
A Bak-dependent mitochondrial amplification step
contributes to Smac mimetic/glucocorticoid-induced
necroptosis
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Necroptosis is a form of programmed cell death that critically depends on RIP3 and MLKL. However, the contribution of
mitochondria to necroptosis is still poorly understood. In the present study, we discovered that mitochondrial perturbations play a
critical role in Smac mimetic/Dexamethasone (Dexa)-induced necroptosis independently of death receptor ligands. We
demonstrate that the Smac mimetic BV6 and Dexa cooperate to trigger necroptotic cell death in acute lymphoblastic leukemia
(ALL) cells that are deficient in caspase activation due to absent caspase-8 expression or pharmacological inhibition by the
caspase inhibitor zVAD.fmk, since genetic silencing or pharmacological inhibition of RIP3 or MLKL significantly rescue BV6/Dexa-
induced necroptosis. In addition, RIP3 or MLKL knockout mouse embryonic fibroblasts (MEFs) are protected from BV6/Dexa/zVAD.
fmk-induced cell death. In contrast, antagonistic antibodies against the death receptor ligands TNFα, TRAIL or CD95 ligand fail to
rescue BV6/Dexa-triggered cell death. Kinetic studies revealed that prior to cell death BV6/Dexa treatment causes hyper-
polarization of the mitochondrial membrane potential (MMP) followed by loss of MMP, reactive oxygen species (ROS) production,
Bak activation and disruption of mitochondrial respiration. Importantly, knockdown of Bak significantly reduces BV6/Dexa-induced
loss of MMP and delays cell death, but not ROS production, whereas ROS scavengers attenuate Bak activation, indicating that ROS
production occurs upstream of BV6/Dexa-mediated Bak activation. Consistently, BV6/Dexa treatment causes oxidative thiol
modifications of Bak protein. Intriguingly, knockdown or knockout of RIP3 or MLKL protect ALL cells or MEFs from BV6/Dexa-
induced ROS production, Bak activation, drop of MMP and disruption of mitochondrial respiration, demonstrating that these
mitochondrial events depend on RIP3 and MLKL. Thus, mitochondria might serve as an amplification step in BV6/Dexa-induced
necroptosis. These findings provide new insights into the role of mitochondrial dysfunctions during necroptosis and have
important implications for the development of novel treatment approaches to overcome apoptosis resistance in ALL.
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Apoptosis is one of the best characterized forms of regulated
cell death which is typically characterized by the activation of
caspases as cell death effector molecules.1 Besides apopto-
sis, necroptosis has recently been identified as another form of
programmed cell death, which involves the activation of the
serine/threonine kinases Receptor-Interacting Protein (RIP)1
and RIP3 and the pseudokinase mixed lineage kinase
domain-like (MLKL) as key signaling molecules.2–7 Tumor
necrosis factor-α (TNFα)-mediated necroptosis represents a
prototypic signaling pathway to necroptotic cell death that
leads to the formation of a RIP1-RIP3-containing protein
complex, referred to as the necrosome.8 Necrosome formation

activates MLKL by RIP3-mediated phosphorylation, which
induces MLKL oligomerization and its translocation to lipid
membranes including the plasma membrane, where MLKL
disrupts membrane integrity by pore formation leading to
necroptotic cell death.9,10 Caspase-8-mediated cleavage of
RIP1 inhibits necroptosis,11 implying that inhibition of
caspase-8 facilitates the induction of necroptosis. Although
mitochondria have been implicated in necroptosis in a number
of cellular systems, there is also evidence showing that
mitochondria may be dispensable,12,13 suggesting that
mitochondrial contribution to necroptosis may depend on the
context.
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Antiapoptotic proteins like Inhibitor of Apoptosis (IAP)
proteins block programmed cell death.14 X-linked IAP (XIAP)
inhibits apoptosis predominately by blocking caspase activa-
tion, whereas cellular IAP (cIAP) 1 and cIAP2 proteins that
harbor a really interesting new gene (RING) domain with E3
ubiquitin ligase activity promote K63-linked polyubiquitination
of RIP1, leading to nuclear factor kappaB (NF-κB) activation
and inhibition of cell death signaling.14 IAP proteins are
expressed at aberrantly high levels in various cancers, which
has been associated with poor outcome and treatment

resistance.14 Treatment failure in relapsed or high-risk ALL,
the most common pediatric malignancy, is associated with an
unfavorable prognosis for long-term survival15,16 and is often
due to impaired cell death pathways in ALL cells, as the
antileukemic activity of cytotoxic therapies critically depends
on the ability of ALL cells to undergo programmed cell
death.17,18

