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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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Figure 3. (a) phylogenetic tree showing the relationships between the multi-domain Bcl-2 proteins of 
various species. amino acid sequences of indicated proteins were aligned using praline (http://www.
ibi.vu.nl/programs/pralinewww/), followed by clustalW2 phylogeny analysis (http://www.ebi.ac.uk/
Tools/phylogeny/clustalw2_phylogeny/). resulting output was visualized using figTree v1.3 (http://tree.
bio.ed.ac.uk/software/figtree/). cow, pig, human, mouse and cat sequences were used if available. (B) 
percentage sequence identity of the indicated proteins, compared to the human proteins as calculated by 
Blast analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
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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 
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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 
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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 

23



1
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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2

aBsTracT
The novel anti-cancer drug aBT-737 is a Bh3-mimetic that induces apoptosis by inhibiting 

pro-survival Bcl-2 proteins. aBT-737 binds with equal affinity to Bcl-2, Bcl-xl and Bcl-w in 

vitro and is expected to overrule apoptosis resistance mediated by these Bcl-2 proteins in 

equal measure. We have profiled aBT-737 specificity for all six pro-survival Bcl-2 proteins, 

in p53 wild-type or p53 mutant human T-leukemic cells. Bcl-B was untargeted, like Bfl-1 and 

mcl-1, in accord with their low affinity for aBT-737 in vitro. however, Bcl-2 proved a better 

aBT-737 target than Bcl-xl and Bcl-w. This was reflected in differential apoptosis-sensitivity to 

aBT-737 alone, or combined with etoposide. aBT-737 was not equally effective in displacing 

Bh3-only proteins or Bax from Bcl-2, as compared to Bcl-xl or Bcl-w, offering an explanation 

for the differential aBT-737 sensitivity of tumor cells overexpressing these proteins. inducible 

expression demonstrated that Bh3-only proteins noxa, but not Bim, puma or truncated Bid 

could overrule aBT-737 resistance conferred by Bcl-B, Bfl-1 or mcl-1. These data identify Bcl-B, 

Bfl-1 and mcl-1, but also Bcl-xl and Bcl-w as potential mediators of aBT-737 resistance and 

indicate that target proteins can be differentially sensitive to Bh3 mimetics, depending on the 

pro-apoptotic Bcl-2 proteins they are complexed with.

lisT of aBBreviaTions
momp, mitochondrial outer membrane permeabilization; sclc, small cell lung cancer Bh3, 

Bcl-2 homology 3; doX, doxycycline; T-all, T-acute lymphoblastic leukemia; pi, propidium 

iodide
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 mechanisms of aBT-737 resisTance

2

inTroducTion
in many tumors, overexpression of pro-survival Bcl-2 proteins contributes to apoptosis 

resistance.1-2 The Bcl-2 protein family controls mitochondrial outer membrane permeabilization 

(momp) and the ensuing caspase activation. Bcl-2 proteins are therefore critical regulators of 

the apoptotic response. The family comprises the pro-apoptotic Bh3 domain-only proteins, 

Bax, Bak, and the pro-survival proteins Bcl-2, Bcl-xl, Bcl-w, Bfl-1, mcl-1 and Bcl-B.1-2 Bax and 

Bak are the effector proteins that, upon their activation, bring about momp by forming large 

homomultimeric pores. The activity of Bax and Bak is constrained by the pro-survival Bcl-2 

proteins that prevent their homomultimerization. in response to apoptotic stimuli, Bh3-only 

proteins enable the effector function of Bax and Bak. it is thought that the Bh3-only proteins 

Bid, Bim, and possibly also puma can activate Bax and Bak by direct interaction. other Bh3-only 

proteins, like noxa and Bad, do this by liberating activated Bax and Bak from their pro-survival 

counterparts. They can also act more indirectly, by liberating other Bh3-only proteins from pro-

survival Bcl-2 proteins, allowing these to activate Bax and Bak.1-6 The type of Bh3-only protein 

that is mobilized depends on the stimulus and the cell type, but multiple Bh3-only proteins can 

respond to a single stimulus in one cell.7-8

Bh3-mimetics represent a new class of anti-cancer drugs that mimic the function of 

Bh3-only proteins.9 These compounds act in a tumor-selective way, most likely because tumor 

cells are “primed for death”.10 Their rapid proliferation under stressful conditions is thought to 

activate Bh3-only proteins and Bax/Bak, whose function is counteracted by elevated expression 

of pro-survival Bcl-2 proteins. Bh3-mimetics release the Bh3-only proteins and Bax/Bak from 

their pro-survival counterparts, which kills the tumor cell. Bax/Bak and Bh3 domain-only 

proteins bind to the pro-survival Bcl-2 family proteins with their α-helical Bcl-2 homology (Bh)3 

domain that fits into a groove formed by the Bh1-3 domains of the partner protein.2 The Bh3-

mimetic aBT-737 was identified by nmr-based screening of a chemical library for high affinity 

binding to the hydrophobic Bh3-binding groove of recombinant Bcl-xl.11 In vitro, aBT-737 binds 

Bcl-xl, Bcl-2 and Bcl-w with comparable high affinity, while it has over 1000-fold lower affinities 

for Bcl-B, Bfl-1 and mcl-1.11 aBT-263 is a closely related compound that is orally bioavailable.12 

it displays a similar binding selectivity for pro-survival Bcl-2 proteins in vitro as aBT-737 and is 

currently in clinical trials under the name navitoclax.13 

aBT-737 showed impressive single agent activity, in particular against leukemias, lymphomas 

and small cell lung cancer (sclc), but resistance was often encountered as well.11, 14-18 it was 

found at an early stage that mcl-1 is untargeted and mediates aBT-737 resistance.14-16 however, 

the contribution of all six pro-survival Bcl-2 family members to aBT-737 resistance has never 

been compared side-by-side in a cellular context. combination of aBT-737 with various anti-

cancer drugs often leads to increased cell death,9 but these compounds often induce multiple 

Bh3-only proteins.8 how individual Bh3-only proteins contribute to synergy with aBT-737 is 

therefore unclear. 

We present here the selectivity of aBT-737 for all human full-length pro-survival Bcl-2 

family members in human p53 wild-type and -mutant T-leukemic cells. Bcl-B was identified 
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as mediator of aBT-737 resistance, like mcl-1 and Bfl-1 were previously,14-16 in accordance with 

the low affinity of aBT-737 for these pro-survival proteins in vitro. contrary to in vitro affinity 

studies, however, we find that aBT-737 targets Bcl-2 with preference over Bcl-xl and Bcl-w. 

Bh3-only protein and Bax displacement revealed that aBT-737 differs in its ability to disrupt 

complexes between these proteins and Bcl-2, Bcl-xl or Bcl-w. This explains the differential 

targeting of these proteins in the cellular context. using cell lines with inducible expression 

of noxa, Bim, puma or truncated Bid, we found that only noxa could synergize with aBT-737 in 

cells expressing the untargeted proteins Bcl-B, Bfl-1 or mcl-1. accordingly, noxa-inducing anti-

cancer drug bortezomib synergized with aBT-737 in case of Bcl-B, Bfl-1 or mcl-1 overexpression. 

These data provide additional guidelines for design and selection of novel Bh3-mimetic drugs.

resulTs
in a cellular context, ABt-737 targets Bcl-2 with greater efficiency than all other  
pro-survival proteins. 

for this study, we used the two well-characterized human T-all cell lines molT-4 and J16 

that have a wild-type and mutant p53 status, respectively. We stably expressed each of the six 

pro-survival Bcl-2 proteins in these cell lines by retroviral transduction. overexpression of the 

Bcl-2 proteins was confirmed by Western blotting (suppl. fig. 1). To determine their sensitivity 

to aBT-737, the cell lines were cultured for 48 h with a dose range of the drug or its negative 

enantiomer, and cell death was read out by pi uptake. cell death was classified as apoptosis by 

nuclear fragmentation and complete inhibition by the pan-caspase inhibitor z-vad-fmk (suppl. 

fig. 2). cell death induced by the enantiomer was differentially inhibited by the various Bcl-2 

family members, and therefore this compound was disqualified as a control. (suppl. fig. 3). 

molT-4 and J16 empty-vector control cell lines died in a dose-dependent manner in 

response to aBT-737 treatment (fig. 1a), with ec
50

 values of about 0.1 µm and 8 µm, respectively 

(fig. 1b). for the cell lines overexpressing the different Bcl-2 family members, we have depicted 

the fitted response curve of the empty-vector control cells in each plot, as a reference for aBT-737 

sensitivity (fig. 1a). Both molT-4 and J16 cells that overexpressed Bcl-2 died as effectively as 

empty-vector control cells in response to aBT-737 (fig. 1a,b), confirming that aBT-737 effectively 

targets Bcl-2. Bcl-B conferred resistance, as did mcl-1 and Bfl-1, both in molT-4 and J16 cells. 

surprisingly, despite their similar in vitro affinity for aBT-737, Bcl-xl and Bcl-w were not equivalent 

to Bcl-2 in their sensitivity to aBT-737. in both cell types, Bcl-xl and in particular Bcl-w conferred 

resistance as revealed by a right shift of the curves and increased ec
50

 values (fig. 1a,b).

Correction for protein turnover shows that Bcl-2 is the optimal target of ABt-737, 

preferred over Bcl-xl and Bcl-w, while mcl-1 and Bfl-1 are untargeted. 

since aBT-737 seemed more selective for Bcl-2 than previously anticipated, we aimed to 

substantiate this finding by excluding differences in expression levels of the pro-survival Bcl-2 

family members. Bfl-1 and mcl-1 in particular are subject to constitutive ubiquitination and 

proteasomal turnover,23-24 which may affect their anti-apoptotic capability. for this purpose, 
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Figure 1. of all six pro-survival Bcl-2 proteins, Bcl-2 appears the optimal target for ABt-737. (a) molT-4 
and J16 (Jurkat) T-all cell lines that had been transduced to stably express the indicated pro-survival Bcl-2 
family members or empty control vector (e.v.) were treated with a dose range of aBT-737 (µm). cell death 
was assessed by pi uptake, 48 h after aBT-737 addition. grey dashed line, indicates the curve fit for the e.v. 
dose response data that is included in every graph for easy reference. data shown are mean values + sd 
derived from one experiment with triplicate samples and are representative of two to three independent 
experiments. (B) ec50 values of the dose-response curves in (a) as determined by curve fitting.
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we stably expressed all pro-survival Bcl-2 family members in J16 cells as amino-terminal fusions 

with green fluorescent protein (gfp). This enabled us to flow cytometrically sort the cell lines on 

equal expression levels of the pro-survival Bcl-2 proteins using gfp fluorescence (suppl. fig. 4). 

We thus corrected for differences in protein turnover that played a role in the experiments 

depicted in fig. 1, where untagged Bcl-2 proteins were expressed. Bcl-B expressing cells were 

excluded from this analysis, since they also expressed gfp as non-fusion protein, apparently 

due to proteolytic cleavage (suppl. fig. 4). The cells were exposed to a dose range of aBT-737 

and cell death was assayed after 48 h, as before. clearly, Bcl-2 was the optimal target, since Bcl-2 

overexpressing cells were the only ones that displayed equal sensitivity to aBT-737 as empty-

vector control cells (fig. 2a,b). Bfl-1 and mcl-1 were highly insensitive to aBT-737, with ec
50

 

values that were over 50 fold higher than those for Bcl-2. importantly, the assay demonstrated 

conclusively that at equal expression levels, Bcl-xl and Bcl-w are targeted by aBT-737 with lower 

efficiency than Bcl-2. This is apparent from the shift in the dose response curves (fig. 2a) and 

the 10 to 20 fold higher ec
50

 values (fig. 2b). We conclude that in the cellular context, aBT-737 

targets Bcl-xl and Bcl-w to a lesser extent than Bcl-2 and does not target Bfl-1 or mcl-1. 

ABt-737 and etoposide synergize more strongly in tumor cells that overexpress Bcl-2, 
as compared to Bcl-xl or Bcl-w. 

next, we investigated in which cases aBT-737 could alleviate resistance to a conventional 

therapeutic regimen. To this end, we tested the cell-line panel expressing the untagged pro-

survival proteins for responsiveness to etoposide, a topoisomerase ii inhibitor and an inducer 

of dna double strand breaks. molT-4 was much more sensitive to etoposide than J16 (fig. 3a), 

in agreement with its wild-type p53 status. overexpression of Bcl-2, Bcl-xl and Bcl-w strongly 

Figure 2. Correction for protein turnover shows that Bcl-2 is a better target for ABt-737 than Bcl-xl and 
Bcl-w, while Bfl-1 and mcl-1 are untargeted. (a) J16 cell line was transduced to stably express one of the 
indicated gfp-Bcl-2 fusion proteins or gfp control vector (e.v.) and cells were sorted on equal expression 
of gfp. resulting stable cell-lines with comparable expression of the gfp-tagged Bcl-2 proteins (suppl. fig. 
4) were subsequently treated with a dose range of aBT-737 (µm). cell death was assessed by pi uptake, 48 
h after aBT-737 addition. data shown are mean values + sd derived from three independent experiments. 
(B) ec50 values of the dose-response curves in (a) as determined by curve fitting.
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inhibited etoposide-induced cell death in molT-4 and conferred almost complete resistance 

against etoposide in J16, at all tested concentrations (fig. 3a). in contrast, Bcl-B, Bfl-1 or mcl-1 

overexpression had little effect on etoposide-induced death in molT-4 and none in J16 (fig. 

3a). it was expected that aBT-737 would sensitize the etoposide-resistant cells for cell death 

induction, in case they overexpressed Bcl-2 or other aBT-737 target proteins. To test this, all cell 

lines were exposed to a dose range of etoposide, in the absence or presence of a low dose of 

aBT-737. strikingly, the combined effect of aBT-737 and etoposide was only synergistic in case of 

Bcl-2 overexpression, both in molT-4 and J16 cells (fig. 3b). This was defined by the calculated 

combination index (c.i.) of 0.54, which is below the cut off for synergy of 0.9. in case of Bcl-B, 

Bfl-1 and mcl-1, the c.i. was higher than 1, confirming that these proteins are not targeted by 

aBT-737. more importantly, in case of Bcl-xl and Bcl-w, the combined effect with aBT-737 was 

hardly or not at all synergistic (fig. 3b). at a higher dose of aBT-737, synergy was observed 

in Bcl-xl- and Bcl-w-overexpressing cells (results not shown), confirming that these proteins 

were targeted, but with lower efficacy than Bcl-2. experiments in J16 cells, combining aBT-737 

with the death receptor ligand Trail or er stressor thapsigargin, confirmed the selectivity of 

aBT-737 for Bcl-2 as compared to the other pro-survival Bcl-2 proteins (results not shown). We 

conclude that aBT-737 can act synergistically with a conventional dna-damaging anti-cancer 

regimen to alleviate the apoptotic blockade imposed by Bcl-2, but to a much lesser extent that 

imposed by Bcl-xl or Bcl-w. This is the case in both p53 wild-type and mutant leukemic cells.

ABt-737 selectivity for Bcl-2 over Bcl-xl and Bcl-w is explained by differential 
displacement of BH3-only proteins and Bax. 

Bh3-mimetics are thought to induce cell death by releasing Bh3-only proteins like Bim, or an 

active pool of Bak/Bax from sequestration by pro-survival Bcl-2 family members.10, 14, 17 To gain 

further insight into the selectivity of aBT-737 in cells, we tested its potential to displace Bh3-only 

proteins or Bax from the different pro-survival Bcl-2 family members. We first focused on Bim that 

has been implicated as a major factor in sensitivity to aBT-737.17 heK 293T cells expressing flag-

tagged Bim, in combination with each of the ha-tagged pro-survival Bcl-2 proteins were treated 

for 8 h with a high dose (10 µm) of aBT-737 or solvent control. pro-survival Bcl-2 proteins were 

immunoprecipitated and the amount of Bim that was bound to them was determined by Western 

blotting (fig. 4a, left panel). Western blotting of total cell lysates indicated that overall expression 

levels of Bim and the inhibitory Bcl-2 proteins were comparable before and after aBT-737 treatment. 

Western Blot signals in the immunoprecipitates were quantified and the ratio between Bim and 

the inhibitory Bcl-2 proteins was calculated (fig. 4a, right panel). The amount of Bim recovered 

in absence of aBT-737 was set at 100% in each case. This analysis revealed that aBT-737 could not 

displace Bim from Bcl-B, Bfl-1 and mcl-1, even at this high dose, in line with the data we obtained 

in the cell death assays. at 10 µm, aBT-737 displaced Bim from Bcl-2 and Bcl-xl in equal measure, 

by about 75% (fig. 4a, right panel). also at a lower dose range from 3 to 0.3 µm, aBT-737 displaced 

Bim from Bcl-2 and Bcl-xl with equal efficiency (fig. 4b). however, at 10 µm, aBT-737 displaced Bim 

with significantly lower efficacy from Bcl-w than from Bcl-2 or Bcl-xl (fig. 4a, right panel). This is in 

agreement with the fact that Bcl-w conferred aBT-737 resistance in our cell-lines.
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Figure 3. in J16 and molt-4 t-All, Bcl-2, Bcl-xl and Bcl-w mediate etoposide resistance, which can 
be alleviated by ABt-737 only in case of Bcl-2. (a) single agent treatment. J16 and molT-4 cell lines 
expressing empty vector (e.v.), or overexpressing one of the indicated pro-survival Bcl-2 proteins, were 
treated with the indicated doses of etoposide (µg/ml). cell death was measured as pi uptake, 48 h after 
addition of the drug. data shown are mean values + sd derived from one experiment with triplicate 
samples that is representative of three experiments (a) combined modality treatment. cells were treated 
with a dose range of etoposide (0, 0.3, 0.6, 1.25, or 2.5 µg/ml for J16 and 0, 0.031, 0.063, 0.125, or 0.25 µg/
ml for molT-4) in the absence of presence of aBT-737. aBT-737 was used at a concentration of 0.6 µm for 
J16 and at 0.16 µm for molT-4. cell death was measured as pi uptake, 48 h after addition of the drugs. data 
shown are mean values + sd derived from one experiment with triplicate samples that is representative of 
two experiments combination indices (c.i.) were calculated as described in materials and methods and 
indicate synergy when <0.9.
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We considered that looking solely at disruption of Bim complexes is not fully informative 

of aBT-737 action, since it did not explain the differential sensitivity of Bcl-2 and Bcl-xl 

overexpressing cells. We therefore tested displacement of other pro-apoptotic proteins from 

Bcl-2 and Bcl-xl. flag-tagged Bax (fig. 4c) or myc-tagged Bad (fig. 4d) were expressed in 

conjunction with ha-tagged Bcl-2 or Bcl-xl, cells were treated for 8 h with 0.3 µm of aBT-737 

or solvent control and samples were analyzed as stated before. These assays revealed that 

aBT-737 displaced Bax from Bcl-2 with a significantly higher efficacy than from Bcl-xl (fig. 

4c). moreover, Bad displacement from Bcl-2 was very efficient at this 0.3 µm dose of aBT-737, 

while Bad displacement from Bcl-xl was completely ineffective (fig. 4d). also at a high aBT-737 

dose of 10 µm, Bad was still more efficiently displaced from Bcl-2 than from Bcl-xl (results not 

shown). These assays indicate that aBT-737 discriminates in cells between Bcl-2, Bcl-xl and 

Bcl-w complexes, despite similar in vitro affinity for the pro-survival proteins themselves. 

noxa, but not Bim, Puma, or tBid-C synergizes with ABt-737 in cells that overexpress 
the non-targeted pro-survival proteins Bcl-B, Bfl-1 or mcl-1. 

Both apoptosis assays and Bim displacement studies indicated that Bcl-B, Bfl-1 and mcl-1 are not 

targeted by aBT-737. various drugs and stimuli have been tested for their potential to overcome 

aBT-737 resistance by mcl-1 and various Bh3-only proteins have been suggested to play a 

role.25-27 To test individual Bh3-only proteins for their capacity to alleviate aBT-737 resistance as 

mediated by all three untargeted proteins, we enabled J16 cells to inducibly express Bh3-only 

proteins in response to doxycycline (dox). This allowed us to specifically study the contribution 

of one Bh3-only protein at a time, which is not possible when broadly acting stimuli are used 

that may activate multiple (unknown) Bh3-only proteins at once.7-8 We tested Bim, puma and 

the active carboxy-terminal fragment of Bid (tBid-c), since they reportedly bind to all pro-

survival Bcl-2 family members and can directly activate Bax/Bak.3-4, 28 We also tested noxa, since 

it has a Bcl-2 family binding profile that is exactly complementary to that of aBT-737.3, 28 The 

Bim-, puma-, tBid-c- and noxa-inducible cell lines that were created died in a dose-dependent 

manner upon treatment with dox and induction of the Bh3-only proteins was confirmed by 

Western blotting (suppl. fig. 5). after this validation, the cell lines were retrovirally transduced 

to express Bcl-B, Bfl-1 or mcl-1, which made them resistant to aBT-737. 

These cell lines were treated for 48 h with a dose range of aBT-737, in the absence or presence 

of dox, after which cell death was monitored. noxa showed a clear synergistic interaction with 

aBT-737 in cells that expressed either Bcl-B, Bfl-1 or mcl-1 (fig. 5a). a weak synergy was observed for 

Bim, but not for puma or tBid-c, even at higher dox concentrations (results not shown), or when 

cells were pre-treated with dox (suppl. fig. 6). To test combined effects on clonogenic survival, 

the mcl-1 overexpressing cells with inducible noxa- or Bim expression were cultured as single cells 

in presence of aBT-737, dox or the combination. Bh3 protein induction or aBT-737 treatment alone 

reduced clonal outgrowth in both cases (fig. 5b). however, only in case of noxa, the combination 

of aBT-737 treatment and Bh3-only protein induction was synergistic as indicated by a c.i. of 0.65. 

collectively, the data show that noxa acts synergistically with aBT-737 to induce cell death in cells 

that express the non-targeted proteins Bcl-B, Bfl-1 or mcl-1, while Bim, puma and tBid-c do not.
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Figure 4. ABt-737 displaces Bad and Bax with greater efficacy from Bcl-2 than from Bcl-xl or Bcl-w. 
(a-d) heK 293T cells were transfected to express each of the indicated ha-tagged pro-survival Bcl-2 
proteins together with flag-tagged Bim (a,B), Bax (c), or myc-tagged Bad (d). at 24 h after transfection, 
aBT-737 or solvent control were added to the indicated final concentrations and cells were cultured for 
another 8 h in the presence of z-vad-fmk (25 µm). next, cells were harvested, lysed and subjected to 
immunoprecipitation (ip) with antibody directed at the ha tag. prior to ip, samples were taken for control 
of expression of ha-tagged pro-survival and pro-apoptotic Bcl-2 proteins in total cell lysates (Tcl). 
samples of Tcl and anti (α)-ha ip were separated by sds-page and subjected to Western blotting with 
fluorochrome-conjugated α-ha, α-flag and α-myc antibodies. imaging and quantification was done 
using the odyssey imager and associated software. Bar diagrams represent the ratio between the amounts 
of the pro-apoptotic and the pro-survival Bcl-2 family protein in the ip. The signal in the ip sample from 
mock-treated cells (control) was set at 100% for each of the pro-survival Bcl-2 proteins. results shown are 
the mean + sd of three independent experiments. asterisks denote statistical significant differences as 
determined by student’s t-test (*p<0.05, **p<0.01, ***p<0.001)
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noxa-inducing anti-cancer drug bortezomib synergizes with ABt-737 in Bcl-B-, Bfl-1-, 
or mcl-1- overexpressing leukemic cells. 

To extrapolate our findings to a clinically relevant setting, we tested whether the proteasome 

inhibitor bortezomib could act synergistically with aBT-737 in cells that overexpressed any of 

the non-targeted pro-survival Bcl-2 proteins. Bortezomib is clinically applied and induces noxa 

in a p53-independent manner.29-30 J16 and molT-4 cell lines overexpressing Bcl-B, Bfl-1 or mcl-1 

were treated for 48 h with different doses of aBT-737, in absence or presence of bortezomib. 

The cell lines showed a response to single agent treatment, but the combination synergistically 

induced cell death in all cases (fig. 6a). 

accordingly, bortezomib dramatically increased noxa protein levels, both in J16 and molT-4 

cells (fig. 6b). among all pro- and anti-apoptotic Bcl-2 family proteins both in J16 and molT-4 

only noxa was consistently upregulated at the mrna level in both cell lines (suppl. fig. 7). noxa 

downregulation by rna interference was unsuccessful (results not shown), but bortezomib 

kills Jurkat cells via noxa induction.31 These results show that bortezomib upregulates noxa 

expression in p53 wild-type and mutant leukemias, which is accompanied by increased sensitivity 

to aBT-737, despite overexpression of the non-targeted proteins Bcl-B, Bfl-1 and mcl-1. 

discussion
our study revealed that Bcl-2, Bcl-xl and Bcl-w are not targeted with equal efficiency by aBT-737 

in the cellular context. it thereby identified Bcl-w and Bcl-xl as potential mediators of aBT-737 

resistance. although this is surprising in the light of their similar in vitro targeting,11 other data 

also point in this direction.15, 32-34 Whitecross et al. reported that Bcl-w conferred resistance to 

aBT-737 in eµ-myc transformed mouse lymphoma cells,33 while van delft et al found that mouse 

embryonic fibroblasts were less sensitive to aBT-737 upon overexpression of Bcl-xl as compared 

to Bcl-2.15 furthermore, high levels of Bcl-2, but not Bcl-xl or Bcl-w were found to correlate with 

aBT-737 or aBT-263 sensitivity in cll.17, 34 also, Tahir et al. found a positive correlation between 

aBT-263 resistance and high Bcl-w mrna levels in sclc cell-lines and with high Bcl-xl and low 

Bcl-2 protein levels in leukemia cell-lines.35 nevertheless, a major dose-limiting toxicity of aBT-263 

in patients is apoptosis of platelets that depend on Bcl-xl for their survival.36-37 it appears therefore 

that Bcl-xl can mediate resistance in some cell-types, but that it is efficiently targeted in others.

our findings offer an explanation for this paradox. aBT-737 induces apoptosis by disrupting 

pre-existing complexes between pro-and anti-apoptotic Bcl-2 family proteins. We demonstrate 

that its ability to do so is different for different complexes, which explains the differential 

targeting of Bcl-xl and Bcl-w observed in cells. aBT-737 displaced Bim with lower efficiency 

from Bcl-w than from Bcl-xl or Bcl-2 (fig. 4). aBT-737 displaced Bim with similar efficiency 

from Bcl-2 and Bcl-xl, but differential targeting of Bcl-2 and Bcl-xl became apparent when we 

examined displacement of Bax and Bad. our data indicate that not the binding affinity for the 

pro-survival Bcl-2 proteins as such, but rather the ability to disrupt complexes with their pro-

apoptotic relatives determines the potency of aBT-737 and aBT-263. The fact that complexes 

of pro-survival Bcl-2 proteins are targeted, rather than the “empty” molecules, is important for 
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the therapeutic window of Bh3-mimetics. aBT-263 has dose-limiting normal tissue toxicity in 

patients, due to thrombocytopenia and T cell lymphopenia.37 platelets rely on Bcl-xl for survival, 

which seems to be dependent on sequestration of Bak36 and not Bid or Bim.38 compounds that 

would specifically disrupt Bcl-xl complexed with Bim but not with Bak may therefore be more 

tumor-selective and less toxic on normal tissue. 
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Figure 5. only noxa synergizes with ABt-737 in Bcl-B, Bfl-1 and mcl-1 overexpressing cells. J16 clones with 
doxycycline (dox)-inducible expression of the indicated Bh3-only proteins and overexpression of Bcl-B, 
Bfl-1 or mcl-1, were tested for interaction of the Bh3-only protein with aBT-737. (a) cell death assay. cells 
were treated with aBT-737 at 80, 400, 2000, or 10000 nm, in the absence or presence of dox (Bim and noxa, 
1 µg/ml; puma, 0.25 µg/ml; tBid-c, 0.03 µg/ml). cell death was assessed by pi uptake after 48 h. data shown 
are mean values + sd derived from three independent experiments. combination indices (c.i.) indicate 
synergy. (B) clonogenic assay. cells were sorted at one cell per well into round-bottom 96 well plates, with 
medium alone (control), or added aBT-737 (1 µm), dox (2 µg/ml), or both. cells were allowed to proliferate 
for three weeks, and wells with evident colonies were scored positive. colony formation in medium alone 
was set at 100%. data shown are mean values + sd derived from three independent experiments.

in our comprehensive specificity profiling, we consistently found that Bfl-1 and mcl-1 

mediated aBT-737 resistance, confirming data by others.14-16, 32-33 We found likewise that Bcl-B 

caused aBT-737 resistance in both cell lines. This is a novel finding, consistent with the low 

in vitro affinity of aBT-737 for Bcl-B.11 Bcl-B was recently found to be upregulated in primary 

cll upon aBT-737 treatment and suggested to contribute to aBT-737 resistance.34 Bcl-B is also 

expressed in diffuse large B cell lymphoma and sclc, which are tumor types currently treated 

with aBT-263 in clinical trials13, 37 and it may therefore be of value as a predictive marker. 

aBT-737 is presently under clinical evaluation as a single agent therapy, but preclinical 

studies emphasize its improved potential in combined modality therapies.9 many studies have 

focused on mcl-1 neutralization to achieve synergy between aBT-737 and other drugs,9, 39 but we 

aimed to identify the Bh3-only protein(s) that overrule aBT-737 resistance, as conferred by all 

untargeted pro-survival Bcl-2 proteins. We tested puma, Bim and tBid-c, since they reportedly 

interact with all pro-survival Bcl-2 proteins and noxa because it is known to neutralize mcl-1.28 

although puma and Bim have been previously suggested to synergize with aBT-737.25-26 our data 

show that only noxa provided synergy, in case of mcl-1, Bfl-1, as well as Bcl-B overexpression. 

This is most likely because of its complementarity, as noxa can not only interact with mcl-1, 

but also with Bfl-124 and with Bcl-B, as we have recently found (data not shown). These findings 

are corroborated by a vast amount of literature that implies noxa as a crucial determinant of 

aBT-737 sensitivity in various tumor cell-lines and in synergy with diverse agents.9, 27, 35 however, 

we are the first to show that selective induction of noxa, but not Bim, puma or tBid-c, 

alleviates aBT-737 resistance not only as imposed by mcl-1, but by all three untargeted pro-

survival proteins. in accordance, loss of noxa, and not any other Bh3-only protein, was found 

in a genome-wide screen in chronic myeloid leukemia cells as a key determinant for aBT-737 

resistance.40 Thus, noxa induction is the optimal remedy to overcome aBT-737 resistance as 

conveyed by mcl-1, Bfl-1, as well as Bcl-B. 

given the occurrence of tumor cell resistance and normal tissue toxicity, the search is on 

for new Bh3 mimetics that more selectively target certain pro-survival Bcl-2 family proteins, 

including those that are untargeted by aBT-263. our work implies that such drugs must be 

selected for the ability to compete with Bh3 domains from different pro-apoptotic proteins in 

binding to pro-survival Bcl-2 family members. This will be necessary to find the compounds that 

most effectively kill tumor cells, but also provide a therapeutic window in regards to normal 

tissue toxicity.

