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Intracellular nicotinamide adenine dinucleotide
promotes TNF-induced necroptosis in a
sirtuin-dependent manner

N Preyat', M Rossi?, J Kers®, L Chen?, J Bertin®, PJ Gough®, A Le Moine?, A Rongvaux®, F Van Gool” and O Leo*"?

Cellular necrosis has long been regarded as an incidental and uncontrolled form of cell death. However, a regulated form of cell
death termed necroptosis has been identified recently. Necroptosis can be induced by extracellular cytokines, pathogens and
several pharmacological compounds, which share the property of triggering the formation of a RIPK3-containing molecular
complex supporting cell death. Of interest, most ligands known to induce necroptosis (including notably TNF and FASL) can also
promote apoptosis, and the mechanisms regulating the decision of cells to commit to one form of cell death or the other are still
poorly defined. We demonstrate herein that intracellular nicotinamide adenine dinucleotide (NAD*) has an important role in
supporting cell progression to necroptosis. Using a panel of pharmacological and genetic approaches, we show that intracellular
NAD* promotes necroptosis of the L929 cell line in response to TNF. Use of a pan-sirtuin inhibitor and shRNA-mediated protein
knockdown led us to uncover a role for the NAD*-dependent family of sirtuins, and in particular for SIRT2 and SIRT5, in the
regulation of the necroptotic cell death program. Thus, and in contrast to a generally held view, intracellular NAD* does not
represent a universal pro-survival factor, but rather acts as a key metabolite regulating the choice of cell demise in response to
both intrinsic and extrinsic factors.
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Nicotinamide adenine dinucleotide (NAD*) has been long
recognized as a key intermediate in cellular metabolism. By
accepting and donating electrons in reactions catalyzed by
dehydrogenases, NAD™ has, for example, a central role in the
generation of ATP, a molecule required for most energy-
consuming cellular reactions. The recognition of NAD" as a
substrate in a number of regulatory processes has shed a new
light on its role in cell physiology. Indeed, NAD* represents a
substrate for a wide range of enzymes including cADP-ribose
synthases, poly (ADP-ribose) polymerases (PARPs) and the
sirtuin family of NAD*-dependent deacylases (SIRTs). In
marked contrast to its role in energy metabolism, the
involvement of NAD* in these enzymatic reactions is based
on its ability to function as a donor of ADP-ribose, a reaction
that, if sustained, can lead to the depletion of the intracellular
NAD* pool.®

The pro-survival role of NAD* has been particularly well
described in cells exposed to genotoxic/oxidative stress. In
response to DNA damage, PARP1, the founding and most

abundant member of the PARP family, binds to DNA strand
breaks and initiates a repair response by catalyzing the post-
translational modification of several nuclear proteins, including
itself. This protective response is characterized by the transfer
of successive units of the ADP-ribose moiety (up to 200 units)
from NAD* to other proteins, compromising therefore both
energy production (slowing the rate of glycolysis, electron
transport and ATP formation) and activity of other NAD*-
dependent enzymes through NAD* depletion.®” Moreover,
PARP1-synthesized PAR polymers can be degraded into free
oligomers, known to translocate to the mitochondria where
they can trigger the release of AIF from mitochondria to the
nucleus.®"" The precise molecular steps linking PARP1
activation to this form of stress-induced cell death, termed
parthanatos, have not been fully elucidated, and probably
depend on the particular metabolic status of the cell examined
(i.e., anerobic glycolysis in most in vitro cell lines versus
oxidative metabolism of neuronal cells, see Welsby et al."® for
review). In any instances, and independently of the fine
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molecular events at work, virtually all studies have identified
the brisk loss of intracellular NAD* as the critical step initiating
this specific form of cell death. The protective role of NAD™ in
PARP1-dependent cell death has been indeed amply
documented.®'® In mammals, nicotinamide (Nam) acts as
the main precursor for NAD* biosynthesis and nicotinamide
phosphoribosyl tranferase (NAMPT) is the rate-limiting
enzyme for NAD™ biosynthesis from Nam.'® Nampt deficiency
in mice leads to lethality and the heterozygous animals suffer
from significant perturbations related to their NAD*
metabolism.?° In keeping with the general role of NAD* as a
survival factor in cells exposed to genotoxic stress, genetic
ablation of Nampt and/or treatment with a specific NAMPT
inhibitor (FK866) sensitized cells to the toxic effects of
alkylating agents.'®'® Similarly, overexpression of a catalyti-
cally active recombinant NAMPT protected the NIH-3T3 cell
line from the toxicity of the same DNA alkylating agents, '®
further establishing a functional link between NAD* biosynth-
esis and sensitivity to stress-induced, PARP1-dependent
cell death.

