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chapter 1

GenerAl introduCtion



lisT of aBBreviaTions:
iap, inhibitor of apoptosis proteins; Bh, Bcl-2 homology; mef, mouse embryonic fibroblast; cll, 

chronic lymphocytic leukemia; aml, acute myeloid leukemia; all, acute lymphoblastic leukemia



general inTroducTion

1apopTosis in prevenTion of cancer
apoptosis refers to the process of cellular suicide that is crucial to the existence of multi-

cellular organisms. it plays an important role in tissue homeostasis and in sculpting of different 

organs during embryonic development, like the intestine and the brain.1 moreover, it functions 

as a safeguard against malfunctioning of the organism. during their lifespan, multi-cellular 

organisms have to withstand frequent attacks from the outside world. These attacks include 

infection by viruses or other pathogens and exposure to radiation or mutagenic chemicals. 

These events can genetically alter a cell and when not properly dealt with, this can lead to 

uncontrolled cellular proliferation culminating in cancer. one way for a cell to prevent 

uncontrolled expansion is to sacrifice itself by dying for the greater good. hereby, the risk of 

passing virus or genetic mutations on to neighboring or daughter cells is drastically reduced, 

which prevents disease spreading and tumor formation. This means that tumor cells must find 

a way to block apoptosis in order to grow out. accordingly, it is widely accepted that inhibition 

of apoptosis is one of the hallmarks of cancer2 and a lot of effort is put into the development of 

drugs that specifically target these apoptotic blockades in tumor cells.3-4

caspases and iaps
apoptosis is a highly conserved process that has many levels of control and regulation. crucial 

to the execution of apoptosis are the caspases: a family of specialized cysteine-dependent 

aspartate directed proteases. The caspases involved in apoptosis can be divided into initiator 

or inducer caspases and effector or executioner caspases. The initiator caspases (caspase-8, -9, 

-10) cleave inactive pro-forms of the effector caspases (caspase-3, -6, -7) that in turn execute 

apoptosis by cleaving a wide number of substrates.5-6 cleavage of specific substrates by the 

executioner caspases leads to the typical functional and morphological features of apoptosis. 

for example, the cleavage of cytoskeleton components like actin and plectrin causes the 

shrinkage and rounding of the cell.7 cleavage of icad (inhibitor of caspase-activated dnase) 

releases an endonuclease that fragments the dna leading to the “laddering” observed when 

the dna is put on a gel.8 In vivo clearance of apoptotic cells is also mediated by caspases. The 

cleavage of rocK1 leads to blebbing of the cellular membrane, creating “bite-size” cellular 

packets.9-10 These packets then start to expose phosphatidylserine and other molecules, which 

makes them a target for phagocytes, leading to engulfment and removal of the dying cell.11

initiator caspases, like executioner caspases, are also synthesized as inactive pro-enzymes. Their 

activation is dependent on either one of two distinct but interlinked cellular pathways: the intrinsic 

pathway (caspase-9) or the extrinsic pathway (caspase-8, -10) (fig 1a). The extrinsic pathway is 

triggered by clustering of death receptors like fas/cd95 and the Trail-receptors, upon binding 

of their respective ligands.12 These transmembrane receptors convey a pro-apoptotic message by 

recruitment of the adapter molecule fas-associated death domain (fadd) and of caspase-8 or -10. 

The induced proximity of pairs of caspase-8 or -10 molecules allows for the auto-activation of these 

pro-caspases and their release into the cytosol, where they cleave and activate the effector caspases 

to induce apoptosis. The Trail-receptors have gained wide interest of pharmaceutical companies, 
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1
because tumor cells often appeared to be remarkably sensitive to Trail-induced apoptosis when 

compared to healthy cells.13-14 This has resulted in the development of recombinant Trail and 

agonistic antibodies, which are in various stages of clinical trials.15 

successful activation of the effector caspases does not necessarily induce apoptosis. Their 

proteolytic activity can still be inhibited by the inhibitor of apoptosis proteins (iap), including 

c-iap1, c-iap2 and Xiap.16 The iaps contain one or more Bir domains, a ubiquitin binding domain 

and a ring finger domain.17-19 The Bir domains allow for binding to caspases-3, -7 and -9 and block 

access to the active site of the caspases, while the ring finger domain allows targeting of the 

caspases for degradation by means of ubiquitination.20-22 although all iaps contain Bir domains, 

only Xiap can directly inhibit the effector caspases. c-iap1 and c-iap2 function primarily at a 

death receptor proximal level, in a pathway leading to nf-κB activation. 23 interestingly, the 

iaps can themselves be inhibited and degraded by pro-apoptotic factors like smac/diaBlo 

and htra2/omi.24-26 smac/diablo and htra2/omi are both stored in the mitochondrial 

intermembrane space and can only be released by engagement of the intrinsic pathway of 

apoptosis. crosstalk proceeds via caspase mediated cleavage of Bid, which will be discussed 

below. The role of these proteins as antagonist of iaps has inspired the development of smac 

mimetics: compounds that are aimed at inhibiting Xiap.3 surprisingly, these mimetics exerted 

their killing activity mainly by forcing auto-ubiquitination of c-iap1. This activates nf-κB and 

induces autocrine signaling of the Tnf-α pathway.27-29

The inTrinsic paThWay of apopTosis
The intrinsic pathway of apoptosis is regulated by proteins of the Bcl-2 family. The Bcl-2 proteins 

are characterized by the presence of one or more Bcl-2 homology (Bh) domains. The family 

consists of the pro-apoptotic Bh3-domain only proteins, effector proteins Bax and Bak and the 

anti-apoptotic Bcl-2 proteins (Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1 and mcl-1).30 selective interactions 

between pro- and anti-apoptotic Bcl-2 proteins determine whether a cell commits to apoptosis. 

