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Abstract  

Anti-apoptotic Bcl-2 family proteins are often highly expressed in chemotherapy-

resistant cancers and impair mitochondrial outer membrane permeabilisation 

(MOMP), a key requirement for caspase activation via the intrinsic apoptosis 

pathway. Interestingly, while Bcl-2 overexpression in HeLa cervical cancer cells 

abrogated caspase processing in response to intrinsic apoptosis induction by 

staurosporine, tunicamycin or etoposide, residual caspase processing was observed 

following proteasome inhibition by bortezomib, epoxomicin or MG-132. Similar 

responses were found in Bcl-2 overexpressing H460 NSCLC cells and Bax/Bak-

deficient mouse embyronic fibroblasts. Mild caspase processing resulted in low 

DEVDase activities, which were MOMP independent and persisted for long periods 

without evoking immediate cell death. Surprisingly, depletion of caspase-3 and 

experiments in caspase-7-depleted MCF-7-Bcl-2 cells indicated that the DEVDase 

activity did not originate from effector caspases. Instead, FADD-dependent caspase-8 

activation was the major contributor to the slow, incomplete substrate cleavage. 

Casapse-8 activation was independent of death ligands but required the induction of 

autophagy and the presence of Atg5. Depletion of XIAP or addition of XIAP-

antagonizing peptides resulted in a switch towards efficient apoptosis execution, 

suggesting that the requirement for MOMP was bypassed by activating the caspase-

8/caspase-3 axis. Combination treatments of proteasome inhibitors and XIAP 

antagonists therefore represent a promising strategy to eliminate highly resistant 

cancer cells which overexpress anti-apoptotic Bcl-2 family members. 
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Introduction 

 

Proteasomal protein degradation is essential for eliminating excess proteins and, by 

counteracting protein production, establishes steady-state protein levels during 

cellular homeostasis. The selective and often well timed degradation of regulatory 

proteins by the proteasome machinery orchestrates and modulates a multitude of 

biological processes such as gene transcription, oxidative metabolism, cell cycle 

progression, and cell differentiation (1-2). Prolonged proteasome inhibition induces 

stress responses which initiate apoptosis signalling via the intrinsic apoptosis 

pathway. This is exploited clinically in the treatment of multiple myeloma with the 

proteasome inhibitor bortezomib. Impairment of proteasome-mediated protein 

degradation results in the accumulation and/or transcriptional induction of BH3-only 

proteins such as Puma, Bim, Noxa, or Bik in various malignant human neoplasms, 

including multiple myeloma, neuroblastoma, lymphoma or leukaemia (3-6). BH3-

only proteins antagonise anti-apoptotic Bcl-2 family members such as Bcl-2, Bcl-xL 

or Mcl-1 and/or can activate the pro-apoptotic members Bax and Bak (7). Activated 

Bax and Bak form pores in the outer mitochondrial membrane, resulting in 

cytochrome-c, Smac/Diablo and HtrA2/Omi release from the intermembrane space 

into the cytosol. This results in caspase-9 activation, inhibition of inhibitor-of-

apoptosis (IAP) proteins, and subsequent apoptosis execution by effector caspases (7). 

Proteasome inhibitors were shown to evoke synergistic cell killing in combinations 

with other drugs that induce the intrinsic apoptosis pathway, such as cisplatin, 

doxorubicin, paclitaxel, or histone deacetylase inhibitiors (8-11), as well as with death 

receptor ligands activating the extrinsic pathway, such as TRAIL and Fas-L (12-15). 

While the molecular mechanisms bringing about the synergistic responses in these 
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scenarios are still under investigation, evidence has accumulated that synergies may 

emanate from complementary sets of BH3-only proteins being induced or may result 

from more efficient formation of the death inducing signalling complex (DISC) in 

response to the addition of death ligands. 

Proteasome inhibition however may also promote more efficient apoptotic cell death 

through the stabilisation of proapoptotic proteins implicated in apoptosis execution. 

Following mitochondrial permeabilisation, cytosolic Smac/Diablo and maybe also 

active caspases-9, -3, and -7 are subject to rapid IAP-mediated proteasomal 

degradation (16-17). Likewise, cytosolic cytochrome-c is swiftly degraded but can be 

stabilised by proteasome inhibition (18). Here we investigated the consequences of 

proteasome inhibition on caspase activation and activity in human cancer cells. We 

demonstrate that in Bcl-2 overexpressing cancer cells refractory to mitochondrial 

permeabilisation, prolonged proteasome inhibition induced a mild, death-ligand 

independent but autophagy dependent caspase-8 activation, which, upon antagonising 

XIAP, can be exploited to eliminate Bcl-2-overexpressing cells via the caspase-8/-3 

axis. 
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Results 

 

Proteasome inhibition promotes residual processing of procaspase-3 in human 

cancer cells expressing high levels of Bcl-2.  

We investigated apoptosis signalling in response to proteasome inhibition by 

analysing the conversion of the caspase-3 zymogen into active subunits. Processing of 

procaspase-3 results in the generation of the small p12 and large p20 active subunits, 

with the latter being further processed first to the p19 and then to the p17 fragment by 

rapid and slow autocatalytic steps, respectively (19). Initially, we induced the intrinsic 

mitochondrial pathway of apoptosis in parental HeLa cervical cancer cells by broad 

spectrum kinase inhibitor staurosporine (STS), N-glycosylsation inhibitor 

tunicamycin, topoisomerase II inhibitor etoposide, or proteasome inhibitor 

bortezomib. All drugs resulted in apoptosis execution in parental HeLa cells, as 

noticed by processing of procaspase-3 into the active caspase-3 p19/p17 subunits 

(Fig.1A). Particularly strong responses were observed upon STS and bortezomib 

treatment (Fig.1A). We then employed human cancer cells overexpressing Bcl-2 

(Supplemental Fig.1) as model systems that are highly resistant to drugs inducing the 

intrinsic apoptosis pathway. Overexpression of Bcl-2 fully abrogated procaspase-3 

processing in response to all drugs except bortezomib. Bortezomib still evoked 

residual and incomplete procaspase-3 processing in HeLa-Bcl-2 cells (Fig.1A, 

arrows). Caspase-3 processing was attenuated at the p20/p19 subunits (Fig.1A, 

arrows), indicating that the final and slow autocatalytic step towards the fully mature 

p17 subunit was suppressed (19). Similar results were obtained when investigating 

other durations of bortezomib exposure or when employing other proteasome 

inhibitors such as epoxomicin or MG-132 (Fig.1B-D). Residual procaspase-3 
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processing was also observed in human H460 non-small-cell lung cancer cells 

overexpressing Bcl-2 when exposed to bortezomib (Fig.1E), but not when incubated 

with STS (not shown), and in Bax/Bak double deficient mouse embryonic fibroblasts 

(MEFs) (Fig.1F). Bcl-2 overexpression or Bax/Bak deficiency reduced bortezomib-

induced cell death, and a further reduction was observed when adding caspase 

inhibitor zVAD-fmk (Fig.1G-I). Taken together, these results indicate that proteasome 

inhibition can provoke a late and residual accumulation of incompletely processed 

subunits of effector caspase-3 as well as limited amounts of cell death in cells which 

otherwise seem refractory to intrinsic apoptosis signalling. In the following we 

therefore further characterised the mode of caspase activation through proteasome 

inhibition in MOMP-impaired cells. Due to its high apoptotic potency in HeLa cells  

(Fig.1A), we used STS in control groups as a model for classical MOMP-dependent 

apoptosis, but avoided treatment durations that result in secondary cell death arising 

from prolonged broad range kinase inhibition (20) (Supplemental Fig.2).  

