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aBsTracT 
anti-apoptotic Bcl-2 family members can contribute to tumorigenesis, since their overexpression 

enables tumor cells to survive stressful growth conditions. They can also convey resistance 

to anti-cancer regimens and are important targets for novel therapeutics, particularly Bh3-

mimetics. Bcl-B (Bcl2l10) is a relatively understudied member of the Bcl-2 protein family. its 

physiological function is unknown, but it has a proven anti-apoptotic activity and acts as a 

tumor promoter in mice. in human, high Bcl-B protein levels correlate with poor prognosis in 

various carcinomas and predict treatment resistance in acute myeloid leukemia. We here report 

that protein levels and anti-apoptotic activity of Bcl-B are dictated by its ubiquitination. We 

demonstrate that Bcl-B is poly-ubiquitinated at steady state, in an unique loop between the Bh1 

and Bh2 domains. lysines (K)119, 120 and 128, but not K181 acted as potential ubiquitin acceptor 

sites. mass-spectrometry defined K128 as a target site for poly-ubiquitination and indicated 

that the ubiquitin chains on Bcl-B are K48-linked. accordingly, Bcl-B proved to be an instable 

protein that is subject to ubiquitin-dependent proteasomal degradation at steady state. at 

equal mrna levels, protein levels of a lysineless, non-ubiquitinated Bcl-B mutant were five-fold 

higher than that of wild-type Bcl-B, demonstrating that ubiquitination is a key determinant for 

Bcl-B protein levels. ubiquitination controlled the anti-apoptotic capacity of Bcl-B, in response 

to a variety of conventional and novel anti-cancer drugs, including the Bh3-mimetic aBT-737. 

Together, these data demonstrate that poly-ubiquitination and proteasomal turnover dictate 

the expression level and anti-apoptotic capacity of Bcl-B. 

lisT of aBBreviaTions:
Bh, Bcl-2 homology; ires, internal ribosomal entry site; chX, cycloheximide; clsm confocal 

laser scanning microscopy; duB, de-ubiquitinating enzyme; pei, polyethyleneimine; ip, 

immunoprecipitation 
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inTroducTion
The Bcl-2 protein family is characterized by Bcl-2 homology (Bh) domains that mediate 

the collaborative or competitive interactions between the different members. The family 

encompasses the six anti-apoptotic proteins Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1 and mcl-1, many 

pro-apoptotic Bh3 domain-only proteins and the effector proteins Bax and Bak.1 in response 

to apoptotic stimuli, the Bh3-only proteins relocate to the mitochondria, where they activate 

Bax and Bak to form large homo-multimeric pores in the mitochondrial outer membrane. 

Through these pores, mediators are released that enable the activity of initiator- and effector 

caspases. The anti-apoptotic Bcl-2 proteins generally localize to the mitochondrial membrane. 

here, they inhibit Bax/Bak multimerization and apoptotic execution, by sequestering the Bh3-

domain of Bh3-only proteins, or activated Bax and Bak into a hydrophobic groove formed by 

their Bh1-3 domains.1 

it is thought that tumor cells are generally “addicted” to overexpression of anti-apoptotic 

Bcl-2 proteins. Tumor cells encounter many apoptotic stimuli during their growth, such as dna-

damage and hypoxia. These stressful conditions will induce pro-apoptotic Bh3-only proteins, 

and Bax/Bak may reach an activated state. Therefore, tumor cell survival depends on high levels 

of anti-apoptotic Bcl-2 family members to keep the activity of the pro-apoptotic Bcl-2 proteins 

in check.2 The anti-apoptotic Bcl-2 proteins thus present an achilles’ heel of the tumor cells. 

This notion has led to the development of Bh3-mimetics: compounds that specifically bind to 

anti-apoptotic Bcl-2 proteins, and thereby neutralize their function.

in mouse models of lymphoma, overexpression of anti-apoptotic Bcl-2 proteins can 

contribute to tumorigenesis3, as well as resistance to conventional dna damaging anti-cancer 

regimens.4 in human cancer, overexpression of Bcl-2 proper is the driver of follicular lymphoma 

and a potential mediator of resistance to radio- and chemotherapy.5-6 overexpression of other 

Bcl-2 family members is likewise associated with poor prognosis and potential treatment 

resistance in hematopoietic malignancies.7-9 Bcl-2 family protein overexpression may also be 

a driver of solid tumor types, given the favorable response of small cell lung carcinoma to the 

Bh3-mimetic aBT-263.10 

since Bcl-2 family proteins become oncogenic and can confer treatment resistance upon 

overexpression, it is important to understand how their protein levels are regulated. We here 

present a key mechanism that dictates protein levels and anti-apoptotic activity of Bcl-B (Bcl2-

like protein-10, Bcl2l10). Bcl-B is the least studied anti-apoptotic Bcl-2 family protein. it was 

identified in human on basis of homology with mouse Boo/diva and chicken nr-13,.11-13, and 

clusters phylogenetically with mcl-1 and Bfl-1.11 it is reportedly expressed in normal plasma cells 

and various normal epithelial tissues.14 although its physiological function is largely unknown, 

data indicate that Bcl-B inhibits apoptosis and can promote tumorigenesis: Bcl-B inhibited Bax-