The key step in apoptosis induction via the intrinsic pathway is the activation of Bax and/or Bak.31 

activation causes Bax and Bak to from homomultimers in the outer mitochondrial membrane, 

thus creating pores. These pores allow for the release of the apoptotic catalyst cytochrome c 

and the iap antagonists smac/diablo and htra2/omi. once released, cytochrome c binds the 

scaffolding protein apaf-1, thus creating a heptameric complex called the apoptosome.32 The 

apoptosome subsequently recruits caspase-9 and brings about its activation. in turn, active 

caspase-9 cleaves the effector caspases resulting in execution of the apoptotic program.

BaX and BaK acTivaTion
The activation of Bax and Bak is a critical point of control in the induction of apoptosis. This is 

signified by the embryonic lethality of Bax-/- Bak-/- double knockout mice, and the complete 

apoptosis resistance to many cellular insults of mouse embryo fibroblasts (mefs) derived from 

these animals.33-35 Bax and Bak appear to be highly redundant as single knockout mefs show no 
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clear apoptosis defects.35 activation of Bax and Bak is tightly controlled by the other members 

of the Bcl-2 family. There are multiple models that describe how this proceeds (fig 1B). The 

indirect activation model dictates that a small proportion of Bax and Bak molecules is always 

active. These active Bak and Bak molecules are sequestered by anti-apoptotic Bcl-2 proteins 

that prevent their multimerization. in this scenario, Bh3-only proteins induce apoptosis by 

neutralizing the anti-apoptotic Bcl-2 proteins.36-38 recent evidence indeed showed that Bcl-xl 

constantly shuttles Bax from cytoplasm to mitochondria and back in healthy cells.39 in contrast, 

the direct activation model suggests that Bax and Bak first need to be activated by the direct 

activator Bh3-only proteins Bid and Bim.35, 40-42 other Bh3-only proteins,43 especially puma44-46 

are also suggested to be direct activators, but this has been disputed by others.41, 47-48 The 

remaining Bh3-only proteins are termed sensitizers in the direct activation model. They function 

as decoys and liberate direct activators Bid and Bim or activated Bax and Bak from inhibition 

by the anti-apoptotic Bcl-2 proteins. Biochemical evidence for the direct activation model 

is strong in the sense that Bid and Bim indeed directly activate Bax in vitro.49-50 furthermore, 

elegant in vivo work showed that replacement of the Bh3 domain of Bim by the Bh3 domain 

of puma attenuated the phenotype of Bcl-2-/- mice.51 This indicates that Bim’s pro-apoptotic 

capabilities are at least in part dependent on its direct activator capacity and not only on its 

ability to neutralize all anti-apoptotic Bcl-2 proteins. however, cells from mice lacking both 

Bid and Bim38 or even puma as well47 were still susceptible to pro-apoptotic stimuli, leaving the 

question what activates Bak and Bax in the absence of these Bh3-only proteins? it was shown 

that heat, alterations in ph and mild detergents can activate Bax and Bak, but it is unknown 

whether this is of any in vivo significance.52-53 alternatively, Bax can be activated by akt-

mediated phosphorylation.54 in addition, a splice variant of Bax was shown to be always active,55 

while in human embryonic stem cells, Bax is always present in its active conformation on the 

golgi membrane.56 others have recently shown that the lipid constitution of the mitochondrial 

membrane and active mitochondrial fission and fusion facilitates Bax and Bak multimerization 

and pore-formation.57-58 Taken together, Bax and Bak can be directly activated by Bid and Bim, 

but it is unlikely that this is the sole mechanism.

a recent amendment to these models came from the group of david andrews. They 

postulated a new model, termed “embedded together”.59-60 This model emphasizes the 

important role of the mitochondrial membrane in facilitating interactions between the Bcl-2 

proteins. for instance, they found that active Bid would only interact with Bax or Bcl-xl in the 

presence of membranes.49, 61 The model further states that the anti-apoptotic Bcl-2 proteins 

function as dominant negative Bax/Bak molecules, by sequestering both activated Bax as well 

as direct activator Bh3-only proteins. 

physiological roles of The Bh3-only proTeins
The Bh3-only molecules take care of activating Bax and Bak and inactivating the anti-apoptotic 

Bcl-2 proteins. Their naming derives from the fact that they share only the Bh3-domain with the 

other proteins of the Bcl-2 family. Bh3-only proteins get activated or upregulated in response 
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Figure 1. (a) highly simplified schematic representation of the extrinsic and intrinsic pathway, adapted 
from Andersen et al, Nat Rev Drug Disc 2005. (B) schematic representation of the direct and indirect 
activation models of Bax and Bak.

to cellular insults, and are therefore termed stress sensors of the cell. There are eight canonical 

Bh3-only proteins (fig 1), but the relatively loose definition of a Bh3-domain62 makes that new 

putative Bh3-only proteins are still frequently reported.63-64 The Bh3-domain is critical for the 

interaction with the other Bcl-2 family members and variations in sequence of the domain 

allow for selectivity in the interactions, adding an additional level of control. for instance, 

Bad reportedly only binds to Bcl-2, Bcl-w, and Bcl-xl, while Bim interacts with all anti- and 
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pro-apoptotic Bcl-2 proteins.65-67 The selectivity of these interactions is extensively discussed 

in chapter 3. here, we will briefly discuss the roles and modes of regulation of the canonical 

