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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 
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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 

143



6

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.
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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.
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(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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