B/B cell lymphoma development. 
Mcl-1 is essential for embryonic development and the survival of haematopoietic stem 
cells as well as more mature cells within both the myeloid and lymphoid lineages (Op-
ferman et al., 2005; Opferman et al., 2003; Rinkenberger et al., 2000). Importantly for 
lymphomagenesis, Mcl-1 was found to be critical for the survival of pro-B and pre-B cells 
(Opferman et al., 2003), the cells that are thought to be origin of Eµ-myc lymphoma 
(Langdon et al., 1986) and loss of one allele of Mcl-1 inhibited Myc-induced acute my-
eloid leukaemia (AML) (Xiang et al., 2010). 

The results described in this thesis present novel insight into the role of endogenous 
Mcl-1 in pre-B/B lymphoma development in Eµ-myc transgenic mice. My data show that, 
surprisingly, loss of only one allele of mcl-1 is sufficient to significantly reduce the survival 
of pre-leukaemic pro-B and pre-B cells and thereby delayed lymphoma development in 
Eµ-myc transgenic mice. These results demonstrate that loss of one mcl-1 allele has 
considerably greater impact on lymphoma development in Eµ-myc transgenic mice than 
loss of one allele of bcl-x. This implies that Mcl-1 has a greater importance in the survival 
of pre-leukaemic Myc over-expressing B lymphoid cells that are undergoing neoplastic 
transformation than Bcl-xL. Furthermore, these results are also consistent with the find-
ing that loss of one mcl-1 allele, but not loss of one bcl-x allele, leads to an acceleration 
in apoptosis of the pro-B cells (Kelly et al., 2011).

Although loss of one mcl-1 allele can significantly delay lymphoma onset in Eµ-myc 
transgenic mice, these mice still develop pre-B/B cell lymphoma. I therefore wanted to 
test whether specific deletion of both alleles of mcl-1 in B lymphoid cells is able to abro-
gate lymphoma development in Eµ-myc transgenic mice. To circumvent the embryonic 
lethality caused by complete loss of Mcl-1 in all tissues and to also exclude effects on 
lymphomagenesis that may be elicited by loss of Mcl-1 in non-B lymphoid cells (e.g. 
stromal cells or fibroblasts), I utilised the CD19-cre transgene and mcl-1 (loxP) targeted 
mice to delete mcl-1 selectively at the late pro-B cell stage (Rinkenberger et al., 2000). 
Although the Eµ-myc transgenic mice with B lymphoid restricted deletion of one or both 
mcl-1 alleles survived significantly longer compared to control Eµ-myc mice, this delay 
(even that seen in Eµ-myc/CD19-cre/mcl-1loxP/loxP mice) was surprisingly not as prominent 
as that caused by germline deletion of a single mcl-1 allele (i.e. in Eµ-myc/mcl-1+/- mice). 
Analysis of pre-leukaemic Eµ-myc/CD19-cre/mcl-1loxP/+ and Eµ-myc/CD19-cre/mcl-1loxP/

loxP animals revealed that the one or both mcl-1loxP alleles were fairly efficiently deleted in 
B lymphoid cells, as previously described for other loxP flanked genes in the literature 
(Rickert et al., 1997), but this deletion was certainly not 100%. This mcl-1 gene deletion 
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efficiency probably was not sufficient to deplete all Eµ-myc transgenic pre-leukaemic 
cells undergoing neoplastic transformation (Hobeika et al., 2006). Remarkably, all pre-
B/B cell lymphomas that arose in Eµ-myc/CD19-cre/mcl-1loxP/loxP or Eµ-myc/CD19-cre/
mcl-1loxP/wt mice have not deleted their floxed mcl-1 alleles. This demonstrates that these 
tumours had been selected for retention of both of their mcl-1 alleles. 
These results show that Mcl-1 is indispensable for Myc induced pre-B/B cell lymphoma 
development. Finding that Mcl-1 plays an even greater role in pre-B/B cell lymphoma 
development than Bcl-xL (Kelly et al., 2011) may have implications for the treatment of 
cancers (particularly lymphomas and leukaemias) that are driven by Myc-over-expres-
sion (Oltersdorf et al., 2005). It will be important to determine whether Mcl-1 is required 
not only for the development of Myc-driven pre-B/B lymphoma but also for the sustained 
survival and expansion of these tumours. In addition, since it appears that both, Mcl-1 
and Bcl-xL, are critical to sustain the survival of B lymphoid cells undergoing Myc-driven 
neoplastic transformation, it will be interesting to determine whether these two pro-sur-
vival proteins play critical overlapping roles in the same cell type at the same stage of 
transformation or in different cell types during distinct stages of transformation.