▶
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Figure 6. Proteasome inhibitor bortezomib increases noxa expression, and works synergistically with 
ABt-737. (a) J16 and molT-4 cells, stably overexpressing Bcl-B, Bfl-1 or mcl-1 that are not targeted by 
aBT-737, were incubated with aBT-737 (0,16, 80, 400, 2000 nm) in the absence or presence of bortezomib 
(15 nm and 5 nm for J16 and molT-4 respectively). after 24 h, cell death induction was assessed by pi 
uptake. data shown are mean values + sd derived from three independent experiments. (B) J16 and 
molT-4 cells were treated for indicated periods of time with bortezomib supplemented with pan-caspase 
inhibitor to block cell death. lysates were prepared and analyzed by Western blotting for noxa protein 
induction, using a noxa-specific antibody. The blot was re-probed with an actin-specific antibody to 
confirm equal loading. 
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were cloned into the retroviral vector pmX-ires-Blasticidin for expression as untagged protein, 

or into lZrs-gfp-ires-Zeo for expression as n-terminally gfp-tagged fusion protein. for 

doxycycline (dox) inducible, stable expression in J16 cells, ha-tagged Bid, Bim, noxa and puma 

cdna’s were cloned into the lentiviral vector plvX-Tight (clontech). for transfection into heK 

293T cells, they were cloned in frame into the pha-c2 vector, a modified version of pegfp-c2 

(clontech), in which egfp has been replaced by a double ha-tag (kindly provided by l. Janssen, 

The netherlands cancer institute, amsterdam, The netherlands). The cdna encoding Bim 

or Bax was cloned into the vector p3xflag (sigma-aldrich) and cdna of Bad was cloned into 

pcdna3 (invitrogen) that encodes a double myc-tag. all cdna clones used encode the full-

length human proteins. all cloning was done using standard cloning and pcr techniques. all 

constructs were verified by dideoxynucleotide sequencing. 

Cell lines

Two T-acute lymphoblastic leukemia (T-all) cell lines were used as model systems in this study: 

The p53-mutant Jurkat derived clone J1619 and the p53 wild-type cell line molT-420. The p53 status 

of the cell lines was confirmed by sequencing of all exons of the p53 gene (data not shown). 

J16 and molT-4 cell lines stably overexpressing unmodified pro-survival Bcl-2 family members 

were obtained by retroviral transduction with pmX-ires-Blasticidin. cell lines expressing the 

pro-survival Bcl-2 proteins as amino-terminally gfp-tagged fusions were obtained using the 

lZrs-gfp-ires-Zeo vector. To get equal gfp-fusion Bcl-2 protein levels after transductions, the 

resulting cell-lines were selected on Zeocin for two weeks, and subsequently sorted on equal 

gfp signal using a facsaria (Bd Biosciences). J16 cell lines with stable, dox-inducible expression 

of Bh3-only proteins were created by sequential lentiviral transduction with plvX-Tet-on 

advanced (clontech) and plvX-Tight encoding the Bh3-only proteins. confirmed clones were 

retrovirally transduced to stably express the untagged versions of Bcl-B, Bfl-1 or mcl-1, to make 

them resistant to aBT-737. methodology used for virus production, gene transduction and cell 

selection is detailed in the supplementary information. cell lines were cultured in either imdm 

(J16 and molT-4) or dmem (phoenix-ampho and heK 293T), supplemented with 8% heat-

inactivated fetal bovine serum and antibiotics in a humidified incubator at 37ºc and 5% co
2
.

reagents 

To make stock solutions, etoposide (sigma), z-vad-fmK (Bachem) and Q-vd-oph (sm 

Biochemicals) were dissolved in dmso to a concentration of 10 mg/ml, 50 mm and 20 mm 

respectively. doxycycline (sigma) was dissolved in culture medium at 2 mg/ml. aBT-737 and its 

negative enantiomer were kindly provided by abbott laboratories (abbott park, il) and dissolved 

in dmso to 20 mm. Bortezomib was kindly provided by dr. huib ovaa (The netherlands cancer 

institute, amsterdam, The netherlands), as a 10 µm stock solution in dmso.

Cell death and clonogenic assays 

for cell death assays, cells were plated in round-bottom 96 well plates, at 25.000 cells/well 

in 100 µl imdm. stimuli were given in 100 µl imdm, keeping solvent constant and cells were 

51



2

subsequently placed in the incubator. at indicated time points, cells were washed in pBs, and 

subsequently stained with propidium iodide (pi) (1µg/ml) in pBs with Bsa for 5 min to monitor 

dead cells, or lysed in 0.1% Triton X-100, 0.1% sodium citrate and 50 µg/ml pi as described to 

monitor cells with sub-diploid dna content, as a hallmark of apoptosis.21 cells were analyzed 

on either a facsarray or a facscalibur, equipped with a plate loader. clonogenic assays were 

performed by single cell sorting of cells on a facsaria (Bd Biosciences) into 96-well plates, 

containing medium with or without a stimulus. cells were allowed to grow for 3 weeks, after 

which positive wells were scored by eye. 

synergy calculations and curve fitting 

synergy calculations were based on the principle of Bliss independence.22 combination indices 

(c.i.) were calculated using the formula c.i. = (r
1
+r

2
-r

1
*r

2
) / r

12
, where r

1
, r

2
 and r

12
 denote the 

normalized response between 0 and 1 of a given dose of compound 1, 2 or the combination. 

mean c.i.’s were calculated from at least three averaged data points on the curve. interactions 

were considered synergistic at c.i.<0.9, additive at 0.9<c.i.<1.1 and antagonistic at c.i.>1.1. ec
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determinations and curve fitting was performed with prism software (graphpad) on normalized 

data using a constant hill-factor.

western blotting 

cell lysates were prepared in np-40 buffer (1% nonidet-p40, 50 mm Tris-hcl (ph 7.4), 150 

mm nacl, 5 mm edTa), supplemented with pmsf and complete protease inhibitor cocktail 

(roche) and protein content was determined by the Bio-rad protein assay. Total cell lysate at 

30 µg per lane was loaded on 4-12% nu-page Bis-Tris gradient gels (invitrogen) and subsequent 

blotting was performed using the Trans-Blot Turbo (Bio-rad). antibodies used for detection 

are described in the supplementary information. Western Blot signals were visualized and 

quantified on the odyssey imaging system (li-cor). 

immunoprecipitation 

heK 293T cells were transfected to express myc- or flag-tagged pro-apoptotic proteins and 

ha-tagged pro-survival Bcl-2 family proteins or empty vector. at 24 h after transfection, 

aBT-737 or dmso control was added to the indicated final concentrations and cells were 

incubated for another 8 h in the presence of 25 mm z-vad-fmk to inhibit cell-death. cells were 

lysed in chaps buffer (1% chaps, 50 mm Tris-hcl (ph 7.4), 150 mm nacl, 1.5 mm mgcl
2
, 0.5 mm 

egTa), supplemented with pmsf and complete protease inhibitor cocktail (roche). lysates 

were cleared at 4ºc by centrifugation at 17.000 g for 10 min. equal amounts of protein were 

incubated with anti-ha antibody (12ca5 clone) overnight at 4ºc, while tumbling. next, 15 µl of 

protein g sepharose beads (ge healthcare life sciences) was added and incubation continued 

for another 1 h. Beads were washed 3 times in chaps buffer, after which the beads were boiled 

in sds sample buffer (invitrogen) containing dTT and subjected to Western blotting.
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suPPlementAry inFormAtion

maTerials and meThods
Antibodies

anti-Bcl-2 mab clone Bcl-2-100 (1:1000, sigma-aldrich), rabbit anti-Bcl-w mab 31h4 (1:500, 

abcam), rabbit anti-Bcl-xl pab 2762 (1:1000, cell signal), rabbit anti-Bfl-1 pab (1:500, rabbit serum, 

home made), rabbit anti-gfp paB (:1:300, rabbit serum, home made), rabbit anti-mcl-1 pab 4572 

(1:1000, cell signal), rabbit anti-Bim pab B7929 (1:1000, sigma), mouse anti-Bad mab B31420 

(1:1000, Bd Biosciences), rabbit anti-Bax pab sc-493 (1:1000, santa cruz), mouse anti-actin mab 

maB1501r (1:10.000 millipore), mouse anti-noxa mab img-394 (1:500, imgenex). fluorescently 

labeled secondary antibodies were from li-cor. ha-, myc- and flag-tagged proteins were 

detected using purified ig of clone 12ca5 (ha), clone 9e10 (myc) and clone m2 (flag,sigma-

aldrich) coupled to the fluorochromes dy-682 (ha) and dy-800 (myc, flag) from dyomics. 

Western blot signals were visualized and quantified on the odyssey imaging system (li-cor). 

stable cell-line generation

for retrovirus production, constructs were transfected into the phoenix-ampho producer cell 

line. for lentivirus production, heK 293T cells were co-transfected with pcmv-dr8.2, pcmv-

vsv-g, prsv-rev (addgene) for viral packaging and the transfer vector carrying the gene of 

interest. Transfections of retroviral or lentiviral packaging cells were carried out in serum-free 

medium using a 1 mg/ml solution of polyethylenimine (pei) at a dna:pei ratio of 1:3, which was 

washed away after 4 h. after 48 h, virus-containing cell supernatant was spun down on plates 

coated with retronectin (Takara Bio) for 1 h. next, 500.000 target cells were added and the 

plate was briefly spun to make the cells adhere to the retronectin. The plate was incubated 

overnight at 37ºc, after which the transduced cells were cultured with fresh medium and 3 

days later selected for two weeks, by addition of the relevant selection drug, i.e. Blasticidin 

(invivogen, 20 µg/ml), Zeocin (invitrogen, 200 mg/ml), puromycin (invitrogen, 10 µg/ml), or 

g-418 (invitrogen, 100 µg/ml). after selection or sorting, the cells were allowed to grow for 

another week before being subjected to cell-death assays. To find clones expressing inducible 

Bh3-only protein, the double-transduced bulk populations were single cell sorted on a 

facsaria (Bd), grown and re-plated in duplicate and selected by monitoring cell death at 48 

h after addition of dox (1 µg/ml) . The selected clones were validated by monitoring the dox-

inducible expression of the relevant Bh3-only protein by Western blotting. 

multiplex ligation-dependent probe amplification (mlPA).

The principle of mlpa, the specific probe mix for assay of apoptosis regulatory genes and 

method of use have previously been described.1-2 Briefly, rna was isolated from treated cells 

using rneasy spin columns (Qiagen) and transcribed into cdna using the specific apoptosis 

primer mix (r011-B1, mrc holland, amsterdam The netherlands). 50 ng of rna was reverse 

transcribed using a gene-specific probe mix. The resulting cdna was allowed to anneal to the 

mlpa probe mix for at least 16 h. following annealing, the cdnas were ligated and amplified 
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according to the manufactures instructions. subsequently, the amplified products were run 

on an applied Biosystems 3730 dna analyzer, and analyzed using peak scannner (applied 

Biosystems) and coffalyzer (mrc holland) software. individual probe signal was expressed as a 

percentage of total probe signal. housekeeping genes β-2 microglobulin and β-glucuronidase 

served as controls.

references
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Figure s2. Pi exclusion 
represents apoptotic cell 
death. J16 cells were treated 
with indicated doses of 
aBT-737 or etoposide, 
without (control) or with 
the pan-caspase inhibitor 
z-vad-fmk (50 µm). after 48 
h, the cells were stained and 
analyzed by flow cytometry 
for pi exclusion or nuclear 
fragmentation, i.e. nuclei 
with sub-g1 dna content. 
data represent mean ± 
sd of three independent 
experiments.
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Figure s1. expression of pro-survival Bcl-2 proteins 
in retrovirally transduced J16 cells. (a) J16 cells that 
had been retrovirally transduced to stably express the 
indicated untagged Bcl-2 family proteins were selected 
with Blasticidin for two weeks prior to analysis. Total 
detergent cell lysates were prepared and Western 
blotting was performed with antibodies recognizing 
both exogenous as well as endogenous Bcl-2 proteins. 
(B) since available antibodies to Bcl-B did not perform 
adequately in Western blotting, ha-Bcl-B was retrovirally 
expressed and detected with antibody to the ha-tag. 
experiments reported in the paper were performed with 
cells expressing untagged Bcl-B that were generated in 
the same way.

58



 mechanisms of aBT-737 resisTance

2

Figure s3. Cell death induced by the negative enantiomer is inhibited by Bcl-2 family members. (a) 
molT-4 and J16 (Jurkat) T-all cell lines that had been transduced to stably express one of the indicated pro-
survival Bcl-2 family members or empty control vector (e.v.) were treated with increasing concentrations 
of the negative enantiomer of aBT-737 as indicated on the X-axis (µm). cell death was assessed by uptake 
of propidium iodide (pi), 48 h after addition of the compound. gray dashed line indicates the curve fit 
for the ev dose–response data that is included in every graph for easy reference. data shown are mean 
values + sd derived from one experiment with triplicate samples and are representative of 2-3 independent 
experiments. (B) ec50 values of the dose-response curves in (a) as determined by curve fitting.

%
 C

el
l d

ea
th

%
 C

el
l d

ea
th

Negative enantiomer (µM)

J16MOLT-4 E.V.

0

20

40

60

80

1 10 1000

Bcl-2

0

20

40

60

80

1 10 1000

Bcl-B

0

20

40

60

80

1 10 1000

Bcl-w

0

20

40

60

80

1 10 1000

Bcl-xL

0

20

40

60

80

1 10 1000

Bfl-1

0

20

40

60

80

1 10 1000

Mcl-1

0

20

40

60

80

1 10 1000

E.V.

0
20
40
60
80

100

0.1 1 10 1000

Bcl-2

0
20
40
60
80

100

0.1 1 10 1000

Bcl-B

0
20
40
60
80

100

0.1 1 10 1000

Bcl-w

0
20
40
60
80

100

0.1 1 10 1000

Bcl-xL

0
20
40
60
80

100

0.1 1 10 1000

Bfl-1

0
20
40
60
80

100

0.1 1 10 1000

Mcl-1

0
20
40
60
80

100

0.1 1 10 1000

Negative enantiomer (µM)

Supplemental Figure 3
a b

59



2

Bim

0 1 2
0

10

20

30

Noxa

0 1 2
0

10

20

30

Puma

0 1 2
0

25

50

75

100

tBid-C

0 1 2
0

25

50

75

100

%
 C

el
l d

ea
th

Dox (µg/ml)

WB: anti-HA

- + Dox: 2 µg/ml

WB: anti-HA

WB: Control

Dox: 2 µg/ml- +

WB: anti-HA

Dox: 2 µg/ml- +

WB: anti-HA

Dox: 2 µg/ml- +

-

-

-

-

--

--

--

--

Dox (µg/ml)

WB: Control

WB: Control

WB: Control%
 C

el
l d

ea
th

Supplemental Figure 5

Figure s5. validation of BH3-domain protein expression and function in J16 cells transduced with  
inducible constructs. Jurkat J16 clones, transduced with lentiviral Tet-on constructs encoding ha-tagged 
Bim, puma, noxa, or tBid-c, were grown for 48 h in the presence of the indicated concentrations of dox. 
cell death was assessed flow cytometrically by pi exclusion. for Western blotting, cells were treated with 
dox (2 µg/ml), for 48 h in the presence of z-vad-fmk (50 µm). The Bh3-only proteins were detected in total 
cell lysates with anti-ha antibody. equal loading was confirmed by ponceau s staining and an a-specifically 
reactive protein (control).

Figure s4. expression of GFP-Bcl-2 fusion proteins, in transduced and flow cytometrically sorted cell-
lines. J16 cells that had been retrovirally transduced to express the indicated gfp-Bcl-2 family fusion 
proteins were selected with Zeocin for two weeks prior to facs sorting on equal gfp signal. cells were 
subsequently cultured for another week in the presence of Zeocin. Total detergent cell lysates were 
prepared and Western blotting was performed with antibodies against gfp for detection of transduced 
protein and with anti-actin as a control for equal loading. asterisks denotes gfp reactive breakdown 
product for gfp-Bcl-B. 
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Figure s6. synergy test of BH3-only proteins and ABt-737 after pre-incubation with dox. J16 clones with 
inducible expression of the indicated Bh3-only proteins and overexpression of mcl-1 were treated with 
dox and aBT-737. cells were incubated for 24 h with or without dox (Bim, noxa; 1 µg/ml; puma 0.5 µg/ml; 
tBid-c 0.06 µg/ml) and subsequently aBT-737 was added for another 24 h (at 80, 400, 2000, or 10000 nm) 
cell death was assessed by pi uptake. data are mean values and sd of three independent experiments. 

%
 P

I p
os

 c
el

ls

ABT-737

CI:0.78 CI:0.54

CI:1.01 CI:1.19

+ Dox

Bim

0

10

20

30 Noxa

0

10

20

30

Puma

0

10

20

30

40

50 tBid-C

0

10

20

30

40

+ Dox

Supplemental Figure 6

61



2

Figure s7. Apoptosis gene expression profiling by mlPA of J16 and molt-4 cells. J16 (a) and molT-4 
(B) cells were treated with bortezomib (15 nm for J16, 5 nm for molT-4), for the indicated periods of 
time. subsequently, mrna was isolated and processed for mlpa. individual probe signals were expressed 
relative to the total signal. The figure shows mrna levels of Bh3-only proteins (top panel), pro-survival 
Bcl-2 proteins (middle panel), and Bax, Bak, housekeeping genes b2 microglobulin and b-glucuronidase 
and p21 as a reporter for p53 activation (bottom panel).
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summary
pro-survival Bcl-2 family members contribute to cancer development and therapy resistance. 

We compared the potency of all pro-survival Bcl-2 proteins to protect against conventional 

and novel anti-cancer regimens and discovered a striking dichotomy in their anti-apoptotic 

capacity. Bcl-2, Bcl-xl and Bcl-w consistently provided better protection than mcl-1, Bfl-1 and 

Bcl-B. To examine whether Bh3-domain selectivity was the cause, we established a quantitative 

interaction profile in intact cells of all full-length pro-survival Bcl-2 proteins with all Bh3-only 

proteins, Bax and Bak. importantly, this profile did not explain the differential protective ability 

of the Bcl-2 proteins. rather, steady-state or drug-induced degradation of the pro-survival Bcl-2 

proteins caused the dichotomy in their anti-apoptotic potency. We conclude that proteasomal 

turnover rather than selectivity for their pro-apoptotic counterparts determines the capacity 

of pro-survival Bcl-2 proteins to protect tumor cells from apoptosis. The processes that control 

degradation of Bcl-2 proteins therefore deserve attention in clinical targeting.

lisT of aBBreviaTions:
cll, chronic lymphocytic leukemia; aml, acute myeloid leukemia; momp, mitochondrial outer 

membrane permeabilization; Bh, Bcl-2 homology ; all, T-acute lymphoblastic leukemia; pfa, 

paraformaldehyde; doX, doxycycline; pi, propidium iodide; chX, cycloheximide, cml, chronic 

myeloid leukemia
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inTroducTion
pro-survival Bcl-2 proteins like Bcl-2 and mcl-1 are instrumental in the development of human 

malignancies such as follicular lymphoma, chronic lymphocytic leukemia (cll) and acute 

myeloid leukemia (aml) 1. overexpression of pro-survival Bcl-2 proteins is a hallmark of 

cancer, since these proteins give tumor cells a survival advantage under their stressful growth 

conditions. The Bcl-2 protein family controls the intrinsic pathway of apoptosis that relies 

on mitochondrial outer membrane permeabilization (momp) 2. This allows for the release of 

cytochrome c and other mediators that trigger caspase activation and apoptotic execution 3. 

The Bcl-2 protein family regulates momp and in this way it controls the apoptotic process at 

a central, upstream level. The family is characterized by the presence of Bcl-2 homology (Bh) 

domains that mediate the interaction between cooperating and antagonizing family members. 

There are six pro-survival proteins, Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1 and mcl-1, numerous pro-

apoptotic Bh3-(domain)-only proteins and the pro-apoptotic effector proteins Bax and Bak. 

The Bh3-only proteins are activated in response to cellular stress and translate this into an 

apoptotic response via Bax/Bak activation 3. activated Bax and Bak mediate momp and are crucial 

for the execution of apoptosis. The pro-survival Bcl-2 proteins inhibit apoptosis by binding and 

neutralizing Bh3-only proteins, Bax and/or Bak 4. They do this by sequestering the Bh3 domain of 

the pro-apoptotic proteins in a hydrophobic pocket formed by their Bh1-Bh3 domains (petros 

et al., 2004). These interactions display selectivity. for instance, among the Bh3-only proteins, 

noxa reportedly only binds to mcl-1 and Bfl-1, while Bad only binds to Bcl-2, Bcl-xl and Bcl-w 5-6. 

various models exist regarding the mechanism of Bax/Bak activation. The indirect activation 

model suggests that Bax and Bak are constitutively active and kept in check by the pro-survival 

Bcl-2 proteins 7-8. The Bh3-only proteins then liberate activated Bax and Bak by displacing them 

from the pro-survival proteins. The direct activation model states that Bh3-only proteins Bid 

and Bim induce the active conformation of Bax and Bak 9 and that other Bh3-only proteins 

liberate Bid and Bim from pro-survival Bcl-2 proteins 10-12. furthermore, the embedded together 

model emphasizes the importance of the membrane context for Bcl-2 protein interactions 13-14

Tumor cells are thought to be “primed for death”, meaning that stressful growth conditions 

induce high expression of Bh3-only proteins that are counterbalanced by overexpression of one 

or more pro-survival Bcl-2 proteins. in recent years, pro-survival Bcl-2 proteins have therefore 

become important pharmacological targets for novel drugs. inhibition of pro-survival Bcl-2 

proteins therefore more readily kills tumor cells than normal cells, thus providing a therapeutic 

window. so-called “Bh3 mimetic” chemical inhibitors like aBT-737 15 mimick the function of 

Bh3-only proteins by binding to and inhibiting the pro-survival Bcl-2 proteins. aBT-737 mimics 

the Bh3-only protein Bad and binds to Bcl-2, Bcl-xl and Bcl-w, but not to Bcl-B, Bfl-1, or mcl-1. 

currently, novel mimetics are sought to counteract non-targeted pro-survival Bcl-2 proteins. 

other strategies aim to promote degradation of pro-survival Bcl-2 proteins, in particular in 

case of mcl-1 that is an unstable protein (reviewed in 1). To design the most effective targeting 

strategy, it is important to know the vulnerability of the pro-survival Bcl-2 proteins. for this 

reason, we must know on which determinant(s) their anti-apoptotic capacity relies.
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here, we resolve this issue. a comprehensive side-by-side analysis of the anti-apoptotic 

capacity of all six pro-survival Bcl-2 proteins revealed that Bcl-2, Bcl-xl and Bcl-w were 

consistently more potent than Bcl-B, Bfl-1 and mcl-1, independent of the stimulus used. We 

hypothesized that these differences in anti-apoptotic capacity reflected selective binding to 

certain Bh3-only proteins or Bax/Bak, or differences in protein turn-over. To address this, we 

established a complete, quantitative in vivo interaction profile of all full-length human Bcl-2 

proteins, using a novel in situ fixation technique. importantly, this profile could not explain 

the observed dichotomy. rather, we found that the differential anti-apoptotic capacity of the 

Bcl-2 proteins was caused by differential proteasomal turn-over at steady-state or in response 

to stimulus. We conclude that the rate of degradation, rather than selectivity for pro-apoptotic 

relatives determines the anti-apoptotic capacity of pro-survival Bcl-2 proteins. This novel 

insight provides a rationale to target the degradation machinery of the pro-survival Bcl-2 

proteins for therapeutic purposes. it also highlights that protein, rather than mrna levels are 

predictive for the anti-apoptotic activity of the Bcl-2 proteins.

resulTs
Bcl-2, Bcl-w and Bcl-xl provide better protection against anti-cancer regimens than 
Bcl-B, Bfl-1 and mcl-1. 

our aim was to compare the anti-apoptotic capacity of all six pro-survival Bcl-2 proteins side-

by-side in the same cells. for this purpose, the T-acute lymphoblastic leukemia (all) cell line J16 

was retrovirally transduced to individually express each of the pro-survival Bcl-2 proteins. empty 

vector (e.v.)-transduced cells served as control. The resulting seven stable cell lines were treated 

with a dose range of a wide variety of anti-cancer regimens. as conventional anti-cancer regimens 

we included ionizing radiation, the Topoisomerase inhibitors daunorubicin and etoposide and the 

microtubule toxin vincristine. furthermore, the cyclin-dependent kinase inhibitor roscovitine, 

the proteasome inhibitor bortezomib (velcade) and the death receptor ligand Trail were used 

as novel anti-cancer agents. Treatment with the kinase inhibitor staurosporine served as a pro-

apoptotic control. cell death was assayed by uptake of propidium iodide (pi) after 48 hours. e.v.-

transduced cells were treated in presence or absence of the pan-caspase inhibitor Q-vd to indicate 

that cell death was apoptotic (fig. 1). Bcl-2, Bcl-w and Bcl-xl provided potent protection against 

all stimuli, with exception of Trail that is known to activate both mitochondrion-dependent and 

-independent pathways of apoptosis (fig 1). perhaps surprisingly, Bcl-B, Bfl-1 and mcl-1 provided 

little or no protection against any of the stimuli (fig. 1). Thus, our novel, side-by-side comparison 

of the activity of all six pro-survival Bcl-2 proteins revealed that there is a dichotomy in their ability 

to protect tumor cells from apoptosis. despite the wide variety of pro-apoptotic agents used, 

Bcl-2, Bcl-w and Bcl-xl consistently provided better protection than Bcl-B, Bfl-1 and mcl-1. 

reported Bcl-2 family binding profiles are incomplete and often inconsistent. 

We considered that the dichotomy in anti-apoptotic capacity among the pro-survival 

Bcl-2 proteins might be explained by their Bh3-domain binding profile. for this reason, we 
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performed an extensive literature survey to compile the essence of reported Bcl-2 family 

member interactions (Table s1). data obtained with human and mouse Bcl-2 proteins were 

included, as they are used interchangeably in the field. information from over seventy papers 

is schematically represented in fig. 2. Bcl-2 protein interactions were coded with colors to 

represent the relative affinity and listed in four categories based on assay techniques.  

Bcl-2 family binding profiles have been determined in comparative and quantitative 

settings in three comprehensive studies 5-6, 16. These studies were performed with c-terminally 

truncated pro-survival Bcl-2 proteins and Bh3-domain peptides. The results were not in full 

agreement, possibly because of the use of Bh3-domain peptides of different lengths (fig 2, 

line 1). more importantly, these assays may not recapitulate interactions in intact cells for the 

following reasons. firstly, removal of the c-terminal mitochondrial membrane-anchoring 

domain, as required for production of the pro-survival Bcl-2 proteins in bacteria, can impact 

on their binding properties. in case of Bfl-1, it weakened interaction with Bak and noxa 32, while 

in case of mcl-1 17 and Bcl-w 18, it increased affinity for Bh3-peptides. secondly, Bh3-peptides 

may not represent the full-length protein. for example in Bax, amino acids outside of the 

canonical Bh3-domain were important for interaction with pro-survival Bcl-2 proteins 19. in Bim, 

a specific Bh3 domain residue proved critical for binding of the Bh3 peptide to pro-survival 

proteins, but not of the full-length protein 20. finally, these in vitro studies do not include the 

role of the mitochondrial membrane. The membrane context is for instance very important 

for the interaction of tBid-c with Bcl-xl 13, 21. furthermore, the Bh3 binding profiles of Bak and 

Bax as determined by peptide binding assays are very different from those determined by co-
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Figure 1. Comparative analysis of the resistance to anti-cancer regimens conferred by each of the six pro-
survival Bcl-2 proteins in t-leukemic cells. J16 (Jurkat) T-all cells were retrovirally transduced to stably express 
untagged Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1, mcl-1, or empty control vector (e.v.). all cell lines were treated with a 
dose range of the indicated conventional or experimental anti-cancer drugs, ionizing radiation, or staurosporin. 
cell death was assessed by pi uptake, 48 h after addition of the stimulus. e.v.-transduced cells were treated in 
absence or presence of the pan-caspase inhibitor Q-vd-oph (20 µm) to demonstrate that cell death was 
apoptotic (e.v. Q). data shown are mean values ± sd derived from three independent experiments. 
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immunoprecipitations from cells 22. immunoprecipitations (fig 2, line 2,3) on the other hand, 

are often not done in a comparative or quantitative setting. moreover, the detergents that 

are required to solubilize the mitochondrial membrane may induce or disrupt Bcl-2 family 

interactions 8, 23 or alter Bcl-2 protein conformation, as for Bcl-xl 24, Bcl-w 25 and Bax 8. We also 

noted the interchangeable use of mouse and human proteins, which may not always be valid, 

as conservation is not complete, even within the Bh3-domain (fig s1). 

our survey revealed that there is robust evidence for several interactions, such as those 

between mcl-1 and noxa, Bcl-2 and Bim, Bcl-xl and Bad. in those cases, data derived from 

different assays were in complete agreement (fig. 2). however, findings on other interactions 

are much less consistent, such as for Bcl-2 and Bak, mcl-1 and Bax, or mcl-1 and Bmf. some 

interactions have never been tested in cells, such as those between mcl-1 and hrk, or Bfl-1 and 

Bmf. moreover, there is almost no interaction data of any kind on Bcl-B (fig. 2). in summary, 

despite a vast body of literature, the Bcl-2 family interaction profile is incomplete, often 

inconsistent and mainly based on Bh3-peptide binding assays.

Quantitative and comparative profiling reveals a broad interaction profile of most 
full-length Bcl-2 proteins 

To complete our understanding of Bcl-2 family interactions, we set out to establish a 

comprehensive binding profile of all full-length, human proteins. To this end, we made use of 

Figure 2. schematic representation of interactions between Bcl-2 family members as reported in 
current literature. The literature on interactions between all human and mouse Bcl-2 family members 
was reviewed as outlined in the materials and methods section. reported interactions were categorized 
according to the methodology (m) used to assess the interaction, as indicated by the numbers in the 
right-hand column. categories were: 1) affinity measurements in vitro, using Bh3-domain peptides and 
isolated, c-terminally truncated pro-survival Bcl-2 proteins. 2) immunoprecipitations from cells expressing 
exogenous Bcl-2 family proteins. 3) immunoprecipitations from cells expressing endogenous Bcl-2 family 
proteins 4) solution and crystal structures with recombinant proteins. Boxes are color-coded for the Bcl-2 
family protein pairs in each category according to the reported strength of their interaction. The number 
in each box refers to the pertinent publication, as cited in Table s1. (see also figure s1).
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n-terminally tagged Bcl-2 proteins that were co-expressed pairwise in heK293T cells. proteins 

were isolated by co-immunoprecipitation with anti-tag mabs to exclude variations in antibody 

affinities. They were detected by fluorochrome-conjugated mabs to allow for quantification 

of each partner protein (fig. s2a). We tested the three most widely used detergents for their 

influence on interaction of tBid-c with all pro-survival Bcl-2 proteins (fig. s2B). in the presence 

of 1% chaps, tBid-c was readily recovered in complex with Bcl-xl, Bfl-1, mcl-1 and Bcl-w, while 

in the presence of 0.1% np-40, or 0.1% Triton-X100, interactions with Bfl-1 and mcl-1 were 

largely lost (fig s2B). in addition, interaction of tBid-c with Bcl-2 was not detectable under any 

of these solubilization conditions. We therefore made a critical adaptation to the protocol. in 

order to eliminate the influence of detergents, cells were fixed with paraformaldehyde (pfa) 

prior to lysis. This procedure is widely used in chromatin immunoprecipitation (chip) assays 

and has recently also proved useful in mass spectrometry-based proteomics 26. in our hands, 

pfa fixation not only preserved the interaction between tBid-c and Bcl-2, but it also eliminated 

the influence of the three different detergents on the strength of the interaction (fig s2B). To 

further validate the pfa fixation method, we examined whether the interactions still relied on 

the Bh3-domain of the pro-apoptotic proteins. To this end, we mutated residues in the Bh3 

domains of puma, Bim and tBid-c, including a conserved residue that is reportedly essential 

for interaction with pro-survival Bcl-2 proteins 8. indeed, binding of the mutant proteins was 

lost or reduced in all cases (fig s2c). collectively, these data indicate that we have established 

a reliable in situ fixation technique that allows for quantitative comparative measurement of 

physiological interactions between full-length Bcl-2 family members.

using the above approach, we established the interaction profile of all full-length pro-

survival Bcl-2 proteins with all canonical Bh3-only proteins (fig 3a), Bax and Bak (fig 3B). We 

observed no binding with wild-type Bax, indicating that as in healthy cells, Bax is not active 

under our experimental conditions. To assess binding to Bax, we therefore used a constitutively 

active Bax mutant 27. We determined the ratio of myc- or flag-tagged pro-apoptotic Bcl-2 

protein that was recovered per ha-tagged pro-survival Bcl-2 protein and detected on the 

same blot (fig. s2a). We could not directly use these ratios for quantitative comparisons, 

since different proteins do not transfer with equal efficiency from gel to blot 28 and are not 

retained equally on the blot during antibody incubation 29. We confirmed that these differences 

are considerable among the pro-survival Bcl-2 proteins, using in-gel Western blotting (data 

not shown) and transfer of radiolabeled proteins (fig s2d). To incorporate the differences in 

transfer and retention into the calculations of relative affinity, we normalized the binding ratios 

as described in the supplemental materials and methods section. These data are depicted in 

graphs (fig 3c) and schematically (fig 3d). 

