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GENERAL INTRODUCTION

Apoptosis: a conserved cell death program deregulated in cancer
The term apoptosis was introduced in a seminal review by John Kerr and colleagues.1 They 
described a type of cell death that was initiated and inhibited by specific stimuli, and had 
an identical morphology in different tissues and organisms. This suggested that the cells all 
died according to a pre-defined program. In the years that followed it was indeed confirmed 
that during apoptosis the cell does not simply succumb to excessive stress, but activates 
a specific molecular program that results in the dismantling of the cell: the cell commits 
‘suicide’. This program is tightly regulated, and the coordinated activity of pro-apoptotic and 
anti-apoptotic proteins determines whether a stress stimulus results in apoptotic cell death.

Eliminating cells via apoptosis is beneficial to a multicellular organism for two reasons: 
a programmed form of cell death allows elimination of cells in a controlled manner, and 
cells that die via apoptosis do not damage neighboring cells or induce inflammation. The 
latter is related to the morphological features of apoptosis that include cellular fragmentation 
into membrane-enveloped particles that are easily recognized by phagocytosing cells. For 
these reasons, it is mainly apoptotic cell death that is responsible for sculpting and deleting 
structures during embryogenesis, and for normal adult tissue homeostasis. In addition, 
apoptosis functions to eliminate cells that are dangerous for the organism, like auto-reactive 
immune cells, virally infected cells, or cells that are undergoing oncogenic transformation.

During the process of transformation, growth and metastasis, a transformed cell encounters 
many stimuli that induce apoptosis, like DNA damage, excessive proliferation signaling and 
detachment from the extracellular matrix. Transformed cells can only survive to grow out 
as a tumor, if they acquire genetic lesions that allow them to prevent or neutralize this pro-
apoptotic signaling. A deregulated apoptosis pathway is therefore considered a hallmark of 
cancer.2 A detailed knowledge of apoptosis signaling on the molecular level is required to 
understand how cancer cells overcome the pro-apoptotic signals. Moreover, this knowledge 
can be used to develop therapeutic strategies aimed at inducing apoptosis specifically in 
cancer cells, by removing the apoptotic blockade on which they depend for their survival.

Molecular basis of apoptosis signaling: the caspases
Central to apoptosis signaling are the caspases, a family of cysteine proteases that cleave 
C-terminal of an aspartic acid. Human cells express twelve different caspases, of which 
seven (caspase-2, -3, -6, -7, -8, -9, -10) are involved in apoptosis signaling.3 The apoptotic 
caspases are further subdivided in initiator (caspase-2, -8, -9, -10) or executioner (caspase-
3, -6, -7) caspases. All apoptotic caspases contain a large p20 subunit that contains the 
active site, and a small p10 subunit (Fig. 1A). The initiator caspases in addition possess an 
N-terminal prodomain, which is a Death Effector Domain (DED) in case of caspase-8 and 
-10, and a Caspase Recruitment Domain (CARD) in case of caspase-9. 

All caspases exist as inactive procaspases in the cytoplasm, and require cleavage, 
dimerization or a combination of the two events to become active. To what extent cleavage 
or dimerization contributes to their activation differs per caspase. For most caspases 
however, cleavage does occur during activation, at an aspartate in the loop between the 
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p20 and p10 subunit.4 The p20 and p10 subunits are closely associated, so after cleavage a 
hetero-tetramer of two p20 and p10 subunits is formed (Fig. 1A).4

Apoptotic stimuli first activate the initiator caspases. During apoptosis signaling a docking 
platform is assembled, to which the initiator caspases bind with their prodomain. After 
this the caspases are processed to the mature hetero-tetramer conformation.5-8 The initial 
mechanism of activation was suggested to be ‘induced proximity’: caspases with low intrinsic 
activity accumulate in high concentrations at the docking platform, which induces full caspase 
activation by in trans cleavage events.6, 9 Recent data have further detailed the mechanism of 
initiator caspase activation, and demonstrated that this is different for caspase-8 and -9. 

A central step in activation of caspase-8 is dimerization at the docking platform.6, 10-13 This full 
length dimer is already active14 but can only cleave an adjacent caspase-8 or FLIP, a catalytically 
inactive caspase-8-like molecule that will be discussed in more detail below.12 The exact reason 
for this restricted substrate repertoire is not known, but it might be explained by instability 
of the dimer configuration of full-length caspase-8. Cleavage by an adjacent caspase-8 dimer 
between the p10 and p20 subunits generates a fully active caspase-8 hetero-tetramer that can 
cleave its downstream targets.12-13 Subsequently, autocatalytic cleavage between the prodomain 
and the p20 subunit releases a p20-p10 caspase-8 tetramer from the docking platform into the 
cytosol where it can reach its substrates, but this is not required for activity.12  

Caspase-9 is monomeric in the cytosol,10, 15 and requires binding to a docking platform 
to become active.7 According to one school of thought, this binding mediates dimerization of 
caspase-9 which is sufficient for activation,10-11, 15-16 while others have suggested that binding 
induces a conformational change in caspase-9, which either by itself or in addition to dimerization 
is required for full caspase activity.17-19 Clearly, subsequent processing of caspase-9 is not essential 
for its activity, although it does occur.20-22 In contrast to caspase-8, caspase-9 is only active when 
bound to its docking platform, both in the procaspase-9 and processed conformation.21

Among the substrates of caspase-8 and -9 are the executioner caspases, which exist as 
inactive dimers.10, 23 Cleavage by an initiator caspase at an aspartate induces conformational 
changes mainly in the loop between the p10 and p20 subunit, where the substrate is bound 
and the catalytic cysteine is located.4, 24 This is sufficient to activate the executioner caspases, 
after which they cleave a diverse but specific subset of substrates. Cleavage of these substrates 
causes the typical apoptotic morphology, and finally cell death.

As caspases can activate themselves and each other, it is often envisioned that when a certain 
threshold of initiator caspase activation is overcome, a caspase cascade starts that is a point of no 
return in apoptosis signaling. This partly true, but the cell has several ways of regulating caspase 
activity, e.g. through the Inhibitor of Apoptosis Proteins (IAPs). The first IAP described was 
expressed from a Baculovirus gene, and inhibited apoptosis in virally infected insect cells.25 The 
IAPs all possess one or multiple Baculoviral IAP Repeat (BIR) domains, an about 80 amino acid 
domain that folds tightly to form a hydrophobic core with a zinc ion in the center, coordinated 
by interaction with cysteine and histidine residues.26-27 The BIR domains are important for the 
anti-apoptotic activity of the IAPs, as they recognize N-terminal tetrapeptide motifs present in 
pro-apoptotic proteins, the so-called IAP Binding Motifs (IBM).28-29 
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The most studied human IAPs are X-linked IAP (XIAP) and the cellular IAPs (cIAP) 1 and 
2 (Fig. 1B). These IAPs contain three BIR domains and a RING (acronym for Really Interesting 
New Gene) domain that can mediate ubiquitination,30 a posttranslational modification that 
can target a protein for degradation as will be discussed in detail below. In addition, all three 
IAPs contain a ubiquitin-associated (UBA) domain that recognizes ubiquitin, and cIAP1/2 
also contain a CARD domain, but the function of this domain is not completely understood.30

Although overexpression of both XIAP and cIAP1/2 inhibits apoptosis, XIAP is the only 
bona fide caspase inhibitor.31-32 It can bind to and inhibit both the executioner caspases -3 
and -7, and the initiator caspase-9, but the mechanism of inhibition is different. Cleavage of 
caspase-3/7 between the p20-p10 subunits generates an IBM that can be recognized by the 
BIR2 domain of XIAP.27, 33-34 In addition, XIAP binds in the catalytic cleft of caspase-3/7 with a 
region preceding the BIR2 domain, and therefore inhibits substrate entry and catalysis.27, 33-36 
In the case of caspase-9, XIAP prevents dimerization and therefore activation of the protease 
by binding with its BIR3 domain to the caspase homodimerization domain.28, 37 

As the possession of a RING domain predicts, XIAP and the cIAPs have ubiquitinating 
activity. Upon induction of apoptosis, auto-ubiquitinating activity of the IAPs targets them for 
degradation and therefore potentially limits their anti-apoptotic capacity.38 For XIAP however, 
the RING domain appears to contribute to its anti-apoptotic capacity,39 and in line with this, 
XIAP and the cIAPs can ubiquitinate caspases.40-42 The cIAPs can bind the caspases, but lack 
residues in the BIR domains and the region preceding BIR2 that are essential for inhibiting 
them.31-32 The cIAPs main function is to promote prosurvival NF-κB signaling downstream of 
the death receptor Tumor Necrosis Factor Receptor 1 (TNFR1) and related receptors.43

Interestingly, many cancer cells overexpress IAPs to block the pro-apoptotic signals 
they have collected during transformation and proliferation.44 Antagonists of IAPs could 
therefore potentially kill tumor cells. There are two cellular IAP antagonists, called SMAC/

Figure 1. Schematic representation of (A) caspase and (B) IAP domain organization. DED = Death Effector 
Domain, CARD = Caspase Recruitment Domain, BIR = Baculovirus IAP Repeat. Scissors indicate caspase 
cleavage sites processed during activation.
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Diablo and HtrA2/Omi, which are released from the mitochondrial intermembrane space 
into the cytosol during apoptosis signaling.45-47 This realization has led to the development 
of SMAC mimetics: small molecules that bind the IAP BIR domains because they mimic the 
IBM tetrapeptide of SMAC/Diablo, and therefore block interaction with and inhibition of the 
caspases.44 Interestingly, these SMAC mimetics were designed to mainly inhibit XIAP, but 
they turned out to be more effective against cIAP1 and cIAP2.48-50 SMAC mimetics therefore 
induce apoptosis via the TNFR1 pathway rather than by directly releasing caspase activity.48-50

In summary, it is the proteolytic cascade of caspase activity that is central to apoptosis 
signaling. Importantly, caspases require upstream signaling to become active. There are 
two apoptosis signaling pathways that activate the caspases: the intrinsic pathway, and 
the extrinsic pathway. These two pathways will be explained below, and are schematically 
summarized in Figure 2.

Apoptosis signaling via the intrinsic pathway
The intrinsic pathway is activated by stress stimuli such as DNA damage, cytokine withdrawal, 
growth factor deprivation and detachment from the extracellular matrix. These stimuli activate 
the Bcl-2 family, a group of pro-apoptotic and anti-apoptotic proteins whose concerted actions 
determine whether a cell goes into apoptosis, as will be discussed later. The end point of this 
interplay is activation of the Bcl-2 family members Bax and Bak, which will multimerize at 
the mitochondrial outer membrane and therefore cause pore formation, a process known as 
Mitochondrial Outer Membrane Permeabilization (MOMP). This pore formation allows 
pro-apoptotic proteins to escape from the space between the inner and outer mitochondrial 
membrane into the cytosol. Thus, the mitochondria are important mediators of cell death.51-52 

A central apoptosis-mediator released from the mitochondria is the protein Cytochrome C 
that normally functions in the electron transport chain. The initial report describing a role for 
Cytochrome C in apoptosis was received with skepticism,53 but its apoptotic function is now 
well established and separated from its function in the electron transport chain.54 Once released 
from the mitochondrial intermembrane space, Cytochrome C interacts with the cytosolic 
protein Apoptotic Protease-Activating Factor 1 (Apaf-1).55 Apaf-1 is a monomeric protein 
that contains an N-terminal CARD domain, a nucleotide-binding region and 13 C-terminal 
WD-40 repeats. Apaf-1 is normally in an inactive conformation, with the CARD domain 
buried in the molecule, a structure that is stabilized by binding to the ATP nucleotide.56-57 
Upon binding to cytochrome C with the WD-40 domain, ATP is hydrolyzed and exchanged, 
which drives a conformational change in Apaf-1 that leads to exposure of the CARD domain.58 
Cytochrome C and Apaf-1 together with the cofactor ATP (or dATP) form a large complex 
known as the apoptosome.18, 59-62 The apoptosome has a wheel-shaped configuration with a 
seven-fold symmetry, with the CARD domains of Apaf-1 in the center and the WD-40 repeats 
bound to Cytochrome C as the spokes (Fig. 2).63-64 The apoptosome recruits Caspase-9, which 
binds Apaf-1 via the CARD domains, dimerizes and becomes active.7, 65

Several other proteins are released from the mitochondria that contribute to apoptosis 
signaling. SMAC/Diablo is an IAP antagonist that binds with its N-terminal IBM motif to the 
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XIAP BIR domains, and therefore relieves the caspases from XIAP-mediated inhibition.45, 66-68 
The IAP-antagonist HtrA2/Omi also binds and therefore neutralizes XIAP, but in addition it 
is a serine protease that might cleave XIAP and therefore irreversibly inactivate it.47, 69 Several 
other mitochondrial factors like endonuclease G and Apoptosis Inducing Factor have also 
been implicated in apoptosis signaling, but their contribution has been questioned by the 
absence of any apoptotic defect upon genetic deletion in mice.70 Importantly, the importance 
of the IAP antagonists for apoptosis signaling is also not evident, because no obvious 

Death
ligand

Death
receptor

FADD

Procaspase-8/10

caspase-8/10

Procaspase-3/6/7

caspase-3/6/7
XIAP

Bid

DNA damage
Anoikis

GF withdrawal

BH3-only Anti-apoptotic
Bcl-2Bax/

Bak

Cytochrome C

DISC

Apoptosome

APAF-1caspase-9

c-FLIP

Mitochondrion

SMAC/Diablo

Figure 2. Schematic representation of the extrinsic and intrinsic apoptosis signaling pathways. Shapes 
with red shades represent pro-apoptotic proteins, shapes with blue shades represent anti-apoptotic proteins. 
DISC = Death-Inducing Signaling Complex.
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apoptosis defects were observed in mice deficient for both SMAC/Diablo and HtrA2/Omi.71 
However, in response to death receptor stimuli, which will be discussed below, some cells 
require SMAC/Diablo-mediated inhibition of XIAP even more than caspase-9 activity to go 
into apoptosis.72-73. Possibly, the apoptotic function of SMAC/Diablo is obscured by proteins 
with a redundant function. In a recent screen, new IAP substrates were identified, including 
mitochondrial substrates that contain an IBM motif, but future investigations are required 
to establish whether these new substrates neutralize IAP function.74

The Bcl-2 family
The Bcl-2 family is named after its member B-Cell Lymphoma-2, which was described 
already more than two decades ago to be a driver of follicular B-cell lymphoma. In a large 
proportion of these lymphomas, Bcl-2 is expressed at high levels due to the chromosomal 
translocation t(14;18) that puts the BCL-2 gene behind the Immunoglobulin heavy chain 
enhancer.75 Surprisingly, Bcl-2 was demonstrated to give a survival rather than a proliferation 
advantage,76 and allowed cells to survive high expression of the MYC oncogene.77-79 It was 
shown to be a mitochondrial protein that inhibits apoptosis80 by blocking Cytochrome 
C release.81-82 Later, many Bcl-2-like proteins were identified, that could either inhibit or 
promote apoptotic cell death.83-84

Bcl-2 and its family members are grouped together because they all posses one or multiple 
Bcl-2 Homology (BH) domains (Fig. 3).84 The family is divided in three subgroups: the anti-
apoptotic Bcl-2 proteins, the BH3-only proteins, and the effectors Bax and Bak. The BH3-only 
proteins (Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa and Puma) contain only one BH3 domain and 
are considered the ‘sensors’ of the family. Normally, the BH3-only proteins are inactive and 
cytosolic, but upon intracellular stress they are activated and translocate to the mitochondria, 
where they interact with other Bcl-2 family members (Fig. 2). Various stress stimuli activate 
specific BH3-only family members, via different mechanisms. Noxa and Puma are targets 
of p53, and are transcriptionally upregulated upon genotoxic stress.85-87 Bim can also be 
transcriptionally activated, but specifically upon growth factor withdrawal88 or as a response 
to ER stress,89 and in addition several apoptotic stimuli could activate Bim by releasing it from 
the cytoskeleton-associated dynein motor complex.90 Bmf activation also involves release 
from the dynein motor complex, but specifically as a response to cellular detachment from 
the extracellular matrix.91 Bid activation is more complex, but at least involves proteolytic 
processing, mainly as a response to death receptor activation.92-93 Bik and Hrk are relatively 
understudied BH3-only proteins, and not much is known about their mechanism of activation.    

The BH3-only proteins can activate Bax and Bak, which contain BH1, BH2 and 
BH3 domains, and were recently also ascribed a BH4 domain.94 Upon activation, Bax/
Bak homo-oligomerizes into pore-forming complexes on the mitochondrial membrane, 
which results in Cytochrome C release.95-98 The canonical view is that Bax is a cytosolic 
protein that translocates to the mitochondria upon apoptosis signaling.99-100 Recent data 
challenge this however, and indicate that even in healthy cells Bax shuttles between the 
cytosol and the mitochondrial membrane.101-102 Interaction with anti-apoptotic proteins 
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at the mitochondria might be required to retro-translocate Bax to the cytosol.101 Bak is 
constitutively on the mitochondria,103 were it oligomerizes and induces MOMP once it gets 
activated by BH3-only proteins.104 

The pro-apoptotic family members can be neutralized by interaction with the anti-
apoptotic Bcl-2 family members (which are Bcl-2, Bcl-B, Bcl-w, Bcl-xL, Bfl-1 and Mcl-1), 
which contain all four BH domains. Whereas some anti-apoptotic Bcl-2 family members 
reside in the mitochondrial outer membrane, like Bcl-2,105 others may be partly cytosolic in 
healthy cells, but become firmly attached to the membrane upon induction of apoptosis.99, 

106-107 Studies of knockout mice have revealed that the different anti-apoptotic Bcl-2 proteins 
have different physiological functions, depending on the tissue location and timing of 
expression, and possibly on the BH3-only protein repertoire they can bind and inhibit 
(summarized in ref. 84). The Mcl-1-/- and Bcl-x-/- (the mouse homologue of Bcl-xL) mice108,109 
are embryonically lethal, respectively due to failure of blastocyst implantation and excessive 
death of cells of the hematopoietic and nervous system. The Bcl-2-/- mice110 die rapidly after 
birth, and suffer from polycystic kidney disease and massive involution of the thymus and 
spleen. The phenotypes of the A1-/- (the mouse homologue of Bfl-1)111 and Bcl-w-/-  mice112 
are less severe, and respectively display increased neutrophil apoptosis and male sterility.

There has also been a mouse homologue assigned to Bcl-B, called Boo/DIVA, but 
surprisingly the Boo/DIVA-/- mice had no obvious phenotype.113 However, mBoo/DIVA 
expression is limited to the ovary, while human (h)Bcl-B expression has been detected in 
plasma cells and multiple epithelial tissues.114 In addition, the amino acid sequence identity 
between mBoo/DIVA and hBcl-B is only 49%,115 and mBoo/DIVA has several amino acid 
substitutions in the BH1 domain that prevent binding to pro-apoptotic proteins.116 So 
most likely mBoo/DIVA is not a proper homologue of hBcl-B. In general, knockout mice 
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are important tools to understand Bcl-2 protein function, but care should be taken with 
extrapolating the results to Bcl-2 function in human.

A structural analysis of the Bcl-2 family
Bcl-2 protein function mainly depends on interfamily interactions. To understand Bcl-2 
function, it is therefore crucial to know their structure and the structural basis of these 
interactions. This has been an area of intense investigation, with the surprising outcome 
that the structures of the anti-apoptotic proteins and Bax/Bak are very similar, despite their 
opposite functions.117-125 In general, the protein is globular and consists of eight to nine 
alpha-helices, with helix α5 as a hydrophobic core, surrounded by amphiphatic helices (Fig. 
4A, B). Importantly, a hydrophobic groove is formed with on one side a ridge consisting of 
the BH1 and BH2 domains, and on the other side a BH3-domain ridge. Into this groove the 
BH3 domain alpha-helix of pro-apoptotic Bcl-2 family members can bind (Fig. 4A; ref. 126 
and summarized by ref. 127-128). The interaction between the BH3-domain on one side 
and the hydrophobic groove formed by the BH1, BH2 and BH3 domains on the other side 
are essential for Bcl-2 family communication, and many peptide-groove structures have 
been solved (summarized in ref. 84). 

In contrast to the anti-apoptotic Bcl-2 family members and the effectors Bax/Bak, 
The BH3-only proteins are largely unstructured,129 with the exception of Bid that will be 
discussed in more detail below.130-131 Only upon binding to the hydrophobic groove of a 
partner protein, the BH3 domain becomes loosely alpha-helical.129 This emphasizes that 
the BH3-domain is the main functional element of the BH3-only proteins, and indeed 
peptides representing the BH3-domain can to a large extent functionally replace the full-
length proteins.132 Importantly, the BH3-only proteins and Bax/Bak cannot interact with 
all six anti-apoptotic family members. There is selectivity among the interactions that is 
likely dictated by the exact configuration of the hydrophobic groove in combination with 
the subtle differences between the BH3 domains of the pro-apoptotic proteins. The in vivo 
interaction profile of the complete family was recently established, and indicated that Bid 
binds all anti-apoptotic members with the exception of Bcl-B, Bad binds to Bcl-2, Bcl-xL 
and Bcl-w, and Noxa binds specifically to Mcl-1, Bfl-1 and Bcl-B (Rooswinkel, R. et al., 
accepted for publication in Blood). The other BH3-only proteins bind all anti-apoptotic 
family members with varying degrees of affinity.

How do the BH-3 only proteins activate Bax and Bak?
Bax and Bak are essential mediators of the intrinsic pathway of apoptosis. Cells deficient for 
both proteins are resistant to many apoptotic stimuli, and more than 90% of Bax-/-/Bak-/- mice 
die before birth.133-135 Despite its importance, the exact mechanism of Bax/Bak activation is 
not completely clear, and several models have been proposed that are heavily disputed.136-137 
The ‘direct activation’ model separates the BH3-only proteins in two groups: the ‘direct 
activators’ are Bid and Bim, which can directly bind to and activate Bax and Bak, and the 
‘derepressors/sensitizers’ are the other BH3-only proteins, that sequester the pool of the 
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anti-apoptotic Bcl-2 family members. The derepressors/sensitizers therefore allow Bid and 
Bim to freely activate Bax/Bak. This model has been supported by biochemical experiments 
using isolated proteins or BH3 peptides. Together, these experiments indicated that Bid 
and/or Bim could directly activate Bax/Bak to permeabilize isolated mitochondria132, 135, 138 
or even liposomes,139-141 while the other BH3-only proteins could assist Bid or Bim, but 
could not activate Bax/Bak on their own. Further support for this model came from an in 
vivo study, demonstrating that the pro-apoptotic function of Bim depends on a capacity 
distinct from its ability to inhibit the anti-apoptotic family members.142 

The ‘neutralization’ model suggests that there are pools of pre-activated Bax/Bak that 
are inhibited by the anti-apoptotic family members. Upon cellular stress, the BH3-only 
proteins become active and liberate Bax/Bak from the anti-apoptotic proteins, allowing Bax/
Bak to multimerize and induce apoptosis. In agreement with this model, even in healthy 
cells Bak was found to bind anti-apoptotic proteins.143 More importantly, mice deficient for 
both Bid and Bim were healthy, and apoptotic cell death occurred normally and in a Bax/
Bak-dependent manner in their cells.144 This phenotype shows that the direct activators 
Bid/Bim are dispensable for apoptosis induction, but does not provide evidence to refute a 
direct activator capacity of Bid/Bim. Therefore, an alternative explanation of this phenotype 
is the existence of other direct activators. Possibly, the BH3-only protein PUMA is a third 
direct activator,58, 145-147 but this has been questioned.139, 148

Recently, the two models were bridged by a unified model of Bax/Bak activation.149 
This model describes two modes of inhibition: the anti-apoptotic Bcl-2 family members 
sequester the direct activator BH3-only proteins in mode I, while they sequester activated 
Bax/Bak in mode II. Healthy cells will normally be in mode I, while stressed cells will 
be in mode II. Importantly, these data are in agreement with what could be considered a 
third model of Bax/Bak activation: the ‘embedded together’ model.150 This model states 
that the equilibrium of interactions between the Bcl-2 family members is different in the 
mitochondrial membrane than in the cytosol. Studying Bax activation in the plane of the 
membrane demonstrated that activated Bid first binds the membrane, and then recruits 
and directly activates Bax, which subsequently inserts in the membrane and from there 
activates other Bax molecules.141 The anti-apoptotic Bcl-2 protein Bcl-xL can inhibit Bax 
activation both by binding to Bid, which can be considered a mode I inhibition, and by 
binding to activated Bax, a mode II inhibition.141, 151

How do Bax and Bak permeabilize the mitochondria?
During their activation from a monomeric protein to a oligomeric structure, Bax/Bak 
undergo many conformational changes (Fig. 4B, C, D).152 Many studies contributed to a robust 
understanding of the structural changes in Bax/Bak, and indicated that during activation the 
C-terminus, the N-terminus and subsequently the BH3 domain of Bax/Bak get exposed. In 
inactive Bax, the C-terminal helix occupies the hydrophobic groove (Fig. 4B),118 while in Bak 
the C-terminus is likely anchored in the membrane and the groove is exposed. When Bax 
is triggered, this C-terminus flips out of the core structure, and subsequently tethers Bax 
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Figure 4. Cartoon representation of the protein structures of (A) Bcl-xL with a Bad BH3 peptide (PDB: 
1G5J), (B) Bax (1F16), (C) predicted actived Bax intermediate (adapted from PDB: 4BD2) and (D) Bax core 
domain homo-dimer (adapted from PDB: 4BDU). BH1 domains are in green, BH2 domains are in blue, BH3 
domains are in red and BH4 domains are in yellow. The BH3 peptides from Bad (A) and Bid (C) are in orange.

to the mitochondrial membrane.100, 146, 153 This coincides with exposure of an epitope in the 
N-terminus of Bax that is recognized by the monoclonal antibody 6A7.103, 146, 153-155 Due to 
these changes, the BH3 domain of Bax gets exposed and can bind to and activate other Bax 
molecules.146, 156-157 Eventually, Bax oligomerizes on the mitochondrial membrane.95-98 

Recently, the NMR structures of a Bid BH3-domain bound to full-length Bax,158-159 and 
crystal strctures of an activated Bax and dimerized Bax core were solved,160 which gave more 
detailed insight into its mechanism of activation. The NMR structures indicated that a Bid 
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BH3 domain binds in a rear pocket in Bax, which is formed by the α1 and α6 helices.159 The use 
of a rear pocket makes sense, because the hydrophobic groove is occupied by the C-terminus. 
This binding in the rear pocket displaced the α1-α2 loop, possibly exposing the 6A7 epitope.158 
In addition, the BH3-trigger induced changes in the location of the C-terminus, which 
subsequently resulted in exposure of the BH3 domain.158 The BH3 domain of activated Bax 
can subsequently activate other Bax molecules by binding to its rear pocket.158

The crystal structures of activated Bax suggested another model.160 The Bax protein 
used did not contain a C-terminus, and the activator BH3 domain was found to bind the 
canonical hydrophobic groove. This trigger destabilized interaction between the α5 and α6 
helices, resulting in dissociation between the ‘core’ domain (α1-α5) and the ‘latch’ domain 
(α6-α8; Fig. 4C). This core domain was previously characterized to be the central domain 
required and sufficient for oligomerization of Bax.161 Interaction with the membrane is 
expected to assist dissociation of the core from the latch. This exposes the N-terminal 6A7 
epitope, and displaces α2 that contains the BH3 domain.160 The structure of the Bax core 
domain dimer demonstrated that the BH3 domain of Bax subsequently activates another 
Bax protein by binding in the canonical groove (Fig. 4D).160 

The latter model does not take into account the initial trigger that is required to displace 
the C-terminus. Possibly, Bax activation requires sequential binding of the activator BH3 
domain first to the rear pocket and then to the hydrophobic groove, which has indeed been 
suggested by biochemical data.146 Alternatively, Bax might transiently expose the canonical 
groove when it shuttles between the membrane and the cytosol.101-102 For Bak, activator 
BH3 domains most likely bind the canonical hydrophobic groove that is constitutively 
exposed.162-163 Bak then undergoes a similar conformational change as Bax.123, 163 The next 
step in Bax/Bak activation is oligomerization. A large amount of biochemical,156, 164-166 
structural160 and spin labeling167-168 data now favor a model in which two Bax/Bak molecules 
first form a face-to-face dimer, with the BH3-domains binding in each others hydrophobic 
groove. These dimers subsequently accumulate in higher order oligomers by an interaction 
involving the α6 helices at the rear side.164-166, 169 

Eventually, Bax/Bak oligomerization results in the permeabilization of the mitochondrial 
membrane. How this occurs is not clear, and this could involve either a proteinaceous or a 
lipidic pore.170 In proteinaceous pores, Bax/Bak proteins align in the membrane to form the 
solvent-exposed surface of the pore, while in a lipidic pore, Bax/Bak molecules accumulate 
on top of the outer membrane leaflet increasing tension until the inner and outer leaflet fuse. 
In addition, mitochondrial dynamics might play a role in Bax/Bak mediated apoposis.171 
Mitochondria are not static organelles, but frequently fragment (a process known as fission) 
or fuse to form mitochondrial networks. There is a large body of evidence that points to a 
correlation between fission events and MOMP, but this is beyond the scope of this introduction. 

The Bcl-2 family in cancer
As can be expected from the strong link between defects in apoptosis signaling and cancer,2 
deregulated expression levels of Bcl-2 family members can contribute to tumorigenesis. As an 
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extension to what was previously found for Bcl-2, overexpression of all the other anti-apoptotic 
family members was demonstrated to accelerate Myc-driven leukemogenesis.172 Indeed, high 
expression levels of the anti-apoptotic Bcl-2 proteins have been detected in cancers from 
many different origins, and this contributes to cancer survival and aggressiveness.76, 114, 173-179 
Conversely, the BH3-only proteins can be considered tumor suppressors, and certain cancer 
types indeed loose expression of specific BH3-only proteins (reviewed in ref. 180). 

So cancer cells often have high expression of anti-apoptotic Bcl-2 family members, but 
at the same time, because of the stressful environment they live in, they are expected to have 
many activated BH3-only proteins that must be held in check. The complete reservoir of 
anti-apoptotic  Bcl-2 proteins is therefore occupied, making cancer cells sensitive to external 
pro-apoptotic stimuli. The group of Anthony Letai has studied this concept with a technique 
termed ‘BH3-profiling’, that determines the sensitivity of mitochondria isolated form normal 
or cancer cells to BH3-peptide-induced MOMP 181. They found that cancer cell mitochondria 
indeed are often ‘primed for death’,181 and that the level of priming correlates with sensitivity 
of the cancer cells to chemotherapy.182 This is in agreement with the concept of ‘oncogene 
addiction’, which states that cancer cells often depend on the high expression of their driving 
oncogenes, e.g. Bcl-2, and therefore are very sensitive to neutralization of the oncogene.183

Therefore, anti-cancer therapeutics are developed that aim at neutralizing the anti-
apoptotic Bcl-2 family members to specifically induce apoptotic cell death in cancer cells. 
A prominent anti-Bcl-2 therapeutic is ABT-737 that belongs to the class of BH3 mimetics: 
compounds that can bind in the hydrophobic groove of the anti-apoptotic Bcl-2 proteins 
and therefore mimic the activity of BH3-only proteins. Many claimed BH3-mimetics 
eventually turned out to kill cells in a non-apoptotic manner, but ABT-737 killing depends 
on Bax/Bak expression, demonstrating that it truly mimics BH3-only activity.184 ABT-737 
was designed to fit in the Bcl-2 and Bcl-xL groove, and indeed was demonstrated to bind 
those two proteins and the closely related Bcl-w with high affinity, while it did not bind to 
Mcl-1, Bfl-1 and Bcl-B.185 Confirming the specificity of ABT-737, it efficiently kills cancer 
cells that are addicted to high Bcl-2 expression, like follicular lymphoma cells with the 
t(14;18) translocation and chronic lymphocytic leukemia cells.186-188 In addition, treatment 
with ABT-737 was effective against cancer cell lines from various origins, both lymphoid 
and solid,185 and synergy between ABT-737 and other anti-cancer therapies is frequently 
observed (summarized by ref. 189). There are multiple clinical trials ongoing that include 
the orally available analog of ABT-737, called ABT-263 (navitoclax),189-190 and partial 
response or stable disease has been reported.191-192

Importantly, the specificity of ABT-737 also has a drawback. High expression levels 
of the untargeted family members Mcl-1, Bfl-1 and Bcl-B can confer resistance against 
treatment.184, 193-194 Furthermore, although ABT-737 binds with high affinity to Bcl-2, Bcl-xL 
and Bcl-w in vitro, its main in vivo target appears to be Bcl-2.193, 195-196 It targets Bcl-w poorly, 
and could not disrupt interaction between Bcl-xL and Bim.193, 195-196 It is therefore essential 
to determine the expression levels of the complete Bcl-2 family in a given tumor to predict 
sensitivity to ABT-737 treatment.
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Apoptosis signaling via the extrinsic pathway
In the extrinsic pathway, apoptosis is induced when a death receptor on the plasma 
membrane is engaged by its ligand. Death receptors are all members of the TNF receptor 
superfamily, which contain cysteine-rich extracellular domains.197 Death receptors 
distinguish themselves from the other family members by the possession of an intracellular 
death domain: an alpha-helical domain of about 80 amino acids that is essential to transmit 
the death signal.198-199 There are eight death receptors in human, of which TNFR1, Fas 
(CD95/Apo-1), TNF-Related Apoptosis Inducing Ligand Receptor 1 (TRAIL-R1, also 
known as DR4) and TRAIL-R2 (DR5) are the most studied. Their ligands are TNFα, Fas 
Ligand (FasL/CD95-L/Apo-1L) and TRAIL (Apo2L) respectively, all members of the TNF 
ligand superfamily. These ligands are trimeric type II transmembrane proteins, but the 
extracellular C-terminal part can be removed by cleavage generating soluble ligands.197 

All these receptors can induce apoptosis, but the molecular mechanism differs between 
Fas and the TRAIL receptors on one side, and TNFR1 on the other side. Because chapter 3 of 
this thesis is about TRAIL signaling, this introduction will mainly focus on the mechanism of 
FasL and TRAIL-induced apoptosis. For Fas and the TRAIL receptors, ligand binding induces 
clustering of the receptors.198 This allows for interaction of the receptor with the adaptor 
protein FADD,200-201 which subsequently recruits caspase-8.202-203 FADD contains both a death 
domain and a DED, and these are involved in homotypic interactions with the death domain 
of the receptor and the DED of caspase-8 respectively.200-203 Multimerized receptor-FADD is 
the docking platform that induces dimerization and activation of caspase-8. In some cells, 
caspase-10 can be recruited and activated by FADD, but whether caspase-10 and caspase-8 
have completely redundant functions remains to be investigated.204-206 The whole complex of 
receptors, FADD and the caspases is termed the Death-Inducing Signaling Complex (DISC).

The most upstream events of death receptor signaling are not completely elucidated. The 
death ligands are trimers, but the mulimerization status of the receptors is unclear. Generally, 
receptors of the TNF superfamily are envisioned to be monomers, but Fas can also occur as 
preassembled oligomers and this preassembly state might even contribute to the efficiency 
of signaling.207 Crystal structures of ligand-receptor complexes all revealed a hexameric 
configuration with three receptors bound to the interligand groove of a trimeric ligand.208-211 
However, TRAIL can bind a monomeric TRAIL-R2 with high affinity,212 so the ligand might 
initially bind a monomeric receptor after which two other receptors are recruited to the complex.

Most likely, a trimeric receptor complex is not sufficient to induce DISC formation 
and apoptosis, but at least two trimeric complexes have to be clustered.213-214 Surprisingly, 
this trimeric configuration does not seem to be propagated to the DISC, as indicated by 
crystal structures between the Fas and FADD death domains.215-216 Whereas in one study 
a tetrameric complex with four molecules of both the receptor and FADD death domains 
were found,215 the other study revealed a complex with five to seven receptors bound to 
five FADD proteins.216 Importantly, these studies were done with isolated soluble death 
domains, and might not necessarily reflect what happens in vivo with membrane bound 
receptors. This issue was addressed recently by using quantitative mass spectrometry 
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techniques, which suggested a ratio of about three receptors to one FADD molecule in 
the DISC.217 Interestingly, the authors also found higher amounts of caspase-8 than FADD 
in the DISC, which was confirmed by another study.216-217 These findings favor a model in 
which sufficient receptor clustering is required to allow FADD binding, after which chains 
of caspase-8 that interact via the death effector domains, are formed at the DISC.216-217

Besides the receptor, FADD and the caspases, cellular FLICE-Like Inhibitory Protein 
(c-FLIP) is an important component of the extrinsic pathway of apoptosis. It contains two death 
effector domains and is in general very similar in sequence and structure to caspase-8, but it lacks 
proteolytic activity.218-219 It was initially described as an inhibitor of apoptosis,218 but its function 
appeared to be more complex. There are three c-FLIP isoforms, that are generated by differential 
mRNA splicing: c-FLIP long (c-FLIPL) is the full-length variant, while c-FLIP short (c-FLIPS) and 
c-FLIP Raji (c-FLIPR) are shorter variants that only contain the two N-terminal DEDs.218, 220 The 
c-FLIPS and c-FLIPR variants are undisputed inhibitors of apoptosis, that bind to the DISC via 
their DEDs and therefore inhibit caspase-8 recruitment and activity.218, 220-223 In contrast, c-FLIPL 
can function both as an inhibitor221, 224 and activator224-225 of apoptosis signaling, and which of 
the two functions it performs depends to a large extent on its expression level. When expressed 
at high levels, c-FLIPL inhibits apoptosis via a mechanism similar to c-FLIPS. Upon moderate 
expression however, c-FLIPL binding to caspase-8 can stabilize the active loop of caspase-8 and 
therefore generate a catalytically active heterodimer.224-226 In addition, the role of c-FLIPL can be 
determined by the level of receptor stimulation and by the protein levels of c-FLIPS.

227

 In the extrinsic pathway of apoptosis signaling two cell types are being distinguished.228 
In type I cells, which are for example lymphocytes, active caspase-8 can directly cleave and 
activate sufficient amounts of executioner caspases to induce apoptosis.228-230 Type II cells, e.g. 
hepatocytes, require amplification of the apoptosis signal via the intrinsic pathway.228, 231-232 This 
is achieved by caspase-8 mediated cleavage of the BH3-only protein Bid, which subsequently 
activates Bax/Bak, resulting in MOMP and caspase-9 activation.92-93 Initially, the difference 
between type I and type II cells was mechanistically explained by the efficiency of DISC 
formation and therefore initiator caspase activation.228 Surprisingly however, in type II cells 
the intrinsic pathway contributes to death receptor induced apoptosis by SMAC/Diablo-
mediated XIAP inhibition, and not by apoptosome formation and subsequent caspase-9 
activity.72, 233 So it is the amount of XIAP that is the critical determinant discriminating type 
I from type II cells.72 Importantly, the separation between type I and type II cells is more 
quantitative than qualitative: within a type I population there are also cells that do require 
SMAC/Diablo release from the mitochondria to die after death receptor stimulation.73 This 
is relevant when treating tumor cells with death ligands, because a small resistant population 
that survives treatment can potentially grow out to a new tumor.