 

Proteasome inhibition induces low levels of DEVDase activity in Bcl-2 over-

expressing cells. 

To investigate whether the detected caspase processing resulted in any noticeable 

caspase activity, we next measured DEVD substrate cleavage by flow cytometric 

measurements of Förster resonance energy transfer (FRET) disruption (21). In the 

recombinantly expressed FRET substrate, a caspase cleavage site (DEVD) links donor 

and acceptor fluorophores [cyan and yellow fluorescent protein (CFP, YFP)], and loss 

of FRET evokes an increase in CFP fluorescence (Fig.2A). The DEVD sequence 

represents the optimal cleavage motif for effector caspases-3 and -7, but it can also be 

cleaved by initiator caspase-8 (22). Of note, since the FRET probe is a soluble 
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cytosolic protein, the FRET analysis is restricted to cells which have not yet 

undergone plasma membrane permeabilisation. As expected, in parental HeLa cells 

bortezomib and STS resulted in FRET probe cleavage in nearly all cells (Fig.2B). In 

cells over-expressing Bcl-2, FRET probe cleavage could be detected in a smaller but 

still substantial fraction of the bortezomib-treated cell population (Fig.2C). Addition 

of caspase inhibitor zVAD-fmk potently inhibited probe cleavage and confirmed the 

caspase specificity of the readout. Similar responses were also detected in Bax/Bak 

deficient MEFs (Fig.2D). 

Closer inspection of CFP vs. FRET scatter plots obtained from bortezomib-treated 

samples indicated further differences in substrate cleavage between parental and Bcl-2 

over-expressing HeLa cells (Fig.2E,F). In parental cells, populations with intact or 

cleaved FRET probe could be clearly separated (Fig.2E), indicative of a caspase-3 

dependent rapid all-or-none probe cleavage as has been described in response to other 

apoptotic stimuli previously (21). In contrast, scatter plots of HeLa-Bcl-2 cells 

highlighted that a significant number of cells showed submaximal probe cleavage at 

the time of sample reading, i.e. they were positioned in-between populations with 

intact and cleaved probe (Fig.2F). Conversion of the scatter data into a ratiometric 

CFP/FRET display likewise indicated that parental cells either displayed with intact or 

cleaved probe, whereas in HeLa-Bcl-2 cells the two populations could no longer be 

separated (Fig.2G,H). These results therefore suggest that proteasome inhibition is 

potent to induce low amounts of DEVDase activity in cells that otherwise do not 

respond to intrinsic apoptosis initiation.  

 

Time-lapse analysis of DEVDase activation and activity induced by proteasome 

inhibition.  
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Immunoblotting and flow cytometry measurements are limited in temporal resolution 

and do not allow to investigate sequential events in individual cells over time. We 

therefore employed FRET-based single-cell time-lapse microscopy to determine the 

kinetics and timings of DEVDase activation with high temporal accuracy. HeLa cells 

were monitored for up to 72 h following proteasome inhibition. An initial analysis 

indicated that most cells responded with DEVDase activation during this time, 

independent of whether Bcl-2 was overexpressed or not (Fig.3A). However, 

DEVDase activity in HeLa cells overexpressing Bcl-2 started later than in parental 

HeLa cells (Fig.3B). On average, Bcl-2 overexpression delayed bortezomib-induced 

DEVDase activation by 14 h +/- 3.2 h (mean +/- s.e.m.). Once initiated, DEVD FRET 

probe cleavage proceeded rapidly in parental HeLa cells (14.7 min +/- 1.0 min; mean 

+/- s.e.m.), indicating a swift and efficient activation of effector caspases (Fig.3C). 

Similar cleavage durations were measured in response to activation of the intrinsic 

apoptosis pathway by STS (11.5 min +/- 0.7 min; mean +/- s.e.m.; n = 21 cells 

analysed from 3 experiments), corresponding to previously published data (23). In 

contrast, probe cleavage in HeLa-Bcl-2 cells appeared to proceed significantly slower 

(81.3 min +/- 13.4 min; mean +/- s.e.m.) (Fig.3C). We noticed that in many of these 

cells the cleavage process might not have reached completion before termination of 

image acquisition since many cells detached and left the focal plane late during 

substrate cleavage. We therefore additionally determined the slopes of the FRET 

disruption traces to measure DEVDase activity. This analysis indeed showed that 

DEVDase activity was significantly reduced in HeLa-Bcl-2 cells (Fig.3D). Additional 

evidence that substrate cleavage was submaximal in HeLa-Bcl-2 cells was obtained 

when analysing floating cells by Western blotting. Western blotting indicated that 
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floating HeLa-Bcl-2 cells presented with only partially cleaved DEVD probe, while in 

parental HeLa cells the FRET substrate was fully cleaved (Supplemental Fig.3).  

We also loaded cells with tetramethylrhodamine-methyl-ester (TMRM), a non-toxic, 

cationic dye, to monitor changes in mitochondrial membrane potentials. As the 

mitochondrial membrane potential rapidly drops upon cyt-c release at standard 

experimental conditions (24), TMRM here was used to indirectly measure 

mitochondrial outer membrane permeabilisation (MOMP). As expected, in HeLa cells 

treated with STS, DEVDase activity was exclusively detected subsequent to the onset 

of mitochondrial depolarisation (3.2 min +/- 0.4 min lag time; mean +/- s.e.m.), 

corresponding to earlier reports (23). Similarly, proteasome inhibition in the majority 

of parental HeLa cells resulted in DEVDase activity subsequent to onset of 

mitochondrial depolarisation (Fig.3E) (mean lag time 3.6 min +/- 0.6 min s.e.m.). 

Only a small subpopulation of parental HeLa cells (5 out of 32 cells) displayed 

DEVDase activity 5.6 min +/- 3.6 min (mean +/- s.e.m.) before a decrease in the 

TMRM signal. In HeLa-Bcl-2 cells instead DEVDase activation seemed to occur 

nearly exclusively upstream of changes in mitochondrial TMRM signals (Fig.3F) (20 

out of 21 cells = 95%), and DEVDase activity persisted until cells left the focal plane 

or the image acquisition was terminated. To further validate this finding we also 

observed MOMP more directly using cells transiently transfected to express a red 

fluorescent mitochondrial intermembrane space protein (IMS-RP) in parallel to the 

DEVD FRET probe. In parental HeLa cells IMS-RP release started shortly before 

DEVDases were activated (Fig.3G). In contrast, DEVDase activation in HeLa-Bcl-2 

cells was detected nearly exclusively independent of IMS-RP release (14 out of 15 

cells = 93%) (Fig.3H). To validate whether also cell-endogenous caspase substrates 

were cleaved, we investigated the cleavage of α-spectrin, a substrate preferred by 
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effector caspase-3. In parental cells the 120 kDa cleavage fragment accumulated 

strongly, whereas in Bcl-2 overexpressing cells only a mild increase at late times 

could be detected (Fig.3I). Taken together these data indicated that proteasome 

inhibition resulted in a mild, submaximal activation of DEVDases independent of 

MOMP.  

