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Smac mimetics and TRAIL cooperate

to induce MLKL-dependent necroptosis
in Burkitt's lymphoma cell lines

Abstract

Burkitt’s lymphoma (BL) is a highly aggressive form of B-cell non-Hodgkin’s lymphoma. The clinical outcome in children with
BL has improved over the last years but the prognosis for adults is still poor, highlighting the need for novel treatment strategies.
Here, we report that the combinational treatment with the Smac mimetic BV6 and TRAIL triggers necroptosis in BL when caspases
are blocked by zZVAD.fmk (TBZ treatment). The sensitivity of BL cells to TBZ correlates with MLKL expression. We demonstrate
that necroptotic signaling critically depends on MLKL, since siRNA-induced knockdown and CRISPR/Cas9-mediated knockout
of MLKL profoundly protect BL cells from TBZ-induced necroptosis. Conversely, MLKL overexpression in cell lines expressing
low levels of MLKL leads to necroptosis induction, which can be rescued by pharmacological inhibitors, highlighting the important
role of MLKL for necroptosis execution. Importantly, the methylation status analysis of the MLKL promoter reveals a correlation
between methylation and MLKL expression. Thus, MLKL is epigenetically regulated in BL and might serve as a prognostic marker
for treatment success of necroptosis-based therapies. These findings have crucial implications for the development of new treatment
options for BL.
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Introduction

Burkitts lymphoma (BL) is a highly aggressive form of B-cell non-
Hodgkin’s lymphoma and one of the fastest growing human tumors
[1]. Treatment strategies of BL for children and adults share multiagent
chemotherapy but consensus of ideal first-line treatment is still lacking [2].
Nearly 90% of children can be cured due to their high tolerance to intensive
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chemotherapy [3]. However, treatment options for adults are limited, which
highlights the need for advanced strategies.

Since evasion of apoptosis is a hallmark of cancer [4], the activation of
alternative programmed cell death pathways might be an attractive strategy
to induce cell death. Targeting necroptosis, a regulated form of necrosis, is
considered as a possible therapeutic option to induce cell death especially for
apoptosis-resistant cancers [5,6]. The necroptotic pathway can be activated
by various stimuli including death receptor stimulation. Binding of tumor
necrosis factor alpha (TNFa) to tumor necrosis factor receptor (TNFR)
is considered to be the best described in vitro model of the necroptotic
pathway [7]. Besides, other stimuli including FAS ligand (FASL) [8,9]
or TNF-related apoptosis-inducing ligand (TRAIL) are known to initiate

necroptotic cell death in various cancer cells [8,10]. Necroptosis execution
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depends on the formation of the necrosome, consisting of the kinases MLKL
(mixed lineage kinase domain-like protein), RIPK1 and RIPK3 (receptor-
interacting serine/threonine-protein kinase 1 and 3) [11]. Upon activation of
necroptosis, RIPK1 and RIPK3 interact with their RIP homotypic interaction
motifs (RHIM) to form heterodimeric filamentous structures [12] leading to
phosphorylation and activation of RIPK3 [13]. MLKL is a direct substrate
of RIPK3 and a central executor of necroptosis. RIPK3-dependent MLKL
phosphorylation results in MLKL oligomerization and translocation to the
plasma membrane [14]. Association of MLKL with the membrane then leads
to its disruption and cell death [15].

A common strategy to overcome drug resistance is the combination of
multiple drugs to induce cell death in cancer cells [16]. Several studies
discovered that combining TRAIL with other anti-cancer drugs enhances
the anti-cancer capability [17,18]. One approach to sensitize cancer cells
is the neutralization of inhibitor of apoptosis proteins (IAPs), which are
often overexpressed in cancer cells prohibiting cell death induction [19,20].
In our study, we concentrated on the cellular IAPs, cellular IAP (cIAP)1
and cIAP2, which both function as E3 ubiquitin ligases maintaining
constitutive ubiquitylation of RIPK1 [21] thereby suppressing necrosome
formation. cIAP1/2 can be antagonized by Smac mimetics, leading to their
autoubiquitylation and subsequent proteasomal degradation [22], resulting
in the induction of cell death [23]. Smac mimetics have previously been
reported to display antitumor activity in BL [24]. The key regulators of
necroptosis, i.e. RIPK3 and MLKL, are often downregulated in cancer
cells [25,26]. However, in BL necroptotic cell death has not yet been
studied. Since BL cell lines express the death receptors TRAIL-R1/2 [27],
we hypothesized that the combination of Smac mimetics with TRAIL could
induce necroptosis in BL, when caspases are inhibited.