Bh3-only proteins. for clarity, the human protein names are used throughout this study, but 

alternative names and mouse protein names can be found in fig 2B.

of all Bh3-only proteins, Bim is possibly the best studied. it was the first Bh3-only protein 

for which a knockout mouse was made.68 This revealed that Bim is important for homeostasis of 

hematopoietic cells and acts as a barrier to autoimmunity. further investigation revealed that 

more than forty percent of Bim-/- animals do not survive beyond embryonic day 10, indicating 

the important role of this Bh3-only protein.69 Thymocytes from these mice were less sensitive 

to apoptosis-induction by ionizing radiation and glucocorticoids.70 The knockout mice also 

revealed that Bh3-only proteins can be important tumor suppressors, as loss of just a single Bim 

allele significantly accelerated tumor growth in a model of eµ-myc-driven lymphomagenesis.71 

The activity of Bim is regulated both transcriptionally and post- transcriptionally. phosphorylation 

on multiple residues influences its binding to anti-apoptotic Bcl-2 proteins,72 as well as its protein 

stability.73 in healthy cells, Bim can be sequestered to the dynein motor complex, from which it 

can be released after a pro-apoptotic stimulus.74 Bim can also be transcriptionally induced in 

response to various insults, including growth factor withdrawal75 and er stress.76

The Bh3-only protein Bid requires proteolytic cleavage for its activation after death 

receptor stimulation. cleavage gives rise to an active truncated form of Bid (tBid-c) that harbors 

the Bh3-domain, and an inhibitory n-terminal part that is removed upon unconventional 

ubiquitination.77 upon cleavage, Bid travels to the mitochondria where it can activate Bax and 

Bak. Bid can be cleaved by caspase-8 and -10, and thereby links the death receptor pathway to 

the intrinsic pathway of apoptosis to enable Xiap neutralization.78-80 in addition, Bid cleavage 

serves as a feed-forward mechanism for the intrinsic pathway, where activated caspase-9 

cleaves caspase-8 and -10, which in turn activates Bid.81 The Bid protein is not essential to life, 

as Bid-deficient mice are resistant to systemic fas engagement that is normally lethal, but 

otherwise appeared to be healthy.82 Bid also plays a role in dna damage-induced apoptosis,83 

but apparently only in absence of p53 where it is activated without cleavage.84 

although Bik was the first Bh3-only protein that was discovered,85 its role in apoptosis is 

not yet completely clear. deletion of both Bik alleles in mice did not give rise to any overt 

developmental defects, even though Bik is widely expressed in hematopoietic and endothelial 

cells.86 furthermore, cells from these animals were as sensitive to a variety of pro-apoptotic 

stimuli as their wild-type counterparts.86 Bik is activated by p53-dependent as well as p53-

independent transcriptional induction.87 

The Bh3-only protein Bad is also classified as a tumor suppressor. Bad-deficient mice 

seemed healthy, but developed diffuse large B-cell lymphoma at later age.88 They also 

succumbed earlier to radiation-induced lymphomas than wild-type littermates. activity 

of Bad can be negatively regulated by phosphorylation, which ties it to 14-3-3 protein in the 

cytoplasm.89-90 removal of growth factors leads to dephosphorylation of Bad and its release 

from 14-3-3, allowing mitochondrial translocation. mice harbouring a phosphorylation mutant 

of Bad were more sensitive to ionizing radiation and anti-fas antibody injection.91 
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Puma and noxa are two Bh3-only proteins that are transcriptionally regulated by the 

tumor-suppressor protein p53. interestingly, both noxa and puma were dispensable for 

normal development,92 but loss of either one of these proteins protected mefs against dna 

damage-induced apoptosis. in lymphocytes, loss of puma protected cells against a variety 

of apoptotic insults.92-93 Both proteins were also shown to act as tumor-suppressors. loss of 

noxa accelerated lymphomagenesis driven by myc or ionizing radiation,94-95 whereas loss of 

puma accelerated only myc-driven tumor formation.94-96 Both proteins can also contribute 

to p53-independent apoptosis. for instance, loss of puma protected thymocytes against the 

kinase inhibitor staurosporine, while noxa was crucial for apoptosis in response to proteasome 

inhibition.97 noxa has also recently been implicated in the T cell response.98 

Hrk is mainly expressed in neuronal tissues in mice, and is transcriptionally upregulated in 

response to potassium or neuronal growth factor deprivation.99-100 loss of hrk had no impact on 

the development of mice, but made neurons resistant to removal of neuronal growth factor.101 

Bmf was the last Bh3-only protein for which a knockout mouse was created.69 also Bmf 

seemed dispensible for normal development, but knockout mice developed splenomegaly 

by accumulation of B cells. loss of Bmf protected lymphocytes against glucocorticoids and 

histone deacetylase inhibitors, and accelerated development of thymic lymphomas in response 

to ionizing radiation. like Bim, Bmf possesses a dynein light chain-binding motif, which targets 

it to the actin cytoskeleton.102 in response to loss of cell adhesion or actin-depolymerizing 

agents, Bmf is released and translocates to the mitochondria. 