To antagonize IAP proteins, small-molecule inhibitors such
as Smac mimetics have been developed in recent years that
neutralize XIAP and trigger autoubiquitination and
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Figure 1 BV6/Dexa cotreatment induces non-apoptotic cell death in apoptosis-resistant ALL cells. (a) ALL cells were treated for 24 h with BV6 and/or 200 μM Dexa in the
presence or absence of 20 μM zVAD.fmk (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6; KOPN-8;11: 1 μM BV6; Reh: 300 nM BV6). Cell death was determined by FSC/SSC analysis
and flow cytometry. Mean and S.D. of at least three experiments performed in triplicate are shown; *Po0.05; NS, not significant. (b) Protein levels of RIP3, MLKL and caspase-8
were assessed by western blotting, β-Actin served as loading control, asterisk indicates unspecific band. (c) Cells were treated for 18 h (Tanoue) or 12 h (Jurkat) with BV6
(Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and 200 μM Dexa in the presence or absence of 20 μM zVAD.fmk. Treatment of Tanoue cells with the HDAC inhibitor JNJ-26485815
served as positive control (PC). Cell death was determined by Annexin-V/PI staining and Annexin-V- and/or PI-positive or -negative cells are shown (A, Annexin-V; P, PI). Mean
and S.D. of at least three experiments performed in triplicate are shown. (d) Cells were treated for 24 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and/or 200 μM Dexa in
the presence or absence of 20 μM zVAD.fmk. Apoptosis was determined by quantification of DNA fragmentation of PI-stained nuclei using flow cytometry. Mean and S.D. of at
least three experiments performed in triplicate are shown; *Po0.05
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proteasomal degradation of cIAP proteins.19 This leads to
activation of non-canonical NF-κB signaling, upregulation of
NF-κB target genes such TNFα and TNFα-mediated cell death
in the presence of Smac mimetics.20–22 When caspase-8
activity is inhibited, Smac mimetic-stimulated depletion of
cIAP protein promotes the formation of the necrosome
complex.8

We previously reported that the Smac mimetic BV6
sensitizes ALL cells in vitro and in vivo for glucocorticoid-
induced apoptosis.23 However, it is currently unknownwhether
the antileukemic activity of this Smac mimetic/glucocorticoid
combination treatment is limited by defects in apoptosis
pathways. In the present study, we therefore investigated the
question as to whether or not BV6/Dexa cotreatment can
engage non-apoptotic cell death in apoptosis-resistant ALL
cells and, if so, which molecular mechanisms are involved.

Results

BV6/Dexa cotreatment induces non-apoptotic cell death
in apoptosis-resistant ALL cells. We previously reported
that Smac mimetics synergize with glucocorticoids to induce
apoptosis in preclinical in vitro and in vivo models of ALL.23

To investigate whether this combination treatment can trigger
non-apoptotic cell death in apoptosis-resistant ALL cells, we
tested the effects of the Smac mimetic BV6 in combination
with Dexa in the presence and absence of the broad-range
caspase inhibitor zVAD.fmk. Of note, the addition of zVAD.
fmk failed to protect three of the four tested ALL cell lines (i.e.,

Tanoue, Jurkat, KOPN-8;11) from cell death by BV6/Dexa
cotreatment, whereas zVAD.fmk significantly reduced
BV6/Dexa-induced cell death in Reh cells (Figure 1a).
Interestingly, the analysis of key components of necroptosis
and apoptosis signaling revealed RIP3 and MLKL expression
in those three cell lines (i.e., Tanoue, Jurkat and KOPN-8;11)
that underwent non-apoptotic cell death upon treatment with
BV6/Dexa in the presence of zVAD.fmk, whereas Reh cells
that were resistant to BV6/Dexa/zVAD.fmk-induced cell death
lack RIP3 protein expression (Figure 1b, compare Figure 1a).
Also, we discovered that Tanoue cells constitutively lack
protein expression of caspase-8 (Figure 1b), and BV6/Dexa
treatment did not increase caspase-8 expression in these
cells (Supplementary Figure 1A).
To assess apoptotic and non-apoptotic cell death, we

simultaneously monitored phosphatidylserine exposure on
the plasma membrane by Annexin-V in parallel with propidium
iodide (PI)-staining. In Tanoue cells, BV6/Dexa predominately
caused a significant increase in Annexin-V/PI double-positive
cells even in the absence of zVAD.fmk (Figure 1c), indicating
that this combination triggers non-apoptotic cell death in the
absence of zVAD.fmk, which is consistent with lack of
caspase-8 expression in Tanoue cells (Figure 1b). Treatment
with the histone deacetylase (HDAC) inhibitor JNJ-26485815
was used as positive control for apoptotic cell death
(Figure 1c). In Jurkat cells, the addition of zVAD.fmk to BV6/
Dexa-treated cells enhanced the percentage of Annexin-V/PI
double-positive cells in parallel with a reduction in Annexin-V
single-positive cells (Figure 1c). This points to a switch from
apoptotic to necroptotic cell death in the presence of zVAD.
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fmk. Control experiments confirmed very low or absent
caspase-3/7 activity upon BV6/Dexa cotreatment
(Supplementary Figure 1B); stimulation with TNFα and BV6
served as a positive control. Further, we analyzed DNA
fragmentation as another typical feature of apoptotic cell
death. BV6/Dexa cotreatment caused only a minor increase in
DNA fragmentation in the absence of zVAD.fmk in Tanoue
cells (Figure 1d, Supplementary Figure 1C), emphasizing that
these cells undergo non-apoptotic cell death in the absence of
zVAD.fmk, whereas zVAD.fmk abolished BV6/Dexa-induced
DNA fragmentation in Jurkat cells (Figure 1d, Supplementary
Figure 1D).
Altogether, this set of experiments demonstrates that

BV6/Dexa cotreatment induces non-apoptotic cell death when
caspases are inhibited (i.e., owing to the absence of caspase-
8 expression or zVAD.fmk). We selected caspase-8-deficient

Tanoue cells as a genetic model and zVAD.fmk-treated Jurkat
cells as a pharmacological model for subsequent studies to
investigate the molecular mechanisms of BV6/Dexa-induced
non-apoptotic cell death.