Materials and methods
Cell culture and chemicals

Human BL cell lines RAMOS, DG-75, RAJI, BJAB and DAUDI
were obtained from the German Collection of Microorganisms and
Cell cultures (DSMZ, Braunschweig, Germany) and BL-2, BL-30,
Seraphine, BL-60, BL-70 and Salina cells were kindly provided by T.
Oellerich, Department of Medicine II, Hematology/Oncology, University
Hospital Frankfurt, Germany. All cell lines were authenticated by STR
profiling and continuously monitored for mycoplasma contamination. Cells
were cultured in RPMI 1640 (Life Technologies), supplemented with
10% or 20% fetal calf serum (FCS) and 1% penicillin/streptomycin
(Invitrogen). The bivalent Smac mimetic BV6 was kindly provided
by Genentech. The broad-range caspase inhibitor N-benzyloxycarbonyl-
Val-Ala-Asp(O-Me) fluoromethylketone (zVAD.fmk) was purchased from
Bachem, Necrosulfonamide (NSA) from Toronto Research Chemicals Inc.,
GSK’872 and Necrostatin-1s (Nec-1s) from Merck and Dabrafenib from
Selleck Chemicals. Recombinant human TRAIL was obtained from R&D
Systems, human recombinant TNFe from PeproTech and human multimeric
FASL from AdipoGen. Doxycycline hydrochloride (DOX) was purchased
from Sigma-Aldrich. LCL-161 was purchased from Novartis and AT-
406, Birinapant and SGI-110 (Guadecitabine) were obtained from Selleck
Chemicals. All other chemicals were purchased from Sigma-Aldrich or Carl
Roth unless indicated otherwise.

Cell death assay

All cells were seeded in a density of 2 x 10° cells/mL in a 96-well plate
and instantly treated, except for BL-30 cells, which were seeded at a density of
1 x 10° cells/mL 24 h prior to treatment. Pretreatment with zZVAD.fmk, Nec-
1s, NSA, GSK’872 and Dabrafenib for 30 min was followed by the addition
of Smac mimetics. After 1 h, TRAIL was applied. RAJI- and DAUDI MLKL-

and/or RIPK3-overexpressing cells were pretreated with Nec-1s, GSK’872,
NSA and Dabrafenib and zZVAD.fmk overnight, then BV6 and DOX were
added for 1 h followed by TRAIL. Cell death was assessed by measuring the
uptake of propidium iodide (PI) using PI/Hoechst double staining diluted in
PBS for 10 min using ImageXpress® Micro XLS system (Molecular devices,
LLC, Biberach and der Riss, Germany), according to the manufacturer’s
instructions.

Stable overexpression of MLKL and RIPK3

For stable MLKL or RIPK3 overexpression constructs for human
MLKL, RIPK3 and DOX-inducible RIPK3 were cloned into pSBbi-
Blasticidin (Addgene plasmid #60526) and pSBtet-Puromycin (Addgene
plasmid #60507) [28]. Cells were then transfected with 1800 ng pSBbi-
RIPK3-blast or pSBbi-MLKL-blast and 200 ng pCMV(CAT)T7-SB100
(Addgene plasmid #34879) using the Neon Transfection System (Invitrogen)
following the manufacturer’s protocol. For stable co-overexpression of both
MLKL and RIPK3, 1350 ng of pSBbi-MLKL-blast and 1350 ng of pSBtet-
RIPK3-puro were used in combination with 300 ng of pCMV(CAT)T7-
SB100. As a control, cells were transfected with 2700 ng of pSBbi-blast and
300 ng of pPCMV(CAT)T7-SB100 for 72 h. Transfection was followed by at
least two weeks of selection with puromycin (10 pg/mL) and/or blasticidin

(20 pg/mL).

Methylation assay

Total DNA was isolated using the QIAamp DNA Mini Kit (Qiagen)
according to the manufacturer’s instructions. Bisulfite conversion of non-
methylated cytosines to uracils was achieved using the EZ DNA Methylation-
Lightning™Kit (Zymo Research), according to the manufacturer’s protocol
using 200 ng DNA. Amplification of bisulfite converted DNA by PCR
(forward primer: ATTAGAGTTGAGGAAATGAAATTA, reverse primer:
AAATAAACATAAAATCTTCCCAAAAA) was performed (recognizing
uracil as thymine) to enrich parts of the CpG island in the promoter
region of MLKL, followed by Sanger sequencing (forward primer:
ATTAGAGTTGAGGAAATGAAATTA).