induced apoptosis13, 15-16 and accelerated eµ-myc-driven leukemogenesis in mice.3 furthermore, 

it was found overexpressed in breast-, prostate-, gastric-, colorectal- and small cell lung 

carcinoma.14 in addition, Bcl-B expression levels are predictive for resistance to azacitidine in 

acute myeloid leukemia patients.17 
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We here define ubiquitin acceptor sites in Bcl-B and demonstrate its poly-ubiquitination 

on lysine K128. This targets Bcl-B for proteasomal degradation, thus limiting its steady-state 

expression levels. ubiquitination of Bcl-B also determines its capacity to confer resistance 

to conventional and novel anti-cancer agents, including the Bh3-mimetic aBT-737. our data 

imply that ubiquitination controls Bcl-B expression levels and thereby its anti-apoptotic and 

oncogenic potential. This notion opens up novel avenues for therapeutic targeting of Bcl-B in 

tumors that are reliant on Bcl-B overexpression. 

resulTs
Bcl-B is ubiquitinated on specific lysine residues

To determine whether Bcl-B is a substrate for ubiquitination, we expressed n-terminally 

ha-tagged wild-type (WT) Bcl-B together with flag-tagged ubiquitin in heK 293T cells. cells 

were lysed under denaturing conditions to break all non-covalent protein interactions and Bcl-B 

was isolated by anti-ha ip. immunoblotting with anti-ha mab identified Bcl-B at about 25 kda. 

The anti-flag mab identified a range of ubiquitinated protein species in the WT Bcl-B isolate 

(fig. 1a), most likely representing Bcl-B carrying one, two, three or more ubiquitin moieties.

ubiquitin is typically linked to a free amino group, present on either lysine residues or 

the free amino-terminus of the substrate. To test whether Bcl-B ubiquitination was lysine-

dependent, all four lysine (K) residues of Bcl-B were substituted by arginines (r), generating 

a lysine-less Bcl-B K/r mutant. The ha-tagged Bcl-B K/r mutant was expressed together with 

flag-ubiquitin and its ubiquitination status was examined by ip and immunoblotting. in this 

case, ubiquitin was completely lost from Bcl-B (fig. 1a), demonstrating that ha-Bcl-B is directly 

ubiquitinated on at least one of its four lysine residues. 

To exclude that the ha-tag prevented a physiologically relevant ubiquitination on the n-terminus 

of Bcl-B, WT Bcl-B and its K/r mutant were ha-tagged at the c-terminus. next, their ubiquitination 

status was analyzed as described above. also in this case, WT Bcl-B was clearly ubiquitinated and 

ubiquitination was completely lost upon mutation of all four lysines (fig. 1B). We conclude therefore 

that lysine residues, but not the n-terminus of Bcl-B are targeted for ubiquitination. 

next, we wanted to identify which of the four lysine residues of Bcl-B could act as ubiquitin 

acceptor site. a model of the Bcl-B protein structure, generated using m4T18 (fig. 1c), predicted 

that all four lysine residues are exposed, and potentially accessible to ubiquitin ligases. Therefore, 

we made n-terminally ha-tagged Bcl-B variants with either one, two or three of the four lysines 

mutated into arginines. combined double mutation of K119 and K120, nor single mutation of 

K128 or K181 resulted in a major loss of ubiquitin from Bcl-B (fig. 1d). however, upon combined 

triple mutation of lysines K119, K120 and K128, all ubiquitin was lost (fig. 1d), demonstrating 

that these residues, but not the remaining K181 residue can act as ubiquitin acceptor sites in 

Bcl-B. interestingly, multiple ubiquitinated protein species were found in the isolate of the Bcl-B 

K119, 120r double mutant (fig. 1d). since this mutant has only the K128 residue left as a possible 

ubiquitin acceptor site, we conclude that Bcl-B can be poly-ubiquitinated on K128. The collective 

data indicate that Bcl-B can be ubiquitinated on K119, K120 and/or K128, but not on K181.

100



uBiQuiTinaTion conTrols Bcl-B funcTion 

4

Bcl-B carries K48-linked poly-ubiquitin chains on K128 

ubiquitin ligases can ubiquitinate the substrate on other lysine residues when the primary acceptor 

site has been lost by mutation. Therefore, we performed mass spectrometry (ms) to identify 

the primary ubiquitin acceptor site(s) in Bcl-B. Trypsin will cleave ubiquitin carboxy-terminally 

of r74, leaving the ubiquitin-derived gg-peptide linked to the ubiquitination target residue of 

the substrate (mass increment 114 da). Based on this mass difference, a mass spectrometer can 

distinguish a gg-modified tryptic peptide from a non-modified peptide (reviewed in ref. 19).