The TNFR1 signals via a different mechanism, and its main function is to activate the 
pro-survival NF-κB pathway.234-235 Only when protein synthesis is blocked, TNFR1 can signal 
for apoptosis, indicating that in a normal situation translation of anti-apoptotic proteins 
promotes signaling via the NF-κB pathway.234-235 In some situations, Fas and the TRAIL 
receptors can also activate pro-survival signaling, mainly via the NF-κB pathway.236-237 
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The BH3-only protein Bid
The BH3-only protein Bid connects the extrinsic pathway with the intrinsic pathway of 
apoptosis.92-93 Bid is an exception among the BH3-only proteins, because it is a structured 
protein,129-131 and phylogenetic analysis indicated that Bid is evolutionary more related to Bax 
than to other BH3-only proteins.238 The structure of Bid is very similar to that of Bax, with 
two hydrophobic helices α6 and α7 in the core of the protein, surrounded by six amphipatic 
helices (Fig. 5).130-131 Different from Bax, a large unstructured loop connects the α2 and 
α3 helices of Bid, with α3 containing the BH3 domain. Cleavage by caspase-8 at aspartate 
60 in this loop activates Bid, which results in accumulation of Bid at the mitochondria, 
where it can subsequently activate Bax/Bak to cause MOMP.92-93, 141 Phoshorylation of T59, 
S61 and S64 in the loop by Casein kinases inhibit caspase-8 mediated cleavage of Bid.239-240 
Other proteases like granzyme B,92, 241-242 calpain243-244 and cathepsins245 can also cleave Bid at 
residues in the loop and activate it to induce apoptosis.

Although it is clear that in general cleavage is required to activate Bid, and Bid eventually 
will function at mitochondria, it is not completely clear what happens between these two stages. 
On a structural level no gross changes occur in the Bid protein after caspase-8 cleavage.130 
Moreover, cleavage separates Bid in a 7 kDa N-terminal fragment (tBidN) and a 15 kDa 
C-terminal fragment (tBidC), but these fragments remain associated trough intramolecular 
interactions.130, 246-249 It was initially proposed that high concentrations of isolated Bid 
favored a non-physiological intramolecular interaction, but recently it was demonstrated 
that the interaction is specific and reversible even at submicromolar concentrations.246 So 
how does this cleavage event change the affinity of Bid for the mitochondrial membrane? 
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Figure 5. Cartoon representation of Bid protein structure (PDB: 2BID). Caspase-8 cleavage generates two 
fragments: the N-terminal fragment (tBidN) is depicted in blue, the C-terminal fragment (tBidC) is depicted 
in orange. The BH3 domain is depicted in red.
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Furthermore, for its pro-apoptotic activity it is essential that tBidC can interact with its BH3 
domain with Bax/Bak, but in the Bid structure the BH3 domain is buried by interactions with 
tBidN (Fig. 5).130-131 In agreement with this, tBidN can inhibit the pro-apoptotic activity of 
tBidC.141, 247, 249-250 So how is BH3 domain exposure achieved after cleavage?

One model of Bid activation suggests that upon binding of cleaved Bid to a liposome or 
mitochondrial membrane, tBidN rapidly dissociates from tBidC.141, 251 Subsequently, tBidC 
undergoes conformational changes in the membrane, which result in stable insertion of the 
hydrophobic helices α6 and α7 into the lipid bilayer, followed by BH3 domain exposure and 
Bax activation.251 So cleavage does not really target Bid directly to the membrane, but allows 
Bid to accumulate there once it collides with the membrane. Alternatively, Bid could be 
cleaved by caspase-8 at the mitochondrial membrane.252 An outer mitochondrial membrane 
protein Mitochondral Carrier Homologue 2 (MTCH2, also known as MIMP) assists Bid 
recruitment to the mitochondria,253-254 possibly by facilitating the conformational changes 
that anchor Bid firmly to the mitochondrial membrane.251

However, data obtained by our group and others are partially in disagreement with this 
model. First of all, after caspase-8 cleavage the newly exposed N-terminal glycine of tBidC can 
be modified by myristoylation, and this lipid modification can target the cleaved Bid complex 
to the mitochondria.248 Secondly, in contrast to above describes data, others found that upon 
mixture of cleaved Bid with liposomes, the tBidN-tBidC complex remained in association, 
and very little tBidC association with the membrane was observed.167 Furthermore, tBidC-
induced liposome permeabilization could be inhibited by separate addition of tBidN,247 
and also in cells co-expression of tBidN inhibited apoptosis-induction by tBidC (BvdK, 
unpublished results). Together, this demonstrates that tBidC and tBidN strongly associate 
also in the presence of lipids, and argues for an additional Bid activation step to remove 
the inhibitory tBidN fragment. We have found that tBidN is targeted for ubiquitination 
and proteasomal degradation, and this process regulates the apoptotic activity of tBidC.255 
So full activity of Bid requires cleavage, myristoylation, translocation to the mitochondria, 
degradation of tBidN and conformational changes that expose the BH3 domain.

The physiological function of Bid is most prominent in the death receptor pathway. 
This is clearly demonstrated by the phenotype of the Bid knockout mouse that is resistant 
to death receptor-induced apoptosis of hepatocytes, a type II cell.256 However, Bid has also 
been reported to play a role in the DNA-damage response, where it might either induce 
apoptosis,257-258 or S-phase arrest, which promotes survival.259-260 However, others disputed 
the role of Bid in DNA-damage signaling.261 Recently, these contradicting studies were 
reconciled, as Bid was shown to indeed contribute to DNA-damage induced cell death, but 
only in absence of p53 signaling.262 Importantly, Bid could induce apoptosis without cleavage 
in its loop, indicating an unconventional activation mechanism.262 Furthermore, Bid has 
been indicated to play a role in immune signaling via pattern-recognition receptors,263 and 
to regulate quiescence of hematopoietic stem cells.264
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Activating the TRAIL receptor pathway in cancer therapy
There has been a longstanding interest in targeting death receptors to kill tumor cells.265 
However, studies using FasL and TNFα demonstrated that normal tissue toxicity was 
a major problem with this strategy.265-266 This problem was solved with the discovery of 
TRAIL.267-268 TRAIL was demonstrated to effectively kill tumor cells from various origins 
both in vitro and in mice,267-270 and is non-toxic in mice and non-human primates.269-271

TRAIL has a complicated set of receptors, that include TRAIL-R1272 and TRAIL-
R2,273-279 but also two decoy receptors that lack functional death domains. Decoy Receptor 
1 (DcR1) lacks a transmembrane domain and is anchored to the plasma membrane with 
a glycosylphosphatidyl-inositol moiety,274-275, 277, 280-281 while DcR2 has a truncated death 
domain.282-284 In addition, TRAIL may bind the soluble ligand osteoprotegerin with low 
affinity, but the function of this interaction is not clear.285 Only one pro-apoptotic TRAIL 
receptor is expressed in the mouse, which is named mDR5, although it is as similar to 
hTRAIL-R1 as to hTRAIL-R2.286 

TRAIL receptors are broadly expressed,272, 275 but expression of the ligand is confined 
to cells of the immune system, more specifically to natural killer cells, cytotoxic T cells, 
dendritic cells and macrophages.265 Congruently, the physiological function of TRAIL 
appears to be mainly in the immune system, but both TRAIL and mDR5 knockout mice 
have normal immune populations.287-289 However, studies in mice indicated that in absence 
of TRAIL-signaling auto-immune disease was exacerbated290-292 and responses to antiviral or 
antibacterial infections were augmented.288, 293 In addition, TRAIL is involved in regulating 
the memory T-cell response upon secondary exposure to antigen,294 and contributes to 
NK-cell mediated killing of virally infected cells.295 Very recent results indicate that CD8+ 
T-cells that are activated by Hepatitic Virus B infection upregulate TRAIL-R2, and therefore 
become susceptible to apoptosis induced by TRAIL on NK cells.296  Whether endogenous 
TRAIL signaling is involved in tumor immune surveillance is debated. TRAIL-mediated 
control of primary tumor growth was observed in some studies,287, 297-298 but mice deficient 
for TRAIL signaling diplayed no increased incidence of tumor formation.298-300 However, 
most studies agree on TRAIL-mediated control of tumor metastasis.287, 297, 299, 301-302

Currently, many clinical trails are ongoing that investigate TRAIL receptor agonists 
as anti-cancer therapeutic (summarized in ref. 303). Either recombinant human TRAIL 
or agonistic antibodies targeting TRAIL-R1 or TRAIL-R1 are used, as a monotherapy or 
in combination with clinically evaluated anti-cancer therapeutics. Combination therapies 
haven’t been successful so far, with none of the trials showing increased progression-
free survival or improved responses. Responses to monotherapy are rare, but have been 
observed and can be long-lasting. It is therefore essential to understand the molecular 
pathways regulating TRAIL-induced apoptosis, which might reveal biomarkers that can 
be used to select the potential responders among a group of patients. Interestingly, in a 
screen comparing more than 100 cancer cell lines, expression of the O-glycosyltransferase 
GALNT14 was revealed to be an important determinant of sensitivity to TRAIL-induced 
apoptosis.304 TRAIL receptor O-glycosylation was demonstrated to be important for 
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clustering of the receptor after ligand engagement. Potentially, patients with sufficient 
GALNT14 expression benefit from TRAIL therapy.

Regulating apoptosis signaling by ubiquitination
Many posttranslational modifications tightly regulate the activity of pro-apoptotic and anti-
apoptotic proteins. One of these modifications is ubiquitination, which can regulate the 
activity of a given protein by targeting it for degradation, changing its location, or changing 
its affinity for interaction partners. The conjugation of the 76-amino acid protein ubiquitin 
to a substrate involves a three-step enzymatic cascade. First, ubiquitin is activated by the E1 
ubiquitin-activating enzyme (reviewed by ref. 305). Human cells express two E1 enzymes, of 
which Ube1 has a broad function in the ubiquitin pathway, while Uba6 is more specific and 
can only interact with one E2 ubiquitin conjugating enzyme, the next enzyme in the cascade.306 
The E1 activates the ubiquitin and binds it via a thio-ester bond between the C-terminus of the 
ubiquitin molecule and the active-site cysteine of the E1. Once bound to ubiquitin, the E1 can 
interact with one of the 38 different human E2 enzymes (reviewed by ref. 307), and transfer the 
ubiquitin molecule via a trans-thio-esterification reaction to the catalytic cysteine of the E2. The 
E2 then interacts with an E3 ubiquitin ligase, the enzyme in the cascade responsible for substrate 
binding. The E2-E3 pair will mediate the conjugation of ubiquitin to a substrate.

There are two groups of E3 ubiquitin ligases: about 600 RING domain ligases (reviewed 
by ref.  308), and about 60 HECT domain ligases (reviewed by ref. 309). The RING domain 
contains characteristically spaced cysteine and histidine residues that position two zinc atoms. 
RING E3 ligases lack catalytic activity, but bridge the substrate and the E2 and therefore 
allow ubiquitin transfer directly from the E2 to substrate. The RING ligases facilitate this 
process by bringing the E2-ubiquitin thio-ester in proximity to the substrate conjugation 
site, but they also allosterically activate the E2 by promoting a more reactive conformation 
of the normally dynamic E2-ubiquitin complex.310 Several RING ligases belong to the family 
of Cullin-RING Ligases (CRLs): a multi-subunit complex with a separate RING domain 
protein and substrate-binding protein connected through adaptor proteins. HECT domain 
ligases have a catalytic cysteine and mediate ubiquitin transfer to the substrate, after they 
have received the ubiquitin from the E2. Interestingly, a subset of E3 ligases that contain 
a so-called RING-between-RING (RBR) domain, i.e. two RING domains separated by 
an intermediate sequence, was recently demonstrated to have both RING and HECT-like 
activities.311-312 Whereas one RING domain functions in binding the E2, the other RING 
domain forms a thio-ester bond with the ubiquitin molecule and transfers it to the substrate.

 The E2-E3 pair conjugates the C-terminal carboxyl group of ubiquitin via an isopeptide 
bond to an amino-group on the substrate. In general, this is an ε–amino-group on the side 
chain of a lysine residue, but in rare cases the α–amino-group of the N-terminus can be 
targeted.313 Importantly, ubiquitin itself contains seven lysine residues (K6, K11, K27, K29, 
K33, K48, K63) and an N-terminal amino-group that can be targeted for ubiquitination 
(reviewed by ref. 314). Therefore, a substrate can be modified with one ubiquitin (mono-
ubiquitination) but also with chains of ubiquitin (poly-ubiquitination) with a different 
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topology, depending on the lysine residues within the ubiquitin chain that are used for 
elongation. Importantly, different chains are recognized by different ubiquitin binding 
molecules (reviewed by ref. 315), and therefore have different functional consequences. For 
example, K48-linked poly-ubiquitin chains target a substrate for proteolytic degradation 
by the proteasome. A similar function is ascribed to K11-linked ubiquitination, but this 
chain type is specifically generated during mitosis.316 Ubiquitin chains linked via K63 are 
important in DNA damage signaling, but can also target membrane proteins for endocytosis 
and degradation in lysosomal compartments. The other chain types are less studied, and 
functions are only recently beginning to emerge. Importantly, ubiquitin conjugation is 
counteracted by the activity of about 100 different de-ubiquitinating enzymes or DUBs that 
hydrolyze the ubiquitin isopeptide bonds (reviewed by ref. 317). 

Apoptosis signaling is regulated by ubiquitination on many levels.318 As mentioned 
above, the IAPs can target the caspases for ubiquitination and therefore inhibit apoptosis.39 
Signaling by TNFR1 involves a very complex ubiquitin network involving many different 
chains and ubiquitinating enzymes, whose activity can finally determine whether the 
outcome of TNFR1 activation is NF-κB signaling or cell death.319 In addition, several 
Bcl-2 family members are targeted for ubiquitination and proteasomal degradation. A 
well-studied example is Mcl-1, which contains a large unstructured N-terminus of 172 
amino acids that is absent in other Bcl-2 family members. This N-terminus contains PEST 
regions,320 sequences rich in proline, glutamate, serine and threonine residues that are 
well-known protein destabilization signals.321 In addition, several sites in this N-terminus 
are targeted for phosphorylation, creating a phosphodegron that can be recognized by 
E3 ubiquitin ligases. During growth factor withdrawal for example, the kinase GSK-3 
gets active and phosphorylates Mcl-1 on S159, which targets it for ubiquitination by the 
CRL β-TrCP.322-323 This targets Mcl-1 for proteasomal degradation, explaining how growth 
factor withdrawal can induce apoptotic cell death.322-323 During mitotic arrest, several other 
kinases phosphorylate residue S121, which causes cell death because it targets Mcl-1 for 
ubiquitination by FBW7, another CRL.324 Tumor cell lines with inactive mutants of FBW7 
are therefore less sensitive to anti-tubulin chemotherapeutics, which kill cells because they 
induce mitotic arrest.324 Alternatively, Mcl-1 can be targeted for ubiquitination by the HECT 
ligase Mule.325 Interestingly, Mule has a BH3 domain, and this is involved in interaction with 
Mcl-1.325 Counteracting all the ubiquitinating activity, Mcl-1 can be stabilized by the DUB 
USP9X that removes the K48-linked ubiquitination that targets Mcl-1 for degradation.326 
High USP9X expression is therefore expected to benefit tumor cell survival, and indeed was 
demonstrated to correlate with poor prognosis of multiple myeloma patients.326

Several other Bcl-2 family members are also targeted for ubiquitination and 
degradation, including Bfl-1,327-328 Noxa,329 Bim,330-332 Bik333 and Bax.334 The ubiquitination 
of the N-terminal fragment of cleaved Bid is an interesting modification, because it 
actually activates the pro-apoptotic activity of Bid, as described above.255 In addition, 
tBidN ubiquitination is unconventional, because ubiquitin is conjugated via ester bonds to 
cysteine, serine and/or threonine residues, and not to lysine residues or the N-terminus.255 
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All together, these examples clearly emphasize that ubiquitination regulates the levels and 
activity of many proteins involved in apoptosis signaling.

Scope of this thesis
Tumor cells encounter many pro-apoptotic stimuli during their transformation and rapid 
proliferation. To overcome these pro-apoptotic signals and to grow out to a metastasizing 
tumor, tumor cells depend on a deregulated apoptosis signaling pathway. To understand 
tumor formation and growth, it is therefore essential to understand how apoptosis signaling 
is regulated. Moreover, the deregulated apoptosis signaling pathway is a vulnerability of tumor 
cells: the many pro-apoptotic signals build up and saturate their anti-apoptotic capacity, a state 
known as ‘primed for death’. Agents that specifically induce apoptosis in tumor cells are therefore 
promising anti-cancer therapeutics. Examples of these therapeutics that are currently in clinical 
trails are the BH3-mimetic ABT-263, SMAC mimetics and agonists of the TRAIL receptors.

Sensitivity to apoptosis induction is determined by the activity of pro-apoptotic and anti-
apoptotic proteins. This regulation might involve ubiquitination, a modification that can 
target proteins for proteasomal degradation, change the location of a protein, or change its 
affinity for interaction partners. The signaling potential of apoptosis proteins can therefore be 
regulated by enzymes that conjugate ubiquitin to a substrate, the E2 conjugases and E3 ligases, 
and enzymes that remove ubiquitin from a substrate, the de-ubiquitinating enzymes (DUBs). 
Hence, these enzymes are interesting targets for anti-cancer therapy, even more because their 
enzymatic nature might allow targeting with small molecules, which are generally cheap and 
easy to use in the clinic. To understand which (de-)ubiquitinating enzymes are best to target 
and how, it is essential to get insight into what substrates they target, what kind of ubiquitin 
modification they catalyze, and how they contribute to cell physiology.

The work described in this thesis aims to increase the understanding of ubiquitination 
and the related process of protein degradation, with a focus on how these processes regulate 
apoptosis signaling. In chapter 2 and 3, we identify two novel ubiquitination events that 
regulate the activity of apoptosis proteins. In chapter 2, we describe ubiquitination of 
the anti-apoptotic Bcl-2 family member Bcl-B. We find that it is targeted for K48-linked 
ubiquitination on a lysine residue in a loop unique within the group of anti-apoptotic 
Bcl-2 proteins. This targets Bcl-B for proteasomal degradation, and therefore regulates the 
capacity of Bcl-B to protect against cell death induced by conventional and targeted anti-
cancer therapeutics. In chapter 3, we demonstrate that the pro-apoptotic activity of the 
death receptor TRAIL-R1 is regulated by ubiquitination. This ubiquitination downregulates 
TRAIL-R1 from the cell surface and targets it for lysosomal degradation. Importantly, we 
identify Membrane-Associated RING-CH-8 (MARCH-8) as the E3 ligase that ubiquitinates 
TRAIL-R1, on a membrane-proximal lysine residue. The physiological substrates and 
functions of MARCH-8 are largely unknown, and this study identifies TRAIL-R1 as the 
first endogenous substrate of MARCH-8.

We identify a second E3 ubiquitin ligase involved in apoptosis signaling in chapter 4. This 
chapter focuses on the BH3-only protein Bid that is activated by caspase-8 mediated cleavage. 
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Ubiquitination and subsequent degradation of the N-terminal fragment of cleaved Bid (tBidN) 
is required for full activation of the pro-apoptotic C-terminal fragment. We find that the N-end 
rule ubiquitin ligase UBR2 interacts with tBidN, and this interaction most likely involves an 
internal site in tBidN instead of an N-terminal residue, which is the canonical site of interaction 
for N-end rule ligases. Importantly, it was previously shown that tBidN is ubiquitinated in 
an unconventional manner, because ubiquitin is conjugated via a thio-ester bond to cysteine 
residues, or via a hydroxyl-ester bond to serine/threonine residues. We demonstrate that it is 
most likely UBR2 that targets tBidN for this unconventional ubiquitination. 

In chapter 5, we describe another modification that can affect protein turnover: 
N-terminal acetylation. It is debated whether N-terminal acetylation can stabilize a protein, 
or whether it can target a protein for degradation. We resolve this issue, and demonstrate 
that N-terminal acetylation inhibits protein degradation. Moreover, we demonstrate 
that it can do so by multiple mechanisms. It blocks N-terminal ubiquitination and can 
therefore reduce ubiquitin-mediated targeting to the proteasome. In addition, it can inhibit 
proteasomal degradation regardless of its effect on ubiquitination. This suggests that 
N-terminal acetylation directly inhibits proteasomal processing. These findings, and the 
ones described in the other chapters, are discussed in chapter 6.
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ABSTRACT 
Anti-apoptotic Bcl-2 family members can contribute to tumorigenesis and may convey 
resistance to anti-cancer regimens. Therefore, they 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 proven 
anti-apoptotic activity and acts as tumor promoter in mice. In human, high Bcl-B protein 
expression levels correlate with poor prognosis in various carcinomas and predict treatment 
resistance in acute myeloid leukemia. We here report that protein expression level and anti-
apoptotic activity of Bcl-B are dictated by its ubiquitination. We demonstrate that Bcl-B 
is polyubiquitinated at steady state, in a unique loop between the BH1 and BH2 domains. 
Mutagenesis identified lysine (K)128 as acceptor site for polyubiquitin chains and K119, 
120, but not K181 as potential ubiquitination sites. Mass-spectrometry confirmed K128 as 
ubiquitination site and defined the polyubiquitin chains as K48-linked, which was confirmed 
by linkage-specific antibodies. Accordingly, Bcl-B proved to be an instable protein that is 
subject to Ubiquitin-dependent proteasomal degradation at steady state. At equal mRNA 
expression, protein expression of a lysineless, non-ubiquitinated Bcl-B mutant was five-fold 
higher than that of wild-type Bcl-B, demonstrating that ubiquitination is a key determinant 
for Bcl-B protein expression levels. Ubiquitination controlled the anti-apoptotic capacity 
of Bcl-B, in response to a variety of conventional and novel anti-cancer drugs. Certain 
anti-cancer drugs, known to reduce Mcl-1 protein levels, likewise downregulated Bcl-B. 
Together, these data demonstrate that polyubiquitination and proteasomal turnover dictate 
the expression level and anti-apoptotic capacity of Bcl-B. 

List of Abbreviations
BH, Bcl-2 Homology; CHX, cycloheximide; CLSM, confocal laser scanning microscopy; 
DUB, de-ubiquitinating enzyme; EV, empty vector; IP, immunoprecipitation; IRES, internal 
ribosomal entry site; PEI, Polyethyleneimine; PI, propidium iodide; WT, wild-type
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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 tumorigenesis,3 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.7-8 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-263.9 

Since Bcl-2 family proteins become oncogenic and can confer treatment resistance 
upon overexpression, it is important to understand how their protein expression levels are 
regulated. We here present a key mechanism that dictates protein expression level 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-13,10-12 and clusters phylogenetically with Mcl-1 and Bfl-1.10 It is 
reportedly expressed in normal plasma cells and various normal epithelial tissues.13 Although 
its physiological function is largely unknown, data indicate that Bcl-B inhibits apoptosis and 
can promote tumorigenesis: Bcl-B inhibited Bax-induced apoptosis12, 14-15 and accelerated Eμ-
Myc-driven leukemogenesis in mice.3 Furthermore, it was found overexpressed in breast-, 
prostate-, gastric-, colorectal- and small cell lung carcinoma.13 In addition, Bcl-B expression 
levels are predictive for resistance to azacitidine in acute myeloid leukemia patients.16 
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We here define Ubiquitin acceptor sites in Bcl-B and demonstrate its polyubiquitination 
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 immunoprecipitation (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. 

To gain insight in the localization of the four lysine residues, we used a model of the 
Bcl-B structure that we had generated by M4T.17 The model revealed that all four lysines are 
exposed, and potentially accessible to Ubiquitin ligases (Fig. 1C). To identify which of the 
lysines served as Ubiquitin acceptor site, we made N-terminally HA-tagged Bcl-B variants 
with either one, two or three of the four lysines mutated into arginines. Neither 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 
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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 polyubiquitinated on K128. The collective data 
indicate that Bcl-B can be ubiquitinated on K119, K120 and/or K128, but not on K181.

Bcl-B carries K48-linked polyubiquitin 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) 
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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.10 (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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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). On the basis of this 
mass difference, a GG-modified tryptic peptide can be distinguished from a nonmodifed 
peptide by MS analysis (reviewed in Kirkpatrick et al.18).

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 
by IP as detailed in Materials and Methods and the 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 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 diubiquitin or polyubiquitin chains. The functional significance of the ubiquitination 
process is largely dependent on the chain type formed. For example, K48-linked polyubiquitin 
chains generally target a substrate for proteasomal degradation.19 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 

Figure 2. Bcl-B is ubiquitinated on K128 by K48-linked chains. (A) HEK 293T cells were transfected to express 
N-terminally HA-tagged Bcl-B and subsequently lysed under denaturing conditions. HA-Bcl-B was purified by 
sequential anti-HA IP using two anti-HA mAb clones, as described in the Materials and Methods section. 
The isolate was analyzed by SDS-PAGE followed by Coomassie SimplyBlue staining. The asterisk indicates 
the Heavy Chain band of the antibody used for IP. (B) Purified protein in the respective bands identified in 
(A) was digested in gel with trypsin and liberated peptides were analyzed by nanoLC-MS/MS. Depicted is 
the tandem mass spectrum of fragmented Bcl-B peptide, containing GG-modified K128. The amino acid 
sequence of the tryptic peptide with identified y and b ions and their masses is shown. The asterisk indicates 
the identified b4 ion minus NH3. (C) Same as (B), but showing the tandem mass spectrum of fragmented 
Ubiquitin peptide, containing GG-modified K48. The asterisk indicates the identified y6 ion minus NH3. (D) 
Anti-HA IP samples, isolated as in (A) from HEK 293T cells expressing HA-Bcl-B or empty vector (EV), were 
separated by SDS-PAGE. On the same gel, 100 ng of synthetic K48- or K63-linked di-Ubiquitin were loaded 
(di-Ubi). After blotting, the samples were probed with anti-HA to detect Bcl-B, with anti-Ubiquitin P4D1 to 
detect all Ubiquitin species (α-Ubi,) and with the K48- or K63-linkage specific Ubiquitin antibodies (α-K48, 
α-K63). Dotted lines indicate ubiquitinated species of Bcl-B as detected in α-Ubi blot, specifying the presence 
of one (Ubi), two, three, four or more Ubiquitins, based on the molecular mass. Asterisk indicates some cross-
reactivity with the light chain of the antibody used for IP and comigrating non-ubiquitinated Bcl-B that were 
visible by Ponceau S staining. Data shown are representative of multiple independent experiments. ▶
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carrying more than one Ubiquitin. Therefore, these Ubiquitin peptides most likely originated 
from the oligo-Ubiquitin species that were conjugated to Bcl-B. 

To further examine the Ubiquitin chains on Bcl-B, we made use of antibodies that 
specifically recognize either K48- or K63-linked Ubiquitin.20 Bcl-B or control samples were 
generated as described for MS and analyzed by immunoblotting with anti-Ubiquitin and the 
K48- and K63-linkage-specific antibodies. To validate these antibodies, we simultaneously 
probed synthetic K48- or K63-linked di-Ubiquitin (Fig. 2D). This verified the specificity of 
the linkage-specific antibodies, but also indicated that their reactivity was relatively weak as 
compared to reactivity of the anti-Ubiquitin antibody (lanes 1, 2, 5, 10). The anti-Ubiquitin 
antibody specifically detected oligo- and polyubiquitinated Bcl-B (lanes 3, 4). The K48-linkage-
specific antibody also specifically reacted with Bcl-B carrying 2, 3, 4 or more Ubiquitins, but 
not - as expected - with monoubiquitinated Bcl-B (lanes 7, 8). This confirmed the presence 
of K48-linked polyubiquitin on Bcl-B. The K63-linkage-specific antibody detected some 
bands, but these were also present in the control sample and/or did not align with the Bcl-
B-Ubiquitin conjugates defined by the anti-Ubiquitin antibody (lanes 11, 12). The collective 
data indicate that Bcl-B is polyubiquitinated, predominantly and potentially exclusively with 
K48-linked chains, with K128 acting as a primary Ubiquitin acceptor site. 

Steady state protein expression of Bcl-B is regulated by ubiquitination
The relative protein expression 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 expression 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 expression, since 
differences in protein expression 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 expression 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 expression 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 expression 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 
expression of Bcl-B is 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 
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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 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.

K48-linked Ubiquitin conventionally targets substrates to the proteasome.19 Therefore, 
our finding that Bcl-B is polyubiquitinated with K48-linked chains suggested that it is 
subject to proteasomal degradation. To examine the mechanism of Bcl-B degradation, J16 
cells were incubated with CHX alone, or together with either proteasome inhibitors (MG132, 
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Figure 3. Steady state protein expression of Bcl-B is 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 expression of Bcl-B (α-HA), GFP 
and Actin. The asterisk indicates a background band of unknown nature. Data are representative of three 
independent experiments. (C) Quantification of Bcl-B protein expression 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.  
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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 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.

Prevention of 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 prevention of 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-B.10, 12 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 deletion of its ubiquitin acceptor sites. 

We subsequently examined whether prevention of Bcl-B ubiquitination influenced its 
ability to interact with pro-apoptotic BH3-only proteins. HEK 293T cells were transfected 
to express WT or K/R mutant HA-Bcl-B, together with Myc-tagged BH3-only proteins. Bim, 
Bik, Puma and Noxa interacted to a similar extent with WT and K/R mutant Bcl-B, as assessed 
by anti-HA IP, followed by anti-Myc immunoblotting (Fig. 5C). This indicated that deletion of 
its ubiquitin acceptor sites 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 pro-
apoptotic agents have been tested.12, 21-22 We aimed to extend this to clinically relevant anti-
cancer regimens and to test whether Bcl-B ubiquitination affected its anti-apoptotic capacity. 
For this purpose, we compared the ability of WT Bcl-B and its non-ubiquitinatable 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-737,23 the Cyclin-Dependent Kinase inhibitor 
roscovitine and the death receptor agonist TRAIL as novel targeted agents. For TRAIL, 
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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 µg/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 -Methionine 
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 µM) or epoxomicin (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.

only J16 was included, since MOLT-4 cells are not sensitive to TRAIL-induced apoptosis. 
Cell death was monitored after 48 h by propidium iodide (PI) uptake. It was apoptotic in all 
cases, as determined by inhibition with a pan-caspase inhibitor and by nuclear fragmentation 
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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 or Noxa. 
Cells were 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 α-HA or α-Myc antibody. 
Data shown are representative of multiple independent experiments. 

(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 roscovitine and TRAIL in J16 (Fig. 6). 

To exclude that the HA-tag impacted on the anti-apoptotic function of Bcl-B, we also 
tested J16 cells expressing untagged versions of Bcl-B WT and K/R, side by side with 
J16 cells expressing HA-tagged Bcl-B. This revealed that untagged and HA-tagged Bcl-B 
provided cells with similar levels of protection against etoposide and ABT-737 (Fig. S1). 
Moreover, also for untagged Bcl-B, the K/R mutant provided significantly more protection 
to both stimuli than the WT protein (Fig S1). We conclude that ubiquitination of Bcl-B 
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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 (EV), 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 PI 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).

59

2



regulates its steady state expression level and thereby its capacity to protect cells against a 
diverse array of conventional and targeted anti-cancer drugs. 

Roscovitine, etoposide and vincristine downregulate Bcl-B protein levels, as they 
do for Mcl-1
It has been reported that certain anti-cancer agents reduce protein expression levels of the 
anti-apoptotic Bcl-2 protein Mcl-1, and thus facilitate tumor cell killing.24-26 Roscovitine 
lowers Mcl-1 levels by blocking transcription,24 but vincristine and etoposide promote 
Mcl-1 degradation by activating the E3 ligases SCFFBW7, 25 and Mule,26 respectively. To 
investigate whether such modes of regulation also apply to Bcl-B, we treated J16 cells stably 
expressing WT Bcl-B with roscovitine, etoposide, or vincristine in a time course. Samples 
were subjected to immunoblotting for endogenous Mcl-1, Actin and HA-Bcl-B. Treatment 
with roscovitine and etoposide rapidly reduced Mcl-1 protein levels (Fig 7), as previously 
reported.24, 26  Interestingly, Bcl-B protein levels were reduced to a similar extent in response 
to these two drugs. Vincristine also reduced Bcl-B and Mcl-1 levels, but with slower kinetics. 
This is consistent with a mutation in the Mcl-1 ligase SCFFBW7 that has been reported for 
Jurkat cells,27 from which the J16 cell-line is derived. Thus, Bcl-B might be subject to the same 
modes of regulation as Mcl-1. The data imply that treatment outcome may be determined by 
steady-state Bcl-B turnover, but also by drug-induced Bcl-B degradation.

Bcl-B
Mcl-1
Actin

Treatment (h) 0 8 16 24
Etoposide

0 8 16 24
Roscovitine

0 8 16 24
Vincristine

IB: α-HA
IB: α-Mcl-1
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Figure 7. Certain anti-cancer agents reduce Bcl-B and Mcl-1 protein levels. J16 cells stably expressing HA-tagged 
Bcl-B were incubated for indicated periods with etoposide (5 µg/ml), roscovitine (100 µM) or vincristine (5 ng/
ml). Lysates were subjected to immunoblotting for Bcl-B (anti-HA) and endogenous Mcl-1. Actin levels served as 
a control for equal loading. Data shown are representative for at least two independent experiments.

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 polyubiquitinated 
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 sites and that K128 is polyubiquitinated. 
A crystal structure of Bcl-B was recently reported,28 but it does not include the regions 
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in the molecule that contain the lysines. Our homology-based model closely matches this 
structure and indicates that the defined Ubiquitin acceptor site K128 and the potential 
acceptor sites K119, K120 reside in the previously identified unstructured loop between the 
BH1 and BH2 domains,10, 29 specifically between α-helices 5 and 6 (Fig. 1C). This suggests 
that these three lysines are highly exposed, and therefore can be efficiently targeted for 
ubiquitination. We found that K181 is not ubiquitinated, possibly because its location is 
too distant from the active site of the ubiquitination machinery. Alternatively, it might be 
inaccessible because of its proximity to the trans-membrane domain. Interestingly, the 
unstructured loop containing K119, K120 and K128 is not found in any other human anti-
apoptotic Bcl-2 family protein.29 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.29 

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.30-31 Recently, Beverly et al. also described that lysineless Bcl-B is 
more stable that WT Bcl-B.32 This correlated with improved oncogenic potential, since the 
mutant more potently accelerated Eµ-Myc driven leukemogenesis than WT Bcl-B. 

In contrast to our data, these authors conclude that in HEK 293T cells, ectopically expressed 
Bcl-B is exclusively monoubiquitinated on multiple lysine residues, based on co-expression with 
lysine-less HA-tagged Ubiquitin. We cannot exclude that multiple monoubiquitin 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 is polyubiquitinated on K128. Furthermore, 
both MS analysis and probing with validated linkage-specific antibody revealed that WT 
Bcl-B carries K48-linked polyubiquitin chains. Moreover, we show that Bcl-B is targeted for 
proteasomal degradation in agreement with the canonical function of K48-linked polyubiquitin 
chains.19 We therefore conclude  that polyubiquitination of Bcl-B drives its rapid degradation.

We demonstrate here that Bcl-B can protect tumor cells against various novel and 
conventional anti-cancer treatments, provided that it is expressed at high enough levels. 
In T-leukemic cells, WT Bcl-B provided resistance against the BH3-mimetic ABT-737, but 
not against roscovitine, etoposide, vincristine and TRAIL. Upon expression at the same 
mRNA levels, protein levels of the non-ubiquitinatable Bcl-B K/R mutant were higher than 
those of WT Bcl-B, due to its decreased proteasomal turnover. In contrast to WT Bcl-B, 
Bcl-B K/R provided resistance against all tested anti-cancer treatments, in both p53-wild-
type and p53-mutant leukemic cells. Since Bcl-B K/R behaves like WT Bcl-B in terms of 
BH3-only protein binding and localization, this demonstrates that ubiquitination controls 
the anti-apoptotic activity of Bcl-B.  This implies that loss of Bcl-B ubiquitination in cancer 
cells, which may occur by defects in its ubiquitination machinery or overexpression of its 
de-ubiquitinating enzyme(s) (DUBs), may promote resistance to diverse therapies. 
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Interestingly, roscovitine, etoposide, and to a lesser extent vincristine reduced Bcl-B 
protein levels. Etoposide and vincristine are known to induce degradation of Mcl-1.25-26 
Since these drugs reduced Bcl-B and Mcl-1 protein levels with similar kinetics, degradation 
of both proteins may be regulated by the same mechanism. Roscovitine, on the other hand, 
can block Mcl-1 transcription. Thereby it  mediated a rapid drop in Mcl-1 protein levels, 
given the inherent instability of Mcl-1.24 Based on this principle, translation inhibitors are 
now under clinical evaluation to kill chronic myeloid leukemia cells,33 that depend on high 
Mcl-1 protein levels.34 Our data suggests that these various anti-cancer drugs could be 
useful in tumor types that depend on Bcl-B for survival or treatment resistance.  

These findings also have implications for cancer therapy with BH3-mimetic drugs. 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, Bcl-xL and Bcl-w with different 
efficacy,22, 35 but not Bfl-1, Mcl-1,36-37 and Bcl-B.22 Given that expression levels of Bfl-1,38 Mcl-139 
and Bcl-B are determined by Ubiquitin-dependent proteasomal degradation, stimulation of 
their degradation may alleviate ABT-737 resistance, as already demonstrated for Mcl-1.40 

Our data imply that in cancer diagnostics, Bcl-B expression should be monitored at 
the protein rather than at the mRNA level, for which a flow cytometric assay was recently 
reported.16 Elevated Bcl-B protein expression indeed correlated with resistance to azacytidine 
in myeloid leukemia in that study. In addition, it is important to find the machinery that 
determines the ubiquitination status of Bcl-B. For Mcl-1, two E3 ligases (MULE, SCFFBW7) 
and a de-ubiquitinating enzyme (DUB; USP9X) have been identified.25, 39, 41-42 Interestingly, 
high expression of USP9X resulted in high Mcl-1 levels and correlated with poor prognosis 
of multiple myeloma patients.42 Conversely, loss of the E3 ligase SCFFBW7 made T-ALL cells 
resistant to ABT-737, by increasing Mcl-1 levels.41 Similarly, ligases or DUBs of Bcl-B could 
represent prognostic markers or even 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.43 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. Additionally, pMSCV constructs were created 
encoding untagged WT and K/R mutant Bcl-B. The plasmids pcDNA3-FLAG-Ubiquitin44 
and Liveact-GFP45 have been described. The cDNAs encoding full-length human Bik, Bim, 
Puma and Noxa 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 embryonic 
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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 of J16 and MOLT-4 cells was performed as described.46 
Upon integration of the retroviral construct in the host cell genome, Bcl-B and GFP protein 
are expressed from the same mRNA, due to the presence of a ribosomal entry site (IRES). 
Transduced cells expressing WT or K/R mutant Bcl-B were sorted on equal GFP signal using 
a FACSAria (BD). The resulting stable cell lines used for analysis are polyclonal, representing 
thousands of cells of the J16 or MOLT-4 cell lines used for transduction. 

Western Blotting. SDS-PAGE was performed as described,44 and blotting was performed 
using the Trans-Blot Turbo system (Bio-Rad). Primary antibodies used were: rabbit 
anti-GFP polyclonal,47  mouse anti-Actin mAb MAB1501R (Millipore), rabbit polyclonal 
anti-Mcl-1 S-19 (Santa Cruz), rabbit anti-Actin mAb D6A8 (Cell Signaling), rabbit anti-
Ubiquitin mAb Apu3 (K63-specific) and Apu2 (K48-specific) (Millipore), HRP-conjugated 
anti-Flag mAb M2 (Sigma), and mouse anti-Ubiquitin mAb P4D1 (Santa Cruz), 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. 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°C. Next, nine volumes of NP-40 buffer were added and 
lysates were cleared by centrifugation at 17.000 g for 10 min. at 4°C. 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). IPs were performed 
in Chaps buffer directly (Noxa) or after fixing with formaldehyde as described (Bik, Bim, 
Puma).22, 48 For MS, HEK 293T cells were harvested 24 h after transfection in PBS with 2 mM 
N-ethylmaleimide and lysed in SDS buffer. 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,49 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 
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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)50 coupled to  a 7-tesla 
LTQ-FT Ultra mass spectrometer (Thermo Electron) was used, essentially as described51 
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 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).

CLSM. 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 TRAIL46 and di-Ubiquitin molecules52  have 
previously been described. 