Western blot analysis

Western blot analysis was performed as described previously [29], using
the following antibodies: rabbit anti-MLKL, rabbit anti-RIPK3, rabbit anti-
phospho MLKL, rabbit anti-phospho RIKP1, rabbit anti-phospho RIPK3,
rabbit ant-TNFRI, rabbit anti-cIAP2 (all from Cell Signaling), mouse
anti-RIPK1 (BD Bioscience), mouse anti-GAPDH (BioTrend), rabbit anti-
TRAIL-R1 (Abcam), rabbit anti-TRAIL-R2 (Millipore), rabbit anti-FasR,
mouse anti-cIAP1 (all from Santa Cruz), mouse anti-Caspase-8 (Enzo).
For detection, secondary antibodies goat anti-mouse IgG and goat anti-
rabbit IgG (Abcam) conjugated to horseradish peroxidase and enhanced
chemiluminescence were used (Amersham Bioscience).

RNA interference

Transient silencing of MLKL was performed by transfecting cells
with Silencer® Select siRNAs (Life Technologies, Inc.): human siMLKL
(s47087, 547088, s47089) using Neon Transfection System following the
manufacturer’s protocol. Cells were transfected with 200 nM of siRNA,
followed by a second transfection after 24 h. 24 h after the second transfection
cells were treated. Knockdown efficiency was confirmed by Western blot
analysis.
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Quantitative real-time PCR

PeqGOLD Total RNA kit (Peglab) was used to isolate total
RNA, followed by c¢DNA synthesis using RevertAid H Minus First
Strand ¢DNA Synthesis Kit (MBI Fermentas GmbH) according
to the manufacturers instructions. mRNA levels were analyzed by
SYBR green-based qRT-PCR using the QuantStudio 7 Flex real-time
PCR system (Applied Biosystems). The samples were normalized to
28s-rRNA. Relative expression levels were calculated using AAct-
method. The following primers purchased from Eurofins were used
for amplification: TRAIL-R1 (forward primer: GGGTCCACAAG
ACCTTCAAGT, reverse primer: TGCAGCTGAGCTAGGTACGA);
TRAIL-R2 (forward primer: AGACCCTGTGCTCGTTGTC, reverse

primer:  TTGTTGGGTGATCAGAGCAG), 28s (forward primer:
TTGAAAATCCGGGGGAGAG, reverse primer: ACATTGTT
CCAACATGCCAGQG).

Generation of CRISPR/Cas9-derived MLKL knockout cell lines

To generate CRISPR/Cas9-mediated knockout cells, sgRNAs against
MLKL (CACCGATGACAATGGAGAATTGAGG,CACCGCCTGTTT
CACCCATAAGCCA,CACCGTTCCCTTAGCAGAATCCACG) or
GFP (as a non-human target (n.h.t)) (GGAGCGCACCATCTTCTTCA,
GGCCACAAGTTCAGCGTGTC, GGGCGAGGAGCTGTTCACCG)
were cloned into pLentiCRISPRv2 (Addgene #52961). Lentiviral particle
production was then performed in HEK293T cells, by co-transfection of
pLenti-CRISPRv2 with pPAX2 (Addgene #12260) and pMD2.G (Addgene
#12259), using FuGENE® HD according to the manufacturer’s protocol. BL-
2, RAMOS, Seraphine and BL-30 cells were transduced with the collected
supernatant containing viral particles by spin transduction, followed by
selection with puromycin and single clone cultivation.

Statistical analysis

Statistical significance was assessed using Student’s #test (two-tailed
distribution, equal variance) calculated with Excel and two-way ANOVA
(Bonferroni test) calculated with GraphPad Prism (Version 5.0). Data were
expressed as mean and SEM of at least three independent experiments
performed in triplicates. P values were assigned as follows: *P< 0.5; **P<
0.01;***P< 0.001.

Data availability

Primary data are available on request from the authors.