 

MOMP-independent DEVDase activity in response to proteasome inhibition does 

not arise from caspase-3 or -7. 

We next set out to identify which caspases contributed to DEVDase activity in 

response to proteasome inhibition by employing siRNA-mediated depletion of protein 

expression. All siRNA sequences used were previously published and were shown to 

be specific for their respective targets (see methods and Supplemental Material 1). In 

initial optimisation experiments multiple concentrations of siRNAs were co-

transfected together with pCFP-DEVD-YFP and cells were analysed by 

immunoblotting for conditions that resulted in maximal protein depletion. For all 

subsequent experiments the addition of bortezomib was timed so that the target 

proteins were strongly depleted before residual caspase processing set in (see methods 

and Supplemental Fig.8).  

As caspase-3 is the most efficient DEVDase known, we first depleted HeLa-Bcl-2 

cells of procaspase-3 expression (Fig.4A, Supplemental Fig.8A). Interestingly, 

depletion of caspase-3 did not reduce DEVDase activity arising from bortezomib 

exposure (Fig.4B). Likewise, time lapse imaging of HeLa-Bcl-2 cells indicated that 

the frequency of DEVDase activation was not notably affected by caspase-3 depletion 

(see Fig.5F). In control experiments, the depletion of procaspase-3 achieved by our 

siRNA approach however was sufficient to impair TRAIL/CHX-induced apoptosis in 
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parental HeLa cells (Supplemental Fig.4). We next also employed caspase-3 deficient 

MCF-7 cells overexpressing Bcl-2 to investigate DEVD FRET substrate cleavage in 

response to bortezomib. Consistent with results shown for HeLa and H460 cells, 

control experiments showed that MCF-7-Bcl-2 cells but not parental MCF-7 cells 

were refractory to apoptosis and DEVD FRET probe cleavage induced by STS 

(Supplemental Fig.5). We then went on to deplete MCF-7-Bcl-2 cells of procaspase-7 

(Fig. 4C, Supplemental Fig.8B) to eliminate all DEVD-preferring effector caspases. 

Interestingly, independent of presence or absence of caspase-7, proteasome inhibition 

resulted in cells localising across a continuous spectrum from intact to cleaved DEVD 

substrate (Fig.4D). Taken together, these data therefore indicate that the cleavage of 

the FRET probe apparently does not depend on a significant activation of caspases-3 

or -7, the major DEVDases amongst the caspases. 

 

MOMP-independent DEVDase activity in response to proteasome inhibition 

arises from FADD-dependent caspase-8 activation. 

We next tested whether initiator caspase-8 would be involved in generating the 

caspase activity we observed, since caspase-8 is known to possess substantial 

DEVDase activity (22). Procaspase-8 was processed into p43/41 and p18 fragments in 

parental HeLa cells in response to bortezomib (Fig.5A). Procaspase-8 processing 

correlated with the times of caspase-3 activation (Fig.1B), as would be expected from 

feed-back processing following caspase-3 activation. In HeLa-Bcl-2 cells only low 

amounts of cleaved caspase-8 were detected (Fig.5B). The cleavage of Bid, a 

physiological caspase-8 substrate that can also be truncated by caspase-3, correlated 

with procaspase-8 processing in both scenarios (Fig.5C). Following experimental 

optimization, procaspase-8 expression could be successfully suppressed by siRNA 
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transfection (Fig.5D, Supplemental Fig.8C), and procaspase-8 depletion reduced 

DEVDase activity in response to proteasome inhibition (Fig.5E), suggesting that 

caspase-8 is involved in probe cleavage. Likewise, time lapse imaging indicated that 

procaspase-8 depletion, but not procaspase-3 depletion, massively reduced the amount 

of cells displaying DEVDase activity (Fig.5F). Furthermore, procaspase-3 processing 

into p20/p19 subunits was reduced upon procaspase-8 silencing (Fig.5G), as was the 

overall cell death observed in response to proteasome inhibition (Fig.5H). Even 

though multiple caspases can cleave DEVD sequences, these data therefore indicate 

that in response to proteasome inhibition caspase-8 serves as the apical caspase in 

MOMP-impaired cells.  

Activation of caspase-8 requires the dimerisation and autocatalytic processing of 

procaspase-8 (25), and Fas-associated death domain (FADD) serves as an essential 

recruitment protein for procaspase-8 dimerisation. We therefore next tested whether 

caspase-8 activation in response to proteasome inhibition depends on FADD. We 

achieved a highly efficient siRNA-mediated depletion of FADD in HeLa-Bcl-2 cells 

(Fig.5I, Supplemental Fig.8D), which resulted in significantly reduced DEVDase 

activity in response to proteasome inhibition (Fig.5J). In control experiments, 

depletion of caspase-8 and FADD was sufficient to impair death receptor mediated 

apoptosis in parental HeLa cells (Supplemental Fig.4), showing that the targeting 

sequences also confer protection in a canonical apoptosis signalling model. Taken 

together, these results indicated that the MOMP-independent mild DEVDase activity 

detected in response to proteasome inhibition arose from FADD-dependent caspase-8 

activation.  
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Apical caspase-8 activation in response to proteasome inhibition is independent 

of death receptor ligands. 

Since FADD was required for caspase-8 activation in response to proteasome 

inhibition, we next investigated whether canonical death receptor pathways are 

required to establish apical caspase-8 activity. Proteasome inhibition may induce the 

secretion of death receptor ligands such as TRAIL, TNF-α or FasL, which may in turn 

activate caspase-8 by autocrine death receptor activation. To test the involvement of 

death ligands, we employed neutralising antibodies targeting the death receptors. 

Pretreatment of parental HeLa cells with neutralizing antibodies was sufficient to fully 

block caspase-3 processing following TRAIL, TNF-α or FasL exposure (Fig.6A). 

Pretreatment of HeLa-Bcl-2 cells with the receptor neutralising antibodies alone or in 

combination, however, did not affect bortezomib-induced residual procaspase-3 

processing (Fig.6B,C). These data therefore indicate independence of autocrine death 

ligand signalling. 

 

Proteasome inhibition induces autophagy, which contributes to caspase-8 

processing and cell death. 

It has been suggested that autophagy can increase as a compensatory means of protein 

degradation when the proteasomal pathway is blocked (26). Furthermore, in 

proliferating T-cells caspase-8, in complex with FADD and receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1), was found activated on autophagosomal 

membranes (27). We therefore investigated whether a link between autophagic 

signalling, caspase-8 processing and cell death could be observed in response to 

proteasome inhibition.  
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We found that autophagic flux increased in HeLa Bcl-2 cells following bortezomib 

exposure, as evidenced by an increase in total levels of autophagy marker protein LC3 

and the accumulation of lipidated LC3-II when inhibiting lysosomal proteases using 

E64 D and pepstatin A (Fig.7A). Accordingly, the amounts of p62, an autophagy 

adaptor protein and indicator of protein aggregation that is known to accumulate upon 

proteasome inhibition (28), increased following bortezomib treatment (Fig.7A,B). A 

further increase, indicative of elevated autophagic flux, was found upon E64 

D/pepstatin A addition (Fig.7A). We also observed that the levels of FADD increased 

strongly, whereas increases in RIPK1 were modest and transient (Fig.7B). RIPK1 is a 

physiological substrate of caspase-8, and the late loss of RIPK1 could be prevented by 

the addition of caspase inhibitor zVAD-fmk (not shown). Autophagy induction was 

also detected in cells expressing a mCherry-GFP-LC3 fusion protein, with the number 

of GFP-positive punctae, representing autophagosomes, increasing strongly in 

response to bortezomib (Fig.7C). The GFP fluorescence is quenched upon fusion of 

autophagosomes with lysosomes, whereas mCherry fluorescence persists (29). The 

number and intensities of mCherry punctae were visibly higher than the GFP signals 

(Fig.7C), indicating an increase in autolysosomes and overall autophagic flux.  