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 PI (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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Figure S1. HA-tagging of Bcl-B does not impact on its anti-apoptotic capacity. J16 cell lines stably 
expressing empty vector (EV), HA-tagged WT Bcl-B, untagged WT or K/R mutant Bcl-B were treated side-
by-side with ABT-737 or etoposide, at the indicated dose ranges. After 24 h, dead cells were identified by flow 
cytometric analysis of PI 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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ABSTRACT
The 11 members of the Membrane-associated RING-CH (MARCH) Ubiquitin ligase 
family are relatively unexplored. Upon exogenous (over)expression, a number of these 
ligases can affect the trafficking of membrane molecules. However only for MARCH-1 
endogenous functions have been demonstrated. For the other endogenous MARCH 
proteins, no functions or substrates are known. We report here that TRAIL-receptor (R)1 is 
a physiological substrate of the endogenous MARCH-8 ligase. The two human TRAIL death 
receptors play a role in immunosurveillance and are targets for cancer therapy, since they 
selectively induce apoptosis in tumor cells. We demonstrate that TRAIL-R1 is down regulated 
from the cell surface, with great preference over TRAIL-R2, by exogenous expression of 
MARCH ligases that are implicated in endosomal trafficking, such as MARCH-1 and -8. 
MARCH-8 attenuated TRAIL-R1 cell surface expression and apoptosis signaling by virtue 
of its ligase activity. This suggested that ubiquitination of TRAIL-R1 was instrumental in 
its downregulation by MARCH-8. Indeed, in cells with endogenous MARCH expression, 
TRAIL-R1 was ubiquitinated at steady-state, with the conserved membrane-proximal lysine 
273 as one of the interaction- and potential acceptor sites. This residue was also essential 
for the interaction of TRAIL-R1 with MARCH-1 and MARCH-8 and its downregulation by 
these ligases. Gene silencing identified MARCH-8 as the endogenous ligase that ubiquitinates 
TRAIL-R1 and attenuates its cell surface expression. These findings reveal that endogenous 
MARCH-8 regulates the steady-state cell surface expression of TRAIL-R1.

List of abbreviations
CHX, cycloheximide; Baf A1, bafilomycin A1; FI, fluorescence intensity; FITC, Fluorescein 
Isothiocyanate; GFP, Green Fluorescent Protein; IP, Immunoprecipitation; IZ, Isoleucine-
Zippered; MARCH, Membrane-associated RING-CH; mRFP, monomeric Red Fluorescent 
Protein; PI, propidium iodide; R, Receptor; RING, Really Interesting New Gene; RNAi, 
RNA interference; Rs, rescue; shRNA, short hairpin RNA; TCL, total cell lysate; TRAIL, 
TNF-related Apoptosis Inducing Ligand;  WT, wild-type
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UBIQUITINATION BY MARCH-8 CONTROLS TRAIL-R1

INTRODUCTION
TRAIL (TNF-related Apoptosis Inducing Ligand) is a death ligand expressed on Natural 
Killer cells that contributes to immune surveillance against infected and transformed cells 
(1-2). TRAIL receptor signaling has also been implicated in suppression of cancer metastasis 
(3). TRAIL is of interest as an anti-cancer therapeutic, as it can selectively induce apoptosis in 
cancer cells, leaving normal cells unharmed. Recombinant TRAIL and agonistic antibodies 
that trigger TRAIL death receptor activity are under clinical evaluation in cancer patients (4). 
In human, there are two closely related TRAIL death receptors - TRAIL-R1 and TRAIL-R2, 
also called DR4 and DR5 - that are broadly expressed and are often present on the same 
cells (5). Death receptors have a cytoplasmic death domain that enables them to induce 
apoptosis. Upon ligand binding, they recruit and activate inducer Caspase-8 and/or 10, 
which enables apoptotic execution (6-7). Death receptors can also transduce anti-apoptotic 
signals, primarily via the NF-κB pathway (8). The subcellular localization of the receptor may 
determine the nature of the signal, since in certain tumor cells, the death receptors TNF-R1 
and CD95 activated NF-κB from the cell surface, but Caspase-8 from endosomes (9-10). 
TRAIL receptors, however, activated Caspase-8 from the cell surface (11-12). Therefore, the 
amount of TRAIL receptor at the cell surface may determine the strength of the apoptotic 
response to physiological TRAIL or TRAIL-R targeting therapeutics. 

Generally, cell surface receptors are internalized from the plasma membrane at 
steady-state, as well as after ligand binding, potentially by distinct mechanisms (13). In 
the endocytic pathway, receptors are sorted and recycle back to the plasma membrane, 
or traffic to lysosomes for degradation (13). Ubiquitination is an important principle in 
regulating endocytosis and lysosomal transport of membrane receptors (14). Modification 
with mono-Ubiquitin or K63-linked poly-Ubiquitin directs receptor sorting by enabling 
interaction of the receptor with proteins that regulate endosomal trafficking (14). 

A recently discovered group of Ubiquitin ligases that targets membrane molecules is 
the MARCH family. These mammalian Membrane-associated RING-CH ligases have 
been identified on basis of their homology to ligases of murine and human herpesviruses 
(15-17). The MARCH proteins have an amino-terminal cytoplasmic ligase domain, with 
characteristically spaced cysteine and histidine residues (C4HC3) (18-20). This typical E2-
binding RING finger domain is generally followed by two transmembrane segments and a 
cytoplasmic carboxy-terminal region (18-20). 

The different MARCH family members reside in different compartments within the 
cell (18-20). The closely related MARCH-1 and MARCH-8 are located on endosomes and 
the plasma membrane and are both implicated in regulating cell surface expression of their 
substrates (15-16,21-23). MARCH-1 is the only family member for which genetically deficient 
mice have been studied. This work has established that endogenous MARCH-1 regulates 
antigen presentation and T-cell costimulatory functions of dendritic cells by attenuating cell 
surface expression of its substrates MHC Class II and CD86 (22,24-25). Although MARCH-1 
is mainly expressed in cells of the immune system, expression of MARCH-8 is broader (15-16). 
For MARCH-8 and a number of its relatives, ubiquitination substrates have been reported, 
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but these were all identified by exogenous MARCH (over)expression, except for MARCH-1 
(18-20). The functions of endogenous MARCH ligases are therefore largely unknown. 

Here, we identify TRAIL-R1 as a substrate for ubiquitination by endogenous MARCH-8 
in breast cancer cells. TRAIL-R1 was targeted with preference over TRAIL-R2 for 
downregulation from the cell surface by various exogenously expressed MARCH ligases. 
In this way, the MARCH ligases attenuated apoptosis signaling in response to TRAIL. 
We identified a unique membrane-proximal lysine in the cytoplasmic tail of TRAIL-R1 
that is important for its ubiquitination, its interaction with MARCH-1 and -8 and its 
downregulation by these ligases. RNA interference identified MARCH-8 as the endogenous 
ligase that ubiquitinates TRAIL-R1 and attenuates its steady-state cell surface expression. 
These findings identify MARCH-8 as a regulator of TRAIL-R1 signaling and a potential 
determinant for tumor cell sensitivity to TRAIL receptor-targeted therapy.

EXPERIMENTAL PROCEDURES
Cells and reagents - MCF-7Casp-3 breast cancer cells (26), Mel Juso melanoma cells and 
retrovirus packaging cells were cultured in Dulbecco’s modified Eagle medium (DMEM). 
H358 lung cancer cells were cultured in Roswell Park Memorial Institute medium (RPMI). 
Both media were supplemented with 8% fetal bovine serum and antibiotics. MG132 was 
from Calbiochem and Bafilomycin A1 from Santa-Cruz. Soluble recombinant human 
IZ-TRAIL was kindly provided by Dr. Henning Walczak (Division of Medicine, Imperial 
College London, UK). Transferrin (Sigma) was conjugated to FITC by a standard procedure 
and FITC-Transferrin was purified by Sephadex G-25 gel filtration. Mouse monoclonal 
antibodies used were: biotin-conjugated anti-human TRAIL-R1 mAb DJR1 and anti-
human TRAIL-R2 mAb DJR2-4 (eBioscience); HRP-conjugated anti-HA mAb clone HA-7 
(Sigma) and HRP-conjugated anti-FLAG mAb M2 (Sigma); anti-Dynamin-1 mAb 41 (BD 
Biosciences) and anti-Actin MAB1501R (MilliPore). Rabbit polyclonal antibodies used 
were: anti-TRAIL-R1 AB16955 (MilliPore), anti-mRFP and anti-GFP (made in house) 
(27), anti-active Caspase-3 (BD Biosciences). Allophycocyanine-conjugated streptavidin 
was from (BD Biosciences) and HRP-conjugated swine anti-rabbit Ig was from DAKO A/S. 
Secondary polyclonal antibodies conjugated with Alexa Fluor 568 and Alexa Fluor 647 were 
from Molecular Probes. Goat-anti-rabbit IgG or goat-anti-mouse IgG, conjugated with 
IRDye 682 or -800 were from LI-COR (Lincoln NE).

Constructs - The TRAIL-R1.mRFP fusion was created by PCR/restriction enzyme-based 
cloning of TRAIL-R1 cDNA from pcDNA3-TRAIL-R1 (kindly provided by Dr. H. Walczak) 
into pmRFP-N1 (28), resulting in carboxy-terminal mRFP-tagging of the type I TRAIL 
receptor. Point and truncation mutants of TRAIL-R1.mRFP were generated by PCR-based 
mutagenesis. The TRAIL-R1.mRFP cDNA was subcloned from pmRFP-N1 into the retroviral 
vector pMXIRESBlasticidin to allow for stable expression by gene transduction in MCF-7Casp-

3 cells. Plasmids pUHD10-1-MARCH-1, pUHD10-1-MARCH-2, pUHD10-1-MARCH-8 
(kindly provided by Dr. Klaus Früh, Vaccine and Gene Therapy Institute, Oregon Health and 
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Science University, Beaverton OR) and pOTB7-MARCH-4, pOTB7-MARCH-9 (Geneservice) 
served as PCR templates for MARCH cDNAs, which were cloned into pEGFP-N1 (Clontech) 
to create MARCH.GFP fusions. MARCH-1.HA and MARCH-8.HA cDNA was generated by 
subcloning MARCH cDNAs into pHAN1, which is peGFPN1 (Clontech) in which the eGFP 
coding sequence is replaced by a double HA-tag with the sequence YPYDVPDYA (kindly 
provided by L. Janssen, The Netherlands Cancer Institute, Amsterdam). The pcDNA3.1-
Dynamin-1 WT and K44A plasmids were derived from the pMT2-Dynamin-1 WT and 
K44A plasmids (29). Plasmid pcDNA3.1 encoding FLAG-tagged human Ubiquitin was 
a gift from Dr. Simon Cook (Babraham Institute, Cambridge, UK). Point and truncation 
mutants of TRAIL-R1 and MARCH-8 were generated by PCR-based mutagenesis. The 
pLKO.1 empty plasmid or plasmids containing shRNA hairpins targeting MARCH-8 
(CCTCCTTCTCTCGCACTTCTA, nucleotide 194-214), or MARCH-1 mRNA (1b 
GAGAAGAACTTCTCATGTAAT, nucleotide 745-765; 1c GTACAGTGTAAAGTCTATGTT, 
nucleotide 649-669) were purified from bacterial glycerol stocks (Open Biosystems, Thermo 
Scientific).  All vector construction was done using standard cloning and PCR techniques. All 
constructs were verified by dideoxynucleotide sequencing.

Transfection and retroviral transduction - Cells were transfected with FuGENE 6 according to 
the manufacturer’s instructions (Roche). Cells were used for assays at 24 h after transfection. 
When shRNAs were transfected, cells were used 48-72 h after transfection. Retroviral 
transduction was done as described (30). In brief, for production of amphotropic retrovirus 
carrying pMXIRESBlasticidin TRAIL-R1.mRFP WT or –K/A constructs were transfected 
into the HT1080-derived packaging cell line FLY. MCF-7Casp-3 cells were transduced with 
freshly harvested virus-containing FLY cell supernatant and cells were selected after 3 days 
with 10 μg/ml Blasticidin (Sigma).

Apoptosis assay and flow cytometry - For apoptosis induction, cells were stimulated with 
indicated concentrations of recombinant soluble TRAIL in culture medium for the indicated 
periods of time at 37°C, 5% CO2. Active Caspase-3 content was determined by flow cytometry 
as described (26). Cells were stained with propidium iodide (PI; 1 µg/ml) in PBS with BSA for 
5 min at room temperature to detect membrane-permeable dead cells. For flow cytometric 
detection of endogenous TRAIL receptors, cells were harvested in PBS/EDTA followed by 
staining with biotinylated anti-TRAIL-R1 mAb DJR1 and anti-TRAIL-R2 mAb DJR2-4 (1:250 
and 1:500) combined with allophycocyanine-conjugated streptavidin. The mean fluorescence 
intensity (MFI) obtained upon staining with secondary reagent only was subtracted from the 
MFI obtained after TRAIL receptor staining to yield the TRAIL receptor MFI expressed in 
the figures. Samples were gated on live cells. Data were analyzed using FCS Express (De Novo 
Software, Thornhill, Canada) or FlowJo (Tree Star, Ashland OR).

Western blotting and immunoprecipitation - Cells were harvested and lysed in NP-40 buffer 
consisting of 50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 1 mM PMSF 
and Complete Protease Inhibitors (Roche). For the experiment depicted in Figure 4C, cells 
were lysed in 50 mM Tris-HCl (pH 8.0), 1% SDS, 10 mM DTT, 0.5 mM EDTA, for 10 min 
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at 95ºC. The SDS was quenched by addition of nine volumes of NP-40 buffer. Cell lysates 
were clarified by centrifugation for 10 min at 13.000 g and protein content was measured 
by Bio-Rad protein assay. Immunoprecipitation was performed with antibody to mRFP, 
followed by Protein G Sepharose beads (GE Healthcare). Immunoprecipitates were washed, 
resuspended in reducing NuPAGE sample buffer (with 0.1 M DTT) and heated for 10 
min at 95°oC. SDS-PAGE was done on pre-cast 4-12% NuPAGE minigels, according the 
manufacturer’s protocol (Invitrogen). Total cell lysate (taken prior to immunoprecipitation) 
was run at 30 μg protein per lane, as determined by Bio-Rad protein assay. Proteins were 
transferred to nitrocellulose membranes by wet blotting for 90 min at 70 V. Membranes 
were blocked for 1 h at room temperature with 5% w/v skim milk (Oxoid) in Tris-buffered 
saline (TBS). Antibody probing was performed in TBS with 1% w/v skim milk and 0.05 
% v/v Tween 20. For detection by ECL (Pierce Biotechnology, Rockford, IL), blots were 
incubated with HRP-conjugated anti-HA or anti-FLAG mAb, or with rabbit anti-mRFP 
followed by HRP-conjugated swine anti-rabbit Ig. Alternatively, blots were incubated with 
unconjugated primary antibody, followed by IRDye-conjugated second step antibody and 
proteins were detected on the Odyssey infrared imager (LI-COR). Quantification of signals 
was done using ImageLab software (Bio-Rad) or Odyssey software (LI-COR), respectively.

RT-PCR - RNA was isolated according to the manufacturer’s protocol (RNeasy mini kit; QiaGen). 
Copy-DNA (cDNA) was generated from the RNA using SuperScript II RT (Invitrogen). 
Quantative RT-PCR was performed using FAST SYBR green master mix (Applied Biosystems).

Statistics - Statistical analyses were performed using GraphPad Prism version 4 for Windows 
(Graph Pad Software). The tests employed and the criteria for significance are indicated in 
the figure legends.

Confocal Laser Scanning Microscopy – See supplemental methods.

RESULTS
MARCH family ligases downregulate cell surface levels of TRAIL-R1 at steady state
To study how cell surface expression of TRAIL receptors is regulated, we blocked 
receptor internalization in MCF-7 breast carcinoma cells, engineered to stably express 
Caspase-3 (MCF-7Casp-3). These cells have endogenous TRAIL-R1 and -R2 and effectively 
undergo apoptosis upon TRAIL treatment (26). Receptor internalization was blocked by 
dominant negative Dynamin-1 (K44A), which inhibits endosome formation (14,31). K44A 
Dynamin-1 inhibited Transferrin uptake (Fig. S1), confirming the inhibitory effect of this 
mutant on receptor endocytosis. To assess the impact of K44A Dynamin-1 on TRAIL-
induced apoptosis, MCF-7Casp-3 cells were transfected to express wild-type (WT) Dynamin-
1, K44A Dynamin-1 or control vector. GFP was co-expressed to mark transfected cells.

Interestingly, this experiment revealed a differential impact of K44A Dynamin-1 on the 
steady-state cell surface expression of TRAIL-R1 versus TRAIL-R2. In cells that expressed 
high levels of Dynamin, as revealed by high GFP expression, the K44A mutant specifically 
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upregulated cell surface expression of TRAIL-R1, while it did not affect TRAIL-R2 
expression (Fig. 1A). This indicated that, at steady state, TRAIL-R1 has a higher turn-over 
by Dynamin-dependent endocytosis than TRAIL-R2.

Because certain MARCH ligases were previously shown to downregulate various 
molecules, including CD95 (15), from the cell surface upon exogenous expression, we 
hypothesized that MARCH ligases might also regulate TRAIL receptor plasma membrane 
levels. To test this, we focused on MARCH-1, -2, -4, -8 and -9, because these locate to 
the plasma membrane and/or endosomal compartments and were already implicated in 
modulation of cell surface expression of several molecules (18-20). The MARCH proteins 
were transiently expressed as GFP-chimeras in MCF-7Casp-3 cells and their impact on 
endogenous TRAIL-R1 and TRAIL-R2 cell surface levels was determined by flow cytometry. 
Several MARCH proteins reduced the cell surface level of TRAIL-R1, as revealed by 
reduced TRAIL-R1 fluorescence intensity (FI) of MARCH-transfected cells compared to 
control vector (GFP)-transfected cells (Fig. 1B). Quantification of the results from multiple 
independent experiments showed that in MCF-7Casp-3 cells, expression of MARCH-1, -8 and 
-9 significantly reduced TRAIL-R1 cell surface levels (Fig. 1C). TRAIL-R2 cell surface levels, 
on the other hand, were only slightly affected by the MARCH proteins in MCF-7Casp-3 cells 
and the downregulation was not statistically significant (Fig. 1B,C). In the same cells, CD95 
was most prominently downregulated by MARCH-1 and MARCH-8 (Fig. S2), confirming 
published data (15). In Mel JuSo melanoma cells, exogenous expression of the different 
MARCH proteins also resulted in a more prominent downregulation of TRAIL-R1 than 
TRAIL-R2 cell surface expression (Fig. 1D) and similar results were obtained in HeLa cervix 
carcinoma cells (data not shown). We conclude that MARCH family members preferentially 
target TRAIL-R1 over TRAIL-R2 and downregulate its cell surface expression at steady state. 

Downregulating TRAIL-R1 cell surface expression requires ligase-competent MARCH-8
As MARCH proteins are ubiquitin ligases, we hypothesized that they downregulate TRAIL-R1 
cell surface expression by virtue of their ligase activity. To test this, we created a ligase-dead 
MARCH-8 variant (MARCH-8 RING) by mutating three conserved residues in its RING-CH 
domain (H107N, C110S, W114S; Fig 2A). The impact of WT MARCH-8 versus the MARCH-8 
RING mutant on TRAIL-R1 cell surface levels in MCF-7Casp-3 cells was analyzed by flow 
cytometry, as outlined above for Figure 1. A representative histogram is shown in Figure 2B. 
Quantification of multiple experiments demonstrated that in contrast to WT MARCH-8, the 
MARCH-8 RING mutant did not downregulate TRAIL-R1 cell surface levels (Fig. 2C). Thus, 
MARCH-8 requires an intact RING domain to reduce TRAIL-R1 cell surface expression. This 
indicates that the ligase activity of MARCH-8 is essential for TRAIL-R1 downregulation. 

Overexpression of MARCH-1 or -8 confers resistance to TRAIL-induced apoptosis
To evaluate the possible implications of our findings for tumor therapy with TRAIL receptor 
agonists, we tested whether MARCH ligases altered the sensitivity of MCF-7Casp-3 cells to 
TRAIL-induced apoptosis. We focussed on MARCH-1 and -8, because they are closely 
related (20), they are most clearly implicated in the endocytic trafficking of membrane 
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proteins and they consistently affected TRAIL-R1 cell surface expression in MCF-7Casp-3 

and Mel JuSo cells. The cells were transiently transfected to express GFP-tagged MARCH-1 
or MARCH-8, or GFP alone (control) and treated with soluble recombinant TRAIL, at 
different doses. Apoptosis signaling was read out at 5 h after TRAIL treatment, by flow 
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Figure 1. MARCH proteins preferentially downregulate TRAIL-R1 cell surface levels in MCF-7Casp-3 

cells. (A) MCF-7Casp-3 breast cancer cells were transfected to express WT or K44A Dynamin together 
with GFP. To detect endogenous TRAIL-R1 or TRAIL-R2 at the cell surface, the cells were stained with 
specific antibodies and second step reagent, or with second step reagent only (Control) followed by flow 
cytometric analysis. Histograms of TRAIL-R fluorescence intensity (FI) in the GFP positive populations 
are shown. (B and C) MCF-7Casp-3 cells were transfected to express GFP-tagged MARCH-1, -2, -4, -8, -9 or 
GFP only (Control) and cell surface levels of TRAIL-R1 (left) and TRAIL-R2 (right) were determined by 
flow cytometry. Representative histograms of TRAIL-R intensity in the GFP positive populations are shown 
in (B). Panel (C) shows the quantification of TRAIL-R1 and -R2 expression in MCF-7Casp-3 cells expressing 
the indicated MARCH-GFP proteins or GFP only (-). The mean fluorescence intensity (MFI), denoting 
TRAIL-R cell surface levels in GFP+ cells expressing MARCH-GFP or GFP only is expressed as percentage 
of the MFI in untransfected GFP- cells in the same cell population. Data represent mean + SD of values from 
at least 3 independent experiments. Asterisks indicate statistically significant differences between MARCH-
transfected and GFP-transfected control cells (one-way ANOVA, Bonferroni correction; *P<0.05, **P<0.01, 
***P<0.001). (D) This experiment was performed and quantified as outlined in (B,C), but in this case using 
the melanoma cell line Mel JuSo. Data represent mean + SD of values from 2 independent experiments.

▶

Figure 2. MARCH-8 requires a functional RING domain to downregulate TRAIL-R1 cell surface 
expression. MCF-7Casp-3 cells were transfected to express GFP only (-), or GFP-tagged WT MARCH-8, or 
a MARCH-8 variant carrying ligase-inactivating mutations in its RING domain (MARCH-8 RING). Cell 
surface levels of TRAIL-R1 were determined by antibody staining, followed by flow cytometric analysis. 
(A) Schematic depiction of MARCH-8, on relative scale, with indication of the RING-CH domain and 
transmembrane (TM) segments, as well as the three point mutations. (B) Primary data from a representative 
experiment, showing histograms of TRAIL-R1 cell surface expression (FI) in GFP+ (MARCH-transfected) 
cells. (C) TRAIL-R1 cell surface expression was quantified and statistically analyzed as described for Figure 
1C. Data represent mean + SD of values from 3 independent experiments. Asterisk indicates statistically 
significant differences between cells with WT MARCH-8 versus control or the RING mutant  (one-way 
ANOVA, Bonferroni correction; *P<0.05). 
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cytometric detection of cleaved Caspase-3 in the GFP-positive (MARCH- or control GFP 
expressing) cell population. In addition, cell death was read out by staining with propidium 
iodide (PI) at 14 h after TRAIL treatment, followed by flow cytometry. Both MARCH-1 and 
MARCH-8 expressing cells were significantly less sensitive to TRAIL-induced apoptosis 
than the control GFP expressing cells (Fig. 3A, B). Data depicted here were obtained with 
isoleucine-zippered (IZ) TRAIL (26,32), but similar results were obtained with FLAG-
tagged TRAIL (Fig. S3). Expression of the MARCH-8 RING mutant did not confer 
resistance to TRAIL-induced cell death (Fig. 3B). These data indicate that MARCH ligase 
activity can determine the sensitivity of tumor cells to TRAIL-induced apoptosis.

At steady-state TRAIL-R1 is a substrate for MARCH-8-mediated ubiquitination
The fact that MARCH ligase activity could regulate TRAIL-R1 cell surface expression, 
suggested that TRAIL-R1 might be a target for ubiquitination. To examine this, a WT 
TRAIL-R1.mRFP chimera was expressed in MCF-7Casp-3 cells, together with FLAG-tagged 
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Figure 3. MARCH overexpression inhibits apoptosis induction by TRAIL. (A) MCF-7Casp-3 cells were transfected 
to express either GFP only, or GFP-tagged MARCH-1, or -8. At 24 h after transfection, cells were stimulated with 
IZ-TRAIL for 5 h and Caspase-3 cleavage was determined by flow cytometry in the GFP positive cell populations. 
(B) As in (A), with the following adaptations. Cells were transfected with WT MARCH-1 or -8, or with the 
MARCH-8 RING mutant described in Fig. 2. Cells were stimulated with TRAIL for 14 h, and cell death was read 
out by PI uptake. Data in (A) and (B) represent mean + SD of values from 3-4 independent experiments. The 
percentage of cells with cleaved Caspase-3 or PI uptake in the untreated control samples was subtracted. Asterisks 
indicate statistically significant differences between MARCH.GFP-transfected and GFP only-transfected control 
cells at indicated concentration of TRAIL (Student’s t-test; *P<0.05, **P<0.01, ***P<0.001).
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ubiquitin. Upon immunoprecipitation (IP) with anti-mRFP antibody from NP-40 lysates, 
a distinct FLAG-reactive smear was revealed in association with WT TRAIL-R1.mRFP, but 
not with mRFP alone (-) (Fig. 4A, lanes 1 and 2). This suggests that Ubiquitin is associated 
with TRAIL-R1 at steady-state. 

Conceptually, the Ubiquitin isolated with TRAIL-R1 could be appended to a TRAIL-R1 
interacting protein rather than to TRAIL-R1 itself. To test whether Ubiquitin was directly 
linked to the receptor, we expressed a TRAIL-R1 truncation mutant lacking the C-terminal 
death domain (TRAIL-R1 ΔWT). TRAIL-R1 WT and ΔWT were compared side-by-
side for their migration pattern (Fig. 4B, lanes 2 and 4). TRAIL-R1 ΔWT migrated faster 
than TRAIL-R1 WT, as expected. Importantly, this was paralleled by a similar change in 
migration pattern of the co-isolated Ubiquitin (Fig. 4B, lanes 6 and 8), indicating that 
Ubiquitin was appended to TRAIL-R1 itself. Furthermore, Ubiquitin was still present in 
TRAIL-R1 isolate obtained from cell lysate that had been denatured by boiling in SDS, 
prior to immunoprecipitation of TRAIL-R1 (Fig. 4C, lanes 1 and 2). Collectively, these data 
indicate that TRAIL-R1 itself is a substrate for steady-state ubiquitination by a endogenous 
machinery. Upon overexpression of MARCH-8, ubiquitination of TRAIL-R1 was increased 
(Fig. 4A, lanes 2 and 5), suggesting that MARCH-8 ubiquitinates TRAIL-R1 

Lysine 273 is important for ubiquitination of TRAIL-R1
Next, we aimed to identify the potential Ubiquitin acceptor site(s) in TRAIL-R1. The ligase 
domain of mammalian and viral MARCH proteins approximates its target close to the 
cytoplasmic face of the membrane (15,20). TRAIL-R1 has a single membrane-proximal lysine 
residue (K273) in the cytoplasmic region preceding the death domain (Fig. 4D and S5A). 
Notably, this lysine residue is highly conserved among primates, that like humans and unlike 
other species have two TRAIL receptors (Fig. S5B). To study the possible involvement of K273 
in TRAIL-R1 ubiquitination, this amino acid was mutated to an alanine residue and steady-
state ubiquitination of the TRAIL-R1 K273A mutant in MCF-7Casp-3 cells was examined. 
Comparable amounts of WT and K273A mutant TRAIL-R1 were isolated, but less Ubiquitin 
was detected in association with the mutant receptor than with the WT receptor (Fig. 4A, 
lanes 2 and 3). The total cellular expression level of TRAIL-R1 WT and K273A and Ubiquitin 
are depicted in Figure S4. Similar results were obtained when TRAIL-R1 WT and K273A were 
isolated from denatured cell lysates (Fig. 4C, lanes 2 and 3). These results indicate that K273 
is either the acceptor site of Ubiquitin or important for interaction with the responsible ligase. 

Upon mutation of K273 in TRAIL-R1, ubiquitination of the receptor was reduced but not 
completely lost (Fig. 4A, B). Moreover, upon overexpression of MARCH-8, ubiquitination 
of both TRAIL-R1 WT and K273A was increased (Fig. 4A). These data indicate that K273 
is a potential Ubiquitin acceptor site in TRAIL-R1, but not the only one. 

It has been shown that viral MARCH family members can target non-lysine residues for 
ubiquitination, specifically cysteine, threonine and serine (33-34). Ubiquitination on cysteine, 
threonine and/or serine can also occur by an endogenous mechanism in mammalian cells (35), 
but the ligase(s) involved have not yet been identified. For these reasons, we examined whether 
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Figure 4. Steady-state ubiquitination of TRAIL-R1 on lysine residue K273 by an endogenous machinery. 
(A) MCF-7Casp-3 cells were transfected to express FLAG-Ubiquitin, together with mRFP only (-), or with 
mRFP-chimeras of WT TRAIL-R1 (WT) or its K273A lysine mutant (K/A). MARCH-8.HA cDNA (+) or 
an empty control vector (-) were additionally transfected as indicated. Cells were lysed in NP-40 buffer, 
TRAIL-R1 was isolated with anti (α)-mRFP antibody and immunoprecipitates (IP) were analyzed by 
immunoblotting (IB) with α-mRFP antibody to detect TRAIL-R1, α-FLAG antibody to detect Ubiquitin 
and α-HA antibody to detect MARCH-8. Asterisk denotes the heavy chain of the antibody used for IP. 
Solid and open arrowheads indicate respectively TRAIL-R1.mRFP and mRFP only. Blot is representative 
of 4 independent experiments. (B) MCF-7Casp-3 cells were transfected to express FLAG-Ubiquitin, together 
with either mRFP only (-), with mRFP chimeras of WT TRAIL-R1 (WT) or the K273A TRAIL-R1 mutant 
(K/A), or with a truncated TRAIL-R1 lacking the C-terminal 116 residues (ΔWT). TRAIL-R1 was isolated 
with α-mRFP antibody and immunoprecipitates (IP) were analyzed by immunoblotting (IB) with α-mRFP 
antibody to detect TRAIL-R1 and with α-FLAG antibody to detect Ubiquitin. Data shown are representative 
of 2 independent experiments. (C) MCF-7Casp-3 cells were transfected to express FLAG-Ubiquitin, together 
with mRFP only (-), or with mRFP-chimeras of WT TRAIL-R1 (WT) or its K273A lysine mutant (K/A). 
Cells were lysed by boiling in SDS, NP-40 buffer was added in excess and immunoprecipitation of TRAIL-R1 ▶
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TRAIL-R1 was ubiquitinated on the cysteines or the serine that are present in its membrane-
proximal region (Fig. 4D). To simplify acceptor residue identification, we generated a C-terminally 
truncated receptor, leaving only the 14 most membrane-proximal cytoplasmic amino acids. In 
this truncated receptor, the lysine, cysteine, or serine residues were mutated, either alone or in 
combination (Fig. 4D). The TRAIL-R1 mutants lacking membrane-proximal serine or cysteine 
residues were still ubiquitinated (Fig. 4E). In absence of K273 however, all ubiquitination of 
TRAIL-R1 was lost. Together, these data indicate that TRAIL-R1 is ubiquitinated at steady-state 
by an endogenous ligase.  In TRAIL-R1, K273 but also residues more than 14 amino acids distal 
from the plasma membrane are potential Ubiquitin acceptor sites.

MARCH-1 and 8 interact with and downregulate WT TRAIL-R1, but not TRAIL-R1 K273A 
MARCH-8 is known to interact with its ubiquitination substrate CD86 (16). We therefore 
examined whether TRAIL-R1 could interact with MARCH-1 or -8. WT TRAIL-R1.mRFP 
or the K273A mutant were co-expressed with HA-tagged MARCH-1 or -8. Next, the 
TRAIL receptors were isolated by immunoprecipitation and isolates were immunoblotted 
with anti-HA antibody to detect associated MARCH proteins. Both MARCH proteins were 
detected at high stochiometry in the WT TRAIL-R1 immunoprecipitates (IP, Fig. 5A, panel 
I and II), indicating that TRAIL-R1 forms a complex with MARCH-1 or -8 at steady-state. 
Strikingly, MARCH-1 and -8 interacted to a much lesser extent with the TRAIL-R1 K273A 
mutant, indicating that K273 enables or greatly strengthens the interaction of TRAIL-R1 
with MARCH-1 and MARCH-8 (Fig. 5A, panel I and II). 

Immunoblotting for TRAIL-R1 on total cell lysates (TCL) revealed that total cellular protein 
levels of WT TRAIL-R1 were reduced by co-expression of MARCH-1 or -8 (Fig. 5A, panels 
III and IV). In contrast, the total cellular level of the TRAIL-R1 K273A mutant was unaffected 
by either MARCH protein, suggesting that TRAIL-R1 downregulation occurred by virtue of 
its interaction with MARCH-1 or -8. These findings were substantiated by quantification of 
TRAIL-R1 levels in total cell lysates from multiple independent experiments (Fig. 5B).

Furthermore, we analyzed the impact of MARCH-1 and MARCH-8 on the cell surface 
expression of TRAIL-R1 WT and its K273A mutant. Flow cytometric analysis showed that 
the TRAIL-R1 K273A mutant was much less efficiently downregulated from the cell surface 
by MARCH-1 or MARCH-8 than the WT TRAIL-R1 (Fig. 5C).

We conclude that TRAIL-R1 can form a complex with MARCH-1 and -8, supported 
by the K273 residue in the cytoplasmic tail of TRAIL-R1. Moreover, MARCH-1 and -8 

and analysis were performed as outlined for panel (A). Asterisk denotes the heavy chain of the antibody 
used for IP. Solid and open arrowheads indicate respectively TRAIL-R1.mRFP and mRFP only. Blot is 
representative of 2 independent experiments. (D) Alignment of primary amino acid sequence of part of 
the transmembrane segment (italic) and the remaining 14 residues of the cytoplasmic tail of the truncated 
TRAIL-R1 mutants used in (E). Relevant potential ubiquitination sites are shown in bold. (E) MCF-7Casp-3 

cells were transfected to express FLAG-Ubiquitin, together with mRFP-tagged TRAIL-R1 WT or mutants 
shown in (D). TRAIL-R1 was isolated with α-mRFP antibody and immunoprecipitates (IP) were analyzed by 
immunoblotting with α-mRFP antibody to detect TRAIL-R1 and α-FLAG antibody to detect Ubiquitin. Blot 
is representative of 2 independent experiments. Asterisk denotes the heavy chain of the antibody used for IP.

▶
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Figure 5. MARCH-1 and -8 interact with and downregulate wild-type TRAIL-R1, but not the TRAIL-R1 
K273A mutant. (A) MCF-7Casp-3 cells were transfected to express mRFP only (-), mRFP-tagged WT TRAIL-R1 
or K273A (K/A) mutant, together with HA-tagged MARCH-1, MARCH-8, or empty vector (-), as indicated. 
Immunoprecipitation was performed with α-mRFP antibody and immunoprecipitates (IP) were analyzed 
by immunoblotting with α-mRFP and α-HA antibodies to detect TRAIL-R1 and MARCH-1/8 respectively. 
Panel I: mRFP detection in IP of TRAIL-R1.mRFP and control mRFP; Panel II: MARCH-1 and -8 detection 
in IP of TRAIL-R1.mRFP and control mRFP; Panel III: mRFP detection (TRAIL-R1.mRFP or RFP only) 
in total cell lysates (TCL); Panel IV: MARCH-1 and -8 detection in TCL. (B) Quantification of TRAIL-R1 
downregulation in total cell lysates. Total protein levels of WT TRAIL-R1 and the K/A mutant in TCL of 
control cells (-), or those expressing HA-tagged MARCH-1 or -8 were quantified from Western blots as 
depicted in panel III of (A) and plotted as percentage of the WT TRAIL-R1.mRFP expression in control cells. 
Data represent mean + SD of values from the experiment depicted in (A) and 2 additional experiments. (C) 
Impact of MARCH-1 or MARCH-8 on WT and K/A mutant TRAIL-R1 cell surface expression. Cells stably 
expressing WT or K273A TRAIL-R1.mRFP were transfected to express GFP (-), GFP-tagged MARCH-1 or 
MARCH-8 and stained with antibody to TRAIL-R1 as outlined for Fig. 2. Quantification of 2-4 independent 
experiments assessing TRAIL-R1 MFI in GFP+ cells as percentage of TRAIL-R1 MFI in GFP- cells, whereby 
the values in control cells were set at 100%. Values represent mean + SD. Asterisks indicate statistically 
significant differences between TRAIL-R1 WT or K/A mutant (Student’s t-test; *P<0.05, **P<0.01).

downregulated cell surface expression of WT TRAIL-R1, but not the K273A mutant. 
Together, these data indicate that K273 is involved in the interaction of TRAIL-R1 with 
MARCH-1/8, and its downregulation by these ligases.

84



UBIQUITINATION BY MARCH-8 CONTROLS TRAIL-R1

MARCH-8 targets TRAIL-R1 for lysosomal degradation
Since MARCH-1 and -8 downregulated endogenous TRAIL-R1 from the cell surface (Fig. 
1) and reduced total expression levels of exogenous TRAIL-R1 (Fig. 5), we hypothesized 
that MARCH-1 and -8 targeted TRAIL-R1 for degradation. To test this, we first studied 
the mechanism by which endogenous TRAIL-R1 was turned over at steady-state. For this 
purpose, we used H358 lung cancer cells, as they express larger amounts of TRAIL-R1 than 
MCF-7Casp-3 cells (Fig. S6). After a 16 h treatment with the translation inhibitor cycloheximide 
(CHX), endogenous TRAIL-R1 levels were reduced to about 60% of untreated control levels 
(Fig. 6A, B). Recoveries of TRAIL-R1 from NP-40 lysates and lysates prepared with more 
stringent RIPA buffer were similar, indicating that the receptor did not reside in compartments 
that were insoluble after NP-40 lysis (results not shown). Thus, CHX treatment visualized 
steady-state degradation of endogenous TRAIL-R1. This degradation could be blocked 
by Bafilomycin A1 (Baf A1), a lysosomal inhibitor (Fig. 6A, B). Inhibiting the Proteasome 
with MG132 also partially inhibited TRAIL-R1 degradation. Statistical evaluation of data 
from three independent experiments indicated that rescue of TRAIL-R1 by Baf A1, but not 
rescue by MG132, was significant (Fig. 6B). This indicates that at steady state, a large pool of 
endogenous TRAIL-R1 is targeted for degradation in lysosomes.

Next, we addressed MARCH-8-induced degradation of endogenous TRAIL-R1 in our 
main model system, MCF-7Casp-3 cells. Cells were transfected to express MARCH-8.GFP or 
GFP alone, treated with Baf A1 for 16 h or left untreated. Endogenous TRAIL-R1 expression 
was determined in the transfected populations that were isolated by flow cytometric sorting. 
In cells that did not express MARCH-8, Baf A1 treatment increased TRAIL-R1 expression 
(Fig. 6C). MARCH-8 expression considerably reduced endogenous TRAIL-R1 levels, which 
was reverted by blocking lysosomal degradation with Baf A1 (Fig. 6C). Statistical evaluation of 
data from three independent experiments indicated that Baf A1 treatment rescued MARCH-
8-induced degradation of TRAIL-R1 (Fig. 6D). These experiments indicate that MARCH-8 
targets endogenous TRAIL-R1 in MCF-7Casp-3 cells for lysosomal degradation at steady-state. 