Results
Smac mimetic BV6 induces cell death in BL cell lines

Smac mimetics are known to trigger cell death and sensitize cancer cells
to various anticancer therapies [22]. To evaluate the therapeutic potential
of Smac mimetics alone or in combination with other compounds in BL,
we initially treated a panel of BL cell lines with increasing concentrations
of the Smac mimetic BV6. While all cell lines showed a dose-dependent
induction of cell death upon BVG6 treatment, sensitivity varied among the
cell lines (Fig. 1A). To investigate whether BV6 treatment can induce non-
apoptotic cell death we applied the pan-caspase inhibitor zVAD.fmk to
block apoptosis. BV6-induced cell death was caspase-independent and even
increased compared to BV6 alone in RAMOS, BL-2, BL-30, Seraphine
and DG-75 cells, while the other cell lines showed no increase of cell
death (Fig. 1B). To further potentiate cell death induction, we additionally

treated BL cells with a combination of TRAIL, BV6 and zVAD.fmk (TBZ).
The TBZ combination resulted in a further increase of cell death in the
BV6/zVAD .fmk-sensitive cell lines (Fig. 1B). To evaluate the potential of
BL cells to undergo necroptosis, we monitored basal expression levels of
key components of necroptosis signaling pathways (cIAP1, cIAP2, Caspase-
8, RIPK1, RIPK3 and MLKL) in a panel of BL cell lines by Western blot
analysis. Expression levels of Caspase-8 and RIPK1 did not differ much
between the cell lines, while DG-75, BL-60 and BJAB cells displayed lower
cIAP2 levels. RAJI, BJAB and DAUDI cells exhibited lower cIAP1 levels and
BJAB and DAUDI cells lacked RIPK3 expression. Interestingly, MLKL was
differentially expressed among the BL cell lines (Fig. 1C). Cells that expressed
high MLKL levels including RAMOS, BL-2, BL-30, Seraphine and DG-75
cells were sensitive to TBZ-induced cell death. In contrast, BL-60, BL-70,
Salina, RAJI, BJAB and DAUDI cells express low levels of MLKL, which is in
line with their resistance to TBZ-induced cell death (Fig. 1B), undetlining the
importance of MLKL expression for necroptosis induction. Taken together,
these data indicate that cell death induced by TBZ is caspase-independent
and occurs in BL cells expressing high levels of MLKL.

TBZ combination treatment triggers necroprosis

To investigate in detail necroptosis induction in BL cells upon TBZ
treatment, we initially monitored cell death kinetics. Kinetic analysis revealed
that BL-2, RAMOS, Seraphine and BL-30 cells undergo cell death in a
time-dependent manner upon TBZ combination treatment in comparison to
single agent treatment of either BV6 or TRAIL alone or BV6 in combination
with zVAD.fmk (Fig. 2A).

Since we have demonstrated that upon TBZ treatment cell death occurs
in a caspase-independent manner, we investigated whether TBZ treatment
triggers necroptosis in BL cells. To this end, we assessed phosphorylation
of MLKL and RIPKI, as critical steps of necroptosis execution by Western
blot analysis. Time course analyses revealed that phosphorylation of RIPK1
and MLKL upon TBZ treatment occurred prior to cell death induction.
Indeed, RIPK1 is phosphorylated already after 3 h of combination treatment
followed by MLKL phosphorylation after 6 h (Fig. 2B). To further confirm
the induction of necroptosis, pharmacological inhibitors of key necroptotic
proteins were added prior to cell death induction by TBZ. Consistently,
RIPK3 inhibitors Dabrafenib or GSK’872, RIPK1 inhibitor Nec-1s and
MLKL inhibitor NSA significantly abrogated cell death induction upon TBZ
in all cell lines, whereas cell death induced by only TRAIL and BV6 was not
blocked by these inhibitors (Fig. 2C). Together, these findings demonstrate
that the combination of TRAIL, BV6 and zVAD.fmk induces necroptosis in
BL cell lines.

Smac mimetics induce necroprosis in BL

To illustrate the clinical relevance and translational potential of our
findings we extended our investigation to other Smac mimetics. The
monovalent Smac mimetics AT-406 and LCL-161 and the bivalent Smac
mimetic Birinapant are currently being tested in clinical trials revealing
promising anticancer activity [30-32]. Similar to TBZ combination
treatment, application of AT-406, LCL-161 and Birinapant also induced cell
death in BL cells in combination with TRAIL, when caspases were blocked
by zVAD.fmk. Application of the pharmacological inhibitors Dabrafenib,
Nec-1s and NSA significantly rescued TRAIL/Smac mimetic/zVAD.fmk-
induced cell death, confirming necroptotic cell death induction in BL cell
lines (Fig. 3A).