While analyzing the influence of NAD metabolism on
survival of NIH3T3 cells exposed to genotoxic agents, we
observed that overexpression of NAMPT prolonged cell
survival of cells exposed to the alkylating agent N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG), and unexpectedly, led to
increased sensitivity to cell death induced by the pro-
inflammatory cytokine TNF.'® TNF is a pleiotropic cytokine
regulating many cellular functions and known to induce
several forms of cell death, including apoptosis and the
recently uncovered regulated form of necrosis termed
necroptosis.2"?2 In contrast to apoptosis, necroptosis is
largely independent of the so-called executioner caspase
(such as caspase-3, 6 and 7) activity and is initiated by the
formation of a signaling complex comprising the receptor-
interacting serine-threonine kinase 1 (RIPK1), RIPK3 and the
recently identified mixed lineage kinase domain-like protein
MLKL. Although necroptosis often appears to occur when
apoptosis is abortive (such as in situations of caspase
inhibition), the cellular factors regulating the choice between
these two forms of regulated cell death have not been fully
uncovered. Using a model cell line engineered to respond to
both apoptosis and necroptosis, we demonstrate herein that
intracellular NAD* represents a critical factor in promoting cell
death by necroptosis. In keeping with the well-described role
of sirtuins as intracellular NAD* sensors, we also demonstrate
that sirtuins, and in particular SIRT2 and SIRT5, are required
for adequate completion of the necroptotic program in
response to TNF. Accordingly, a pan-sirtuin inhibitor was
found to attenuate organ damage induced by transient
ischemia. Thus, intracellular NAD*, rather than acting as a
general cell survival factor, appears to promote cell necrop-
tosis in a sirtuin-dependent manner, a finding that may
suggest novel therapeutic approaches to attenuate in vivo
necrotic insults in several pathological settings.

Results

Intracellular NAD* promotes necroptosis. To evaluate the
role of intracellular NAD* in regulating cell sensitivity to cell
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death, we took advantage of the cellular subline L929sAhFAS
(referred hereafter to as L929), generated by stable
transfection of the murine fibrosarcoma L929sA cell line with
the human pro-apoptotic receptor hFAS.2® The L929 cell line
undergoes apoptotic cell death in response to agonistic anti-
hFAS antibodies, while dying by necroptosis when incubated
in the presence of recombinant murine (mTNF) or human
TNF (hTNF). The advantage of this model is that necroptosis
and apoptosis can be induced in the absence of pharmaco-
logical inhibitors (such as SMAC mimetics, protein synthesis
or caspase inhibitors) that could complicate interpretation of
the mechanisms at work. To evaluate the role of intracellular
NAD* in controlling L929 response to FAS and TNF, cells
were incubated in the presence of the potent NAMPT inhibitor
FK866. Target specificity of FK866 was ascertained by
addition of nicotinamide mononucleotide (NMN), the product
of the NAMPT-catalyzed reaction, to the culture media. As
shown in Figure 1a, cell exposed to FK866 displayed a
substantial reduction in intracellular NAD™* levels (in excess of
75%), readily reverted by simultaneous addition of NMN.
NAD*-deprived cells were found to display increased
sensitivity to hFAS-induced apoptosis (Figure 1b), while
resisting the cell death-inducing activity of hTNF
(Figure 1c). In keeping with its NAD™" restoring properties
shown in Figure 1a, NMN reestablished the original sensitiv-
ity of L929 cells to cell death-inducing agents (Figures 1b and
c). To confirm that adequate intracellular NAD* levels are
required for TNF-induced cell death in the L929 cell line, cells
were treated by the synergistic combination of siRNA to
Nampt and low doses of FK866, a treatment previously
shown to reduce intracellular NAD* with minimal cell
toxicity.'®2* In agreement with the previous observations,
this treatment led to a significant protection against TNF-
induced cell death (Figure 1d). Finally, two alternative and
independent pharmacological approaches were used to
demonstrate the positive correlation between high intracel-
lular NAD™ levels and sensitivity to mTNF-induced necroptosis.
Isonicotinamide (iNam) is an isomer of nicotinamide
recently shown to cause intracellular NAD* accumulation in
both yeast and human cells.?®> L929 cells incubated in the
presence of iNam displayed increased sensitivity to necrop-
tosis that was readily reverted in the presence of necrostatin-
1 (Figure 1e). Note that iNam was not toxic when added to
the media, and even slightly protected cells against hFAS-
induced cell death (Figure 1e). In keeping with the well-
established protective role of NAD* against genotoxic/
oxidative insults, iNam inhibited L929 cell necrosis induced
by a genotoxic agent (MNNG) known to cause PARP1-
dependent necrosis (Figure 1f). Of particular interest, iNam
sensitized murine embryonic fibroblasts (MEFs) to TNF-
induced necroptosis, a form of cell death inhibited by both
necrostatin-1 (Figure 1g) and a recently developed specific
inhibitor of the kinase activity of RIPK3 (R3i)?%%’
(Supplementary Figure S1), further confirming that indepen-
dently of the experimental strategy used, intracellular NAD*
appears to promote necroptotic cell death. Finally, we
examined the capacity of RIPK3 to be recruited into RIPK1-
containing complexes upon TNF stimulation. As shown in
Figure 1h, TNF induced assembly of RIPK1-RIPK3 com-
plexes in control, but not in FK866-exposed cells, suggesting
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Figure 1 Intracellular NAD* promotes TNF-induced necroptosis. (a) L929 cells were incubated in the presence of 100 nM of FK866, 5 mM of nicotinamide mononucleotide
(NMN) and a combination of both compounds, and total NAD levels determined as described in the Methods section (n=4). (b, ¢) L929 cells cultured as in (a) were further
incubated in the presence of (b) anti-hFAS-activating antibodies (clone CH-11; 50 ng/ml) (n=6) or () recombinant hTNF (1 ng/ml) (n=6). Cell survival at 16 h post-treatment
was monitored by flow cytometry. (d) Control and NAMPT siRNAs-treated L929 cells were incubated or not in the presence of 10 nM of FK866, followed by hTNF (1 ng/ml) (n=4).
Western blot analysis was used to evaluate the efficacy of NAMPT siRNAs on NAMPT protein expression (n=2). (e) Cell survival in response to FAS (CH-11)-induced apoptosis
or TNF-induced necroptosis was assessed in cells previously incubated in the presence of 10 mM of isonicotinamide (iNam) for 8 h. Necrostatin-1 (Nec-1) was used to confirm
necroptotic death in response to TNF+iNam (10 mM) (n=4). (f) L929 cells were incubated in the presence of iNam (10 mM) for 8 h, then treated with MNNG (600 M) as
indicated and cell survival at 16 h post-treatment was monitored by flow cytometry (n=4). (g) MEFs were incubated in the presence of iNam (40 mM) for 8 h, exposed to hTNF
(1 ng/ml) for 16 h before monitoring cell survival. (h) FK866 (100 nM)-treated L929 cells were stimulated with hTNF for 6 h, and cell extracts analyzed for the presence of RIPK1-
RIPK3 protein complexes using immunoprecipitation with an anti-RIPK1 antibody and western blot analysis with an anti-RIPK3 probe (n=3). (i) FK866 (100 nM)-treated L929
cells were stimulated with hTNF for 6 h and the NP-40 1% insoluble fraction analyzed by western blotting for the presence of RIPK3 (n= 3). Data represent mean+SD of at least