BV6/Dexa-induced cell death upon caspase inhibition
depends on RIP3 and MLKL. Caspase inhibition has
previously been reported to cause a switch from apoptotic
to necroptotic cell death. As the RIP1/RIP3 necrosome
complex represents a central signaling platform in necropto-
sis, we examined whether BV6/Dexa combination treatment
induces the assembly of the necrosome upon caspase
inhibition. Indeed, we found an increased interaction of
RIP1 and RIP3 upon BV6/Dexa cotreatment (Figure 2a),
whereas BV6 or Dexa alone were unable to trigger
necrosome formation (Supplementary Figure 2A). To
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Figure 2 BV6/Dexa-induced cell death upon caspase inhibition depends on RIP3 and MLKL. (a) Cells were treated for 6 h with BV6 (Tanoue: 3 μM; Jurkat: 5 μM), 200 μM
Dexa and 20 μM zVAD.fmk. RIP3 was immunoprecipitated using anti-RIP3 antibody and detection of indicated proteins was carried out by Western blotting. β-Actin served as
loading control. (b–e) ALL cells were transiently transfected with two distinct siRNAs targeting RIP3 (b and c) or MLKL (d and e) or control siRNA. Protein expression of RIP3 (b)
or MLKL (d) was analyzed by western blotting, β-Actin served as loading control. Cells were treated for 24 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and/or 200 μM
Dexa, Jurkat cells were additionally treated with 20 μM zVAD.fmk (c and e). Cell death was determined by FSC/SSC analysis and flow cytometry. Mean and S.D. of three
independent experiments performed in triplicate are shown; *, Po0.05. (f and g) RIP3− /− or MLKL− /− knockout MEFs were assessed for protein levels of RIP3 (f) or MLKL (g)
by western blotting in, β-Actin served as loading control. (h and i) RIP3− /− (h) or MLKL− /− (i) knockout MEFs were treated for 24 h with 5 μM BV6 and/or 200 μM Dexa in the
presence of 20 μM zVAD.fmk and cell death was determined by quantification of PI-positive cells using ImageXpress Micro XLS system. Mean and S.D. of three independent
experiments performed in triplicate are shown; *Po0.05
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determine whether ALL cells die via necroptosis, we inhibited
key elements of the necroptotic pathway. Importantly, genetic
silencing of RIP3 or MLKL by the use of two independent
siRNA sequences significantly protected ALL cells from BV6/
Dexa-induced cell death (Figures 2b–e). Similarly, pharma-
cological inhibition of RIP3 by dabrafenib or MLKL by
necrosulfonamide (NSA) significantly reduced BV6/Dexa-
induced cell death (Supplementary Figures 2B and C). To
confirm RIP3 and MLKL as critical mediators of BV6/Dexa-
induced cell death, we also used RIP3 or MLKL knockout
MEFs. Consistent with our data obtained in ALL cells, BV6/
Dexa-induced cell death in the presence of zVAD.fmk was
significantly decreased in RIP3- or MLKL-deficient MEFs

(Figures 2f–i). The protective effect in RIP3- or MLKL-
deficient MEFs was comparable for BV6/Dexa/zVAD.fmk-
and BV6/TNFα/zVAD.fmk-mediated cell death that was used
as a well-characterized necroptotic stimulus (Supplementary
Figures 2D and E). Furthermore, BV6/Dexa cotreatment
caused increased phosphorylation of MLKL when caspase
activation was blocked (Supplementary Figure 2F). Alto-
gether, this set of experiments confirms that BV6/Dexa
cotreatment induces necroptotic cell death when caspase
activation is blocked.

Death receptor ligands are dispensable for BV6/Dexa-
induced necroptosis. As autocrine/paracrine signaling via
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death receptors and their ligands has been implicated in
Smac mimetic-induced necroptosis,24 we investigated the
requirement of death receptor ligands by using antagonistic
antibodies to prevent ligand-receptor interaction. However, the
TNFα-blocking antibody Enbrel failed to protect cells from BV6/
Dexa-induced cell death, whereas Enbrel inhibited TNFα⧸
BV6-induced cell death that was used as positive control
(Supplementary Figures 3A and B). Similarly, tumor-necrosis-
factor-related apoptosis-inducing ligand (TRAIL)- or CD95

ligand-blocking antibodies did not rescue cells from BV6/
Dexa-induced necroptosis, although they blocked TRAIL- or
CD95 ligand-mediated cell death (Supplementary Figures
3C–F). These results demonstrate that BV6/Dexa-induced
necroptosis occurs independently of death receptor ligands.