Importantly, TBZ treatment resulted in a higher percentage of cell death
in cancer cells compared to normal blood cells obtained from healthy
donors, underlining some tumor selectivity of the treatment and highlighting
the potential clinical relevance of our findings (Supplementary Fig. S1).
Interestingly, necroptosis can also be induced by combining BV6 and
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(20 pM). mRNA expression of TRAIL-R1 and TRAIL-R2 was analyzed by qRT-PCR and fold change normalized to 28s mRNA is shown. Mean and SEM
of 3 independent experiments are shown; *P < 0.05; **P < 0.01; ***P < 0.001.
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zVAD.fmk with FASL, since all cell lines express the FAS receptor (FASR)
(Supplementary Fig. S2), while combination with TNFa failed to induce
necroptosis in most of the cell lines (Supplementary Fig. S3).

Cell death can be promoted by the upregulation of death receptors
[33,34]. Since all cell TRAIL-R1 and TRAIL-R2
(Supplementary Fig. S4) and TRAIL is known to induce cell death in
combination with Smac mimetics in multiple cancer cell lines [10], we
analyzed if the levels of these receptors were further increased upon TBZ
treatment. QRT-PCR revealed that the expression of TRAIL-R1 and TRAIL-
R2 was upregulated in 5 out of 6 cell lines upon TBZ treatment (Fig. 3B),
indicating a positive feedback loop to further sensitize the cells to TRAIL and
potentiate cell death. Taken together, these data reveal that TRAIL receptors
play an important role in the induction of necroptosis in BL cell lines and a
broad range of Smac mimetics contribute to this cell death induction, further
highlighting the potential clinical relevance of this combination treatment.

lines  express

TBZ-mediated cell death depends on MLKL

Since MLKL is one of the key mediators in necroptotic signaling and
essential for necroptosis induction [15], we hypothesized that the expression
of MLKL determines responsiveness to necroptotic stimuli in BL cells.
Therefore, we studied the relevance of MLKL in TBZ-induced necroptosis
in BL cells using siRNA-mediated gene silencing of MLKL and confirmed
knockdown efficiency via Western blotting (Fig. 4A). MLKL silencing
showed a significant, although partial, inhibition of cell death upon TBZ
treatment in BL-2 and RAMOS cells (Fig. 4B). To determine whether
complete depletion of MLKL is sufficient to protect against TBZ-induced
cell death, we performed CRISPR/Cas9 knockout of MLKL (Fig. 4C).
Similar to our findings using siRNA, CRISPR/Cas9 knockout of MLKL
completely blocked TBZ-induced cell death in BL-2, RAMOS, Seraphine
and BL-30 cells (Fig. 4D), suggesting that MLKL depletion alone protects
against TBZ-induced necroptosis in BL cells. To exclude possible effects
on upstream signaling we performed Western blot analyses, which revealed
that phosphorylation of RIPK1 still occurs upon treatment with TBZ when
MLKL is downregulated by CRISPR/Cas9-mediated knockout (Fig. 4E).
Taken together, we conclude that MLKL is required for the induction of
TBZ-induced necroptosis in BL cell lines.

High expression of MLKL and RIPK3 is essential for necroptosis
induction

Since MLKL was shown to be required for TBZ-induced necroptosis,
we further determined its biological relevance. To this end, we stably
overexpressed MLKL in 2 exemplary cell lines (RAJI and DAUDI) that
display low levels of endogenous MLKL expression (Fig. 1C). Although
overexpression of MLKL resulted in increased expression of MLKL, only little
MLKL phosphorylation was induced by TBZ combination treatment in RAJI
cells, and none in DAUDI cells (Fig. 5A). This minor phosphorylation of
MLKL alone was not sufficient to induce cell death (Fig. 5B). Therefore, we
concluded that a lack of RIPK3 activity in RAJI and DAUDI cells (Fig. 1C)
resulted in a lack of MLKL phosphorylation despite MLKL overexpression.
To further investigate this interpretation, we next overexpressed RIPK3
in RAJT and DAUDI cells. Overexpression of RIPK3 alone led to a
phosphorylation of RIPK3 upon TBZ treatment (Fig. 5C), but no cell death
induction could be observed (Fig. 5D). Therefore, we hypothesized that BL
cells might need high levels of both MLKL and RIPK3 to effectively execute
necroptosis. To test this hypothesis, we performed stable overexpression
of both MLKL and RIPK3 proteins in RAJI and DAUDI cells. RIPK3
expression was controlled by doxycycline (DOX)-induced transcriptional
activation and could be detected already after 2 h of DOX addition
(Supplementary Fig. S5). Of note, overexpression of MLKL and RIPK3
resulted in a pronounced phosphorylation of MLKL and RIPK3 upon TBZ