To obtain purified ubiquitin-conjugated Bcl-B, heK 293T cells were transfected with 

ha-Bcl-B, followed by lysis under denaturing conditions. subsequently, ha-Bcl-B was isolated 

Figure 1
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Figure 1. Bcl-B is ubiquitinated on lysine residues. (a) heK 293T cells were transfected to express WT 
or lysine mutant (K/r) n-terminally ha-tagged Bcl-B, or empty vector (ev), together with flag-tagged 
ubiquitin. Bcl-B was isolated from denatured cell lysates by anti-ha immunoprecipitation (ip), followed by 
immunoblotting of the precipitates. ha-tagged Bcl-B and flag-ubiquitin were detected by probing with 
respectively anti-ha and anti-flag antibodies. (B) as in (a), now with expression of c-terminally ha-tagged 
Bcl-B in WT and lysine-less K/r mutant form. The two Bcl-B proteins species detected in this case result from 
alternative use of aTg start codons.11 (c) Bcl-B protein structure was modelled using m4T software. depicted 
is a cartoon representation of the model structure, with the n-terminus facing downwards. lysine residues 
with side chain are represented in black. (d) as in (a), now with expression of n-terminally ha-tagged Bcl-B 
in the form of WT, lysine-less K/r mutant and various indicated single-, double- or triple K/r point mutants. 
data shown are representative of at least three independent experiments.
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by ip as detailed in materials and methods and precipitate was separated by sds-page. a 

small sample was run separately to define Bcl-B by immunoblotting (not shown). This analysis 

revealed that the preparation contained coomassie-stainable amounts of non-modified Bcl-B 

(band i; fig. 2a), and slower migrating protein species, possibly representing Bcl-B carrying 

one, two or three ubiquitin molecules (bands ii, iii, iv; fig. 2a).

The indicated bands were excised from the gel and subjected to trypsin treatment, after 

which the extracted peptides were analyzed by ms. This confirmed that bands i, ii, iii and iv 

contained Bcl-B. moreover, ubiquitin was found in bands ii, iii and iv. The tryptic peptide of 

Bcl-B that contained K119 and K120 was not found, but in bands ii, ii and iv, Bcl-B peptide with a 
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Figure 3. steady state protein levels of Bcl-B are regulated by ubiquitination. (a) molT-4 and J16 cells 
were retrovirally transduced with an ires-gfp vector to express n-terminally ha-tagged Bcl-B in WT or 
lysine-less K/r mutant form. in addition, control cells were created by transduction with empty ires-gfp 
vector (ev). cells were flow cytometrically sorted twice for equal gfp expression. histograms depict 
gfp fluorescence intensity of the different cell lines after the second sort. (B) Total cell lysates of the cell 
lines described in (a) were analyzed by immunoblotting for protein levels of Bcl-B (anti (α)-ha), gf and 
actin. The asterisk indicates a background band of unknown nature. data are representative of three 
independent experiments. (c) Quantification of Bcl-B protein levels, as determined in (B). Bcl-B signal 
intensity was corrected for gfp signal intensity in the same cells and Bcl-B WT expression level was set to 1. 
data represent mean + sd from three independent experiments. 
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gg signature on K128 was identified (fig 2B). Thus, ms analysis provided the proof that residue 

K128 in Bcl-B is a primary ubiquitin acceptor site.

ubiquitin itself has seven lysines that can be ubiquitinated, allowing the formation of 

different di- or poly-ubiquitin chains. The functional significance of the ubiquitination process 

is largely dependent on the chain type formed. for example, K48-linked poly-ubiquitin chains 

generally target a substrate for proteasomal degradation. To identify the linkage type of the 

ubiquitin chains on Bcl-B, the ms data were analyzed for the occurrence of gg-modified 

ubiquitin peptides. This revealed ubiquitin peptides that were gg-modified on K48 (fig. 2c), 

while no ubiquitin peptides were found that were gg-modified on other lysine residues. gg-

modified ubiquitin was only present in bands iii and iv that contained Bcl-B carrying more 

than one ubiquitin. Therefore, these ubiquitin peptides most likely originated from the oligo-

ubiquitin species that were conjugated to Bcl-B. We conclude that Bcl-B is decorated with K48-

linked poly-ubiquitin chains, with K128 acting as a primary ubiquitin acceptor site. 

 steady state protein levels of Bcl-B are regulated by ubiquitination

The relative protein levels of pro- and anti-apoptotic Bcl-2 family members can determine 

whether the cell survives certain insults or stress conditions, or goes into apoptosis. To 

determine whether ubiquitination affected protein levels of Bcl-B at steady state, we compared 

protein levels of the WT and K/r mutant in the acute lymphoblastic leukemia cell lines J16 and 

molT-4. This was done under conditions of equal mrna levels, since differences in protein 

amounts are then most likely due to post-translational effects. The cell lines were transduced 

with constructs encoding WT or K/r mutant ha-Bcl-B, followed by an internal ribosomal entry 

site (ires) and gfp. next, the transduced cell populations were sorted on equal gfp expression 

by flow cytometry. This should yield stable cell lines that have equal mrna levels of not only 

gfp, but also of WT or K/r mutant ha-Bcl-B, since one mrna encoded both proteins. gfp levels 

in the resulting J16 and molT-4 cell lines transduced with WT or K/r mutant Bcl-B were equal, 

as assessed by flow cytometry (fig. 3a) and immunoblotting (fig. 3B). under these standardized 

conditions, the steady state protein level of the Bcl-B K/r mutant was much higher than that 

of WT Bcl-B (fig. 3B). Quantification of the results from multiple experiments showed that the 

protein level of the Bcl-B K/r mutant was close to five-fold higher than that of WT Bcl-B, in 

both J16 and molT-4 (fig. 3c). These data indicate that steady state protein levels of Bcl-B are 

regulated by its ubiquitination.

ubiquitination dictates the half-life of Bcl-B and targets Bcl-B for proteasomal 

degradation

To follow the stability and degradation of Bcl-B in detail, molT-4 cells expressing WT or K/r 

mutant ha-Bcl-B in conjunction with gfp were treated with the protein synthesis inhibitor 

cycloheximide (chX) for different periods of time. cell lysates were analyzed by immunoblotting 

for protein levels of Bcl-B, while gfp was monitored as a control for equal protein loading. 