Increased autophagosome formation was linked to caspase-8 activation, since 3-

methyl adenine (3-MA), an inhibitor of the initiation and maturation of 

autophagosomes, but not necrostatin, a specific inhibitor of RIPK1, strongly reduced 

procaspase-8 processing (Fig.7D). LC3-I to LC3-II conversion was noticeably 

impaired, indicating strong inhibition of autophagy at 3-MA/bortezomib co-treatment 

conditions (Fig.7D). These results therefore show that caspase-8 processing in 

response to proteasome inhibition strongly depends on autophagy induction. When 

investigating whether autophagy inhibition by 3-MA also reduced the overall amount 
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of cell death following bortezomib addition, we observed a mild but nevertheless 

significant protection (Fig.7E). RIPK1 inhibition in contrast did not reduce cell death 

(Fig.7E), suggesting that death modalities such as necroptosis or excessive, lethal 

autophagy arising from increased RIPK1 activities (30-31) did not contribute to cell 

death here. The reduction in cell death might appear rather modest, however, since 

prolonged 3-MA exposure on its own was highly potent in inducing apoptosis in 

parental HeLa cells (Supplemental Fig.6A), and since cell death of HeLa Bcl-2 cells 

upon bortezomib/3-MA co-treatments was z-VAD-fmk sensitive (Supplemental 

Fig.6B), it is likely that an alternative form of caspase-dependent cell death, which we 

do not further characterise here, is synergistically promoted at these conditions.  

Given the above results, we next also aimed to block autophagy more specifically by 

targeted depletion of Atg5. Atg5 is required for autophagosome formation and is 

found conjugated to Atg12 via an isopeptide bond, and it was suggested that caspase-

8 activation during T-cell proliferation requires the FADD-dependent docking to 

Atg5-Atg12 conjugates on autophagosomal membranes (27). When we depleted HeLa 

Bcl-2 cells of Atg5 expression, we indeed observed that caspase-8 processing was 

blocked in response to bortezomib (Fig.7F), and furthermore that cell death was 

significantly reduced (Fig.7G). Taken together, our data therefore demonstrate that the 

processing of caspase-8 is strongly impaired when inhibiting autophagy 

pharmacologically or by Atg5 depletion, indicating that autophagosome formation is 

one of the main contributors to caspase-8 activation in response to proteasome 

inhibition.  

 

XIAP depletion and Smac-derived peptides enhance proteasome inhibitor-

induced DEVDase activation and apoptosis in Bcl-2 overexpressing cells. 
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Most cells require the mitochondrial apoptosis pathway to efficiently execute 

apoptosis. In MOMP-impaired cells, XIAP efficiently prevents caspase-8 mediated 

processing of procaspase-3 to directly translate into cell death, as was shown in 

response to death receptor stimulation (32). We therefore hypothesized that DEVDase 

activity evoked by proteasome inhibition could be enhanced by XIAP depletion or by 

a XIAP-antagonising Smac peptide. XIAP depletion by siRNA transfection (Fig.8A, 

Supplemental Fig.8E) indeed significantly enhanced DEVD FRET probe cleavage 

and increased cell death in response to proteasome inhibition (Fig.8B,C). To 

circumvent the requirement for transfection procedures, we next synthesized a XIAP 

antagonising peptide (AVPIA) fused to an HIV-derived import sequence (33) with the 

intention to sensitize MOMP-impaired cells to proteasome inhibitor induced cell 

death. Flow cytometric measurements in HeLa-Bcl-2 and H460-Bcl-2 cells indicated 

that the AVPIA peptide alone did not evoke noticeable cell death (Fig.8D,E), nor did 

it enhance STS induced cell death at control conditions (Supplemental Fig.7). Co-

treatment with AVPIA peptide instead markedly enhanced cell death in response to 

proteasome inhibition (Fig.8D,E). These results therefore indicate that antagonising 

XIAP is a promising approach to enhance apoptosis execution in response to 

proteasome inhibition in highly resistant human cancer cells that overexpress Bcl-2. 
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Discussion 

 

We identified that proteasome inhibition promotes the FADD-dependent activation of 

caspase-8 in human cancer cells in which the mitochondrial apoptosis pathway is 

blocked, and that autophagy induction is an important contributor to caspase-8 

activation. Caspase-8 activity is low and persists for long times without leading to 

immediate apoptosis execution. Cellular commitment to apoptosis can however be 

promoted by parallel XIAP depletion or by exposure to XIAP antagonising peptides. 

This treatment strategy therefore allows to circumvent the Bcl-2 mediated inhibition 

of apoptosis and may provide a promising alternative to restore apoptosis 

susceptibility in highly resistant human cancer cells which cannot execute apoptosis 

via the mitochondrial pathway.  

 

Impaired protein degradation by proteasome inhibition affects the relative abundance 

of hundreds of cellular proteins and is believed to induce apoptosis mainly through the 

intrinsic mitochondrial pathway by the accumulation of BH3-only proteins (3-6). Our 

analyses showed that in cells in which the mitochondrial apoptosis pathway is 

impaired, caspase-8 can be activated in response to proteasome inhibition and that this 

was the predominant response in the majority of cells investigated. While previous 

studies already suggested a role for caspase-8 in apoptosis following proteasome 

inhibition (34-35), time lapse and single cell analyses here unequivocally showed that 

caspase-8 can act as the apical initiator caspase in this treatment paradigm rather than 

being activated subsequent to caspase-3, which has largely overlapping substrate 

specificities (22).  
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Efficient canonical activation of caspase-8 requires the dimerisation of procaspase-8 

and autocatalytic processing at multiprotein recruitment platforms, such as the death 

inducing signalling complex during extrinsically induced apoptosis (25, 36). We here 

could show that autophagy induction contributes significantly to FADD-dependent 

caspase-8 activation. A link between autophagy, FADD and caspase-8 activation was 

indeed reported previously during T cell expansion and cell cycle progression (27, 

37), indicating that basal autophagy in proliferating T cells may establish low caspase-

8 activities. Of note, autophagy and caspase-8 activity in these scenarios are a key 

physiological requirement for lymphocyte proliferation rather than inducing cell death 

(27, 31, 37). Protein degradation might quickly remove or restrict basal or naturally 

occurring sublethal levels of active caspase-8 in these cells. Proteasome inhibition 

instead, apart from enhancing caspase-8 activation through inducing autophagy, 

additionally may cause the stabilisation and abnormal accumulation of active caspase-

8 through blocking protein degradation. This is likely to contribute to rendering 

autophagy-dependent caspase-8 activation to become potentially lethal.  