TRAIL-R1 is ubiquitinated and downregulated by endogenous MARCH-8
The findings outlined above strongly suggested that endogenous MARCH proteins were 
responsible for TRAIL-R1 ubiquitination and its downregulation. To test the involvement 
of endogenous MARCH proteins, we used RNA interference. RT-PCR revealed that both 
MCF-7Casp-3 and Mel JuSo cells express MARCH-8 (Fig. 7A). A short hairpin (sh)RNA 
construct was made that efficiently silenced MARCH-8 expression, as tested on endogenous 
MARCH-8 mRNA (Fig. 7B). 

The validated MARCH-8 shRNA was subsequently used to test whether endogenous 
MARCH-8 was responsible for the ubiquitination of TRAIL-R1. MCF-7Casp-3 cells were 
transfected to express WT or K273A TRAIL-R1 and FLAG-Ubiquitin, together with either 
a control vector or a MARCH-8 shRNA. Silencing of MARCH-8 reduced the level of WT 
TRAIL-R1 ubiquitination (Fig. 7C). Interestingly, ubiquitination of TRAIL-R1 K273A was 
also reduced to some extent upon MARCH-8 silencing (Fig. 7C). Therefore, we conclude 
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Figure 6. MARCH-8 targets endogenous TRAIL-R1 for lysosomal degradation. (A, B) H358 cells were 
treated with cycloheximide (CHX; 50 µg/ml) alone, or with CHX in combination with Bafilomycin A1 (Baf 
A1; 200 nM) or MG132 (10 µM) for 16 h. Total cell lysates were analyzed by immunoblotting with α-TRAIL-
R1 and α-Actin antibodies. (A) Data of a representative experiment. (B) Mean  + SD of quantified values 
from 3 independent experiments. TRAIL-R1 intensity was corrected for Actin expression, control value was 
set to 100%. Asterisk indicates statistically significant difference (Student’s t-test; *P<0.05). (C, D) MCF-
7Casp-3 cells were transfected to express GFP only (-), or GFP-tagged MARCH-8. Cells were treated with Baf 
A1 (100 nM) or left untreated for 16 h. Total cell lysates of GFP+ cells, obtained by flow cytometric sorting, 
were analyzed by immunoblotting with α-TRAIL-R1 and α-Actin antibodies, and α-GFP antibody to detect 
MARCH-8. Solid and open arrowheads indicate respectively MARCH-8.GFP and GFP only. (C) Data of a 
representative experiment. (D) Mean  + SD of quantified values from 3 independent experiments. TRAIL-R1 
intensity was corrected for Actin expression, control value was set to 100%. Asterisk indicates statistically 
significant difference (Student’s t-test; *P<0.05).

that TRAIL-R1 is a substrate for ubiquitination by endogenous MARCH-8 that potentially 
targets lysine 273, but also one or more additional residues. 

We next used MARCH-8 shRNA to test whether endogenous MARCH-8 regulated 
endogenous TRAIL-R1 cell surface expression. MCF-7Casp-3 cells were transfected with either 
a control vector or a MARCH-8 targeting shRNA. Subsequently, cell surface expression of 
TRAIL-R1 and TRAIL-R2 was examined by flow cytometry. Expression of a MARCH-8 shRNA 
significantly upregulated TRAIL-R1 cell surface expression, while TRAIL-R2 surface expression 
was unaffected (Fig. 8A). In contrast, expression of two different validated MARCH-1 targeting 
shRNAs had no effect on either TRAIL-R1 or TRAIL-R2 cell surface expression (Fig. S7; Fig. 8A).

The specificity of the RNAi effect was confirmed by using a MARCH-8 rescue (Rs) 
construct that could escape from shRNA-mediated downregulation (Fig. 8B). MCF-7Casp-3 
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MCF-7Casp-3 (MCF-7) and Mel Juso (MJ) cells, as determined by RT-PCR on cDNA. Non-reverse-transcribed 
RNA (RNA) was used as a control template to exclude amplification of genomic DNA. (B) Downregulation 
of endogenous MARCH-8 by RNAi. MCF-7Casp-3 cells were transfected with MARCH-8 shRNA, together 
with GFP. MARCH-8 shRNA expressing cells (GFP+) and non-expressing cells (GFP-) cells were separated 
by flow cytometric sorting and analyzed for endogenous MARCH-8 transcript levels by qRT-PCR. Signals 
were corrected for GAPDH transcript level and MARCH-8 transcript level in the GFP+ population was 
normalized to the levels in the GFP- population. (C) MCF-7Casp-3 cells were transfected to express mRFP 
alone, WT TRAIL-R1.mRFP, or K273A TRAIL-R1.mRFP, together with FLAG-ubiquitin and either an 
empty vector, or the MARCH-8 targeting shRNA. TRAIL-R1 was isolated by immunoprecipitation with 
α-mRFP antibody and immunoprecipitates (IP) were analyzed by immunoblotting for TRAIL-R1 (α-mRFP) 
or ubiquitin (α-FLAG). Solid and open arrowheads indicate respectively TRAIL-R1.mRFP and mRFP only. 
Data shown are representative of 3 independent experiments.

cells were transfected to express GFP-tagged MARCH-8 WT or MARCH-8 Rs, in presence 
or absence of MARCH-8 shRNA. Both WT and Rs MARCH-8 downregulated cell surface 
levels of TRAIL-R1, while silencing of MARCH-8 expression with shRNA significantly 
increased TRAIL-R1 cell surface levels (Fig. 8C). Upregulation of TRAIL-R1 by MARCH-8 
shRNA was overruled by co-expression of the untargeted MARCH-8 Rs (Fig. 8C). These 
data show that steady-state cell surface levels of endogenous TRAIL-R1 are regulated 
by endogenous MARCH-8. The collective data indicate that endogenous MARCH-8 
ubiquitinates TRAIL-R1 to attenuate its cell surface expression. 

DISCUSSION
We here present TRAIL-R1 as the first physiological substrate of the endogenous MARCH-8 
Ubiquitin ligase. Hereby, TRAIL-R1 joins MHC Class II and CD86 (22,24), as the only 
endogenous substrates that are thus far identified for the entire mammalian MARCH 
family. Moreover, we identify K273 in the cytoplasmic tail of TRAIL-R1 as one of the 

87

3



0

25

50

75

100

125

0

20

40

60

80

100

120

140
TRAIL-R1 TRAIL-R2 

**

TR
AI

L-
R

1 
M

FI
 in

 G
FP

+

(a
s 

%
 o

f M
FI

 in
 G

FP
- )

MARCH
shRNA- 8 1b 1c - 8 1b 1c

- + - +
RsWT

MARCH-8 shRNA

MARCH-8
(α-GFP)

49
38
28

62

MARCH-8

- - Rs WT Rs MARCH-8

TR
AI

L-
R

1 
M

FI
 in

 G
FP

+

(a
s 

%
 o

f M
FI

 in
 G

FP
- )

0

25

50

75

100

125 *

***

MARCH-8 shRNA+ +- - -

C

A B

Figure 8. Endogenous MARCH-8 regulates cell surface expression of endogenous TRAIL-R1. (A) MCF-7Casp-3 
cells were transfected to express GFP (-), together with either a control vector (-), with MARCH-8 targeting shRNA 
(8), or with two different MARCH-1-targeting shRNAs (1b, 1c). Endogenous TRAIL-R1 cell surface expression 
was determined by flow cytometric analysis and data were evaluated as outlined for Fig. 2. Data represent mean 
values + SD from 3 independent experiments. Asterisks indicate statistically significant differences compared 
to GFP-transfected control cells (one-way ANOVA, Bonferroni correction; ***P<0.001). (B) Validation of the 
MARCH-8 rescue construct. MCF-7Casp-3 cells were transfected to express GFP-tagged MARCH-8 WT, or a 
MARCH-8 rescue (Rs) variant carrying silent mutations to allow escape from RNAi. Cells were cotransfected with 
empty vector (-) or MARCH-8 shRNA construct. MARCH-8.GFP expression was analyzed by immunoblotting 
for GFP in total cell lysates. (C) MCF-7Casp-3 cells were transfected to express GFP (-), GFP-tagged MARCH-8 WT 
or Rs alone (-), or in conjunction MARCH-8 targeting shRNA (+). Endogenous TRAIL-R1 cell surface expression 
was determined by flow cytometric analysis and data were evaluated as outlined for Fig. 2. Data represent mean 
values + SD from at least 4 independent experiments. Asterisks indicate statistically significant differences 
compared to GFP-transfected control cells (one-way ANOVA, Bonferroni correction; ***P<0.001). 

potential Ubiquitin acceptor sites for MARCH-8. For the viral MARCH-related ligases K3 
and K5, it has been demonstrated very elegantly that Ubiquitin transfer does not rely on the 
amino acid context of the ubiquitination site, but its distance from the plasma membrane, 
which was optimal at 15 amino acids for K3 and at 10 amino acids for K5 (36). This can 
easily be understood from the topology of the ligases: In K3, K5, the amino-terminal RING 
domain is spaced by 28 amino acids from the first transmembrane segment. This constrains 
the RING domain in its ability to reach an acceptor site in its target that likewise is fixed in 
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the membrane (37). Interestingly, this spacing is highly conserved in all nine mammalian 
transmembrane MARCH proteins (analysis by SMART, http://smart.embl-heidelberg.de) 
and strongly suggests that all MARCH proteins ubiquitinate their targets on residues close 
to the plasma membrane. The ubiquitination sites identified for MARCH-1, -4, -8 and/or -9 
in MHC Class I, -II and CD86 are indeed membrane-proximal (15,23-24). 

Lysine 273 of TRAIL-R1 also conforms to this rule, as it is located 11 amino acids 
from the transmembrane segment. However, MARCH-8 overexpression still increased 
ubiquitination of TRAIL-R1 K273A (Fig. 4A) and MARCH-8 knockdown reduced 
ubiquitination of this mutant (Fig. 7C). Therefore, K273 is not the only possible target 
residue in TRAIL-R1 for MARCH-8. We have ruled out unconventional ubiquitination 
of membrane-proximal cysteine and serine residues. This leaves more membrane-distal 
residues as potential Ubiquitin acceptor sites. Surprisingly, the first lysine residue after 
K273 is located 108 residues from the membrane (Fig. S5A). Interestingly, it was recently 
described that exogenous MARCH-8 ubiquitinates IL-1 receptor accessory protein on a 
lysine located 124 amino acids from the membrane (38). 

We found that MARCH-1 and -8 interact with TRAIL-R1 at high stoichiometry, in 
a detergent-resistant manner. The current literature suggests that interaction between 
MARCH-type ligases and their substrates primarily depends on the transmembrane regions 
of the partners. This was reported for the viral ligase K5 (39-40), but also for MARCH-1 
(41-43) and MARCH-8 (16,44). Possibly, K273 directly interacts with MARCH-1 and 
MARCH-8. Alternatively, K273 may be the ubiquitination site and interaction with the 
MARCH ligases is stabilized by the ubiquitination event itself.

We found that upon deliberate expression, several MARCH family ligases could attenuate 
cell surface expression of TRAIL-R1. The ligases preferentially downregulated TRAIL-R1 
and had little impact on TRAIL-R2, as observed in breast carcinoma and melanoma cell 
lines. MARCH-1 and -8 also downregulated CD95 in the study by Bartee et al. (15) and we 
confirmed that out of MARCH-1, 2, 4, 8 and 9, these two ligases had the most profound 
effect on cell surface expression of CD95 (Fig. S2). The selectivity of MARCH ligases to 
downregulate TRAIL-R1 and CD95 with preference over TRAIL-R2 may reflect availability 
of ubiquitination sites. However, all three receptors have lysine residues at membrane-
proximal locations (Fig. S5C). We therefore consider that the inefficient targeting of 
TRAIL-R2 may rather be due to a difference in membrane microdomain localization and/
or endosomal trafficking of TRAIL-R2 compared to the other two receptors. We observed 
that the cell surface levels of TRAIL-R1, but not TRAIL-R2 increased upon transient 
overexpression of K44A Dynamin-1. This may imply that TRAIL-R2 is turned over at 
steady state by a Dynamin-independent mechanism, but it may also indicate a difference 
between the two receptors with regards to the dynamics of this process. 

Current knowledge on the mechanism of action of the MARCH ligases indicates that 
they may downregulate cell surface expression of TRAIL-R1 by various mechanisms. For 
the closely related MARCH-1 and MARCH-8, available data argue that they downregulate 
cell surface expression of their - partially shared - target proteins by promoting lysosomal 
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degradation. MARCH-1 and -8 can accomplish this in different ways that may depend on 
the target and cell type. In B cells and dendritic cells, MARCH-1 attenuated cell surface 
expression of its endogenous substrate MHC Class II by promoting its transport towards 
lysosomes, but not its endocytosis (22,25). MARCH-8 on the other hand downregulated cell 
surface expression of its targets CD86 and MHC Class II by promoting their endocytosis 
from the plasma membrane (16,23,45). In case of recently identified targets CD44 and 
CD98 (46-47), MARCH-8 diverted them away from recycling endosomes and into the 
lysosomal pathway. This process required the TSG101 component of the ESCRT-1 complex, 
suggesting an impact of MARCH-8 on cargo sorting in multivesicular bodies (47). This 
is reminiscent of the action of viral K3 (48) and underlines that MARCH-8 can promote 
lysosomal sorting of membrane proteins at different locations in the endosomal route. In 
case of TRAIL-R1, MARCH-8 may likewise impact before and/or after endocytosis, but our 
data indicate that it targets TRAIL-R1 for lysosomal degradation, thereby decreasing cell 
surface and total protein expression levels.

Proteasomal inhibition also inhibited TRAIL-R1 degradation to some extent (Fig. 
6A). Possibly, there is a pool of TRAIL-R1 that is directly degraded by the Proteasome. 
Alternatively, Proteasome inhibition might have impacted on TRAIL-R1 degradation in an 
indirect manner, e.g. by affecting endosomal routing (49-50) or gene expression (51). 

The closely related MARCH-1 and MARCH-8 both interacted with TRAIL-R1 
and downregulated it from the cell surface. However, in MCF-7 cells, only silencing of 
MARCH-8 and not MARCH-1 had an impact on the cell surface expression of endogenous 
TRAIL-R1. This may reflect differential expression, since MARCH-1 is primarily found in 
lymphoid tissues, while MARCH-8 is more ubiquitously expressed (15,20). 

In the breast cancer cells we have studied, TRAIL-receptors signalled for apoptosis from 
the cell surface rather than from endosomes (data not shown), in agreement with previous 
findings in B-lymphoma and cervix carcinoma cells (11-12). Mechanisms that attenuate 
TRAIL receptor cell surface expression can therefore be expected to affect TRAIL receptor 
signaling. In normal physiology, the TRAIL receptors are targeted by membrane bound TRAIL 
that is expressed by natural killer cells. In experimental cancer therapy, TRAIL receptors are 
targeted by soluble recombinant TRAIL, but also by receptor-selective agonistic antibodies, 
to induce tumor-specific cell death (4). This novel function of MARCH-8 may therefore have 
implications both in a physiological setting, as well as in future cancer therapy. 
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SUPPLEMENTARY INFORMATION
Supplementary methods
Transferrin internalization and CLSM - MCF-7Casp-3 cells at 105 per sample were transfected 
with pcDNA3.1-Dynamin-1 (WT or K44A mutant) on glass coverslips in 6-well plates. 
After 24 h, transfected cells were incubated with 25 μg/ml FITC-conjugated Transferrin 
in binding medium (3% BSA, 20 mM HEPES, pH 7.2 in DMEM) and incubated at 37°C, 
5% CO2 for 10-20 min. Next, cells were washed in PBS and fixed with ice-cold (-20°C) 
methanol for 2 min. After rehydration in PBS, non-specific binding sites were blocked with 
1% BSA in PBS. Incubations were performed with antibodies diluted in blocking buffer 
for 45-60 min, after which coverslips were washed and incubated for 30-45 min with the 
appropriate secondary antibodies diluted in blocking buffer. Next, coverslips were washed 
and mounted on glass slides using Vectashield (Vector Laboratories). CLSM was performed 
using a Leica TCS SP2 system (Leica Microsystems, Heidelberg, Germany) using a Leica 
63x 1.32 NA oil immersion objective and Leica Confocal Software. Images were processed 
(cropping, level adjustment) using Adobe Photoshop software. To minimise spectral leak-
through, images were obtained by sequential scanning.

Supplementary figures
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Figure S1. Validation of dominant negative Dynamin. MCF-7Casp-3 cells were transiently transfected to 
express WT or K44A Dynamin-1 and incubated with FITC-conjugated Transferrin. Left panel: CLSM 
analysis. Dynamin-1 was detected with specific antibody and Alexa Fluor 568-conjugated second step 
reagent (red). K44A Dynamin-1 transfected cells are seen to exclude FITC-Transferrin (green). Scale bar: 50 
μM. Right panel: quantification of Transferrin uptake in cells expressing WT or K44A Dynamin-1 at high or 
low levels, as determined by CLSM (n>50 cells).
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to express either GFP alone, or the indicated GFP-
tagged MARCH proteins. CD95 cell surface levels were 
determined by flow cytometry using anti-CD95 mAb 
clone 7C11 (Immunotech, Marseille, France) combined 
with FITC-conjugated goat-anti-mouse Ig (Dako A/S, 
Glostrup, Denmark). The fluorescence intensity (MFI) of 
CD95 in the GFP+ population was depicted as the MFI of 
CD95 in the GFP- population. Data represent mean +SD 
of three independent experiments.
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Figure S3. MARCH-1 overexpression confers apoptosis 
resistance to FLAG-tagged TRAIL. MCF-7Casp-3 cells were 
transfected to express either GFP only, or GFP-tagged 
MARCH-1. After 24 h, cells were stimulated with FLAG-tagged 
TRAIL at the indicated concentrations for 5 h, and Caspase-3 
cleavage was determined by flow cytometry in the GFP positive 
cell populations, as outlined for Fig. 3. Data represent mean + 
SD of values from 3 independent experiments. Asterisks indicate 
statistically significant differences between MARCH-transfected 
and GFP-transfected control cells at indicated concentration of 
TRAIL (Student’s t-test; *P<0.05, **P<0.01, ***P<0.001).

Figure S4. Steady-state ubiquitination of TRAIL-R1 on lysine residue K273 by an endogenous machinery. 
Total cell lysate (TCL) of the experiment described in the legend to Figure 4A. Solid and open arrowhead 
respectively point out TRAIL-R1.mRFP and mRFP only. 
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Figure S5. TRAIL-R sequences and alignments. (A) Amino acid sequence of the transmembrane and 
cytoplasmic domain of Homo Sapiens TRAIL-R1. Italic and underlined residues represent the transmembrane 
domain, underlined only residues represent the Death Domain. Lysine residues are depicted in bold. (B) 
Alignment of the amino acid sequences of Homo Sapiens TRAIL-R1 and its homologues. Depicted are 
the C-terminal portion of the transmembrane domain in Italic, and the membrane-proximal region of 
the cytoplasmic domain. Residues aligning to lysine 273 of Homo Sapiens TRAIL-R1 are depicted in bold. 
Alignment was performed using the NCBI Blast tool (http://blast.ncbi.nlm.nih.gov/). (C) Alignment of 
the amino acid sequence of the cytoplasmic domain of Homo Sapiens TRAIL-R1, TRAIL-R2 and CD95. 
Underlined residues represent the death domain, lysine residues are depicted in bold. Numbering of amino 
acids refers to TRAIL-R1.  Alignment was performed using the Uniprot alignment tool (www.uniprot.org).
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Figure S6. Protein levels of endogenous TRAIL-R1 in various cell lines. Total cell lysates of five different 
cell lines were analyzed for endogenous TRAIL-R1 content by immunoblotting with α-TRAIL-R1 antibody. 
Cell lines depicted are the TRAIL-R1 negative ovarian cancer cell line A2780, the lung cancer cell lines H358, 
H460 and H838 and the breast cancer cell line MCF-7Casp-3. 

Figure S7. Endogenous MARCH-1 does not impact on endogenous TRAIL-R1 cell surface expression in 
MCF-7Casp-3 cells. Validation of the MARCH-1 knockdown constructs. MCF-7Casp-3 cells were transfected to 
express GFP-tagged MARCH-1. Cells were cotransfected with empty vector (-) or five different MARCH-1 
shRNA constructs. MARCH-1.GFP expression was analyzed by immunoblotting for GFP in total cell lysates. 
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ABSTRACT
The pro-apoptotic BH3-only protein Bid is activated by proteolytic cleavage. Hereafter, 
the N-terminal fragment (tBidN) is ubiquitinated and degraded by the proteasome. This 
event allows the C-terminal fragment (tBidC) to expose its BH3 domain and to transmit 
the apoptotic signal. tBidN has no lysines, and ubiquitination of tBidN is unconventional, 
because ubiquitin is conjugated via thio-ester and hydroxyl-ester bonds to cysteine and 
serine/threonine residues. Ubiquitination via esterification is not confined to tBidN, but 
has been reported for other mammalian proteins as well. To understand the biology of 
this modification, it is essential to know the identity of the ubiquitinating enzymes that 
mediate the conjugation. Here, we use an RNAi-based screening approach and a mass 
spectrometry-based interactome analysis to identify the enzyme that ubiquitinates tBidN. 
We identified the N-end rule ligase UBR2 as the E3 that targets tBidN for ubiquitination. 
The acceptor site(s) still need to be defined. UBR2-tBidN interaction involved a non-N-
terminal region in tBidN that interacted with the type 2 binding site in the N-domain of 
UBR2. These data link N-end rule signaling to apoptosis signaling. In addition, they suggest 
that N-end rule ligases can mediate both conventional and unconventional ubiquitination, 
which significantly broadens the list of potential N-end rule substrates. 
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UBR2 INTERACTS WITH TBIDN

INTRODUCTION
The Bcl-2 protein Bid acts in the mitochondrial pathway of apoptosis signaling. Mitochondria 
harbor pro-apoptotic molecules in the space between the inner and outer membrane, that are 
released into the cytosol upon mitochondrial outer membrane permeabilization (MOMP). 
This will activate the Caspases, a protease family that cleaves a specific subset of substrates, 
and thereby executes apoptotic cell death. MOMP is regulated by the Bcl-2 family of proteins, 
that are grouped together because they all possess one or multiple Bcl-2 homology (BH) 
domains.1 The Bcl-2 family is composed of three subgroups: the BH3-only proteins, the 
effectors Bax and Bak and the anti-apoptotic Bcl-2 family members. The BH3-only proteins 
are the ‘sensors’ of apoptotic stimuli, because they are either transcriptionally or post-
translationally activated by different stress signaling pathways. They subsequently induce 
multimerization of Bax/Bak at the outer mitochondrial membrane, which causes MOMP. 
Both the BH3-only proteins and Bax/Bak can be sequestered, and thereby neutralized, by 
the anti-apoptotic Bcl-2 family members.1

The BH3-only family member Bid is a 22 kDa cytosolic protein, that is composed of a 
central core of two hydrophobic alpha-helices, surrounded by six amphipatic alpha-helices.2-4 
It transmits the signal from death receptors such as TNF receptor 1, Fas/CD95 and TNF-related 
apoptosis-inducing ligand (TRAIL) receptors to the mitochondria.5-6 Upon death receptor 
engagement, a signaling platform is assembled that recruits Caspase-8, which subsequently 
becomes active and cleaves Bid C-terminal of aspartate 60, in a loop between helix 2 and 
helix 3.5-6 This generates two Bid fragments: the 7 kDa N-terminal fragment (tBidN) and 
the 15 kDa C-terminal fragment (tBidC). tBidC contains the BH3-domain and therefore 
the pro-apoptotic capacity. After cleavage, Bid accumulates at the mitochondria,5-6 where it 
interacts via its BH3 domain with Bax/Bak and the anti-apoptotic Bcl-2 family members. Bid-
interaction with Bax/Bak induces their multimerization, followed by MOMP and cell death.7

In solution, tBidN and tBidC remain associated after Caspase-8-mediated cleavage 
through intramolecular interactions.2, 8-10 This interaction is reversible, even at submicromolar 
concentrations, indicating that it is specific and not induced by potentially high concentrations 
of isolated protein.8 Moreover, it has been demonstrated by biochemical and cellular assays 
that this interaction with tBidN inhibits the pro-apoptotic activity of tBidC, most likely by 
preventing exposure of its BH3-domain.9, 11-12 To liberate the BH3-domain and relieve this 
inhibition, tBidN is targeted for ubiquitination and for degradation by the proteasome.13

Ubiquitin conjugation to a substrate is mediated by a three-step enzymatic cascade 
involving an E1 ubiquitin activating enzyme, an E2 ubiquitin conjugase and an E3 ubiquitin 
ligase.14 In most cases, it is the E2 that is catalytically active and transfers the ubiquitin to the 
substrate, but it is always the E3 that recognizes the substrate.15-16 So the specificity increases 
downstream in the cascade, which is reflected by the variety of enzymes involved: the human 
proteome contains two E1 enzymes, at least 38 E2 conjugases but more than 600 E3 ligases.15-16 

Normally, ubiquitin is conjugated to a substrate via an isopeptide bond between the 
C-terminus of ubiquitin and the ε-amino-group of a lysine side chain, or in some cases the 
α-amino-group of the N-terminal residue.14, 17 However, tBidN does not contain any lysine 
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residues, and N-terminal ubiquitination was excluded on basis of biochemical experiments and 
the fact that tBidN is N-terminally acetylated.13, 18 Rather, biochemical and mutagenesis data 
demonstrated ubiquitin conjugation to cysteine and serine/threonine residues, by thio-ester and 
hydroxyl-ester bonds respectively.13 At that moment, tBidN was the first substrate demonstrated 
to be ubiquitinated on unconventional residues by mammalian ubiquitinating enzymes.

By now, it has been demonstrated that unconventional ubiquitination in mammalian 
cells is not confined to tBidN alone.19-23 To understand the biology of this modification, it 
is crucial to identify the enzymes mediating unconventional ubiquitination. We therefore 
aimed to identify the tBidN-specific E2 conjugase, E3 ligase and possible de-ubiquitinating 
enzymes (DUBs). This would generate insight in ubiquitin signaling, but also in apoptosis 
signaling, as the activity of these enzymes is expected to regulate the apoptotic threshold. 
By using a combination of three different methods, i.e. candidate testing, RNAi-based 
screening and Mass Spectrometry-based interactome analysis, we identify the N-end rule 
ligase UBR2 to interact with and ubiquitinate tBidN.

RESULTS
Ubiquitination of tBidN is not mediated by candidate ubiquitin ligases Itch  
and MARCH-5
As a first approach to identify the E3 ubiquitin ligase targeting tBidN for ubiquitination, 
we tested candidate ligases derived from literature. We considered the ubiquitin ligase Itch 
as a candidate, because it has been demonstrated to target tBidC for ubiquitination.24 To 
test this hypothesis, we studied tBidN ubiquitination in HeLa cells transfected with either 
a control vector or Itch targeting shRNAs, together with HA-tBidN and FLAG-ubiquitin 
cDNA. Three days, later cells were treated with proteasome inhibitor MG132 to accumulate 
ubiquitinated protein, tBidN was isolated by α-HA immunoprecipitation (IP) and the 
precipitate was analyzed by immunoblotting.

A ubiquitin smear co-precipitated with tBidN, indicating the presence of poly-
ubiquitinated tBidN species (Fig. 1A). Importantly, the levels of ubiquitinated tBidN did not 
change upon co-transfection of an Itch targeting shRNA (Fig. 1A). To validate whether the 
shRNAs silenced Itch expression, HeLa cells were retrovirally transduced to generate cell 
lines stably expressing either of the Itch shRNAs, and Itch transcript levels were analyzed 
by quantitative Real-Time (qRT) PCR. In the cells transfected with Itch shRNA18, Itch 
expression was silenced to 40% of the expression level in control cells (Fig. 1B). These data 
suggest that either a more than two-fold decrease in Itch expression is not sufficient to affect 
tBidN ubiquitination, or that Itch does not ubiquitinate tBidN. 

Next, to assess the role of Itch in tBidN stability, we analyzed the degradation kinetics 
of tBidN in control and Itch knockdown cell lines. HA-tBidN was expressed in these 
cell lines, followed by treatment with the translation inhibitor cycloheximide (CHX) for 
different time periods. Within 60 minutes after CHX addition, the total pool of HA-tBidN 
was degraded, confirming previous results (Fig. 1C).13 This degradation was likely mediated 
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by the proteasome, because it was blocked by co-treatment with the proteasome inhibitor 
MG132 (Fig. 1C). The degradation kinetics in control and Itch knockdown cell lines were 
identical (Fig. 1C), indicating that Itch is not required for tBidN degradation. All together, 
these data suggest that Itch is not the ubiquitin ligase targeting tBidN.

As a second candidate ligase we studied membrane-associated RING-CH protein 5 
(MARCH-5) that is considered a candidate ligase for two reasons: its localization at the 
mitochondria and its atypical RING domain.25 With regards to the first reason, we have 
observed that upon death receptor induction tBidN localizes at the mitochondrial surface.13 
This indicates that either tBidN and tBidC translocate after cleavage as an associated complex 
from the cytosol to the mitochondria, or Bid gets cleaved at the mitochondrial surface, 
which has been suggested to occur by Schug et al.26 In both situations, it is likely that tBidN 
is targeted for ubiquitination at the mitochondria, where MARCH-5 resides. Second, the 
RING domain of MARCH-5, that binds the E2 conjugase and is essential for ubiquitin 
transfer to the substrate, has an atypical order of the zinc-binding cysteine and histidine 
residues.25 This atypical RING domain is shared by viral homologues of MARCH-5 that 
ubiquitinate their substrates on cysteine and serine/threonine residues.27-28

To test whether MARCH-5 ubiquitinated tBidN, we obtained the cDNA of wild-type 
(WT) FLAG-tagged MARCH-5, and of a ubiquitination-defective RING mutant (RM).29 
HeLa cells were transfected to express these MARCH-5 variants, together with tBidN-GFP 
and HA-ubiquitin, followed by isolation of tBidN. Immunoblotting of the tBidN-GFP isolate 
revealed the presence of ubiquitinated tBidN, but importantly, the levels of ubiquitinated 
tBidN did not change upon expression of WT MARCH-5 or RM MARCH-5 (Fig. 1D). 

Possibly, this specific experimental setting was too artificial to detect a subtle phenotype 
induced by changed MARCH-5 expression. We therefore assessed stability of tBidN 
directly after its generation from Caspase-8 cleaved full-length Bid, which resembles what 
occurs during apoptosis signaling. For this experiment, we used MCF-7 cells that do not 
express Caspase-3 and are therefore highly resistant to death receptor-induced apoptosis. 
To exclude signal from endogenous Bid, we used MCF-7 Bid knock-down (KD) cells, that 
were transfected with RNAi-resistant Myc-Bid-GFP, together with either a control vector 
or a MARCH-5-targeting shRNA. Next, these cells were treated with the death ligand TNF-
related apoptosis-inducing ligand (TRAIL) for various time periods to induce Caspase-8 
activity and therefore Bid cleavage. 

Within several hours, Myc-tBidN and tBidC-GFP fragments were generated by cleavage 
of full-length Bid (Fig. 1E). However, the Myc-tBidN fragments disappeared several hours 
after their generation, while the tBidC-GFP fragments remained (Fig. 1E). This disappearance 
was due to proteasomal degradation of Myc-tBidN, since it was prevented by blocking 
proteasome function with MG132 (Fig. 1E). Importantly, Myc-tBidN was still degraded in 
the MARCH-5 shRNA expressing cells (Fig. 1E). The MARCH-5 shRNA efficiently silenced 
MARCH-5 expression, as revealed by transcript analysis of cell lines stably expressing the 
shRNA construct (Fig. 1F). These and above data suggest that MARCH-5 is not involved in 
ubiquitination or degradation of tBidN.
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Figure 1. The ubiquitin ligases Itch and MARCH-5 do not ubiquitinate tBidN. (A) HeLa cells were 
transfected with HA-tBidN and FLAG-ubiquitin cDNA, together with either a control vector or an Itch 
targeting shRNA. Three days later, cells were lysed and tBidN was isolated from the lysate by IP with anti 
(α)-HA mAb, followed by immunoblotting of the precipitate with α-FLAG or α-HA mAb. (B) HeLa cells 
were retrovirally transduced with either a control vector or an Itch-targeting shRNA, followed by selection 
of transduced cells with puromycin. Total RNA was isolated and reverse transcribed, followed by qRT-PCR 
of Itch transcript. Itch transcript levels were corrected for GAPDH transcript levels, and value in control cells 
was set to 100. Depicted is mean and SD of an experiment performed with three different cDNA dilutions 
in triplicate. (C) Control and Itch KD cell lines described in (B) were transfected to express HA-tBidN and 
treated with either cycloheximide (CHX; 10 μg/ml) alone, or together with MG132 (10 μM) for indicated time 
periods. Cells were harvested, followed by immunoblot (IB) analysis of the total cell lysates with α-HA mAb. 
(D) HeLa cells were transfected to express tBidN-GFP together with HA-ubiquitin, and either a wild-type 
(WT) or RING mutant (RM) FLAG-MARCH-5. Next, tBidN was isolated by IP with α-GFP antibody, and ▶
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A high throughput screen identifies candidate ubiquitin ligases targeting tBidN
Because the candidate ligases did not mediate tBidN ubiquitination, we decided to switch 
to a screening approach. We designed an RNAi-based screen with tBidN protein levels 
as a read-out (Fig. 2A). A tBidN-GFP fusion construct was generated to facilitate high 
throughput analysis of protein levels by flow cytometric measurement of GFP fluorescence 
intensity. We previously demonstrated that tBidN is still targeted for ubiquitination and 
proteasomal degradation when C-terminally fused to GFP.13

The osteosarcoma cell line U2OS was retrovirally transduced to generate cells stably 
expressing tBidN-GFP (Fig. 2A). This same cell line was transduced to express the two 
other Bcl-2 family members Bcl-B and Noxa, fused to red (RFP) and blue (BFP) fluorescent 
proteins respectively (Fig. 2A). Both Bcl-B and Noxa are targeted for ubiquitination, but the 
enzymes regulating their ubiquitination are unknown.30-31 Expressing three substrates in 
one cell line improves efficiency of the screen but also specificity, because specific changes 
in substrate levels can be distinguished from global changes in protein levels. The resulting 
U2OS cell line was transfected in a 96-wells format with siRNA smartpool libraries targeting 
625 different E3 ubiquitin ligases and E2 ubiquitin conjugases, and 128 different DUBs. 
Three days later, GFP, RFP and BFP content was analyzed by flow cytometry reflecting 
tBidN, Bcl-B and Noxa levels respectively. 

The result of the screen for tBidN is depicted as Z-scores for each individual well in figure 
2B. A hit was defined as the target of a siRNA smartpool for which transfection resulted in 
an above threshold increase (ligase/conjugase) or below threshold decrease (DUB) of tBidN 
levels (Fig. 2B, C). The ligase/conjugase screen revealed a total of 24 hits, of which 15 were 
specific for tBidN (Fig. 2C). Unfortunately, no DUB hits were revealed (Fig. 2B). However, 
a strong increase in tBidN, Bcl-B and Noxa protein levels was observed upon transfection 
of an siRNA smartpool targeting the gene PSMD14 (data not shown). This gene encodes for 
the proteasome-associated DUB Poh1, which is essential for proteasome function.32-33 The 
identification of Poh1 therefore provides a proof-of-principle hit, validating the screening 
approach. The hitlist of our screen therefore represents a pool of candidate ligases that 
target tBidN for ubiquitination and degradation.

A proteomic approach identifies the N-end rule ligase UBR2 as a tBidN interactor 
We reasoned that a rapid way to validate the ligase hits derived from the RNAi-based screen 
would be to test whether any of the ligases would interact with tBidN. We therefore set out 

the precipitate and total cell lysate (TCL) were immunoblotted with α-FLAG, anti-GFP or α-HA antibodies. 
(E) MCF-7 cells in which endogenous Bid expression was silenced were transfected with Myc-Bid-GFP 
cDNA, together with either a control vector or a MARCH-5-targeting shRNA. The cells were treated with 
TRAIL (100 ng/ml) together with CHX (10 μg/ml) for indicated time periods, either alone or in combination 
with MG132 (50 μM). Total cell lysates were analyzed by immunoblotting with α-Bid antibody. (F) MCF-7 
cells were retrovirally transduced with either a control vector or a MARCH-5-targeting shRNA, followed by 
selection of transduced cells with puromycin. Total RNA was isolated and reverse transcribed, followed by 
qRT-PCR of MARCH-5 transcript. MARCH-5 transcript levels were corrected for Actin-β transcript level, 
and value in control cells was set to 100. Depicted is the mean of an experiment performed in duplicate.

▶
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Figure 2. High throughput siRNA-based screen identifies potential E3 ligases and E2 conjugases targeting 
tBidN for ubiquitination (A) Experimental set-up of the high throughput RNAi-based screen. (B) Result 
of the DUB (left panel) and ligase (right panel) screen for tBidN. Depicted are the Z-scores ((mean in each 
well - average per plate)/SD of plate) for each individual siRNA transfected well. Intermittent lines depict 
threshold Z-score of -2 (DUBs) and 2 (ligases), used to define hits. (C) Hitlist of the ligase screen for tBidN. 
In bold are the hits that are unique for tBidN.
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to purify tBidN from cells and analyze the interacting proteins by Mass Spectrometry (MS). 
To this end, we generated a tBidN construct with a C-terminal tandem affinity purification 
(TAP) tag, consisting of a calmodulin binding domain and a Protein A (ProtA) sequence, 
separated by a tobacco etch virus (TEV) cleavage site (Fig. 3A). Purified protein can be 
obtained using this TAP-tag by a two-step isolation procedure involving IP with IgG beads, 
followed by TEV-protease mediated cleavage and re-IP with  calmodulin beads.34 

HeLa cells were transfected to express tBidN-TAP together with HA-ubiquitin, and 
tBidN was isolated by the TAP-protocol. Coomassie-stainable amounts of tBidN were 
obtained (Fig. 3B), and immunoblotting of a fraction of the isolate revealed the presence of 
tBidN-ubiquitin conjugates (Fig. 3B). The complete gel-lane containing all isolated protein 
content was excised in separate bands and proteins were trypsin-digested, followed by 
liquid chromatograpy tandem-MS (LC/MS-MS) analysis. A total of 263 unique proteins 
were identified, representing the putative tBidN interactome. Among these potential 
interactors were five ubiquitin ligases and three DUBs (Fig. 3C). Unfortunately, there was 
no overlap between these ligases and the ligase hits derived from the RNAi-based screen 
(Fig. 2C and 3C). The putative interactome can therefore be considered as a novel source of 
candidate tBidN ubiquitin ligases in addition to what was found by the RNAi screen, rather 
than a validation of the screen hits. 

The ubiquitin ligase UBR2 was strongly represented within the putative tBidN 
interactome, with a total of 79 spectra representing 55 unique UBR2 peptides (Fig. 3C), 
while the median spectral count for each detected protein was six spectra. UBR proteins 
are N-end rule ubiquitin ligases that recognize specific amino-terminal residues, called 
N-degrons.35 Mammals contain seven members of the UBR family, termed UBR1 to 
UBR7.35 Interestingly, two other UBR family members, UBR1 and UBR5, were detected in 
the putative tBidN interactome (Fig. 3C). Together, this MS experiment identifies UBR2, 
and possibly more members of the UBR family, as potential tBidN interacting proteins, 
suggesting that they might mediate ubiquitination of tBidN.

tBidN interacts with UBR2
Next, we aimed to validate the UBR2-tBidN interaction. We obtained the cDNA of FLAG-
tagged mouse UBR2 (mUBR2),36 that shares 90% sequence identity with human UBR2. HeLa 
cells were transfected to express FLAG-mUBR2 together with tBidN-TAP, and treated with 
MG132 to accumulate tBidN. Interestingly, in untreated cells, tBidN-TAP was detected as a 
single band, but after blocking proteasomal degradation with MG132 a second tBidN-TAP 
species (ΔtBidN-TAP) appeared (Fig. 4A). This ΔtBidN-TAP was about 1-2 kDa lighter 
than tBidN-TAP and apparently efficiently targeted for proteasomal degradation. 