Within 360 min after inhibition of protein synthesis, almost all WT Bcl-B protein had disappeared 

(fig. 4a). prevention of Bcl-B ubiquitination stabilized the protein, as shown by a decreased 
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degradation rate of the Bcl-B K/r mutant compared to WT Bcl-B (fig. 4a,B). These findings were 

refined using metabolic pulse-chase radiolabeling. molT-4 cells expressing WT or K/r mutant 

ha-Bcl-B were pulsed with [35s]-methione and -cysteine and the fate of the radiolabeled Bcl-B 

protein pool was followed throughout a 6 h chase period. as with the chX-assays, we found 

that WT Bcl-B was more rapidly degraded than the K/r mutant (fig. 4c). The half-life of WT 

Bcl-B was calculated to be 68 min, while Bcl-B K/r had an almost three-fold increased half-life 

of 170 min (fig. 4d,e). These data indicate that Bcl-B is an instable protein, whose half-life is to 

a significant extent determined by steady-state ubiquitination.

The ms data (fig. 2c) indicated that Bcl-B is decorated with K48-linked poly-ubiquitin. 

This suggests that it is subject to proteasomal degradation, since the canonical function of 

K48-linked ubiquitin is to target a substrate to the proteasome20. To investigate by which 

mechanism Bcl-B was degraded, J16 cells were incubated with chX alone, or together with 

either proteasome inhibitors (mg132, epoxomycin) or lysosome inhibitors (Bafilomycin a1, 

chloroquine). proteasome inhibitors greatly reduced the degradation of WT Bcl-B, while 

lysosome inhibitors had no effect (fig. 4f). The protein levels of the Bcl-B K/r mutant did not 
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Figure 3. steady state protein levels of Bcl-B are regulated by ubiquitination. (a) molT-4 and J16 cells 
were retrovirally transduced with an ires-gfp vector to express n-terminally ha-tagged Bcl-B in WT or 
lysine-less K/r mutant form. in addition, control cells were created by transduction with empty ires-gfp 
vector (ev). cells were flow cytometrically sorted twice for equal gfp expression. histograms depict 
gfp fluorescence intensity of the different cell lines after the second sort. (B) Total cell lysates of the cell 
lines described in (a) were analyzed by immunoblotting for protein levels of Bcl-B (anti (α)-ha), gf and 
actin. The asterisk indicates a background band of unknown nature. data are representative of three 
independent experiments. (c) Quantification of Bcl-B protein levels, as determined in (B). Bcl-B signal 
intensity was corrected for gfp signal intensity in the same cells and Bcl-B WT expression level was set to 1. 
data represent mean + sd from three independent experiments. 
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Figure 4
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Figure 4. ubiquitination targets Bcl-B for proteasomal degradation. (a) molT-4 cells stably expressing 
WT or K/r mutant ha-Bcl-B in an ires-gfp configuration were treated with chX (50 mg/ml) for the 
indicated time periods. cell lysates were analyzed by immunoblotting for Bcl-B (α-ha) and gfp as a stable 
protein and loading control (α-gfp). antibodies were labelled with fluorescent dyes to allow read-out 
on the odyssey infrared imager. data shown are representative of three independent experiments. (B) 
Quantification of three independent experiments such as shown in (a). data represent mean + sd. Bcl-B 
signal intensity was corrected for gfp signal intensity in the same cells, the 0 min time point was set to 
100% and data points were connected by a one-phase decay curve fit. (c) The same cell lines as in (a) 
were labelled with [35s]-cysteine and -methione for 30 min, followed by a chase with nonradioactive amino 
acids for the indicated time periods. Bcl-B was immunoprecipitated with anti-ha mab and resolved by 
sds-page. radioactive signals were quantified by phosphorimaging. data shown are representative of 
three independent experiments. (d) Quantification of three independent experiments such as shown in 
(c). data represent mean + sd. local background was subtracted from the ha-Bcl-B signals, the 0 min 
time point was set to 100%, and data points were connected by a one-phase decay curve fit. (e) The 
ha-Bcl-B half-life was calculated from the individual experiments shown in (c). The mean half-life + sd 
standard are shown (n=3). asterisk indicates statistically significant difference (student’s t-test). (f) J16 
cells stably expressing WT or K/r mutant ha-Bcl-B were treated with chX, either alone or together with 
the proteasome inhibitors mg-132 (mg, 50 mm) or expoxomicin (epX, 10 µm), or the lysosome inhibitors 
Bafilomycin a1 (Baf, 1 µm), or chloroquine (chQ, 200 µm). after 8 h of treatment, cell lysates with equal 
protein content were analyzed by immunoblotting for Bcl-B (α-ha) or actin (α-actin). data shown are 
representative of three independent experiments. numbers above blot indicate signal intensity of 
ha-Bcl-B, corrected for actin signal, untreated sample of Bcl-B WT or Bcl-B K/r was set to 1.
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decrease dramatically upon chX treatment. some degradation was observed and this could 

be blocked to some extent by proteasome inhibitors (fig. 4f). Together, these data indicate 

that steady-state ubiquitination of Bcl-B promotes its proteasomal degradation and greatly 

shortens its half-life.