Mechanistically, it was shown that caspase-8 and FADD can bind to Atg5/Atg12 

clusters on autophagosomal membranes, which likely promotes caspase-8 activation 

through induced proximity (27). The necroptosis inducer and caspase-8 substrate 

RIPK1 was also reported to be a component of these complexes, however we could 

not find that RIPK1 activity contributed to cell death. This is consistent with the 

notion that RIPK1 only induces autophagy-dependent necroptosis when caspase-8 is 

absent (27). The late and zVAD-fmk sensitive loss in RIPK1 observed in our 

experiments indeed rather suggests that caspase-8 activation upon proteasome 

inhibition may actively suppress necroptotic responses.  
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We cannot rule out that apart from autophagosomes additional scaffolds for FADD-

dependent caspase-8 activation are formed upon proteasome inhibition. Even though 

we could exclude that extrinsic stimulation of death receptors induced caspase-8 

activation, it was shown previously that impaired protein degradation can result in an 

induction or abnormal accumulation of high-turnover death receptors (38). Such an 

accumulation may result in artificial death receptor oligomerisation and caspase-8 

activation also in absence of death ligands. A recent study by Caro-Maldonado et al. 

published in this journal (39) showed that in response to glucose deprivation caspase-

8 can be activated independent of death receptor signalling by an as of yet unresolved 

mechanism in cells incapable of activating the mitochondrial apoptosis pathway. 

Since protein degradation via the proteasome is a highly energy dependent process, 

lack of sufficient ATP as a consequence of glucose deprivation might promote the 

induction of autophagy and caspase-8 activation in a manner related to our 

observations.   

 

Since most pro-apoptotic chemotherapeutics induce cell death via the mitochondrial 

pathway, elevated expression of Bcl-2 or other anti-apoptotic Bcl-2 family members 

poses a significant challenge to the development of efficient anti-cancer therapies. 

This is of clinical relevance since the expression of Bcl-2 or other antiapoptotic family 

members such as Bcl-xL or Mcl-1 has been associated with poor prognosis or 

increased risk of recurrence in various cancers, including for example chronic 

lymphocytic leukaemia, follicular lymphoma and early stage breast cancer (40-42). 

While Bcl-2 inhibiting compounds which re-sensitize cells to the mitochondrial 

pathway are currently in pre-clinical and clinical trials, no single compound is 

sufficient to antagonise all antiapoptotic family members with high efficiency or 
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without significant off-target effects (43). The direct activation of executioner 

caspases by caspase-8 offers the possibility to bypass the requirement for 

mitochondrial outer membrane permeabilisation for the induction of apoptosis 

execution, but in most cells is significantly impaired by the presence of XIAP, a major 

regulator of the caspase-8, -3 axis during extrinsically induced apoptosis (32, 44). We 

identified that the newly identified and death ligand-independent apical activation of 

caspase-8 in response to proteasome inhibition can be exploited to execute apoptosis 

in otherwise highly resistant Bcl-2 overexpressing cells when the function of XIAP is 

antagonised. This provides a new and attractive alternative strategy inducing cell 

death in cells otherwise not responsive to proapoptotic chemotherapeutics. 
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Materials and Methods 

 

Reagents: Bortezomib was from Millennium Pharmaceuticals (Cambridge, MA, 

USA), Epoxomicin from Sigma-Aldrich (Dublin, Ireland) and MG-132 from Biomol 

(Plymouth Meeting, PA, USA). STS, CHX, tunicamycin and etoposide were 

purchased from Alexis (San Diego, CA, USA). z-Val-Ala-Asp(O-methyl)-

fluoromethyl ketone (zVAD-fmk) was from Bachem (St Helen's, UK). Human 

recombinant TRAIL was from Leinco Technologies (St. Louis, MO, USA), human 

anti-Fas antibody was from (MBL, Caltag-Medystems, Buckinham, UK), TNF-α was 

from PeproTech EC Ltd (London, UK). Necrostatin-1, Pepstatin A, E64d and 3-

methyl-adenine were purchased from Calbiochem/Merck (Nottingham, UK). 

 

Peptide synthesis: A peptide comprised of an NH2-terminal Smac-derived IAP 

antagonising sequence (AVPIAQK) and a COOH-terminal HIV-TAT protein-

transduction domain (GRKKRRQRRRPPQ) (33) was prepared by standard solid 

phase peptide synthesis.  

 

Cell Culture: Cells were cultivated in RPMI-1640 medium (Sigma-Aldrich) 

supplemented with 2 mM L-glutamine, 10% (v/v) heat-inactivated fetal bovine serum, 

100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich) in a humidified 

atmosphere with 5% CO2 at 37°C.  

 

DNA and siRNA transfection: HeLa cells were transfected with pCFP-DEVD-YFP, 

pIMS-RP or pmCherry-GFP-LC3 plasmid DNA using Lipofectamine™ 2000 

(Invitrogen, Paisley, UK) according to the manufactures instructions. siRNA 
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sequences known to specifically silence the expression of procaspase-3, procaspase-7, 

procaspase-8, FADD, XIAP, or Atg5 are listed in Supplemental material 1. siRNAs 

were transfected at a final concentration of 100 – 150 nM together with 800 ng pCFP-

DEVD-YFP in 6 well plates. The relative timing of siRNA transfections prior to drug 

addition (24 hr for procaspase-3, -8, FADD, XIAP; 48 h for procaspase-7, Atg5) was 

optimized to achieve maximal protein depletion at a time of 24 h post bortezomib 

addition. The efficiency and maintenance of protein depletion in presence of 

bortezomib is shown in Supplemental Fig.8. Turbofect (Fermentas UK, York, UK) 

was used following the manufactures guidelines to transfect H460 or MCF-7 cells.  

 

Immunoblotting: Cells were harvested and spun at 200 g for 3 min. Cell pellets were 

resuspended in SDS-lysis buffer (62.5 mM Tris-HCl, pH 6.8, 10 % (v/v) glycerin, 2 % 

(w/v) SDS, 1 mM phenylmethylsulfonyl fluoride, 1 µg/ml pepstatin A, 1 µg/ml 

leupeptin, and 5 µg/ml aprotinin) and incubated at 95°C for 20 min. Protein content 

was determined with the Micro BCA™ Protein Assay Kit (Thermo Scientific, Dublin, 

Ireland). Equal amounts of protein (20 μg) were run on SDS-polyacrylamide gels and 

subjected to immunoblotting as described before (21). Precision Plus Protein 

Standards (Bio-Rad, Munich, Germany) or PageRuler Prestained Portein Ladder Plus 

(Fermerntas, UK) molecular weight markers were used. A detailed list of antibodies 

used is provided in Supplemental material 1. Immunoblots were developed using the 

Immobilon™ Western Chemiluminescent HRP Substrate (Millipore, Molsheim, 

France). Chemiluminescence was detected at 12-bit dynamic range using a Fuji LAS 

4000 CCD system (Fujifilm UK Ltd., Bedfordshire, UK). 
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Inhibition of the death receptor pathway: Human neutralizing antibodies against 

TRAIL-R1 and -R2 (ALX‐522‐004‐C050 and ALX‐522‐005‐C050), TNF-R1 

(ALX‐522‐013‐C050) and Fas (ALX‐522‐002‐C050) were purchased from Enzo Life 

Sciences Ltd., Exeter, UK. Antibodies were added at a final concentration of 5 – 

10 μg/ml two hours prior drug additions. 