The ΔtBidN-TAP species was also present in the isolate obtained to determine the tBidN 
interactome (Fig. 3B). To identify the nature of ΔtBidN-TAP, this band was specifically 
excised and analyzed by MS. All peptides of tBidN and the remainder of the TAP tag 
were detected except for the two peptides representing the first 20 amino acids (Fig. S1A). 
Therefore, ΔtBidN-TAP may be a trunctated tBidN variant. Since it is not certain that the 
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two peptides are indeed absent, the alternative is that ΔtBidN-TAP has a reduced mol mass 
because it lacks a posttranslational modification normally present in tBidN. 

When FLAG-mUBR2 was isolated by IP from the cell lysate, tBidN-TAP co-precipitated, 
validating the interaction suggested by our MS data (Fig. 4A). Notably, it was mainly the 
ΔtBidN-TAP species that interacted with FLAG-mUBR2 (Fig. 4A). Furthermore, a ladder 
of α-Bid antibody-reactive proteins was detected, but only when both UBR was ectopically 
expressed and the proteasome was inhibited with MG132 (Fig. 4A). We speculate that this 
ladder might represent ubiquitinated tBidN. UBR2 and tBidN also co-precipitated when a 
differentially tagged tBidN variant, carrying a C-terminal HisHA-tag, was isolated from HeLa 
cells by α-HA IP (Fig. 4B). This excludes a possible involvement of the TAP-tag in interaction 
with UBR2. The interaction did not require the RING domain of UBR2, as a ΔRING mutant 
of FLAG-mUBR2 (ΔR) co-precipitated with tBidN-HisHA (Fig. 4B). Together, from these 
data and the MS data, we conclude that tBidN interacts with the N-end rule ligase UBR2.
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Figure 3. Mass spectrometry analysis reveals a putative tBidN interactome that contains potential tBidN 
ubiquitin ligases and DUBS. (A) Cartoon representation of tBidN C-terminally fused to a tandem affinity 
purification (TAP) tag. CBP = calmodulin binding protein, ProtA = Protein A, TEV = tobacco etch virus. 
(B) HeLa cells were transfected to express tBidN-TAP together with HA-ubiquitin. tBidN-TAP was isolated 
from the cell lysate as detailed in materials and methods. The isolate was split and 1/80th was analyzed by 
immunoblotting, while the rest was separated by SDS-PAGE followed by staining with coommassie. (C) 
Table depicting the E3 ligases and DUBs that were detected in the tBidN-TAP isolate. The # spectra refers to 
the total number of spectra ascribed to each specific protein.
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The potential N-degrons in the predicted N-terminus of ΔtBidN are dispensable 
for interaction with UBR2 
To test what regions in tBidN were important for its interaction with UBR2, we generated 
several tBidN mutants. The mutations were mainly based on the hypothesis that the ΔtBidN-
TAP is an N-terminally truncated form of tBidN-TAP, and the newly formed N-terminus is an 
N-degron that can be recognized by UBR2. The N-end rule ligases can recognize two types of 
N-degrons, as summarized in figure S1B. The positively charged type 1 residues (R, K and L), can 
be recognized by the type 1 binding site in the UBR box, a domain shared by all seven different 
UBR family members.35 The hydrophobic type two residues (F, Y, W, I and L) are recognized by 
a binding site in the N domain, that is found only in UBR1 and UBR2.35 Furthermore, several 
other residues can be arginylated, either directly (D and E) or after deamidation (N and Q) or 
oxidation (C) reactions, allowing recognition by the type 1 binding site.35 

The N-terminal truncation of ΔtBidN-TAP was at maximum 20 amino acids, as the rest 
of tBidN was detected by MS (Fig. 3B and Fig. S1A). Based on the estimated mass difference 
of 1-2 kDa with tBidN-TAP, the N-terminal truncation of ΔtBidN-TAP was likely at least 
ten amino acids (Fig. 4A), leaving the residues L11 to V21 as potential N-degrons. Many 
residues in this region are potentially recognized by UBR2, so we generated a total of five 
tBidN mutants in which either single residues or a combination of residues was mutated 
to alanines (Fig. S1A). We made these mutations in tBidN-TAP or in tBidN-GFP that also 
appears as a doublet consisting of tBidN-GFP and ΔtBidN-GFP, and interacts with FLAG-
mUBR2 as demonstrated by co-IP (Fig. 5A). 

All tBidN mutants we tested co-precipitated with FLAG-mUBR2 (Fig. 5A, B). We 
therefore generated an additional tBidN F22A mutant, but this also interacted with UBR2 
(Fig. 5C). Mutation of residues in the hydrophobic region between L19 and F22 resulted 
in a reduction of ΔtBidN protein levels, while tBidN protein levels were increased (Fig. 

Figure 4. tBidN interacts with the N-end rule ligase UBR2. (A) HeLa cells were transfected to express 
tBidN-TAP, together with FLAG-mUBR2. Cells were either left untreated or treated with MG132 (50 μM) 
for four hours, followed by immunoblot analysis of TCL and precipitate. (B) HeLa cells were transfected to 
express tBidN-HisHA together with either full length (fl) FLAG-mUBR2, or a C-terminal truncation variant 
lacking the RING domain (ΔR). tBidN was isolated from the cell lysate by IP with α-HA mAb, followed by 
immunoblotting of the TCL and the precipitate.
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5A, C). This suggests that this region is involved in generating ΔtBidN from tBidN. For 
these mutants, less ΔtBidN was detected in the UBR2 precipitate, but when corrected for 
the low levels of ΔtBidN in the total cell lysate, the stoichiometry of interaction appeared 
similar to that of WT tBidN with UBR2 (Fig. 5A, C). In addition to the mutation analysis, 
we assessed interaction of full length (fl) Bid with UBR2, but could not detect any co-
precipitation (Fig. 5C). This indicates that cleavage of Bid is required to allow recognition of 
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Figure 5. Potential N-degrons in the region in tBidN spanning amino acid 11 to 22 are dispensable for 
its interaction with UBR2. (A) HEK 293T cells were transfected to express FLAG-mUBR2, together with 
either tBidN-GFP WT or indicated mutants. The cells were treated for four hours with MG132 (50 μM) 
followed by IP with α-FLAG mAb to isolate UBR2 from the cell lysate. TCL and precipitate were analyzed by 
immunoblotting. (B) HeLa cells were transfected to express FLAG-mUBR2 together with tBidN-TAP WT or 
indicated mutants. The cells were left untreated or treated for four hours with MG132 (25 μM) followed by 
α-FLAG IP to isolate UBR2 from the cell lysate. TCL and precipitate were analyzed by immunoblotting with 
α-FLAG and α-Bid antibodies. (C) HEK 293T cells were transfected to express FLAG-mUBR2, together with 
a WT or F22A mutant of either tBidN-TAP or full length (fl) Bid-GFP. The cells were left untreated or treated 
for four hours with MG132 (50 μM) followed by α-FLAG IP to isolate UBR2 from the cell lysate. TCL and 
precipitate were analyzed by immunoblotting with α-FLAG and α-Bid antibodies.
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the N-terminal part by UBR2. These data indicate that the UBR2-tBidN interaction does not 
require any of the potential N-degrons in tBidN in the region spanning amino acid 11 till 22. 

UBR2 recognizes tBidN via its type 2 binding site and targets tBidN for ubiquitination
As mentioned, UBR2 contains two substrate binding sites: a type 1 binding site in the UBR box 
recognizes positively charged residues, while a type 2 binding site in the N-domain recognizes 
bulky hydrophobic residues. To understand the biochemical details of the interaction with 
tBidN, we aimed to identify to which of these sites tBidN binds. We therefore performed co-IP 
assays in the presence of different dipeptides, with either an arginine (R) or phenylalanine (F) as 
N-terminal residue. These dipeptides can bind respectively in the type 1 or type 2 binding site, 
and can therefore competitively inhibit substrate binding.36 As a negative control, dipeptides 
with a N-terminal alanines (A), and the R or F residues on the C-terminus were used.

Interestingly, tBidN interaction with UBR2 was reduced by FA dipeptide, while it was 
not affected by any of the other peptides (Fig. 6A). The FA peptide inhibited tBidN-UBR2 
interaction in a concentration-dependent manner (Fig. 6B). We conclude from these data 
that tBidN binds in the hydrophobic type 2 binding site of UBR2.

Since we had validated the interaction between tBidN and UBR2, we next examined 
whether UBR2 could ubiquitinate tBidN. A ladder of α-Bid antibody-reactive species was 
present when UBR2 was co-expressed and the proteasome was inhibited. This already 
suggested that UBR2 generated ubiquitin-tBidN conjugates, but it did not formally 
demonstrate it (Fig. 4A and Fig. 5B). Therefore, tBidN-TAP was expressed in HeLa cells that 
have low levels of endogenous Bid protein, together with HA-ubiquitin and FLAG-mUBR2. 
In addition, a FLAG-mUBR2 ΔRING mutant was expressed that had a C-terminal truncation 
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Figure 6. tBidN binds to the hydrophobic type 2 binding site of UBR2. (A) HEK 293T cells were transfected 
to express tBidN-TAP together with FLAG-mUBR2, followed by treatment of the cells with MG132 (50 μM) 
for four hours. UBR2 was isolated by α-FLAG IP in the absence or presence of indicated dipeptides (500 
μM), and the precipitates were analyzed by immunoblotting with α-FLAG and α-Bid antibodies. (B) As in 
(A), but now with different concentration of the dipeptide FA. 
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including the RING domain and the region C-terminal of the RING domain. To distinguish 
between the functions of these two domains, a FLAG-mUBR2 ΔC mutant was expressed, in 
which only the domain C-terminal of the RING was absent. After incubation with MG132, 
tBidN was isolated by α-Bid IP and total cell lysate and isolate were immunoblotted.

When tBidN was precipitated, an α-HA responsive smear was detected, likely representing 
poly-ubiquitinated tBidN (Fig. 7). In the presence of FLAG-mUBR2, a ladder of specific 
ubiquitinated tBidN species increased in intensity (Fig. 7), indicating that UBR2 can ubiquitinate 
tBidN. This ubiquitin ladder was not detected when the ΔC or ΔRING UBR2 mutants were 
expressed, indicating that at least the C-terminal domain, and possibly also the RING domain 
are required for UBR2 to ubiquitinate tBidN (Fig. 7). These and all above data demonstrate that 
the N-end rule ligase UBR2 interacts with tBidN, and targets tBidN-TAP for ubiquitination.

DISCUSSION
The N-terminal fragment (tBidN) of Caspase-cleaved Bid gets ubiquitinated on cysteine and 
serine/threonine residues, which allows full apoptotic activity of the C-terminal fragment 
(tBidC). This unconventional ubiquitination by esterification is a broad phenomenon in 
mammalian cells that occurs on more substrates besides tBidN.19-23 It is therefore essential 
to identify the E2 conjugase, E3 ligase and possible DUB that mediate the conjugation or 
hydrolysis of these unconventional ubiquitin bonds. Here, we aimed to identify the enzymes 
regulating tBidN ubiquitination, using several approaches including an RNAi-based screen 
and MS-based analysis of the tBidN interactome.

The RNAi-based screen revealed a hitlist containing 24 conjugases/ligases potentially 
ubiquitinating tBidN. Importantly, the screen has only been performed once, so it should be 
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Figure 7. UBR2 targets tBidN for ubiquitination. HeLa cells were transfected to express tBidN-TAP 
together with HA-ubiquitin and FLAG-mUBR2. Either a WT FLAG-mUBR2 was expressed, or C-terminal 
truncation variants of UBR2 lacking 541 residues (ΔC) or 647 residues including the RING domain 
(ΔRING). Next, tBidN was isolated from the cell lysate by α-Bid IP, followed by immunoblot analysis of the 
TCL and precipitate with α-FLAG, α-HA and α-Bid antibodies. Red arrows indicate ubiquitin-tBidN species 
specifically present in WT FLAG-mUBR2 expressing cells.
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repeated to allow proper interpretation of the hits. During a preliminary hit analysis however, 
we noted several different components that can interact in a cullin ring ligase (CRL) complex: 
SKP1A, RBX1, FBXW2 and FBXL8.37 CRL complexes get activated by modification with 
the ubiquitin-like molecule NEDD8,38 and interestingly the NEDD8-conjugating enzyme 
UBE2M was also among the hits. It is therefore tempting to speculate that a CRL-complex 
can be involved in tBidN ubiquitination, but this awaits further validation. 

No DUB hits were identified in the RNAi screen. However, the DUB USP9X was among the 
putative tBidN interactors, as defined by MS-based interactome analysis. Interestingly, USP9X can 
de-ubiquitinate Pex5p, a substrate of unconventional ubiquitination involved in protein shuttling 
from the cytosol to the peroxisome.39 The active site of USP9X is apparently quite flexible towards 
different bonds, because it could hydrolyze both thio-ester and isopeptide ubiquitin-Pex5p 
bonds.39 It would be interesting to further study whether USP9X can de-ubiquitinate tBidN.

The N-end rule ligase UBR2 was a dominant component of the tBidN isolate. Subsequent 
co-IP studies validated that UBR2 interacts with tBidN. UBR2 predominantly interacted with 
ΔtBidN, a 1-2 kDa lighter variant of tBidN itself that was very efficiently targeted for proteasomal 
degradation. It is most likely that ΔtBidN is an N-terminally truncated variant of tBidN, as MS-
analysis demonstrated that it is complete from at least residue 20 until the C-terminal residue. 
When the hydrophobic residues in the region L19-F22 were mutated to alanines, tBidN levels 
increased while ΔtBidN disappeared. This suggests that ΔtBidN is generated from tBidN, most 
likely by proteolytic processing, and the region L19-F22 is important for this processing to 
occur. What the new N-terminal residue of ΔtBidN is, and what protease is responsible for the 
cleavage event that generates ΔtBidN remains to be investigated.

The UBR family of ligases can recognize specific residues on the N-terminus of proteins.35 
We hypothesized that the N-terminal residue of ΔtBidN, estimated to be one of the residues 
in the region L11 till F22, was an N-degron, but none of the obvious potential N-degrons 
in this region were involved in interaction with UBR2. We did not formally exclude the 
potential N-degron N18 as the UBR2 binding site. However, interaction with UBR2 was 
inhibited by FA dipeptides, suggesting that tBidN binds to the hydrophobic type 2 binding 
site in the N-domain of UBR2. Because asparagines would be processed to bind to the type 
1 binding site in UBR2, it is unlikely that N18 is involved in tBidN-UBR2 interaction.

So either the N-degron of ΔtBidN is outside of the L11-F22 region, or tBidN binds 
to UBR2 via an internal (non N-terminal) recognition site. The yeast N-end rule ligase 
UBR1 recognizes several substrates through internal degrons.40-42 The internal degron of 
the substrate Cup9 binds to a third substrate-binding site in yUBR1, other than the UBR 
box and N-domain.43 This third binding site is normally shielded by the C-terminal domain 
of yUBR1, but becomes exposed when the UBR box and N-domain are occupied by type 
1 and type 2 substrates.43 Recognition of another internal degron, of the substrate Mgt1, 
probably involves another binding site in yUBR1, because in this case both type 1 and type 
2 dipeptide substrates inhibited Mgt1-yUBR1 interaction.40 

UBR2 interaction with tBidN seems to involve the N-domain of UBR2. No structural 
data for substrate binding to the N-domain have been obtained, but it is predicted to occur 
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in a manner similar to how the bacterial protein ClpS recognizes its substrate.44 ClpS is a 
functional homologue of the mammalian N-end rule ligases that recognizes N-terminal 
bulky, hydrophobic residues. Binding of the N-terminus in the hydrophobic pocket of ClpS 
involves recognition of the α-amino-group of the substrate.45 It is therefore unclear how 
tBidN would bind to the N-domain via an internal degron.

Our data indicated that UBR2 targets tBidN-TAP for ubiquitination. In yeast, the N-end 
rule pathway cooperates with a ubiquitin chain elongating ligase Ufd4.40 Interestingly, the 
mammalian chain elongating ligase UBE4B was among the hits derived form the RNAi screen, 
so possibly these pathways also cooperate in tBidN ubiquitination. UBR2 required the region 
C-terminal of its RING domain to ubiquitinate tBidN. This is surprising, since this region is 
known as the auto-inhibitory domain, because it inhibits yUBR1 binding to Cup9.43 In the 
same article however, the authors mention that expression of a C-terminal truncation mutant 
of yUBR1 could not rescue the N-end rule pathway in a ΔUBR yeast strain.43 Together, these 
and our data suggest that for several substrates, the C-terminus of the UBR ligases may inhibit 
substrate recognition and ubiquitination, but in general it is required for UBR function. 

The N-end rule pathway regulates apoptosis signaling on multiple levels. It was 
demonstrated to inhibit apoptosis by targeting the C-terminal fragments of peptidase-
cleaved pro-apoptotic proteins for degradation.46 Among these pro-apoptotic substrates 
was Bid, that after calpain-mediated cleavage exposes an arginine N-degron on its 
C-terminus.46-47 In contrast, the N-end rule activates apoptosis signaling in Drosophila, by 
targeting the Caspase-cleaved fragment of the inhibitor of apoptosis protein DIAP1 for 
degradation.48 In the case of tBidN, UBR2-mediated degradation releases the pro-apoptotic 
activity of tBidC. The outcome of N-end rule-mediated protein degradation in apoptosis 
will therefore depend on the exact stimulus and cell-type.

Importantly, the TAP-tag has several lysine residues, of which at least one can be targeted 
for ubiquitination (B. vd Kooij and J. Borst, unpublished results). This experiment should 
be repeated therefore with a tBidN variant with a lysine-less tag to confirm whether UBR2 
can ubiquitinate tBidN on unconventional residues. Until now, N-end rule ubiquitination 
has been defined to require an N-degron, and a surface exposed lysine residue that can be 
targeted for ubiquitination.35 If UBR ligases can mediate ubiquitination by esterification, 
the subset of potential N-end-rule substrates is broader than anticipated.

One other mammalian E3 ligase has been described to mediate unconventional ubiquitin 
conjugation. The ER-resident ligase Hrd1 ubiquitinates the Immunoglobulin κ light chain 
and the T-Cell Receptor α-chain on serine/threonine residues.20-21 Hrd1 is involved in 
ER-associated degradation: it ubiquitinates misfolded ER proteins, and therefore targets 
them for proteosomal degradation in the cytosol.49 The examples of Hrd1, and possibly 
UBR2, demonstrate that the same ligase can catalyze conventional and unconventional 
ubiquitination. Both ligases seem to target a rather large and diverse subset of substrates. 
Possibly, to broaden their substrate repertoire, evolution shaped them in such a way that 
their activity is not restricted towards lysine residues.
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MATERIALS AND METHODS
Constructs
The constructs encoding FLAG-ubiquitin, HA-ubiquitin, HA-tBidN, tBidN-GFP and 
tBidN-TAP in mammalian expression vectors were previously described.13 All tBidN-GFP 
and tBidN-TAP mutants were generated by PCR-mediated mutagenesis. The Itch 
targeting shRNAs (ITCH 2: AAACATTAAAGTCAAACAATATG, ITCH 18: AAGGAGC 
AACATCTGGATTAATA) in pRetroSuper were a kind gift from M. Hijmans, The Netherlands 
Cancer Institute, Amsterdam, The Netherlands. pCMV(3xFLAG)MARCH-5 wild-type and ring 
mutant were a kind gift from dr. Hirose, Tokyo Institute of Technology, Yokohama, Japan and 
previously described in ref. 29. For the MARCH-5 shRNA 3 (GGAGAGAGCTGATCCTTTA) 
oligo’s were annealed and ligated in pRSC. For pBabe(PURO)-tRFP-Bcl-B tRFP and Bcl-B 
cDNA (ImaGenes) were PCR amplified, fused by PCR and ligated in pBabe. For tBFP-Noxa BFP 
and Noxa were PCR amplified and ligated into LZRS-blasticidin. pcDNA3-FLAG-mUBR2 was 
a kind gift from dr. Kwon, University of Pittsburgh, Pittsburgh, PE, US, and previously described 
in ref. 36. The ΔRING and ΔC mUBR2 mutants were generated by PCR mediated mutagenesis. 

Cel culture, reagents and antibodies.
The cell lines HeLa, HEK 293T, MCF-7, U2OS, and the retroviral packaging cell line Phoenix-
Ampho were cultured in DMEM supplemented with 8% FCS and antibiotics. Transfection 
was performed either with FuGENE 6 according to manufacturer’s instruction, or with 
polyethyleneimine (PEI). Cells were harvested for analysis 24h after transfection of cDNAs, 
or 48h-72h after transfection of shRNAs. Retroviral transduction was done as described 50. 
Three days after transduction cells were treated with selection reagents puromycin (10 μg/
ml), blasticidin (Sigma; 10 μg/ml) and zeocin (Invitrogen; 200 μg/ml). MG132 (Calbiochem) 
and cycloheximide (Sigma-Aldrich) were prepared as stock solutions in DMSO. Isoleucine-
Zippered TRAIL was previously described 50. Dipeptides were from AnaSpec. 

Western blotting and immunoprecipitation
Cells were lysed in 1% NP-40 buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 
1 mM PMSF, Roche protease inhibitor cocktail, 1mM EDTA). Insoluble material was 
removed by centrifugation at 14.000 rpm for 15 min. Protein content was determined by 
Bradford protein assay, and antibody and Prot G sepharose beads were incubated with 
lysates containg equal amounts of protein for 2 hours while rotating at 4°C. Precipitate was 
washed 3-5 times with NP-40 buffer, and protein was eluted by boiling at 95°C for 5 min in 
SDS-sample buffer with DTT. IP and total cell lysate were separated by SDS-PAGE on 4-12% 
NuPage gels according to manufacturer’s instructions (Invitrogen). Protein was transferred 
to nitrocellulose either by wet blotting at 70V for 90 min., or by semi-dry blotting using 
the Trans-Blot Turbo system (Bio-Rad). Primary antibodies used were: rabbit anti-GFP 
polyclonal 51, anti-HA mAb 12CA5 (free or fluorochrome conjugated), anti-FLAG mAb 
M2 (free or HRP-conjugated; Sigma-Aldrich) and rabbit anti-Bid polyclonal.52 Secondary 
antibodies were either fluorescently labeled Goat-anti-rabbit Ig or Goat-anti-mouse Ig 
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(LI-COR) or HRP-conjugated swine-anti-rabbit Ig or rabbit-anti-mouse Ig (DAKO A/S). 
Fluorochromes DY-682 or DY-800 conjugate to anti-HA 12CA5 were from Dyomics. 
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). 

qRT-PCR
RNA was isolated using the RNeasy mini kit (QiaGen) according to manufacturer’s 
protocol. RNA was reverse transcribed to copy-DNA with SuperScript II RT and random 
hexamers (Both Invitrogen). The quantitative Real-Time PCR was performed using FAST 
SYBR Green master mix (Applied Biosystems), and read-out by a Lightcycler 480 system 
(Roche). Primers used were (5’-3’): Itch FWD: ACAACTTGGTTCAATGGGTAGC; 
Itch REV: CCACTTGGGACTGTTTGTGTT; MARCH-5 FWD: CAGGTGCAGAGGATCT 
ACAAAAT; MARCH-5 REV: CCAAGACGTAAACCACTGGAC; Actin-β FWD: GCGGG 
AAATCGTGCGTGACATT; Actin-β REV: GATGGAGTTGAAGGTAGTTTCGTG; GAPDH 
FWD: AAGGTGAAGGTCCCAGTCAA; GAPDH REV: AATGAAGGGGTCATTGATGG. 

Mass Spectrometry 
HeLa cells (~40*106) were transfected with tBidN-TAP and HA-ubiquitin, using FuGENE 
6 according to manufacturer’s instruction. A variant of tBidN carrying L11A and 
R35A mutations was used to optimize peptide length for MS analysis after trypsin and 
chymotrypsin cleavage. Tandem affinity purification IP was performed as described in ref. 
13. Precipitate was eluted by boiling (95°C, 5 min.) in SDS sample buffer without reducing 
agents. About 1/80th of precipitate was analyzed by western blotting, the rest was divided 
over two lanes, separated by SDS-PAGE, and the gel was stained using SimplyBlue Safe 
stain (Life Technologies). Whole lanes, separated in 28 bands, were excised and digested 
either with trypsin only, or with both trypsin and chymotrypsin. Digestion was performed 
using the Proteineer DP digestion robot (Bruker). 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 using an 1100 HPLC system (Agilent Technologies), 
as previously described.53 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. All columns were packed in house. The 
column was developed with a 30-min gradient from 0 to 50% acetonitrile in 0.1% formic 
acid. The end of the nanoLC column was drawn to a tip (ID ∼5 µm), from which the eluent 
was sprayed into a 7-tesla LTQ-FT Ultra mass spectrometer (Thermo Electron). The mass 
spectrometer was operated 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 then 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-
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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/chymotrypsin 
as enzyme. Collision-induced dissociation spectra were manually inspected.

High throughput RNAi-based screen
U2OS cells were retrovirally transduced to express tBidN-GFP, tBFP-Noxa and tRFP-Bcl-B, 
followed by selection on antibiotics. The cell line was reverse transfected using DharmaFECT 
1 (Thermo Scientific) in 96 wells plate with the following siRNA smartpool libraries (Thermo 
Scientific): G-005615 Human Ubiquitin Conjugation Subset 1 Lot 08119; G-005625 Human 
Ubiquitin Conjugation Subset 2 Lot 08120; G-005635 Human Ubiquitin Conjugation 
Subset 3 Lot 08121; Deubiquitinating Enzymes Lot 060323. As controls, scrambled siRNA 
and GFP siRNA transfected cells, and the untransduced U2OS mother cell line were taken 
along. Three days later, cells were harvested by trypsinization and fluorescence intensity (FI) 
for each color was measured by flow cytometry on the LSR Fortessa (BD Biosciences) using 
a plate reader. Data were analyzed using FlowJo 7.6 software (Tree Star Inc.). Background 
fluorescence was subtracted from sample fluorescence, and Z-score was calculated with the 
formula: Z-score = (sample FI - average FI in plate)/Standard Deviation of plate. 
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ABSTRACT
More than 80% of all human proteins are modified by N-terminal (N-)acetylation, but the 
function of this modification is not well understood. N-acetylation has been suggested 
to affect protein stability, but in certain studies it inhibited protein degradation, while in 
others it acted as a degradation signal. To resolve this issue, we determined the contribution 
of N-acetylation to protein ubiquitination and turn-over. N-acetylation was modulated by 
substituting one or two N-terminal amino acids to generate good or poor substrates for 
N-acetyltransferases. Our data consistently indicate that N-acetylation stabilizes proteins 
by preventing their proteasomal degradation. It did so by two mechanisms: N-acetylation 
prevented N-terminal poly-ubiquitination on protein substrates and thereby prevented 
their degradation, and N-acetylation also inhibited proteasomal degradation regardless of 
its impact on substrate ubiquitination. In this way, it prevented proteasomal degradation of 
the naturally lysine-less cell cycle regulator p16 and it could even counteract degradation 
of ubiquitinated proteins. We conclude that in human cells, N-acetylation stabilizes protein 
substrates by inhibiting their ubiquitin-mediated targeting to the proteasome, and by 
inhibiting proteasomal processing of the substrate.
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INTRODUCTION
N-terminal acetylation (called N-acetylation from here on) is the covalent conjugation of an 
acetyl-group to the α–amino-group of the N-terminal residue of a protein. It is an irreversible 
modification that is highly conserved throughout eukaryotic evolution.1 The acetyl transfer is 
mediated by ribosome-associated N-terminal acetyltransferase (NAT) complexes, and occurs 
co-translationally, i.e. during synthesis of the target protein. NAT complexes are composed of 
a catalytic and an auxiliary subunit, and together target about 80-90% of all human proteins, 
making N-acetylation one of the most prevalent protein modifications in the cell.1 

Human cells express six different NAT complexes, termed NatA to NatF, that all have 
different substrate specificities (reviewed in ref. 2). NatA targets about 40% of all N-acetylated 
proteins and is selective for proteins from which the start-methione has been removed by 
methionine aminopeptidases (MetAPs). Removal of the start-methionine occurs when the 
adjacent residue has a side chain with a small gyration radius, as is the case for alanine, 
cysteine, glycine, proline, serine, threonine and valine.3-4 The start-methionine is often 
retained in proteins with other penultimate residues and such proteins are targeted by the 
other NAT-complexes. NatB targets proteins in which the start-methionine is followed by 
an acidic residue, while NatC, NatE and NatF mainly target proteins with a hydrophobic 
penultimate residue, with overlapping substrate specificities. So in general, targeting for 
N-acetylation by NAT complexes is specified by the nature of the first two amino acids of 
a protein. The atypical NatD complex forms an exception to this rule, since it only targets 
very rare substrates with a specific sequence in the N-terminal 30-50 residues.

These basic principles of NAT-specificity are mainly inferred from several proteome-
wide studies of N-acetylation.1, 4-5 These studies have provided guidelines to predict whether 
a protein is a good or poor substrate for N-acetylation, but there are no general rules that 
predict N-acetylation status with 100% confidence. The proteomics datasets only predict 
reliably that a proline as ultimate or penultimate N-terminal residue prevents N-acetylation, 
which is known as the (X)PX-rule.5  

Despite its prevalence, the exact function of N-acetylation is poorly understood. It can 
contribute to protein-protein interaction, e.g. in the conjugation pathway of the ubiquitin-like 
molecule NEDD8, where N-acetylation of the yeast E2 enzyme Ubc12 enhances its affinity for 
the E3 ligase subunit Dcn1.6 N-acetylation might also be important for cytosolic retention of 
proteins, because it blocked ER-import of secretory proteins, which are generally N-acetyl-free.7 
Lastly, it has been suggested that N-acetylation affects protein degradation, as outlined below. 

The majority of cellular proteins is degraded by the proteasome, a multiprotease complex 
consisting of a 20S core particle that contains the proteolytic activity, and a 19S cap that 
regulates substrate binding and unfolding.8 Most proteins need to be ubiquitinated to permit 
their proteasomal degradation. In this process, the 76-amino acid protein ubiquitin is post-
translationally conjugated to the substrate.9 Ubiquitin conjugation is performed by a three-
step enzymatic cascade, involving an E1 ubiquitin-activating enzyme, an E2 conjugase, and 
an E3 ligase. The E1 activates and binds the ubiquitin and subsequently transfers it to the E2 
conjugase. In most cases, the E3 ligase recognizes the substrate, while the associated E2 enzyme 
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conjugates ubiquitin to it. Some E3 ligases however possess enzymatic activity themselves and 
directly mediate the conjugation, after having received the ubiquitin from the E2.

Conventionally, the C-terminal carboxyl group of ubiquitin forms an isopeptide bond 
with the ε–amino-group of a lysine in the substrate. The seven lysines in ubiquitin can also 
be targeted, allowing the formation of poly-ubiquitin chains with different topologies. The 
functional consequence of ubiquitination largely depends on the type of chain: e.g. lysine 
(K)63-linked ubiquitin chains generally target membrane proteins for endocytosis, while 
K48-linked chains target proteins for proteasomal degradation. 

In certain instances, N-terminal ubiquitination takes place, in which the α–amino-
group of the substrate acts as ubiquitin acceptor site.10 This can only occur when the α–
amino-group is free and for this reason N-acetylation is considered to block N-terminal 
ubiquitination. In agreement with this, initial biochemical experiments indicated that 
N-acetylation inhibits protein degradation.11-12 Recently however, it was shown in yeast that 
N-acetylation targeted a substrate for ubiquitination by the E3 ligase Doa10, followed by its 
degradation.13 Possibly therefore, N-acetylation may likewise serve as a degradation signal 
(degron) in mammalian cells. Given these contrasting data, we aimed to clarify the effect 
of N-acetylation on protein degradation in human cells. We show here, that in human cells, 
N-acetylation inhibits proteasomal degradation of target proteins. It does so by blocking 
N-terminal ubiquitination, but also by a ubiquitin-independent mechanism, suggesting 
that it directly inhibits proteasomal processing of the substrate.

RESULTS
N-terminal HA-tagging drives N-terminal ubiquitination of the anti-apoptotic 
protein Bcl-B
Our interest in the relation between N-acetylation, ubiquitination and protein stability was 
prompted by our study of the anti-apoptotic protein Bcl-B that we found to be ubiquitinated 
on internal lysine residues.14 To assess Bcl-B ubiquitination, we expressed hemagglutinin (HA)-
tagged wild-type (WT) or lysineless (KR) Bcl-B in HEK 293T cells, together with FLAG-tagged 
ubiquitin. Cells were lysed under denaturing conditions to break all non-covalent protein-
protein interactions, after which Bcl-B was immunoprecipitated with anti-HA mAb. This 
procedure ensured that the observed ubiquitination was direct and did not concern associated 
proteins. Bcl-B ubiquitination was examined by immunoblotting for Bcl-B and ubiquitin. 

In agreement with our previous results, N-terminally tagged HA-Bcl-B (WT) was 
modified with one or more ubiquitin molecules (Fig. 1A; lane 2). C-terminally tagged 
Bcl-B-HA (WT) was likewise ubiquitinated (Fig. 1A; lane 4), indicating that the position of 
the HA tag did not obviously affect the ubiquitination status of wild-type Bcl-B. However, 
the position of the HA tag did affect the ubiquitination status of lysineless (KR) Bcl-B. 
Whereas C-terminally tagged Bcl-B-HA (KR) had lost all ubiquitination, N-terminally 
tagged HA-Bcl-B (KR) still carried ubiquitin (Fig 1A; lanes 3 and 5). 

Since the α-amino-group of a protein may act as an alternative ubiquitin acceptor site 
(reviewed in 15), we hypothesized that ubiquitin was conjugated to the N-terminus of HA-Bcl-B 
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(KR). We performed mass spectrometry (MS) to test this. First, HA-Bcl-B (KR) was purified from 
denatured HEK 293T lysate using a tandem HA IP protocol. Next, the isolate was separated by 
SDS-PAGE, bands containing ubiquitin-Bcl-B conjugates were excised, proteins were digested 
with trypsin and the resulting peptides were analyzed by liquid chromatography tandem MS 
(LC/MS-MS). Trypsin cleavage leaves a 114 Da di-glycine remnant on a ubiquitin-modified 
peptide that can therefore be distinguished from a non-modified peptide by MS (reviewed in 16). 
This analysis revealed that N-terminal peptides of HA-Bcl-B (KR) were N-terminally modified 
with a di-glycine remnant (Fig. 1B). Together, these results demonstrated that N-terminal HA-
tagging of lysineless Bcl-B drove poly-ubiquitin chain assembly at its N-terminus.

N-acetylation blocks N-terminal ubiquitination of HA-Bcl-B 
We considered that HA-Bcl-B (KR), but not Bcl-B-HA (KR), was N-terminally ubiquitinated 
because of differential N-acetylation. The HA-tag we used contains a glycine residue between 
the start-methione and the tyrosine of the HA-tag sequence (MG-YPYDVPDYA), which was 
inserted to generate a Kozak consensus sequence. The methionine will most likely be removed 
by methionine aminopeptidases (MetAPs),3 predicting that the mature N-terminus of HA-Bcl-B 
starts with glycine-tyrosine (GY) and therefore is a poor substrate for N-acetylation.1 However, 
N-acetylation status is difficult to predict on sequence alone and must be confirmed by MS.2, 17 

For this purpose, we expressed Bcl-B-HA and HA-Bcl-B in HEK 293T cells, isolated 
them by IP and analyzed them by LC/MS-MS. Acetyl-free peptides have slightly different 
biochemical characteristics than their acetylated counterparts, which in theory could 
affect their detection by MS. Therefore, we chemically N-acetylated the free N-termini 
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Figure 1. N-acetylation blocks N-terminal ubiquitination of Bcl-B. (A) HEK 293T cells were transfected to 
express FLAG-tagged ubiquitin, together with wild-type (WT) or lysineless (KR) Bcl-B variants that were 
fused to an N-terminal or C-terminal HA-tag (amino acid sequence YPYDVPDYA). Variants differed in 
their N-acetylation status (N-acetyl) as determined by MS. Bcl-B was isolated from denatured lysates by 
α-HA IP, followed by immunoblotting of the precipitates with α-HA mAb for Bcl-B and α-FLAG mAb for 
ubiquitin. (B) HEK 293T cells were transfected to express N-terminally tagged HA-Bcl-B without lysines 
(KR). Ubiquitin-Bcl-B conjugates were isolated and analyzed by LC/MS-MS as detailed in the materials and 
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post-isolation, but with deutero-acetyl to allow the distinction between proteins that 
were N-acetylated post-isolation and those that were N-acetylated in vivo.18 MS-analysis 
demonstrated that the methionine was removed from HA-Bcl-B with 100% efficiency, 
generating a mature N-terminus starting with the sequence GY (Fig. S1). Moreover, both 
N-acetylated and acetyl-free N-termini were detected, indicating that HA-Bcl-B is a poor 
N-acetylation substrate that is only partially N-acetylated in vivo (Fig. S1). For Bcl-B-HA, 
methionine removal was not complete, and peptides starting with the sequence MVD and 
VD were detected (Fig. S1). However, both peptides were completely N-acetylated, indicating 
that Bcl-B-HA is efficiently N-acetylated in vivo. Thus, differential N-terminal acetylation 
explains why HA-Bcl-B, but not Bcl-B-HA can be ubiquitinated on its N-terminus. 

To determine whether the poor N-acetylation of the (GY)HA-tag was the key feature 
that drove ubiquitination of lysineless Bcl-B, we created modified HA tags at the N-terminus 
of HA-Bcl-B that specified targeting by NAT enzymes. An alanine-proline sequence (AP) 
or a serine-aspartate (SD) sequence was inserted between the start-methionine and the GY 
sequence of HA-Bcl-B. The (AP)HA-Bcl-B variant is predicted to be N-acetyl-free based on 
the (X)PX rule, which states that a proline as ultimate or penultimate residue completely 
blocks N-acetylation.5 The (SD)HA-Bcl-B variant was predicted to be efficiently N-acetylated, 
and this was confirmed by MS-analysis (Fig. S1).1 Importantly, the lysine-less, N-acetylated 
(SD)HA-Bcl-B (KR) mutant had lost all ubiquitination, while the lysine-less (AP) and (GY)
HA-Bcl-B (KR) mutants still carried ubiquitin (Fig. 2A). Together, these data indicate that 
N-acetylation blocks N-terminal ubiquitination of the lysine-less HA-Bcl-B mutant.