BV6/Dexa cotreatment stimulates mitochondrial pertur-
bations prior to cell death. Since we found death receptor
ligands to be dispensable, we then asked whether
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and respiration after addition of indicated concentrations of oligomycin or FCCP). Mean and S.D. of three independent experiments are shown
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mitochondrial events contribute to BV6/Dexa-induced necrop-
tosis. To address this question, we monitored in parallel the
kinetics of cell death and changes in mitochondrial functions.
Interestingly, well before the onset of cell death that started
around 8–12 h (Figure 3a), BV6/Dexa treatment significantly
increased the percentage of cells with hyperpolarization of the
MMP at very early time points up to 3 h (Figure 3b), followed
by a significant loss of MMP (Figure 3c). Also, we observed a
significant increase in ROS production in viable cells before
they succumb to cell death using the fluorescent dye
CellROX, which primarily detects superoxide radicals
(Figure 3d). Similar results were obtained using MitoSOX, a
fluorescent probe that selectively detects mitochondrial

superoxide25 (Figure 3e). Furthermore, BV6/Dexa treatment
profoundly suppressed mitochondrial respiration in viable
cells that neither responded to the complex V inhibitor
oligomycin thereby indicating the percentage of oxygen
consumption that is utilized for ATP production nor to the
uncoupler FCCP that reveals the maximal respiratory capacity
of cells (Figure 3f). Altogether, this set of experiments shows
that BV6/Dexa treatment perturbs mitochondrial functions
during necroptosis prior to the occurrence of cell death.

BV6/Dexa-induced loss of MMP and Bak activation
contributes to the kinetics of cell death. As Bax and Bak
are known as critical regulators of mitochondrial events
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during cell death,26 we next investigated whether they are
activated during BV6/Dexa-induced necroptosis. As Tanoue
and Jurkat cells express no or only small amounts of Bax

(Supplementary Figure 4A), we focused our studies on Bak.
Interestingly, we found that Dexa and BV6 acted together to
stimulate Bak activation in both ALL cell lines (Figure 4a).

0

10

20

30

40

lo
ss

 o
f M

M
P

 (%
)

siCtrl
siBak #1
siBak #2

Tanoue

24 kDa Bak

β-Actin 42 kDa 

0

20

40

60

80

ce
ll 

de
at

h 
(%

)

siCtrl
siBak #1
siBak #2

*

*

Bakactive

Bak

β-Actin 42 kDa 

24 kDa 

24 kDa 

Jurkat

Bakactive

Bak

β-Actin 42 kDa 

24 kDa 

24 kDa 

+zVAD.fmk

24 kDa Bak

β-Actin 42 kDa 

0

20

40

60

80

ce
ll 

de
at

h 
(%

)

siCtrl
siBak #1
siBak #2

*
+zVAD.fmk

0

10

20

30

40

Ctrl Dexa+BV6 Ctrl Dexa+BV6

lo
ss

 o
f M

M
P

 (%
)

siCtrl
siBak #1
siBak #2

*
+zVAD.fmk

0

1

2

3

4

R
O

S
 p

ro
du

ct
io

n
(fo

ld
 in

cr
ea

se
) 

siCtrl
siBak #1
siBak #2

ns

0

1

2

3

Ctrl Dexa+BV6 Ctrl Dexa+BV6

R
O

S
 p

ro
du

ct
io

n
(fo

ld
 in

cr
ea

se
) 

siCtrl
siBak #1
siBak #2

ns
+zVAD.fmk

Mitochondria in Smac mimetic/glucocorticoid-induced necroptosis
K Rohde et al

90

Cell Death and Differentiation



Monitoring of pro- and antiapoptotic Bcl-2 proteins showed
that BV6/Dexa-induced Bak activation was not accompanied
by altered expression levels of Bcl-2, Bcl-xL, Mcl-1 or
Bim (Supplementary Figure 4B). To test the functional
relevance of Bak, we silenced it using two independent
siRNA sequences. Importantly, Bak knockdown significantly
reduced BV6/Dexa-mediated necroptosis in a time-
dependent manner, which was lost upon prolonged treatment
(Figures 4b and c, Supplementary Figure 4C). Also, Bak
silencing significantly decreased BV6/Dexa-stimulated loss of
MMP (Figure 4d), whereas it did not protect from ROS
production (Figure 4e). To investigate whether Bak depen-
dency is specific for ALL we extended our study to additional
cancer cell types. Bak knockdown significantly reduced
BV6/Dexa-mediated cell death also in acute myeloid
leukemia and colon carcinoma cells (Supplementary
Figures 4D and E). These findings show that Bak contributes
to the kinetics of BV6/Dexa-induced loss of MMP and
necroptotic cell death.

ROS production is required for BV6/Dexa-induced Bak
activation, loss of MMP and cell death. Our findings
showing that BV6/Dexa-induced ROS production is not
altered in Bak knockdown cells (Figure 4e) indicate that
Bak is dispensable for ROS production. To investigate
whether ROS production is required for Bak activation, we
monitored Bak activation in the presence of ROS scavengers
using MnTBAP, a cell-permeable superoxide dismutase
(SOD) mimetic and peroxynitrite scavenger,27 or α-Toco-
pherol, a vitamin E derivative. Interestingly, the addition of
MnTBAP or α-Tocopherol, which both significantly decreased
ROS production (Supplementary Figure 5A), attenuated BV6/
Dexa-stimulated Bak activation (Figure 5a). This indicates
that Bak activation upon BV6/Dexa treatment occurs in a
ROS-dependent manner. Therefore, we next asked whether
Bak undergoes oxidative modifications in response to BV6/
Dexa treatment. To address this question, we monitored
oxidative thiol modifications of Bak protein using the BIAM
switch assay. Intriguingly, BV6/Dexa cotreatment caused a
substantial increase in oxidized Bak compared to untreated
control cells (Figure 5b). Treatment with auranofin, an
inhibitor of thioredoxin reductase, was used as a positive
control for oxidative stress-stimulated thiol modifications
(Figure 5b). Peroxiredoxin 3 (Prx3) as a marker for elevated
ROS production exhibited increased levels of thiol oxidation
upon both treatments (Figure 5b). In addition to attenuate Bak
activation, MnTBAP or α-Tocopherol significantly reduced
BV6/Dexa-induced loss of MMP and cell death (Figures 5c

and d). This set of experiments indicates that ROS production
is required for Bak activation, loss of MMP and cell death
during BV6/Dexa-induced necroptosis.