The anTi-apopToTic Bcl-2 proTeins
The anti-apoptotic Bcl-2 proteins inhibit apoptosis by sequestering either direct activator 

Bh3-only proteins or by binding activated Bax and Bak.103 in mammals, there are six known 

anti-apoptotic Bcl-2 proteins (fig. 2, 3). The anti-apoptotic proteins share four Bcl-2 homology 

domains and a c-terminal transmembrane domain. The latter causes them to be loosely 

associated with or integrated into the mitochondrial outer membrane. The founding member 

of the Bcl-2 family is Bcl-2 itself. it was discovered in a neoplastic B-cell line and was found to 

be highly expressed in follicular lymphomas.104 This was mostly due to a t(14;18) translocation 

which puts Bcl-2 under the control of the immunoglobulin heavy chain promoter.105 Bcl-2 

was shown soon after not to promote proliferation, but to provide a survival advantage to 

tumorigenic cells.106 overexpression of Bcl-2 synergized with myc in driving tumorigenesis, 

officially classifying Bcl-2 as a proto-oncogene.107 soon after, the other anti-apoptotic proteins 

were discovered in humans; first Bcl-x108 and mcl-1109 followed by Bcl-w,110 Bfl-1111 and Bcl-B.112 all 

proteins have been shown to function as proto-oncogenes, as their individual overexpression 

accelerated eµ-myc-driven leukemogenesis.113 however, studying mice deficient for the 

individual anti-apoptotic Bcl-2 proteins revealed that their roles in normal physiology are 

different. for instance, both mcl-1 and Bcl-x deletion resulted in embryronic lethality: Bcl-x 

knockout mice die at embryonic day 13, which is accompanied by extensive cell death of 

immature neurons.114 loss of mcl-1 resulted in peri-implantation embryonic lethality.115 in 
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contrast, loss of Bfl-1 or Bcl-w had much more subtle effects. Bfl-1 knockout mice were healthy, 

but displayed enhanced apoptosis of neutrophils.116 male Bcl-w knockout mice were sterile 

due to massive death of mature sperm cells, but were otherwise normal.117 The loss of Bcl-2 did 

severely affect animals, as they displayed growth retardation and early postnatal mortality.118 

in addition, they suffered from polycystic kidney disease and graying of the hair. interestingly, 

these defects were partly reverted by crossing Bcl-2-/- mice to Bim-/- mice,119 indicating that these 

disorders were caused by extensive Bim-dependent apoptosis. conditional knockouts revealed 

that mcl-1 is required for survival of B- and T lymphocytes and hematopoietic stem cells,120-121 

whereas Bcl-xl is more important for the development of erythroid cells.122 surprisingly, Bcl-B 

deficiency had no impact at all.123 

KnocKouT mice as a model sysTem for The Bcl-2 family
it is questionable whether the data on mouse Bcl-B has any predictive value for the human 

situation. human Bcl-B and its mouse ortholog Boo/diva share only 49 percent amino acid 

sequence similarity.124 more importantly, Boo lacks the ability to sequester Bh3-domains 

of pro-apoptotic Bcl-2 molecules due to the loss of crucial amino acids in its Bh1-domain.125 

furthermore, whereas Boo expression seems confined to the ovary,126 Bcl-B is expressed in a 

variety of tissue types.124 This raises the more general question whether mice deficient for Bcl-2 

family members reflect the human situation. for instance, Bfl-1 is also more widely expressed 

than its mouse counterpart.111 interestingly, sequence homology between species in general is 

lower for Bfl-1, Bcl-B, and mcl-1 than for Bcl-2, Bcl-xl and Bcl-w (fig 3a,B). also for the Bh3-only 

proteins, there are considerable differences between species (fig 3B). for instance, hrk and 

Bik share only 72% and 45% sequence similarity with their mouse homologs, respectively. 

furthermore, in mice hrk expression is restricted to neurons,100 whereas human hrk mrna 

was also found in lymphoid tissues, bone marrow and spleen.127 it can be argued that large parts 

of the Bh3-only proteins are not under evolutionary pressure, as most of the functionality of 

the proteins resides in the relatively small Bh3-domain. however, even within the Bh3-domain 

conservation is not complete (chapter 3, fig s3). another example is noxa, of which the mouse 

variant has two different Bh3 domains, in contrast to the one of its human homolog.128 also the 

conservation of Bid is rather low, even though it is highly structured, which would suggests 

more evolutionary pressure.129 

another concern is the high level of redundancy within the Bcl-2 family. Whereas individual 

removal of two single Bcl-2 family proteins might have no effect, the combined removal might 

reveal a severe phenotype. for instance, Bax and Bak were shown to be highly redundant.35 in 

addition, it took the removal of both Bik and Bim to indicate their combined importance for 

spermatogenesis.130 The group of philip Bouillet has been working on systematically crossing 

the individual Bh3-only knockouts, to identify these redundant processes.131-132 in conclusion, 

the use of knockout out mice has provided us with a wealth of information about physiological 

functions of the Bcl-2 family proteins. however, for some of these proteins the results might 

not be directly applicable to humans.
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Figure 2. (a) schematic representation of the canonical members of the Bcl-2 protein family. Bh= Bcl-2 
homology domain, Tm transmembrane domain. (B) Table depicting the alternative names of the Bcl-2 
protein family members.

non-canonical roles of The Bcl-2 proTein family
a recent review collected over 55 reported, non-canonical interactions between the anti-

apoptotic Bcl-2 proteins and non-Bh3-only proteins.133 accordingly, members of the Bcl-2 

family have been implicated in various cellular processes, next to their role in apoptosis. for 

instance, Bax and Bak have been implicated in the unfolded protein response134 and the calcium 

rheostat.135-136 Bh3-only protein Bad was shown to be important for mitochondrial respiration in 

response to glucose,137 mcl-1 was also reported to regulate mitochondrial respiration, for which 

it localizes to the inside of the mitochondria instead of the outer mitochondrial membrane.138

probably the best-established alternative role of the Bcl-2 protein family is the crosstalk 

with the autophagic pathway. autophagy is a highly conserved process that recycles cellular 
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bio.ed.ac.uk/software/figtree/). cow, pig, human, mouse and cat sequences were used if available. (B) 
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17