6.2. Targeting Bcl-xL with BH3 mimetics to prevent B cell lymphoma devel-
opment
Targeting the binding interface of pro-survival and pro-apoptotic Bcl-2 family members 
with small molecules to facilitate the activation of Bax and Bak with consequent permea-
bilisation of the outer mitochondrial membrane (MOMP) and unleashing of the caspase 
cascade in tumour cells is a major innovation in cancer therapy (Lee et al., 2007). BH3 
mimetics are currently undergoing clinical trials for treatment of malignant cancers. My 
studies and those from others (Xiang et al., 2010) have shown that Bcl-xL and Mcl-1 are 
essential to sustain survival of lymphoid and myeloid cells undergoing Myc induced neo-
plastic transformation. It is therefore (at least theoretically) possible that BH3 mimetics 
may also be used prophylactically to kill cells in the process of neoplastic transformation 
to thereby prevent development of cancer. While this will of course not be possible for 
sporadic cancers (for which it is difficult to establish in whom and when they arise), such 
an approach may become an attractive prophylactic treatment option for patients that 
have an inherited predisposition for cancer development.

BH3-mimetic drugs that specifically target Bcl-2, Bcl-xL and Bcl-w (e.g. ABT-263, (Fesik, 
2005)) are currently undergoing clinical trials for treatment of certain solid cancers (e.g. 
small cell lung cancer, (Gandhi et al., 2011; Oltersdorf et al., 2005) and refractory lym-
phoid malignancies (e.g. CLL, (Abou-Nassar and Brown, 2010)). Although there are no 
BH3-mimetics available that can efficiently target Mcl-1 and/or A1, ABT-263 can trigger 
apoptosis in cancer cells that are dependent on Mcl-1 for survival by freeing potent BH3-
only proteins (e.g. Bim and Puma) from Bcl-2, Bcl-xL and Bcl-w, which in turn can liberate 
Bax and Bak from Mcl-1 and A1, as long as Mcl-1 is repressed or its function reduced by 
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addition of another drug, such as taxol or bortezomib (Mason et al., 2008; Yamaguchi et 
al., 2011).

The development of a cancer cell requires the sequential accumulation of several muta-
tions that together facilitate the unrestrained growth of the tumour cells (Hanahan and 
Weinberg, 2011). Evasion of apoptosis is a critical step in tumorigenesis. Our group is 
in interested in targeting early stages of B cell lymphoma development when emerging 
neoplastic cells are dependent on pro-survival Bcl-2 family members for their survival 
and, hence, ability to acquire oncogenic lesions. Since Bcl-xL is essential for Myc-in-
duced lymphoma development (Kelly et al., 2011), I tested whether ABT-737 (a BH3 
mimetic that can bind and neutralise Bcl-xL, Bcl-2 and Bcl-w, but not Mcl-1 or A1) can be 
utilised to induce apoptosis of pre-leukaemic pro-B and pre-B cells and thereby inhibit 
lymphoma development in Eµ-myc transgenic mice. The results presented in this thesis 
demonstrate that treatment with ABT-737 constitutes an efficacious prophylactic treat-
ment in Myc-induced lymphomagenesis. Although ABT-737 binds with high affinity to 
Bcl-2, Bcl-xL and Bcl-w, the prophylactic effect appears to be largely based on its ability 
to antagonise Bcl-xL (Fesik, 2005). Bcl-w is only poorly expressed in normal B lymphoid 
cells (O’Reilly et al., 2001) and Eµ-myc transgenic pre-leukaemic pro-B and pre-B lym-
phoid cells (Michalak et al., 2009) and Bcl-2 has been proven to be dispensable for 
pre-B/B cell lymphoma in Eµ-myc transgenic mice (Kelly et al., 2007). Lymphomas that 
arose after cessation of ABT-737 treatment did not show any marked abnormalities in the 
expression of pro-survival or pro-apoptotic Bcl-2 family members; perhaps they arose 
from lymphoma/leukaemia initiating cells at a time when ABT-737 was no longer present.