RIP3 and MLKL are required for Bak activation and
mitochondrial perturbations during BV6/Dexa-induced
necroptosis. We next investigated whether mitochondrial
events during BV6/Dexa-induced necroptosis are linked to
the core necroptotic signaling machinery such as RIP3 and
MLKL. Importantly, knockdown of RIP3 or MLKL prevented
BV6/Dexa-stimulated Bak activation in apoptosis-resistant
ALL cells (Figure 6a). Similarly, RIP3 or MLKL deficiency
inhibited Bax activation upon BV6/Dexa treatment in MEFs
(Figure 6b). Also, knockdown or deletion of RIP3 or MLKL
protected ALL cells and MEFs from BV6/Dexa-triggered loss
of MMP, ROS production and impairment of mitochondrial
respiration (Figures 6c–h, Supplementary Figure 6). In
summary, these results demonstrate that RIP3 and MLKL
are required for Bak activation and mitochondrial perturba-
tions during BV6/Dexa-induced necroptosis.

Discussion

As necroptosis has only recently been identified as a form of
programmed cell death, the underlying signaling pathways
have not yet fully been understood. In the present study, we
discovered that independently of death receptor ligand
signaling, mitochondrial perturbations have a critical role in a
model of necroptosis induced by cotreatment with the Smac
mimetic BV6 and the glucocorticoid Dexa, a combination that
has not yet been described before to induce necroptosis. We
established that BV6/Dexa triggers necroptotic cell death,
when caspase activation is blocked either due to lack of
caspase-8 expression or due to pharmacological inhibition by
zVAD.fmk, as genetic silencing or pharmacological inhibition
of RIP3 or MLKL protect ALL cells from BV6/Dexa-induced
necroptosis. The general relevance of this necroptoticmodel is
underscored by the fact that BV6/Dexa/zVAD.fmk-triggered
necroptosis is similarly impaired in RIP3 or MLKL
knockout MEFs.

Mitochondria amplify BV6/Dexa-induced necroptosis.
Several lines of experimental evidence emphasize the
important role of mitochondrial dysfunctions during BV6/
Dexa-induced necroptosis independently of signaling via
death receptor ligands. First, our kinetic studies revealed
that well before cells undergo cell death BV6/Dexa treat-
ment causes mitochondrial dysfunctions including hyper-

Figure 4 BV6/Dexa-induced loss of MMP and cell death depend on Bak. (a) Cells were treated for 6 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and/or 200 μM Dexa,
Jurkat cells were additionally treated with 20 μM zVAD.fmk. Bak activation was determined by IP using an active conformation-specific antibody. Protein expression of Bak was
analyzed by western blotting. β-Actin served as loading control. (b) ALL cells were transiently transfected with two distinct siRNAs targeting Bak or control siRNA. Protein
expression of Bak was analyzed by western blotting. β-Actin served as loading control. (c) Cells were treated for 24 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and/or
200 μM Dexa, Jurkat cells were additionally treated with 20 μM zVAD.fmk. Cell death was determined by FSC/SSC analysis and flow cytometry. Mean and S.D. of at least three
independent experiments performed in triplicate are shown; *Po0.05. (d) Cells were treated for 6 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and 200 μM Dexa, Jurkat
cells were additionally treated with 20 μM zVAD.fmk. Loss of MMP was determined by TMRM staining and flow cytometry. Mean and S.D. of three independent experiments
performed in triplicate are shown; *Po0.05. (e) Cells were treated for 4 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and/or 200 μM Dexa, Jurkat cells were additionally
treated with 20 μM zVAD.fmk. ROS production was determined by CellROX staining and flow cytometry. Mean and S.D. of three independent experiments performed in triplicate
are shown; NS, not significant
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polarization of the MMP followed by loss of MMP, ROS
production, Bak activation and disruption of mitochondrial
respiration, indicating that these mitochondrial events con-
tribute to the induction of necroptotic cell death.
Second, we identified Bak as a key regulator that is

activated during BV6/Dexa-induced necroptosis and required
for the kinetics of necroptotic cell death, as knockdown of Bak

significantly delays the kinetics of BV6/Dexa-induced cell
death. Bak activation likely occurs downstream of ROS
production, as ROS scavengers attenuate BV6/Dexa-stimu-
lated Bak activation, whereas Bak silencing fails to protect
cells from BV6/Dexa-stimulated ROS production. In addition,
we identified oxidative thiol modifications of Bak protein upon
treatment with BV6/Dexa, emphasizing that ROS production
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contributes to Bak activation. ROS production and Bak
activation likely promote the dissipation of MMP, as Bak
knockdown or ROS scavengers decrease loss of MMP by
BV6/Dexa.
Third, BV6/Dexa-stimulated ROS generation promotes