1
components to provide cells with a source of amino acids, under conditions of starvation. 

upon prolonged starvation, cells eventually die via a Bax- and Bak-independent mechanism.139 

The importance of autophagy as a physiological process was revealed by the generation of 

mice deficient for the various autophagy genes; most knockouts where fatal.140 mice either 

died before the embryo implantation stage or at the post-natal stage when food supply by 

the placenta is lost. conditional knockouts revealed further important roles in immunity, 

tissue homeostasis and remodeling. The best-studied human autophagy gene is Beclin-1.141 

it was identified as a Bcl-2 interacting protein, but also interacted with Bcl-xl and other anti-

apoptotic proteins via a conserved and functional Bh3-domain.142 interestingly, anti-apoptotic 

Bcl-2 proteins repressed Beclin-1-induced autophagy,143 and Bh3-only proteins could relieve 

this repression.144 This indicates that the autophagy mediated by Beclin-1 is regulated in the 

same way as mitochondrial membrane permeabilization. Based on these observations, it is 

not unlikely that the Bcl-2 proteins have additional functionality next to their role in apoptosis. 

Therefore, it would be very interesting to revisit some of the existing mouse knockout models 

and see if other “night-Jobs” of the Bcl-2 proteins can be identified.

sTrucTures of Bcl-2 family memBers
Bcl-xl was the first Bcl-2 family member for which the structure was resolved.145 This revealed 

that Bcl-xl is a folded globular protein, consisting of nine alpha helices. (fig 2a) The core is 

formed by two central, primarily hydrophobic alpha helices, α5 and α6, that are flanked by 

amphipatic helices α3 and α4 on one side and by α1 and α2 on the other side (fig 3a). surface 

analysis revealed a hydrophobic groove formed by the Bh1, Bh2 and Bh3 domains, α3 and α4 

(fig 3c). This groove was postulated to be the interaction site for pro-apoptotic Bcl-2 proteins, 

which was later on structurally confirmed for Bak146 and Bad147 Bh3-domain peptides. Three-

dimensional structures of other anti-apoptotic proteins pointed out that all anti-apoptotic 

proteins seem to share the same “Bcl-2 core” of nine alpha-helices.148-151 although the structure 

of Bcl-B has not been resolved yet, homology modeling suggests that even this more divergent 

Bcl-2 protein (fig 2) has a Bcl-2 core fold.152 interestingly, the structure of Bcl-w showed that its 

α9 helix is normally sequestered in the hydrophobic groove, thereby blocking Bh3 binding and 

preventing integration into the mitochondrial membrane. only upon interaction with Bh3-only 

proteins, the α9 helix is displaced and Bcl-w firmly integrates into the membrane.149, 153 a similar 

mechanism has been reported to regulate localization of Bax and possibly Bcl-xl. 154 

surprisingly, pro-apoptotic multi-domain proteins Bak and Bax also possess a Bcl-2 core 

structure.155-156 The similarity is striking (fig 4B) in the view of their opposing function as 

compared to the anti-apoptotic Bcl-2 proteins. Bax and Bak are also quite closely related to 

Bcl-2, Bcl-xl and Bcl-w at the amino acid level, at least more related than to, for instance, Bcl-B 

(fig 3a). Bax and Bak cause cytochrome c release by homo-multimerizing into large pores in 

the mitochondrial membrane. The Bcl-2 core was found early on to resemble the structure of 

bacterial pore forming toxins.145 interestingly, it has recently been suggested that Bax and Bak 

function like holins, in the way that they make holes in mitochondrial/bacterial membranes.157 

18



general inTroducTion

1
attempts by us to convert Bcl-w into a pore forming protein by domain-swapping with Bax were 

unsuccessful (rooswinkel and van de Kooij, unpublished observations). however, others have 

suggested that the pore forming capacity is locked within the α5 helix and that Bcl-xl endowed 

with the α5 helix of Bax gains pore-forming capabilities.158 The exact mechanism underlying pore 

formation by Bax and Bak remains elusive, due to the impossibility to structurally investigate 

the multimers in the mitochondrial membrane. The current state of affairs has recently been 

reviewed extensively by Westphal et al 159 and is beyond the scope of this introduction. 

The Bh3-only proteins are intrinsically unstructured proteins and they appear to bear no 

secondary structure until they bind one of the anti-apoptotic proteins. Their Bh3-domain is 

thought to only then shape into an amphipatic alpha helix. although the rest of the protein 

remains unstructured, amino acids outside of the Bh3-domain can also contribute to 

interactions with other Bcl-2 family proteins.160-161 They might also help in stabilizing Bh3 helix 

formation, and thereby increase affinity for anti-apoptotic Bcl-2 proteins.162 an interesting 

example of this comes from the interaction of Bim with Bax. only a Bim Bh3-peptide that was 

chemically “stapled” to stabilize its helical properties interacted with Bax and activated it.50 

in a similar way, only certain splice variants of Bim co-immunoprecipitated with Bax, while all 

variants contained the Bh3-domain.38 The only notable exception to the unstructuredness of 

the Bh3-only proteins is presented by Bid. like the anti-apoptotic proteins, Bid has two central 

hydrophobic α-helices surrounded by multiple amphipatic helices.163 although it harbors 

little sequence overlap with the multi-domain Bcl-2 proteins, its fold is highly similar. a major 

difference is the lack of a hydrophobic groove, which in Bid is just a flat hydrophobic patch. 

part of the Bh3 domain of Bid is buried by helix α1, explaining why full-length Bid requires a 

proteolytic step or a conformational change to unleash its full pro-apoptotic potential. 