6.3. The effect of pharmacological blockade of pro-survival Bcl-2 family 
members on cancer development in a mouse model of familial cancer syn-
drome
The discoveries that Bcl-xL is essential for Myc-driven B cell lymphomagenesis and that 
ABT-737 can be utilised to kill pre-leukaemic B lymphoid cells and thereby inhibit lym-
phoma development in Eµ-myc transgenic mice prompted the idea that BH3 mimetics 
might be used to prophylactically treat patients with a genetic predisposition for cancer. 
Li-Fraumeni Syndrome patients are born with one mutated and one wildtype allele of 
the p53 tumour suppressor gene. p53 is activated by DNA damage, hypoxia, oncogene 
activation and certain other stressors and in turn activates a broad range of cellular pro-
cesses, including G1/S cell cycle arrest, apoptosis, cellular senescence and coordination 
of DNA repair processes. Mutations in the wildtype allele of p53 plus acquisition of co-
operation oncogenic lesions invariably lead to the development of cancer in Li-Fraumeni 
Syndrome patients before the age of 45. Similarly, mice lacking p53 or carrying mutated 
p53 genes rapidly succumb to cancer, mostly thymic lymphoma or (to a lesser extent) 
sarcoma. In addition to promoting tumour development, loss of p53 function also ren-



Chapter 6

165

ders cancer cells refractory to various anti-cancer therapeutics, particularly those that 
provoke DNA damage (Vousden and Lane, 2007). 

Given that Bcl-xL (Motoyama et al., 1999) and Bcl-2 (Bouillet et al., 2001) are both critical 
for cell survival during distinct stages of T lymphocyte development, it appeared possible 
that their inhibition could interfere with thymic lymphoma development in p53 deficient 
mice. 
Although prophylactic treatment with ABT-737 could efficiently inhibit Myc-driven pre-B/B 
cell lymphoma development, this had only minor impact on the development of thymic 
lymphoma or sarcoma in p53 deficient mice. This may indicate that pro-survival Bcl-2 
family members other than or in addition to Bcl-2, Bcl-xL and Bcl-w might be critical to 
sustain the survival of nascent neoplastic cells that are undergoing transformation due 
to loss or mutation in p53. Mcl-1 and A1 represent attractive candidates for this function, 
as they are critical for the survival of normal T cell progenitors (Opferman et al., 2005; 
Thallinger et al., 2004), Dr M Herold, personal communication). There are currently no 
specific inhibitors of Mcl-1 or A1 available. Hence, the importance of these pro-survival 
Bcl-2 family members in thymic lymphoma and sarcoma development cannot be tested 
at present by using small molecule BH3 mimetics as prophylactic treatment, but condi-
tional deletion of either of the corresponding genes might be able to establish whether 
Mcl-1, A1 or both are critical for tumour development initiated by defects in p53. It is also 
possible that repression of pro-apoptotic Bcl-2-family members, such as the BH3-only 
proteins Bim (Bouillet et al., 1999) or Puma (Villunger et al., 2003) (the latter being critical 
for p53-mediated apoptosis) may be critical to sustain the survival of p53 deficient cells 
undergoing neoplastic transformation.

6.4. Concluding remarks
In summary, I have analysed Eµ-myc transgenic mice that are haplo-deficient for mcl-1 
and could demonstrate that Mcl-1 is essential for Myc over-expression induced devel-
opment of pre-B/B cell lymphoma. Since Bcl-xL has also been shown to be critical for 
lymphoma development in Eµ-myc transgenic mice, this raises a very important ques-
tion: Why are two pro-survival Bcl-2 family members critical for Myc-induced lymphoma 
development? Do they operate in an overlapping manner at the same stage of neoplastic 
transformation and/or B lymphoid differentiation or at distinct stages? Regardless, an im-
portant conclusion that can be drawn from this study is that substantial efforts are required 
to fully grasp the underlying molecular mechanisms how expression of endogenous lev-
els of pro-survival Bcl-2 family proteins assist in the transformation from a healthy cell 
into a malignant cancer cell. This knowledge will be useful for the development of novel 
therapeutic strategies aimed to kill nascent or established cancer cells. In this context, I 
also investigated the effect of the BH3 mimetic ABT-737 on Myc-driven pre-B/B cell lym-
phomagenesis, a model of Burkitt’s lymphoma, and development of thymic lymphoma 
or sarcoma driven by mutations in p53, a model of Li-Fraumeni Syndrome. Although 
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ABT-737 was able to effectively inhibit Myc-driven pre-B/B cell lymphomagenesis, it had 
only minor impact on the development of thymic lymphoma and sarcoma in p53 deficient 
mice. This may indicate that different pro-survival Bcl-2 family member may be critical for 
sustaining the survival of nascent neoplastic cells in the development of distinct types of 
cancer. This may have important implications for the design of prophylactic strategies for 
prevention of tumour development in genetically predisposed cancer syndrome patients. 
It is also possible that distinct pro-survival Bcl-2 family members are required for the 
sustained survival and continued expansion of malignant cancer cells. If this proves to 
be the case, this will have important ramifications for designing novel strategies for the 
treatment of established malignancies.
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