The overall binding patterns obtained show that most interactions are not exclusive 

(fig. 3c,d). puma, Bim, and Bmf bind potently to all pro-survival proteins. other pro-apoptotic 

proteins like Bik, hrk, Bak and Bax also bind to many pro-survival Bcl-2 proteins, but display 

low affinity for some. only tBid-c, noxa and Bad show a complete lack of binding to certain 

pro-survival Bcl-2 proteins. We provide here the first complete interaction profile for Bcl-B. 

interestingly, it is the only pro-survival Bcl-2 protein that does not bind to the direct activator 
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protein tBid-c (fig. 3c). a dichotomy between Bcl-2, Bcl-w, Bcl-xl on the one hand and Bcl-B, 

Bfl-1 and mcl-1 on the other exists only for Bad and noxa, that bind exclusively to the first 

or to the second group, respectively (fig. 3d). in summary, this comprehensive Bcl-2 family 

interaction profile using full-length human proteins and in situ fixation reveals that Bad, noxa 

and tBid-c are the only pro-apoptotic Bcl-2 proteins that engage in exclusive interactions with 

pro-survival Bcl-2 proteins.

the dichotomy in anti-apoptotic capacity of the pro-survival Bcl-2 proteins cannot be 
explained by selective interaction with pro-apoptotic family members. 

having established the Bcl-2 family interaction profile, we examined whether selective binding 

to pro-apoptotic relatives could explain the differential anti-apoptotic capacity of Bcl-2, 

Bcl-w and Bcl-xl versus Bcl-B, Bfl-1 and mcl-1. for this purpose, we analyzed the induction of 

Bh3-only proteins, Bax and Bak in response to the anti-cancer regimens used before in fig 1. 

The established interaction profile shows that induction of noxa might explain the observed 

dichotomy, since noxa only binds to Bcl-B, Bfl-1 and mcl-1 (fig. 3d). however, among the stimuli 

used, only bortezomib induced noxa expression (fig 4a). all stimuli potently induced the 

expression of Bax and Bak (fig 4a), but their binding selectivity did not match the differences 

in anti-apoptotic potency of the pro-survival proteins (fig. 3d). protein levels of Bad, Bim Bid or 

puma were not changed in response to any of the stimuli (fig 4a). 

To further investigate the potential relationship between selectivity for Bh3 domain-

containing proteins and anti-apoptotic capacity of the pro-survival Bcl-2 proteins, we used J16 

cell lines that inducibly express the broadly interacting Bh3-only proteins tBid-c or puma 30. 

These cell lines were transduced to express each of the six pro-survival Bcl-2 family members 

or empty vector. in both cases, the resulting seven cell lines were treated with a dose range of 

doxycycline (dox) to induce tBid-c or puma and assessed for cell death after 48 hours. also in 

this setting, Bcl-2, Bcl-w and Bcl-xl more potently provided apoptosis resistance than Bcl-B, 

Bfl-1 or mcl-1. for tBid-c this was very clear (fig 4B), even though it has similar binding affinities 

for most pro-survival Bcl-2 proteins except Bcl-B and Bcl-2 (fig. 3d). for the generic binder 

puma (fig. 3d), the dichotomy was also observed, albeit somewhat less explicit (fig 4B). We 

Figure 3. In vivo interaction profile of all six pro-survival Bcl-2 proteins with all BH3-only proteins, Bax 
and Bak. (a,B) heK293T cells were co-transfected to express each ha-tagged pro-survival Bcl-2 protein 
or empty vector (e.v.) control in combination with each of the indicated myc-tagged Bh3-only proteins 
(a), myc-tagged Bak, or flag-tagged constitutively active (l161p) Bax (B), in the presence of Q-vd-oph 
(10 µm). after 24 h, cells were fixed with paraformaldehyde to maintain protein-protein interactions, 
lysed with buffer containing 1% chaps and subjected to immunoprecipitation with anti-ha mab. Total 
cell lysates (Tcl) and immunoprecipitates (ip) were analyzed by Western blotting with anti-(α)ha, α-myc 
or α-flag mab. Blots are representative of three independent experiments. asterisks denote the light 
chain of the mab used for immunoprecipitation. (c) signals from Western blots as presented in (a,B) 
were quantified and the relative affinity of the pro-apoptotic proteins for each of the pro-survival Bcl-2 
proteins was expressed in arbitrary units (au), in a normalized manner, as described in the supplemental 
materials and methods section. data are derived from three independent experiments. (d) schematic 
representation of binding affinities calculated in (c). red, < 0.1, yellow <0.5, green >0.5. (see also figure s2).

▶
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conclude that the dichotomy in anti-apoptotic capacity of Bcl-2, Bcl-w and Bcl-xl versus Bcl-B, 

Bfl-1 and mcl-1 cannot be explained by differences in binding to Bh3-only proteins, Bax or Bak.

the anti-apoptotic capacity of the pro-survival Bcl-2 proteins correlates with their 
half-life.

To address an alternative explanation for the difference in anti-apoptotic capacity, we assessed the 

steady-state turnover of the pro-survival Bcl-2 proteins. To this end, J16 cells were transduced to 

express each pro-survival Bcl-2 protein as an n-terminal fusion with gfp (fig. 5a), which reportedly 

does not affect their anti-apoptotic activity 31. in this way, the fluorescence intensity of gfp served 

as a measure of Bcl-2 protein levels. after two weeks of antibiotic selection, the cell lines revealed 

significant differences in expression of the different pro-survival Bcl-2 proteins, as determined by flow 

cytometry. for instance, expression of Bcl-w was fifteen-fold higher than expression of Bfl-1 (fig 5B). 

Figure 4
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Figure 4. examining the role of BH3-only proteins, Bak and Bax to explain the dichotomy in anti-apoptotic 
capacity of the pro-survival Bcl-2 proteins. (a) J16 cells were treated with etoposide (5 µg/ml), daunorubicin 
(0,25 µg/ml), bortezomib, (50 nm), ionizing radiation (32 gy), vincristine (5 ng/ml) or roscovitine (100 µm) 
for 48 h in the presence of Q-vd-oph (20 µm) to block apoptosis in order to maintain cell yield. equal 
protein amounts of total cell lysates were separated by sds-page and subjected to immunoblotting to assess 
expression of indicated endogenous pro-apoptotic proteins. actin detection was used as a measure for 
equal loading. numbers below blots indicate signal intensity normalized to the untreated control. data are 
representative of two independent experiments. (B) J16 T-all cell lines with dox-inducible expression of 
tBid-c or puma were transduced to stably express the indicated pro-survival Bcl-2 family members or empty 
control vector (e.v.). resulting cell lines were selected on antibiotics, and cell death was assessed by pi 
uptake, 48 h after the addition of dox. Q-vd-oph was taken along as a control for apoptotic cell death (e.v. 
Q). data shown are mean values ± sd derived from three independent experiments. 
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interestingly, the same dichotomy was observed for expression levels of the Bcl-2 proteins as for their 

anti-apoptotic activity: Bcl-2, Bcl-w and Bcl-xl were expressed at significantly higher levels than Bcl-B, 

Bfl-1 and mcl-1. The cell lines were sorted on equal gfp fluorescence intensity to equalize expression 

levels of the Bcl-2 proteins (fig 5B). To assess Bcl-2 protein turnover, the sorted cell lines were treated 

with the translation inhibitor cycloheximide (chX) (fig 5c). These assays revealed that Bcl-B, Bfl-1 

and mcl-1 are intrinsically unstable proteins with half-lives between 1.5 and 4 h, in accordance with 

published data 32-34. in contrast Bcl-2, Bcl-w and Bcl-xl were stable, with half-lives of about 20 h. 

Treatment of the cell lines with the proteasome inhibitor mg132 showed that Bcl-B, Bfl-1 and mcl-1 

were degraded by the proteasome. collectively, these data indicate that the pro-survival Bcl-2 family 

members differ greatly in their steady-state protein levels. Bcl-B, Bfl-1 and mcl-1 are highly unstable 

as compared to Bcl-2, Bcl-w and Bcl-xl due to rapid proteasomal degradation, which correlates with 

their anti-apoptotic capacity.
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Figure 5. Pro-survival Bcl-2 proteins greatly differ in steady state expression due to proteasomal 
turnover. (a) schematic overview of the creation of J16 cell lines stably expressing n-terminal gfp fusions 
of the pro-survival Bcl-2 proteins at equal levels. (B) J16 cell lines transduced with constructs encoding 
n-terminal gfp fusions of the individual pro-survival Bcl-2 proteins as depicted in (a) were selected with 
antibiotics for two weeks, flow cytometrically sorted on equal gfp fluorescence intensity and cultured 
on antibiotics for another week. mean fluorescence intensity (mfi) of gfp was determined just before 
sorting (left) or a week after sorting (right), and normalized to untransduced cells (control). data shown 
are mean values + sd of three independent transductions. (c) J16 cell lines expressing gfp fusions of the 
indicated pro-survival proteins or empty vector (e.v.) were sorted on equal gfp fluorescence intensity, 
and treated with protein synthesis inhibitor cycloheximide (50 µg/ml) or proteasome inhibitor mg132 
(50 µm). at the indicated time points, gfp fluorescence intensity was assessed for each cell line by flow 
cytometry and expressed relative to its fluorescence intensity at the 0 h treatment, which was set at 100%. 
gfp expressed from the empty vector was a target for proteasomal degradation (fig 5c). This was due to a 
cloning artifact that endowed gfp with a destabilizing c-terminal amino acid stretch (results not shown). 
data are from three independent experiments and show mean values ± sd. (see also figure s3).
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the anti-apoptotic capacity of pro-survival Bcl-2 proteins is comparable at equal 
protein levels. 

next, we examined whether the pro-survival Bcl-2 proteins still displayed differences in 

anti-apoptotic capacity upon equal steady-state expression, using the sorted J16 cell lines. 

Western blotting for Bak, Bim, and noxa revealed that the selection and sorting process had 

not consistently altered their expression levels (fig. s3). in case of gfp-Bcl-B, a gfp-reactive 

proteolytic product was observed (fig. s3). This cell line was therefore not taken along in the 

experiments. The J16 cell lines were treated with the same anti-cancer regimens as depicted in 

figure 1 and cell death was assessed by pi uptake after 48 hours as before (fig. 6a). strikingly, 

at equal expression levels, all pro-survival Bcl-2 proteins provided equal protection to ir, 

vincristine, roscovitine, staurosporine, or Trail (fig 6a). This indicates that protein turnover 

and resulting steady state protein levels cause the dichotomy in the anti-apoptotic capacity of 

the pro-survival Bcl-2 proteins, regardless of the stimulus and the Bh3-only protein(s) involved. 

Figure 6
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Figure 6. Bcl-B, Bfl-1, and mcl-1 inhibit apoptosis as 
potently as Bcl-2, Bcl-xl and Bcl-w when expressed 
at equal protein levels. (a) J16 cell lines transduced 
to express the individual pro-survival Bcl-2 proteins 
as n-terminal gfp-fusions and sorted on equal 
protein levels (as in fig 5a) were treated with a dose 
range of the indicated pro-apoptotic regimens. cell 
death was assessed by pi uptake after 48 h. empty 
vector (e.v.) transduced cells were used as control 
and treated with Q-vd-oph (e.v Q) to show that 
cell death was apoptotic. (B) a J16 cell line with dox-
inducible expression of tBid-c was transduced to 
express the individual pro-survival Bcl-2 proteins as 
n-terminal gfp-fusions and sorted on equal protein 
levels (as in fig 5a). The resulting cell lines were 
treated with the indicated dose range of dox and 
cell death was assessed by pi uptake, 48 h after dox 
addition. data shown are mean values ± sd derived 
from three independent experiments. 
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We also examined the effects of equal pro-survival Bcl-2 protein levels on the apoptosis-

induction by tBid-c. The J16 cell line with dox-inducible tBid-c expression (fig 4B) was 

transduced to express each of the six n-terminally gfp-tagged pro-survival Bcl-2 proteins or 

empty vector and resulting cell lines were sorted on equal gfp expression. The expression of 

tBid-c was induced with a range of dox doses and apoptosis was read out after 48 hours. also in 

this case, the protective ability of the pro-survival Bcl-2 proteins was equalized (fig 6B). These 

findings confirm that stability is the key determinant of the anti-apoptotic capacity of the pro-

survival Bcl-2 proteins, 

stimulus-driven degradation of Bfl-1 and mcl-1 limits their anti-apoptotic capacity. 

surprisingly, in the J16 cell lines with equal expression of the gfp fusion proteins, the apoptotic 

response to daunorubicin and etoposide was not blocked in equal measure by all pro-survival 

Bcl-2 proteins (fig 7a). in response to both drugs, apoptosis was more potently inhibited by 

Bcl-2, Bcl-w and Bcl-xl than by Bfl-1 or mcl-1 at the 48 hour time point. Bfl-1 and mcl-1 were 

expressed at somewhat lower levels than Bcl-2, Bcl-w and Bcl-xl (fig. 5B and fig. s3). however, 

even after renewed sorting for equal expression (fig s4a,B), mcl-1 provided much less 

protection against etoposide than did Bcl-w (fig s4c). 

in contrast to what was seen at 48 hours, at the 24 hour time point, all pro-survival Bcl-2 

proteins inhibited the response to daunorubicin and etoposide to a similar extent (fig 7B). 

This suggested that Bfl-1 and mcl-1 lose their protective capabilities in time, presumably by 

degradation. To test if daunorubicin and etoposide induced degradation of mcl-1 and Bfl-1 

and thereby reduced their anti-apoptotic capacity, gfp expression was followed for a period 

of 16 hours after addition of the drugs. indeed, the expression levels of Bfl-1 and mcl-1 levels 

decreased progressively, while the expression levels of Bcl-2, Bcl-w, Bcl-xl and gfp alone 

remained unchanged (fig. 7c). The stimuli vincristine, roscovitine and Trail did not give rise to 

degradation of Bfl-1, mcl-1 or any of the other pro-survival Bcl-2 proteins (fig s4d). This explains 

why Bfl-1 and mcl-1 provided equal protection against these stimuli as did Bcl-2, Bcl-w and 

Bcl-xl, after sorting of the cell lines for equal expression (fig. 6). We conclude that etoposide 

and daunorubicin drive the degradation of Bfl-1 and mcl-1 and thus limit the anti-apoptotic 

capacity of these pro-survival Bcl-2 proteins. 

discussion
The pro-survival Bcl-2 family members are keenly researched with regards to their mode of 

action, since they are the targets of novel anti-cancer drugs such as aBT-737 15. in this study, we 

determined which parameter(s) are critical for the anti-apoptotic activity of the pro-survival 

Bcl-2 proteins. our comprehensive analysis pointed out that Bcl-2, Bcl-xl and Bcl-w provided 

much better protection against a wide variety of anti-cancer regimens than did Bcl-B, Bfl-1 and 

mcl-1. We found this in p53 mutant Jurkat T-all, but also in p53 wild-type molt-4 T-all 30. in 

agreement, Bcl-2, Bcl-w and Bcl-xl had a greater oncogenic potency compared to Bfl-1, Bcl-B 

and mcl-1 in a mouse model of eµ-myc-driven leukemogenesis 35. also, mcl-1-overexpressing 
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leukemia cells were found to be more sensitive to a variety of chemotherapeutics than their 

Bcl-2-overexpressing counterparts 38. We considered that the anti-apoptotic capacity of the 

pro-survival Bcl-2 proteins was dictated by selectivity in binding to Bh3-only proteins, Bax or 

Bak, and/or by their protein stability. 

To examine the role of binding selectivity in the anti-apoptotic activity of the Bcl-2 proteins, 

we first perused the existing literature for established interactions. however, we could not 

gain conclusive insight from the reported Bcl-2 family interaction profile. it is incomplete and 

there is conflicting evidence regarding many of the interactions (fig 2; Table s1). Therefore, 

we established the complete interaction profile between all full-length canonical Bh3-only 

proteins, Bax, Bak and all pro-survival Bcl-2 proteins. To overcome limitations of previously used 

experimental approaches, we analyzed the interactions in intact cells, in a quantitative manner, 

using a novel method based on in situ pfa fixation that overruled the influence of detergents. 

Figure 7. daunorubicin and etoposide induce degradation of Bfl-1 and mcl-1 and thereby limit their anti-
apoptotic capacity. (a,B) J16 cell lines transduced to express the individual pro-survival Bcl-2 proteins as 
n-terminal gfp-fusions and sorted on equal protein levels (as in fig 5a) were treated with a dose range of 
daunorubicin or etoposide. cell death was assessed by pi uptake after 48 h (a) or 24 h (B). empty vector 
(e.v.) transduced cells were used as control and treated with Q-vd-oph (e.v Q) to show that cell death 
was apoptotic. data shown are mean values ± sd derived from three independent experiments. (c) J16 cell 
lines as in (a) were treated with daunorubicin (0.25 µg/ml) or etoposide (5 µg/ml) and gfp fluorescence 
intensity of live cells was assessed by flow cytometry at the indicated time points after drug addition. mean 
fluorescence intensity at 0 h was set at 100% for each pro-survival Bcl-2 protein. data shown are mean 
values ± sd derived from three independent experiments. (see also figure s4).

Figure 7

B

A

C

D
ea

d 
C

el
ls

 (%
)

D
ea

d 
C

el
ls

 (%
)

P
ro

te
in

 L
ev

el
s GFP-E.V.

GFP-Bfl-1
GFP-Mcl-1

GFP-Bcl-2
GFP-Bcl-w
GFP-Bcl-xL

Daunorubicin

0 8 16
0

50

100

150

Time (h)

Etoposide

0 8 16
0

50

100

150

Time (h)

Daunorubicin

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

Dose (µg/ml)

Etoposide

0 1 2 3 4 5
0

10
20
30
40
50
60

Dose (µg/ml)

Daunorubicin

0.0 0.1 0.2 0.3 0.4 0.5
0

20

40

60

80

Dose (µg/ml)

Etoposide

0 1 2 3 4 5
0

10
20
30
40
50
60
70

Dose (µg/ml)

GFP-E.V.
GFP-E.V. Q
GFP-Bfl-1
GFP-Mcl-1
GFP-Bcl-2
GFP-Bcl-w
GFP-Bcl-xL

GFP-E.V.
GFP-E.V. Q
GFP-Bfl-1
GFP-Mcl-1
GFP-Bcl-2
GFP-Bcl-w
GFP-Bcl-xL

78



sTaBiliTy dicTaTes acTiviTy of Bcl-2 proTeins

3

The resulting interaction profile pointed out that only tBid-c, Bad, and noxa are highly selective 

in their binding to certain pro-survival relatives: tBid-c did not bind to Bcl-B, Bad did not bind 

to Bcl-B, Bfl-1 and mcl-1, while noxa did not bind to Bcl-w and Bcl-xl. even though this was not 

apparent from studies with Bh3-domain peptides, noxa did bind to Bcl-2, albeit with medium 

affinity. We also found that Bak binds to Bcl-2 with medium affinity, an interaction that has been 

highly disputed (fig. 2, Table s1). in agreement with our data, both interactions were recently 

reported to occur in vivo and to contribute to apoptosis resistance 36-37. These authors reported 

that naturally occurring Bcl-2 variants have significantly different affinities for noxa and Bak, 

possibly explaining previous conflicting findings. The most striking outcome of this study was 

that Bax, Bak and the majority of the Bh3-only proteins can bind to all of the pro-survival Bcl-2 

proteins, albeit with different affinities. 

clearly, Bh3-domain selectivity of the pro-survival Bcl-2 proteins can play an important role 

when stimuli are used that mobilize or mimic Bh3-only proteins with a selective binding profile. 

for instance, we found that under conditions of equal pro-survival Bcl-2 protein levels, the action 

of aBT-737 was most potently inhibited by mcl-1 and Bfl-1 that do not bind this “Bad-like” Bh3 

mimetic 30. in addition, the mitochondria of Bcl-2- and mcl-1 dependent leukemia cells were 

sensitive to Bad and noxa Bh3-peptides, respectively 38. however, it is questionable whether anti-

cancer agents in general specifically induce a single, selective Bh3-only protein like noxa or Bad. 

instead they often activate broadly-acting Bh3-only proteins or multiple Bh3-only proteins at the 

same time 39. for instance, Bim, noxa and puma all contributed to etoposide-mediated killing of 

p53 WT eµ-myc driven lymphoma cells 40. in our study, we also found that among the great variety 

of anti-cancer regimens used, only bortezomib induced noxa, while other agents induced Bax 

and Bak and possibly activated other Bh3-only proteins. importantly, our work revealed that upon 

equal expression, all pro-survival Bcl-2 proteins conferred equal protection to multiple stimuli. 

This indicates that selectivity in binding to Bh3-only proteins was not the cause of the differential 

anti-apoptotic capacity of Bcl-2, Bcl-xl and Bcl-w versus Bcl-B, Bfl-1 and mcl-1. 

rather, we found that the steady state expression levels of Bcl-B, Bfl-1 and mcl-1 are limited 

due to high proteasomal turn-over and that this feature is the key limitation of their anti-

apoptotic capacity, regardless of the stimulus. This conclusion is supported by the finding 

that the stabilized versions of Bcl-B 33 and Bfl-1 32 were as potent as Bcl-xl in in a mouse model 

of eµ-myc-driven leukemogenesis. We discovered that the anti-cancer drugs etoposide and 

daunorubicin could also promote degradation of mcl-1 and Bfl-1. The ubiquitin ligase mule may 

have been responsible for this, since etoposide led to mule-dependent mcl-1 degradation in 

thymocytes 41. it was recently reported that the microtubular toxins Taxol and vincristine can 

act in a similar manner. They induced fBW7 ligase-dependent mcl-1 degradation and thereby 

promoted apoptosis 42. vincristine did not induce mcl-1 degradation in our Jurkat-derived 

J16 cells (fig s4d), possibly because Jurkat cells express mutant, ligase-deficient fBW7 43. in 

J16 cells, Bfl-1 was also degraded in response to etoposide and daunorubcin, which indicates 

that Bfl-1 is subject to a similar mode of control as mcl-1. Topoisomerase inhibitors can also 

downregulate mcl-1 expression by inhibition of transcription, but this contributes mainly to 

regulation of endogenous and not ectopically expressed mcl-1 44.
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in summary, we show that steady state and stimulus-dependent degradation of Bcl-B, Bfl-1 and 

mcl-1 proteins pose crucial limitations on their anti-apoptotic capacity. This highlights a level of 

control that can potentially be targeted. compounds that would inactivate specific deubiquitination 

enzymes or activate ligases might kill tumor cells that depend on Bcl-B, Bfl-1 or mcl-1 for their survival. 

accordingly, an inhibitor of mcl-1’s deubiquitinase usp9x was recently reported to decrease mcl-1 

protein levels and to induce apoptosis in cml 45. our work indicates that such approaches are also 

valid in malignancies with Bcl-B or Bfl-1 overexpression, such as diffuse large B-cell lymphoma 46-47. 

alternatively, compounds that block transcription of the high-turnover Bcl-2 proteins are also of 

interest, since they will lead to a rapid drop in protein levels. our findings also emphasize that mrna 

levels of Bcl-B, Bfl-1 and mcl-1, which are often used in correlative studies, are unlikely to reflect their 

anti-apoptotic capacity. it will be much more informative to use protein levels to predict treatment 

response, as was recently shown for Bcl-B 48.

maTerials and meThods
Generation of J16 cell lines. The p53 mutant T-all line J16 is a Jurkat clone. The pro-survival 

Bcl-2 proteins were stably expressed in J16 cells by retroviral transduction as described 30. in 

brief, for retrovirus production, pmX-ires-Blasticidin or lZrs-gfp-ires-Zeocin constructs 

were transfected into the phoenix-ampho packaging cell line. J16 cells were transduced with 

virus-containing cell supernatant, using retronectin (Takara Bio) and selected for two weeks 

with Blastcidin (invivogen, 20 µg/ml), or Zeocin (invitrogen, 200 mg/ml). constructs used for 

transduction are described in the supplemental information. cells were transduced to express 

the pro-survival Bcl-2 proteins in an untagged version (fig. 1) or as n-terminally gfp-tagged 

fusion proteins (fig. 5). To get equal gfp-Bcl-2 fusion protein levels after transduction, the 

resulting cell-lines were sorted on equal gfp signal using a facsaria (Bd), cultured for another 

week and then used for cell-death assays. J16 cell lines with dox-inducible expression of 

ha-tagged tBid-c or puma were generated as described 30. cell lines were cultured in imdm 

(J16) with 8% heat-inactivated fBs and antibiotics.

HEK 293T transfection and PFA fixation. cdna transfections of heK 293T cells were done with 

polyethylenimine (pei; 1 mg/ml) at a dna:pei ratio of 1:3. for the interaction studies, 1.3*106 

heK 293T cells per sample were seeded in 6 cm dishes. The next day, they were transfected to 

express myc- or flag-tagged pro-apoptotic proteins and ha-tagged pro-survival Bcl-2 family 

proteins or empty vector. constructs used for transfection are described in the supplemental 

information. dna encoding Bcl-2, Bcl-w, or Bcl-xl was used at 0.5 µg and dna encoding 

Bcl-B, Bfl-1, or mcl-1 was used at 1.5 µg to compensate for differences in protein stability. dna 

encoding the pro-apoptotic proteins was used in surplus so the pro-apoptotic proteins were 

not limiting in the immunoprecipitation procedure. empty vector dna was added to set the 

total amount of dna used for transfection at 6 µg. cells were washed after 4 h and cultured 

in fresh medium containing Q-vd-oph (10 µm). cell lines were cultured in dmem with 8% 

heat-inactivated fBs and antibiotics. at 24 h after transfection, heK 293T cells were harvested, 
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washed and resuspended in 0.5 ml of pBs, after which 0.5 ml of freshly prepared 0.8% pfa in 

pBs was added. after tumbling for 10 min at room temperature, 125 µl of 1 m glycine in pBs was 

added to quench the pfa and cells were incubated for 5 min. next, cells were harvested by 

centrifugation and the cell pellet was either flash frozen in liquid nitrogen and stored at -80ºc 

or lysed in chaps buffer (1% chaps, 50 mm Tris-hcl (ph 7.4), 150 mm nacl, 1.5 mm mgcl
2
, 0.5 

mm egTa), supplemented with pmsf and complete protease inhibitor cocktail (roche). 

Immunoprecipitation and Western blotting. immunoprecipitation and sds-page were done 

as described previously (rooswinkel 2012) and detailed in the supplemental information. for 

Western blotting, cell lysates were prepared in chaps buffer or in np-40 buffer (1% nonidet-

p40, 50 mm Tris-hcl (ph 7.4), 150 mm nacl, 5 mm edTa). equal amounts of protein were loaded 

onto 4-12% nu-page Bis-Tris gradient gels (invitrogen) and blotting was performed using the 

Trans-Blot Turbo (Bio-rad) using 0.1 µm Whatman nitrocellulose sheets (vWr international) and 

transfer buffer (48 mm Tris, 39 mm glycine, 0.37 % sds, 20% methanol). The blots were blocked 

in 5% milk in pBs for 1 h, followed by antibody incubation in 5% milk in TBs with 0.1% Tween 

at 4ºc overnight. antibodies were used either as direct fluorochrome conjugates or together 

with fluorochrome-conjugated second step antibodies. primary antibody dilutions were tested 

to be within the linear range. Western blot signals were visualized and quantified on the odyssey 

imaging system (li-cor). antibodies used are described in the supplemental information.

Reagents and stimuli. etoposide, cycloheximide, (sigma), Q-vd-oph (sm Biochemicals), 

mg132 (calbiochem), r-roscovitine (cayman chemicals) and staurosporine (lc labs) were 

dissolved in dmso. vincristine and daunorubicin solutions were from faulding pharmaceuticals 

plc (Warwickshire, uK) and sanofi-aventis (gouda, The netherlands) respectively. soluble 

recombinant isoleucine Zippered Trail was kindly provided by dr. h. Walczak (imperial 

college, london, uK) and has been described 49. Bortezomib was kindly provided by dr. huib 

ovaa (The netherlands cancer institute, amsterdam, The netherlands) and dissolved in dmso. 

ir was performed as described (verbrugge et al., 2008)

Cell death assays. cells were plated at 25.000 cells/well in round-bottom 96 well plates, in 100 µl imdm. 

stimuli were given in 100 µl imdm, keeping solvent constant. cells were placed in the incubator and 

harvested at indicated time points. after washing in pBs, cells were stained with pi (1 µg/ml in pBs with 

Bsa) and analyzed on either a facsarray or a facscalibur, equipped with a plate loader (Bd). 