ubiquitination does not affect Bcl-B localization or its ability to interact with BH3-only 

proteins

pro-survival Bcl-2 proteins inhibit the apoptotic pathway at the mitochondrial membrane, 

where they sequester pro-apoptotic Bcl-2 family members. To assess a possible impact of 

ubiquitination on Bcl-B function, we first determined whether the localization of Bcl-B was 

affected by its ubiquitination. for this purpose, the localization of WT and K/r mutant ha-Bcl-B 

in u2os cells was analyzed by confocal laser scanning microscopy (clsm). The n-terminal ha 

tag did not affect the mitochondrial localization signal, which is present as a hydrophobic helix 

at the c-terminus of Bcl-B11, 13. Both WT and K/r Bcl-B primarily localized to the mitochondria, as 

revealed by co-localization with the mitochondrion-selective dye mitotracker (fig. 5a). image 

analysis revealed that WT Bcl-B and the K/r mutant did so to a similar extent (fig. 5B), indicating 

that the mitochondrial localization of Bcl-B was not affected by its ubiquitination. 

We subsequently examined whether ubiquitination of Bcl-B influenced its ability to interact 

with pro-apoptotic Bh3-only proteins. since the binding profile of Bcl-B is ill-defined, we tested 

various Bh3-only proteins for their ability to interact with Bcl-B. for this purpose, heK 293T 

cells were transfected to express either WT ha-Bcl-B, together with an array of myc-tagged 

Bh3-only proteins. amongst these, Bim, Bik, puma and noxa were found to interact with WT 

Bcl-B, as assessed by anti-ha ip, followed by anti-myc immunoblotting (fig. 5c). K/r mutant 

Bcl-B interacted to a similar extent with Bik, Bim and puma as WT noxa Bcl-B (fig. 5c), indicating 

that ubiquitination did not affect the ability of Bcl-B to sequester these pro-apoptotic Bh3-only 

proteins. in summary, mutation of internal lysines and consequent prevention of ubiquitination 

did not affect Bcl-B localization or interaction with its pro-apoptotic relatives.

Bcl-B ubiquitination regulates its capacity to protect cells against anti-cancer 

therapeutics

reportedly, Bcl-B overexpression can protect cells against apoptosis, but only a few stimuli have 

been tested.11, 13, 15-16, 21 We aimed to extend this to clinically relevant anti-cancer regimens and to 

test whether Bcl-B ubiquitination impacted on its anti-apoptotic capacity. for this purpose, we 

compared the ability of WT Bcl-B and its non-ubiquitinated K/r mutant to protect cells from a 

range of conventional and targeted anti-cancer drugs with diverse modes of action. J16 and 

molT-4 cells were employed, that have a mutant and WT p53 status respectively. We used the 

cell lines expressing gfp only, WT ha-Bcl-B or its K/r mutant at equal mrna levels (described 

in fig. 3). The cells were treated with a dose range of the Toposiomerase inhibitor etoposide 

and the microtubule destabilizer vincristine as conventional agents, and the Bh3-mimetic aBT-

737,22 the death receptor agonist Trail and the cyclin-dependent Kinase inhibitor roscovitine 

as novel targeted agents. cell death was monitored after 48 h by propidium iodide uptake. 
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it was apoptotic in all cases, as determined by inhibition with a pan-caspase inhibitor and by 

nuclear fragmentation (results not shown).

in both cell lines, WT Bcl-B provided very little protection to any of the drugs (fig. 6). 

however, as compared to WT Bcl-B, the Bcl-B K/r mutant provided significant protection, 

particularly to aBT-737 in both J16 and molT-4 cells, but also to etoposide and vincristine 

in both cell types and to roscovitin and Trail in J16 (fig. 6). molT-4 cells are not sensitive 

to Trail-induced apoptosis and therefore this test was not included. Western blot analysis 

showed that WT ha-Bcl-B was expressed in J16 and molT-4 cells, but at a significantly lower 

level than the K/r mutant (fig. 3B). The fact that WT and K/r mutant Bcl-B were comparable in 

their localization and their binding to Bh3-only proteins, argues that the improved capacity of 