N-acetylation stabilizes lysineless HA-Bcl-B
We previously demonstrated that WT Bcl-B is modified on lysines by K48-linked poly-
ubiquitination, targeting it for degradation by the proteasome.14 Because N-acetylation 
prevented N-terminal polyubiquitination of lysineless HA-Bcl-B, we hypothesized that it 
would also stabilize this protein. To test this, WT and lysineless HA-Bcl-B proteins were 
expressed in HEK 293T cells that were subsequently incubated with the translation inhibitor 
cycloheximide (CHX) for different time periods. The half-life of the HA-Bcl-B proteins was 
determined by immunoblotting of the total cell lysates and protein quantification. Green 
Fluorescent Protein (GFP) was used as a control, because it has a very long half-life.19-20

In the analysis, we included the N-acetylated SD variant, and the (largely) N-acetyl-free AP 
and GY variants of HA-Bcl-B. N-terminal variants of wild-type HA-Bcl-B all were degraded with 
equal kinetics (Fig. 2B, C), which correlated with their equal ubiquitination status (Fig. 2A). In 
contrast, degradation kinetics differed among the lysine-less HA-Bcl-B variants (Fig. 2D, E). The 
lysine-less, N-terminally ubiquitinated (GY)HA-Bcl-B (KR) variant was degraded with kinetics 
comparable to WT HA-Bcl-B (Fig. 2D, E), indicating that N-terminal ubiquitination and lysine 
ubiquitination are equally capable to direct Bcl-B for degradation. The (AP)HA-Bcl-B (KR) 
variant was degraded to some extent, but with a slower rate than the (GY)HA-Bcl-B variant. 
In contrast, the N-acetylated (SD)HA-Bcl-B (KR) variant was completely stable (Fig. 2D, E). 
These degradation kinetics correlated well with the ubiquitination status of the HA-Bcl-B (KR) 
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Figure 2.  N-acetylation stabilizes lysineless HA-Bcl-B by reducing its ubiquitination.  (A) HEK 293T 
cells were transfected to express FLAG-tagged ubiquitin, together with wild-type (WT) or lysineless (KR) 
HA-Bcl-B variants. AP, GY and SD variants differed in the amino acid sequence of the mature N-terminus 
(N-residues) and their N-acetylation status (N-acetyl). HA-Bcl-B was isolated from denatured lysates by 
α-HA IP, followed by immunoblotting of the precipitates. Bcl-B and ubiquitin were detected by probing with 
α-HA or α-FLAG mAb respectively. (B) HEK 293T cells were transfected to express GFP as a stable protein 
control, together with HA-Bcl-B variants that differed in the amino acid sequence of the mature N-terminus 
and their N-acetylation status. The prefix Ac indicates an acetylated N-terminus, while ~  indicates a free 
N-terminus. Cells were treated with cycloheximide (CHX; 50 μg/ml) for indicated time periods, followed 
by immunoblotting of the total cell lysates. Bcl-B and GFP were detected by probing with α-HA or α-GFP 
antibody respectively. Depicted is a representative of three independent experiments. (C) Quantification of 
three independent experiments as the one shown in (A). Bcl-B signal intensity was normalized to GFP signal 
intensity. Normalized signal intensity at the 0 h time point was set to 100% and data points were connected 
by a one-phase decay curve fit. (D,E) Same experiments as depicted for WT HA-Bcl-B in panels B and C 
respectively, but now for lysineless (KR) HA-Bcl-B.
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variants (Fig. 2A). Together, these data show that N-acetylation increases the stability of the 
lysine-less HA-Bcl-B mutant. The collective data argue, that an acetyl-free N-terminus may lead 
to protein degradation because it permits N-terminal poly-ubiquitination.

N-acetylation inhibits degradation of HA-GFP regardless of its ubiquitination status
Next, we addressed the possibility that an acetyl-free N-terminus may act as a protein-
destabilizing region (degron), regardless of the fact that it permits N-terminal ubiquitination. 
To test this, we added the GY sequence to the stable protein GFP.21-22 The mature N-terminus of 
GFP starts with a serine that is targeted for N-acetylation with 99% efficiency in human cells.1 
N-acetylated WT and N-acetyl-free (GY)GFP were expressed in HEK 293T cells together 
with Blue Fluorescent Protein (BFP) as a stable protein control. Cells were treated with CHX 
for different time periods and analyzed for GFP content by flow cytometry. For both WT 
GFP and (GY)GFP, virtually no degradation was observed within the four hour chase period 
(Fig. 3A). These data indicated that the appended GY sequence did not affect GFP stability. 

GFP lacks an unstructured region that can be used as a degradation initiation site, which is 
a requirement for efficient proteasomal degradation.21 Therefore, we added a loosely structured 
double HA-tag to GFP, which was either N-acetyl-free (GY) or N-acetylated (SD), and re-
analyzed GFP stability. Interestingly, (GY)HA-GFP was now rapidly degraded within the four 
hour chase period while (SD)HA-GFP was as stable as untagged WT GFP (Fig. 3A). This result 
suggested that a loosely structured, acetyl-free N-terminus greatly destabilized GFP.

Next, we wanted to clarify whether it was the absence of N-acetylation that destabilized 
(GY)HA-GFP rather than its specific N-terminal sequence. Therefore, we studied the 
stability of three N-acetylated HA-GFP variants (AA, ME, SD), and three N-acetyl-free 
HA-GFP variants (AP, GY, VL). N-acetylation status of these specific N-terminal sequences 
was predicted with high confidence based on NAT-specificity and previously published 
analyses of whole proteome N-acetylation.1, 4 In addition, for the sequences ME, SD and 
GY, our MS-analyses confirmed the predicted N-acetylation status (Fig. S1). Interestingly, 
all three N-acetylated HA-GFP variants were stable, but all three N-acetyl-free HA-GFP 
variants were rapidly degraded within the four hour CHX-chase period (Fig. 3B; Fig. S2). 
These data corroborated our results obtained with HA-Bcl-B (KR), and demonstrated that 
a protein can be destabilized by an acetyl-free N-terminus.

Next, we assessed whether the destabilization mediated by an acetyl-free N-terminus 
was dependent on ubiquitination of the substrate. To our surprise, all HA-GFP variants 
were ubiquitinated, including the N-acetylated ones, indicating that at least one of 
GFP’s 18 surface exposed lysines can accept ubiquitin (Fig. 3C).22 More importantly, the 
ubiquitination status of the N-acetyl-free HA-GFP variants was not quantitatively different 
from N-acetylated HA-GFP (Fig. 3D). Therefore, an acetyl-free N-terminus destabilized 
HA-GFP, without inducing quantitative changes in ubiquitination status.  

N-acetylation stabilizes lysineless p16 and prevents N-terminal ubiquitination 
The data obtained with GFP suggested that that N-acetylation can inhibit protein degradation 
regardless of the ubiquitination status of the protein. To further test this hypothesis, we 
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Figure 3. N-acetylation stabilizes HA-GFP regardless of its ubiquitination status. (A) HEK 293T cells were 
transfected to express wild-type GFP, or GFP variants differing in the N-terminal amino acid sequence (GY, SD) 
that were either untagged, HA-tagged at the C-terminus (GFP-HA) or at the N-terminus (HA-GFP), together with 
BFP. Cells were treated with CHX (50 μg/ml) for indicated time periods and subsequently analyzed for GFP and 
BFP content by flow cytometry. GFP fluorescence intensity (FI) was normalized to BFP FI, and normalized GFP 
FI at the 0 h time point was set to 100%. Data points were connected by a one-phase decay curve fit. Depicted 
are mean and SD of three independent experiments. (B) As in (A), now including AA, ME, SD, AP, GY and VL 
HA-GFP variants that differed in the amino acid sequence of the mature N-terminus and their N-acetylation 
status. The prefix Ac indicates an acetylated N-terminus, while ~  indicates a free N-terminus. (C) HEK 293T cells 
were transfected to express FLAG-tagged ubiquitin, together with the indicated HA-GFP variants differing in the 
amino acid sequence of the mature N-terminus (N-residues) and their N-acetylation status (N-acetyl). HA-GFP 
was isolated from denatured lysates by α-HA IP, followed by immunoblotting of the precipitates. HA-GFP and 
ubiquitin were detected by probing with α-HA or α-FLAG mAb respectively. (D) Quantification of four independent 
experiments as the one shown in (C). For each HA-GFP variant, the signal intensity for total ubiquitinated HA-GFP 
was corrected for the signal intensity of non-modified HA-GFP, and normalized to the average signal of all six 
variants within the experiment. Normalized values of the N-acetylated AA, ME and SD variants and the N-acetyl-
free AP, GY and VL variants were pooled and statistically analyzed (Student’s t-test; ns=non-significant).

studied the naturally lysineless p16, a tumor suppressor protein that inhibits cell-cycle 
progression by its interaction with cyclin-dependent kinase 4/6.23 The mature N-terminus 
of p16 starts with methione-glutamate (ME), and proteomic studies have demonstrated that 
it is efficiently targeted for N-acetylation.24 

First, we examined the ubiquitination status of p16, and how this would be affected by 
its N-acetylation status. For this purpose, three N-terminal variants of p16-HA were studied: 
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wild-type p16 starting with ME, and two mutants starting either with SD or GY. MS-analysis 
demonstrated that (ME)p16-HA and (SD)p16-HA were completely N-acetylated, while (GY)
p16-HA was N-acetyl-free (Fig. S1). Congruently, the N-acetylated variants (ME) and (SD)
p16-HA were devoid of ubiquitination, but the N-acetyl-free (GY)p16-HA was ubiquitinated, 
most likely on the N-terminus because this was the only available acceptor site (Fig. 4A). 
Next, we tested whether the N-acetylation status of p16 determines its degradation rate, as 
found for lysineless HA-Bcl-B and for HA-GFP. Both N-acetylated variants were steadily 
degraded in a six hour CHX-chase period, but with much slower kinetics than N-acetyl-
free (GY)p16-HA (Fig. 4B, C). Indeed, N-acetylated wild-type and SD variant p16 had a 
significantly longer half-life than the N-acetyl-free GY variant (Fig. 4D). Thus, we found, 
as for the lysine-less HA-Bcl-B mutant, that N-terminal acetylation protects the naturally 
lysineless p16 protein from N-terminal polyubiquitination and degradation.
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Figure 4. N-acetylation stabilizes p16, and blocks its ubiquitination. (A) HEK 293T cells were transfected 
to express FLAG-tagged ubiquitin, together with C-terminally HA-tagged p16 variants. Variants differed in 
the amino acid sequence of the mature N-terminus (N-residues) and their N-acetylation status (N-acetyl). 
P16 was isolated from denatured lysates by α-HA IP, followed by immunoblotting of the precipitates. P16 
and ubiquitin were detected by probing with α-HA or α-FLAG mAb respectively. (B) and (C) Primary 
data and quantification of p16 degradation. HEK 293T cells were transfected to express GFP as a stable 
protein control, together with wild-type ME-p16 and the SD and GY variants that differed in the amino 
acid sequence of the mature N-terminus and their N-acetylation status. Degradation was determined by 
CHX chase and quantified as outlined for figures 2B and 2C respectively. (D) The half-life of p16-HA was 
calculated from three independent experiments as shown in (A). Mean and SD are depicted, and asterisks 
indicate statistically significant differences (Student’s t-test; *P<0.05, ***P<0.001). 
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N-acetylation stabilizes lysineless p16 regardless of its ubiquitination status 
The remaining question was whether an acetyl-free N-terminus destabilized (GY)p16-HA 
because it permitted N-terminal ubiquitination, or regardless of its effect on ubiquitination 
status. To examine this, we first made a p16 variant that was both ubiquitinated and 
N-acetylated. To accomplish this, a lysine residue was introduced in (SD)p16-HA close to 
the mature N-terminus (+K). This p16 variant was ubiquitinated to a similar extent as acetyl-
free (GY)p16-HA, suggesting that the introduced lysine was as efficiently targeted as the free 
N-terminus (Fig. 5A). However, despite its ubiquitination, (SD)p16-HA (+K) had a similar 
half-life as lysineless (SD)p16-HA, and was more stable than (GY)p16-HA (Fig. 5B, C, D). 

These data indicate that, as for modified GFP, p16 was stabilized by N-acetylation, even 
when it was ubiquitinated. However, we still needed to test whether a protein with an acetyl-
free N-terminus requires ubiquitination to be destabilized. For this purpose, we required a 
p16 variant that was N-acetyl-free but not ubiquitinated. We hypothesized that introduction 
of a proline at the N-terminus might reduce ubiquitination of p16, since we observed this in 
the (AP)HA-Bcl-B (KR) variant (Fig. 2A). We therefore mutated p16-HA to make variants 
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Figure 5. p16 stability is determined by its N-acetylation status, and not by its ubiquitination status. (A) 
HEK 293T cells were transfected to express FLAG-tagged ubiquitin, together with C-terminally HA-tagged 
wild-type ME-p16 and GY and SD variants, now with a with a lysine residue on P4 of the mature N-terminus 
(+K). Ubiquitination was determined as outlined for figure 4A. (B) and (C) Degradation of the p16-HA 
variants with a lysine residue on P4 of the mature N-terminus (+K), determined and quantified as outlined for 
figures 2B, C. (D) The half-life of p16-HA was calculated from three independent experiments as shown in (B). 
Mean and SD are depicted, and asterisk indicates statistically significant difference (Student’s t-test; *P<0.05). 
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with a mature N-terminus starting with either proline-glutamate (PE) or alanine-proline 
(AP). Both N-termini conform to the (X)PX rule and are therefore N-acetyl-free. Despite 
the absence of N-acetylation, we could not detect any ubiquitination of (PE)p16-HA or (AP)
p16-HA (Fig. 6A), indicating that an N-terminus with an ultimate or penultimate proline 
is a poor ubiquitination site. Importantly, (PE)p16-HA and (AP)p16-HA were still rapidly 
degraded, with a half-life similar to (GY)p16-HA (Fig. 6B, C, D). These data demonstrate that 
ubiquitination is not required to target N-acetyl-free p16 for degradation. 

The majority of proteins are degraded by the proteasome, but in some cases degradation 
can be performed by other proteolytic complexes, like the tripeptidyl peptidase II.25 To 
test whether p16-HA variants were degraded by the proteasome, we expressed them in 
HEK 293T cells, and treated with either CHX alone or in combination with the proteasome 
inhibitor MG132. For all variants, MG132 inhibited degradation, indicating that the 
proteasome degrades p16 and can do this in a ubiquitin-independent manner (Fig. 6E). 
Together, these data show that N-acetylation inhibits p16 proteasomal degradation by a 
mechanism that is independent of p16 ubiquitination.

P16 tumor suppressor capacity is determined by its N-acetylation status
P16 is a tumor suppressor protein, and its anti-tumor capacity will depend on its protein 
levels, and consequently on its stability. Therefore, we hypothesized that a difference in 
p16 N-acetylation status would affect p16 function. P16 function can be assessed in the 
osteosarcoma cell line U2OS, which does not express endogenous p16 and arrests in G1 
cell-cycle phase upon ectopic p16 expression.26-27 Equal amounts of (ME)p16-HA and (GY)
p16-HA cDNA were transfected in U2OS cells, together with spectrin-GFP cDNA to detect 
transfected cells. Cells were harvested and stained with propidium iodide (PI) followed by 
flow cytometry to analyze DNA content as a read-out for cell-cycle status. Compared to 
control cells, expression of (ME)p16-HA induced a significant accumulation of cells in G1 
phase (Fig. 7A). When cells expressed (GY)p16-HA this accumulation in G1 phase was still 
present, but significantly reduced compared to the accumulation in (ME)p16-HA expressing 
cells (Fig. 7A). Although equal amounts of cDNA were transfected for both p16 variants, 
steady state protein levels of (ME)p16-HA were higher than of (GY)p16-HA (Fig. 7B), 
reflecting the difference in half-life (Fig. 4D). From these and above data we conclude that 
N-acetylation stabilizes p16 and therefore enhances the tumor suppressor capacity of p16.

DISCUSSION
The majority of human proteins are co-translationally modified by N-acetylation, but the 
function of this modification is incompletely understood. It has been suggested to affect 
protein stability, but whether it stabilizes a protein, or rather targets it for degradation is 
under debate.2, 17 Here, we aimed to resolve this debate, and studied the role of N-acetylation 
in protein degradation in human cells. Our data clearly demonstrate that N-acetylation 
increases protein stability, by two different mechanisms (Fig. 8). First, N-acetylation 
blocks N-terminal ubiquitination, and thereby reduces ubiquitin-mediated targeting to 
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Figure 6. An acetyl-free N-terminus targets p16 for degradation, even in absence of ubiquitination. (A) 
HEK 293T cells were transfected to express FLAG-tagged ubiquitin, together with C-terminally HA-tagged 
wild-type ME-p16 and PE and AP variants. Ubiquitination was determined as outlined for figure 4A.  (B) and 
(C) Degradation of the p16-HA variants, determined and quantified as outlined for figures 2 B, C.  (D). The 
half-life of p16-HA was calculated from three independent experiments as shown in (B). Mean and SD are 
depicted, and asterisks indicate statistically significant differences (Student’s t-test; *P<0.05, **P<0.01). (E) HEK 
293T cells were transfected to express GFP as a stable protein control, together with indicated p16-HA variants 
that differed in the amino acid sequence of the mature N-terminus and their N-acetylation status. The prefix 
Ac indicates an acetylated N-terminus, while ~ indicates a free N-terminus. Cells were left untreated, or treated 
with either CHX (50 μg/ml) alone or in combination with MG132 (50 μM) for six hours. Total cell lysates were 
analyzed by immunoblotting, p16 and GFP were detected by probing with α-HA or α-GFP respectively.
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the proteasome. Second, N-acetylation can inhibit proteasomal degradation directly, 
independent from its effect on substrate ubiquitination.

Our results are in agreement with early biochemical experiments using isolated proteins, 
which indicated that blocking the N-terminal α–amino-group by N-acetylation inhibited 
protein degradation.11-12 However, they are in contrast with the recent observation that an 
acetylated N-terminus can function as a degradation signal in yeast.28-29 This N-acetyl-degron 
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Figure 7. N-acetylation determines p16 stability, and therefore its capacity to inhibit cell cycle progression. 
(A) U2OS cells were transfected to express spectrin-GFP, together with p16-HA variants that differed in the 
amino acid sequence of the mature N-terminus and their N-acetylation status. The prefix Ac indicates an 
acetylated N-terminus, while ~  indicates a free N-terminus. Cells were fixed and stained with propidium iodide 
(PI), followed by flow cytometry to analyze DNA content in the spectrin-GFP+ cells. Data represent mean and 
SD of three independent experiments. Asterisks indicate statistically significant differences (Student’s t-test; 
*P<0.05). (B) Expression control of (A). U2OS cells were transfected to express spectrin-GFP, together with 
p16-HA variants that differed in the amino acid sequence of the mature N-terminus (N-residues) and their 
N-acetylation status (N-acetyl). Total lysates were immunoblotted for p16 (α-HA) and spectrin-GFP (α-GFP).

is recognized by the E3 ligase Doa10, which will subsequently ubiquitinate the substrate and 
target it for proteasomal degradation.28-29 In theory, the stabilizing and degron functions of 
N-acetylation could co-exist in human cells, and it might depend on the specific protein or 
cellular state which function is more dominant. We hypothesize however, that the function 
of N-acetylation might have diverged during evolution to yeast or human, explaining the 
contrasting data. There are some notable differences in N-acetylation between the species: in 
yeast cells the NatA, NatB and NatC complexes are always ribosome-associated, while in human 
cells a significant fraction of these complexes is non-ribosomal.2 Furthermore, yeast cells do 
not have a NatF homologue and only 57-68% of all proteins are N-acetylated, compared to 84% 
in human cells.1, 30 The increased incidence of N-acetylation in human cells might point to an 
acquired global function of N-acetylation, which is lacking or less dominant in yeast.  

A global function of N-acetylation is also more likely because it is an irreversible 
modification. It is therefore difficult to imagine that protein stability is regulated by specific 
modulation of the N-acetylation status of individual proteins. We suggest that N-acetylation 
functions as a tag that licenses proteins to survive in the cell. Secretory proteins are mostly 
N-acetyl-free, which might facilitate their rapid degradation when they mistakenly end up 
in the cytosol.7 Proteolytic cleavage events generate C-terminal protein fragments that might 
be non-functional or only temporarily functional. Cleavage often occurs in unstructured 
loops, so the C-terminal fragment will in many instances contain a degradation initiation 
site, and an acetyl-free N-terminus, allowing for rapid degradation. The 16% of human 
proteins that are N-acetyl-free possibly escape this degradation by binding to stable 
interaction partners, or they might have functions which require rapid turnover.
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This does not necessarily mean that N-acetylation determines the stability of every 
protein in the cell. Indeed, our data indicate that degradation kinetics of wild-type 
Bcl-B do not depend on its N-acetylation status, most likely because Bcl-B is efficiently 
K48-polyubiquitinated on lysine residues.14 Also, preventing N-acetylation of GFP only 
destabilized the protein when an unstructured region was added to the N-terminus. This is 
most likely explained by the lack of a degradation initiation site in wild-type GFP.21 Hence, 
N-acetylation is expected to determine the stability of a subgroup of proteins, including 
proteins that are not (efficiently) ubiquitinated on lysine residues, and proteins that contain 
unstructured regions that can function as a degradation initiation site. 

Perturbations of N-acetylation might not result in detectable changes in protein stability 
measured on a proteome-wide scale, unless other factors that determine protein stability 
are excluded as variables. These include ubiquitination, the presence of a degradation 
initiation site,21 protein structuredness31 and protein length.32 Indeed, two proteomic 
studies could not detect global changes in protein levels upon either knockout of NatB in 
yeast or knockdown of NatA in human cells.33-34 A possible extra complication with the 
knockdown study is that even a very small fraction of NatA is sufficient to N-acetylate 
all NatA substrates. Efficient knockdown of both the NatA auxiliary and catalytic subunit 
reduced N-acetylation of only 16 of the 242 identified NatA substrates. Therefore, insight 
into what substrates are stabilized by N-acetylation might mainly come from studying the 
mechanism of stabilization, rather than from proteomic studies.
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Figure 8. N-acetylation inhibits protein degradation by two mechanisms. Cartoon representation of the 
role of N-acetylation in protein stability. After translation a protein can carry an acetylated or acetyl-free 
N-terminus. The acetylated N-terminus cannot be ubiquitinated (mechanism 1), and therefore targeting to 
the proteasome is reduced. In addition, the acetylated N-terminus inhibits proteasomal degradation directly, 
independent from an effect on ubiquitination (mechanism 2).
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Our data indicate that two mechanisms contribute to the increased stability of 
N-acetylated proteins. We demonstrate that N-acetylation blocks N-terminal ubiquitination, 
as was previously shown for the mouse protein p19Arf and the human cell cycle regulator 
p21.35-36 For lysineless Bcl-B, the N-terminal ubiquitination status clearly correlated with 
the degradation kinetics, suggesting that N-acetylation blocks targeting to the proteasome 
by preventing N-terminal ubiquitination (Fig. 8). However, we found that N-acetylation 
can also inhibit proteasomal degradation of a given protein independent from its effects on 
N-terminal ubiquitination (Fig. 8). N-acetylation stabilized the naturally lysineless protein 
p16, even when it was not ubiquitinated at all, and N-acetylation stabilized p16, also when it 
was deliberately ubiquitinated on an introduced lysine residue. HA-GFP was also stabilized 
by N-aceylation, and either of two mechanisms might have applied. N-acetylation of 
HA-GFP did not change its ubiquitination status quantitatively, but might have induced a 
qualitative switch from N-terminal ubiquitination to lysine ubiquitination.

Our findings suggest that N-acetylation can inhibit protein degradation by directly 
inhibiting proteasomal processing. It might impact on one or more of the following 
required steps: binding of the substrate to the proteasome, engaging the substrate via a 
degradation initiation site, unfolding the substrate, threading it into the proteolytic 
chamber, and degrading it.8 Substrates generally bind to the proteasome by means 
of ubiquitin, although they may also contain degrons that target them for ubiquitin-
independent degradation, as demonstrated for the enzymes Thymidylate Synthase (TS) 
and Ornithine Decarboxylase.20, 37 In agreement with our results, ubiquitin-independent 
degradation of TS required an acetyl-free N-terminus.20 Importantly, a free N-terminus was 
not sufficient to target TS for degradation, indicating that the N-terminal α–amino-group 
cannot function as an independent degron.20 The non-ubiquitinated p16 may also contain 
proteasomal docking elements, since we found that it was also targeted for degradation 
when it was N-acetylated, albeit more slowly than the acetyl-free variants. Hence, an acetyl-
free N-terminus may assist proteasomal processing of substrates that are targeted to the 
proteasome by other elements, for example by degron sequences. A free N-terminus may 
enhance affinity of the substrate for the proteasome, facilitate entry into the proteasome, or 
serve as a ‘handle’ used to thread the substrate into the proteolytic chamber. 

We changed the N-acetylation status of our substrates by mutating the N-terminus, but as 
an alternative method we also fused ubiquitin to their N-terminus. After synthesis of the fusion-
protein, ubiquitin is efficiently removed by ubiquitin hydrolases,38 but during translation the 
ubiquitin moiety is expected to prevent N-acetylation. However, we found that p16 derived 
from a ubiquitin-p16 fusion protein is still completely N-acetylated (Fig. S1). Congruently, 
ubiquitin fusion did not alter the degradation rate of HA-GFP or p16 variants. (Fig. S3A-D) 
This indicates that ubiquitin may be removed during translation and prior to N-acetylation. 
Alternatively, N-acetylation may occur after translation, as is supported by proteomic studies 
that provided evidence for post-translational N-acetylation.5, 33, 39 Since ubiquitin fusion is often 
used to change the nature of the N-terminal amino acid, particularly in the N-end rule field,38, 40 
we caution that data interpretation may be confounded by effects on N-acetylation.
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The naturally lysineless protein p16 is a cell cycle inhibitor and an important tumor 
suppressor that is deleted or mutated in many human cancers.41-42 Ordinarily, p16 is 
N-acetylated, but we showed that p16 is destabilized when this is prevented by N-terminal 
mutations. Such mutation resulted in decreased steady state p16 protein levels and a 
reduced capacity to inhibit cell cycle progression. Interestingly, this process may be relevant 
in cancer: a mutation was detected in the gene encoding for p16 in a melanoma cell line, 
and this mutant gene would encode for p16 with MK as N-terminal amino acids.43 This 
N-terminus is predicted to be a relatively poor target sequence for N-acetylation, so p16 
levels are possibly low in this melanoma cell line.1 In this way, the MK mutation may have 
helped the melanoma cells to escape from cell cycle inhibition. 

Interestingly, WT P16 has been suggested to be N-terminally ubiquitinated in ‘sparsely’ 
plated HeLa cells, suggesting that under these conditions N-acetylation of p16 was reduced.44 
We consider the possibility that a cell can encounter conditions that affect the N-acetylation 
efficiency in general. Specifically, there might be a link between N-acetylation and metabolism. 
The carbon required to N-acetylate a protein is derived from glucose, which is processed to 
citrate in the TCA cycle and subsequently converted by ATP-citrate lyase into Acetyl-CoA, the 
donor-metabolite of the acetyl-group.45 A recent paper showed that overexpression of the anti-
apoptotic protein Bcl-xL inhibited N-acetylation, because it reduced the levels of citrate and 
Actyl-CoA.34 N-acetylation could be restored in Bcl-xL overexpressing cells by supplementing 
the medium with citrate. So the carbon flux through the cell might determine the levels of 
cellular N-acetylation, and therefore the stability of a potentially large amount of proteins.

MATERIALS AND METHODS
Constructs
All N-terminal protein variants were generated by PCR-mediated mutagenesis. For HA 
tagging, cDNA was subcloned into pHAN1 or pHAC2, that are variants of pEGFPN1 and 
pEGFPC2 (Clontech) in which the GFP tag is replaced by a double HA-tag (a kind gift 
of Lennert Janssen, Division of Cell Biology II, The Netherlands Cancer Institute, The 
Netherlands). Constructs encoding N-terminally (SD)HA-tagged Bcl-B WT or KR were 
previously described 14. P16 cDNA and spectrin-GFP were a kind gift of Rob Klompmaker 
and Indra Shaltiel respectively (Division of Cell Biology I, The Netherlands Cancer Institute, 
Amsterdam, The Netherlands). FLAG-ubiquitin construct was previously described 46, and 
was subcloned in a 3x FLAG-ubiquitin tandem repeat variant. 

Cell culture and transfection
U2OS and HEK 293T cell lines were cultured in DMEM, supplemented with 8% FCS and 
antibiotics at 37°C, 5% CO2. Transfections were performed using polyethyleneimine (PEI) 
at a 1:3 (w/w) cDNA:PEI ratio. Cells were harvested 24 h after transfection, or 48 h after 
transfection when p16 ubiquitination was assessed.
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Immunoprecipitation
To assess ubiquitination, cells were lysed by incubation for 5-10 min in pre-heated 
denaturing SDS buffer (50 mM Tris-HCl pH 8.0, 1% SDS, 0.5 mM EDTA, 10 mM DTT). 
SDS was quenched and diluted by adding nine volumes of NP-40 buffer (50 mM Tris‐HCl 
pH 7.4, 150 mM NaCl, 1% NP‐40, 1 mM PMSF, Roche protease inhibitor cocktail, 1 mM 
EDTA). Lysates were centrifuged for 15 min at 13.000 g, 4°C to remove insoluble material. 
Next, protein concentration was determined by a Bradford assay, and IP was performed 
from equal amounts of protein with anti-HA mAb 12CA5 and Protein G Sepharose beads 
(GE Healthcare Life Sciences). Incubation was for 2 h at 4°C while rotating. Precipitate was 
washed 3-5 times with NP-40 buffer, and precipitated proteins were eluted by boiling for 
10 min in LDS sample buffer with DTT. For MS analysis and analysis of p16 ubiquitination 
shown in figures 5A and 6A, N-ethylmaleimide was added to PBS used for washing the cell 
pellet, and to NP-40 buffer, to an end-concentration of 2 mM. After IP with the anti-HA 
mAb 12CA5, the precipitate was eluted by boiling in denaturing SDS buffer. Next, SDS 
was quenched by 1% NP-40, and a re-IP with 3F10 affinity matrix (Roche) was performed, 
followed by elution in sample buffer.

Western blotting and antibodies
Protein was separated by SDS-PAGE using 4-12% gradient NuPage gels (Invitrogen) 
according to manufacturer’s protocol. Next, protein was transferred to nitrocellulose 
membrane by semi-dry blotting using the Trans-Blot Turbo system (Bio-Rad). Membrane 
was blocked in 5% skim milk or Roche blocking buffer diluted in PBS, followed by antibody 
probing in 1% skim milk or Roche blocking buffer diluted in TBST. Fluorescence signal 
was analysed using the Odyssey Imaging System (LI-COR), chemiluminescence (Pierce 
Biotechnology) was analysed using the ChemiDoc Imaging System (Bio-Rad) or film 
(Kodak). Primary antibodies used were peroxidase-conjugated α-FLAG mAb M2 (Roche), 
DY-800 or DY-682 (Dyomics) fluorochrome-conjugated (conjugated in house) α-HA mAb 
12CA5, and rabbit α-GFP pAb.47 Fluorochrome-conjugated goat-α-rabbit Ig (LI-COR) was 
used as secondary antibody.

CHX-chase assay
Transfected HEK 293T cells were treated with 50 μg/μl CHX (Sigma), in some instances in 
combination with 50 μM MG132 (Calbiochem) for the indicated time periods. For immunoblot 
read-out, cells were harvested and lysed in NP-40 buffer, followed by immunoblotting. 
Read-out was by the Odyssey Imaging System (LI-COR) to allow for quantification. Signal 
intensity of HA-tagged substrate was normalized to signal intensity of co-expressed GFP. For 
flow cytometric read-out of GFP, cells were harvested by trypsinization, and GFP and BFP 
signal intensity was determined by analyzing cells using a plate reader on the LSR Fortessa 
(BD Biosciences). For both read-outs signal at the 0 h time point was set to 100%. Mean and 
SD of three independent experiments was plotted, and points were connected by a one-phase 
decay curve fit. For curve fitting in case of GFP no plateau was set and in case of p16 and 
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HA-Bcl-B, a plateau was set at 0% and 52% respectively. Curve fitting and statistical analysis 
were performed using GraphPad Prism (Graph Pad software).

Mass spectrometry
Proteins were precipitated as described above, followed by SDS-PAGE and staining of proteins 
in the gel using SimplyBlue SafeStain (Life Technologies), after which bands of interest 
were excised. To assess Bcl-B ubiquitination, the N-methylated form of iodoacetamide 
was used as alkylation reagent instead of standard iodoacetamide, to avoid false-positive 
interpretation of ubiquitination.48 When N-acetylation was assessed, a chemical in-gel 
acetylation using deutero-acetyl was performed according to the protocol described in 
ref.18 Next, in-gel trypsin-digestion was performed using the Proteineer DP digestion robot 
(Bruker). 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 using an 
1100 HPLC system (Agilent Technologies), as previously described.49 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. All columns were packed in house. The column was developed with a 30‐min gradient 
from 0 to 50% acetonitrile in 0.1% formic acid. The end of the nanoLC column was drawn 
to a tip (5-μm ID), from which the eluent was sprayed into a 7‐tesla LTQ‐FT Ultra mass 
spectrometer (Thermo Electron). The mass spectrometer was operated 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 then 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 v3.2 (Thermo Electron), and 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 0.5 Da deviation for precursor 
and fragment mass, respectively, and trypsin as enzyme. Collision‐induced dissociation 
spectra were manually inspected. With the exception of a few very clear MS2 spectra, in 
most cases peptides of interest were synthesized to confirm spectrum assignment.
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Figure S1. N-acetylation status of p16 and Bcl-B variants. 
(A) Indicated substrates were expressed in HEK293T cells 
and isolated by a tandem HA-IP protocol as detailed in the 
Materials and Methods section. Precipitate was separated 
by SDS-PAGE, and band of interest was excised. N-acetyl-
free peptides were modified using an in-gel deutero-
acetylation protocol, followed by trypsin-digestion and 
analysis by LC-MS/MS. Second column indicates whether 
the start methionine was retained, or removed in vivo by 
MetAPs. N-acetyl indicates whether: (+) the complete pool 
was N-acetylated (-) the complete pool was N-acetyl-free 
(-), or (+/-) part of the pool was N-acetylated.

Figure S2. N-acetylation inhibits degradation HA-GFP. Representative dot plots of the experiments 
depicted in figure 3B.
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Figure S3. N-acetylation inhibits degradation of p16-HA and HA-GFP derived from ubiquitin-fusion 
proteins. (A) and (B) As in figure 2B and 2C respectively, but for ubi-p16-HA variants. Depicted in (A), and 
analyzed in (B) is p16-HA generated after ubiquitin removal. (C). The half-life of p16-HA derived from ubi-
p16-HA was calculated from three independent experiments as shown in (A). Mean and SD are depicted, 
and asterisks indicate statistically significant differences (Student’s t-test; *P<0.05, ***P<0.001). (D) As in 
figure 3A, but for ubi-HA-GFP variants.

145

5





GENERAL DISCUSSION

C H A P T E R  6





GENERAL DISCUSSION

Mcl-1, Bfl-1 and Bcl-B are instable anti-apoptotic Bcl-2 family members
Bcl-B is the least studied anti-apoptotic Bcl-2 family member, probably due to the lack of 
a proper mouse homologue.1 Nevertheless, it is a potent inhibitor of apoptosis,2-4 has clear 
oncogenic capacity5 and is a mediator of resistance against the BH3-mimetic ABT-737.6 
In chapter 2, we show that Bcl-B protein activity is regulated by ubiquitination. Bcl-B 
is modified on lysine residues in the loop between alpha-helix α5 and α6 by K48-linked 
ubiquitination, which targets Bcl-B for proteasomal degradation. This regulates steady-
state protein levels of Bcl-B, and therefore also its capacity to protect against cell death as 
induced by various anti-cancer therapeutics. 

Bcl-B therefore joins Mcl-1 and Bfl-1 as anti-apoptotic proteins that are inherently 
instable and targeted for ubiquitination,7-12 while Bcl-2, Bcl-xL and Bcl-w are stable proteins 
with half-lifes of more than 20 hours (R. Rooswinkel, accepted for publication in Blood). 
This separation in two subgroups is reflected by phylogenetic relationship: Bcl-2, Bcl-xL 
and Bcl-w are closely related to each other, while Bcl-B, Bfl-1 and Mcl-1 together form 
a separate cluster of more distantly related proteins.13 This phylogenetic separation can 
be partly explained by the different unique regions that the Bcl-2 proteins of the instable 
subgroup possess. Interestingly, specifically these unique regions play an important role in 
regulating protein stability. Mcl-1 contains a large unstructured N-terminus that is absent 
in the other anti-apoptotic Bcl-2 family members.14 It is specifically this N-terminus that 
contains a destabilizing PEST region, and is targeted for phosphorylation modifications that 
allow interaction with E3 ubiquitin ligases.8-9 The ubiquitination sites in Bcl-B are located 
in a unique, large loop between alpha-helix α5 and α6.15 The destabilizing domain of Bfl-1 
is located in its C-terminus, which is less hydrophobic than the C-termini of the other anti-
apoptotic Bcl-2 proteins and might not be as essential for targeting to the mitochondrial 
membrane.12, 16. All together, it appears that Bcl-B, Bfl-1 and Mcl-1 have acquired unique 
structural characteristics during evolution, which separates them phylogenetically from the 
other anti-apoptotic Bcl-2 family members, and allows tight control of protein stability.

Ubiquitination allows for rapid regulation of protein levels in response to environmental 
stimuli. This is exemplified by Mcl-1, that upon growth factor withdrawal is phosphorylated 
by GSK-3, which targets Mcl-1 for β-TRcP-mediated ubiquitination and subsequent 
proteasomal degradation.7-8 Lack of growth factors therefore rapidly lowers the apoptotic 
threshold, without any need for transcription of translation events. This suggests that the 
physiological functions of Bcl-B, Bfl-1 and Mcl-1 require more rapid changes in protein 
levels than the functions of the other three anti-apoptotic Bcl-2 proteins. This is not directly 
apparent from the functions as deduced from the phenotypes of the knockout mice.17 
Knock-in mice carrying a stabilized variant of the instable Bcl-2 proteins might provide 
more information on the function of instability. Interestingly, a mouse strain carrying 
Mcl-1 with a 13 amino acid N-terminal extension was recently generated, and although 
steady-state levels of this mutant were comparable to wild-type Mcl-1, its stability was 
highly increased.18 The male mice of this mouse strain were infertile because of a block 
in spermatogenesis, likely generated by excessive germ cell survival generating damage 
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to Sertoli cells.18 So, rapid degradation of Mcl-1 is required for physiological apoptosis 
during germ cell development. However, otherwise the mice appeared healthy, indicating 
that the stable mutant can functionally replace instable wild-type Mcl-1. Importantly, 
enhanced stability of the Mcl-1 mutant was observed upon cycloheximide treatment, and 
UV irradiation, but other stimuli might activate alternative Mcl-1 degradation pathways to 
which the Mcl-1 mutant is not resistant. Secondly, certain stimuli might lower the apoptotic 
threshold by inducing degradation of all three instable anti-apoptotic Bcl-2 family members. 
Therefore, degradation of Bcl-B and Bfl-1 may sufficiently decrease the apoptotic threshold 
to compensate for stabilized Mcl-1. Future studies are required to resolve this issue.  

Interestingly, expression of stable Mcl-1 largely compensated for the loss of Bcl-2 in 
Bcl-2-/- mice: the mice grew to normal size, polycystic kidney disease was retarded and 
lifespan was longer.18 Consistent with this, when expressed at equal protein levels, the 
instable Bcl-2 family members protect equally well as the stable ones to cell death as induced 
by a plethora of stimuli (R. Rooswinkel, accepted for publication in Blood). So it appears 
that it is mainly the difference in stability that differentiates the in vivo functions of Bcl-B, 
Bfl-1 and Mcl-1 from the functions of Bcl-2, Bcl-xL and Bcl-w.