Literature survey. literature was gathered by searching for papers on pubmed (http://www.

pubmed.org/) with relevant keywords. The survey also included interactions from publicly 

available interaction databases like sTring (http://string-db.org/) and Biogrid (http://

thebiogrid.org/) and crystal structures deposited in de protein data Bank (http://www.pdb.

org). literature was numbered in order of finding. a maximum of four papers per interaction per 

technique was included, even though for some interactions much more evidence is available. 

data from yeast-2-hybrid screens was not taken into account.
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suPPlementAl inFormAtion

maTerials and meThods
Constructs. for stable, retrovirus-based expression in J16 cells, cdnas encoding all six pro-

survival Bcl-2 proteins were cloned into the vector pmX-ires-Blasticidin (Bsd) for expression 

as untagged protein, or into lZrs-gfp-ires-Zeo for expression as n-terminally gfp-tagged 

fusion protein, as described previously.1 for transfection into heK 293T cells, these cdnas 

were cloned in frame into the pha-c2 vector, a modified version of pegfp-c2 (clontech) that 

encodes an n-terminal double ha tag 1. The cdna clones encoding full-length human cdnas 

of Bik, hrk and Bmf (geneservice, cambridge, uK), Bad, Bid, Bim, noxa and puma 1 were cloned 

into pcdna3 (invitrogen) that encodes an n-terminal double myc-tag. Bax cdna was cloned 

into the vector p3xflag (sigma-aldrich). for doxycycline (dox)-inducible, stable expression in 

J16 cells, cdnas encoding ha-tagged tBid-c or puma were cloned into the lentiviral vector 

plvX-Tight (clontech) and cell lines were generated as described 1. constructs encoding point 

mutants of the pro-apoptotic proteins were created using site-directed mutagenesis pcr. all 

cdna clones encode the full-length human proteins. cloning was done by standard techniques 

and constructs were verified by dideoxynucleotide sequencing. sequences match the following 

pubmed accession numbers: Bcl-2: nm_000633.2, Bcl-B: nm_020396.2, Bcl-w: nm_004050.4, 

Bcl-xl: nm_138578.1, Bfl-1: nm_004049.3, mcl-1: nm_021960.4, Bad: nm_032989.2, Bak: 

nm_001188.3, Bax(alpha): nm_138761.3, Bid: nm_197966.2, Bik: nm_001197.4, Bim-(xl): 

nm_138621.4, Bmf: nm_033503.3, hrK: nm_003806 noxa: nm_021127.2, puma: nm_014417.4, 

Immunoprecipitation. lysates were cleared at 4ºc by centrifugation at 17.000 g for 15 min. equal 

amounts of protein (~100 µg per sample) as determined by Bca assay (pierce) were incubated 

with anti-ha mab 12ca5 (1 µg) overnight at 4ºc, while tumbling. next, protein g sepharose beads 

(15 µl ; ge healthcare life sciences) were added and incubation continued for 1 h. Beads were 

washed 3 times in chaps buffer and boiled in sds sample buffer (invitrogen) containing dTT. 

eluates and total cell lysates were subsequently subjected to sds-page and Western blotting. 

Antibodies. ha-, myc-, or flag-tagged proteins were detected by mouse anti-ha mab 12ca5, 

anti-myc mab 9e10 (home made), or anti-flag mab m2 (sigma-aldrich), coupled to the 

fluorochromes dy-682 (ha) or dy-800 (myc, flag) from dyomics. fluorochrome-conjugated 

secondary antibodies were from li-cor. other antibodies used were rabbit anti-Bak pab B5929 

(1:500, sigma), anti-Bax pab sc-493 (1:1000, santa cruz), anti-Bid pab (:1:1000, home made), 

anti-Bim pab B7929 (1:1000, sigma), anti-puma pab 3339 (1:250, Biovision), anti-gfp pab (1:300, 

home made), mouse anti-Bad mab B31420 (1:1000, Bd Biosciences) anti-noxa mab img-394 

(1:500, imgenex) and anti-actin mab maB1501r (1:10.000, millipore). 

Radiolabelling. for radiolabeling, heK 293T cells were transfected with ha-tagged pro-survival 

Bcl-2 proteins. after 24 h, the cells were labeled overnight with a mixture of [35s]-methionine 
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and -cysteine (1 mci, perkin elmer). subsequently, cells were washed, lysed in sds buffer (1% 

sds, 50 mm Tris-hcl (ph 8.0), 0.5 mm edTa, 10 mm dTT) for 10 min at 95 ºc. next, nine volumes 

of np-40 buffer were added to quench the sds. equal amounts of lysate were subjected to 

immunoprecipitation with anti-ha mab. samples were separated by sds-page and radiography 

was performed using a phosphorimager (fujifilm) on dried gels, or on nitrocellulose sheets 

after Western blotting. 

Calculation of interaction strength. The relative affinities of the pro-apoptotic proteins for 

their pro-survival Bcl-2 relatives were calculated according to the following example of relative 

affinity between Bad en Bcl-2. signal intensity of Bad was divided by the signal intensity of Bcl-2. 

for normalization, this ratio was divided by the mean ratio obtained for Bad in interaction with 

all six pro-survival Bcl-2 proteins, followed by division by the mean ratio for all ten pro-apoptotic 

proteins in interaction with Bcl-2. in this way we compensate for differences in protein transfer 

or differences in retention on nitrocellulose of the pro-survival Bcl-2 proteins. The derived 

ratios of three independent experiments were averaged, and average ± sd were displayed. 

references
1. rooswinkel, r.W., van de Kooij, B., verheij, 

m., and Borst, J. (2012). Bcl-2 is a better aBT-
737 target than Bcl-xl or Bcl-w and only noxa 
overcomes resistance mediated by mcl-1, Bfl-1, 
or Bcl-B. cell death dis 3, e366.
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Figure s1. Alignment of mouse and human 
BH3-domain amino acid sequences. amino acid 
sequence of mouse and human Bh3 domains of 
canonical Bh3-only Bcl-2 family members were 
aligned and color-coded based on conservation 
using the alignment software of the praline server 
(http://www.ibi.vu.nl/programs/pralinewww/). 
arrows indicate highly conserved leucine and 
aspartate residues.

Figure S1: Related to Figure 2

Figure s2. outline and validation of the technical approach in Bcl-2 family interaction studies by 
immunoprecipitation from PFA fixed cells. (a) schematic overview of the experimental protocol used. 
(B) heK293T cells were co-transfected to express ha-tagged pro-survival Bcl-2 proteins or empty vector 
(e.v) and myc-tagged tBid-c in the presence of Q-vd-oph (10 µm). after 24 h, cells were lysed directly 
in buffers containing indicated detergents (unfixed, upper panel) or fixed using pfa and subsequently 
lysed with the same three detergents (fixed, lower panel). samples were subjected to anti-ha 
immunoprecipitation after which total cell lysates (Tcl) and immunoprecipitates (ip) were analyzed by 
immunoblotting with anti-(α)ha and α-myc antibody as indicated. asterisks denote the light chain of 
the mab used for immunoprecipitation. data are representative of two independent experiments. (c) 
heK293T cells were co-transfected to express indicated ha-tagged pro-survival Bcl-2 proteins or empty 
vector and myc-tagged wild-type (WT) tBid-c, Bim and puma or the indicated Bh3-domain mutants 
thereof in the presence of Q-vd-oph (10 µm). Bim gaa denotes mutations g156e, f159a, n160a. Bid 
gaa stands for mutations g94e, m97a, d98a. at 24 h after transfection, cells were fixed using pfa and 
subsequently lysed in chaps buffer as in (B). samples were subjected to anti-ha immunoprecipitation 
after which total cell lysates (Tcl) and immunoprecipitates (ip) were analyzed by immunoblotting with 

▶
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anti-(α)ha and α-myc antibody. (d) heK293T cells were transfected to express ha-tagged pro-survival 
Bcl-2 proteins. after 24 h, cells were radiolabelled with [35s]-methionine and -cysteine, lysed and subjected 
to anti-ha immunoprecipitation. immunoprecipitates (ip) were separated by sds-page. The proteins 
were transferred from the gel to a nitrocellulose sheet (Blot) by Western blotting. afterwards, the gel 
was was dried and radiolabelled proteins in the dried gel (gel) and on the blot (Blot) were detected by 
phosphorimaging. data are representative of two independent experiments.
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Figure s3. expression of Bcl-2 family members in J16 cell lines expressing GFP-fusions of pro-survival 
Bcl-2 proteins. J16 cells transduced with n-terminally gfp-tagged pro-survival Bcl-2 proteins were 
selected on antibiotics and flow cytometrically sorted on equal gfp expression. Total cell lysates of the 
resulting cell lines were analyzed by Western blotting with antibodies detecting the indicated proteins. 
actin signals serve as equal loading control. asterisk denotes proteolytic cleavage product of gfp-Bcl-B. 
data are representative of two independent experiments. 
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Figure s4. impact of anti-cancer drugs on degradation of pro-survival Bcl-2 proteins. (a,B) J16 cells 
transduced to express gfp-mcl-1 or gfp-Bcl-w were re-sorted by facs into three different populations with 
low, medium (med) or high expression, and expanded on antibiotics for one week. gfp levels were assessed 
by flow cytometry and are depicted as mean fluorescence intensity (a) or in a histogram (B). The analysis 
shows that sorted cell lines expressing mcl-1 at high levels and Bcl-w at low levels had equal expression of 
the respective gfp fusion proteins. (c) cell lines described in (a,B) were treated with etoposide for 48 h and 
assessed for cell death by pi exclusion. data shown are mean values ± sd derived from three independent 
experiments. (d) J16 cell lines stably expressing gfp fusions of the indicated pro-survival Bcl-2 proteins were 
treated with Trail (100 ng/ml), vincristine (5 ng/ml),or roscovitine (100 µm) for 8 and 16 h, and assessed for 
gfp levels by flow cytometry. data represent protein levels expressed as mean fluorescence intensity ± sd 
relative to gfp fluorescence intensity at 0 h derived from three independent experiments. 

Etoposide

0 1 2 3 4 5
0

20

40

60

80

GFP-Bcl-w Low
GFP-Bcl-w Med
GFP-Bcl-w High

GFP-Mcl-1 Low
GFP-Mcl-1 Med
GFP-Mcl-1 High

J16

      Dose (µM)

Untr
an

sd
uc

ed

Mcl-
1 L

ow

Mcl-
1 M

ed

Mcl-
1 H

igh

Bcl-
w Lo

w

Bcl-
w M

ed

Bcl-
w H

igh
0

200

400

600

800

G
FP

 M
FI

 (A
U

)

C

A B
Untransduced
GFP-Mcl-1 (high)
GFP-Bcl-w (low)

TRAIL

0 8 16
0

50

100

150

200

Time (h)

Vincristine

0 8 16
0

50

100

150

200

Time (h)

Roscovitine

0 8 16
0

50

100

150

200

Time (h)

D

Figure S4: Related to Figure 7

GFP-E.V.

GFP-Bfl-1
GFP-Mcl-1

GFP-Bcl-2
GFP-Bcl-w
GFP-Bcl-xL

D
ea

d 
C

el
ls

 (%
)

P
ro

te
in

 L
ev

el
s 

(%
)

Ev
en

ts

      MFI

91



3

table s1. references belonging to Figure 2.

1. certo, m., v. del gaizo moore, m. nishino, g. 
Wei, s. Korsmeyer, s.a. armstrong, and a. letai 
(2006). mitochondria primed by death signals 
determine cellular addiction to antiapoptotic 
Bcl-2 family members. cancer cell 9, 351-65.

2. chen, l., s.n. Willis, a. Wei, B.J. smith, J.i. 
fletcher, m.g. hinds, p.m. colman, c.l. day, 
J.m. adams, and d.c. huang (2005). differential 
targeting of prosurvival Bcl-2 proteins by their 
Bh3-only ligands allows complementary 
apoptotic function. mol cell 17, 393-403.

3. Kuwana, T., l. Bouchier-hayes, J.e. chipuk, 
c. Bonzon, B.a. sullivan, d.r. green, and d.d. 
newmeyer (2005). Bh3 domains of Bh3-only 
proteins differentially regulate Bax-mediated 
mitochondrial membrane permeabilization 
both directly and indirectly. mol cell 17, 525-35.

4. Zhai, d., c. Jin, Z. huang, a.c. satterthwait, and 
J.c. reed (2008). differential regulation of Bax 
and Bak by anti-apoptotic Bcl-2 family proteins 
Bcl-B and mcl-1. J Biol chem 283, 9580-6.

5. Zhang, l., h. lopez, n.m. george, X. liu, X. 
pang, and X. luo (2011). selective involvement 
of Bh3-only proteins and differential targets of 
noxa in diverse apoptotic pathways. cell death 
differ 18, 864-73.

6. Koistinen, p. and J. heino (2002). The selective 
regulation of alpha vbeta 1 integrin expression 
is based on the hierarchical formation of alpha 
v-containing heterodimers. J Biol chem 277, 
24835-41.

7. han, J., l.a. goldstein, W. hou, and h. 
rabinowich (2007). functional linkage 
between noXa and Bim in mitochondrial 
apoptotic events. J Biol chem 282, 16223-31.

8. Willis, s.n., J.i. fletcher, T. Kaufmann, m.f. van 
delft, l. chen, p.e. czabotar, h. ierino, e.f. lee, 
W.d. fairlie, p. Bouillet, et al. (2007). apoptosis 
initiated when Bh3 ligands engage multiple Bcl-
2 homologs, not Bax or Bak. science 315, 856-9.

9. gomez-Bougie, p., r. Bataille, and m. amiot 
(2005). endogenous association of Bim Bh3-
only protein with mcl-1, Bcl-xl and Bcl-2 on 
mitochondria in human B cells. eur J immunol 
35, 971-6.

10. Kutuk, o., e.d. arisan, T. Tezil, m.c. shoshan, 
and h. Basaga (2009). cisplatin overcomes 
Bcl-2-mediated resistance to apoptosis via 
preferential engagement of Bak: critical 
role of noxa-mediated lipid peroxidation. 
carcinogenesis 30, 1517-27.

11. Kutuk, o. and a. letai (2010). displacement 
of Bim by Bmf and puma rather than increase 
in Bim level mediates paclitaxel-induced 

apoptosis in breast cancer cells. cell death 
differ 17, 1624-35.

12. fan, g., m.J. simmons, s. ge, J. dutta-simmons, 
J. Kucharczak, y. ron, d. Weissmann, c.c. 
chen, c. mukherjee, e. White, et al. (2010). 
defective ubiquitin-mediated degradation of 
antiapoptotic Bfl-1 predisposes to lymphoma. 
Blood 115, 3559-69.

13. henshall, d.c., T. araki, c.K. schindler, J.Q. lan, 
K.l. Tiekoter, W. Taki, and r.p. simon (2002). 
activation of Bcl-2-associated death protein 
and counter-response of akt within cell 
populations during seizure-induced neuronal 
death. J neurosci 22, 8458-65.

14. miyawaki, T., T. mashiko, d. ofengeim, r.J. 
flannery, K.m. noh, s. fujisawa, l. Bonanni, 
m.v. Bennett, r.s. Zukin, and e.a. Jonas 
(2008). ischemic preconditioning blocks 
Bad translocation, Bcl-xl cleavage, and 
large channel activity in mitochondria of 
postischemic hippocampal neurons. proc natl 
acad sci u s a 105, 4892-7.

15. Wang, h.g., n. pathan, i.m. ethell, s. Krajewski, 
y. yamaguchi, f. shibasaki, f. mcKeon, T. 
Bobo, T.f. franke, and J.c. reed (1999). ca2+-
induced apoptosis through calcineurin 
dephosphorylation of Bad. science 284, 339-43.

16. Willis, s.n., l. chen, g. dewson, a. Wei, e. 
naik, J.i. fletcher, J.m. adams, and d.c. huang 
(2005). proapoptotic Bak is sequestered by 
mcl-1 and Bcl-xl, but not Bcl-2, until displaced 
by Bh3-only proteins. genes dev 19, 1294-305.

17. hirotani, m., y. Zhang, n. fujita, m. naito, and 
T. Tsuruo (1999). nh2-terminal Bh4 domain of 
Bcl-2 is functional for heterodimerization with 
Bax and inhibition of apoptosis. J Biol chem 
274, 20415-20.

18. yang, e., J. Zha, J. Jockel, l.h. Boise, c.B. 
Thompson, and s.J. Korsmeyer (1995). Bad, a 
heterodimeric partner for Bcl-Xl and Bcl-2, 
displaces Bax and promotes cell death. cell 80, 
285-91.

19. du, h., J. Wolf, B. schafer, T. moldoveanu, J.e. 
chipuk, and T. Kuwana (2011). Bh3 domains 
other than Bim and Bid can directly activate 
Bax/Bak. J Biol chem 286, 491-501.

20. Jabbour, a.m., J.e. heraud, c.p. daunt, T. 
Kaufmann, J. sandow, l.a. o’reilly, B.a. 
callus, a. lopez, a. strasser, d.l. vaux, et al. 
(2009). puma indirectly activates Bax to cause 
apoptosis in the absence of Bid or Bim. cell 
death differ 16, 555-63.

21. gallenne, T., f. gautier, l. oliver, e. hervouet, 
B. noel, J.a. hickman, o. geneste, p.f. cartron, 

92



sTaBiliTy dicTaTes acTiviTy of Bcl-2 proTeins

3

f.m. vallette, s. manon, et al. (2009). Bax 
activation by the Bh3-only protein puma 
promotes cell dependence on antiapoptotic 
Bcl-2 family members. J cell Biol 185, 279-90.

22. shimazu, T., K. degenhardt, e.K.a. nur, J. Zhang, 
T. yoshida, y. Zhang, r. mathew, e. White, and m. 
inouye (2007). nBK/BiK antagonizes mcl-1 and 
Bcl-Xl and activates BaK-mediated apoptosis in 
response to protein synthesis inhibition. genes 
dev 21, 929-41.

23. elangovan, B. and g. chinnadurai (1997). 
functional dissection of the pro-apoptotic 
protein Bik. heterodimerization with anti-
apoptosis proteins is insufficient for induction 
of cell death. J Biol chem 272, 24494-8.

24. yan, W., m. samson, B. Jegou, and J. Toppari 
(2000). Bcl-w forms complexes with Bax and 
Bak, and elevated ratios of Bax/Bcl-w and 
Bak/Bcl-w correspond to spermatogonial 
and spermatocyte apoptosis in the testis. mol 
endocrinol 14, 682-99.

25. holmgreen, s.p., d.c. huang, J.m. adams, 
and s. cory (1999). survival activity of Bcl-2 
homologs Bcl-w and a1 only partially correlates 
with their ability to bind pro-apoptotic family 
members. cell death differ 6, 525-32.

26. inohara, n., l. ding, s. chen, and g. nunez 
(1997). harakiri, a novel regulator of cell death, 
encodes a protein that activates apoptosis and 
interacts selectively with survival-promoting 
proteins Bcl-2 and Bcl-X(l). emBo J 16, 1686-94.

27. Kazi, a., J. sun, K. doi, s.s. sung, y. Takahashi, h. 
yin, J.m. rodriguez, J. Becerril, n. Berndt, a.d. 
hamilton, et al. (2011). The Bh3 alpha-helical 
mimic Bh3-m6 disrupts Bcl-X(l), Bcl-2, and mcl-
1 protein-protein interactions with Bax, Bak, Bad, 
or Bim and induces apoptosis in a Bax- and Bim-
dependent manner. J Biol chem 286, 9382-92.

28. dai, h., X.W. meng, s.h. lee, p.a. schneider, and 
s.h. Kaufmann (2009). context-dependent 
Bcl-2/Bak interactions regulate lymphoid cell 
apoptosis. J Biol chem 284, 18311-22.

29. letai, a., m.c. Bassik, l.d. Walensky, m.d. 
sorcinelli, s. Weiler, and s.J. Korsmeyer (2002). 
distinct Bh3 domains either sensitize or activate 
mitochondrial apoptosis, serving as prototype 
cancer therapeutics. cancer cell 2, 183-92.

30. uren, r.T., g. dewson, l. chen, s.c. coyne, d.c. 
huang, J.m. adams, and r.m. Kluck (2007). 
mitochondrial permeabilization relies on Bh3 
ligands engaging multiple prosurvival Bcl-2 
relatives, not Bak. J cell Biol 177, 277-87.

31. Billen, l.p., c.l. Kokoski, J.f. lovell, B. leber, 
and d.W. andrews (2008). Bcl-Xl inhibits 
membrane permeabilization by competing 
with Bax. plos Biol 6, e147.

32. day, c.l., l. chen, s.J. richardson, p.J. 
harrison, d.c. huang, and m.g. hinds (2005). 
solution structure of prosurvival mcl-1 and 
characterization of its binding by proapoptotic 
Bh3-only ligands. J Biol chem 280, 4738-44.

33. Ku, B., c. liang, J.u. Jung, and B.h. oh (2011). 
evidence that inhibition of BaX activation 
by Bcl-2 involves its tight and preferential 
interaction with the Bh3 domain of BaX. cell 
res 21, 627-41.

34. ayllon, v., X. cayla, a. garcia, a. fleischer, and 
a. rebollo (2002). The anti-apoptotic molecules 
Bcl-xl and Bcl-w target protein phosphatase 
1alpha to Bad. eur J immunol 32, 1847-55.

35. moriishi, K., d.c. huang, s. cory, and J.m. adams 
(1999). Bcl-2 family members do not inhibit 
apoptosis by binding the caspase activator 
apaf-1. proc natl acad sci u s a 96, 9683-8.

36. imaizumi, K., T. morihara, y. mori, T. Katayama, 
m. Tsuda, T. furuyama, a. Wanaka, m. Takeda, 
and m. Tohyama (1999). The cell death-
promoting gene dp5, which interacts with 
the Bcl2 family, is induced during neuronal 
apoptosis following exposure to amyloid beta 
protein. J Biol chem 274, 7975-81.

37. hamner, s., u. arumae, y. li-ying, y.f. sun, m. 
saarma, and d. lindholm (2001). functional 
characterization of two splice variants of rat bad 
and their interaction with Bcl-w in sympathetic 
neurons. mol cell neurosci 17, 97-106.

38. Kelekar, a., B.s. chang, J.e. harlan, s.W. fesik, 
and c.B. Thompson (1997). Bad is a Bh3 domain-
containing protein that forms an inactivating 
dimer with Bcl-Xl. mol cell Biol 17, 7040-6.

39. huang, d.c., l.a. o’reilly, a. strasser, and s. cory 
(1997). The anti-apoptosis function of Bcl-2 can be 
genetically separated from its inhibitory effect on 
cell cycle entry. emBo J 16, 4628-38.

40. puthalakath, h., d.c. huang, l.a. o’reilly, s.m. 
King, and a. strasser (1999). The proapoptotic 
activity of the Bcl-2 family member Bim is 
regulated by interaction with the dynein motor 
complex. mol cell 3, 287-96.

41. Wilson-annan, J., l.a. o’reilly, s.a. crawford, g. 
hausmann, J.g. Beaumont, l.p. parma, l. chen, 
m. lackmann, T. lithgow, m.g. hinds, et al. 
(2003). proapoptotic Bh3-only proteins trigger 
membrane integration of prosurvival Bcl-w and 
neutralize its activity. J cell Biol 162, 877-87.

42. Jeong, s.y., B. gaume, y.J. lee, y.T. hsu, s.W. 
ryu, s.h. yoon, and r.J. youle (2004). Bcl-x(l) 
sequesters its c-terminal membrane anchor 
in soluble, cytosolic homodimers. emBo J 23, 
2146-55.

43. Werner, a.B., e. de vries, s.W. Tait, i. Bontjer, 
and J. Borst (2002). Bcl-2 family member Bfl-

93



3

1/a1 sequesters truncated bid to inhibit is 
collaboration with pro-apoptotic Bak or Bax. J 
Biol chem 277, 22781-8.

44. simmons, m.J., g. fan, W.X. Zong, K. 
degenhardt, e. White, and c. gelinas (2008). 
Bfl-1/a1 functions, similar to mcl-1, as a selective 
tBid and Bak antagonist. oncogene 27, 1421-8.

45. puthalakath, h., a. villunger, l.a. o’reilly, J.g. 
Beaumont, l. coultas, r.e. cheney, d.c. huang, 
and a. strasser (2001). Bmf: a proapoptotic 
Bh3-only protein regulated by interaction with 
the myosin v actin motor complex, activated 
by anoikis. science 293, 1829-32.

46. huang, d.c., J.m. adams, and s. cory (1998). 
The conserved n-terminal Bh4 domain of Bcl-2 
homologues is essential for inhibition of apoptosis 
and interaction with ced-4. emBo J 17, 1029-39.

47. inoue, s., J. riley, T.W. gant, m.J. dyer, and 
g.m. cohen (2007). apoptosis induced by 
histone deacetylase inhibitors in leukemic cells 
is mediated by Bim and noxa. leukemia 21, 
1773-82.

48. day, c.l., c. smits, f.c. fan, e.f. lee, W.d. 
fairlie, and m.g. hinds (2008). structure of the 
Bh3 domains from the p53-inducible Bh3-only 
proteins noxa and puma in complex with mcl-1. 
J mol Biol 380, 958-71.

49. luciano, f., m. Krajewska, p. ortiz-rubio, s. 
Krajewski, d. Zhai, B. faustin, J.m. Bruey, B. 
Bailly-maitre, a. lichtenstein, s.K. Kolluri, et al. 
(2007). nur77 converts phenotype of Bcl-B, an 
antiapoptotic protein expressed in plasma cells 
and myeloma. Blood 109, 3849-55.

50. cheng, e.h., m.c. Wei, s. Weiler, r.a. flavell, 
T.W. mak, T. lindsten, and s.J. Korsmeyer (2001). 
Bcl-2, Bcl-X(l) sequester Bh3 domain-only 
molecules preventing BaX- and BaK-mediated 
mitochondrial apoptosis. mol cell 8, 705-11.

51. Konopleva, m., r. contractor, T. Tsao, i. 
samudio, p.p. ruvolo, s. Kitada, X. deng, d. Zhai, 
y.X. shi, T. sneed, et al. (2006). mechanisms of 
apoptosis sensitivity and resistance to the Bh3 
mimetic aBT-737 in acute myeloid leukemia. 
cancer cell 10, 375-88.

52. herman, m.d., T. nyman, m. Welin, l. lehtio, s. 
flodin, l. Tresaugues, T. Kotenyova, a. flores, 
and p. nordlund (2008). completing the family 
portrait of the anti-apoptotic Bcl-2 proteins: 
crystal structure of human Bfl-1 in complex with 
Bim. feBs lett 582, 3590-4.

53. sattler, m., h. liang, d. nettesheim, r.p. 
meadows, J.e. harlan, m. eberstadt, h.s. yoon, 
s.B. shuker, B.s. chang, a.J. minn, et al. (1997). 
structure of Bcl-xl-Bak peptide complex: 
recognition between regulators of apoptosis. 
science 275, 983-6.

54. smits, c., p.e. czabotar, m.g. hinds, and c.l. 
day (2008). structural plasticity underpins 
promiscuous binding of the prosurvival protein 
a1. structure 16, 818-29.

55. denisov, a.y., g. chen, T. sprules, T. moldoveanu, 
p. Beauparlant, and K. gehring (2006). structural 
model of the Bcl-w-Bid peptide complex and 
its interactions with phospholipid micelles. 
Biochemistry 45, 2250-6.

56. Braun, c.r., J. mintseris, e. gavathiotis, g.h. Bird, 
s.p. gygi, and l.d. Walensky (2010). photoreactive 
stapled Bh3 peptides to dissect the Bcl-2 family 
interactome. chem Biol 17, 1325-33.

57. czabotar, p.e., e.f. lee, g.v. Thompson, a.Z. 
Wardak, W.d. fairlie, and p.m. colman (2011). 
mutation to Bax beyond the Bh3 domain disrupts 
interactions with pro-survival proteins and 
promotes apoptosis. J Biol chem 286, 7123-31.

58. smith, a.J., h. dai, c. correia, r. Takahashi, 
s.h. lee, i. schmitz, and s.h. Kaufmann (2011). 
noxa/Bcl-2 protein interactions contribute 
to bortezomib resistance in human lymphoid 
cells. J Biol chem 286, 17682-92.

59. Bodet, l., p. gomez-Bougie, c. Touzeau, c. 
dousset, g. descamps, s. maiga, h. avet-
loiseau, r. Bataille, p. moreau, s. le gouill, et 
al. (2011). aBT-737 is highly effective against 
molecular subgroups of multiple myeloma. 
Blood 118, 3901-10.

60. gillissen, B., f. essmann, p.g. hemmati, a. 
richter, i. oztop, g. chinnadurai, B. dorken, 
and p.T. daniel (2007). mcl-1 determines the Bax 
dependency of nbk/Bik-induced apoptosis. J 
cell Biol 179, 701-15.

61. Ke, n., a. godzik, and J.c. reed (2001). Bcl-B, 
a novel Bcl-2 family member that differentially 
binds and regulates Bax and Bak. J Biol chem 
276, 12481-4.

62. o’connor, l., a. strasser, l.a. o’reilly, g. 
hausmann, J.m. adams, s. cory, and d.c. huang 
(1998). Bim: a novel member of the Bcl-2 family 
that promotes apoptosis. emBo J 17, 384-95.

63. Bae, J., s.y. hsu, c.p. leo, K. Zell, and a.J. hsueh 
(2001). underphosphorylated Bad interacts 
with diverse antiapoptotic Bcl-2 family proteins 
to regulate apoptosis. apoptosis 6, 319-30.

64. Weng, c., y. li, d. Xu, y. shi, and h. Tang (2005). 
specific cleavage of mcl-1 by caspase-3 in tumor 
necrosis factor-related apoptosis-inducing 
ligand (Trail)-induced apoptosis in Jurkat 
leukemia T cells. J Biol chem 280, 10491-500.

65. placzek, W.J., m. sturlese, B. Wu, J.f. cellitti, J. 
Wei, and m. pellecchia (2011). identification of a 
novel mcl-1 protein binding motif. J Biol chem 
286, 39829-35.

94



sTaBiliTy dicTaTes acTiviTy of Bcl-2 proTeins

3

66. Zhai, d., n. Ke, h. Zhang, u. ladror, m. Joseph, 
a. eichinger, a. godzik, s.c. ng, and J.c. reed 
(2003). characterization of the anti-apoptotic 
mechanism of Bcl-B. Biochem J 376, 229-36.

67. lee, e.f., J.d. sadowsky, B.J. smith, p.e. 
czabotar, K.J. peterson-Kaufman, p.m. 
colman, s.h. gellman, and W.d. fairlie (2009). 
high-resolution structural characterization of 
a helical alpha/beta-peptide foldamer bound 
to the anti-apoptotic protein Bcl-xl. angew 
chem int ed engl 48, 4318-22.

68. lee, e.f., B.J. smith, W.s. horne, K.n. mayer, 
m. evangelista, p.m. colman, s.h. gellman, 
and W.d. fairlie (2011). structural basis of Bcl-
xl recognition by a Bh3-mimetic alpha/beta-
peptide generated by sequence-based design. 
chembiochem 12, 2025-32.

69. liu, X., s. dai, y. Zhu, p. marrack, and J.W. 
Kappler (2003). The structure of a Bcl-xl/

Bim fragment complex: implications for Bim 
function. immunity 19, 341-52.

70. petros, a.m., d.g. nettesheim, y. Wang, e.T. 
olejniczak, r.p. meadows, J. mack, K. swift, 
e.d. matayoshi, h. Zhang, c.B. Thompson, et al. 
(2000). rationale for Bcl-xl/Bad peptide complex 
formation from structure, mutagenesis, and 
biophysical studies. protein sci 9, 2528-34.

71. czabotar, p.e., e.f. lee, m.f. van delft, c.l. day, 
B.J. smith, d.c. huang, W.d. fairlie, m.g. hinds, 
and p.m. colman (2007). structural insights 
into the degradation of mcl-1 induced by Bh3 
domains. proc natl acad sci u s a 104, 6217-22.

72. liu, Q., T. moldoveanu, T. sprules, e. matta-
camacho, n. mansur-azzam, and K. gehring 
(2010). apoptotic regulation by mcl-1 through 
heterodimerization. J Biol chem 285, 19615-24.

73. deposited protein structures in pdB without 
literature references.