Figure 5
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Figure 5. the lysine-less Bcl-B K/r mutant behaves like wt Bcl-B in terms of localization and interactions 
with BH3-only proteins. (a) subcellular localization. u2os cells transfected to express ha-Bcl-B and 
life-act-gfp were stained to detect nuclei (dapi), mitochondria (mitotracker deep red) and Bcl-B (anti-
ha), and examined by clsm. representative cells of multiple independent experiments are shown. (B) 
colocalization of mitotracker and ha-Bcl-B signal of experiments such as shown in (a) was quantified using 
the intensity correlation analysis plugin and imageJ software. a total of 80 or 96 cells were analyzed for 
Bcl-B WT and Bcl-B K/r respectively. (c) interaction with Bh3-only proteins. heK 293T cells were transfected 
to express WT or K/r mutant ha-Bcl-B, together with myc-tagged Bik, Bim, puma and noxa. cells were 
fixed with paraformaldehyde, lysed in chaps buffer and Bcl-B was isolated by immunoprecipitation with 
anti-ha mab. Total cell lysates (Tcl) and precipitates (ip) were analyzed by immunoblotting with anti-(α)ha 
or α-myc antibody. data shown are representative of multiple independent experiments. 
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the Bcl-B K/r mutant to protect leukemic cells from apoptosis is due to its increased protein 

level. Therefore, we conclude that ubiquitination of Bcl-B regulates its steady state expression 

level and thereby its capacity to protect cells against a diverse array of conventional and 

targeted anti-cancer drugs.

Figure 6
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Figure 6. ubiquitination of Bcl-B affects its 
potential to inhibit cell death. J16 (left panels) and 
molT-4 (right panels) cell lines expressing empty 
vector (e.v), WT Bcl-B or K/r mutant Bcl-B (fig. 3a) 
were treated with the targeted anti-cancer drugs 
aBT-737, roscovitine, or Trail, or the conventional 
anti-cancer drugs etoposide or vincristine, at the 
indicated dose range. after 24 h, dead cells were 
identified by flow cytometric analysis of propidium 
iodide uptake. data represent mean + sd from 
three independent experiments. asterisks indicate 
statistically significant difference (student’s t-test; 
*p<0.05, **p<0.01, ***p<0.001).
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discussion
overexpression of anti-apoptotic Bcl-2 family members allows tumor cells to survive the many 

pro-death signals they encounter during their rapid growth under unfavorable circumstances. 

in addition, it can provide them with resistance against anti-cancer drugs. in this study, we 

show that the capacity of Bcl-B to protect cells against apoptosis is controlled by its ubiquitin-

mediated proteasomal degradation.

immunoprecipitation experiments and ms data revealed that Bcl-B was poly-ubiquitinated 

on internal lysines. mutations of the lysines into argines showed that three out of the four lysines 

of Bcl-B can serve as ubiquitin acceptor site. although the structure of Bcl-B is currently not 

known, homology modeling suggests that these three lysines reside in an previously identified 

unstructured loop11, 23 between the Bh1 and Bh2 domains, specifically between α-helix 5 and 

α-helix 6 (fig. 1c). This suggests that these three lysines are highly exposed, and therefore 

can be efficiently targeted for ubiquitination. The lysine at position 181 is not ubiquitinated, 

possibly because its location is too distant from the active site of the ubiquitination machinery 

or it might be inaccessible in the structured protein. interestingly, the large loop containing 

the ubiquitinated lysines is not found in any other human anti-apoptotic Bcl-2 family protein.23 

The loop region is also highly variable within vertebrate species in both sequence and length. 

however, the conservation within primates is high, possibly pointing at a recent evolutionary 

role for Bcl-B ubiquitination.23

The ms data are consistent with Bcl-B modification by K48-linked ubiquitin chains. 

furthermore, a lysineless, non-ubiquitinatable Bcl-B was more stable than WT Bcl-B, 

demonstrating that ubiquitination targets Bcl-B for degradation. accordingly, we found that 

Bcl-B is degraded by the proteasome. however, preventing ubiquitination of Bcl-B did not 

completely prevent its proteasomal degradation. possibly, Bcl-B can also be degraded by an 

ubiquitin-independent proteasomal pathway, as has been shown for the Bcl-2 family members 

mcl-1 and Bim.24-25 

recently, Beverly and colleagues also described ubiquitination of Bcl-B.26 in agreement 

with our data, they observed lysine-dependent ubiquitination on Bcl-B. lysineless Bcl-B was 

more stable, and more potently accelerated eµ-myc driven leukemogenesis than WT Bcl-B. 

in contrast to our data, these authors reported that Bcl-B is mono-ubiquitinated on multiple 

lysine residues. We cannot exclude that multiple mono-ubiquitin species can be appended on 

to a single Bcl-B molecule, but our data using a Bcl-B mutant with only one acceptor lysine 

residue clearly indicate that Bcl-B can be poly-ubiquitinated. given the requirement of poly-

ubiquitin chains for proteasomal targeting,20 we conclude that in our system, K48-linked poly-

ubiquitination and not mono-ubiquitination drives the rapid degradation of Bcl-B.

since the studies on the anti-apoptotic role of Bcl-B are limited, we examined whether Bcl-B 

could protect tumor cells against a number of novel and conventional anti-cancer treatments. 

in two T-all cell lines, WT Bcl-B provided resistance against the Bh3-mimetic aBT-737, but not 

against roscovitine, etoposide, vincristine and Trail. in contrast, a non-ubiquitinatable Bcl-B 

mutant, expressed at the same mrna levels as WT Bcl-B, provided resistance against all tested 

anti-cancer treatments. This demonstrates that ubiquitination controls the anti-apoptotic 
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activity of Bcl-B. When expressed at appropriate protein levels, Bcl-B can provide resistance to 

anti-cancer drugs in both p53-wild-type and p53-mutant leukemic cells. 