Bcl-2 proTeins in cancer 
it is widely accepted that cancer cells require a blockade in the intrinsic apoptotic pathway 

to survive their stressful growth conditions and to maintain a malignant phenotype.2, 164-166 

The different types of blockades have been elegantly studied using “Bh3-profiling” on a 

panel of diffuse large B-cell lymphoma lines.167 The study separated the apoptotic blockades 

into three different types: 1) reduced capacity to induce or express Bh3-only proteins, 2) loss 

of Bax and Bak, and 3) increased expression of the anti-apoptotic Bcl-2 proteins. loss of Bak 

and Bax presents the strongest apoptotic blockade and it was shown to potently accelerate 

tumorigenesis in mice, independent of p53.168 however, it is rarely observed in human tumors, 

possibly because it requires the inactivation of four independent alleles. in agreement with this 

hypothesis, transformed mouse cells deficient for Bax and heterozygous for Bak almost always 

lost the functional Bak allele.168

a more common phenomenon in tumors is loss of the capacity to induce or express Bh3-only 

proteins. The best example is probably loss of functionality of the p53 pathway, which occurs in 

about 50% of all tumors.169 p53 serves as “guardian of the genome” and induces pro-apoptotic 

proteins in response to cellular stresses like genomic instability, dna-damage and hypoxia.170 
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Figure 4. cartoon or surface representation of Bcl-xl in complex with Bad (a,c pdB:1g5J) or with aBT-737 
(d, pdB:2yXJ). The domains of Bcl-xl are colored as follows: Bh1, green; Bh2, blue; Bh3, orange and Bh4: 
yellow. Bad and aBT-737 are in red. (B), cartoon representation of an alignment of Bcl-w (grey, 1mK3) and 
Bax (red, 2K7W). cartoons were constructed using pymol. large, unstructured loops have been removed 
for clarity. 
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amongst its direct targets are Bax, Bid, noxa and puma. The importance of p53 is reflected by 

the observation that the reduction in dna-damage induced apoptosis by p53 loss was only 

phenocopied by the combined loss of Bim, noxa and puma.171 more directly, loss of expression 

of individual Bh3-only proteins in tumors has also been observed (reviewed in 172). for instance, 

puma expression was strongly correlated with severity of disease in melanoma, where its levels 

diminished with progression of the disease.173 another example is the loss of Bik expression in 

renal clear-cell carcinoma.174 loss of Bik coincided with loss of Bim expression and was in most 

cases due to either gene deletion or dna hypermethylation. in human tumors, inactivating 

mutations have also been reported for Bik,175 Bad176 and Bid177, but they seem rather rare. 

probably the best-described apoptosis blockade is the one mediated by overexpression 

of anti-apoptotic Bcl-2 proteins. as explained above, Bcl-2 was discovered thanks to its 

overexpression in 70% of follicular B cell lymphoma.104-105 soon after, elevated Bcl-2 levels 

were also found in other cancer types, like cutaneous melanoma178 and breast cancer.179 since 

then, elevated levels of the other anti-apoptotic Bcl-2 proteins have been found in a variety of 

malignancies.179-184 a well-established example is mcl-1 overexpression in chronic lymphocytic 

leukemia.185 downregulation of mcl-1 by sirna transfection resulted in apoptosis and killed 

primary cll cells, underlining the importance of mcl-1 for tumor cell survival.186 

interestingly, the mechanisms that lead to upregulation of the anti-apoptotic Bcl-2 proteins 

are highly diverse. for instance, in follicular lymphoma Bcl-2 is upregulated by a chromosomal 

translocation, but in B cell cll samples it is mostly upregulated by hypomethylation of the 

Bcl2 gene.187 in addition, Bcl-2 levels are regulated both positively and negatively by various 

mirnas.188-190 similarly, negative regulation by mirnas was also reported for Bcl-w191 and mcl-1,192 

which were both reported to be lost in tumors. recently, a large and unbiased screen put mcl-1 

and Bfl-1 among the most common copy-number abnormalities in cancer, and also showed 

that tumors depend on these proteins for survival.193 another interesting mode of regulation 

is by modification of the ubiquitination status of Bcl-2 proteins. Both Bfl-1 and mcl-1 have been 

shown to be ubiquitinated, which targets them to the proteasome for rapid degradation.194-195 

recently, a novel ligase of mcl-1 was identified called fBW7.196 197 loss of this ligase led to 

accumulation of mcl-1, and gave rise to T-all in mice. 

Bcl-2 proTeins in cancer Therapy
The role of apoptosis resistance as a mode of resistance to cancer therapy is subject to a 

longstanding debate.198 it is well appreciated that loss of pro-apoptotic proteins or high levels 

of anti-apoptotic proteins protect cells against short-term cell death induced by various anti-

cancer treatments. however, a block in apoptosis did not always protect tumor cells against 

anti-cancer treatments in clonogenic assays199-200 or in in vivo experiments.201 it has been 

argued that assays on well-established cell lines do not reflect apoptosis sensitivity in vivo 

as the cells have been selected to cope with culture conditions. consistent with this notion, 

Bcl-2 overexpression made primary lymphomas more resistant to cyclophosphamide and 

doxorubicin in vivo.202 also, primary epithelial tumors lacking the pro-apoptotic protein Bim 
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where resistant against paclitaxel.203 despite this evidence, spontaneous mouse models and 

unbiased drug screens reveal mostly important roles for drug transporters and detoxifying 

enzymes in anti-cancer drug resistance.204-205 There are multiple lines of reasoning that might 

explain at least in part, this ostensible discrepancy.