treatment in RAJI (Fig. 5E) and DAUDI cells (Fig. 5H), as compared to the
empty vector control. Ectopic RIPK3 and MLKL co-overexpression led to
the induction of necroptotic cell death (Fig. 5EI), whereas the empty vector
control cells did not undergo cell death (Fig. 5G,]). Necroptotic cell death
was confirmed using pharmacological inhibitors, showing a significant rescue
of TBZ-induced cell death in the presence of GSK’872, Nec-1s and NSA
(Fig. 5E I). Intriguingly, siRNA-mediated knockdown of MLKL in RAJI
and DAUDI cells co-overexpressing MLKL and RIPK3 resulted in a rescue
of cell death (Supplementary Fig. S6). Taken together, these data highlight
the importance of high levels of MLKL and RIPK3 expression for potential
necroptosis-based therapies in BL.

MLKL expression is epigenetically regulated in BL

Gene silencing or loss of key necroptotic proteins in cancer cells is a major
challenge for necroptosis induction used as a therapeutic option [26,35].
RIPK3 has been described to be epigenetically regulated in cancer [36,37],
however, little is yet known about MLKL regulation. Therefore, we next
analyzed the methylation status of the CpG island in the promoter region
of MLKL and observed a higher methylation of cytosines in RAJI, DAUDI
and Salina cells, expressing low levels of MLKL, while MLKL-expressing cells,
i.e. BL-2, RAMOS, Seraphine and BL-30, exhibited no methylation of the
MLKL promoter (Fig. 6A, Supplementary Fig. S7). To gain further insights
into the regulation of MLKL in BL we applied the DNA methyltransferase
(DNMT) inhibitor SGI-110 in cells lacking MLKL expression and observed
an upregulation of MLKL in RAJI, DAUDI, and Salina cells after 72 h
of SGI-110 treatment (Fig. 6B), indicating an enhanced methylation in
the regulatory region of MLKL. Upregulation of total MLKL levels upon
SGI-110 addition followed by treatment with TBZ in RAJI and DAUDI
RIPK3-overexpressing cells and Salina cells resulted in phosphorylation of
MLKL (Supplementary Fig. S8A). However, cell death assays revealed that
a significant rescue with pharmacological inhibitors of RIPK3 (Dabrafenib
and GSK’872) and MLKL (NSA) upon SGI-110/TBZ treatment could only
be observed in the RAJI RIPK3-overexpressing cell line (Supplementary
Fig. S8B), indicating that the effect of SGI-110 might be cell line-dependent.
Together, these data indicate an epigenetic regulation of MLKL expression by
methylation of the promoter region of MLKL in BL cells that are resistant to
TBZ treatment.

Discussion

BL is a highly aggressive B-cell non-Hodgkin’s lymphoma with adverse
clinical outcomes in particular in adult patients due to the lack of
effective therapy. Apoptosis resistance is another common therapeutic
problem in cancer therapy including BL [38-40]. Therefore, targeting
necroptosis (programmed necrosis) represents an alternative strategy to
induce programmed cell death in cancer cells [6,41], however, its role in BL is
unclear. Here, we report for the first time that treatment with both the Smac
mimetic BV6 and TRAIL induced MLKL-dependent necroptosis in BL when
caspases were inhibited. This conclusion is supported by several independent
pieces of experimental evidence.

First, we discovered, that most BL cell lines express the key proteins of
the necroptosis pathway RIPKI, RIPK3, and MLKL, which are reported
to be lost or silenced in many types of cancer, and this is associated with
poor overall survival [6,42]. Interestingly, cell death induction upon TBZ
treatment correlated with the expression of MLKL, since we demonstrated
that MLKL-expressing BL cells are highly sensitive to TBZ treatment. BL
cells expressing low levels or lacking MLKL were resistant to necroptotic cell
death.