it was shown that Bcl-B mrna levels correlated with treatment resistance to aBT-737,27 and 

chemotherapeutic drugs in leukemia patients.28-29 however, based on our findings, it appears 

that monitoring Bcl-B protein levels is more informative than mrna levels. interestingly, a 

flow cytometric assay for the determination of Bcl-B protein levels was reported recently.17 

using this method, the authors showed that high Bcl-B protein levels mediated resistance of 

myeloid leukemia cells to the hypomethylating agent azacitidine in vitro and correlated with 

azacytidine treatment resistance and overall survival in myelodysplastic syndrome- and acute 

myeloid leukemia patients. 

in the search for Bh3-mimetics – compounds that specifically inhibit the anti-apoptotic 

Bcl-2 family members – there has been little focus on Bcl-B as a potential drug target. The 

most advanced Bh3-mimetic aBT-737 and its clinically applied orally available analogue 

aBT-263 are selective for certain anti-apoptotic Bcl-2 proteins. in the cellular context, aBT-737 

targets Bcl-2 more efficiently than Bcl-xl and Bcl-w,30-31 while it does not target Bfl-1, mcl-

1,32-33 or Bcl-B.31 notably, the expression of the three untargeted Bcl-2 members is regulated 

by ubiquitination.34-35 it is therefore interesting to identify compounds that lead to specific 

degradation of Bcl-B, as do cdK inhibitors in the case of mcl-1.36 These compounds could then 

be used to alleviate resistance to aBT-737.

for mcl-1, two e3 ligases (mule, fBW7) and a de-ubiquitinating enzyme (duB; usp9X) have 

been identified.35, 37-39 interestingly, high expression of usp9X resulted in high mcl-1 levels and 

correlated with poor prognosis of multiple myeloma patients.38 conversely, loss of the e3 ligase 

fBW7 made T-all cells resistant to aBT-737, by increasing mcl-1 levels.37 given these results for 

mcl-1, it is important to find the machinery that determines the ubiquitination status of Bcl-B. 

not only could the expression of ligases or duBs serve as a prognostic marker, they may also 

present druggable targets. 

maTerials and meThods
Constructs. The cdna encoding full-length human Bcl-B (imagenes, Berlin, germany) was 

cloned into modified versions of pegfp-n or pegfp-c, in which the egfp coding sequence was 

replaced by a double ha-tag sequence. The n-terminal ha-tag was modified to contain a serine 

and aspartate in front of the ha-tag, to make it a target for n-terminal acetyltransferase a.40 point 

mutants of Bcl-B were obtained by site-directed mutagenesis pcr. for retroviral transduction, 

n-terminally ha-tagged WT Bcl-B cdna and its K/r mutant were cloned into pmscv-ires-gfp. 

The plasmids pcdna3-flag-ubiquitin41 and liveact-gfp42 have been described. The cdnas 

encoding full-length human Bik, Bim or puma were obtained from geneservice ltd. (cambridge, 

uK) and cloned into pcdna3 with a double myc-tag at the n-terminus. 

Cell lines, gene transfection and transduction. The T-lymphoblastic leukemia cell lines 

J16 and molT-4 were cultured in imdm and the osteosarcoma cell line u2os, the human 
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embryonic kidney cell line heK 293T and its derivative phoenix-ampho were cultured in dmem
.
 

Transfections of cdna were carried out in serum-free medium with polyethyleneimine (pei) at 

a dna:pei ratio of 1:3 (w/w). retroviral particles were produced in the phoenix-ampho cell line. 

retroviral transduction was performed as described.43 cells were sorted on equal gfp signal 

using a facsaria (Bd). 

Western Blotting. sds-page was performed as described.41, and blotting was performed using the 

Trans-Blot Turbo system (Bio-rad). primary antibodies used were: rabbit anti-gfp polyclonal44 

(1:300), mouse anti-actin mab maB1501r (1:10.000 millipore), hrp-conjugated anti-flag mab 

m2 (sigma 1:10.000), and fluorochrome-conjugated anti-ha mab 12ca5, anti-myc mab 9e10 

(both purified in house) and anti-flag mab m2 (sigma-aldrich). fluorochromes dy-682 (ha), 

or dy-800 (myc, flag) were from dyomics. fluorescently labeled secondary antibodies were 

from li-cor. fluorescence signals were visualized and quantified on the odyssey imaging 

system (li-cor), and chemiluminescence signals (pierce Biotechnology) by the chemidoc 

imaging system (Bio-rad) or exposure to film (Kodak). 

Immunoprecipitation (IP). for analysis of Bcl-B ubiquitination, heK 293T cells were harvested 24 

h after transfection and lysed in sds buffer (50 mm Tris-hcl ph 8.0, 1% sds, 0.5 mm edTa, 10 mm 

dTT) 10 min., 95 ºc. next, nine volumes of np-40 buffer were added and lysates were cleared 

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

anti-ha mab 12ca5 and protein g sepharose beads (ge healthcare life sciences). for analysis 

of Bcl-B interactions, transfected heK 293T cells were incubated with the pan-caspase inhibitor 

Q-vd-oph (10 µm). ip was performed after fixing of protein interactions with formaldehyde 

as described.31, 45 for ms, heK 293T cells were harvested 24 h after transfection in pBs with 2 

mm n-ethylmaleimide and lysed in sds buffer. lysate contained ~80 mg total protein. after 

quenching with np-40, ip was performed with anti-ha mab 12ca5, bound protein was eluted 

from the protein g beads with sds buffer, after which a second ip in excess np-40 buffer was 

performed with anti-ha 3f10 affinity matrix (roche). This eluate was separated by sds-page 

and the gel was coomassie stained with simplyBlue safestain (invitrogen).