 

Flow cytometry: FRET flow cytometry was carried out using a Partec Cyflow ML16 

flow cytometer (Partec, Münster, Germany) or a BD LSRII flow cytometer (Oxford, 

UK). Cells were re-suspended in ice-cold PBS and 10.000 gated events were acquired 

for each sample. Detailed settings for FRET flow cytometry and AnnexinV-

FITC/propidium iodide (PI) cytometry as provided in Supplemental material 1. For 

Annexin-V/PI staining cells were trypsinised and incubated in binding buffer (10 mM 

HEPES, 140 mM NaCl, 2.5 mM CaCl2) containing Annexin-V-FITC (5 μl/ml) 

(BioVision, Mountain View, CA, USA) and PI (2 μg/ml, Sigma-Aldrich) for 20 min 

at room temperature in the dark. Basic data acquisition in .fcs file format and analysis 

were performed using the Partec Flow Max (Partec, Münster, Germany) or Cyflogic 

(CyFlo Ltd, Turku, Finland) software. Ratiometric analysis of cellular fluorescence 

signals was performed using MATLAB (The Mathworks, UK) scripts developed in-

house.  

 

Fluorescence microscopy and digital imaging:  

Cells were cultivated on 22 mm glass bottom dishes (Willco BV, Amsterdam, 

Netherlands). FRET probe fluorescence was observed using a Nikon Eclipse TE2000-

S microscope equipped with a 40 x numerical aperture 1.3 oil immersion objective, 

and a dual camera adaptor (Nikon, MicronOptical, Enniscorthy, Ireland). Cells were 
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subjected to time lapse FRET imaging as described before (45). For the release of the 

MOMP reporter IMS-RP from the mitochondria into the cytosol, we analyzed the 

cellular fluorescence standard deviation from the average pixel intensity of individual 

cells (46). Compartmentalized IMS-RP contributes to a high s.d. The s.d. drops upon 

release of IMS-RP towards a homogeneous distribution throughout the cell. Baselines 

before the release were scaled to 100%. mCherry-GFP-LC3 fluorescence was 

observed using a Zeiss LSM710 confocal microscope. A detailed description of the 

imaging procedures is provided in Supplemental material 1.  

 

Statistics: 

Data are given as means + s.d. or s.e.m. For statistical comparison, Student’s t-test or 

ANOVA followed by Tukey’s test were used for normally distributed data. 

Otherwise, Mann-Whitney U test was used. p values smaller than 0.05 were 

considered to be statistically significant.   
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membrane permeabilisation; PBS, phosphate-buffered saline; PI, propidium iodide; 

IMS-RP, intermembrane-space reporter protein; STS, staurosporine; TMRM, 
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Titles and Legends to Figures 

 

Fig.1: Proteasome inhibition promotes residual processing of procaspase-3 in 

cells expressing high levels of Bcl-2.  

(A) Proteasome inhibition induces residual procaspase-3 processing in Bcl-2 

overexpressing HeLa cells. Parental and Bcl-2 overexpressing HeLa cells were 

compared by Western blotting for processing of procaspase-3 in response to 1 µM 

STS (8 h), 100 nM bortezomib (32 h), 3 µM tunicamycin (32 h), or 10 µM etoposide 

(32 h). Arrows indicate p20 and p19 caspase-3 subunits found in HeLa-Bcl-2 cells 

due to residual procaspase-3 processing. Fully mature p17 subunits could not be 

detected in HeLa-Bcl-2 cells. β-actin served as loading control. (B-D) Procaspase-3 

processing in response to 100 nM bortezomib, 50 nM epoxomicin or 5 µM MG-132 

was compared between parental and Bcl-2 overexpressing HeLa cells. While p20 and 

p19 subunits could be detected, fully mature caspase-3 (p17) was not detected in 

HeLa-Bcl-2 cells. 50 µM pan-caspase inhibitor zVAD-fmk was used in combination 

with proteasome inhibitors in additional controls. β-actin served as loading control. 

(E) Procaspase-3 processing in response to 100 nM bortezomib was analysed in 

parental and Bcl-2 overexpressing H460 cells. Arrows indicate p20, p19 and p17 

subunits. α-tubulin served as loading control. (F) As in (E), procaspase-3 processing 

in response to 100 nM bortezomib was analysed in parental or Bax/Bak deficient 

mouse embryonic fibroblasts. Porin served as loading control. (G-I) Cell death in 

response to 100 nM bortezomib was determined by propidium iodide staining. Bcl-2 

overexpression or Bax/Bak deficiency significantly reduced cell death. 50 µM zVAD-

fmk was added in additional control groups. Data are shown as means +/- s.d. 
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Asterisks indicate significant reduction in cell death (p<0.05, Student's t-test). All 

experiments were preformed three times with comparable results. 

 

Fig.2: Proteasome inhibition induces low levels of DEVDase activity in Bcl-2 

over-expressing cells. 

(A) A CFP-DEVD-YFP FRET probe was used to measure DEVDase activity in 

individual cells by flow cytometry. Cleavage of the probe by DEVDases results in a 

loss in FRET and a concomitant increase in CFP emission. (B) Flow cytometric 

analysis of parental HeLa cells expressing the DEVD FRET probe. Cells were treated 

for the indicated times with 100 nM bortezomib. zVAD-fmk co-treated controls 

ensured caspase-specificity of the readout. For comparison, control groups treated 

with 1 µM STS (8 h) are shown as well. Data are means + s.d. from n = 3 

experiments. Asterisks indicate significant increase in FRET probe cleavage above 

control groups (p<0.05; one way ANOVA and subsequent Tukey's test). (C) Flow 

cytometric analysis of HeLa-Bcl-2 cells expressing the DEVD FRET probe. Cells 

were treated as in (B). Data are means + s.d. from n = 3 experiments. Asterisks 

indicate significant increase in FRET probe cleavage above control groups (p<0.05; 

one way ANOVA and subsequent Tukey's test). (D) As described in (B,C), DEVD 

FRET probe cleavage was analysed in wild type and Bax/Bak-deficient mouse 

embryonic fibroblasts. (E) Scatter plots displaying DEVD FRET probe cleavage in 

parental HeLa cells. Treatment with 100 nM bortezomib resulted in clearly separable 

populations of cells with intact or cleaved FRET probe. Caspase inhibition by zVAD-

fmk inhibited probe cleavage. (F) Scatter plots displaying DEVD FRET probe 

cleavage in HeLa-Bcl-2 cells. Following treatment with 100 nM bortezomib 

populations of cells with intact or cleaved FRET probe were inseparable, indicating 
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slow or incomplete substrate cleavage. Caspase inhibition by zVAD-fmk inhibited 

probe cleavage. (G, H) Ratiometric analysis of FRET probe cleavage indicates that 

bortezomib-induced DEVDase activity in parental HeLa cells (G) resulted in 

separated peaks of intact or cleaved probe. In comparison, probe cleavage was 

significantly reduced in HeLa-Bcl-2 cells (H), as indicated by a right-shift and 

reduction in peak height at 24 h and inseparable peaks at 48 h post addition of 100 nM 

bortezomib.  

 

Fig.3: Time-lapse analysis of DEVDase activation and activity induced by 

proteasome inhibition.  