95





Poly-uBiQuitinAtion And ProteAsomAl turnover 
Controls tHe Anti-APoPtotiC ACtivity oF BCl-B 

rogier w. rooswinkel1*, Bert van de Kooij1*, Frédérique Kok1, maaike Herrebout1, 
evert de vries1, madelon Paauwe1, George m.C. Janssen2, Peter A. van veelen2 

and Jannie Borst1

1division of immunology, The netherlands cancer institute-antoni van leeuwenhoek hospital, 
amsterdam, The netherlands; 2department of immunohematology and Blood Bank, leiden 

university medical school, leiden, The netherlands

* These authors contributed equally to this study

In revision for Oncogene

chapter 4



4

aBsTracT 
anti-apoptotic Bcl-2 family members can contribute to tumorigenesis, since their overexpression 

enables tumor cells to survive stressful growth conditions. They can also convey resistance 

to anti-cancer regimens and are important targets for novel therapeutics, particularly Bh3-

mimetics. Bcl-B (Bcl2l10) is a relatively understudied member of the Bcl-2 protein family. its 

physiological function is unknown, but it has a proven anti-apoptotic activity and acts as a 

tumor promoter in mice. in human, high Bcl-B protein levels correlate with poor prognosis in 

various carcinomas and predict treatment resistance in acute myeloid leukemia. We here report 

that protein levels and anti-apoptotic activity of Bcl-B are dictated by its ubiquitination. We 

demonstrate that Bcl-B is poly-ubiquitinated at steady state, in an unique loop between the Bh1 

and Bh2 domains. lysines (K)119, 120 and 128, but not K181 acted as potential ubiquitin acceptor 

sites. mass-spectrometry defined K128 as a target site for poly-ubiquitination and indicated 

that the ubiquitin chains on Bcl-B are K48-linked. accordingly, Bcl-B proved to be an instable 

protein that is subject to ubiquitin-dependent proteasomal degradation at steady state. at 

equal mrna levels, protein levels of a lysineless, non-ubiquitinated Bcl-B mutant were five-fold 

higher than that of wild-type Bcl-B, demonstrating that ubiquitination is a key determinant for 

Bcl-B protein levels. ubiquitination controlled the anti-apoptotic capacity of Bcl-B, in response 

to a variety of conventional and novel anti-cancer drugs, including the Bh3-mimetic aBT-737. 

Together, these data demonstrate that poly-ubiquitination and proteasomal turnover dictate 

the expression level and anti-apoptotic capacity of Bcl-B. 

lisT of aBBreviaTions:
Bh, Bcl-2 homology; ires, internal ribosomal entry site; chX, cycloheximide; clsm confocal 

laser scanning microscopy; duB, de-ubiquitinating enzyme; pei, polyethyleneimine; ip, 

immunoprecipitation 
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inTroducTion
The Bcl-2 protein family is characterized by Bcl-2 homology (Bh) domains that mediate 

the collaborative or competitive interactions between the different members. The family 

encompasses the six anti-apoptotic proteins Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1 and mcl-1, many 

pro-apoptotic Bh3 domain-only proteins and the effector proteins Bax and Bak.1 in response 

to apoptotic stimuli, the Bh3-only proteins relocate to the mitochondria, where they activate 

Bax and Bak to form large homo-multimeric pores in the mitochondrial outer membrane. 

Through these pores, mediators are released that enable the activity of initiator- and effector 

caspases. The anti-apoptotic Bcl-2 proteins generally localize to the mitochondrial membrane. 

here, they inhibit Bax/Bak multimerization and apoptotic execution, by sequestering the Bh3-

domain of Bh3-only proteins, or activated Bax and Bak into a hydrophobic groove formed by 

their Bh1-3 domains.1 

it is thought that tumor cells are generally “addicted” to overexpression of anti-apoptotic 

Bcl-2 proteins. Tumor cells encounter many apoptotic stimuli during their growth, such as dna-

damage and hypoxia. These stressful conditions will induce pro-apoptotic Bh3-only proteins, 

and Bax/Bak may reach an activated state. Therefore, tumor cell survival depends on high levels 

of anti-apoptotic Bcl-2 family members to keep the activity of the pro-apoptotic Bcl-2 proteins 

in check.2 The anti-apoptotic Bcl-2 proteins thus present an achilles’ heel of the tumor cells. 

This notion has led to the development of Bh3-mimetics: compounds that specifically bind to 

anti-apoptotic Bcl-2 proteins, and thereby neutralize their function.

in mouse models of lymphoma, overexpression of anti-apoptotic Bcl-2 proteins can 

contribute to tumorigenesis3, as well as resistance to conventional dna damaging anti-cancer 

regimens.4 in human cancer, overexpression of Bcl-2 proper is the driver of follicular lymphoma 

and a potential mediator of resistance to radio- and chemotherapy.5-6 overexpression of other 

Bcl-2 family members is likewise associated with poor prognosis and potential treatment 

resistance in hematopoietic malignancies.7-9 Bcl-2 family protein overexpression may also be 

a driver of solid tumor types, given the favorable response of small cell lung carcinoma to the 

Bh3-mimetic aBT-263.10 

since Bcl-2 family proteins become oncogenic and can confer treatment resistance upon 

overexpression, it is important to understand how their protein levels are regulated. We here 

present a key mechanism that dictates protein levels and anti-apoptotic activity of Bcl-B (Bcl2-

like protein-10, Bcl2l10). Bcl-B is the least studied anti-apoptotic Bcl-2 family protein. it was 

identified in human on basis of homology with mouse Boo/diva and chicken nr-13,.11-13, and 

clusters phylogenetically with mcl-1 and Bfl-1.11 it is reportedly expressed in normal plasma cells 

and various normal epithelial tissues.14 although its physiological function is largely unknown, 

data indicate that Bcl-B inhibits apoptosis and can promote tumorigenesis: Bcl-B inhibited Bax-

induced apoptosis13, 15-16 and accelerated eµ-myc-driven leukemogenesis in mice.3 furthermore, 

it was found overexpressed in breast-, prostate-, gastric-, colorectal- and small cell lung 

carcinoma.14 in addition, Bcl-B expression levels are predictive for resistance to azacitidine in 

acute myeloid leukemia patients.17 
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We here define ubiquitin acceptor sites in Bcl-B and demonstrate its poly-ubiquitination 

on lysine K128. This targets Bcl-B for proteasomal degradation, thus limiting its steady-state 

expression levels. ubiquitination of Bcl-B also determines its capacity to confer resistance 

to conventional and novel anti-cancer agents, including the Bh3-mimetic aBT-737. our data 

imply that ubiquitination controls Bcl-B expression levels and thereby its anti-apoptotic and 

oncogenic potential. This notion opens up novel avenues for therapeutic targeting of Bcl-B in 

tumors that are reliant on Bcl-B overexpression. 

resulTs
Bcl-B is ubiquitinated on specific lysine residues

To determine whether Bcl-B is a substrate for ubiquitination, we expressed n-terminally 

ha-tagged wild-type (WT) Bcl-B together with flag-tagged ubiquitin in heK 293T cells. cells 

were lysed under denaturing conditions to break all non-covalent protein interactions and Bcl-B 

was isolated by anti-ha ip. immunoblotting with anti-ha mab identified Bcl-B at about 25 kda. 

The anti-flag mab identified a range of ubiquitinated protein species in the WT Bcl-B isolate 

(fig. 1a), most likely representing Bcl-B carrying one, two, three or more ubiquitin moieties.

ubiquitin is typically linked to a free amino group, present on either lysine residues or 

the free amino-terminus of the substrate. To test whether Bcl-B ubiquitination was lysine-

dependent, all four lysine (K) residues of Bcl-B were substituted by arginines (r), generating 

a lysine-less Bcl-B K/r mutant. The ha-tagged Bcl-B K/r mutant was expressed together with 

flag-ubiquitin and its ubiquitination status was examined by ip and immunoblotting. in this 

case, ubiquitin was completely lost from Bcl-B (fig. 1a), demonstrating that ha-Bcl-B is directly 

ubiquitinated on at least one of its four lysine residues. 

To exclude that the ha-tag prevented a physiologically relevant ubiquitination on the n-terminus 

of Bcl-B, WT Bcl-B and its K/r mutant were ha-tagged at the c-terminus. next, their ubiquitination 

status was analyzed as described above. also in this case, WT Bcl-B was clearly ubiquitinated and 

ubiquitination was completely lost upon mutation of all four lysines (fig. 1B). We conclude therefore 

that lysine residues, but not the n-terminus of Bcl-B are targeted for ubiquitination. 

next, we wanted to identify which of the four lysine residues of Bcl-B could act as ubiquitin 

acceptor site. a model of the Bcl-B protein structure, generated using m4T18 (fig. 1c), predicted 

that all four lysine residues are exposed, and potentially accessible to ubiquitin ligases. Therefore, 

we made n-terminally ha-tagged Bcl-B variants with either one, two or three of the four lysines 

mutated into arginines. combined double mutation of K119 and K120, nor single mutation of 

K128 or K181 resulted in a major loss of ubiquitin from Bcl-B (fig. 1d). however, upon combined 

triple mutation of lysines K119, K120 and K128, all ubiquitin was lost (fig. 1d), demonstrating 

that these residues, but not the remaining K181 residue can act as ubiquitin acceptor sites in 

Bcl-B. interestingly, multiple ubiquitinated protein species were found in the isolate of the Bcl-B 

K119, 120r double mutant (fig. 1d). since this mutant has only the K128 residue left as a possible 

ubiquitin acceptor site, we conclude that Bcl-B can be poly-ubiquitinated on K128. The collective 

data indicate that Bcl-B can be ubiquitinated on K119, K120 and/or K128, but not on K181.
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Bcl-B carries K48-linked poly-ubiquitin chains on K128 

ubiquitin ligases can ubiquitinate the substrate on other lysine residues when the primary acceptor 

site has been lost by mutation. Therefore, we performed mass spectrometry (ms) to identify 

the primary ubiquitin acceptor site(s) in Bcl-B. Trypsin will cleave ubiquitin carboxy-terminally 

of r74, leaving the ubiquitin-derived gg-peptide linked to the ubiquitination target residue of 

the substrate (mass increment 114 da). Based on this mass difference, a mass spectrometer can 

distinguish a gg-modified tryptic peptide from a non-modified peptide (reviewed in ref. 19).

To obtain purified ubiquitin-conjugated Bcl-B, heK 293T cells were transfected with 

ha-Bcl-B, followed by lysis under denaturing conditions. subsequently, ha-Bcl-B was isolated 
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Figure 1. Bcl-B is ubiquitinated on lysine residues. (a) heK 293T cells were transfected to express WT 
or lysine mutant (K/r) n-terminally ha-tagged Bcl-B, or empty vector (ev), together with flag-tagged 
ubiquitin. Bcl-B was isolated from denatured cell lysates by anti-ha immunoprecipitation (ip), followed by 
immunoblotting of the precipitates. ha-tagged Bcl-B and flag-ubiquitin were detected by probing with 
respectively anti-ha and anti-flag antibodies. (B) as in (a), now with expression of c-terminally ha-tagged 
Bcl-B in WT and lysine-less K/r mutant form. The two Bcl-B proteins species detected in this case result from 
alternative use of aTg start codons.11 (c) Bcl-B protein structure was modelled using m4T software. depicted 
is a cartoon representation of the model structure, with the n-terminus facing downwards. lysine residues 
with side chain are represented in black. (d) as in (a), now with expression of n-terminally ha-tagged Bcl-B 
in the form of WT, lysine-less K/r mutant and various indicated single-, double- or triple K/r point mutants. 
data shown are representative of at least three independent experiments.
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by ip as detailed in materials and methods and precipitate was separated by sds-page. a 

small sample was run separately to define Bcl-B by immunoblotting (not shown). This analysis 

revealed that the preparation contained coomassie-stainable amounts of non-modified Bcl-B 

(band i; fig. 2a), and slower migrating protein species, possibly representing Bcl-B carrying 

one, two or three ubiquitin molecules (bands ii, iii, iv; fig. 2a).

The indicated bands were excised from the gel and subjected to trypsin treatment, after 

which the extracted peptides were analyzed by ms. This confirmed that bands i, ii, iii and iv 

contained Bcl-B. moreover, ubiquitin was found in bands ii, iii and iv. The tryptic peptide of 

Bcl-B that contained K119 and K120 was not found, but in bands ii, ii and iv, Bcl-B peptide with a 
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Figure 3. steady state protein levels of Bcl-B are regulated by ubiquitination. (a) molT-4 and J16 cells 
were retrovirally transduced with an ires-gfp vector to express n-terminally ha-tagged Bcl-B in WT or 
lysine-less K/r mutant form. in addition, control cells were created by transduction with empty ires-gfp 
vector (ev). cells were flow cytometrically sorted twice for equal gfp expression. histograms depict 
gfp fluorescence intensity of the different cell lines after the second sort. (B) Total cell lysates of the cell 
lines described in (a) were analyzed by immunoblotting for protein levels of Bcl-B (anti (α)-ha), gf and 
actin. The asterisk indicates a background band of unknown nature. data are representative of three 
independent experiments. (c) Quantification of Bcl-B protein levels, as determined in (B). Bcl-B signal 
intensity was corrected for gfp signal intensity in the same cells and Bcl-B WT expression level was set to 1. 
data represent mean + sd from three independent experiments. 

102



uBiQuiTinaTion conTrols Bcl-B funcTion 

4

gg signature on K128 was identified (fig 2B). Thus, ms analysis provided the proof that residue 

K128 in Bcl-B is a primary ubiquitin acceptor site.

ubiquitin itself has seven lysines that can be ubiquitinated, allowing the formation of 

different di- or poly-ubiquitin chains. The functional significance of the ubiquitination process 

is largely dependent on the chain type formed. for example, K48-linked poly-ubiquitin chains 

generally target a substrate for proteasomal degradation. To identify the linkage type of the 

ubiquitin chains on Bcl-B, the ms data were analyzed for the occurrence of gg-modified 

ubiquitin peptides. This revealed ubiquitin peptides that were gg-modified on K48 (fig. 2c), 

while no ubiquitin peptides were found that were gg-modified on other lysine residues. gg-

modified ubiquitin was only present in bands iii and iv that contained Bcl-B carrying more 

than one ubiquitin. Therefore, these ubiquitin peptides most likely originated from the oligo-

ubiquitin species that were conjugated to Bcl-B. We conclude that Bcl-B is decorated with K48-

linked poly-ubiquitin chains, with K128 acting as a primary ubiquitin acceptor site. 

 steady state protein levels of Bcl-B are regulated by ubiquitination

The relative protein levels of pro- and anti-apoptotic Bcl-2 family members can determine 

whether the cell survives certain insults or stress conditions, or goes into apoptosis. To 

determine whether ubiquitination affected protein levels of Bcl-B at steady state, we compared 

protein levels of the WT and K/r mutant in the acute lymphoblastic leukemia cell lines J16 and 

molT-4. This was done under conditions of equal mrna levels, since differences in protein 

amounts are then most likely due to post-translational effects. The cell lines were transduced 

with constructs encoding WT or K/r mutant ha-Bcl-B, followed by an internal ribosomal entry 

site (ires) and gfp. next, the transduced cell populations were sorted on equal gfp expression 

by flow cytometry. This should yield stable cell lines that have equal mrna levels of not only 

gfp, but also of WT or K/r mutant ha-Bcl-B, since one mrna encoded both proteins. gfp levels 

in the resulting J16 and molT-4 cell lines transduced with WT or K/r mutant Bcl-B were equal, 

as assessed by flow cytometry (fig. 3a) and immunoblotting (fig. 3B). under these standardized 

conditions, the steady state protein level of the Bcl-B K/r mutant was much higher than that 

of WT Bcl-B (fig. 3B). Quantification of the results from multiple experiments showed that the 

protein level of the Bcl-B K/r mutant was close to five-fold higher than that of WT Bcl-B, in 

both J16 and molT-4 (fig. 3c). These data indicate that steady state protein levels of Bcl-B are 

regulated by its ubiquitination.

ubiquitination dictates the half-life of Bcl-B and targets Bcl-B for proteasomal 

degradation

To follow the stability and degradation of Bcl-B in detail, molT-4 cells expressing WT or K/r 

mutant ha-Bcl-B in conjunction with gfp were treated with the protein synthesis inhibitor 

cycloheximide (chX) for different periods of time. cell lysates were analyzed by immunoblotting 

for protein levels of Bcl-B, while gfp was monitored as a control for equal protein loading. 

Within 360 min after inhibition of protein synthesis, almost all WT Bcl-B protein had disappeared 

(fig. 4a). prevention of Bcl-B ubiquitination stabilized the protein, as shown by a decreased 
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degradation rate of the Bcl-B K/r mutant compared to WT Bcl-B (fig. 4a,B). These findings were 

refined using metabolic pulse-chase radiolabeling. molT-4 cells expressing WT or K/r mutant 

ha-Bcl-B were pulsed with [35s]-methione and -cysteine and the fate of the radiolabeled Bcl-B 

protein pool was followed throughout a 6 h chase period. as with the chX-assays, we found 

that WT Bcl-B was more rapidly degraded than the K/r mutant (fig. 4c). The half-life of WT 

Bcl-B was calculated to be 68 min, while Bcl-B K/r had an almost three-fold increased half-life 

of 170 min (fig. 4d,e). These data indicate that Bcl-B is an instable protein, whose half-life is to 

a significant extent determined by steady-state ubiquitination.

The ms data (fig. 2c) indicated that Bcl-B is decorated with K48-linked poly-ubiquitin. 

This suggests that it is subject to proteasomal degradation, since the canonical function of 

K48-linked ubiquitin is to target a substrate to the proteasome20. To investigate by which 

mechanism Bcl-B was degraded, J16 cells were incubated with chX alone, or together with 

either proteasome inhibitors (mg132, epoxomycin) or lysosome inhibitors (Bafilomycin a1, 

chloroquine). proteasome inhibitors greatly reduced the degradation of WT Bcl-B, while 

lysosome inhibitors had no effect (fig. 4f). The protein levels of the Bcl-B K/r mutant did not 
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Figure 3. steady state protein levels of Bcl-B are regulated by ubiquitination. (a) molT-4 and J16 cells 
were retrovirally transduced with an ires-gfp vector to express n-terminally ha-tagged Bcl-B in WT or 
lysine-less K/r mutant form. in addition, control cells were created by transduction with empty ires-gfp 
vector (ev). cells were flow cytometrically sorted twice for equal gfp expression. histograms depict 
gfp fluorescence intensity of the different cell lines after the second sort. (B) Total cell lysates of the cell 
lines described in (a) were analyzed by immunoblotting for protein levels of Bcl-B (anti (α)-ha), gf and 
actin. The asterisk indicates a background band of unknown nature. data are representative of three 
independent experiments. (c) Quantification of Bcl-B protein levels, as determined in (B). Bcl-B signal 
intensity was corrected for gfp signal intensity in the same cells and Bcl-B WT expression level was set to 1. 
data represent mean + sd from three independent experiments. 

104



uBiQuiTinaTion conTrols Bcl-B funcTion 

4

Figure 4
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Figure 4. ubiquitination targets Bcl-B for proteasomal degradation. (a) molT-4 cells stably expressing 
WT or K/r mutant ha-Bcl-B in an ires-gfp configuration were treated with chX (50 mg/ml) for the 
indicated time periods. cell lysates were analyzed by immunoblotting for Bcl-B (α-ha) and gfp as a stable 
protein and loading control (α-gfp). antibodies were labelled with fluorescent dyes to allow read-out 
on the odyssey infrared imager. data shown are representative of three independent experiments. (B) 
Quantification of three independent experiments such as shown in (a). data represent mean + sd. Bcl-B 
signal intensity was corrected for gfp signal intensity in the same cells, the 0 min time point was set to 
100% and data points were connected by a one-phase decay curve fit. (c) The same cell lines as in (a) 
were labelled with [35s]-cysteine and -methione for 30 min, followed by a chase with nonradioactive amino 
acids for the indicated time periods. Bcl-B was immunoprecipitated with anti-ha mab and resolved by 
sds-page. radioactive signals were quantified by phosphorimaging. data shown are representative of 
three independent experiments. (d) Quantification of three independent experiments such as shown in 
(c). data represent mean + sd. local background was subtracted from the ha-Bcl-B signals, the 0 min 
time point was set to 100%, and data points were connected by a one-phase decay curve fit. (e) The 
ha-Bcl-B half-life was calculated from the individual experiments shown in (c). The mean half-life + sd 
standard are shown (n=3). asterisk indicates statistically significant difference (student’s t-test). (f) J16 
cells stably expressing WT or K/r mutant ha-Bcl-B were treated with chX, either alone or together with 
the proteasome inhibitors mg-132 (mg, 50 mm) or expoxomicin (epX, 10 µm), or the lysosome inhibitors 
Bafilomycin a1 (Baf, 1 µm), or chloroquine (chQ, 200 µm). after 8 h of treatment, cell lysates with equal 
protein content were analyzed by immunoblotting for Bcl-B (α-ha) or actin (α-actin). data shown are 
representative of three independent experiments. numbers above blot indicate signal intensity of 
ha-Bcl-B, corrected for actin signal, untreated sample of Bcl-B WT or Bcl-B K/r was set to 1.
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decrease dramatically upon chX treatment. some degradation was observed and this could 

be blocked to some extent by proteasome inhibitors (fig. 4f). Together, these data indicate 

that steady-state ubiquitination of Bcl-B promotes its proteasomal degradation and greatly 

shortens its half-life.

ubiquitination does not affect Bcl-B localization or its ability to interact with BH3-only 

proteins

pro-survival Bcl-2 proteins inhibit the apoptotic pathway at the mitochondrial membrane, 

where they sequester pro-apoptotic Bcl-2 family members. To assess a possible impact of 

ubiquitination on Bcl-B function, we first determined whether the localization of Bcl-B was 

affected by its ubiquitination. for this purpose, the localization of WT and K/r mutant ha-Bcl-B 

in u2os cells was analyzed by confocal laser scanning microscopy (clsm). The n-terminal ha 

tag did not affect the mitochondrial localization signal, which is present as a hydrophobic helix 

at the c-terminus of Bcl-B11, 13. Both WT and K/r Bcl-B primarily localized to the mitochondria, as 

revealed by co-localization with the mitochondrion-selective dye mitotracker (fig. 5a). image 

analysis revealed that WT Bcl-B and the K/r mutant did so to a similar extent (fig. 5B), indicating 

that the mitochondrial localization of Bcl-B was not affected by its ubiquitination. 

We subsequently examined whether ubiquitination of Bcl-B influenced its ability to interact 

with pro-apoptotic Bh3-only proteins. since the binding profile of Bcl-B is ill-defined, we tested 

various Bh3-only proteins for their ability to interact with Bcl-B. for this purpose, heK 293T 

cells were transfected to express either WT ha-Bcl-B, together with an array of myc-tagged 

Bh3-only proteins. amongst these, Bim, Bik, puma and noxa were found to interact with WT 

Bcl-B, as assessed by anti-ha ip, followed by anti-myc immunoblotting (fig. 5c). K/r mutant 

Bcl-B interacted to a similar extent with Bik, Bim and puma as WT noxa Bcl-B (fig. 5c), indicating 

that ubiquitination did not affect the ability of Bcl-B to sequester these pro-apoptotic Bh3-only 

proteins. in summary, mutation of internal lysines and consequent prevention of ubiquitination 

did not affect Bcl-B localization or interaction with its pro-apoptotic relatives.

Bcl-B ubiquitination regulates its capacity to protect cells against anti-cancer 

therapeutics

reportedly, Bcl-B overexpression can protect cells against apoptosis, but only a few stimuli have 

been tested.11, 13, 15-16, 21 We aimed to extend this to clinically relevant anti-cancer regimens and to 

test whether Bcl-B ubiquitination impacted on its anti-apoptotic capacity. for this purpose, we 

compared the ability of WT Bcl-B and its non-ubiquitinated K/r mutant to protect cells from a 

range of conventional and targeted anti-cancer drugs with diverse modes of action. J16 and 

molT-4 cells were employed, that have a mutant and WT p53 status respectively. We used the 

cell lines expressing gfp only, WT ha-Bcl-B or its K/r mutant at equal mrna levels (described 

in fig. 3). The cells were treated with a dose range of the Toposiomerase inhibitor etoposide 

and the microtubule destabilizer vincristine as conventional agents, and the Bh3-mimetic aBT-

737,22 the death receptor agonist Trail and the cyclin-dependent Kinase inhibitor roscovitine 

as novel targeted agents. cell death was monitored after 48 h by propidium iodide uptake. 
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it was apoptotic in all cases, as determined by inhibition with a pan-caspase inhibitor and by 

nuclear fragmentation (results not shown).

in both cell lines, WT Bcl-B provided very little protection to any of the drugs (fig. 6). 

however, as compared to WT Bcl-B, the Bcl-B K/r mutant provided significant protection, 

particularly to aBT-737 in both J16 and molT-4 cells, but also to etoposide and vincristine 

in both cell types and to roscovitin and Trail in J16 (fig. 6). molT-4 cells are not sensitive 

to Trail-induced apoptosis and therefore this test was not included. Western blot analysis 

showed that WT ha-Bcl-B was expressed in J16 and molT-4 cells, but at a significantly lower 

level than the K/r mutant (fig. 3B). The fact that WT and K/r mutant Bcl-B were comparable in 

their localization and their binding to Bh3-only proteins, argues that the improved capacity of 
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Figure 5. the lysine-less Bcl-B K/r mutant behaves like wt Bcl-B in terms of localization and interactions 
with BH3-only proteins. (a) subcellular localization. u2os cells transfected to express ha-Bcl-B and 
life-act-gfp were stained to detect nuclei (dapi), mitochondria (mitotracker deep red) and Bcl-B (anti-
ha), and examined by clsm. representative cells of multiple independent experiments are shown. (B) 
colocalization of mitotracker and ha-Bcl-B signal of experiments such as shown in (a) was quantified using 
the intensity correlation analysis plugin and imageJ software. a total of 80 or 96 cells were analyzed for 
Bcl-B WT and Bcl-B K/r respectively. (c) interaction with Bh3-only proteins. heK 293T cells were transfected 
to express WT or K/r mutant ha-Bcl-B, together with myc-tagged Bik, Bim, puma and noxa. cells were 
fixed with paraformaldehyde, lysed in chaps buffer and Bcl-B was isolated by immunoprecipitation with 
anti-ha mab. Total cell lysates (Tcl) and precipitates (ip) were analyzed by immunoblotting with anti-(α)ha 
or α-myc antibody. data shown are representative of multiple independent experiments. 
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the Bcl-B K/r mutant to protect leukemic cells from apoptosis is due to its increased protein 

level. Therefore, we conclude that ubiquitination of Bcl-B regulates its steady state expression 

level and thereby its capacity to protect cells against a diverse array of conventional and 

targeted anti-cancer drugs.

Figure 6
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Figure 6. ubiquitination of Bcl-B affects its 
potential to inhibit cell death. J16 (left panels) and 
molT-4 (right panels) cell lines expressing empty 
vector (e.v), WT Bcl-B or K/r mutant Bcl-B (fig. 3a) 
were treated with the targeted anti-cancer drugs 
aBT-737, roscovitine, or Trail, or the conventional 
anti-cancer drugs etoposide or vincristine, at the 
indicated dose range. after 24 h, dead cells were 
identified by flow cytometric analysis of propidium 
iodide uptake. data represent mean + sd from 
three independent experiments. asterisks indicate 
statistically significant difference (student’s t-test; 
*p<0.05, **p<0.01, ***p<0.001).
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discussion
overexpression of anti-apoptotic Bcl-2 family members allows tumor cells to survive the many 

pro-death signals they encounter during their rapid growth under unfavorable circumstances. 

in addition, it can provide them with resistance against anti-cancer drugs. in this study, we 

show that the capacity of Bcl-B to protect cells against apoptosis is controlled by its ubiquitin-

mediated proteasomal degradation.

immunoprecipitation experiments and ms data revealed that Bcl-B was poly-ubiquitinated 

on internal lysines. mutations of the lysines into argines showed that three out of the four lysines 

of Bcl-B can serve as ubiquitin acceptor site. although the structure of Bcl-B is currently not 

known, homology modeling suggests that these three lysines reside in an previously identified 

unstructured loop11, 23 between the Bh1 and Bh2 domains, specifically between α-helix 5 and 

α-helix 6 (fig. 1c). This suggests that these three lysines are highly exposed, and therefore 

can be efficiently targeted for ubiquitination. The lysine at position 181 is not ubiquitinated, 

possibly because its location is too distant from the active site of the ubiquitination machinery 

or it might be inaccessible in the structured protein. interestingly, the large loop containing 

the ubiquitinated lysines is not found in any other human anti-apoptotic Bcl-2 family protein.23 

The loop region is also highly variable within vertebrate species in both sequence and length. 

however, the conservation within primates is high, possibly pointing at a recent evolutionary 

role for Bcl-B ubiquitination.23

The ms data are consistent with Bcl-B modification by K48-linked ubiquitin chains. 

furthermore, a lysineless, non-ubiquitinatable Bcl-B was more stable than WT Bcl-B, 

demonstrating that ubiquitination targets Bcl-B for degradation. accordingly, we found that 

Bcl-B is degraded by the proteasome. however, preventing ubiquitination of Bcl-B did not 

completely prevent its proteasomal degradation. possibly, Bcl-B can also be degraded by an 

ubiquitin-independent proteasomal pathway, as has been shown for the Bcl-2 family members 

mcl-1 and Bim.24-25 

recently, Beverly and colleagues also described ubiquitination of Bcl-B.26 in agreement 

with our data, they observed lysine-dependent ubiquitination on Bcl-B. lysineless Bcl-B was 

more stable, and more potently accelerated eµ-myc driven leukemogenesis than WT Bcl-B. 

in contrast to our data, these authors reported that Bcl-B is mono-ubiquitinated on multiple 

lysine residues. We cannot exclude that multiple mono-ubiquitin species can be appended on 

to a single Bcl-B molecule, but our data using a Bcl-B mutant with only one acceptor lysine 

residue clearly indicate that Bcl-B can be poly-ubiquitinated. given the requirement of poly-

ubiquitin chains for proteasomal targeting,20 we conclude that in our system, K48-linked poly-

ubiquitination and not mono-ubiquitination drives the rapid degradation of Bcl-B.

since the studies on the anti-apoptotic role of Bcl-B are limited, we examined whether Bcl-B 

could protect tumor cells against a number of novel and conventional anti-cancer treatments. 

in two T-all cell lines, WT Bcl-B provided resistance against the Bh3-mimetic aBT-737, but not 

against roscovitine, etoposide, vincristine and Trail. in contrast, a non-ubiquitinatable Bcl-B 

mutant, expressed at the same mrna levels as WT Bcl-B, provided resistance against all tested 

anti-cancer treatments. This demonstrates that ubiquitination controls the anti-apoptotic 
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activity of Bcl-B. When expressed at appropriate protein levels, Bcl-B can provide resistance to 

anti-cancer drugs in both p53-wild-type and p53-mutant leukemic cells. 

it was shown that Bcl-B mrna levels correlated with treatment resistance to aBT-737,27 and 

chemotherapeutic drugs in leukemia patients.28-29 however, based on our findings, it appears 

that monitoring Bcl-B protein levels is more informative than mrna levels. interestingly, a 

flow cytometric assay for the determination of Bcl-B protein levels was reported recently.17 

using this method, the authors showed that high Bcl-B protein levels mediated resistance of 

myeloid leukemia cells to the hypomethylating agent azacitidine in vitro and correlated with 

azacytidine treatment resistance and overall survival in myelodysplastic syndrome- and acute 

myeloid leukemia patients. 

in the search for Bh3-mimetics – compounds that specifically inhibit the anti-apoptotic 

Bcl-2 family members – there has been little focus on Bcl-B as a potential drug target. The 

most advanced Bh3-mimetic aBT-737 and its clinically applied orally available analogue 

aBT-263 are selective for certain anti-apoptotic Bcl-2 proteins. in the cellular context, aBT-737 

targets Bcl-2 more efficiently than Bcl-xl and Bcl-w,30-31 while it does not target Bfl-1, mcl-

1,32-33 or Bcl-B.31 notably, the expression of the three untargeted Bcl-2 members is regulated 

by ubiquitination.34-35 it is therefore interesting to identify compounds that lead to specific 

degradation of Bcl-B, as do cdK inhibitors in the case of mcl-1.36 These compounds could then 

be used to alleviate resistance to aBT-737.

for mcl-1, two e3 ligases (mule, fBW7) and a de-ubiquitinating enzyme (duB; usp9X) have 

been identified.35, 37-39 interestingly, high expression of usp9X resulted in high mcl-1 levels and 

correlated with poor prognosis of multiple myeloma patients.38 conversely, loss of the e3 ligase 

fBW7 made T-all cells resistant to aBT-737, by increasing mcl-1 levels.37 given these results for 

mcl-1, it is important to find the machinery that determines the ubiquitination status of Bcl-B. 

not only could the expression of ligases or duBs serve as a prognostic marker, they may also 

present druggable targets. 

maTerials and meThods
Constructs. The cdna encoding full-length human Bcl-B (imagenes, Berlin, germany) was 

cloned into modified versions of pegfp-n or pegfp-c, in which the egfp coding sequence was 

replaced by a double ha-tag sequence. The n-terminal ha-tag was modified to contain a serine 

and aspartate in front of the ha-tag, to make it a target for n-terminal acetyltransferase a.40 point 

mutants of Bcl-B were obtained by site-directed mutagenesis pcr. for retroviral transduction, 

n-terminally ha-tagged WT Bcl-B cdna and its K/r mutant were cloned into pmscv-ires-gfp. 