one important explanation might come from the various ways in which cells of different 

tissue types respond to anti-cancer agents. for instance, thymocytes and bone marrow cells 

mostly die by means of apoptosis in response to dna damaging treatments like radiation.206 

however, epithelial cells are much less apoptosis prone and might also go into senescence 

(following cell cycle arrest) or die by other mechanisms like mitotic catastrophe, autophagy or 

necrosis.207 The underlying reason for this difference is still not completely understood. however, 

tumors derived from these tissues share those characteristics. Tumors of hematological origin 

therefore benefit much more from apoptosis inhibition than do solid tumors. in agreement, 

multiple studies have found a clear correlation between high levels of anti-apoptotic Bcl-2 

proteins and treatment resistance in leukemia.208-210 however, for solid tumors the correlation 

between Bcl-2 levels and tumor treatment response is much less clear. a systematic review 

could not establish a correlation between Bcl-2 levels and response to radiotherapy,211 while in 

breast cancer, high Bcl-2 levels correlate with a favorable outcome.212 Therefore, contribution 

of apoptosis to treatment response is dependent on tumor tissue type.

another important explanation for this discrepancy might be that tumor cells that have 

gained apoptotic resistance to survive rapid cell division, not necessarily acquire resistance to 

apoptosis caused by anti-cancer agents. follicular lymphomas are a striking example of this. 

Bcl-2 overexpression is one of the driver mutations of these lymphomas, meaning that they 

depend on Bcl-2 for their survival. however, these tumors are highly sensitive to radiotherapy and 

chemotherapy.167, 213 The group of anthony letai put an interesting concept forward that might 

explain this observation. he postulated that the rapid proliferation activates Bh3-only proteins 

in these tumor cells to the extent that they barely survive. Bcl-2 overexpression will therefore in 

time be compensated by an increase in Bh3-only proteins, until the balance between pro-and 

anti-apoptotic proteins is again just tolerable. he termed this status “primed for death,66, 167, 214 as 

these tumors now have a huge build up of pro-apoptotic molecules. Therefore, they require just a 

little push into the right direction, meaning that in time, these tumors become highly sensitive to 

anti-cancer agents. so the priming of a tumor cell, i.e. the balance of pro- and anti-apoptotic Bcl-2 

proteins might predict the response to chemotherapy much better than mere anti-apoptotic 

Bcl-2 protein levels.215 although there is no real explanation yet, it appears that solid tumors in 

general are less primed for death.215 one possibility is that contact with stroma increases the 

apoptotic threshold, as was recently shown to be the case for cll.216 modulating the stromal 

influence on tumor tissue would present a novel way to prime solid tumors.217 This would make 

them more apoptosis prone, which could dramatically improve chemosensitivity of solid tumors.

lastly, most conventional anti-cancer therapies kill cells by inducing permanent (dna)-

damage to a cell. This damage is often incompatible with further life of the cell. so even though 

the cell might resist apoptosis, it will still lose its potential to proliferate because of the severity 

of the damage. however, novel targeted drugs are being developed and used in the clinic that 
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induce apoptosis without causing permanent damage to the cell. in that case, a cell can continue 

to proliferate if it can withstand apoptosis. Therefore, the increased use of targeted compounds 

may lead to an increased importance of apoptotic blockades in treatment resistance. supporting 

this view, fetal mouse liver cells transformed with Bcr-abl but lacking both Bad and Bim were 

highly resistant against the Bcr-abl inhibitor imatinib.218 in summary, contribution of apoptosis 

to treatment response is likely to be therapy- as well as tumor type-dependent. 

TargeTing The Bcl-2 family To TreaT cancer
There is an increasing interest to try to kill tumor cells by specifically targeting the apoptotic 

machinery. This includes compounds that directly activate caspases219-220 or Bax,221 but it is 

unclear whether these compounds will display a high selectivity for tumor cells. arguably the 

most promising approach so far is neutralization of the anti-apoptotic Bcl-2 proteins. This 

approach aims to liberate pro-apoptotic Bcl-2 proteins from their anti-apoptotic counterparts. 

Their selectivity for tumor cells stems from the notion that tumor cells are “primed for death”. as 

a result of rapid and stressful proliferation, tumor cells build up pro-apoptotic Bcl-2 molecules, 

and become addicted to anti-apoptotic Bcl-2 molecules to survive. When these molecules are 

inactivated, the cells die.

The first attempt to inactivate Bcl-2 came from a company called genta, that created an 

antisense dna molecule targeting the first six codons of the Bcl-2 gene.222 The compound, 

called oblimersen, successfully reduced Bcl-2 levels in cells and is currently being tested in 

various clinical trials. in chronic lymphatic leukemia (cll), it had a significant positive effect on 

5-year patient survival, in combination with fludarabine.223 however, overall results from clinical 

trials where a bit disappointing.224 subsequent approaches were aimed at inhibiting the function 

of Bcl-2 family members, instead of downregulation of Bcl-2 protein levels. The compounds 

used were collectively referred to as Bh3-mimetics, as they mimic the role of a Bh3-domain. 