Assessing protein levels rather than mRNA to detect biomarkers in cancer
As ubiquitin-mediated degradation controls the anti-apoptotic activity of Bcl-B, Bfl-1 and Mcl-1, 
it is expected to control the oncogenic potential of these anti-apoptotic proteins as well. Indeed, 
both a stabilized Mcl-1 and a lysineless, stable Bcl-B variant were shown to accelerate Myc-
induced leukomegenesis compared to their wild-type counterparts.18-19 In addition, a stable Bfl-1 
variant predisposed mice to leukemia when co-expressed with a dominant negative p53.12 Also, 
high expression of USP9X, a DUB that deubiquitinates and therefore stabilizes Mcl-1, correlates 
with poor prognosis of survival of multiple myeloma patients.20 Ubiquitination of anti-apoptotic 
Bcl-2 family members can also affect the efficacy of anti-cancer therapy. We show in chapter 2 
that a stabilized Bcl-B is more potent in conferring resistance against anti-cancer therapeutics 
than wild-type Bcl-B. Accordingly, Mcl-1 degradation mediated by the ligase FBW7 contributed 
to tumor cell death induced by antitubulin chemotherapeutics.9  

This clearly indicates that Bcl-2 protein status can have predictive value for tumor 
aggressiveness and therapy response. Because Bcl-B, Bfl-1 and Mcl-1 levels are heavily 
controlled at the posttranslational stage, analysis of Bcl-2 family mRNA content will not 
be informative. If only mRNA levels can be monitored, the expression levels of known 
E3 ligases and DUBs should also be taken into account, but it would be better to analyze 
protein levels. This does not only apply to the three anti-apoptotic Bcl-2 family members, 
but also to the many pro-apoptotic Bcl-2 family proteins that are instable, such as Bax, Bid, 
Bik, Bim, and Noxa.21-27 Mass spectrometric approaches are the preferred choice to analyze 
proteome content, because they do not rely on antibody performance, as is the case with 
immunoblot or flow cytrometric read-outs. However, sensitivity of the mass spectrometer 
can be a problem when only small tissue sections can be obtained, and it is technically still 
complicated to get quantitative information on protein content. 
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An alternative would be to not measure protein content, but to directly measure the apoptotic 
threshold using BH3-profiling.28 This technique assesses loss of mitochondrial membrane 
integrity after treatment with BH3-peptides. Tumor cells are harvested, permeabilized, 
and treated with BH3 peptides and JC-1, a dye that changes emission spectrum once the 
mitochondria membrane potential is perturbed. This can be measured using flow cytometry or 
a plate reader, allowing high throughput analysis.29 BH3 profiling could distinguish how ‘primed 
for death’ tumor cells are, and the level of priming correlated well with the patient response 
to chemotherapy.30 Although the technique is still quite complicated, it is a direct predictor of 
treatment response, and might be useful as long as tissue culture of tumor cells is not feasible.

Targeting protein instability in cancer
The instability of Bcl-2 family members provides therapeutic opportunities. Promoting 
degradation of the oncogenic Bcl-B, Bfl-1 and Mcl-1 can reduce the anti-apoptotic capacity 
of cells, possibly resulting in cell death specifically in ‘primed’ tumor cells. In addition, 
specifically these three anti-apoptotic proteins are not targeted by the BH3 mimetic 
ABT-737, and high expression is known to mediate resistance.6, 31 One strategy to target 
instable Bcl-2 proteins is by inhibiting their synthesis, on the level of either transcription 
or translation. Short-lived proteins like Mcl-1 will be more rapidly depleted than long-lived 
proteins, possibly reducing the apoptotic threshold. For roscovitine, a Cyclin Dependent 
Kinase (CDK) inhibitor, this was indeed suggested to be the mechanism of killing of some 
cancer cells. Roscovitine treatment of multiple myeloma cells resulted in inhibition of 
transcription, followed by a rapid drop in Mcl-1 protein levels and subsequent cell death.32 

Other agents have been specifically developed to inhibit translation. Homoharringtonine 
(omacetaxine mepesuccinate) inhibits translation elongation by preventing the correct 
positioning of aminoacyl-tRNAs on the ribosome,33 and is clinically used to treat CML.34 Its 
tumor cell killing activity was suggested to depend on rapid downregulation of Mcl-1.35-36 A 
similar observation was made for silvestrol that inhibits the eukaryotic translation Initiation 
Factor 4A (eIF4A) and thereby prevents ribosome recruitment to mRNA.37-38 The antitumor 
activity of silvestrol against mantle cell lymphoma and different leukemias was demonstrated 
to depend on rapid depletion of Mcl-1.39-40 Interestingly, silvestrol showed synergy with 
ABT-737 in killing acute myelogenous leukemia in vitro,41 indicating that the combination 
of ABT-737 with inhibitors of protein synthesis might be an effective anti-cancer therapy. 

However, not only anti-apoptotic Bcl-2 proteins, but also several BH3-only proteins and 
Bax are rapidly turned-over. Killing of various types of cancer cells is therefore achieved by 
inhibiting protein degradation to build-up pro-apoptotic proteins, rather than by depleting 
anti-apoptotic proteins. A surprisingly effective anti-cancer therapeutic is the protein 
degradation inhibitor bortezomib, which is used in the clinic to treat patients with multiple 
myeloma and mantle cell lymphoma (reviewed in refs. 42 and 43). Bortezomib is a dipeptidyl-
boronic acid, which inhibits the proteasome by binding reversibly to its chymotrypsin-like 
site in the 20S core particle.44-45 Apoptosis induction in multiple myeloma cells by bortezomib 
has been suggested to depend on accumulation of the instable BH3-only protein Noxa.46
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Naturally, both translation inhibitors and proteasome inhibitors will have very pleiotropic 
effects. For both homoharringtonine and silvestrol it was demonstrated that Mcl-1 depletion 
was not the only and probably also not the major cell-killing mechanism, at least in the cell 
types tested by these authors.47 Several alternative mechanisms for bortezomib-induced cell 
death were also proposed (reviewed by ref. 42), with most compelling evidence now pointing 
to a role of bortezomib-induced inhibition of the Unfolded Protein Response (UPR). The 
UPR is a stress response that allows the cell to manage large-scale protein synthesis and 
associated accumulation of unfolded proteins in the ER lumen (reviewed by ref. 48). 
Plasma cells and their transformed equivalent, i.e. myeloma cells, depend on the UPR for 
survival, as they produce large amounts of immunoglobulin.49 The UPR is initiated by the 
spliced version of the transcription factor XBP-1, but bortezomib treatment stabilizes the 
dominant negative, unspliced form of XBP-1.50-51 Bortezomib therefore inhibits the UPR, 
and in addition accelerates the accumulation of unfolded proteins because it blocks protein 
degradation, which further increases cell stress.

In summary, inhibition of protein synthesis or degradation can induce apoptosis 
specifically in cancer cells, by respectively reducing the levels of instable anti-apoptotic 
proteins, or inducing accumulation of instable pro-apoptotic proteins. However, the 
effects of these inhibitors are pleiotropic, so sensitivity to treatment is limited to specific 
types of cancer. More importantly, adverse side effects have been observed, narrowing 
the therapeutic window.52-54 The challenge is therefore to design a ubiquitination-targeted 
therapy with increased specificity. 

Targeting E1 ubiquitin-activating enzymes and E2 ubiquitin conjugases
One way to increase specificity of ubiquitination-targeted therapy is by modulating the 
activity of the enzymes that regulate the ubiquitination status of target proteins, which are the 
E1 ubiquitin activating enzyme, the E2 ubiquitin conjugase, the E3 ubiquitin ligase and the 
DUBs (Fig. 1). Importantly, these enzymes are also interesting targets when ubiquitination 
regulates protein activity by other means than targeting a substrate for degradation. In 
chapter 3, we demonstrate that the transmembrane ligase MARCH-8 ubiquitinates the 
pro-apoptotic death receptor TRAIL-R1. MARCH-8-mediated ubiquitination reduces 
TRAIL-R1 activity because it downregulates the receptor from the cell surface where 
it normally binds its ligand TRAIL and signals for apoptosis. Silencing of MARCH-8 
expression increased TRAIL-R1 cell surface levels, suggesting that inhibition of MARCH-8 
or upstream ubiquitinating enzymes might sensitize tumor cells to TRAIL therapy.

At the top of the ubiquitin conjugation cascade is the E1 ubiquitin-activating enzyme 
that activates ubiquitin and binds it via a thio-ester bond between the E1 active site cysteine 
and the C-terminus of ubiquitin. There are two ubiquitin E1 enzymes, of which Ube1 is 
responsible for transferring ubiquitin to the majority of E2 conjugases, while Uba6 transfers 
ubiquitin specifically to the E2 Use1.55 Inhibiting Ube1 therefore is expected to be very 
toxic to cells, but surprisingly two Ube1 inhibitors were reported to more efficiently kill 
transformed cells than normal cells.56-57 The compounds PYR-41 and PYZD-4409 are 
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structurally related, and inhibit ubiquitination by reacting with the active site cysteine of 
specifically the E1 enzyme (Fig. 1A).56-57 Their specificity for cancer cells might be explained 
in a similar way as for bortezomib, because at least for PYZD-4409 it was demonstrated that 
cell death was associated with ER stress.56

More specificity might be obtained by targeting one of the at least 38 E2 conjugating 
enzymes in human, that interact with different E3 ligases to mediate ubiquitin transfer to 
a substrate. Importantly, when an E2 interacts with a RING-type E3 ligase  (the majority 
of the ligases), it is the E2 that has the enzymatic activity required to conjugate ubiquitin 
to the substrate. RING ligases do not form a thio-ester intermediate with ubiquitin, but 
facilitate ubiquitin transfer by bridging the E2 and the substrate and by promoting an active 
conformation of the E2-ubiquitin conjugate.58 Targeting a specific E2 is considered to be 
challenging, because there is a high degree of structural and mechanistic conservation 
between the different E2s.59 

Nonetheless, the compound CC0651 was demonstrated to inhibit the activity of the E2 
enzyme Cdc34 with high specificity (Fig. 1A).60 Cdc34 is the major E2 enzyme that cooperates 
with Cullin RING Ligase (CRL) complexes, which ubiquitinate a large and diverse set of 
substrates, including the CDK inhibitor p27.61 Treatment of a prostate cancer cell line with 
CC0651 analogues stabilized p27, and reduced cell proliferation.60 CC0651 was identified by 
screening a chemical library, and surprisingly turned out to be an allosteric inhibitor that 
does not bind to the active site of Cdc34, but to a region involved in weak interaction with 
the donor ubiquitin.60, 62 CC0651 stabilizes the weak ubiquitin-Cdc34 interaction, which 
inhibits ubiquitin transfer to the substrate.62 This mode of inhibition was unanticipated, 
mainly because the CC0651 interaction pocket on Cdc34 is flat and seemed undruggable. 

This exemplifies that targeting the ubiquitin-E2 interaction might be an interesting 
approach to modulate E2 activity. The E2-ubiquitin is a flexible complex, that normally is 
in an open conformation with little interaction between the proteins outside of the thio-
ester bond.63 However, binding to an E3 ligase favors a closed conformation in which the 
ubiquitin interacts non-covalently with a region on the E2 distant from the active site.58 
In this closed conformation, the E2-ubiquitin is more reactive and transfers ubiquitin to 
the substrate.58 Although CC0651 locks Cdc34-ubiquitin in the closed conformation, it 
apparently induces small structural changes that decrease reactivity of the thio-ester.62

Interestingly, stability of the BH3-only protein Bim might depend on Cdc34 activity, 
because it is targeted for ubiquitination by the F-box protein β-TrCP, the substrate 
recognition subunit of a CRL complex.64 Knockdown of β-TrCP induced Bim-dependent 
apoptosis in non-small cell lung cancer cell lines,64 indicating that CC0651 treatment might 
induce apoptosis by a similar mechanism. Most likely however, CC0651 treatment response 
is cell type-dependent, because Mcl-1 is also targeted by β-TrCP and in addition by FBW7, 
another CRL.7, 9 Imaginably, variants of CC0651 can be generated that have activating 
capacity by favoring the correct closed E2-ubiquitin conformation. An activating CC0651 
variant might induce apoptosis in Mcl-1-dependent tumor cells like multiple myeloma, 
with less toxicity to normal cells than broad acting agents like translation inhibitors.
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Increasing specificity by targeting the E3 ubiquitin ligases
The E3 ubiquitin ligases bind the substrate and therefore harbor substrate-specificity. Indeed, 
most of the more than ~650 E3 ligases ubiquitinate a limited amount of substrates, and targeting 
them might therefore be a very efficient and specific strategy to modulate the ubiquitination status 
of the substrate of interest. However, about 600 E3 ligases are RING domain ligases, and therefore 
do not have an enzymatic pocket that can be targeted. So active site-directed compounds to 
inhibit E3 ligase activity will only be useful when a HECT domain ligase is targeted. 

An alternative strategy is to prevent interaction between the E3 ligase and the substrate. 
This is the working mechanism of the compounds Nutlin and RITA that prevent interaction 
between p53 and its ligase Mdm2 (Fig. 1A).65-66 At least in the case of Nutlin, this is achieved 
by binding of the compound in the Mdm2-interaction pocket of p53.65 Both Nutlin and RITA 
treatment stabilized p53 and activated its signaling pathway, thereby inducing apoptosis in 
tumor cells in vitro, and inhibiting tumor growth in vivo.65-66 Instead of the substrate, the 
ligase can also be targeted to inhibit interaction, as demonstrated by the compound SCF-I2 
that inhibited substrate recognition by the yeast F-box protein Cdc4 (Fig. 1A).67 Cdc4 binds 
it substrates with a WD40 repeat domain, which consists of several β-sheet repeats that 
structurally form the blades of a propeller like module. SCF-I2 inserts between blade five 
and six, and therefore induces structural changes in the substrate binding site located 25 
ångstrøm away.67 Interestingly, there are twelve human F-box proteins containing a WD40 
domain68 that could potentially be inhibited by SCF-I2-like compounds.

The E3 ligase interacts with the substrate, but also with the E2 conjugating enzyme, 
which provides another targeting opportunity. However, there is a high degree of similarity 
between the RING domains that are responsible for E2 binding, and no compound 
targeting the RING domain of a single ligase with high specificity has been reported. In the 
case of multi-subunit ligases, small molecules that modulate subunit interaction could be 
used to alter enzyme activity. A compound called TAME inhibited the anaphase-promoting 
complex (APC), which regulates mitosis, by preventing the binding of the subunits and co-
activators Cdc20 and Cdh1 to the complex.69

Of special interest as an anti-cancer therapeutic is MLN4924, an inhibitor of CRL 
complexes that has a mechanism of action different from the inhibitors mentioned above 
(Fig. 1A).70 For full activity of CRL complexes, the Cullin protein must be modified with the 
ubiquitin-like protein NEDD8.61 NEDD8 conjugation involves a enzymatic cascade similar 
to ubiquitin conjugation, but with NEDD8-specific E1, E2 and E3 enzymes. MLN4924 is 
an inhibitor of the E1 NEDD8-activating enzyme (NAE), and therefore inhibits all CRL 
complexes in the cell.70 After formation of a NEDD8-NAE thio-ester, MLN4924 binds in the 
ATP-binding pocket of NAE and attacks the thio-ester bond.71 A covalent NEDD8-MLN4924 
adduct is formed that binds the NAE with high affinity and blocks further activity of the 
enzyme.71 MLN4924 treatment inhibited tumor xenograft growth and even induced disease 
regression in a xenograft mouse model of acute myeloid leukemia.70, 72 The exact mechanism 
of MLN4924-induced cell killing is not known, but treatment seems to induce S-phase 
arrest and DNA rereplication, followed by apoptosis.70 Naturally, inhibiting the complete 
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CRL family is expected to affect stability of many substrates, and proteomic experiments 
indeed indicated that the levels of 138 proteins were upregulated by MLN4924 treatment.73 
Nevertheless, its anti-tumor activity is convincing, and stimulates further investigation.

 So in summary, activity of ubiquitinating enzymes can be modulated by 1) targeting the 
active site of the E1, E2 and HECT domain E3 enzymes, 2) targeting the ubiquitin interaction 
region of an E2 enzyme, 3) targeting domains responsible for interaction with the substrate, 
other enzymes in the ubiquitin cascade, or subunits required for activity of a multidomain 
E3 ligase, and 4) targeting of enzymes that modify and therefore activate the ubiquitinating 
enzyme (Fig. 1A). Most small molecules are designed to inhibit ubiquitinating enzymes, but 
in some situations it is preferred to activate the enzyme, for example to induce apoptosis in 
tumor cells by destabilizing anti-apoptotic Bcl-2 family members. Interestingly, the ubiquitin 
ligase NEDD4 was recently found to be activated by a ubiquitin mutant that interacts with 
NEDD4 specifically and with higher affinity than wild-type ubiquitin.74 Further investigation 
is required to unravel the mechanism of activation, but this exemplifies that enzymatic 
activity can be modulated in both an inhibiting and activating direction.

Inhibiting ubiquitin de-conjugation: targeting the DUBs
The cell contains specialized enzymes that hydrolyze the isopeptide bonds between the C-terminus 
of ubiquitin and amino-groups, and therefore counteract the activity of the E1-E2-E3 enzymatic 
cascade. These de-ubiquitinating enzymes or DUBs therefore reduce substrate ubiquitination, 
and will stabilize a substrate if its ubiquitination normally targets for proteasomal degradation. 
One way to destabilize a substrate is therefore to inhibit the substrate specific DUB. Mcl-1 for 
example is stabilized by de-ubiquitination mediated by the DUB USP9X.20 Inhibition of USP9X 
is therefore expected to destabilize Mcl-1, which might induce apoptosis in tumor cells that 
depend on high Mcl-1 expression like chronic lymphocytic leukemia.75

There are about 100 different DUBs that can be divided in five groups (reviewed by refs. 
76 and 77). The eight JAMM domain DUBs are metalloproteases that contain a Zn2+ atom 
in their active site. The other four groups are cysteine proteases with different ubiquitin-
protease domains, of which the Ubiquitin-Specific Proteases (USP) are the largest group 
with 58 members. The other three smaller groups are the Ubiquitin-C-terminal Hydrolases 
(UCH), the OTUbain proteases (OTU) and the Machado-Joseph Disease proteases (MJD 
or Josephins). Considering the amount of DUBs versus the amount of ligases, it is expected 
that either only a fraction of ubiquitinated proteins is targeted for de-ubiquitination, or 
DUBs are less specific than ligases. However, many DUBs have been identified that regulate 
the stability of disease-related proteins, and for most studied DUBs the amount of identified 
substrates is limited, making them interesting therapeutic targets.78

This is even more so, because especially the cysteine protease DUBs contain a very defined 
and structurally conserved active site, that could potentially be targeted by similar compounds 
(Fig. 1B).77 The accessibility to the active site is different, and some DUBs have constraints that 
are lacking in other DUBs, indicating that small variations of these similar compounds might 
confer specificity.79-80 The DUBs UCH-L1 and USP-7 (also known as HAUSP) could indeed 
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be inhibited by compounds that target the active site with high specificity.81-82 The DUB USP-7 
is an interesting target from an anti-cancer therapy perspective, as it targets the p53-ligase 
Mdm2, and Mdm2-depletion stabilizes p53.83 In agreement with this, the USP-7 active-site 
inhibitor induced cell-cycle arrest and apoptosis in the cancer cell line HCT116.82

However, several small molecules identified by screening with chemical libraries inhibit 
specific DUBs by other mechanisms than binding to the active site. These include inhibitors 
to UCH-L1 and USP-7, but also to USP-1 and USP-14 that respectively regulate DNA-damage 
signaling or proteasome activity.84-87 Their working mechanism is unknown, but they are non-
competitive inhibitors that at least in case of the UCH-L1 and USP-7 inhibitor bind only to 
the substrate-bound DUB and not to the free enzyme (Fig. 1B).85, 87 The working mechanism 
of the DUB inhibitor WP1130 is also unknown, but this inhibitor is of interest because it was 
demonstrated to have anti-cancer activity, as it induced apoptosis in mantle cell lymphoma 
cells and chronic myelogenous leukemia cells.88-90 Although WP1130 most likely inhibits 
more than one DUB, it also inhibits USP9X and therefore promotes Mcl-1 degradation.89, 

91 Interestingly, WP1130 increased tumor cell sensitivity to various chemotherapeutics, 
specifically in cell lines with high Mcl-1 expression, and showed synergistic cell killing with 
ABT-737.91 It would therefore be interesting to further study the efficacy of combination 
therapies of ABT-737 and WP1130, or WP1130-derivatives with more specificity for USP9X.

 Recently, ubiquitin mutants were generated that specifically interacted with a single 
DUB, which was either one of three USPs or one OTU domain DUB.74 Ubiquitin normally 
binds with low affinity to a DUB, but these ubiquitin mutants had a relatively high 
affinity for their specific enzymes and did not dissociate after cleavage, therefore acting 
as competitive inhibitors.74 At least for the USPs, the region interacting with ubiquitin is 
not very conserved between species.74 This suggests that similar to what was found for the 
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E2 enzymes, also for the DUBs the ubiquitin-interacting region is an interesting target to 
modulate enzyme activity with high specificity (Fig. 1B).

Identification of (de)ubiquitinating enzymes targeting substrates of interest
To develop ubiquitination-targeted therapy, the enzymes responsible for (de)ubiquitinating the 
substrate of interest must be identified. This is challenging, as exemplified by the Bcl-2 family, 
for which ligases targeting Mcl-1, Bim and the C-terminal fragment of caspase-cleaved Bid have 
been identified,7, 9-10, 21, 64, 92-94 while the identity of the ligases targeting Bfl-1, Bcl-B, Bik, Noxa or 
Bax are unknown (this thesis and refs. 12, 22, 24, 27). Furthermore, only one DUB has been 
identified to regulate Bcl-2 ubiquitination, namely USP9X that de-ubiquitinates Mcl-1.20 

Several factors complicate the identification of the ligase/DUB targeting the substrate of 
interest. First of all, for almost all of the more than 600 E3 ligases and about 100 DUBs, a clear 
substrate-recognition sequence is lacking. Whereas kinase identification can be directed by 
the detection of specific phosphorylation motifs in the substrate, this technique does not 
aid ligase/DUB identification. Secondly, there can be substrate redundancy between ligases, 
as exemplified by Mcl-1 and Bim that can be targeted by multiple ligases,7, 9-10, 21, 64, 93-94 which 
impedes ligase/DUB identification by RNAi-mediated screening. Thirdly, interaction 
between the ligase/DUB and the substrate is likely transient and weak in most cases, 
hindering identification through co-precipitation approaches.

In chapter 4, we aimed to identify the E3 ligase and possible DUB that (de)ubiquitinate 
tBidN. This is of interest, because the ubiquitination of tBidN regulates the pro-apoptotic 
activity of tBidC, and is of an unconventional nature as it involves conjugation by esterification 
of cysteine, serine and threonine residues.95 We employed three different approaches: a 
candidate-testing approach, a mass-spectrometry based interactome approach, and a RNAi-
based screening approach. The interactome approach resulted in identification of the N-end 
rule ligase UBR2 as a tBidN interactor. This was confirmed by co-precipitation studies, 
which furthermore indicated that tBidN interacted with the hydrophobic pocket in UBR2. 
In addition, our data suggest that UBR2 can target tBidN for ubiquitination.

Judging on the stochiometry of interaction between tBidN and UBR2, and the 
detergent-resistance of this interaction, we conclude that it is of relatively high affinity 
for a substrate-ligase pair. This probably explains why interactome analysis was the most 
successful approach for the identification of this ligase. UBR2 was not a hit in the ligase 
screen, indicating that either silencing of UBR2 was not sufficient to render phenotypic 
changes, or that other ligases can also ubiquitinate tBidN. The latter hypothesis implies that 
the potential hits identified by the RNAi screen could be bona fide tBidN ubiquitinating 
enzymes, but this should be validated in future studies.

Bcl-B was taken along with tBidN in the same RNAi-based screen described in chapter 
4. Several interesting hits were defined, but repeat of the screen and validation is required 
to draw any conclusions. It was also realized that several improvements could be made to 
the screening approach. First of all, the screening of three different substrates distinguishes 
Bcl-B-specific effects from more general effects, but an even more specific way to achieve 
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this would be to take a stable, lysineless Bcl-B variant along. Secondly, the use of large 
fluorescent protein tags can change the efficiency of both ubiquitin modification and 
proteasomal degradation. It would therefore be better to use smaller tags, e.g. peptide tags 
that bind to cell permeable chemical fluorophores (reviewed in ref. 96). These adaptations 
might increase both the specificity and the efficiency of the RNAi-screening approach.

Substrate location determines MARCH ubiquitin ligase specificity
In chapter 4, MARCH-8 was identified as the ligase targeting TRAIL-R1 for ubiquitination. 
TRAIL-R1 is the first identified substrate of endogenous MARCH-8, but recently the transferrin 
receptor and CD98 were demonstrated to be upregulated by MARCH-8 knockdown in HepG2 
cells, indicating that they can also be targeted by endogenous MARCH-8.97 Other MARCH-8 
substrates were identified by overexpression studies, which indicated that MARCH-8 can 
ubiquitinate CD86 (B7.2), Fas, MHC class II, CD44 and CD81.98-102 MARCH-8 therefore 
seems to target a functionally diverse subset of substrates, which includes death receptors, 
immunological regulators and receptors involved in iron and nutrient uptake.

Surprisingly, we found that MARCH-8 ubiquitinated TRAIL-R1 with preference over 
TRAIL-R2, while both receptors contain membrane proximal lysine residues that are 
preferentially targeted by the MARCH ligases.99-100, 103-104 Possibly, TRAIL-R1 meets MARCH-8 
in membrane compartments that do not contain TRAIL-R2. TRAIL-R1, but not TRAIL-R2, 
is modified by palmitoylation, which enables localization in lipid raft microdomains,105 and 
steady state TRAIL-R1 but not TRAIL-R2 cell surface expression is regulated by dynamin-
dependent endocytosis (this thesis). It was recently demonstrated that MARCH-1, which is 
highly homologous to MARCH-8 and has overlapping substrate-specificity,99 targets peptide 
loaded MHC class II, but not immature invariant chain bound MHC class II (MHC-II-Ii).106 
This difference in targeting was mainly mediated by a sorting motif in the invariant chain, which 
changed the endocytic route of MHC-II-Ii such that it did not encounter MARCH-1.106 We 
therefore suggest that substrate location is one of the main factors regulating MARCH-specificity.

The functional differences between TRAIL-R1 and TRAIL-R2 are unclear, mainly 
because this issue cannot be assessed by knock-out studies, as the mouse only possesses 
one pro-apoptotic TRAIL receptor. One difference is that TRAIL-R2, but not TRAIL-R1, 
has a p53-response element, and expression was upregulated in a p53-dependent manner 
upon several stress stimuli.107-109 So TRAIL-R2 cell surface levels are mainly regulated 
by transcription, while TRAIL-R1 cell surface levels are to a large part determined by 
posttranslational modifications. Possibly, similar to what is hypothesized above for stable 
versus unstable Bcl-2 family members, a differential function of TRAIL-R1 compared to 
TRAIL-R2 requires rapid upregulation of cell surface levels. 

Future research should aim at devising therapeutic strategies to inhibit MARCH-8-
mediated ubiquitination of TRAIL-R1, which might sensitize cancer cells to apoptosis induced 
by TRAIL-R1 agonists. In agreement with this, TRAIL-resistance of several breast cancer cell 
lines correlated with reduced cell surface expression of TRAIL receptors, and more frequently 
of specifically TRAIL-R1.110 TRAIL-resistant cell lines were sensitized to TRAIL-induced 
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apoptosis by chemical inhibitors of receptor internalization.110 Currently, investigations are 
focusing on methods to improve TRAIL receptor agonist therapy, as clinical trials haven’t been 
as successful as anticipated.111 The findings presented in this thesis might guide these studies 
in the right direction, but other recent research also opened new avenues in TRAIL therapy 
that are worthwhile investigating. An anti-TRAIL-R2 antibody was demonstrated to inhibit 
tumor formation in mouse models by killing endothelial cells, and thereby reducing tumor 
vascularization.112 Also, a small molecule called Bymofi was identified and optimized, that 
binds specifically to TRAIL-R2, and induces receptor clustering and subsequent cell death of 
different cancer cell lines.113 A small molecule might have an increased half-life compared to 
the existing TRAIL-R agonists, and possibly has increased tissue penetrance. Together, these 
and our results indicate that TRAIL therapy can be improved from many different angles, and 
still holds promise as an anti-cancer therapeutic.

Unconventional ubiquitination: the evidence
A major objective of this thesis was to unravel the molecular details of ubiquitination in general, 
and unconventional ubiquitination in particular. We therefore studied tBidN that was previously 
shown by our group to be unconventionally ubiquitinated by esterification of cysteine, serine 
and/or threonine residues.95 This was concluded because tBidN does not possess any free 
amino-groups to which ubiquitin can be conjugated, and ubiquitination was partially sensitive 
to reductive and completely sensitive to hydrolyzing treatment, indicating ubiquitin conjugation 
by thio-ester and hydroxyl-ester bonds. Extensive mutagenesis experiments confirmed that 
cysteine, serine and/or threonine residues were among the acceptor sites.95

Previous to this publication, MHC class I (MHC I) was demonstrated to be ubiquitinated 
on either a cysteine residue or serine/threonine residues, which was mediated by the viral E3 
ligases kK3/kK5 (also known as MIR1/2) and mK3 respectively.114-115 Therefore, tBidN was 
the first substrate identified as a target for unconventional ubiquitination by a non-viral, in 
this case human machinery. By now, the list of unconventionally ubiquitinated substrates by 
human E2 conjugases and E3 ligases has increased, as summarized in table 1. In all cases, the 
evidence for unconventional ubiquitination was collected by mutagenesis and biochemical 
experiments, similar to the ones described for tBidN above. As explained and demonstrated 
in chapter 2, mass spectrometry (MS) can also be used to identify the site of ubiquitination, 
because trypsin cleavage leaves a 114 Da diglycine ubiquitin remainder on the modified 
peptide.116 This would be the most direct evidence for unconventional ubiquitination.

Therefore, we performed multiple experiments in collaboration with the group of dr. Van 
Veelen at the Leiden University Medical Center to identify the tBidN ubiquitination site by 
MS. We were able to obtain highly purified tBidN, and for unmodified tBidN the peptides 
detected by MS together covered the full sequence. However, in the case of ubiquitin-modified 
tBidN a peptide representing residues 13-20 could not be detected, while exactly this region 
most likely contains the primary ubiquitination site according to truncation experiments.95 
Several other groups have also attempted MS-identification of unconventional ubiquitination 
sites on their substrate of interest, but without success.117-119 Recent MS-data suggested the 
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existence of threonine ubiquitination of the T-Cell Receptor α-chain (TCR α), but this was 
indirect evidence, as it was based on the absence of unmodified peptides in a protein fraction 
that was identified by SDS-PAGE as ubiquitin-TCRα.119 MS-detection of unconventional 
ubiquitination is possibly complicated because thio-ester and hydroxyl-ester bonds are 
relatively labile. However, ubiquitin modification of a cysteine or serine in the active site of 
the E2 conjugase Ube2D1 (UbcH5) could readily be detected by MS.119 This suggests that ester 
bonds can withstand the MS-conditions, but possibly this depends on the specific peptide. 

Unconventional ubiquitination: the culprit
Despite the growing list of substrates targeted for unconventional ubiquitination, not much 
is known about the enzymes mediating this conjugation. Prior to the initiation of the 
research described in chapter 4, only the viral ligases kK3/kK5 and mK3 had been found 
to ubiquitinate unconventional residues, and no functional homologues in mammalian cells 
were identified.114-115 We therefore aimed to identify the mammalian E3 ligase targeting tBidN 
for unconventional ubiquitination. We found the N-end rule ligase UBR2 to interact with 
tBidN, and to target it for ubiquitination. Likely, UBR2 ubiquitinates tBidN on unconventional 
residues, but we are currently performing follow-up experiments to validate this.

Recently, the mammalian ligase Hrd1 was found to ubiquitinate the substrates TCRα and 
the NS-1 Ig κ light chain (NS-1) on unconventional residues.117, 128 Hrd1 is a transmembrane 
ligase of the ER, and ubiquitinates misfolded proteins to target them for degradation in a 
process called ER-Associated Degradation (ERAD).130 In addition, the CRL component 
β-TrCP was shown to target the substrate BST-1 for unconventional ubiquitination, in 
cooperation with the viral protein Vpu.129 However, β-TrCP only recognizes the substrate and 
the rest of the complex mediates the ubiquitination, so β-TrCP will not be further discussed. 

Both Hrd1 and UBR2 possess a non-canonical RING domain called a RING-H2 domain, 
which means that in addition to the cysteine residues, two histidine residues instead of 
one bind and coordinate the Zn2+-atom. Interestingly, the viral ligases kK3/kK5 and mK3 

Table 1. Summary of substrates modified by unconventional ubiquitination. Asterisk indicates that 
follow-up experiments are required to confirm that UBR2 mediates unconventional ubiquitination of tBidN.

Substrate Location Residue E3 Function Ref

MHC I Plasma Membrane C E3: Viral kK3/kK5 Endocytosis 114

Pex5p Peroxisomal membrane C E2: Ube2D1/2/3 Translocation to peroxisome 120-124

MHC I ER membrane S,T and K E2: Ube2J2 (on S) 
E2: Ube2D1 (on K) 

E3: Viral mK3

ERAD 115, 
125-126

Ngn2 Nucleus K, C, S and T x Proteasomal degradation 127

TCRα ER membrane S E3: Hrd1 ERAD 128

NS-1 ER membrane S, T E3: Hrd1 ERAD 117

BST-2 Plasma membrane S, T E3: Beta-TrCP Endocytosis 129

tBidN Mito. outer membrane C, S and T E3: UBR2* Proteasomal degradation 95

160



GENERAL DISCUSSION

contain a RING-CH domain, which is also atypical because of a variation in the order of the 
cysteine and histidine residues. Possibly, these atypical RING domains allow UBR2, Hrd1 
and the viral ligases to conjugate ubiquitin to unconventional residues. However, it seems 
that the RING domain is not the most important region for residue-specificity, because mK3 
targeted serine/threonine residues on MHC I, also when its RING domain was replaced 
with the RING domain of the cysteine-targeting kK3/kK5.125 This clearly demonstrates that 
a region outside the RING domain is important for the serine/threonine specificity of mK3. 

Importantly, in the case of RING ligases the E2 enzymes actually conjugate ubiquitin to 
the target site, so it might rather be the E2 that is specialized for esterification. Consistent 
with this notion, in cooperation with the ligase mK3, the E2 Ube2J2 transferred ubiquitin 
to a serine residue on MHC I, while Ube2D1 targeted a lysine residue.126 However, the 
same Ube2D1 was identified by cellular fractionation methods as the E2 ubiquitinating the 
peroxisomal protein Pex5p on a cysteine residue.122 So it is neither the E2 nor the E3 alone 
that determines the type of ubiquitination, but the specific E2-E3 complex. 

The ligase mK3 is a transmembrane protein that targets a transmembrane substrate. Efficient 
substrate ubiquitination by mK3 depended on the position of the acceptor residue relative to the 
membrane, not on the sequence context.125 It appears therefore, that correct positioning of the 
acceptor residue towards the E2-E3 complex is essential for efficient transfer. Notably, almost all 
substrates targeted for unconventional ubiquitination are membrane-associated (table 1). This 
reduces flexibility of movement, and might allow for a more stable positioning of the ubiquin-E2 
thio-ester towards the target residue. Alternatively, the membrane environment might protect 
against non-enzymatic de-ubiquitination. A thio-ester ubiquitin-Pex5p conjugate could be 
hydrolyzed by a physiological concentration of glutathione (GSH), a prevalent cellular molecule 
with reducing capacity.121 Interestingly, membrane-bound ubiquitin-Pex5p was more resistant 
to GSH treatment than its soluble counterpart. It would be interesting to test whether similar 
characteristics apply to the other membrane-bound substrates of cysteine-ubiquitination.

Unconventional ubiquitination: the motif
From a chemical point of view, it is not surprising that cysteine, serine or threonine residues 
can be targeted for ubiquitination. In conventional lysine ubiquitination, the thio-ester bond 
is an electrophile, and the nitrogen in the amino-group is a nucleophile ready to donate an 
electron pair, explaining the reactivity between the two. The sulphur in the cysteine side chain, 
and the oxygen in the serine/threonine side chain are also nucleophilic, and have the potential 
to attack the thio-ester (reviewed in ref. 131). A tyrosine residue also possesses oxygen in 
its side chain, but the electron density might be spread over the aromatic ring, making a 
tyrosine less reactive. This might explain why tyrosine ubiquitination has not been observed 
so far. What argues against ubiquitination by esterification, is that a thio-ester, and to a lesser 
extent also a hydroxyl-ester, is a thermodynamically instable bond compared to an isopeptide 
bond. Naturally, E1, E2 and HECT E3 enzymes bind ubiquitin via a thio-ester bond, but their 
function is to quickly transfer ubiquitin to the next protein in the cascade. So what would be 
the function of this thermodynamically unfavorable ubiquitin conjugation?
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Possibly, the capacity to target alternative residues simple expands the amount of 
substrates of specific ubiquitinating enzymes. The ERAD ligase Hrd1 should be able to 
target a large amount of substrates, because it would be potentially lethal if misfolded 
proteins that lack correctly positioned lysines escape degradation. Considering the capacity 
of UBR2 to recognize many N-terminal residues, it also potentially targets a large amount 
of substrates.132 In addition, the highly homologous N-end rule ligase UBR1 has been 
suggested to control protein quality in the cytosol, which similar to Hrd1 would require 
ubiquitination of a large amount of different substrates.133

Alternatively, the lability itself of the ester-conjugated ubiquitin might have a functional 
purpose. The substrate of unconventional ubiquitination Pex5p, translocates proteins from the 
cytosol to the peroxisome, and this translocation required ubiquitination on a conserved cysteine 
both in yeast and in human cells.120, 124 Recycling Pex5p back to the cytosol required ubiquitin 
de-conjugation, so it was hypothesized that the increased lability of thio-ester ubiquitination 
augmented recycling rate.124 Later results appeared to discard this hypothesis at least for Pex5p, 
but for other substrates it might still be valid.121 Completely in contrast with this hypothesis, 
ester-conjugated ubiquitin might actually be more be resistant to de-ubiquitination. For MHC 
I ubiquitinated by mK3, it appeared that serine/threonine-ubiquitinated substrate was more 
resistant to cellular DUB activity than lysine-ubiquitinated substrate.126

Lastly, serine/threonine and cysteine residues are also targeted for other post-translational 
modifications than ubiquitination, with serine/threonine phosphorylation as most obvious 
example. Possibly, there is crosstalk between the different modifications. For example, it is 
imaginable that ubiquitination destabilizes a protein, while phosphorylation induces interaction 
with a very stable complex. Ubiquitination of a serine/threonine residue could then be an 
efficient way to target a protein to the proteasome and at the same time to prevent the opposing 
activity of a phosphorylation event. Further studies should clarify whether this crosstalk exists, 
and what the physiological relevance of unconventional ubiquitination is in general.

Proteins are stabilized by an acetylated N-terminus
The levels of a given protein are regulated by a combination of protein synthesis rate and 
degradation rate. It is therefore essential for proper functioning of the cell that protein 
turnover is tightly regulated. Two proteome-wide MS-studies indicated that protein half-life 
can vary from a few minutes to several days.134-135 Several factors that determine protein 
turnover have been identified, which includes protein ubiquitination, but the picture is not 
yet complete. In chapter 5, we show that N-terminal acetylation (N-acetylation) inhibits 
protein degradation, and is therefore a novel determinant of protein turnover. 