(A) Parental and Bcl-2 overexpressing cells were analysed for DEVDase activation in 

FRET imaging experiments. The incidence of DEVDase activation following 

treatment with 100 nM bortezomib was determined from the total number of cells 

analysed (n = 43 parental cells from 4 experiments and n = 27 Bcl-2 overexpressing 

cells from 6 experiments). DEVDase activation was evaluated as an irreversible 

increase of the CFP/YFP ratio signal above the baseline. Bcl-2 overexpression did not 

affect the frequency of DEVDase activation. (B) The time from bortezomib addition 

until activation of DEVDases was determined for all cells measured. DEVDase 

activity was detected later in Bcl-2 overexpressing cells. Asterisk indicates significant 

difference (p<0.05, U-test). (C) The duration of DEVD probe cleavage was 

determined for all cells analysed. Bcl-2 overexpression prolonged the duration of 

probe cleavage. Asterisk indicates significant difference (p<0.05, U-test). (D) The 

DEVDase activity was determined as the rate of probe cleavage (change in CFP/YFP 

emission over time) for all cells investigated. Overexpression of Bcl-2 strongly 

reduced the DEVDase activity determined in single living cells. Asterisk indicates 
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significant difference (p<0.05, U-test). (E) DEVD FRET probe cleavage in parental 

HeLa cells. Traces of DEVD FRET probe cleavage are shown for four representative 

HeLa cells following exposure to 100 nM bortezomib. FRET probe cleavage resulted 

in an increase in the CFP/YFP emission ratio. Onset of DEVDase activity was set to 

time zero. TMRM fluorescence was plotted to indicate changes in mitochondrial 

membrane potentials. Mitochondrial depolarisation started shortly before DEVDase 

activation. Similar results were obtained from n = 23 additional  cells. (F) DEVD 

FRET probe cleavage in HeLa cells overexpressing Bcl-2. Experimental traces of 

DEVD FRET probe cleavage are shown for four representative HeLa-Bcl-2 cells 

following exposure to 100 nM bortezomib. Onset of DEVDase activity was set to 

time zero. FRET probe cleavage displayed in increases in the CFP/YFP emission ratio 

that were lower and prolonged when compared to parental HeLa cells (see E). In 

contrast to parental HeLa cells, changes in mitochondrial membrane potentials were 

not detectable at the time DEVDase activation was measured. Late changes in TMRM 

signals resulted from cells rounding up and detaching. Similar results were obtained 

for n = 12 additional cells. (G) DEVD FRET probe cleavage in parental HeLa cells 

was observed in parallel with the release of red fluorescent protein (mCherry) from 

the mitochondrial intermembrane space (IMS-RP). The release of IMS-RP results in a 

fluorescence re-distribution towards a homogeneous signal across the cell (see also 

methods section). The start of IMS-RP release was therefore defined as the time at 

which the cellular fluorescence s.d. started to drop. IMS-RP release preceded 

DEVDase activation. Similar results were obtained from n = 5 additional cells. (H) In 

HeLa cells overexpressing Bcl-2, DEVDase activation resulted in slow and prolonged 

substrate cleavage. No release of IMS-RP could be detected, indicating that DEVDase 

activity was established independent of MOMP. Similar results were obtained for n = 
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14 cells. (I) α-spectrin cleavage after bortezomib treatment. Prolonged exposure to 

bortezomib resulted in the detection of the caspase-specific 120 kDa cleavage product 

and loss of full length α-spectrin in parental cells, which was strongly diminished in 

HeLa cells overexpressing Bcl-2. α-tubulin served as loading control. 

 

Fig.4: DEVDase activity in response to proteasome inhibition does not arise from 

caspase-3 or -7 activity.  

(A) Depletion of procaspase-3 by siRNA transfection. HeLa-Bcl-2 cells were 

analysed for procaspase-3 expression at the indicated times following siRNA 

transfection. β-actin served as loading control. A scrambled siRNA (scr) was 

transfected in control cells. (B) HeLa-Bcl-2 cells depleted of procaspase-3 expression 

were analysed for DEVD FRET probe cleavage by flow cytometry following 

treatment with 100 nM bortezomib. siRNA transfection preceded drug addition by 24 

h to provide efficient target depletion 24 h subsequent to bortezomib addition (see 

Supplemental Fig.8). Depletion of caspase-3 did not reduce FRET probe cleavage. 

Bars display changes in FRET substrate cleavage [%] above untreated controls. Data 

represent mean + s.d. from n = 9 values obtained from bootstrap-resampling of 

independent treatment and control triplicates. Experiment was repeated with similar 

results. (C) Depletion of procaspase-7 by siRNA transfection in Bcl-2 overexpressing 

MCF-7 cells. Cells were analysed for procaspase-7 expression at the indicated times 

following siRNA transfection. β-actin served as loading control. Scrambled siRNA 

(scr) was transfected in control cells. (D) MCF-7-Bcl-2 cells depleted of procaspase-7 

and expressing the DEVD FRET probe were exposed to 100 nM bortezomib for 48 h 

and analysed by flow cytometry. siRNA transfection preceded drug addition by 48 h 

to provide efficient target depletion 24 h subsequent to bortezomib addition (see 
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Supplemental Fig.8). A continuous spectrum of substrate cleavage which could not be 

inhibited by procaspase-7 depletion was detected. Experiment was repeated with 

similar results.  

 

Fig.5: DEVDase activity in response to proteasome inhibition arises from FADD-

dependent caspase-8 activation. 

(A) Time resolved analysis of procaspase-8 processing into p43/41 and p18 subunits 

induced by 100 nM bortezomib in parental HeLa cells. Porin served as loading 

control. (B) As in (A), procaspase-8 processing was investigated in HeLa cells 

overexpressing Bcl-2. Procaspase-8 was only residually processed (arrows) and 

processing occurred at later times than in parental HeLa cells. Porin served as loading 

control. All experiments were preformed three times with comparable results. (C) Bid 

processing was observed by Western blotting in whole cell extract of HeLa or HeLa 

Bcl-2 cells treated with 100 nM bortezomib for the indicated times. Corresponding to 

data on caspase-8 processing (A,B), Bid cleavage in HeLa Bcl-2 cells was delayed. 

Arrow and high contrast panel indicate truncated Bid. Porin served as loading control. 

(D) Depletion of caspase-8 by siRNA transfection. HeLa-Bcl-2 cells were analysed 

for procaspase-8 expression at the indicated times following siRNA transfection. β-

actin served as loading control. A scrambled siRNA (scr) was transfected in control 

cells. (E) HeLa Bcl-2 cells depleted of procaspase-8 expression were analysed for 

DEVD FRET probe cleavage by flow cytometry following treatment with 100 nM 

bortezomib. siRNA transfection preceded drug addition by 24 h to provide efficient 

target depletion 24 h subsequent to bortezomib addition (see Supplemental Fig.8). 