Second, in our kinetic studies we show that phosphorylation of the
kinases RIPK1 and MLKL occurs prior to cell death induction upon TBZ
stimulation. Phosphorylation of RIPK1, RIPK3, and MLKL is known to
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Fig. 4. TBZ-induced cell death depends on MLKL. (A) BL-2 and RAMOS cells were transfected twice with 200 nM non-silencing control siRNA (siCtrl) or
siRNAs against MLKL. Expression of MLKL was analyzed by Western blotting, GAPDH served as loading control. (B) MLKL knockdown cells were treated
with BV6 (BL-2: 4 pM, RAMOS: 18 pM) and TRAIL (RAMOS: 10 ng/mL, BL-2: 15 ng/mL) in the presence of zZVAD.fmk (20 pM) for 24 h (RAMOS)
and 48 h (BL-2) and cell death was determined by PI/Hoechst staining. Mean and SEM of at least 3 experiments performed in triplicates are shown; **P <
0.01; ***P < 0.001. (C) MLKL knockout (KO) was performed by CRISPR/Cas9. MLKL levels were analyzed by Western blotting, GAPDH served as loading
control. (D) MLKL KO cells and non-human target (n.h.t) control cells were treated for 24 h (RAMOS, Seraphine, BL-30) and 48 h (BL-2) with BV6 (BL-2:
4 pM, BL-30: 6 uM, Seraphine: 7 pM, RAMOS: 18 pM) and TRAIL (BL-30: 5 ng/mL, RAMOS/Seraphine: 10 ng/mL, BL-2: 15 ng/mL) in the presence of
zVAD.fmk (20 pM). Cell death was measured by PI/Hoechst staining. Mean and SEM of at least 3 experiments performed in triplicates are shown; ***P <
0.001. (E) Cells were treated with BV6 (BL-2: 4 pM, BL-30: 6 pM, Seraphine: 7 pM, RAMOS: 18 pM) and TRAIL (BL-30: 5 ng/mL, RAMOS/Seraphine:

10 ng/mL, BL-2: 15 ng/mL) in the presence of zZVAD.fmk (20 pM) for 8 h. Protein levels of p-RIPK1, RIPK1, p-MLKL, and MLKL were assessed by Western
blotting, GAPDH served as a loading control.
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Fig. 5. TBZ treatment in MLKL and RIPK3 co-overexpressing cells leads to phosphorylation of RIPK3 and MLKL and the induction of necroptosis.
(A) MLKL-overexpressing cells and (C) RIPK3-overexpressing cells were treated with BV6 (DAUDI: 5 uM, RAJI: 8 pM) and TRAIL (15 ng/mL) in the
presence of zZVAD.fmk (20 pM) for 2 h. Protein levels of p-RIPK3, RIPK3, p-MLKL, and MLKL were assessed by Western blotting, GAPDH served as loading
control. (B) MLKL-overexpressing cells and (D) RIPK3-overexpressing cells were treated with BV6 (DAUDI: 5 pM, RAJI: 8 pM), TRAIL (15 ng/mL) and
zVAD.fmk (20 pM) in the presence and absence of GSK’872 (20 pM), Nec-1s (40 pM) and NSA (3 pM) for 8 h. Cell death was determined by analysis of
PI/Hoechst staining and ImageXpress Micro XLS system. Mean and SEM of 3 independent experiments are shown. (E, H) MLKL/RIPK3-overexpressing cells
were treated with DOX (100 ng/mL), BV6 (DAUDI: 5 uM, RAJI: 8 pM), TRAIL (15 ng/mL) and zVAD.fmk (20 pM) for 2 h. Protein levels of p-RIPK3,
RIPK3, p-MLKL, and MLKL were assessed by Western blotting, GAPDH served as loading control. (E I) RAJI and DAUDI MLKL/RIPK3-overexpressing
cells and (G,]) RAJI and DAUDI control cells (empty vector (EV)) were treated with DOX (100 ng/mL), BV6 (DAUDI: 5 pM, RAJI: 8 uM), TRAIL (15
ng/mL) and zZVAD.fmk (20 pM) in the presence and absence of Nec-1s (40 pM), GSK’872 (20 pM) and NSA (3 uM) for 8 h. Cell death was determined by
analysis of PI/Hoechst staining and ImageXpress Micro XLS system. Mean and SEM of 3 independent experiments are shown; *P < 0.05; **P < 0.01; ***P
< 0.001.
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MIKL, followed by Sanger sequencing. (B) Cells were treated for 72 h with 500 nM SGI-110. Protein levels of MLKL were assessed by Western blotting,

GAPDH served as a loading control.

be essential for necrosome formation and required for necroptosis execution
[14,43-45].

Third, pharmacological inhibition of RIPK1, RIPK3, and MLKL protects
BL cells from TBZ-induced cell death, indicating susceptibility of BL cells to
necroptosis and absence of alternative types of cell death.