The plasmids pcdna3-flag-ubiquitin41 and liveact-gfp42 have been described. The cdnas 

encoding full-length human Bik, Bim or puma were obtained from geneservice ltd. (cambridge, 

uK) and cloned into pcdna3 with a double myc-tag at the n-terminus. 

Cell lines, gene transfection and transduction. The T-lymphoblastic leukemia cell lines 

J16 and molT-4 were cultured in imdm and the osteosarcoma cell line u2os, the human 
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embryonic kidney cell line heK 293T and its derivative phoenix-ampho were cultured in dmem
.
 

Transfections of cdna were carried out in serum-free medium with polyethyleneimine (pei) at 

a dna:pei ratio of 1:3 (w/w). retroviral particles were produced in the phoenix-ampho cell line. 

retroviral transduction was performed as described.43 cells were sorted on equal gfp signal 

using a facsaria (Bd). 

Western Blotting. sds-page was performed as described.41, and blotting was performed using the 

Trans-Blot Turbo system (Bio-rad). primary antibodies used were: rabbit anti-gfp polyclonal44 

(1:300), mouse anti-actin mab maB1501r (1:10.000 millipore), hrp-conjugated anti-flag mab 

m2 (sigma 1:10.000), and fluorochrome-conjugated anti-ha mab 12ca5, anti-myc mab 9e10 

(both purified in house) and anti-flag mab m2 (sigma-aldrich). fluorochromes dy-682 (ha), 

or dy-800 (myc, flag) were from dyomics. fluorescently labeled secondary antibodies were 

from li-cor. fluorescence signals were visualized and quantified on the odyssey imaging 

system (li-cor), and chemiluminescence signals (pierce Biotechnology) by the chemidoc 

imaging system (Bio-rad) or exposure to film (Kodak). 

Immunoprecipitation (IP). for analysis of Bcl-B ubiquitination, heK 293T cells were harvested 24 

h after transfection and lysed in sds buffer (50 mm Tris-hcl ph 8.0, 1% sds, 0.5 mm edTa, 10 mm 

dTT) 10 min., 95 ºc. next, nine volumes of np-40 buffer were added and lysates were cleared 

by centrifugation at 17.000 g for 10 min. at 4oc. equal amounts of protein were incubated with 

anti-ha mab 12ca5 and protein g sepharose beads (ge healthcare life sciences). for analysis 

of Bcl-B interactions, transfected heK 293T cells were incubated with the pan-caspase inhibitor 

Q-vd-oph (10 µm). ip was performed after fixing of protein interactions with formaldehyde 

as described.31, 45 for ms, heK 293T cells were harvested 24 h after transfection in pBs with 2 

mm n-ethylmaleimide and lysed in sds buffer. lysate contained ~80 mg total protein. after 

quenching with np-40, ip was performed with anti-ha mab 12ca5, bound protein was eluted 

from the protein g beads with sds buffer, after which a second ip in excess np-40 buffer was 

performed with anti-ha 3f10 affinity matrix (roche). This eluate was separated by sds-page 

and the gel was coomassie stained with simplyBlue safestain (invitrogen).

Mass Spectrometry. for ms analysis, selected bands were cut from the gel and reduced with dTT. 

To avoid false positive interpretation of ubiquitination,46 the n-methylated form of iodoacetamide 

was used as alkylation reagent instead of standard iodoacetamide. Trypsin digestion was 

performed using the proteineer dp digestion robot (Bruker, Bremen, germany). The tryptic 

peptides were extracted from the gel, lyophilized, dissolved in 95/3/0.1 v/v/v water/acetonitril/

formic acid and subsequently analyzed by on-line nanohplc ms/ms. an 1100 hplc system 

(agilent Technologies)47 coupled to a 7-tesla lTQ-fT ultra mass spectrometer (Thermo electron) 

was used, essentially as described48 and detailed in supplementary materials and methods.

Assessment of protein stability. J16 or molT-4 cell lines expressing ha-Bcl-B were treated 

with chX (50 µg/ml) for the indicated periods of time. cells were lysed in np40-buffer and 
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subjected to Western Blotting. for metabolic pulse chase labeling, molT-4 cells were starved 

for 1 h in methionine- and cysteine-free medium, followed by a 30 min pulse with medium 

with [35s]-methionine and -cysteine (1 mci/ml total, perkin elmer). subsequently, the medium 

was removed and replaced with complete medium containing 5 mm additional unlabeled 

methionine and cysteine. at the indicated time points, a cell sample was withdrawn and cells 

were washed, lysed in np-40 buffer and subjected to anti-ha ip and sds-page. imaging and 

quantification were performed on a phosphorimager (fujifilm).

Confocal laser-scanning microscopy. at 24 h after transfection, u2os cells were stained with 

mitrotracker deep red (invitrogen), fixed with 4% pfa in pBs for 20 min, quenched with 125 mm 

glycine in pBs and permeabilized with 0.1 % Triton-X100 in pBs. cells were incubated with 1% 

Bsa in pBs for 30 min to block non-specific antibody binding after which rat anti-ha mab 3f10 

(1:100, roche) was added, followed by alexa-594-conjugated goat anti-rat igg (invitrogen) and 

dapi. next, cells were mounted onto slides using fluor-gel (electron microscopy sciences). 

images were taken on a Tcs sp5 microscope (leica) and colocalization was quantified using the 

intensity correlation analysis plugin and imageJ software.

Reagents. stock solutions were prepared in dmso for etoposide, epoxomicin, cycloheximide, 

chloroquine diphosphate (sigma), Q-vd-oph (sm Biochemicals), aBT-737 (chemietek), mg132 

(calbiochem), r-roscovitine (cayman chemicals) and Bafilomycin a1 (santa-cruz). vincristine 

in solution for injection was from faulding pharmaceuticals plc (Warwickshire, uK). soluble 

recombinant isoleucine Zippered Trail has been described.43 

Cell death assays. To assess cell death, cells were plated in round-bottom 96 well plates, at 

25.000 cells/well in 100 µl imdm. stimuli were given in 100 µl imdm, keeping solvent constant 

and cells were subsequently placed in the incubator. after 48 h, cells were washed with pBs and 

subsequently stained with propidium iodide (1 µg/ml) in pBs with Bsa for 5 min to monitor dead 

cells. cells were analyzed on either a facsarray (Bd Biosciences), equipped with a plate loader.
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supplemenTary maTerials and meThods
Mass Spectrometry peptides were trapped at 10 µl/min on a 15-mm column (100-µm id; 

reprosil-pur c18-aQ, 3 µm, dr. maisch gmbh) and eluted to a 200 mm column (50-µm id; 

reprosil-pur c18-aQ, 3 µm) at 150 nl/min. The column was developed with a 30 min gradient 

from 0 to 50% acetonitrile in 0.1% formic acid. The eluent was sprayed into a 7-tesla lTQ-fT 

ultra mass spectrometer (Thermo electron), operating in data-dependent mode, automatically 

switching between ms and ms/ms acquisition. full scan ms spectra were acquired in the fT-icr 

with a resolution of 25,000 at a target value of 3,000,000. The two most intense ions were 

isolated for accurate mass measurements by a selected ion monitoring scan in fT-icr with a 

resolution of 50,000 at a target accumulation value of 50,000. selected ions were fragmented 

in the linear ion trap, using collision-induced dissociation at a target value of 10,000. in a post-

analysis process, raw data were first converted to peak lists using Bioworks Browser software v 

3.2 (Thermo electron), then submitted to the swissprot database using mascot v. 2.2.04 (www.

matrixscience.com) for protein identification. mascot searches were with 2 ppm and 0.8 da 

deviation for precursor and fragment mass, respectively, and trypsin as enzyme. in addition, 

tandem mass spectra of assigned (modified) Bcl-B and ubiquitin were manually inspected. 
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aBsTracT
regulated protein degradation by the ubiquitin-proteasome system is crucial for the removal 

of misfolded proteins, generation of immune epitopes and fine-tuning of protein levels. 

specificity in degradation is generally governed by a specific amino acid sequence in the 

substrate, called a degron. We here identify a degron that targets substrates for degradation 

by means of n-terminal ubiquitination. When placed on the n-terminus, a sequence of the 

two amino acids glycine (g) and Tyrosine (y) led to rapid degradation of multiple substrates 

including the naturally occurring lysine-less protein p16. mass spectrometry demonstrated 

that the gy-degron induced ubiquitination on the n-terminus of the substrate. We proved that 

gy-directed n-terminal ubiquitination was not due to prevention of n-terminal acetylation. 

These results are in contrast with the n-end-rule that classifies glycine as a stabilizing residue, 

indicating that there are possibly multiple exceptions to this rule. Thus, we reveal here a novel 

motif that directs n-terminal ubiquitination.

lisT of aBBreviaTions:
chX, cycloheximide; Tev Tobacco etch virus; pei, polyethyleneimine; 
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inTroducTion.
intracellular protein degradation plays a crucial role in many cellular processes. it serves to 

rid the cell of damaged, misfolded and foreign proteins, allows for rapid adjustments of levels 

of regulatory proteins and creates small peptides to elicit the adaptive immune response.1 To 

accomplish this, protein degradation is a highly regulated and selective process, with the half-

lives of intracellular proteins ranging from minutes to weeks.2

To a large extent, protein degradation is performed by the proteasome, a large protein 

complex consisting of at least 33 subunits, with an inner proteolyic core.3 for proteins to be 

effectively degraded by the proteasome, they require an unstructured region where proteolysis 

can initiate.4 secondly, proteins need to be targeted for degradation, which typically is by 

means of ubiquitination. This involves the attachment of one or multiple ubiquitin moieties 

onto a substrate by a series of three enzymes.5 The individual ubiquitin molecules are activated 

by the ubiquitin activating enzymes (e1) and transferred to ubiquitin conjugating enzymes 

(e2). from there, it depends on the specific ubiquitin protein ligase (e3) involved whether the 

ubiquitin moiety is directly appended onto the substrate by the e2, or first transferred to the 

e3 ligase and then to the substrate.5 The ubiquitin moiety covalently links to cysteine residues 

in the e2 and e3 and is conventionally attached by an isopeptide bond onto a free amino-group 

on the substrate. This can either be the ε amino group of lysine, or the α amino group of the 

substrate’s amino (n)-terminus. ubiquitin itself has eight free amino-groups and can therefore 

also be ubiquitinated.6 as a result, long poly-ubiquitin chains form on substrates and these 

longer chains are also required for efficient proteasomal targeting.7

specificity in protein degradation is governed by the e3 ligases that recognize specific 

amino acid sequences, referred to as degrons. for instance, pesT domain degrons consist 

of amino acid stretches that are rich in proline, glutamic acid, serine and Threonine and lead 

to a continuous turn-over of the protein.8 alternatively, degrons can arise as a result of post-

translational events like phosphorylation9 or proteolytic cleavage, as was established for the 

“n-end-rule”. This rule, which was discovered in 1978 by varshavsky and colleagues,10 states that 

certain n-terminal amino acids form an n-degron and induce lysine-dependent ubiquitination. 

They made use of a ubiquitin moiety fused to different amino acids, followed by β-galactosidase 

(ub-X- βgal). as ubiquitin is cleaved off co-translationally, amino acid X on the newly formed 

n-terminus is exposed as a result. The authors discovered that the nature of the n-terminal 

amino acid that resulted upon removal of ubiquitin dictated the half-life of the protein. for 

instance, exposure of n-terminal arginine reduced the half-life of βgal from more than 20 

hours to about 10 minutes in yeast10 and to 1 hour in rabbit reticulocytes.11 The existence of 

this n-degron was validated on multiple stable substrates, including gfp.12 specific e3 ligases of 

the uBr family recognize these n-degrons and cause ubiquitination on lysine residues carboxy 

(c)-terminal of the recognition sequence.13-14 interestingly, amino acids commonly occurring 

as n-terminal residues (m,s,a,T,v,g), are not recognized. Therefore, the n-end-rule has been 

suggested to help cells to get rid of misfolded secretory proteins,10 to degrade viral proteins,15 

and to remove caspase cleavage products during apoptosis.16 
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in this study, we have investigated which signals govern n-terminal ubiquitination and 

discovered that amino acids gy appended to a protein’s n-terminus can serve as an n-degron. 

n-terminal gy appended to an ha tag induced ubiquitination of various substrates on the 

n-terminus. The gy-degron accelerated degradation of the stable proteins gfp and the 

apoptosis regulatory protein Bcl-w, but also of the naturally occurring lysine-less protein p16. 

our results indicate that the n-end-rule needs further amendments, as the rule identified 

glycine as a stabilizing residue. 

resulTs
An n-terminal Gy-HA-tag imposes n-terminal ubiquitination 

To investigate whether the anti-apoptotic protein Bcl-B is a substrate for ubiquitination, we 

expressed wild-type (WT) Bcl-B with a double ha tag at the n-terminus (ha-Bcl-B), together 

with flag-tagged ubiquitin in heK 293T cells. ha-Bcl-B was immunoprecipitated using an 

anti-ha antibody, under denaturing conditions to break all non-covalent protein interactions. 

immunoblotting with anti-ha and anti-flag mab identified multiple ubiquitinated protein 

species in the WT ha-Bcl-B isolate (fig. 1a). ubiquitin is typically linked to a free amino group 

of lysine residues. surprisingly, we found that ha-Bcl-B was still ubiquitinated when it was 

expressed as K/r mutant, in which all lysines had been replaced by arginines (fig. 1a). it is 

known that ubiquitination can occur on the n-terminus of proteins,17 but in this experiment the 

n-terminus was formed by the ha-tag. To investigate whether the native n-terminus of Bcl-B 

could serve as a ubiquitin acceptor site, we assessed ubiquitination of Bcl-B and Bcl-B K/r with 

the ha-tag appended to the c-terminus (Bcl-B-ha). in this case, we also observed ubiquitination 

for WT Bcl-B, but in contrast to the lysine-less Bcl-B K/r mutant with the n-terminal ha tag, the 

Bcl-B K/r mutant with the c-terminal ha tag had lost all its ubiquitination (fig 1a). This result 

indicated that the ha tag determined whether n-terminal ubiquitination took place.

To investigate whether the n-terminus of the ha-tag had indeed become a substrate for 

ubiquitination, we repeated the experiment, but now using an ha-tag with an n-terminus that was 

not accessible for ubiquitination. This was accomplished by enforcing n-terminal acetylation of 

Bcl-B. The ha-tag (ypydvpdya) used in our experiments is preceded by a start methionine, followed 

by a glycine (g) and a Tyrosine (y). n-terminal peptides are typically processed by methionine 

aminopeptidases, which cleave proteins with small side chains on the residue in the second position.18 

This leads to the exposure of gy which is a weak substrate for the n-acetyl transferases that conjugate 

acetyl groups to nascent proteins.18 To induce n-terminal acetylation, we appended the amino 

acids serine and aspartate (sd) to the gy-ha-tag at the n-terminus, which is a target sequence for 

n-terminal acetyltransferases.18 since n-terminal acetylation generally occurs co-translationally and 

is thought to be irreversible, it is expected to completely block n-terminal ubiquitination.19 indeed, 

we found that a WT sdgy-ha-Bcl-B version was ubiquitinated, but that the lysine-less K/r mutant was 

not, in contrast to the gy-ha-Bcl-B K/r mutant (fig. 2B). 

We performed mass-spectometry (ms) analysis to confirm the n-terminal acetylation status 

of Bcl-B with the different ha tags. heK 293T cells were transfected with n- or c-terminally 
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ha-tagged Bcl-B, followed by lysis under denaturing conditions. subsequently, Bcl-B was 

isolated by anti-ha immunoprecipitation as detailed in the materials and methods section and 

the immunoprecipitates were separated by sds-page. coomassie-stained proteins running 

at the suspected positions of Bcl-B and ubiquitinated versions thereof were excised from the 

gel and subjected to digestion with Trypsin. The resulting peptides were analyzed by liquid 

chromatography, followed by ms/ms (lc-ms/ms). in line with previous proteomic studies,18 

we found that the methionine on gy-ha and sdgy-ha Bcl-B was always removed, while for 

Bcl-B-ha, we also found n-terminal peptides with the methionine still on (fig 1c). n-terminal 

acetylation does not greatly impact on the ionization efficiency of a peptide20 and we therefore 

directly compared acetylated versus un-acetylated peptides. for sdgy-ha-Bcl-B, we only 

found acetylated n-terminal peptides, in line with sd targeting the protein for acetylation (fig 

1c). for gy-ha tagged Bcl-B, we found that the n-terminal peptide was acetylated in 25% of 

cases and free in the remaining 75%. This indicated that indeed a large proportion of gy-ha 

tagged Bcl-B is available for n-terminal ubiquitination. interestingly, the native n-terminus of 

Bcl-B-ha was also completely acetylated, both before and after methionine cleavage. 

 To further strengthen our data, we aimed to establish n-terminal ubiquitination of gy-ha-

Bcl-B using ms. Trypsin will cleave ubiquitin after arginine (r)74, leaving two glycine residues 

(gg) appended to the ubiquitination target residue of the substrate. This mass increase of 114 

dalton can be used to identify the ubiquitination site (reviewed in ref.21). We expressed lysine-

less gy-ha-Bcl-B with a single ha tag together with flag-tagged ubiquitin in heK 293T cells 

as described above, isolated it by ip and subjected it to lc-ms/ms analysis. This revealed 

n-terminal peptides with a gg-modification on the gy-ha-Tag (fig 1d). 

To extend our findings to other substrates, we also investigated the impact of gy-ha-

tagging on ubiquitination of the pro-apoptotic Bcl-2 family protein noxa that is a known 

substrate for ubiquitination.22 Both n-terminally and c-terminally ha-tagged versions of noxa 

were ubiquitinated upon expression with flag-tagged ubiquitin in heK 293T cells (fig. 1e). 

ubiquitination of noxa-ha was blocked by substitution of lysines by arginines (K/r), but not 

the ubiquitination of ha-noxa (fig 1e). This indicated that for noxa, as for Bcl-B, ubiquitination 

took at place at the n-terminus of the gy-ha tag. at the natural n-terminus of noxa the second 

residue is a proline, which always blocks n-terminal acetylation.23 Therefore, the n-terminus of 

noxa should be available for ubiquitination, but this apparently does not take place. 

We next examined whether the n-terminal gy-ha tag could lead to ubiquitination of 

substrates that are normally not ubiquitinated. To this end, we used the naturally occurring 

lysine-less cell cycle regulatory protein p16 as a substrate. We compared the ubiquitination of 

p16 that had been c- or n-terminally tagged with gy-ha. also in this setting, the gy-ha tag 

allowed for n-terminal ubiquitination that was not present on the native n-terminus of p16 (fig 

1f). Blocking the n-terminus with the sdgy-ha tag that imposes n-terminal acetylation resulted 

in loss of ubiquitination (fig. 1f), confirming that ubiquitination occurred on the n-terminus of 

p16. in summary, we have found that addition of a gy-ha tag onto the n-terminus of a protein 

imposes constitutive n-terminal ubiquitination, even if this protein in its native form is not a 

substrate for ubiquitination.
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the Gy-HA tag induces degradation of stable proteins.

We next investigated whether the gy-ha tag could induce the degradation of otherwise stable 

proteins. Therefore, constructs were made encoding gfp or the anti-apoptotic Bcl-2 family member 

Bcl-w, in untagged or n-terminally gy- or sdgy-ha-tagged versions. These two proteins are 

highly stable with half-lives of around 24 hours (ref.24 and data not shown). The constructs were 

transfected into heK 293T cells and 24 hours later, cells were treated with cycloheximide (chX) for 

different periods of time to block protein synthesis, allowing us to follow subsequent degradation 

of the proteins. cell lysates were subjected to immunoblotting for gfp and Bcl-w, while actin levels 
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Figure 1. A Gy-HA-tag on the n-terminus allows for n-terminal ubiquitination of various substrates. (a) 
heK 293T cells were transfected to express flag-tagged ubiquitin together with empty vector (ev), or Bcl-B 
in WT or lysine mutant (K/r) form, tagged on the n- or c-terminus with an ha-tag (ypydvpdya) preceded 
by a g residue (gy-ha). Bcl-B was isolated from denatured cell lysates by anti-ha immunoprecipitation 
(ip), followed by sds-page and subsequent immunoblotting with anti-ha and anti-flag antibodies. The 
two Bcl-B proteins species detected in case of c-terminally tagged Bcl-B-ha result from alternative use of 
aTg start codons.46 (B) as in (a), now with expression of Bcl-B in WT and lysine-less (K/r) mutant form, with 
an n-terminal gy-ha-tag or a modification thereof preceded by the sequence sd that induces n-terminal 
acetylation (sdgy). (c) heK 293T cells were transfected to express the indicated Bcl-B proteins which were 
subjected to lc-ms/ms analysis as described in materials and methods to determine the acetylation status 
of the n-terminus. (d) heK 293T cells were transfected to express lysine less gy-ha-Bcl-B and subjected 
to lc-ms/ms analysis. shown is the tandem mass spectrum of fragmented tryptic gy-ha-Bcl-B peptides 
containing a gg-modified glycine on the n-terminus. The amino acid sequence of the tryptic peptide 
with identified y and b ions and their masses is shown. (e) as in (a), now with expression of noxa as WT or 
lysine-less (K/r) mutant with an n-terminal (left) or c-terminal (right) gy-ha-tag. (f) as in (a), now with 
the naturally lysine-less p16 with an n-terminal or c-terminal gy-ha tag or sdgy-ha tag.
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were determined as a protein loading control. in agreement with previous reports, we found that 

untagged gfp was a very stable protein, with almost no decrease in its protein levels after 8 hours of 

chX treatment (fig 2a). strikingly, the n-terminal addition of a gy-ha tag caused gfp to be rapidly 

degraded, with a half-life of about 2.5 hours, (fig 2 a,c) indicating that the gy-ha tag actively targeted 

gfp for degradation. addition of the sdgy-ha tag that enforces n-terminal acetylation blocked this 

degradation completely. interestingly, gfp has fourteen lysines that could serve as ubiquitin acceptor 

sites, but blocking of the n-terminus appeared sufficient to fully stabilize the protein. for Bcl-w, 

containing four lysines, very similar results were obtained. gy-ha-Bcl-w had a half-life of around 2 

hours, while sdgy-ha-Bcl-w proved to be extremely stable (fig 2B). Together, these results indicate 

that n-terminal gy-ha tagging can strongly promote degradation of the substrate protein.

the n-terminal Gy motif is sufficient to induce ubiquitination 

To investigate whether the sole addition of a gy motif was sufficient to induce ubiquitination, the 

p16-ha construct was modified to encode either gy or sd at the n-terminus. ubiquitination of the 

WT, gy and sd versions of the p16 protein was assessed by transfection of these constructs into 

heK 293T cells, together with flag-tagged ubiquitin, followed by anti-ha immunoprecipitation, 

sds-page and immunoblotting. This revealed that the sole addition of the gy motif to p16 was 

sufficient to induce its ubiquitination, while the addition of the sd motif had no effect (fig 3a). 
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Figure 2. the Gy-HA-tag promotes degradation of otherwise stable proteins. (a) heK 293T cells were 
transfected to express gfp that was either untagged or carried an n-terminal gy- or sdgy-ha tag at 24 
hours after transfection, the cells were treated with protein synthesis inhibitor chX (50 µg/ml) for the 
indicated time periods. cell lysates were analyzed by immunoblotting for expression of gfp. actin was 
taken along as a stable protein and loading control. (B) Quantification of gfp degradation from the 
experiment shown in (a). signal intensity was corrected for actin signal intensity in the same cells, the 0 
min time point was set to 100% and data points were connected by a one-phase decay curve fit. (c) heK 
293T cells were transfected to express Bcl-B with an n-terminal gy- or sdgy-ha tag. cells were treated and 
processed as indicated in (a) to monitor Bcl-B degradation. (d) Quantification of Bcl-B degradation from 
the experiment shown in (c), performed as outlined in (B).
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in the native p16, the n-terminus is not ubiquitinated. We hypothesized that the n-terminus 

of p16 is normally blocked by acetylation, since the second residue of native p16 is a glutamic 

acid, which makes it a preferred target for n-acetyl transferase B.18 To analyse the relationship 

between n-terminal acetylation and ubiquitination, we determined the acetylation status of 

the n-termini of the various p16 versions by ms. The native n-terminus of p16-ha, as well as 

the n-terminus of sd-p16-ha were completely n-acetylated, while gy-p16 was mainly un-

acetylated (fig 3B). This suggested that the gy motif either specifically induced ubiquitination, 

or allowed ubiquitination by being a poor substrate for n-acetyltransferases. 

To examine which of these two scenarios was correct, we used the following strategy: a 

fusion construct was created that encodes ubiquitin, followed by either WT p16 with a start 

methionine followed by a glutamic acid (me), or p16 with a gy or sd motif at the n-terminus 

(fig 3c). n-terminal ubiquitin is efficiently cleaved off from nascent proteins by deubiquitinases 

during translation, independent of the n-terminal residue of the protein.10 although the 

resulting n-termini have never been assessed for acetylation status, they are believed to be 

free of n-terminal acetylation as any acetylation would prevent their binding to the uBr family 

ligases.14 Therefore, using this approach, we expected to create p16 proteins that did or did 

not expose the gy ubiquitination motif at an otherwise un-acetylated n-terminus. The fusion 

constructs were transfected into heK 293T cells, subjected to immunoprecipitation and lysates 

were analyzed by immunoblotting. This revealed that all three versions of the ubiquitin-p16-ha 

fusion protein were efficiently cleaved, as only a minor fraction of the uncleaved variants was 

still visible (fig. 3c). notably, poly-ubiquitination was only observed for gy-p16 (fig. 3c) This 

indicated that the gy motif induces ubiquitination, not only by blocking acetylation.

in the previous experiment, poly-ubiquitination of ub-gy-p16 might have been due to linkage 

of ubiquitin to uncleaved ub-gy-p16 species. To exclude this possibility, we used an additional 

approach: a construct was made that encoded the first eight amino acids of p16, followed by a 

serine-glycine linker and a Tobacco etch virus (Tev) protease recognition site (fig 3d). The Tev 

site was followed by p16 with either the gy- or sd motif at the n-terminus. By co-transfecting a 

rapamycin-inducible Tev-protease referred to as sniper,25 these p16 proteins could be cleaved 

at the Tev site after protein translation, thus exposing a newly formed n-terminus. an initial test 

revealed that the Tev-site followed by the WT p16 protein was not cleaved (data not shown) and 

therefore we could only compare gy- to sd-tagged p16. We assessed ubiquitination of these 

Tev-p16-ha species in heK 293T cells as described above, but now in the presence of rapamycin 

(20 nm), sniper, or both. While almost no cleavage was observed with either one, a clear 

cleavage product of the gy version of Tev-p16-ha was observed in the presence of rapamycin 

and sniper (fig 3c). immunoblotting for the flag-tag revealed that this cleavage product was 

ubiquitinated, in line with previous findings. The sd version of Tev-p16-ha was also cleaved albeit 

less efficiently, but no ubiquitination was observed, also not with longer exposures of the film (fig 

3c). ms confirmed that under these conditions, the majority of sd-p16-ha was not n-terminally 

acetylated (fig 3e). Together, these results indicate that the gy motif is sufficient to target a 

protein for n-terminal ubiquitination. moreover, the gy motif enforces ubiquitination, not solely 

by disallowing n-terminal acetylation, but apparently by providing a specific recognition motif.
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Figure 3. definition of an n-terminal Gy motif that induces ubiquitination of lysine-less p16. (a) heK 293T 
cells were transfected to express flag-tagged ubiquitin together with empty vector (ev), c-terminally 
ha-tagged p16 (p16-ha) with a native n-terminus (WT) or p16-ha with the additional amino acids gy or sd 
after the start methionine. p16 was isolated from denatured cell lysates by anti-ha immunoprecipitation 
(ip), followed by immunoblotting of the precipitates and detected using anti-ha and anti-flag antibodies. 
(B) heK 293T cells were transfected to express the indicated p16-ha proteins which were subjected to 
lc-ms/ms to determine the n-terminal acetylation status. (c) heK 293T cells were transfected to express 
flag-tagged ubiquitin, together with p16-ha that was n-terminally fused with ubiquitin and had a WT 
(me), mgy- or msd n-terminus. ubiquitination of p16-ha was assessed as outlined in (a). single arrow 
indicates uncleaved ub-p16-ha and the double arrow indicates cleaved p16-ha species. asterisks indicate 
polyubiquitinated species of gy-p16-ha. (d) heK 293T cells were transfected to express flag-tagged 
ubiquitin, together with rapamycin-inducible Tev protease (sniper) and p16-ha as fusion protein with 
a repeat of its native n-terminal amino acids, followed by a Tev cleavage site (scissors) and a WT (me), 
mgy- or msd n-terminus. cleavage of the fusion protein by Tev was induced 48 hours after transfection 
by addition of rapamycin (20 nm) for 4 hours. ubiquitination of p16-ha was assessed as outlined in (a). 
arrow indicates cleaved species of the Tev-p16-ha proteins. asterisk indicates ubiquitinated species of 
Tev-gy-p16-ha. (e) isolated Tev-cleaved p16-ha proteins derived from an experiment as depicted in (d) 
were analysed by ms for the acetylation status of the n-terminus. 
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the n-terminal Gy motif is a degron, accelerating degradation and limiting function of p16

To assess whether the gy motif was sufficient to induce protein degradation, WT p16-ha and 

gy-p16-ha were transfected into heK 293T cells and cells were incubated with the protein 

synthesis inhibitor chX for different periods of time. selected cell samples were co-incubated 

with the proteasome inhibitor mg132 to determine whether protein degradation was proteasome 

dependent. The stable protein gfp was co-expressed as a reference. cell lysates were prepared, 

separated by sds-page and subjected to immunoblotting for p16 and gfp (fig. 4a). WT p16-ha 

was relatively rapidly degraded with a half-life of around 6 hours (fig 4a,B). This is in agreement 

with literature stating that p16 can be degraded in a ubiquitin-independent manner by the regγ 

proteasome.26 however, gy-p16 was degraded much faster, with a half-life of 2.5 hours, indicating 

that the gy-induced n-terminal ubiquitination accelerated p16 degradation. co-incubation with 

mg132 revealed that both WT p16 as well as gy-p16 were degraded by the proteasome. (fig. 4a).

next, we assessed whether the gy-induced degradation of p16 also impacted on its function. 

p16 is a tumor-suppressor protein that slows down cell-cycle progression by inhibition of the 

cyclin-dependent kinases cdK1 and cdK4 that regulate the g1 checkpoint.27 overexpression of 

p16 is known to induce a g1 cell-cycle arrest in u2os osteosarcoma cells, that lack a functional 

p16.28 empty vector, WT-p16 or gy-p16 and spectrin-gfp were transfected into the u2os 

cell-line. at 48 hours after transfection, cells were harvested, fixed, stained with propidium 

iodide and analyzed for cell cycle status by flow cytometry. spectrin-gfp allowed for gating on 

transfected cells. We found that WT-p16 induced a significant increase in the proportion of cells 

that were in the g1 phase of the cell cycle as compared to cells transfected with empty vector 

(ev) (fig 4c). cells that expressed gy-p16 transfected cells also arrested more in g1 phase than 

ev-control cells, but this was significantly less than cells expressing WT-p16. immunoblotting for 

p16 revealed that steady state protein levels of gy-p16 were much lower than those of WT-p16, 

even though transfection efficiencies were similar as could be deduced from equal spectrin-

gfp levels (fig 4d). in summary, we conclude that the gy motif serves as an n-terminal degron 

and destabilizes the lysine less protein p16, which limits its capacity to induce a cell cycle arrest.

discussion
Timely degradation of regulatory proteins is crucial to a multitude of cellular processes. This 

process is regulated by certain amino acid motifs in the substrate protein, referred to as 

degrons. in this study, we have identified the n-terminal gy motif as a novel degron that induces 

n-terminal poly-ubiquitination and subsequent proteasomal degradation of substrate proteins. 