Bars display changes in FRET substrate cleavage [%] above untreated controls. Data 

represent mean + s.d. from n = 9 values obtained from bootstrap-resampling of 
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independent triplicates. Depletion of procaspase-8 significantly reduced FRET probe 

cleavage (p<0.05, U-test). Experiment was repeated with similar results. (F) 

Procaspase-8 depletion by siRNA delivery impairs DEVDase activation in HeLa Bcl-

2 cells after exposure to bortezomib. After depletion of procaspase-3 or -8 cells were 

analysed for DEVDase activation by time lapse FRET imaging. Scrambled siRNA 

was transfected in control cells. Procaspase-8 depletion resulted in significantly less 

cells displaying DEVDase activity. Data are from n = 27 (scr), 27 (procaspase-3) and 

40 (procaspase-8) cells from 3 – 4 independent experiments per group. (G) Depletion 

of procaspase-8 reduced caspase-3 processing as evidenced by a lower conversion of 

procaspase-3 into p20/p19 subunits. HeLa Bcl-2 cells were treated with 100 nM 

bortezomib for 48 hrs. α-tubulin served as loading control. (H) Cell death in response 

to 100 nM bortezomib was determined by propidium iodide staining. Depletion of 

procaspase-8 significantly reduced cell death. siRNA transfection preceded drug 

addition by 24 h to provide efficient target depletion 24 h subsequent to bortezomib 

addition (see Supplemental Fig.8). Data are shown as means +/- s.d., asterisks indicate 

significant differences (p<0.05, Student's t-test). (I) Depletion of FADD by siRNA 

transfection. As in (D), HeLa-Bcl-2 cells were analysed for FADD expression at the 

indicated times following siRNA transfection. (J) As in (E), HeLa Bcl-2 cells 

depleted of FADD expression with 100 nM FADD siRNA were analysed for DEVD 

FRET probe cleavage by flow cytometry following treatment with 100 nM 

bortezomib. siRNA transfection preceded drug addition by 24 h to provide efficient 

target depletion 24 h subsequent to bortezomib addition (see Supplemental Fig.8). 

Bars display changes in FRET substrate cleavage [%] above untreated controls. Data 

represent mean + s.d. from n = 9 values obtained from bootstrap-resampling of 
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independent triplicates. Depletion of FADD significantly reduced FRET probe 

cleavage (p<0.05, U-test). Experiment was repeated with similar results.  

 

Fig.6: Apical caspase-8 activation in response to proteasome inhibition is 

independent of death receptor ligands. 

(A) Neutralisation of the extrinsic pathway in parental HeLa cells. 2 h pre-treatment 

with 5 μg/ml TRAIL-R1:Fc + 5 μg/ml TRAIL-R2:Fc, 5 μg/ml TNF-R1:Fc or 

10 μg/ml Fas:Fc antibodies, respectively, completely abolished extrinsically induced 

caspase-3 processing. Cells were treated for 6 h with 10 ng/ml TRAIL plus 1 μg/ml 

CHX or 100 ng/ml FasL plus 1 μg/ml CHX or for 8 h with 100 ng/ml TNF-α plus 1 

μg/ml CHX. α-tubulin served as loading control. (B) Inhibition of death receptors did 

not diminish submaximal procaspase-3 processing in response to proteasome 

inhibition in HeLa-Bcl-2 cells. Cells were pre-treated as in (A), and subsequently 

exposed to 100 nM bortezomib for 32 h or 48 h. α-tubulin served as loading control. 

(C) Procaspase-8 and -3 processing was investigated when using a combination of all 

neutralizing antibodies. β-actin served as loading control. 

 

Fig.7: Autophagy strongly contributes to caspase-8 processing in response to 

proteasome inhibition. 

(A) Whole cell extracts of HeLa Bcl-2 cells treated with 100 nM bortezomib for 32 h 

in presence or absence of inhibitors of lysosomal proteases were probed for LC3 and 

p62. Asterisk indicates an unspecific band. β-actin served as loading control. (B) 

Whole cell extracts of HeLa Bcl-2 cells treated with 100 nM bortezomib for the 

indicated times were probed for the accumulation of p62, FADD or RIPK1. Porin 

served as loading control. (C) HeLa Bcl-2 cells expressing an mCherry-GFP-LC3 
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fusion protein were analysed for the induction of autophagy subsequent to addition of 

100 nM bortezomib by confocal microscopy. GFP punctae represent autophagosomes, 

mCherry punctae represent both autophagosomes and autolysosomes. (D) Procaspase-

8 processing and LC3 accumulation and conversion was analysed in HeLa Bcl-2 cells 

treated with 5 mM 3-MA, 10 µM necrostatin, 50 nM botezomib or combinations 

thereof for 32 h. 3-MA significantly reduced bortezomib-induced procaspase-8 

processing and LC3-I to LC3-II conversion. β-actin served as loading control. (E) 

Cell death of HeLa Bcl-2 cells in response to treatments as in (D) was determined by 

propidium iodide staining. Data are shown as means +/- s.d from n=3 parallel 

independent cultures. Asterisk indicates significant difference (p<0.05, Student's t-

test). Experiment was repeated with similar results. (F) Atg5 depletion blocks 

procaspase-8 processing. Atg5 was depleted in HeLa Bcl-2 cells using shRNA 

transfection. 48 h subsequent to transfection cells were exposed to 50 nM bortezomib 

for 40 h. Whole cell lysates were analysed for the amount of Atg12-Atg5 conjugates, 

LC3-I accumulation and conversion to LC3-II, and procaspase-8 processing. β-actin 

served as loading control. (G) Cell death of HeLa Bcl-2 cells in response to treatments 

as in (F) was determined by propidium iodide staining. Data are shown as means +/- 

s.d from n=3 parallel independent cultures. Asterisk indicates significant difference 

(p<0.05, Student's t-test). All experiments were repeated at least once and similar 

results were obtained. 

 

Fig.8: XIAP depletion and Smac-derived XIAP antagonising peptides enhance 

proteasome inhibitor-induced DEVDase activation and apoptosis in Bcl-2 

overexpressing cells.  
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(A) Depletion of XIAP by siRNA transfection. HeLa-Bcl-2 cells were analysed for 

XIAP expression at the indicated times following siRNA transfection. Asterisk 

indicates an unspecific band. β-actin served as loading control. A scrambled siRNA 

(scr) was transfected in control cells. (B) HeLa Bcl-2 cells depleted of XIAP 

expression were analysed for DEVD FRET probe cleavage by flow cytometry 

following treatment with 100 nM bortezomib. siRNA transfection preceded drug 

addition by 24 h to provide efficient target depletion 24 h subsequent to bortezomib 

addition (see Supplemental Fig.8). Depletion of XIAP significantly enhanced FRET 

probe cleavage. Data represent mean + s.d. from n = 9 values obtained from 

bootstrap-resampling of independent treatment and control triplicates. Experiment 

was repeated with similar results. (C) Cell death in response to 100 nM bortezomib 

was determined by propidium iodide staining. Depletion of XIAP significantly 

enhanced cell death following treatment of HeLa Bcl-2 cells with 100 nM bortezomib. 

Data are shown as means +/- s.d., asterisks indicate significant differences (p<0.05, 

Student's t-test). (D) Smac-derived XIAP antagonising AVPIA peptides enhance 

apoptosis execution in response to proteasome inhibition in HeLa Bcl-2 cells. 

Apoptotic cell death was measured by flow cytometry using AnnexinV-FITC and 

propidium iodide staining. Mild responses were detected following proteasome 

inhibition by bortezomib (100 nM, 32 h). Addition of AVPIA peptide (100 µM) 

significantly enhanced cell death. Untreated cells or cells receiving only AVPIA 

peptide did not undergo apoptosis execution. Experiment was repeated with similar 

results. (E) As in (D) H460 cells overexpressing Bcl-2 were exposed to bortezomib, 

AVPIA peptide or both. Co-treatment strongly enhanced cell death following 32 h of 

treatment. Experiment was repeated with similar results. 
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