Our findings have important implications for the development of
necroptosis-inducing therapies based on Smac mimetic combinational
treatments. Both Smac mimetics and recombinant TRAIL have been tested
in several cancer models [10,46-51], but very little data are available on
their therapeutic potential in BL. Besides BV6 combinations, in the present
study, several other Smac mimetics that have already entered clinical trials
[30,31,52] were tested in combination with TRAIL. Interestingly, all Smac
mimetics tested (i.e., AT-406, LCL-161 and Birinapant) were capable of
necroptosis induction in BL cells, confirming the contribution of IAP
antagonism to necroptotic signaling. This is in line with previous studies,
showing that IAP antagonism by Smac mimetics induces necroptosis in
acute myeloid leukemia cells and pancreatic carcinoma cells, when caspases
were blocked [53,54]. Additionally, we demonstrate that BL cells were more
susceptible to TBZ treatment than normal blood cells, indicating some cancer
selectivity of the combination. In the present study, we observed that all
BL cell lines express TRAIL receptors and its expression can be further
upregulated upon TBZ treatment. This leads to the speculation that this
upregulation of TRAIL receptors might further sensitize cells to TRAIL, as
it has previously been reported that treatment with TRAIL in combination
with chemotherapeutic agents results in an upregulated expression of TRAIL-
R1 and TRAIL-R2 [33]. These results highlight the impact of treatments
targeting TRAIL signaling as promising therapeutic options for BL. Besides
TRAIL, BL cell lines are also sensitive to FASL, as FASL/BVG6/zVAD.fmk
treatment induces necroptosis. Of note, prototypical necroptosis induction

by TNFa occurred only in two cell lines, which is in line with our results
showing that most BL cell lines lack expression of TNFR1. Together these
findings underline the clinical relevance of Smac mimetics- and recombinant
TRAIL-based treatments in BL in particular when apoptosis induction is
compromised.

Not much is known about the regulation of necroptotic signaling in BL.
Here, we provide compelling evidence showing that the pseudokinase MLKL
is an essential mediator of TBZ-driven necroptosis in BL, since knockdown of
MLKL partially and knockout completely abrogates cell death. These results
are in line with previous studies demonstrating that MLKL knockout rescues
TRAIL/Smac mimetic/zZVAD.fmk-induced cell death in HeLa cells [55]. This
highlights that TRAIL, in combination with Smac mimetics, induces MLKL-
dependent necroptotic signaling when caspases are inhibited. MLKL is the
key executioner of necroptotic signaling and required for cell death induction
in BL. No other caspase-independent types of cell death are induced upon
TBZ, when MLKL is not expressed or blocked by pharmacological inhibitors.
We demonstrate that Smac mimetics in combination with TRAIL trigger
caspase-independent, necroptotic cell death in a MLKL-dependent manner.
This is confirmed by the fact that overexpression of MLKL, and in some
cases RIPK3, is critical for necroptosis induction upon TBZ. Thus, high
expression levels of both these kinases are required to induce necroptosis in
cholangiocarcinoma cells [35], suggesting that analysis of expression patterns
of MLKL and RIPK3 in patients might serve as an important tool to predict
sensitivity to TBZ-induced necroptosis and the success of a potential therapy.

RIPK3 expression is known to be epigenetically regulated in cancer
cells and can be reduced by overexpression of the DNA methyltransferase
1 (DNMT1) [36], or stimulation of DNMT1 [56], but the epigenetic
regulation of MLKL has not yet been investigated. Here, we provide
new insights into the epigenetic regulation of MLKL in BL cell lines.
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Interestingly, we could show that MLKL expression levels correlated with
the methylation status of cytosines in the promoter region of MLKL.
Consistently, application of the DNA methyltransferase inhibitor SGI-110
restores MLKL expression, indicating an epigenetic silencing of MLKL in
cell lines exhibiting low levels of MLKL. Combined treatment with SGI-110
and TBZ led to phosphorylation of MLKL in all tested cell lines, indicating
that hypomethylating agents facilitate the activation of necroptotic signaling.
However, necroptotic cell death induction upon SGI-110/TBZ treatment
might be cell line-specific, as SGI-110 not only impedes the methylation of
the MLKL promoter but also regulates the expression of numerous other
genes [57]. Therefore, our study reveals that, although hypomethylating
agents facilitate the activation of necroptotic signaling upon TBZ treatment
in MLKL-deficient cells, further studies are essentially required to investigate
whether BL patients can benefit from receiving these agents.

In summary, our study is the first report demonstrating the susceptibility
of BL cells to caspase-independent necroptotic cell death induction upon
TBZ that depends on high expression levels of MLKL and RIPK3. In
addition, the expression of MLKL is epigenetically regulated and therefore
expression levels of MLKL and RIPK3 might serve as prognostic markers
for the induction of necroptosis by TBZ and the following treatment
success. Thus, the combination of Smac mimetics and death receptor ligands
may offer a new approach to initiate necroptosis as an alternative form of
programmed cell death in BL.
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