Bh3-mimetics have the advantage of working directly and possibly can inhibit multiple anti-

apoptotic proteins at once. a couple of different mimetics are in clinical testing. for instance, 

gossypol is a natural compound derived from the cotton plant and has been used in china for 

decades as contraceptive for men.225 later on it was found to bind potently to anti-apoptotic 

Bcl-2 proteins.226 since then, numerous analogs have been created, including a commercial 

variant called aT-101. aT-101 consists of the active enantiomer of gossypol and is now also in 

various clinical trials.227 it is unlikely that aT-101 functions solely as a Bh3-mimetic, as at higher 

doses it also kills cells via caspase independent mechanisms (unpublished observations).

probably the most prominent Bh3-mimetic is aBT-737.228 it was specifically designed to fit 

into the groove of Bcl-2 and Bcl-xl (fig 3d). in contrast to other Bh3-mimetics, aBT-737 was 

validated to be a true Bh3-mimetic, as it did not kill cells that were deficient for both Bax and 

Bak.229 aBT-737 was reported to bind with high affinity to Bcl-2, Bcl-w and Bcl-x, but not to 

Bfl-1, Bcl-B or mcl-1.228, 230 in agreement with its high affinity for Bcl-2, it kills primary cll cells 

within four hours and in the nm range.231 aBT-737 is also particularly effective against follicular 

lymphoma cells that have undergone the t(14:18) translocation and therefore are addicted to 
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Bcl-2 overexpression.167 perhaps surprisingly, aBT-737 displayed single agent activity against 

various solid tumors, indicating that also solid tumors can be primed for death.228 furthermore, 

aBT-737 was synergistically combined with a battery of novel and conventional anti cancer 

treatments (reviewed in 4). however, in the specificity of aBT-737 lies also its achilles heel. it was 

soon discovered that high expression of the untargeted anti-apoptotic proteins mcl-1 and Bfl-1 

provided de novo or acquired resistance.232-234 nonetheless, an orally available analog called 

aBT-263 (navitoclax) was tested in various clinical trials. These trials reported single agent 

activity in both solid and lymphoid relapsed tumors.235-236  

another emerging strategy targets the instability of the anti-apoptotic protein mcl-1. 

various compounds have been found that either accelerate mcl-1 degradation197, 237-238, or lower 

mcl-1 levels by blocking transcription or translation239-241. although blocking transcription or 

translation is a rather broad phenomenon, the reduction in mcl-1 levels is thought to be the 

primary mode of apoptosis induction. 239, 242 compounds that block protein translation are now 

in clinical trials for cll, 243 a tumor type that is highly dependent on mcl-1.

scope of This Thesis
as described above, apoptosis is one of the hallmarks of cancer and resistance to apoptosis can 

contribute to anti-cancer treatment resistance, especially in hematopoietic malignancies. for 

instance, overexpression of Bcl-2 is the driver mutation of follicular lymphoma, and high levels 

of mcl-1 are crucial for the survival of cll and acute myeloid leukemia (aml). These high levels 

of anti-apoptotic Bcl-2 proteins allow tumors to survive their stressful growth conditions. This is 

accompanied by a build-up of pro-apoptotic Bcl-2 molecules, which makes the tumors “primed 

for death”. This notion has led to the pharmacological targeting of the pro-survival Bcl-2 proteins 

with the most notable example being small-molecule Bh3-mimetics. These compounds have 

shown that it is possible to kill tumor cells that are “addicted” to the high levels of anti-apoptotic 

Bcl-2 family proteins, with preference over healthy tissue. furthermore, the Bh3-mimetics were 

shown to enhance apoptotic killing by conventional and novel anti-cancer agents. aBT-737’s 

effectiveness is limited by the fact that expression of untargeted proteins leads to resistance. on 

the other hand aBT-737 mediated inhibition of Bcl-xl leads to thrombocytopenia. 

precise knowledge of the functioning of anti-apoptotic Bcl-2 family proteins can guide 

attempts to devise novel strategies to target the apoptotic machinery in the treatment of 

cancer. Therefore, we investigate in this thesis 1) The applicability and specificity of the Bh3-

mimetic aBT-737 in leukemic cells. 2) The importance of Bh3-domain binding selectivity for the 

anti-apoptotic capacity of anti-apoptotic Bcl-2 proteins. 3) ubiquitin-mediated degradation of 

anti-apoptotic Bcl-2 proteins and its implication for anti-apoptotic capacity.

in Chapter 2, we studied the specificity of the Bh3 mimetic aBT-737 in two acute 

lymphoblastic leukemia (all) T-cell lines. We revealed that, next to Bfl-1 and mcl-1, Bcl-B is 

untargeted by aBT-737 and that its expression causes resistance against the drug. surprisingly, 

we also found that Bcl-xl and Bcl-w are less efficiently targeted by aBT-737 than Bcl-2 and that 

this is due to a decreased capacity to disrupt complexes of Bcl-w and Bcl-xl with pro-apoptotic 
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Bc-2 proteins. in Chapter 3, we use a newly developed immunoprecipitation method to create 

an interaction profile of all the canonical Bcl-2 proteins. We used this interaction profile to 

investigate the importance of Bh3-domain binding selectivity for the anti-apoptotic capacity 

of the pro-survival members of the Bcl-2 family. in contrast to current lines of thinking, we find 

that not Bh3-binding selectivity, but protein stability is the major determinant of anti-apoptotic 

capacity of the pro-survival Bcl-2 proteins. in Chapter 4, we investigate the protein stability of 

the pro-survival protein Bcl-B and find that Bcl-B is rapidly degraded by the proteasome in a 

ubiquitin-dependent manner. in line with our findings in chapter 3, the low stability of Bcl-B 

limits its capacity to protect cells against anti-cancer regimens. in Chapter 5, we identify a small 

n-terminal degron that targets proteins for n-terminal ubiquitination. We examine its function, 

using examples from the Bcl-2 protein family. finally, a general discussion of the first 5 chapters 

and their relation to published literature is presented in Chapter 6.
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