necroptotic signaling and cell death, as neutralization of
ROS by different ROS scavengers attenuates Bak activation,
loss of MMP and cell death.
Fourth, all these mitochondrial alterations occur in a RIP3-

and MLKL-dependent manner, since genetic knockdown of
RIP3 or MLKL in ALL cells or knockout of RIP3 or MLKL in
MEFs reduce BV6/Dexa-mediated ROS production, Bak
activation, loss of MMP and disruption of mitochondrial
respiration.
Fifth, mitochondrial perturbations occur independently of

death receptor ligand signaling, since antagonistic antibodies
against the death receptor ligands TNFα, TRAIL or CD95
ligand fail to rescue BV6/Dexa-triggered cell death. Altogether,
these lines of evidence indicate that mitochondrial alterations
are linked to the core necroptotic signaling components RIP3
and MLKL during BV6/Dexa-induced necroptosis and may
serve as an amplification step.

Bak as a critical regulator of BV6/Dexa-induced necrop-
tosis. Although pro-death proteins of the Bcl-2 family such
as Bax and Bak are well known to regulate the mitochondrial
pathway of apoptosis,26 their role during necroptosis is as yet
poorly understood. Elimination of both Bax and Bak or,
alternatively, Bak alone has been reported to protect cells
from inflammation-induced necroptosis triggered by TNFα/
cycloheximide/zVAD.fmk.28–30 By comparison, in the present
study, we show that BV6/Dexa-induced necroptosis occurs
independently of TNFα or other death receptor ligands,
suggesting that the multidomain Bcl-2 family proteins Bax
and Bak may have a general role in the regulation of
necroptosis in response to different stimuli. During necrotic
cell death, Bax and Bak as outer membrane components
have been shown to promote mitochondrial swelling and
rupture upon opening of the mitochondrial permeability
transition pore (MPTP) by facilitating outer membrane
permeability.31 Opening of the MPTP, a channel in the inner
mitochondrial membrane that is composed of cyclophilin D,
ANT, VDAC, results in the dissipation of the MMP, disruption
of mitochondrial respiration, further ROS production, and
ultimately mitochondrial swelling and rupture.32

Although in the present study we identified Bak as a key
regulator of BV6/Dexa-induced necroptosis, Bax may have a
role in other cell types, as the ALL cell lines that we used here
harbor very low levels of Bax protein. For example, stable

overexpression of an oligomerization-deadmutant form of Bax
has been found to inhibit TNFα/zVAD.fmk-induced necroptosis
in MEFs.30 Also, other mitochondrial proteins such as
cyclophilin Dmay be involved, as MEFs deficient in cyclophilin
D have been shown to be resistant to TNFα-induced
necroptosis.2,30

ROS contribute to necroptotic signaling and cell death.
ROS generation has been implicated in contributing to
necroptosis, although the source(s) and roles of ROS remain
largely elusive.12,13 Our data suggest that ROS production
during BV6/Dexa-induced necroptosis may occur, at least in
part, in the mitochondria, as ROS production is detected by
MitoSOX, a mitochondrial superoxide selective probe, and
since ROS scavengers that can neutralize mitochondrial
ROS provide protection from BV6/Dexa-induced cell death.
Oxidative stress has been implicated in promoting dimeriza-
tion of multidomain Bcl-2 proteins such as Bax and its
translocation to mitochondria.33 In line with the notion that
ROS accumulation contributes to Bak activation, in the
present study we identified thiol modifications of Bak protein
at the onset of BV6/Dexa-mediated necroptosis and show
that Bak activation occurs in a ROS-dependent manner.
Furthermore, excessive ROS generation has been implied in
facilitating the opening of the MPTP, which results in the
dissipation of MMP and, ultimately, in the disruption of
mitochondrial functions.32 Consistently, we show in the
present study that ROS scavengers rescue cells from BV6/
Dexa-induced drop of MMP. We previously demonstrated that
ROS promote the stabilization of the RIP1/RIP3 necrosome
during BV6/TNFα-induced necroptosis, thereby initiating a
positive-feedback amplification loop.34 The requirement
of ROS generation for necroptotic cell death has also
been demonstrated in other prototypic models of necroptosis,
that is, TNFα-mediated necroptosis in L929 cells or
monocytes.35,36

Although these studies underline that ROS contribute to
necroptosis induced by various stimuli, other studies have
argued that mitochondrial ROS are dispensable for necropto-
tic cell death. For example, it has been reported that Parkin-
induced mitochondrial depletion prevents TNFα-induced ROS
production, but not necroptotic cell death.37 Altogether, these
data suggest that the requirement of ROS and mitochondria
for necroptosis may depend on the cellular context.