We show that lysine-less mutants of Bcl-B and noxa and the naturally lysine-less protein 

p16 become poly-ubiquitinated when an ha-tag starting with the sequence mgy is appended 

to their n-terminus. for Bcl-B, we demonstrated by ms that the n-terminal g residue was 

ubiquitinated. This residue was accessible because the start methionine was cleaved off and the 

n-terminus was largely un-acetylated. The context of the ha tag was irrelevant, since addition 

of a gy sequence after the start methionine of the native n-terminus of p16 also resulted in its 

n-terminal poly-ubiquitination. Thus, a gy motif enables n-terminal poly-ubiquitination. 
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it will be highly informative to identify the specific e3 ligase involved. it is unlikely that the 

ubiquitination of the gy motif will be performed by ligases of the n-end rule. These uBr e3 ligases 

have been shown to completely engulf the n-terminus13-14 and therefore will most likely not allow 

for n-terminal ubiquitination. furthermore, removal of internal lysines blocks ubiquitination by 

the uBr enzymes indicating that for these enzymes the n-terminus is not an acceptor site.4, 29

We demonstrated an inverse correlation between n-terminal ubiquitination and n-terminal 

acetylation, in case of wild-type native p16 as well as Bcl-B. This raised the question, whether 

the gy motif enabled n-terminal ubiquitination solely by blocking n-terminal acetylation. it 

has been shown before that acetylation competes with ubiquitination on lysines and thereby 

influences protein degradation.30 The sd motif we use here, as well as other motifs used before 
31 promote n-terminal acetylation, while the gy motif prevents it. however, it is unlikely that 

this is the sole reason why the gy motif promotes n-terminal ubiquitination. firstly, the second 

residue of noxa is a proline that always blocks n-terminal acetylation.23 This means that the 

native n-terminus of noxa is already available, but it is not ubiquitinated. secondly, using a 
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Figure 4. the n-terminal Gy motif is a degron that accelerates p16 degradation and limits its function. 
heK 293T cells were transfected to express gfp and c-terminally ha-tagged p16 with a WT or mgy 
n-terminus. at 24 hours after transfection, the cells were treated with protein synthesis inhibitor chX (50 
µg/ml) for the indicated time periods in hours (h), in absence (-) or presence (+) of proteasome inhibitor 
mg132 (50 µm). cell lysates were analyzed by immunoblotting for p16 with anti (α)-ha antibody and for 
gfp that served as a transfection and loading control. (B) Quantification of the experiment shown in (a). 
signal intensity was corrected for gfp signal intensity in the same cells, the 0 min time point was set to 
100% and data points were connected by a one-phase decay curve fit. data represents mean values ± s.d. 
of three independent experiments. The half-life of the WT and mgy p16-ha is indicated in hours. (c,d) 
u2os cells were transfected to express spectrin-gfp and empty vector or c-terminally ha-tagged p16 with 
a WT or mgy n-terminus. at 48 hours after transfection, cells were (c) fixed, stained with propidium iodide 
and analyzed by flow-cytometry for dna content in the transfected, spectrin-gfp+ population, or (d) 
lysed and subjected to immunoblotting for p16 (α-ha) and spectrin-gfp (α-gfp). data in (c) represents 
mean values ± s.d. of three independent experiments. asterisks indicate statistical significance (p<0.01, 
student’s t-test) for the comparisons between the indicated groups. 
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construct that allowed us to reveal the n-terminus of p16 after translation (fig. 3d), we showed 

that in this case, p16 with the n-terminal (m)sd motif was not ubiquitinated, even though 

the n-terminus was largely un-acetylated. We also found that WT p16 was not n-terminally 

ubiquitinated when expressed as a ubiquitin fusion construct. however, in this case the 

n-terminal acetylation status still needs to be examined.  

The gy motif also acted as a degron. addition of the gy-ha tag onto the n-terminus of 

the stable proteins gfp and Bcl-w induced their rapid degradation. This degradation could be 

prevented by addition of the sd sequence in front of the gy-ha tag that induces n-terminal 

acetylation. moreover, the addition of the gy motif alone was sufficient to accelerate degradation 

of lysine-less p16 and reduced its functionality. interestingly, the half-life of all three gy proteins 

was around two hours, suggesting that their instability was regulated by the same mechanism. 

it will be important to establish that this degradation is ubiquitin-dependent, as a non-

acetylated unstructured n-terminus has also been described to lead to ubiquitin-independent 

degradation.32 surprisingly, the gy motif alone was not sufficient to induce the degradation of 

gfp (data not shown), indicating that there are other requirements to the gy-degron. other 

amino acids in the ha-tag or the n-terminus of p16 may be part of the degron, but this is unlikely 

since they are not very similar. alternatively, the ha-tag could serve as the unstructured region 

that is a requirement for a protein to be efficiently degraded by the proteasome.4 in line with 

this, gfp is more structured compared to p16, especially at the n-and c-terminus (iupred 

analysis, data not shown). furthermore, an unstructured linker of over 40 amino acids proved 

to be required for degradation of β-galactidose and egfp, according to the n-end-rule.4, 10, 33 in 

summary, further definition of the degron and its requirements will be important.

our data warns for the possibility of introducing a degradation signal by n-terminal tagging 

of proteins. This is especially true for the ha tag, which is frequently utilized starting with 

gy to abide to the Kozak sequence rules.34-35 care should be taken if these tags are used in 

determination of degradation or ubiquitination, especially if these would alter the n-terminal 

acetylation state to be different than the native n-terminus.

our definition of the gy n-degron that induces n-terminal ubiquitination is interesting 

from multiple perspectives. firstly, the existence of a gy n-degron indicates that the n-end-

rule requires amendments. experiments by varshavsky and colleagues using ubiquitin fused 

to β-galactidose classified n-terminal glycine as a stabilizing residue, with half-lives of >20 

hours.10-11 our data now reveals that n-terminal glycine can also destabilize proteins, probably 

depending on the adjacent residue. This indicates that amino acids like serine, alanine, 

Threonine and valine might also destabilize proteins, when situated next to a different amino 

acid. interestingly, a recent study identified certain residues adjacent to the start methionine 

that reduced the affinity of peptides for the n-end-rule ligases.13 hereby, they reduced the 

destabilizing capability of the primary n-degron. This indicates that in general the n-end rule 

might have neglected the importance of neighbouring residues. 

secondly, we have defined new rules guiding n-terminal ubiquitination, a process that has 

only recently been defined36 and of which the in vivo functions still need to be revealed. There 

have been only three other papers that proved n-terminal ubiquitination by ms, other substrate 
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proteins being erK3 and p21,37 p19arf38 and myod.39 interestingly, this was either on an n-terminal 

ha-tag,37 an in vitro ubiquitinated protein,39 or an in vitro ubiquitinated viral protein with a mutated 

n-terminus.38 in summary, there has so far not been conclusive evidence of a human protein being 

ubiquitinated on its native n-terminus. in this paper we also identified n-terminal ubiquitination 

by ms, but again on a non-native n-terminus. it would therefore be highly interesting to see if 

native gy-proteins could be used to finally prove that n-terminal ubiquitination takes place. 

Knowledge about the e3 ligase will also be helpful in unraveling the fysiological relevance 

of the gy-degron. There are only 7 proteins within the entire human proteome that start with 

gy. This suggests that this process is highly specific. however, there are over 100 gy sequences 

located next to predicted caspase cleavage sites, which might indicate that this process like 

the n-end rule is important for protein-degradation of cleavage products during apoptosis. 

alternatively, this n-degron might turn out to be more loosely formulated and present an 

alternative protein quality control pathway.  

maTerials and meThods
Constructs. The cdnas encoding full-length human Bcl-B, Bcl-w and noxa have previously 

been described.40 cdna encoding human full-length p16 was kindly provided by rob 

Klompmaker (division of cell Biology, The netherlands cancer institute, The netherlands). 

cdnas were cloned into modified versions of pegfp-n or pegfp-c, (clontech), in which the 

egfp coding sequence was replaced by a double ha-tag sequence (ypydvpdya). The plasmids 

containing flag-ubiquitin41 and spectrin-gfp42 have been described. The cdna encoding 

rapamycin-inducible Tev protease sniper25 was kindly provided by dr. Jim Wells (department 

of pharmaceutical chemistry, university of california, san francisco, usa). point mutants were 

made by site-directed mutagenesis pcr. constructs containing the codons for Tev cleavage 

site (enlyfQ-(g/s)) as well as those encoding ubiquitin fusion proteins were constructed by 

nested-pcr. all constructs were verified by dideoxynucleotide sequencing. 

Cell lines and DNA transfection. The osteosarcoma cell line u2os and the human embryonic 

kidney cell line heK 293T were cultured in dmem
.
 Transfections of cdna were carried out in 

serum-free medium with polyethyleneimine (pei) at a dna:pei ratio of 1:3 (w/w). 

Western Blotting. cell lysates were prepared in np-40 buffer (1% nonidet-p40, 50 mm Tris-hcl 

(ph 7.4), 150 mm nacl, 5 mm edTa), supplemented with pmsf and complete protease inhibitor 

cocktail (roche) and protein content was determined by the Bio-rad protein assay. Total cell lysate 

at 30 µg per lane was loaded on 4-12% nu-page Bis-Tris gradient gels (invitrogen) and subsequent 

blotting was performed using the Trans-Blot Turbo system (Bio-rad). primary antibodies used 

were: rabbit anti-gfp polyclonal (1:300), mouse anti-actin mab maB1501r (1:10.000 millipore), 

hrp-conjugated anti-flag mab m2 (sigma 1:10.000), and fluorochrome-conjugated anti-ha 

mab 12ca5, anti-myc mab 9e10 (both purified in house) and anti-flag mab m2 (sigma-aldrich). 

fluorochromes dy-682 (ha), or dy-800 (myc, flag) were from dyomics. fluorescently labeled 
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secondary antibodies were from li-cor. fluorescence signals were visualized and quantified on 

the odyssey imaging system (li-cor), and chemiluminescence signals (pierce Biotechnology) by 

the chemidoc imaging system (Bio-rad) or by exposure to film (Kodak). 

Immunoprecipitation (IP). for analysis of ubiquitination, heK 293T cells were transfected with 

indicated plasmids and, 24 h after transfection, cells were incubated with mg132 (50 µm) for 4 

hours. subsequently, cells were lysed in pre-heated sds buffer (50 mm Tris-hcl ph 8.0, 1% sds, 

0.5 mm edTa, 10 mm dTT) for 10 min at 95 ºc. next, nine volumes of np-40 buffer were added 

and lysates were cleared by centrifugation at 17.000 g for 10 min. at 4oc. equal amounts of 

protein were incubated with anti-ha mab 12ca5 and protein g sepharose beads (ge healthcare 

life sciences). Beads were eluted in sds buffer and eluate was subjected to Western blotting. for 

ms, heK 293T cells were harvested 24 h after transfection in pBs with 2 mm n-ethylmaleimide 

and lysed in sds buffer. lysate contained ~80 mg total protein. after quenching with np-40, ip 

was performed with anti-ha mab 12ca5, bound protein was eluted from the protein g beads 

with sds buffer and a second ip in excess np-40 buffer was performed with anti-ha 3f10 affinity 

matrix (roche). This eluate was separated by sds-page and the gel was coomassie-stained with 

simplyBlue safestain (invitrogen).

Mass Spectrometry. for ms analysis, selected bands were cut from the gel and reduced with 

dTT. To avoid false positive interpretation of ubiquitination,43 the n-methylated form of 

iodoacetamide was used as alkylation reagent instead of standard iodoacetamide. Trypsin 

digestion was performed using the proteineer dp digestion robot (Bruker, Bremen, germany). 

The tryptic peptides were extracted from the gel, lyophilized, dissolved in 95/3/0.1 v/v/v water/

acetonitril/formic acid and subsequently analyzed by on-line nanohplc ms/ms. an 1100 hplc 

system (agilent Technologies)44 coupled to a 7-tesla lTQ-fT ultra mass spectrometer (Thermo 

electron) was used, essentially as described45 peptides were trapped at 10 µl/min on a 15-mm 

column (100-µm id; reprosil-pur c18-aQ, 3 µm, dr. maisch gmbh) and eluted to a 200 mm 

column (50-µm id; reprosil-pur c18-aQ, 3 µm) at 150 nl/min. The column was developed with 

a 30 min gradient from 0 to 50% acetonitrile in 0.1% formic acid. The eluent was sprayed into 

a 7-tesla lTQ-fT ultra mass spectrometer (Thermo electron), operating in data-dependent 

mode, automatically switching between ms and ms/ms acquisition. full scan ms spectra were 

acquired in the fT-icr with a resolution of 25,000 at a target value of 3,000,000. The two most 

intense ions were isolated for accurate mass measurements by a selected ion monitoring scan 

in fT-icr with a resolution of 50,000 at a target accumulation value of 50,000. selected ions 

were fragmented in the linear ion trap, using collision-induced dissociation at a target value of 

10,000. in a post-analysis process, raw data were first converted to peak lists using Bioworks 

Browser software v 3.2 (Thermo electron), then submitted to the swissprot database using 

mascot v. 2.2.04 (www.matrixscience.com) for protein identification. mascot searches were 

with 2 ppm and 0.8 da deviation for precursor and fragment mass, respectively, and trypsin as 

enzyme. acetylation status was determined by comparing the frequency n-terminal peptides 

that were n-acetylated or not acetylated amongst all possible ions.
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Assessment of protein stability. heK 293T cell lines expressing the indicated constructs were 

treated with chX (50 µg/ml) for the indicated periods of time. cells were lysed in np40-buffer 

and subjected to Western Blotting. 

Reagents. stock solutions were prepared in dmso for cycloheximide (sigma), mg132 

(calbiochem) and rapamycin (lc labs).

Cell cycle analysis. u2os cells were transfected with empty vector or the same vector encoding 

p16, in combination with vector encoding spectrin-gfp as a marker for transfected cells. at 48 

hours after transfection, trypsinized cells were fixed in 70% ice-cold ethanol overnight at 4ºc. 

The next day, cells were incubated in staining solution (50 µg/ml propidium iodide, 200 µg/

ml rnase a, 0.1% (v/v) Triton X-100) for 20 minutes at room temperature, and gfp-positive 

cells were analyzed by flow-cytometry (facs calibur, Bd-Biosciences) for dna content, using 

flowjo (Tree star) software.
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summary
inhibition of apoptosis is one of the hallmarks of cancer.1 This is due to the stressful conditions that 

cancer cells have to withstand during their rapid growth in situ and upon metastasis. cellular insults 

like hypoxia and chromosomal aberrations lead to the induction and activation of pro-apoptotic 

Bcl-2 proteins like Bax/Bak and the Bh3-only proteins. Tumor cells can counteract apoptosis by 

overexpression of anti-apoptotic Bcl-2 proteins that bind and neutralize the pro-apoptotic proteins. 

in this way, the tumor cells become “addicted” to the highly expressed anti-apoptotic Bcl-2 proteins 

and neutralization of these proteins will cause the cell to commit to apoptosis. These tumor cells 

are referred to as “primed for death”2-3 and this principle has inspired the development of various 

agents that inhibit the function of the anti-apoptotic Bcl-2 proteins. These agents include Bcl-2 

inhibiting oligos,4 inhibitors of translation that down-regulate mcl-15 and small molecule inhibitors 

called Bh3 mimetics.6 one of these Bh3 mimetics, called aBT-737, was specifically designed using 

structure-activity-relationships by nuclear magnetic resonance to fit into a hydrophobic groove 

of Bcl-xl.7 it was shown to bind Bcl-2, Bcl-w and Bcl-xl in vitro with Kd values in the nm range.6-7 

clinical evaluation of aBT-737 revealed that targeting of pro-survival Bcl-2 proteins is an attractive 

way to kill “primed for death” tumor cells.8 furthermore, studies using aBT-737 illustrated that Bh3 

mimetics can be used to potentiate the activity of existing anti-cancer agents,9 in part because 

overexpression of the anti-apoptotic Bcl-2 proteins can also contribute to resistance to anti-

cancer drugs or radiation.10 however, initial studies with aBT-737 also revealed that the presence 

of untargeted anti-apoptotic Bcl-2 proteins will cause resistance to the drug.11-12 Therefore, there 

is continuous effort to find novel drugs to counteract the different anti-apoptotic Bcl-2 proteins. 

To decide upon the appropriate targeting strategy, it is important to understand the function and 

regulation of the anti-apoptotic Bcl-2 proteins, which might reveal additional vulnerabilities.

aim 
The aim of this thesis was 1) To define the in cellulo specificity of aBT-737 and combine it with 

conventional anti-cancer agents to improve treatment response. 2) To assess specificity 

and selectivity of the interactions in the Bcl-2 family and to define their importance for the 

capacity of the anti-apoptotic proteins to protect tumor cells against anti-cancer therapy. 3) 

To investigate the influence of protein turn-over of the anti-apoptotic Bcl-2 proteins on their 

ability to cause treatment resistance.

maJor findings
Chapter 2

1.  The Bh3-mimetic aBT-737 has a different specificity than previously suspected. This 

is caused by its differential ability to disrupt complexes of Bcl-2, Bcl-xl and Bcl-w with 

Bh3-only proteins and Bax.

2.  Bcl-B, like mcl-1 and Bfl-1, causes resistance to aBT-737. This can be alleviated by induction 

of noxa, not Bim, Bid or puma, using the proteasome inhibitor bortezomib.
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Chapter 3

3.  We have established a complete interaction profile of the anti-apoptotic Bcl-2 family 

proteins with all canonical Bh3-only proteins, Bax and Bak. This profile shows that most 

pro-apoptotic Bcl-2 molecules act promiscuously and that there are only a few highly 

selective interactions with their pro-survival counterparts. 

4.  protein turn-over of anti-apoptotic Bcl-2 proteins rather than the selective interactions 

with pro-apoptotic relatives determines their capacity to protect tumor cells from various 

anti-cancer regimens.

Chapter 4

5.  protein levels of Bcl-B are regulated by K48-linked ubiquitination on internal lysines, and 

this ubiquitination limits the capacity of Bcl-B to protect against anti-cancer agents.

Chapter 5

6.  We have discovered a small n-terminal degron consisting of the amino acids glycine (g) 

and Tyrosine (y) that targets proteins for n-terminal ubiquitination. When appended onto 

a stable protein, the n-terminal degron leads to the rapid degradation of this protein, and 

limits its function.

discussion
BH3 mimetics

ABT-737 specificity and clinical implications

of all the Bh3 mimetics, aBT-737 is probably the only one that exerts its killing activity solely by 

selective inhibition of anti-apoptotic Bcl-2 proteins.13 aBT-737 was initially characterized to bind 

with high affinity to Bcl-2, Bcl-xl and Bcl-w, based on in vitro peptide displacement assays.7 in 

chapter 2, we have determined the complete in vivo specificity of aBT-737 using two model 

cell-lines that were made to individually over-express all of the different anti-apoptotic human 

Bcl-2 family proteins. We show that, in contrast to in vitro assays, in cells Bcl-w and Bcl-xl are 

lesser aBT-737 targets than Bcl-2. This is in agreement with an earlier study that showed that 

Bcl-w is not as efficiently targeted as Bcl-2 in lymphomas.14 in addition, during submission of 

our manuscript another paper was published that reported highly similar findings. merino 

et al. also found that Bcl-xl and Bcl-w can cause resistance to aBT-737, because they are less 

efficiently targeted.15 our data also reveals that apart from Bfl-1 and mcl-1, Bcl-B can cause 

aBT-737 resistance. This more restricted interaction profile of aBT-737 might help to better 

select patients that will respond to aBT-737 treatment. We also show that induction of noxa 

and not Bid, Bim or puma, neutralizes these proteins and therefore works synergistically 

with aBT-737. This is in agreement with multiple studies that imply mcl-1 expression as a key 

resistance factor and noxa expression as a key determinant of sensitivity to aBT-737 and aBT-

263.11, 16-17 We show in chapter 3, that amongst various agents, only the proteasome inhibitor 

140



summariZing discussion

6

bortezomib specifically induces and stabilizes noxa in Jurkat cells. We then use bortezomib to 

induce noxa, and show that this alleviates aBT-737 resistance caused by Bcl-B, Bfl-1 and mcl-1. 

interestingly, bortezomib has an alternative way in which it is tumor selective. it is particularly 

effective in multiple myeloma, where the tumor cells heavily depend on the proteasome to 

break down high levels of improperly folded immunoglobulins.18 Therefore, the combination 

might increase the therapeutic window of both therapies.

Validation of novel BH3 mimetics.

in chapter 2, we show that expression of any of the untargeted Bcl-2 proteins provides resistance to 

aBT-737. currently, much effort is focused on developing strategies to specifically target the Bcl-2 

proteins to which aBT-737 does not bind, including Bh3 mimetics that have the binding spectrum 

of noxa.19 These noxa-mimetics could then possibly be combined with aBT-737 to ultimately kill 

resistant tumors. Typically, the affinity of these mimetics is assessed by measuring dissociation 

constants, using truncated, anti-apoptotic Bcl-2 proteins in isolation.7, 20 however, our data and 

the data from merino et al15 reveal that these measurements do not reflect the in vivo targeting 

efficacy. The explanation for the discrepancy between in vitro determined Kd values and in cellulo 

targeting comes from the type of Bcl-2 family complexes that are present in a cell. Bh3 mimetics 

function by disrupting pre-formed complexes between pro- and anti-apoptotic Bcl-2 proteins. 

The dissocation constant derived from binding to an empty anti-apoptotic Bcl-2 protein may not 

predict the efficacy in cells where the Bcl-2 protein participates in different complexes. indeed, 

we show that aBT-737 displaces Bim less efficiently from Bcl-w than from Bcl-2 or Bcl-xl. adding 

to the complexity, we found that aBT-737 displaced Bad and Bax more effectively from Bcl-2 than 

from Bcl-xl, possibly explaining why it targets Bcl-xl with lesser efficacy. These data indicate that 

for the correct prediction of Bh3-mimetic efficacy, displacement data from complexes between 

the target protein and multiple pro-apoptotic Bcl-2 molecules should be used. merino et al. also 

found that aBT-737 displayed a differential ability to disrupt complexes between pro-apoptotic 

Bcl-2 molecules and Bcl-2 and Bcl-xl. They used a mitochondrial redistribution assay21 and found, 

in contrast to us, that it was due to decreased capacity of aBT-737 to disrupt Bcl-xl:Bim complexes 

and not Bcl-xl:Bad. meanwhile, another paper came out that used flim assays to show that 

aBT-737 cannot displace Bim from either Bcl-2 or Bcl-xl.22 There is no simple explanation for these 

discrepant findings. it can be argued that the necessity to use detergents in immunoprecipitation 

might have influenced our measurements. for instance, displacement of Bim by aBT-737 could 

occur after lysis has already taken place. however, we found for Bim that results were the same 

when we used in cellulo fixation as explained in chapter 3 (data not shown), excluding the 

possibility that displacement takes place after lysis. on the other hand, flim and redistribution 

experiments require large fluorescent proteins to be fused to both the pro- and anti-apoptotic 

Bcl-2 proteins, which might alter binding parameters. secondly, the redistribution assays made 

use of a truncated form of Bim without its transmembrane domain. furthermore, from these 

assays it cannot be derived from which protein Bim is displaced. in conclusion, it will require 

further experiments to determine precisely which complexes aBT-737 is targeting. nonetheless, 

these studies combined indicate that novel Bh3 mimetics should be selected on their ability to 
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disrupt pre-formed complexes between pro-and anti-apoptotic Bcl-2 proteins, and not merely 

their binding affinity for anti-apoptotic Bcl-2 proteins.

The future of BH3 mimetics.

specific noxa-mimetics might be very effective in combination with aBT-737, especially for cll 

cells that express high levels of Bcl-2 and mcl-1.23 however, this raises the important question 

whether this combination will have a sufficient therapeutic window. The selectivity of Bh3 

mimetics is based on the “primed for death” principle, in which high levels of Bh3-only proteins 

make cells dependent on one or two highly expressed anti-apoptotic Bcl-2 proteins. however, 

neutralizing all anti-apoptotic Bcl-2 proteins might also kill healthy cells that are “primed for 

death” by nature, such as platelets. it is therefore questionable whether pan-Bcl-2 inhibitors 

like a stapled Bim Bh3-domain24 provide a therapeutic opportunity, or are more useful as a 

research tool. along these lines, abbott laboratories has recently designed a novel Bh3-

mimetic called aBT-199. This compound was reverse engineered from aBT-263 to have a lower 

affinity for Bcl-xl, and is currently tested in clinical trials (http://clinicaltrials.gov/ct2/show/

ncT01328626). This approach was motivated by the fact that the major dose limiting toxicity for 

aBT-263 is thrombocytopenia, which is induced by the neutralization of Bcl-xl.25 so instead of 

designing more broadly interacting Bcl-2 inhibitors, abbott opts for more specific compounds, 

despite the fact that this increases the chance for treatment resistance. in agreement, more 

broadly acting Bh3 mimetics like obatoclax and aT-101 ((-)gossypol) have so far not been very 

successful. a phase ii clinical trial observed no significant response with mono-treatment of 

classical hodgkin lymphoma with obatoclax.26 obatoclax was also not effective in combination 

with topotecan for the treatment of non-small cell lung cancer,27 nor did it show any clinical 

activity in patients with Bcl-xl- and mcl-1-dependent myelofibrosis.28 most likely, obatoclax 

could have been effective at higher doses, but increases in doses are limited by severe 

neurotoxicity.29 also aT-101 did not deliver any clinical benefit in three different phase ii trials.30-

32 Together, these results seem to indicate that specific Bcl-2 inhibitors have a better potential of 

reaching clinically relevant doses. possibly, a combination of highly specific inhibitors for Bcl-2 

and mcl-1 might be efficient in cll, without too many adverse events. otherwise, combining 

specific Bh3 mimetics with other anti-cancer agents that possess tumor selectivity of their own 

might be a more promising approach. This could include local radiotherapy,33 selective kinase 

inhibitors,34 or noxa inducing compounds like bortezomib. We and others have shown that 

indeed aBT-737 synergizes with bortezomib35-36 and it would be very interesting to test in the 

clinic combinations of tumor-selective compounds with highly selective Bh3 mimetics.

Protein stability as a key determinant of anti-apoptotic capacity 

Protein stability separates Bcl-B, Bfl-1 and Mcl-1 from Bcl-2, Bcl-w and Bcl-xL and 

determines anti-apoptotic capacity.

The anti-apoptotic Bcl-2 proteins can all be classified as proto-oncogenes, as their 

overexpression accelerates tumorigenesis.37 in addition, we show in chapter 3 that all the 
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anti-apoptotic proteins can protect tumor cells against various novel and conventional anti-

cancer treatments. These proteins cannot do this equally efficiently: Bcl-2, Bcl-w and Bcl-xl 

are more potent than Bcl-B, Bfl-1 and mcl-1, both in accelerating tumorigenesis, as well as in 

protecting tumor cells against pro-apoptotic insults. interestingly, this dichotomy in anti-

apoptotic capacity is also reflected in other properties. for instance, Bcl-2, Bcl-w and Bcl-xl are 

phylogenetically closely related and highly conserved.37-38 (chapter 1, fig 3) Bcl-B, Bfl-1 and mcl-1 

are more distantly related, both to each other as well as to Bcl-2, Bcl-w, Bcl-xl. furthermore, 

their evolutionary conservation is much lower compared to the other anti-apoptotic Bcl-2 

proteins (chapter 1, fig 3). additionally, Bcl-2, Bcl-w and Bcl-xl are efficiently neutralized by 

the selective Bh3-only protein Bad, while noxa binds predominantly to Bcl-B, Bfl-1 and mcl-1.2, 39 

lastly, the anti-apoptotic proteins can be divided in stable and unstable groups: Bcl-B, Bfl-1 and 

mcl-1 have half-lives of 1-4 hours, while Bcl-2, Bcl-xl and Bcl-w are very stable with half-lives of 

over 20 hours.40-41 (chapter 3) in chapter 3, we show that this difference in protein stability is the 

cause of the dichotomy in anti-apoptotic capacity. When corrected for equal protein levels, all 

anti-apoptotic proteins protect equally against most pro-apoptotic stimuli. These findings are 

corroborated by our established interaction profile of the Bcl-2 proteins that shows that there 

are only a few selective interactions within the Bcl-2 family. 

for Bfl-1 and mcl-1, it is known that their protein stability is regulated by ubiquitin-mediated 

degradation.42-44 We now show in chapter 4 that also the protein levels of Bcl-B are regulated 

by ubiquitination on its internal lysines. This ubiquitination limits its anti-apoptotic capacity 

and we show that a stabilized version of Bcl-B is a more potent anti-apoptotic protein than 

wild-type Bcl-B. The importance of stability for anti-apoptotic capacity is underlined by two 

recent publications that show that loss of one of the e3 ligases of mcl-1 increases mcl-1 protein 

levels and thereby determines sensitivity to chemotherapy.45-46 on the other hand, increased 

expression of usp9x, the deubiquitinase of mcl-1, increases mcl-1 levels and correlates with 

poor prognosis47 and radioresistance.48 This post-translational control of Bcl-2 protein levels 

has important implications for the prognostic value of mrna measurements, while at the same 

time it opens up a novel level of control.

Treatment predictions should be based on Bcl-2 protein levels, not mRNA.