Mass Spectrometry. for ms analysis, selected bands were cut from the gel and reduced with dTT. 

To avoid false positive interpretation of ubiquitination,46 the n-methylated form of iodoacetamide 

was used as alkylation reagent instead of standard iodoacetamide. Trypsin digestion was 

performed using the proteineer dp digestion robot (Bruker, Bremen, germany). The tryptic 

peptides were extracted from the gel, lyophilized, dissolved in 95/3/0.1 v/v/v water/acetonitril/

formic acid and subsequently analyzed by on-line nanohplc ms/ms. an 1100 hplc system 

(agilent Technologies)47 coupled to a 7-tesla lTQ-fT ultra mass spectrometer (Thermo electron) 

was used, essentially as described48 and detailed in supplementary materials and methods.

Assessment of protein stability. J16 or molT-4 cell lines expressing ha-Bcl-B were treated 

with chX (50 µg/ml) for the indicated periods of time. cells were lysed in np40-buffer and 
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subjected to Western Blotting. for metabolic pulse chase labeling, molT-4 cells were starved 

for 1 h in methionine- and cysteine-free medium, followed by a 30 min pulse with medium 

with [35s]-methionine and -cysteine (1 mci/ml total, perkin elmer). subsequently, the medium 

was removed and replaced with complete medium containing 5 mm additional unlabeled 

methionine and cysteine. at the indicated time points, a cell sample was withdrawn and cells 

were washed, lysed in np-40 buffer and subjected to anti-ha ip and sds-page. imaging and 

quantification were performed on a phosphorimager (fujifilm).

Confocal laser-scanning microscopy. at 24 h after transfection, u2os cells were stained with 

mitrotracker deep red (invitrogen), fixed with 4% pfa in pBs for 20 min, quenched with 125 mm 

glycine in pBs and permeabilized with 0.1 % Triton-X100 in pBs. cells were incubated with 1% 

Bsa in pBs for 30 min to block non-specific antibody binding after which rat anti-ha mab 3f10 

(1:100, roche) was added, followed by alexa-594-conjugated goat anti-rat igg (invitrogen) and 

dapi. next, cells were mounted onto slides using fluor-gel (electron microscopy sciences). 

images were taken on a Tcs sp5 microscope (leica) and colocalization was quantified using the 

intensity correlation analysis plugin and imageJ software.

Reagents. stock solutions were prepared in dmso for etoposide, epoxomicin, cycloheximide, 

chloroquine diphosphate (sigma), Q-vd-oph (sm Biochemicals), aBT-737 (chemietek), mg132 

(calbiochem), r-roscovitine (cayman chemicals) and Bafilomycin a1 (santa-cruz). vincristine 

in solution for injection was from faulding pharmaceuticals plc (Warwickshire, uK). soluble 

recombinant isoleucine Zippered Trail has been described.43 

Cell death assays. To assess cell death, cells were plated in round-bottom 96 well plates, at 

25.000 cells/well in 100 µl imdm. stimuli were given in 100 µl imdm, keeping solvent constant 

and cells were subsequently placed in the incubator. after 48 h, cells were washed with pBs and 

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

cells. cells were analyzed on either a facsarray (Bd Biosciences), equipped with a plate loader.
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supplemenTary maTerials and meThods
Mass Spectrometry peptides were trapped at 10 µl/min on a 15-mm column (100-µm id; 

reprosil-pur c18-aQ, 3 µm, dr. maisch gmbh) and eluted to a 200 mm column (50-µm id; 

reprosil-pur c18-aQ, 3 µm) at 150 nl/min. The column was developed with a 30 min gradient 

from 0 to 50% acetonitrile in 0.1% formic acid. The eluent was sprayed into a 7-tesla lTQ-fT 

ultra mass spectrometer (Thermo electron), operating in data-dependent mode, automatically 

switching between ms and ms/ms acquisition. full scan ms spectra were acquired in the fT-icr 

with a resolution of 25,000 at a target value of 3,000,000. The two most intense ions were 

isolated for accurate mass measurements by a selected ion monitoring scan in fT-icr with a 

resolution of 50,000 at a target accumulation value of 50,000. selected ions were fragmented 

in the linear ion trap, using collision-induced dissociation at a target value of 10,000. in a post-

analysis process, raw data were first converted to peak lists using Bioworks Browser software v 

3.2 (Thermo electron), then submitted to the swissprot database using mascot v. 2.2.04 (www.

matrixscience.com) for protein identification. mascot searches were with 2 ppm and 0.8 da 

deviation for precursor and fragment mass, respectively, and trypsin as enzyme. in addition, 

tandem mass spectra of assigned (modified) Bcl-B and ubiquitin were manually inspected. 
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