Mitochondrial dysfunctions occurred downstream of
RIP3 and MLKL. Our study indicates that mitochondrial
dysfunctions may serve as an amplification step during BV6/
Dexa-mediated necroptosis that is linked to the core

Figure 5 ROS production is required for BV6/Dexa-induced Bak activation, loss of MMP and cell death. (a) Cells were treated for 6 h with BV6 (Tanoue: 3 μM BV6; Jurkat:
5 μM BV6) and 200 μM Dexa in the presence or absence of 100 μM MnTBAP or 100 μM α-Tocopherol, Jurkat cells were additionally treated with 20 μM zVAD.fmk. Bak
activation was determined by immunoprecipitation using an active conformation-specific antibody. Protein expression of Bak was analyzed by western blotting. β-Actin served as
loading control. (b) Tanoue cells were treated for 4 h with 3 μM BV6 and 200 μM Dexa, treatment with 2 μM auranofin for 40 min served as positive control for ROS-mediated
oxidative modifications. Oxidative thiol modifications of Bak (oxidized) were analyzed by BIAM switch assay. Oxidized Prx3 served as marker for oxidative stress. Total protein
levels of Bak and Prx3 remained unchanged upon treatment. (c) Cells were treated for 24 h with BV6 (Tanoue: 3 μM BV6; Jurkat: 5 μM BV6) and/or 200 μMDexa in the presence
or absence of 100 μMMnTBAP or 100 μM α- Tocopherol, Jurkat cells were additionally treated with 20 μM zVAD.fmk. Cell death was determined by FSC/SSC analysis and flow
cytometry. Mean and S.D. of three independent experiments performed in triplicate are shown; *Po0.05. (d) Cells were treated for 8 h with BV6 and 200 μMDexa (Tanoue: 3 μM
BV6; Jurkat: 5 μM BV6) in the presence or absence of 100 μM MnTBAP or 100 μM α-Tocopherol, Jurkat cells were additionally treated with 20 μM zVAD.fmk. Loss of MMP was
assessed by TMRM staining and flow cytometry. Mean and S.D. of three independent experiments performed in triplicate are shown; *Po0.05
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necroptotic signaling machinery, as BV6/Dexa-stimulated
ROS production, Bak activation, loss of MMP and disruption
of mitochondrial respiration occurred in a RIP3- and MLKL-
dependent manner. ROS production during necroptosis has
previously been reported to depend on RIP33,4 and RIP3
has been shown to interact with glutamate dehydrogenase 1,
a mitochondrial matrix enzyme.4 Also, RIP1 and RIP3 were

described to localize to mitochondria upon the induction of
necroptosis30,38,39 and the translocation of necrosomes to
mitochondria-associated membranes has been suggested to
be essential for necroptosis signaling.40 However, the
mechanistic details of how RIP kinases and MLKL may
influence mitochondrial functions during necroptosis have not
yet been resolved and it remains an open question whether
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they directly or indirectly control mitochondrial functions
during necroptosis.
Taken together, our findings advance the current under-

standing of the role of mitochondria in necroptosis by showing
that mitochondrial events serve as an amplifying step. In
addition, our study has important implications for the devel-
opment of novel treatment approaches to overcome apoptosis
resistance in ALL by inducing necroptosis. We recently
discovered that the Smac mimetic BV6 sensitizes ALL cells
in vitro and in vivo for glucocorticoid-triggered apoptosis.23

Here we show that BV6/Dexa combination treatment induces
necroptosis in ALL cell lines that express RIP3 protein. As the

majority of cell lines derived from hematological malignancies
including acute leukemia have been reported to harbor
RIP3,41 acute leukemiamay well be susceptible to therapeutic
induction of necroptosis. Thus, Smac mimetics and glucocor-
ticoids may offer a new approach to trigger necroptosis as an
alternative form of programmed cell death in ALL.

Materials and Methods
Cell culture and chemicals. ALL cell lines were obtained from DSMZ
(Braunschweig, Germany) and cultured in RPMI 1640 medium (Life Technologies,
Inc., Eggenstein, Germany), immortalized MEFs were maintained in DMEM
GlutaMAX-I medium (Life Technologies, Inc.). Media were supplemented with 10%
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fetal calf serum; Biochrom, Berlin, Germany), 1 mM pyruvate (Invitrogen, Karlsruhe,
Germany), 1% penicillin/streptomycin and 25 mM HEPES (Invitrogen). The Smac
mimetic BV6, which neutralizes XIAP, cIAP1 and cIAP2,20 was kindly provided by
Genentech, Inc. (South San Francisco, CA, USA). The caspase inhibitor zVAD.fmk
was obtained from Bachem (Heidelberg, Germany), Enbrel from Pfizer (Berlin,
Germany), TNFα from Biomol (Hamburg, Germany), dabrafenib and JNJ-26485815
from Selleckchem (Houston, TX, USA), NSA from Toronto Research Chemicals Inc.
(North York, CA), anti-CD95 ligand antibody from BD Pharmingen (Heidelberg,
Germany), anti-TRAIL (mAb 2E5) from Enzo Life Sciences (Lörrach, Germany).
CD95 ligand was kindly provided by Apoxis (Lausanne, Switzerland). Chemicals
were purchased by Sigma-Aldrich (Steinheim, Germany) or Carl Roth (Karlsruhe,
Germany) unless indicated otherwise.