There is a long-standing interest to use mrna levels of the Bcl-2 proteins to predict the 

treatment response to anti-cancer regiments. so far, this was done with varying degrees of 

success. (discussed in detail in chapter 1). for conventional drugs, it can be argued that they 

rely on a multitude of signaling cascades to activate pro-apoptotic Bcl-2 proteins and that the 

direct relation with Bcl-2 proteins is therefore obscured. however, it has even proven difficult 

to find Bcl-2 family mrna signatures predictive for treatment response of Bh3-mimetics. 

for instance, a study by al-harbi et al evaluated a multitude of mrna ratios of Bcl-2 family 

members for their predictive value for aBT-737 sensitivity.49 The best ratio, mcl-1 + Bfl-1 / Bcl-2, 

had an r value of only 0.6. This might be explained by the fact that mrna levels not always 

correspond to protein levels. This is especially so in the case of proteins that are subject to 

rapid degradation like mcl-1, Bfl-1 and Bcl-B. following this line of argumentation, there was a 
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strong correlation between the functionality of fBW7, the e3 ligase of mcl-1, and sensitivity to 

aBT-737.46 furthermore, a cell-line that was made resistant to aBT-737 displayed increased mcl-1 

protein levels while mrna levels were unchanged.50 These results indicate that actual protein 

levels will be more informative, which could be estimated from mrna levels from the Bcl-2 

family and corresponding ligases. however, next to Bcl-B, Bfl-1 and mcl-1 also Bid,51 Bim,52 Bik 

(unpublished observation), noxa53 and Bax54 are subject to ubiquitination. for most of them, the 

ubiquitin ligases involved have not yet been identified. Therefore, a more promising approach 

would be to measure actual protein levels, as has recently been shown for Bcl-B.55 This requires 

a method to accurately determine the absolute protein levels of at least sixteen proteins at 

once. although this is currently not feasible, it is attractive to speculate that this might one 

day be possible with the ever increasing sensitivity of mass-spectrometers. proteomic studies 

on isolated mitochondria represent a first step in that direction.56 in the future, tumor lysates 

could possibly be screened directly for protein levels, which could be quantified by spiking in 

reference peptides of all Bcl-2 proteins. firstly, this would allow us to check whether the “primed 

for death” principle reflects indeed a tighter balance between the absolute numbers of pro- 

and anti-apoptotic Bcl-2 proteins.57 We could also investigate if this balance is more towards 

anti-apoptotic Bcl-2 proteins in solid tumors, as was recently suggested,3 and that this features 

makes them less apoptosis prone. lastly, this approach would make it possible to predict with a 

higher accuracy the sensitivity to Bh3 mimetics, or even to conventional therapies. 

Targeting the ubiquitination machinery of instable proteins

The ubiquitin mediated degradation of Bfl-1, mcl-1 and Bcl-B also provides a new level of control. 

in theory, chemical targeting of the ubiquitination machinery of these proteins could induce 

or accelerate their degradation. for mcl-1, it is known for a long time that certain compounds 

can specifically induce its degradation. for instance, il-3 withdrawal induced gsK-3-mediated 

phosphorylation of mcl-1 that led to its subsequent degradation.58 The phosphorylation-dead 

mutant mcl-1 s159a remained stable and provided better protection against il-3 withdrawal. 

similar findings were reported for the ras inhibitor sorafenib that inhibits the inactivating 

phosphorylation of gsK-3.59 other stimuli like uv irradiation and staurosporine60 and the 

clinically more relevant microtubule inhibitors45 and arsenic trioxide61 were also reported to 

function via this mechanism. interestingly, three different e3 ligases, mule,43 β-Trcp60 and 

fBW7,45-46 have been implied in gsK-3-mediated degradation of mcl-1. in chapter 4, we show 

that mcl-1 is degraded in response to etoposide and daunorubicin, which has been proposed 

to be mediated via mule.62 interestingly, we find also that Bfl-1 and Bcl-B are degraded in 

response to these agents (chapter 4 and data not shown). These proteins, like mcl-1, have a 

gsK-3 recognition sequence (s/T-XXX-s/Tphospho). Therefore, it will be interesting to determine 

whether Bfl-1 and Bcl-B are targeted for degradation by the same kinase and ubiquitination 

machinery as mcl-1. identification of the deubiquitinase or degradation promoting kinase 

might present novel targetable proteins. proof-of-principle for this approach was recently 

provided by inhibition of mcl-1’s deubiquitinase usp9x, which was recently published to 

decrease mcl-1 protein levels and to induce apoptosis in cml.63 alternatively, inhibiting e3 
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ligases of pro-apoptotic Bcl-2 proteins might stabilize them and therefore represents another 

way to kill tumor cells. a sirna-based screen to identify e3 ligases and deubiquitinases of noxa 

and Bcl-B was unsuccessful (rooswinkel and van de Kooij, unpublished observation), but the 

above-mentioned results warrant further investigation.

Targeting protein and mRNA synthesis as anti-cancer treatment

in contrast to specific targeting of the ubiquitination machinery of the instable Bcl-2 family 

members, broadly acting inhibitors also seem to kill cells by downregulation of these proteins. 

a recent unbiased screen by Wei et al. identified a number of compounds that lead to selective 

downregulation of mcl-1 protein levels by blocking transcription.64 The authors argue that 

because of the very short half-life of mcl-1 mrna and mcl-1 protein, this will induce a rapid drop in 

mcl-1 levels. in the top hit list were the topo-isomerase inhibitors daunorubicin and doxorubicin, 

the kinase inhibitor staurosporine, but also the cdK inhibitor flavopiridol. other cdK inhibitors 

like roscovitine65 and sns-03266 have also been shown to lower mcl-1 protein levels by blocking 

transcription. additionally, rapamycin,67 but also sorafenib68 and uv irradiation69 were shown to 

lower mcl-1 levels by blocking protein synthesis. Whether uv and sorafenib can both accelerate 

mcl-1 degradation and block translation will have to be further investigated. nonetheless, the 

instability of mcl-1 mrna and protein represents a targetable process, and two compounds 

are now in clinical trials that target protein translation in cml. one of the compounds is called 

silvestrol and it inhibits translation initiation by targeting the rna helicase eif4a.70 The other 

compound is omacetaxine mepesuccinate and it inhibits translation elongation by hindering 

the peptidyl transferase activity of the ribosome.71 The compounds main working mechanisms 

are thought to be via downregulation of mcl-1.5, 72 silvestrol proved efficient in various xenograft 

models.5, 70, 73 omacetaxine mepesuccinate is now fast-tracked by the fda for the treatment of 

multi-resistant cml, and is currently being tested in clinical trials.74-75 

These results underline our finding that stability is a major determinant of the anti-

apoptotic capacity of the pro-survival Bcl-2 proteins. our use of ectopically expressed anti-

apoptotic Bcl-2 proteins might even have obscured some of these effects. for instance, the 

transcriptional inhibitors roscovitine and staurosporine (chapter 4) did not give rise to a 

dichotomy in our experiments, but might do so when proteins were expressed using the 

complete endogenous mrna. in line with this, we have shown that roscovitin leads to a rapid 

degradation of endogenous mcl-1 (unpublished observations). so far, most efforts were focused 

on the regulation of mcl-1, which has been shown to be a key player in cll76 and aml77. little, if 

any, attention has been given to targeting of Bfl-1 and Bcl-B. however, our results suggest that 

they might be subject to similar modes of regulation, and could therefore be targeted using 

the same strategies. in agreement, a recent study indicated that killing of cells by translation 

inhibitors, could not be solely attributed to mcl-1 degradation.78 

lastly, our results also point out one of the weaknesses of “Bh3-profiling”3, 57 which does 

not take protein stability in account. Therefore, results should be interpreted with care when 

these assays are done with compounds that act also via translation or transcription inhibition.

145



6

Frequency of amino acids at indicated positions in human proteome

Y I H F M Q K V C N D L E G T P W S R A
0.0

0.5

1.0

1.5
2
3
4 2nd residue 3rd residue 4th residue 5th residue 40th residue

A
A

 fr
eq

ue
nc

y 
no

rm
al

iz
ed

  t
o 

ov
er

al
l A

A
 o

cc
ur

en
ce

 

Frequency of Y
at indicated positions
 in human proteome

2 10 20 30 40
0.0

0.5

1.0

1.5
2
3
4

Amino acid
position

the Gy n-degron

Fysiological relevance of the GY N-degron

during the investigation of the ubiquitination of Bcl-B, we discovered that the addition of an 

ha-tag starting with gy allowed n-terminal ubiquitination of Bcl-B which did not occur on its 

native n-terminus (chapter 5). We extended these findings to other substrates like noxa and 

p16. The gy-ha tag also leads to greatly accelerated degradation (t
1/2

 ~ 2 hours)
 
of the otherwise 

stable proteins gfp and Bcl-w. The two amino acids gy were sufficient to induce n-terminal 

ubiquitination on p16, to accelerate its degradation and to limit its function. interestingly, gy 

was not sufficient to induce degradation of gfp indicating that there are other requirements 

like an unstructured region. it will be important to further specificy the exact nature of the 

degron, as this will help to reveal the fysiological roles that this degron may play. 

There are only seven proteins in the swiss-prot database that start with mgy. Two proteins 

are uncharacterized, for one the existence is uncertain, one is not expressed in adult tissue, and 

another one is a type-1 membrane protein, exposing its n-terminus to the er-lumen. of the 

two remaining proteins, one is a type-2 transmembrane protein belonging to the Tnf family. 

interestingly, the other is a ubiquitin e3 ligase, that is reported to auto-ubiquitinate itself.79 

it will be important to establish whether the stability of these proteins is regulated by their 

exposure of the gy n-degron. however, it is questionable whether the regulation of this small 

group of proteins, is the main raison d’être of the gy n-degron. interestingly, based on the 

occurrence of glycine and Tyrosine in the entire proteome,80 stochastically at least 35 human 

proteins should start with gy. This indicates that there might have been evolutionary selective 

pressure against the occurrence of the degron. comparision of the occurrence of amino acids 

in the n-terminus versus their occurrence in the rest of the proteins revealed that Tyrosine 

but also isoleucine and histidine are underrepresented in the n-terminal part of proteins 

Figure 1. Frequency rate of amino acids in the n-terminal part of the human proteome. The frequency 
of amino acids at different positions from the n-terminus was determined using prosiTe (http://prosite.
expasy.org/), and expressed relative to their occurrence in the entire human proteome.80 amino acids are 
displayed in order of their relative frequency at the 4th residue.

146



summariZing discussion

6

(fig 1). This could indicate that Tyrosines in general might destabilize proteins when present in 

the n-terminus. if the degron is much more broadly defined, it could be involved in multiple 

cellular processes, analogous to the n-end rule. for instance, the n-end rule has been implied 

in chromosome segregation,81 neurogenesis and cardiovascular development,82 apoptosis,83 

the import of short peptides84 and dna repair85

finding the enzymes involved in the degradation of gy-tagged proteins, would certainly 

help to uncover the physiological implications of the degron. To this end, we’ve used a 

gy-ha peptide coupled to beads to fish for interacting proteins in a heK 293T cell lysate. The 

sdgy-ha peptide was taken along as a control, and the interactome was analyzed by lc-ms/

ms. surprisingly, the sdgy-ha peptide coupled beads pulled down a lot more proteins in 

general, including two e3 ligases. it will be important to determine whether sdgy-ha can serve 

as a degron if n-acetylation is blocked, to verify if these hits could be of any value. on the 

other hand, the gy-ha coupled beads were enriched in proteins that function in the er and 

chromatin binding. Taken together, finding out the exact requirements of the degron will be 

key to understand its physiological role. 

The GY N-degron as a molecular tool and possibilities for pharmaceutical targeting

degrons can also be exploited as a molecular tool. for instance, destabilized versions of 

fluorescent proteins86 have been used as a tool to study caspase activation,87 the ubiquitin-

proteasome system in vivo88 and as transcriptional reporters.89 in chapter 5, we have shown 

that addition of the gy-ha n-degron reduces a protein’s half-life to 2 hours. This is probably 

the shortest degron known today and the gy degron could therefore be used to accelerate 

degradation, while it is least likely to perturb the natural function of a protein. 

The gy-degron might also come useful in proTac approaches. proTacs (proteolysis 

targeting chimeric molecules), are small molecules that inhibit the function of a target protein by 

targeting it for degradation by the ubiquitin-proteasome system.90 although their use has been 

limited, these compounds hold promise in the treatment of cancer. 91-92 This might be especially 

so for proteins that don’t harbor targetable enzymatic activity like transcription factors. The 

proTacs consists of a small molecule ligand for a target protein, and an e3 ligase recognition 

motif. This leads to the recruitment of the e3 ligase which ubiquitinates the target protein. 

initial efforts used a phosphorylated peptide sequence derived from iκBα as a target substrate 

for the e3 ligase scfβ-Trcp.90 This compound was not cell permeable, but other compounds using 

a hif-α octapeptide as an e3 target sequence did pass the cell membrane.93 nonetheless, the 

chimeric molecules are quite large because they require relatively long recognition sequences 

for the e3. The gy degron would present a solution to this problem, and might therefore be 

used one day for the targeted degradation of onco-proteins.

concluding remarKs
The anti-apoptotic Bcl-2 proteins play an important role in cancer formation and progression, 

and have therefore become important pharmacological targets. Therapies are aimed at blocking 
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the Bh1-3 hydrophobic groove using small molecules called Bh3-mimetics. alternatively, they 

are aimed at reducing the levels of anti-apoptotic Bcl-2 proteins. The research presented in 

this thesis provides novel insights in regard to both approaches. first of all, in Chapter 2, we 

present the interaction profile of the promising Bh3-mimetic aBT-737 in cells, which reveals 

that aBT-737 neutralizes Bcl-2 most potently. This profile is more specific than was previously 

thought based on in vitro experiments. These data can help in selecting those patients that 

are most likely to benefit from aBT-737 treatment. furthermore, we provide guidelines on how 

novel Bh3-mimets should be tested for their specificity.

in Chapter 3 and 4, we investigate the influence of protein stability on the anti-apoptotic 

capacity of the Bcl-2 proteins. We reveal that not selectivity in interactions between Bcl-2 family 

proteins, but rather the turn-over rate of anti-apoptotic Bcl-2 proteins decides how potently 

they protect cancer cells against anti-cancer regimens. for Bfl-1 and mcl-1, it was known that 

their stability is regulated by ubiquitination, but here we show that also Bcl-B is subject to 

ubiquitin mediated degradation and that this limits its anti-apoptotic capacity. The results from 

these papers provide 1) the first in vivo, comprehensive quantitative interaction profile of all 

canonical Bcl-2 proteins that can be used in further research on the subject. 2) the novel insight 

that stability is the key determinant of anti-apoptotic capacity 3) a rationale to target cancer 

cells based on the instability of the anti-apoptotic Bcl-2 proteins.
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Cellen en celdood

het menselijk lichaam is opgebouwd uit miljarden minuscule levende wezens: cellen. deze 

cellen hebben allemaal een gespecialiseerde functie, zoals zuurstofoverdracht of afweer tegen 

infecties. het samenspel van alle cellen zorgt voor het goed functioneren van het lichaam. 

hiervoor communiceren ze met elkaar en geven signalen door. cellen hebben een beperkte 

levensduur, en daarom worden er iedere dag zo’n 60 miljard cellen vervangen door nieuwe 

cellen. oude en beschadigde cellen offeren zichzelf op om het lichaam gezond te houden. dit 

opofferen gaat via een gereguleerd mechanisme, dat apoptose of geprogrammeerde celdood 

heet. in feite is het cellulaire zelfmoord, waarbij de cel zijn eigen dood bewerkstelligt.

Apoptose in gezondheid en ziekte

apoptose is niet alleen belangrijk voor het vervangen van oude of beschadigde cellen, maar ook 

tijdens de ontwikkeling van het lichaam. een klassiek voorbeeld is het vormen van de vingers 

tijdens de embryonale ontwikkeling. in de vroeg embryonale fase zitten de vingers aan elkaar 

via een dun vlies, en alleen doordat de cellen in dit vlies “in apoptose gaan” komen de vingers los 

van elkaar. Bij 1:3000 mensen gaat dit minder efficiënt, en deze mensen leiden aan syndactylie. 

dit is een relatief onschuldige aangeboren afwijking waarbij tenen of vingers onvoldoende 

van elkaar gescheiden zijn. er zijn ook ernstigere aandoeningen die worden veroorzaakt door 

defecten in apoptose. Te veel apoptose wordt geassocieerd met degeneratieve ziekten, zoals 

alzheimer. Te weinig apoptose is een van de eigenschappen van kankercellen.

Kanker

Kanker wordt veroorzaakt doordat cellen zich ongebreideld vermeerderen. Waar gezonde 

cellen een delicate balans aanhouden tussen celdeling aan de ene kant en apoptose aan de 

andere kant, is deze balans in kankercellen verstoord. de kankercellen delen zonder ophouden 

en kunnen overleven waar normale cellen doodgaan. hierbij verdrukken ze andere cellen, en 

verstoren de functie van gezonde organen. dit leidt tot ziekteverschijnselen bij de patiënt, 

en in het uiterste geval tot het overlijden. de basis van kanker ligt meestal in beschadigingen 

van het dna. in het dna is vastgelegd hoe een cel eiwitten moet produceren en in welke 

hoeveelheid. eiwitten zijn de gereedschappen van de cel, die ervoor zorgen dat een cel zijn 

functies kan uitoefenen, kan groeien, delen, dna kopiëren, signalen ontvangen en versturen 

naar andere cellen. ook apoptose wordt geregeld door eiwitten. als er nu fouten ontstaan 

in het dna kunnen er verkeerde hoeveelheden eiwitten worden geproduceerd of worden er 

slecht functionerende eiwitten gemaakt. dit zorgt ervoor dat cellen ontsporen.

in een gezonde cel zal dna schade leiden tot apoptose van de cel, omdat een beschadigde 

cel een gevaar oplevert voor het lichaam. Kankercellen moeten daarom een manier vinden om 

dit te voorkomen. apoptose wordt gereguleerd door een balans tussen apoptose-stimulerende 

eiwitten en apoptose-remmende eiwitten. een manier van kankercellen om resistent te worden 

tegen apoptose is om grote hoeveelheden apoptose-remmende eiwitten te maken. 
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Anti-kanker medicatie

de meeste conventionele anti-kanker middelen veroorzaken schade aan het dna waardoor 

kankercellen afsterven. een van de manieren waarop kanker cellen dood kunnen gaan is 

via apoptose. Kankercellen die apoptose blokkeren zijn daardoor in meer of mindere mate 

resistent tegen anti-kanker medicatie. sinds de vroege jaren 2000 wordt er veel onderzoek 

gedaan naar geneesmiddelen die selectief gericht zijn tegen de apoptose-remmende eiwitten: 

Bh3-mimetics. deze Bh3-mimetics hebben een tweeledig doel: allereerst kunnen ze worden 

gecombineerd met conventionele anti-kanker middelen om die beter te kunnen laten 

werken. daarnaast kunnen ze ook als mono-therapie worden ingezet tegen kanker. dit is met 

de gedachte dat tumorcellen verslaafd zijn aan de apoptose blokkade veroorzaakt door de 

grote hoeveelheid apoptose-remmende eiwitten. door het neutraliseren van deze apoptose-

remmende eiwitten zal de tumor cel alsnog in apoptose gaan. 

samenvatting van het proefschrift

Hoofdstuk 1 is een algemene introductie die alle relevante literatuur op een rijtje zet. in de rest 

van het proefschrift wordt voornamelijk onderzoek beschreven naar de rol en functie van de 

apoptose-remmende eiwitten. het betreft een groep van 6 verschillende apoptose-remmende 

eiwitten van de Bcl-2 familie, die allemaal kunnen bijdragen aan het ontstaan van kanker als ze in 

te grote hoeveelheden door de cel worden aangemaakt. in hoofdstuk 2 hebben wij onderzocht 

welke apoptose-remmende eiwitten worden geneutraliseerd door de Bh3-mimetic aBT-737. in 

tegenstelling tot eerdere experimenten met de geïsoleerde eiwitten, laten wij zien dat aBT-737 

specifiek is voor een klein aantal van deze eiwitten. dit betekent dat de tumorcel resistent zal 

zijn tegen aBT-737 als hij afhankelijk is van andere apoptose-remmende eiwitten. ook laten we 

zien dat resistentie kan worden doorbroken door aBT-737 te combineren met geneesmiddelen 

die leiden tot een verhoging van het apoptose-stimulerende eiwit noxa. in hoofdstuk 3 hebben 

we gekeken naar hoe de apoptose-remmende en apoptose-stimulerende eiwitten van de Bcl-2 

familie met elkaar interacties aangaan. er zijn meer dan 10 verschillende apoptose stimulerende 

eiwitten die als functie hebben om apoptose-remmende eiwitten te neutraliseren. Wij 

brengen hier voor het eerst in kaart hoe selectief dat gebeurt. daarnaast laten we zien dat de 

belangrijkste determinant van apoptose-remming de stabiliteit van een Bcl-2 eiwit is, en niet 

de selectiviteit van interacties. in hoofdstuk 4 hebben we onderzocht hoe de hoeveelheden 

van het apoptose-remmende eiwit Bcl-B worden geregeld. eiwit hoeveelheden zijn een balans 

tussen aanmaak en afbraak. Wij laten zien dat Bcl-B in normale cellen snel wordt afgebroken, 

dat Bcl-B tumorcellen meer bescherming biedt tegen anti-kanker medicijnen als die afbraak 

wordt geremd. in hoofdstuk 5 beschrijven we een nieuw mechanisme dat de afbraaksnelheid 

van (apoptose regulerende) eiwitten kan bepalen, en daarmee hun functioneren. in het laatste 

hoofdstuk 7 worden de resultaten uit het proefschrift bediscussieerd.

implicaties van het onderzoek

in dit proefschrift staan de apoptose-remmende eiwitten van de Bcl-2 familie centraal. Te grote 

productie van deze eiwitten komt vaak voor in kanker, en neutralisatie van deze eiwitten is een 
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aantrekkelijke manier om kanker selectief aan te vallen. ons werk biedt aangrijpingspunten 

voor een nieuwe manier om deze eiwitten te neutraliseren. er kan worden gezocht naar 

medicijnen die ervoor zorgen dat deze eiwitten sneller worden afgebroken. daarnaast hebben 

we laten zien dat aBT-737 specifieker is dan tot nog toe werd gedacht. dit geneesmiddel wordt 

nu getest in patiënten, en met deze kennis kan men in de toekomst beter voorspellen welke 

tumoren gevoelig zijn voor aBT-737. daarnaast geven wij aan hoe toekomstige Bh3-mimetics 

moeten worden getest voor hun selectiviteit.
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rogier rooswinkel werd op 30 augustus 1983 geboren in amsterdam, waarna hij opgroeide in 

uithoorn. daar behaalde hij in 2001 zijn vWo diploma aan het alkwin Kollege. in datzelfde jaar 

begon hij aan de bacheloropleiding medische natuur Wetenschappen aan de faculteit exacte 

Wetenschappen van de vrije universiteit te amsterdam. in 2005 rondde hij zijn bacheloropleiding 

af, waarbij hij het laatste jaar gebruikte om zich te verbreden in bedrijfskunde en ondernemerschap. 

in 2005 startte hij de masteropleiding oncology aan de faculteit geneeskunde van de vu. in 

het kader van de masteropleiding liep rogier stage bij het cancer center amsterdam onder 

begeleiding van victor van Beusechem. hier werkte hij aan het opzetten van een platform om 

met behulp van rnai het oncolytisch vermogen van adenovirussen te vergroten. ook liep 

hij stage bij het nederlands Kanker instituut in de groep van alfred schinkel. hier werkte hij 

onder begeleiding van robert van Waterschoot aan de rol van cytochrome p450 enzymen in 

het metabolisme van verschillende geneesmiddelen in gehumaniseerde muismodellen. na het 

behalen van zijn master’s titel in 2007, begon hij in 2008 aan een promotieonderzoek in de groep 

van Jannie Borst en marcel verheij aan het nederlands Kanker instituut. de resultaten behaald in 

het kader van dat onderzoek staan beschreven in dit proefschrift.
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Je bent aangekomen bij een van de belangrijkste en misschien wel best gelezen delen uit het 

proefschrift: het dankwoord. mijn proefschrift, het resultaat van 5 jaar noeste arbeid, was er 

niet gekomen zonder de (wetenschappelijke) hulp van velen. 

allereerst te beginnen bij mijn twee promotores Jannie en marcel. ik wil jullie beiden bedanken 

voor jullie vertrouwen in mij –zeker op momenten dat ik het zelf even kwijt was - waardoor ik de 

kans kreeg om ontzettend veel dingen uit te proberen. daarnaast heb ik het als een voordeel 

ervaren dat ik twee promotores had met zulk verschillende achtergronden. hierdoor heb ik 

veel geleerd van jullie beiden. marcel, ik bewonder jouw kalme, motiverende en opgewekte 

manier van vergaderen waardoor onze overleggen altijd efficiënt en constructief waren. 

hoewel het onderzoek een stuk fundamenteler is geworden dan aanvankelijk gedacht, hielp 

jouw klinische blik bij het stellen van de juiste vragen. Jannie, ik waardeer jouw gedrevenheid 

in het achterhalen van de waarheid en je uitgebreide kennis van de biochemie. nog steeds 

weet je van ieder uitgevoerd experiment wat de condities waren en ken je alle relevante 

literatuur van buiten voordat een artikel de deur uit gaat. en dat met twee sterk verschillende 

onderzoekslijnen. daarnaast vond ik het heel fijn dat we ook regelmatig over een heel scala aan 

serieuze en minder serieuze dingen buiten de wetenschap konden praten.

dan mijn beide paranimfen. de voltallige apoptose groep. evert, jij stond aan de basis van de 

meeste hilariteit in onze werkkamer. Tegelijkertijd kon ik jou altijd vragen over de details van 

de meest uiteenlopende typen experimenten. Je hebt een zeer belangrijk aandeel in het tot 

stand komen van mijn proefschrift, zowel experimenteel als door het zorgen voor voldoende 

afleiding ( ). Bert, onze samenwerking heeft het wetenschappelijke leven een stuk 

makkelijker en leuker gemaakt. ik heb altijd veel plezier beleefd aan het academisch sparren 

over onze projecten, maar ook aan de vele congressen, concerten, e.d. ,allemaal overgoten 

met voldoende bier. nu hebben we twee gedeeld eerste auteurschappen; mooi man. 

ook wil ik mijn apoptose-groep voorgangers inge en Chiel bedanken voor het begeleiden van 

de eerste stappen, het achterlaten van een enorme dosis materialen en cell-lijnen, de leuke 

tijd op de kamer en de legendarische eWcd’s. de andere (ex)-Borst groep leden victor, elise, 

yan-ling, Gerda, nikolina, ulf, Jonno en thomasz voor nuttig commentaar, goede gesprekken, 

technische assistentie, goede potten squash, mooie boeken en de leuke tijd.

verder ben ik dank verschuldigd aan mijn studenten rens, madelon en Frédérique die alledrie 

een substantiële experimentele bijdrage hebben geleverd aan de artikelen in dit proefschrift. 

Jullie zijn nu allemaal zelf ook aan het promoveren, dus veel succes daarbij! ook heb ik veel 

gebruik kunnen maken van de verschillende nKi faciliteiten: sequencing (roelof en Abdel), 

g1 (sjaak en Henk), cryostorage (minze en erwin) microscopy (lauran en lenny) en het 

screening center (Pasi en Ben). Jullie wil ik bij deze ook hartelijk danken. speciale dank ben ik 
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verschuldigd aan Anita en Frank van de flow cytometry, die grote hoeveelheden tijd hebben 

doorgebracht met het sorteren van cellen en het ondersteunen bij de vele high-throughput 

experimenten. ook wil ik graag ms experts George en Peter bedanken van het lumc. samen 

met jullie hebben we twee mooie papers in elkaar gezet.

dan wil ik graag nog mijn nKi-commissie leden bedanken. michiel, Adrian, Jos, - en later - 

Huib en titia, jullie kritische en opbouwende blikken hebben er zeker bij geholpen om de 

projecten op koers te houden.

dat brengt me bij de rest van B3. hoewel apoptose niet bepaald de “core business” van de 

afdeling was, waren er altijd toch voldoende kritische vragen tijdens de groupmeetings. 

daarnaast heerste er altijd een fijne sfeer en was het altijd lachen op de kerstdiners, 

zeilweekendjes en vrijdagmiddag borrels. ik noem alleen bij naam nog even de Jacobs groep. 

als andere kleinere groep naast het schumacher-haanen-Blank conglomeraat hebben wij 

altijd veel met elkaar opgetrokken. Heinz, je bent een gouden vent. altijd positief en hartelijk. 

Bedankt voor de adviezen en aanmoedigingen. Paul, betrouwbaarder dan welke reisgids dan 

ook. hoe is Île amsterdam eigenlijk als vakantiebestemming? richard, ik hoop dat het je goed 

gaat in Zwitserland. Peter, om jouw haagse blik op de wetenschap kon ik altijd hartelijk lachen. 

Zie je snel. marc en niek, we zijn ooit ongeveer gelijktijdig begonnen aan het promotietraject 

en nu ongeveer gelijktijdig klaar. in de 5 tussenliggende jaren hebben we veel gelachen, zijn 

we veel uit geweest, hebben we veel over en weer geklaagd over gebrek aan voortgang, maar 

uiteindelijk komt het dus blijkbaar toch allemaal goed. veel succes en we houden contact.

ik wil ook nog even kort mijn stagebegeleiders bedanken, binnen het nKi maar ook op het 

cca. victor, Alfred en robert, ik heb bij jullie heel veel geleerd en die leuke en vruchtbare 

periodes hebben mij uiteindelijk doen besluiten om aan het phd-avontuur te beginnen.

uiteindelijk heb ik hulp gekregen van een grote groep mensen van het nKi in de vorm van 

reagentia protocollen, of advies, dan wel in de vorm van gezelligheid op de vrijdagmiddag 

borrels, oio retreats, phd retreats, of gewoon buiten werk om. hiervoor hartelijk dank.

dan aan al mijn vrienden en familie. Bedankt voor de afleiding. Bedankt voor het praten over 

andere dingen dan de wetenschap. Bedankt voor het luisteren als ik weer enigszins cynisch 

vertelde dat omgaan met teleurstelling een van de grootste leerdoelen is van een phd. het was 

niet voor niks. het bier is van mij.

Pap en mam. Jullie inspanningen 29 jaar geleden staan aan de basis van dit proefschrift! maar, 

ook in de jaren sindsdien zijn jullie er altijd voor me geweest. Bedankt voor de ruimte om altijd 

te doen wat ik zelf wilde (binnen de grenzen van de wet). Bedankt voor de support in de aanloop 

maar ook zeker tijdens, mijn promotie onderzoek. ik voelde me altijd zeer gesteund door jullie 

interesse, aanmoedigingen en praktische raad, zelfs met dit zo complexe onderwerp.
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roem, als je me 20 jaar geleden, tussen de ruzies door, had verteld dat wij ooit nog eens samen 

in één hockey team zouden spelen, had ik je niet geloofd: fantastisch man. ook bij jou kon ik 

altijd terecht voor mentale support en wat relativeringsvermogen.

lieve Bar. vandaag is een speciale dag: we zijn precies 10 jaar samen; een kleine eeuwigheid. 

de helft van die tijd ben je innig deelgenoot geweest van de ups en downs van mijn 

promotieonderzoek. Jij maakte de moeilijke momenten dragelijk, en de leuke momenten 

fantastisch. met jou op vakantie is mijn remedie tegen alles. 10, and counting… x

rogier
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