N-acetylation is the co-translational modification of a protein N-terminus with an 
acetyl-group (recently reviewed in refs. 136-137). It is an irreversible modification, as no 
enzymes capable of de-acetylating N-termini have been identified. The acetyl is derived 
from Acetyl-CoA, and conjugated to the α-amino-group by one of the six different N-acetyl-
transferase (NAT) complexes expressed in human cells. The complexes, termed NatA to 
NatF, all have different specificities for protein N-termini. NatA mainly targets proteins 
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from which the methionine is co-translationally removed by methionine amino-peptidases 
(MetAPs), while the other NAT complexes target proteins with a retained methionine, 
and have specificity for the penultimate N-terminal residue. Together, the NAT complexes 
target 84% of all proteins in human cells, making N-acetylation one of the most prevalent 
protein modifications in the cell.138 

Nonetheless, the function of this widespread modification is largely unknown. Historically, 
N-acetylation has been described to inhibit protein degradation. Jornvall et al. were the first 
to hypothesize a stabilizing effect of N-acetylation, based on the structural properties of 40 
known N-acetylated proteins from different species.139 In agreement with this hypothesis, 
the nature of the second amino acid determined stability of two different proteins in either 
reticulocyte lysate or Xenopus extract, with a correlation between predicted N-acetylation 
status and increased stability.140-141 Most convincing evidence came from biochemical studies 
with isolated proteins, which demonstrated that N-acetylated proteins were more resistant to 
degradation in fractionated rabbit reticulocyte lysates than N-acetyl-free proteins.142-143 

In contrast to these data, an early study in mouse L cells indicated that the turnover rate 
of N-acetylated proteins was comparable to the average turnover rate of the total protein 
population.144 General effects on protein turmover were also absent in a recent proteomic study, 
because protein levels of NatB substrates in a NatB knockout yeast strain were comparable to 
the levels observed in wild-type yeast.145 Similarly, total protein levels were found unchanged 
upon NatA knockdown in Hela cells.146 Even more, N-acetylation has actually been shown to 
destabilize a protein. It was found in yeast that an acetylated N-terminus can function as a 
degron, and target a protein for ubiquitination and subsequent degradation.147-148

In chapter 5, we aimed to resolve this debate, and studied the role of N-acetylation on 
protein stability. Our data demonstrate that N-acetylation inhibits protein degradation, in 
agreement with previously obtained results described above.142-143 Moreover, it adds to these 
data because (1) we study degradation in vivo, i.e. in mammalian cells, and (2) we compare 
the degradation rate of identical proteins that only differ in N-acetylation status, whereas 
other studies mainly compared a subset of N-acetylated proteins with a different subset 
of N-acetyl-free proteins. Moreover, we generate insight into the mechanism of protein 
stabilization mediated by N-acetylation. We show that N-acetylation blocks N-terminal 
ubiquitination, and therefore reduces the ubiquitin load on a protein. This results in less 
efficient targeting of the substrate to the proteasome. As a second mechanism, N-acetylation 
can inhibit proteasomal degradation directly, independent from its effect on ubiquitination. 

N-acetylation stabilizes substrates by blocking N-terminal ubiquitination
Ubiquitin is normally conjugated to the ε-amino-group of lysine residue side chains, and can 
be unconventionally conjugated by esterification of hydroxyl or thiol groups. In addition, 
the α-amino-group of the N-terminal amino acid can be used as a ubiquitin acceptor 
site, an infrequent modification known as N-terminal ubiquitination.149 In chapter 5, we 
demonstrate that several substrates are efficiently targeted for N-terminal ubiquitination, 
but only when their N-terminus is acetyl-free.
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A total of twelve substrates has been found to be ubiquitinated on the N-terminus in 
vivo (in cells), since the first description in 1998 (table 2). The evidence is mainly based 
on ubiquitination of lysineless proteins, and on disappearance of the ubiquitination when 
the N-terminus was proteolytically removed from the substrate after isolation (table 2). In 
case of the mouse protein p19Arf, ubiquitination of a lysineless variant could be blocked by 
a mutation that was likely to target the protein for N-acetylation, indicating that ubiquitin 
was appended to the N-terminus.150 Mass spectrometric detection of di-glycine modified 
N-termini, derived from in vivo ubiquitinated substrates, has only been described for ERK3 
and p21,151 and for Bcl-B (this thesis).

Importantly, our data indicate that N-terminal tagging can change the N-acetylation 
status of a protein of interest, and therefore affect its N-terminal ubiquitination status. The 
normally N-acetylated protein Bcl-B could be targeted for N-terminal ubiquitination, but 
only when it carried an N-acetyl-free HA-tag on its N-terminus (chapter 5). Notably, also for 
p21 and ERK3, MS-detection of N-terminal ubiquitination was performed on N-terminally 
HA-tagged variants.151 Follow-up studies demonstrated that p21 was N-acetylated, and 
the HA-tag allowed N-terminal ubiquitination because it was N-acetyl-free, similar to 
what we found for Bcl-B.152 Some biochemical data suggested to demonstrate N-terminal 
ubiquitination have also been obtained using N-terminally tagged substrates (table 2). 
These experiments should be repeated with untagged substrates to confirm ubiquitination 
of the physiologically relevant, tag-free N-terminus. Furthermore, several of the substrates 
depicted in table 2 have N-terminal sequences predicted to be efficiently targeted for 

Table 2. Summary of substrates modified by N-terminal ubiquitination. N-terminus indicates the nature 
of the first two or three N-terminal amino acids. Method indicates the methods used to demonstrate that 
the N-terminus is the ubiquitin acceptor site. (1) = ubiquitination of K-less protein, (2) = disappearance of 
ubiquitin signal upon post-isolation removal of the N-terminus, (3) = MS, (4) = ubiquitination is blocked 
by N-acetylation. EBV = Epstein-Barr Virus. 

Substrate Organism N-terminus Method Reference

APOBEC3G Homo Sapiens MK 1, 2 153

BCL2L12 Homo Sapiens MGR 1, 2 154

Cyclin G1 Mus Musculus MI 1 155

ERK3 Homo Sapiens MAE 1, 3 151

LMP1 EBV ME 1 156

LMP2a EBV MVP 1 157

MyoD Homo Sapiens ME 1 158

p14Arf Homo Sapiens MVR 1 150

p16 Homo Sapiens ME 1 159

p19Arf Mus Musculus MGR 1, 4 150

p21 Homo Sapiens MSE 1, 2, 3 151, 160

PGC1-α Homo Sapiens MAW 1 161
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N-acetylation. This should be validated to draw firm conclusions, but it is possible that in 
some instances N-terminal ubiquitination has been incorrectly assigned, and a substrate is 
actually modified by ubiquitination by esterification for example.

We found that an N-acetyl-free variant of HA-Bcl-B, but also of the tumor suppressor 
protein p16, could be targeted for N-terminal ubiquitination. The N-terminal sequences of 
both proteins are very different, with the exception of the two ultimate residues being GY 
in both cases. This indicates that with the exception of the first two residues, there are no 
obvious sequence requirements for N-terminal ubiquitination. The first two residues are of 
importance however, because a proline as ultimate or penultimate residue inhibited or even 
prevented N-terminal ubiquitination (chapter 5). The only other substrates for which MS-
evidence exists for N-terminal ubiquitination in vivo are HA-tagged p21 and ERK3, and 
they had an N-terminal MY-sequence.151 Possibly, a tyrosine on the penultimate position 
favors N-terminal ubiquitination, but this seems unlikely, because a variety of N-termini 
of different substrates could be targeted for N-terminal ubiquitination in different in 
vitro systems.159, 162-166 According to database searches, there are about 450 proteins that 
reside in the cytosol or nucleus and are predicted to be N-acetyl-free because they have 
the N-terminal sequence MH, MR or MY (http://prosite.expasy.org/scanprosite). So a 
potentially large group of proteins could be targeted for N-terminal ubiquitination.

For Bcl-B, we have shown that it is targeted for ubiquitination both on lysine residues and 
the N-terminus. P16 is a lysineless and N-acetylated protein, and therefore it is normally not 
targeted for ubiquitination, but when it was point mutated, it could be ubiquitinated both on its 
acetyl-free N-terminus and on an introduced lysine residue. Therefore, either an E2/E3 enzyme 
couple is flexible in targeting an α-amino-group or ε-amino-group, or both p16 and Bcl-B can be 
targeted by several different E2/E3 enzymes. Recently, the E2 enzyme Ube2w was identified to 
preferably perform N-terminal ubiquitination.165-166 Interestingly, both Ube2w and Ube2J, which 
is involved in ubiquitination by esterification, are phylogenetically separated from the other E2 
enzymes (Fig. 2A).126, 166 An asparagine residue close to the active site cysteine is conserved in 
most E2 conjugases, but replaced by an arginine or histidine in Ube2J en Ube2W, respectively 
(Fig. 2B). Specifically this asparagine is essential for ubiquitin transfer by Ube2D1 to a lysine 
residue, but not to an E3 cysteine.167 We speculate that the sequence differences causing this 
phylogenetic separation allow Ube2w and Ube2J to perform non-lysine ubiquitin conjugation. 

N-acetylation inhibits proteasomal processing 
We have identified a second mechanism by which N-acetylation can increase protein 
stability, which is independent of its effect on the ubiquitination status of a protein. So our 
data suggest that N-acetylation can directly inhibit protein processing by the proteasome. 
The majority of intracellular proteins destined for degradation will be processed by the 
proteasome, a multisubunit proteolytic complex with a molecular mass of about 2,5 MDa 
(reviewed by refs. 168 and 169) The 20S subunit or core particle is a barrel-like structure 
that contains proteolytic sites in its interior, with various specificities allowing a large 
variety of substrates to be degraded (Fig. 3A). The gate of the 20S subunit is about 13 Å, 
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which is for folded proteins to narrow to enter. Entry is therefore regulated in an ATP-
dependent manner by the 19S subunit or regulatory particle, which caps the 20S subunit 
and can be subdivided into a 20S-proximal base component and 20S-distal lid component. 
The base contains ubiquitin-receptors that recognize proteasome substrates, and ATPase 
proteins that are required for opening the gate of the 20S subunit, unfolding of the substrate 
and substrate translocation into the 20S subunit. The lid contains the DUB Poh1 (Rpn11 in 
yeast) that removes the ubiquitin from proteasome substrates, and scaffolding proteins that 

100

100

61
91

63
28

14

25

62

100
100

100

100

100

26
44

99

83

81

100

22
28

317

2R1 2R2
2G1

2G2 2S
2H

2C

2K

2N
2T

2D1-4
2E1-3

2F

2M
2L3

2L6

2V

2Q12Q2

2J2

2J1

2Z

2W
2A/B

2I
A

Ube2D1  74  YHPNINSN-GSICLDILR-------------SQWSPALTVSKVLLS 
Ube2H   75  FHPNIDEASGTVCLDVIN-------------QTWTALYDLTNIFES 
Ube2R2  82  WHPNIYET-GDVCISILHPPVDDPQSGELPSERWNPTQNVRTILLS 
Ube2J   101 -G-RFKCN-TRLCLSITD----------FHPDTWNPAWSVSTILTG 
Ube2W   91  VHPHVYSN-GHICLSILT-------------EDWSPALSVQSVCLS 

A

B

Figure 2. Ube2W and Ube2J2 are phylogenetically separated from majority of E2 ubiquitin conjugases. 
(A) Phylogenetic tree depicting the amino acid sequence relationship between the human E2 conjugases. 
Picture is adapted from ref. 166. Numbers indicate the consensus tree bootstrap percentages for the nodes. 
E2 families depicted in black are ubiquitin conjugases, families in green are E2 conjugases of ubiquitin-
like proteins. Red boxes indicate the phylogenetically distant Ube2W and Ube2J families. (B) Sequence 
alignment of the regions surrounding the catalytic cysteine of different E2 ubiquitin conjugases. Ube2D1, 
Ube2H and Ube2R2 are depicted as representative members of the majority of E2 ubiquitin conjugases, 
depicted in the top branch of figure 2A. The catalytic cysteine is depicted in bold red, residue in bold blue 
corresponds to an asparginine important for ubiquitin transfer by Ube2D1. 

166



GENERAL DISCUSSION

have an important function in keeping the total complex of 20S and 19S subunits together. 
This complex is known as the 26S proteasome and is the best-studied proteasome variant, 
but other caps regulating 20S activity also exist.

 A substrate targeted for degradation first has to bind to the proteasome, for example to 
one of the ubiquitin receptors in the 19S subunit (Fig. 3A). Subsequently, the substrate can 
enter the proteasome via a loosely structured region known as the degradation initiation 
site.170-171 Only when these two criteria are met, the substrate is committed to degradation 
and Poh1 can remove the ubiquitin chain to facilitate substrate entry into the proteasome.172 
Next, the substrate has to be threaded into the proteolytic chamber, a process that is not yet 
described in detail but might be similar to how related bacterial ATP-dependent proteases 
translocate their substrates. The ClpX ATPase of E. Coli binds its substrate with aromatic-
hydrophobic loops that undergo ATP-dependent conformational changes. This generates 
a pulling force that results in translocation of the substrate into the ClpP peptidase, which 
is coupled to unfolding of the substrate (Fig. 3B).173-175 Also in case of the proteasome, the 
substrate is processively unfolded from its degradation initiation site, and subsequently 
enters the proteolytic interior of the 20S subunit where it is degraded.176 

A

B

Figure 3. Proteasomal degradation is a multistep process. (A) Structural composition of the proteasome, and 
depiction of the steps involved in substrate degradation. Several subunits are indicated, yeast protein names 
are used. Rpn10 and Rpn13 are ubiquitin receptors, Rpn11 together with its co-factor Rpn8 de-ubiquitinates 
substrates committed for degradation. Figure is copied from ref. 169. (B) Cartoon representation of substrate 
translocation by the E. Coli ATPase ClpX into the proteolytic complex ClpP. Loops protruding into the 
ATPase interior bind the substrate, and undergo ATP-dependent structural changes. The substrate is 
therefore ‘pulled’ into ClpP, where it is degraded. Figure is copied from ref. 173
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Several factors can affect the efficiency of substrate degradation by the proteasome. 
The degradation initiation site for example has to be of a certain minimal length, and the 
exact length requirement depends on whether the initiation site is internal or on a protein 
terminus.177-178 Furthermore, degradation of ubiquitinated substrates is most efficient when 
the degradation initiation site is closely located to the proteasome-binding site.178 Protein 
unfolding can also be a rate-limiting step, and especially proteins that are very structured 
close to the degradation initiation site are inefficiently processed.176, 179

Naturally, ubiquitination can augment proteasomal degradation by targeting a substrate 
to the ubiquitin receptors in the 19S base. However, ubiquitination is not always required for 
proteasomal degradation, and some proteins can be degraded in a ubiquitin-independent 
manner (reviewed in refs. 180-181). The two best-studied substrates for ubiquitin-
independent degradation by the 26S proteasome are Ornithine Decarboxylase (ODC) and 
Thymidylate Synthase (TS), which both contain an unstructured degron on their C-terminus 
or N-terminus respectively.182-183 For ODC the C-terminal degron functions both as a 
proteasome-association region and a degradation initiation site, while the N-terminal region 
of TS might facilitate a post-association process.171, 184-185 Our data indicate that p16 can also 
be degraded by the proteasome in a ubiquitin-independent manner. This is in contrast to 
previously published results,159 but in agreement with a more recent study, which suggested 
that p16 can be degraded in a ubiquitin-independent manner by the 20S proteasome, or by 
a proteasome alternatively capped with a REGγ subunit.186 What proteasome variant was 
responsible for degradation of p16 in our system awaits further investigation.

Importantly, p16 degradation was inhibited by N-acetylation, and this was not dependent 
on the ubiquitination status of p16. N-acetylation also stabilized HA-GFP, a completely 
different substrate, without reducing its ubiquitination. Therefore, we conclude that the 
N-acetylation status of a protein directly affects proteasomal degradation rate. Possibly, an 
acetyl-free N-terminus can increase affinity of the substrate for the proteasome. However, 
N-acetylation was also demonstrated to inhibit degradation of TS, and this was not overcome 
by fusing an N-acetylated TS mutant to a proteasomal-targeting element.184, 187 Hence, 
N-acetylation might also inhibit a post-association process, like the entry and binding of the 
degradation initiation site. For both TS, and the substrates we tested, the N-terminus was the 
likely degradation initiation site. It would be interesting to study whether N-acetylation also 
affects protein degradation of substrates that are degraded from the C-terminus, like ODC.188

N-acetylation and the N-end rule
To modulate the in vivo N-acetylation status of the substrates that we have investigated, the 
first two amino acids were mutated to make either good or poor N-acetylation targeting 
sequences. In addition, we aimed to block N-acetylation by expressing our substrates from 
ubiquitin-fusion constructs. Ubiquitin fused to the N-terminus of a protein is rapidly removed 
post-translation by ubiquitin hydrolases, but is believed to prevent N-acetylation during 
translation.189 To our surprise, we found that ubiquitin fusion did not prevent N-acetylation. 
This indicates that either ubiquitin is removed prior to co-translational N-acetylation, or 

168



GENERAL DISCUSSION

substrates can be efficiently N-acetylated post translation. Importantly, ubiquitin-fusion 
proteins are often used in N-end rule research, and the finding that this does not prevent 
N-acetylation might be a reason to re-evaluate some of findings in this research area.

The N-end rule states that the nature of the N-terminal residue can determine the stability 
of a protein (reviewed in ref. 132). Specific N-terminal residues can destabilize a substrate 
because they are recognized by the family of UBR ubiquitin ligases (Fig, S1, chapter 4). In 
the experiments performed to define the N-end rule both in yeast and in mammalian cells, 
ubiquitin-fusion proteins were used to change the nature of the N-terminal amino acid.189-191 
Based on these data the residues A, G, M, S, T, and V were defined as stabilizing, while all the 
other residues can either directly or after some modifications be targeted for UBR-mediated 
degradation (Fig, S1, chapter 4).189-191 Interestingly, specifically the stabilizing residues are the 
ones that can be targeted for N-terminal ubiquitination. Is it possible, that the N-end rule 
proteins recognize an acetyl-free N-terminus rather than specific N-terminal amino acids?

Two substrate-binding domains have been identified in UBR proteins: the UBR box 
recognizes positively charged residue, while the N-box binds to large hydrophobic residues.192 
Importantly, UBR ligases could interact with N-terminal phenylalanine and arginine, but 
not with glycine, also when acetyl-free synthetic peptides were used as substrate.192 So the 
nature of the N-terminal amino acid clearly plays a role in recognition by the N-end rule 
ligases. However, it has been demonstrated that N-acetylation completely blocks recognition 
of a peptide with an N-terminal arginine by UBR1 or UBR2.193 Crystal structures of ligand-
bound UBR-domains indeed demonstrated that a hydrogen bond and ionic interaction is 
formed between the free N-terminus and residues in the UBR box.193-194 In addition, it was 
recently demonstrated that yeast UBR1 can recognize an N-terminal methionine, as long as 
it is followed by a hydrophobic residue and the N-terminus is acetyl-free.195 We hypothesize 
that the methionine is not an exception to the rule, but that more ‘stabilizing’ residues can 
be recognized by N-end rule ligases as long as they are N-acetyl-free. This would indicate 
that both the N-end rule ligases and the proteasome have affinity for N-acetyl-free proteins, 
arguing for a global protein stabilizing function of N-acetylation, as detailed below.

Acetyl-free N-termini are a degradation signal
Although our understanding is far from complete, we are gradually getting more insight into 
the factors that can determine protein stability. Throughout this chapter, most have been 
mentioned, i.e. ubiquitination status, the length and position of a degradation initiation site, 
and protein structure.176-179 In addition, proteome wide measurements of protein stability have 
found positive correlations between protein turnover rate and either protein abundance or 
protein length.134, 196 We now add the acetylation status of the protein N-terminus to this list.

Importantly, none of these factors alone can predict protein stability. The presence of 
a degradation initiation site of optimal length does not necessarily mean that a protein is 
rapidly degraded. Even when on top of this a protein is efficiently targeted for ubiquitination, 
degradation might still be very inefficient, for example because the protein is highly 
structured. Similarly, N-acetylation status is not the determining factor of stability for every 
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protein. Indeed for some of the substrates we tested, like p16, degradation rate completely 
depended on N-acetylation status, while degradation of others, like wild-type Bcl-B, was 
completely unaffected by N-acetylation status. This also explains why removal of the NatB 
gene did not destabilize NatB substrates in yeast, and NatA knockdown in HeLa cells did not 
affect general protein stability.145-146 Likely, the stabilizing effect of N-acetylation will become 
apparent if these data are corrected for several of the other determinants of protein stability.

N-acetylation can have a destabilizing function in yeast, and targets proteins for 
ubiquitination by the E3 ligase Doa10 and subsequent degradation.147-148 In theory, this 
pathway could also exist in mammalian cells, but it is difficult to reconcile both a stabilizing 
and destabilizing function of N-acetylation. Possibly, one of both processes is less general 
than suggested and functions only on specific substrates or in specific circumstances. 
Alternatively, the exact function of N-acetylation might have diverged during evolution. 
In this regard, it is interesting that compared to yeast, human cells express an extra NAT 
complex, a larger part of their NAT complexes is not associated to ribosomes, and a higher 
fraction of their proteins is N-acetylated (84% in human vs. 57-68% in yeast).137-138, 197 These 
differences in N-acetylation machinery and abundance might indicate that human cells 
have acquired a global function of N-acetylation that could be absent in yeast.

Possibly, an acetylated N-terminus licenses a protein for survival in the cell. In other words: 
an acetyl-free N-terminus indicates that a protein is not in the right location or incorrectly 
processed, and should therefore be degraded. Interestingly, proteins destined for secretion 
are mostly N-acetyl-free.198 In addition, C-terminal fragments of proteolytically processed 
proteins, which are in general only temporarily functional during signal transduction, are 
also mostly N-acetyl-free. The N-acetyl-free degradation signal might cooperate with the 
N-end rule pathway to make sure that protein fragments are rapidly turned over after their 
generation. Further studies should focus on the molecular mechanism of N-acetylation-
mediated inhibition of degradation. This will provide insight into the type and extent of 
proteins that are affected by this modification, and therefore give further clues to its function.

Concluding remarks
The anti-apoptotic capacity of cancer cells is often saturated because of the stressful environment 
they live in. This creates a therapeutic window to specifically induce apoptosis in cancer cells by 
activating pro-apoptotic proteins, or neutralizing anti-apoptotic proteins. In many pathways, 
including apoptosis signaling, protein activity is regulated by ubiquitination. In chapter 2, 3 
and 4 we describe how activity of the apoptosis proteins Bcl-B, TRAIL-R1 and Bid is regulated 
by ubiquitination. We identify the ubiquitin ligases MARCH-8 and UBR2 to mediate the 
ubiquitination of TRAIL-R1 and Bid respectively. Future research should focus on the 
identification of more ubiquitinating enzymes and DUBs involved in apoptosis signaling, and 
on the development of small molecules that can modulate their activity. These small molecules 
might have the potential to specifically induce apoptotic cell death in cancer cells.

The development of such small molecules will be aided by detailed molecular knowledge 
of the processes of ubiquitination and proteasomal degradation. In chapter 4, we studied 
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tBidN, a substrate of unconventional ubiquitination by esterification, and have identified 
UBR2 as the E3 ligase targeting tBidN. Future studies should confirm whether UBR2 
also mediates unconventional ubiquitination on tBidN, and what molecular properties of 
UBR2 allow it to perform this type of ubiquitination. In chapter 5, we demonstrate that 
N-acetylation inhibits protein degradation. We speculate that N-acetylation inhibits the 
entry of the degradation initiation site into the proteasome. In addition, we hypothesize 
that in mammalian cells, N-acetylation licenses a protein for survival in the cell. Both 
hypotheses should be a topic of future investigations.
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SUMMARY
Background and aims
Apoptosis signaling is tightly regulated. Most pro-apoptotic proteins are normally inactive, 
and require transcriptional upregulation, posttranslational modification or translocation to 
become active. In addition, they can be held in check by anti-apoptotic proteins. Therefore, 
the balance between pro-apoptotic protein activity and anti-apoptotic protein activity 
determines whether a cell goes into apoptosis after exposure to stress stimuli. Only when 
the stress is severe enough, the threshold is overcome and the cell dies by apoptosis.

Cancer cells encounter many stress stimuli during their transformation, rapid growth 
and metastasis. Such stimuli would induce apoptosis in normal cells, but a hallmark of 
cancer cells is a deregulated apoptosis signaling pathway as a result of genetic lesions they 
acquired during transformation.1 This resets the apoptotic threshold such that cancer cells 
can just survive the stress they normally encounter, but paradoxically also makes cancer cells 
very sensitive to any additional apoptosis-inducing stimuli. From a molecular point of view, 
it means that the reservoir of anti-apoptotic proteins is completely saturated by active pro-
apoptotic proteins. This cancer cell state is known as ‘primed for death’.2 Initiating apoptosis 
in tumor cells is therefore a promising anti-cancer strategy that has reached the clinic, as 
exemplified by the BH3 mimetic ABT-263 and the death ligand TRAIL.3-5 To understand 
how the apoptotic threshold is reset in tumor cells, and to design therapies to overcome this 
threshold specifically in tumor cells, it is essential to understand the regulation of apoptosis 
protein activity in molecular detail. 

A posttranslational modification that can strongly affect protein activity is ubiquitination, 
which can regulate protein level, protein location, and protein interaction.6 Ubiquitination 
is not only important in apoptosis signaling, but regulates most signaling pathways in 
the cell. Canonically, ubiquitin was described to be conjugated to the ε–amino-group of 
lysine residues, or in rare cases to the α–amino-group of the N-terminal residue. However, 
our lab and others have demonstrated that cysteine, serine and threonine residues can be 
targeted for an unconventional type of ubiquitination.7 The list of substrates modified by 
unconventional ubiquitination is steadily increasing, but what mammalian ubiquitination 
enzymes can mediate this ubiquitin conjugation is unknown.

Ubiquitination is one of the factors regulating protein stability, but on its own does not 
explain the extreme variation in protein turnover time that can vary from minutes to days.8 
Regulation of protein degradation is essential, because together with protein synthesis 
rate, it will determine the protein levels in the cell. It has been suggested that N-terminal 
acetylation affects protein degradation rate, but it is disputed whether it stabilizes a given 
protein or rather targets it for degradation. 

The work described in this thesis focuses on ubiquitination and protein degradation, 
with an emphasis on how these processes regulate apoptosis signaling. More specifically, 
our aims were: 
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1. To increase the understanding of ubiquitin-mediated regulation of apoptosis signaling
2. To identify the E3 ubiquitin ligase targeting the apoptosis protein tBidN for unconventional 

ubiquitination
3. To delineate the role of N-terminal acetylation in protein degradation

Main findings and implications
We have identified two novel ubiquitination events that regulate apoptosis signaling. In chapter 
2, we demonstrate that the anti-apoptotic protein Bcl-B is modified by K48-linked ubiquitination 
on a lysine residue in a loop that is unique within the group of anti-apoptotic Bcl-2 family 
members. This targets Bcl-B for proteasomal degradation, and therefore regulates its protein 
level at steady state. Ubiquitination thereby regulates the capacity of Bcl-B to protect against 
cell death as induced by a variety of anti-cancer therapeutics. Clinically, cancer cells can depend 
on the high expression of Bcl-B, and its expression level can be used as biomarker to predict 
tumor aggressiveness. Our data indicate that Bcl-B expression should be assessed on the protein 
rather than the mRNA level. In addition, modulating the activity of the enzymes regulating 
Bcl-B ubiquitination, for example with small molecules, might be a feasible anti-cancer therapy. 

In chapter 3, we show that ubiquitination regulates cell surface expression, and therefore 
pro-apoptotic activity, of the death receptor TRAIL-R1. We identify the transmembrane 
ligase MARCH-8 as the enzyme targeting TRAIL-R1 for ubiquitination and subsequent 
degradation in lysosomes. TRAIL-R1 cell surface expression was increased by knockdown 
of MARCH-8, suggesting that inhibition of MARCH-8 function might be an efficient 
strategy to sensitize tumor cells to TRAIL therapy. From a more fundamental perspective, 
TRAIL-R1 is the first identified substrate of endogenous MARCH-8, whose molecular 
characteristics and physiological functions are largely unknown.

We previously identified the N-terminal fragment of caspase-8 cleaved Bid (tBidN) as a 
substrate for unconventional ubiquitination. This ubiquitination is required to target tBidN for 
proteasomal degradation, and therefore relieves the inhibition that tBidN imposes on tBidC-
mediated apoptosis. We aimed to identify the (de-)ubiquitination enzymes modulating tBidN 
ubiquitination status and therefore stability (chapter 4). To this end, we developed an RNAi-based 
screening approach that allows to read-out protein stability by flow cytometry, of three different 
proteins at once. In addition, we analyzed the tBidN-interactome by mass spectrometry. The 
N-end rule ligase UBR2 was found among the interactors, and the interaction was confirmed 
by co-immunoprecipitation studies. The interaction involved the hydrophobic type II binding 
site in UBR2, and most likely involved an internal region in tBidN. UBR2 targeted tBidN for 
ubiquitination, possibly including unconventional ubiquitination by esterification. These data 
suggest that UBR2 is a novel regulator of apoptosis signaling, and could be one of the first 
identified mammalian E3 ligase that can mediate unconventional ubiquitin conjugation.

In chapter 5, we study the role of N-acetylation in protein degradation. We found that 
N-acetylation inhibits protein degradation by two different mechanisms. First, it blocks N-terminal 
ubiquitination of protein substrates and thereby reduces their ubiquitin-mediated targeting to the 
proteasome. Second, it could block proteasomal degradation directly, independent of its effect on 
N-terminal ubiquitination. Hence, N-acetylation is an important determinant of protein stability.
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Kanker wordt veroorzaakt door ontspoorde, lichaamseigen cellen
Tijdens de menselijke conceptie fuseren een spermacel en een eicel om zo één complete 
cel te vormen, die het begin is van een embryo. Deze cel deelt zich, waarna die twee cellen 
zich wederom delen, en dit proces herhaalt zich tot uiteindelijk een mens is gevormd. Net 
zoals alle dieren en planten bestaat een mens dus uit cellen, in totaal ongeveer 100 biljoen. 
In de cel bevindt zich het DNA, waarin alle informatie staat die nodig is om elke cel in 
het lichaam zijn vorm en eigenschappen te geven. Die informatie is opgeslagen door de 
bouwstenen van het DNA in hele specifieke volgordes achter elkaar te koppelen. In het 
DNA staat vooral gecodeerd hoe alle eiwitten in de cel er precies uit zien, en hoeveel van 
elk specifiek eiwit er gemaakt moet worden. De eiwitten zijn de moleculen die alle taken 
uitvoeren in de cel. Elk van de in totaal 20.000 verschillende eiwitten in de menselijke cel 
heeft specifieke taken. Eiwitten zijn niet altijd actief, maar kunnen reageren op signalen van 
buitenaf, zodat de cel zich snel kan aanpassen aan de omgeving. 

De eiwitcompositie is essentieel voor het functioneren van elke cel, en hoe die 
compositie moet zijn staat dus gecodeerd in het DNA. Er kunnen echter foutjes sluipen 
in de DNA code, zogeheten mutaties, waardoor de eiwitcompositie en het functioneren 
van de cel verandert. Die foutjes kunnen bijvoorbeeld ontstaan als het DNA niet helemaal 
correct gedupliceerd wordt tijdens de celdeling. Maar ook factoren van buitenaf, zoals 
sigarettenrook, kunnen kleine beschadigingen in het DNA veroorzaken die uiteindelijk 
in mutaties kunnen resulteren. Een combinatie van specifieke mutaties kan ertoe leiden 
dat een cel zich ongecontroleerd blijft vermenigvuldigen. De cel is dan veranderd in een 
kankercel, die kan uitgroeien tot een tumor. De ziekte kanker wordt dus veroorzaakt door 
lichaamseigen cellen, die door DNA mutaties zich ongecontroleerd vermenigvuldigen, en 
daardoor het lichaam schade toebrengen.

Cellulaire zelfmoord, of apoptose, is ontspoord in kankercellen
Normaal gesproken kan een cel processen activeren die voorkomen dat hij verandert in een 
kankercel. Een van die processen is geprogrammeerde celdood. Als reactie op signalen van 
binnenuit of van buitenaf kunnen eiwitten geactiveerd worden die ervoor zorgen dat de cel 
dood gaat. Deze  gecontroleerde zelfmoord van de cel wordt “apoptose” genoemd, en dit 
proces is essentieel voor het overleven van een meercellig dier zoals de mens. Als een cel 
bijvoorbeeld een virus bevat, kan hij in apoptose gaan en zo samen met het virus sterven. 
Deze opoffering voorkomt dat het virus de rest van de cellen in het lichaam infecteert.

Normaal gesproken gaat een cel ook in apoptose als hij bijvoorbeeld veel mutaties heeft 
in het DNA, of bij overmatige stress. Dit zijn precies de omstandigheden die een kankercel 
tegenkomt tijdens de snelle en ongecontroleerde uitgroei tot een tumor. Daarom kan een cel 
alleen uitgroeien tot een tumor als er mutaties in het DNA komen, die de eiwitcompositie 
van de cel zodanig veranderen dat apoptose kan worden geblokkeerd. Dat betekent dat de 
compositie van eiwitten betrokken bij apoptose anders is in kankercellen dan in normale 
cellen. Dit verschil kan een aangrijpingspunt zijn voor anti-kanker therapie. Inderdaad zijn 
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er momenteel therapeutica in een testfase, die de blokkade neutralizeren die kankercellen 
hebben in hun apoptose signalering. Kankercellen gaan dan in apoptose, terwijl normale 
cellen, die deze onnatuurlijke blokkade niet hebben, blijven leven.

Eiwitafbraak is bepalend voor de eiwitcompositie van de cel
Voor het correct functioneren van de cel is de eiwitcompositie essentieel. Voor elk van de 
20.000 eiwitten wordt dus nauwkeurig gecontroleerd hoeveel er precies van aanwezig is. 
Dit gebeurt onder andere op het niveau van het afbreken van de eiwitten. Sommige eiwitten 
worden heel snel nadat ze gemaakt zijn afgebroken, terwijl andere heel lang in de cel blijven. 
De levensduur van een eiwit past meestal goed bij zijn functie.

Er is een groot complex in de cel dat als functie heeft eiwitten af te breken: het 
proteasoom. Om een eiwit naar het proteasoom te sturen moet het worden gemarkeerd 
met een specifiek eiwit, genaamd ubiquitine. De markering met ubiquitine, de zogeheten 
ubiquitinatie, wordt bewerkstelligd door een familie van 600 gespecialiseerde eiwitten, de 
zogeheten E3 ligases, die elk één of enkele van de 20.000 eiwitten markeren. E3 ligases 
kunnen dus de levensduur, en daardoor de hoeveelheid, van een eiwit in een cel bepalen. 

Doel van dit proefschift
Het onderzoek dat in dit proefschrift staat beschreven richt zich op het proces van 
eiwitdegradatie, en hoe dit de compositie van eiwitten betrokken bij apoptose kan 
veranderen. Door inzicht in eiwitdegradatie, kunnen we mogelijkerwijs de eiwitcompositie 
van een cel naar wens veranderen. Een gedetailleerde kennis van het proces apoptose is 
nodig om te begrijpen hoe een kankercel apoptose blokkeert, en hoe we die blokkade 
kunnen opheffen om specifiek kankercellen dood te maken. 

Conclusies
Hoofdstuk 2 richt zich op het eiwit Bcl-B. Dit eiwit blokkeert apoptose, en sommige 
kankercellen hebben er dan ook onnatuurlijk grote hoeveelheden van. Wij hebben gevonden 
dat Bcl-B wordt ge-ubiquitineerd, en dat dit zijn levensduur reguleert. Het voorkomen van 
de ubiquitinatie van Bcl-B, vergroot de hoeveelheid Bcl-B in een kankercel. De kankercel 
is daardoor erg moeilijk dood te maken, en zeer resistent tegen verschillende anti-kanker 
therapieën. De resistentie van sommige kankercellen tegen bijvoorbeeld chemotherapie kan 
misschien verklaard worden doordat in die cellen Bcl-B niet meer ge-ubiquitineerd wordt. 

Hoofdstuk 3 gaat over een molecuul genaamd TRAIL. Kankercellen gaan in apoptose 
door behandeling met TRAIL, maar om nog onbekende reden blijven normale cellen 
leven. Om kankercellen dood te maken, moet TRAIL binden aan het eiwit TRAIL-R1, op 
de buitenkant van de cel. Wij hebben gevonden dat TRAIL-R1 wordt ge-ubiquitineerd. 
Deze ubiquitinatie zorgt ervoor dat TRAIL-R1 in de cel wordt opgenomen, en dus niet 
meer kan binden aan TRAIL. De cel wordt daarom minder gevoelig voor inductie van 
apoptose door TRAIL. We hebben ook gevonden welke van de in totaal 600 E3 ligases 
TRAIL-R1 ubiquitineert. Dit is MARCH-8, een ligase waar nog heel weinig over bekend 
was. Mogelijkerwijs kan een therapeuticum ontwikkeld worden dat MARCH-8 remt. Dit 
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kan ervoor zorgen dat er meer TRAIL-R1 aan de buitenkant van kankercellen zit, waardoor 
ze nog efficiënter doodgaan van een behandeling met TRAIL.

In hoofdstuk 4 bestuderen we de ubiquitinatie van Bid,  een eiwit dat apoptose bewerkstelligt. 
Door die ubiquitinatie wordt een gedeelte van het Bid eiwit afgebroken, dit deel noemen 
we tBidN, waadoor het overgebleven gedeelte actiever wordt en de cel in apoptose gaat.  De 
ubiquitinatie die op tBidN plaatsvindt is erg onconventioneel. Er is nog bijzonder weinig bekend 
over de E3 ligases die deze ongewone ubiquitine koppeling kunnen bewerkstelligen. Deze kennis 
is essentieel, omdat steeds meer eiwitten gevonden worden die op deze onconventionele manier 
ge-ubiquitineerd worden. Wij hebben innovatieve technieken gebruikt om de identiteit van de 
ligase die tBidN ubiquitineert te achterhalen. Hierdoor hebben we gevonden dat het de E3 ligase 
UBR2 is die tBidN herkent. Bovendien hebben we aannemelijk gemaakt dat UBR2 tBidN ook 
ubiquitineert, maar verder onderzoek moet dit valideren.

In hoofdstuk 5 kijken we naar de eigenschappen die bepalen wat de levensduur van 
een eiwit in de cel is. Veel eiwitten in de cel hebben een molecuul genaamd acetyl aan zich 
gekoppeld. Wij laten zien dat de koppeling van dit acetyl-molecuul de levensduur van een 
eiwit kan verlengen. We geven ook inzicht in het mechanisme hiervan. Dit acetyl-molecuul 
kan de ubiquitinatie van eiwitten blokkeren, en zo voorkomen dat die eiwitten naar het 
proteasoom worden gebracht. Echter, ook als ubiquitinatie helemaal geen grote rol speelt in 
de levensduur van het eiwit, kan het hebben van een  acetyl-groep nog wel een rol spelen. 
Onze resultaten impliceren dat een eiwit zonder die acetyl-groep beter wordt herkend of 
afgebroken door het proteasoom dan een eiwit met een acetyl-groep. Deze fundamentele 
inzichten in regulatie van eiwitafbraak zijn essentieel om het naar wens moduleren van de 
eiwitcompositie van de cel mogelijk te maken.
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Dit proefschrift had nooit tot stand kunnen komen zonder de hulp en steun van vele mensen. 
Een paar pagina’s ruimte om jullie te bedanken is daarom wel het minste wat ik kan doen!

Allereerst natuurlijk mijn promotor Jannie.  Ik heb met heel veel plezier in jouw lab gewerkt, 
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uur per week, dus ik heb me vaak gelukkig geprijsd dat ik kon samenwerken met twee 
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nog een spannend moment blijft. Ik heb vaak smakelijk om je moeten lachen in de kamer, 
en trouwens, ik hoorde laatst iets over a certain avian variety….  Rogier, Roger (El Wosa?), 
het is onwaarschijnlijk veel leuker om samen over proeven en resultaten na te denken dan 
alleen, maar je scherpe inzichten, doelgerichtheid en drang naar efficiëntie (of was het 
effectiviteit?) hebben ons onderzoek zeker naar een hoger plan getild. Ook naast het werk - 
pizza, biertje, pubquiz, concert – vond ik het bijzonder gezellig, we houden contact!

Inge en Chiel, oud-leden van de apoptose groep, jullie verdienen hier ook een plekje. Chiel, 
ouwe natuurliefhebber, dank voor het inwerken op het instituut, en de gezelligheid op de 
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moments at the lab and during social events like borrels, lab-uitjes, promotion parties, 
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