Determination of cell death. Cell death was assessed by forward/side
scatter (FSC/SSC) analysis and flow cytometry (FACS Canto II; BD Biosciences,
Heidelberg, Germany) or by analyzing plasma membrane permeability with PI
staining as described previously using flow cytometry42 or ImageXpress Micro XLS
Widefield High-Content Analysis System (Molecular Devices, Sunnyvale, CA, USA).
Apoptotic and necrotic cell death were differentiated by using Annexin-V/PI-staining
(Roche Diagnostics, Mannheim, Germany) according to the manufacturer's
instructions.

Determination of MMP, ROS production, mitochondrial respira-
tion and activation of Bax and Bak. Bax and Bak activation was
determined by immunoprecipitation (IP) as previously described.43 Briefly, cell were
lysed in CHAPS lysis Buffer (10 nmol/l HEPES, pH 7.4; 150 nmol/l NaCl; 1%
CHAPS). Five hundred to 1000 μg protein were immunoprecipitated and incubated
overnight at 4 °C with 2 μg/ml mouse anti-Bak antibody (Ab-1; Calbiochem) or anti-
Bax antibody (6A7, Sigma-Aldrich) and 10 μl pan-mouse IgG Dynabeads (Dako,
Hamburg, Germany), washed with CHAPS lysis buffer and analyzed by western
blotting using rabbit anti-Bak antibody or anti-Bax antibody. To determine MMP, cells
were incubated with TMRM (50 nM; Invitrogen) for 30 min at 37 °C and immediately
analyzed by flow cytometry or ImageXpress Micro XLS Widefield High-Content
Analysis System. To analyze ROS production, cells were incubated at 37 °C for
30 min with 1 μM CellROX (Invitrogen), which primarily detects superoxide radicals
according to the manufacturer's instructions, or for 10 min with 5 μM MitoSOX
(Invitrogen), which detects mitochondrial superoxide,25 and immediately analyzed
by flow cytometry or ImageXpress Micro XLS system. Mitochondrial respiration was
measured using the Oxygraph-2k system from Oroboros (Innsbruck, Austria) as
described previously.44

Western blot analysis. Western blot analysis was performed as described
previously45 using the following antibodies: rabbit anti-RIP3 (Novus Biologicals,
Littleton, CO, USA), rabbit anti-MLKL (GeneTex, Irvine, CA, USA, for human or
Sigma-Aldrich for mouse), mouse anti-caspase-8 (Enzo Life Sciences), rabbit anti-
Prx3 (Abcam, Cambridge, MA, USA), rabbit anti-Bak (BD Biosciences, rabbit anti-
Bax (Millipore, Darmstadt, Germany), mouse anti-β-actin (Sigma-Aldrich) or mouse
anti-GAPDH (Biotrend, Cologne, Germany) as loading control and secondary
antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Enhanced chemiluminescence was used for detection (Amersham
Bioscience, Freiburg, Germany). Alternatively, secondary antibodies labeled with
IRDye infrared dyes were used for fluorescence detection (Odyssey Imaging
System, LI-COR Bioscience, Bad Homburg, Germany).

Gene silencing. Gene silencing by small interfering RNA (siRNA) was
performed using Neon Transfection System (Invitrogen) as previously described34

using 80 nM SilencerSelect siRNAs against RIP3 (#1: s21740, #2: s21741), MLKL
(#1: s47087, #2: s47088), Bak (#1 s1880, #2 s1881) or non-targeting control siRNA
(no. 4390843). Cells were treated at 48 h after transfection with siRNAs.

BIAM switch assay. After treatment, cells were collected by centrifugation and
resuspended in 2 ml medium. Free thiols were blocked by addition of 50 mM
N-ethylmaleimide (NEM) as alkylating reagent for 5 min at room temperature in the
dark. After washing proteins were precipitated in ice-cold 20% (w/v) TCA, protein
pellets were washed first in 10% TCA and finally in 5% TCA.46 Proteins were
resolved in 200 μl NEM-DB (8 M Urea, 5 mM EDTA, 0.5% SDS, 50 mM Tris/HCL,
pH 8.5, 25 mM NEM) and incubated at 850 r.p.m. for 1 h at 37 °C in the dark.
Proteins were precipitated by ice-cold acetone overnight at − 20 °C, collected by
centrifugation, washed in acetone, resuspended in 100 μl DTT-DB (8 M Urea, 5 mM

EDTA, 0.5% SDS, 50 mM Tris/HCL, pH 8.5, 3 mM DTT) and incubated at 850 r.p.m.
for 5 min at 37 °C in the dark followed by addition of 100 μl BIAM-DB (8 M Urea,
5 mM EDTA, 0.5% SDS, 50 mM Tris/HCL, pH 8.5, 10 mg/ml BIAM (EZ-Link
Iodoacetyl-PEG2-Biotin, ThermoFisher Scientific)) and incubation at 850 r.p.m. for
1 h at 37 °C in the dark. Proteins were precipitated by ice-cold acetone overnight at
− 20 °C, collected by centrifugation, washed and resuspended in 100 μl lysis buffer
(5 mM EDTA, 50 mM Tris/HCL pH 8.5, 1% Triton-X-100, 1% SDS) for 30 min on ice.
Using 500 μg protein, affinity purification was performed by agarose streptavidin
beads overnight at 4 °C on a wheel. After washing and collection of beads proteins
were eluted by sample buffer and analyzed by western blotting.

Statistical analysis. Statistical significance was assessed by Student's t-Test
(two-tailed distribution, two-sample unequal variance).
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