three independent experiments (*P<0.05, **P<0.01)

a critical role for intracellular NAD* in mediating early
signaling to necroptosis. Furthermore, RIPK3 was found
associated to a NP-40 1% insoluble/SDS 1% soluble fraction
after TNF treatment only in control but not in FK866-treated
cells (Figure 1i), compatible with the previously described
accumulation of RIPK3 to a membrane fraction insoluble to
mild detergents.?®~%"

A pan-sirtuin inhibitor protects cells from necroptosis.
The enzymatic activity of members of the sirtuin family of
NAD*-dependent deacetylases has been shown to require
adequate intracellular NAD* level.®2 We therefore postulated
that one or several members of this family might be involved
in the signaling pathway leading to necroptosis, an hypoth-
esis recently suggested by an independent study.®® Three
structurally unrelated sirtuin inhibitors (EX-527,%* compound
64% and cambinol®®) protected L929 cells from TNF-induced
cell death (Figures 2a—c, see also Supplementary Figure S2

for a typical flow cytometry data plot). Cambinol was selected
for further characterization throughout this study and shown
to selectively protect L929 cells from TNF-induced necropto-
sis (Figure 2e) but not FAS-dependent apoptosis (Figure 2d).
Necrostatin-1 was used herein as a further confirmation of
the necroptotic cell death in response to TNF (Figures 2d
and e). We also noticed that cambinol and necrostatin-1
displayed additive effects when added simultaneously
to L929 cells, raising the possibility that these compounds
may affect distinct steps of the TNFR1 signaling cascade
(Supplementary Figure S3a). Note that in addition to promote
FAS-induced apoptosis (Figure 2d), cambinol also sensitized
cells against ionomycin-induced cell death (Supplementary
Figure S3b), further illustrating the fact that this compound
does not act as a non-specific, life-preserving agent. Finally,
incubation of L929 cells in the presence of cambinol led to the
accumulation of acetylated forms of tubulin, a well-
characterized SIRT2 substrate, in keeping with its sirtuin

Cell Death and Differentiation
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Figure 2 Sirtuin inhibitors protect from TNF-induced necroptosis but not FAS-mediated apoptosis. (a—¢) Cell survival in response to recombinant hTNF (1 ng/ml)-induced
necroptosis was assessed 16 h post-treatment in L929 cells previously incubated in the presence of increasing doses of (a) EX-527 (n=4) (b) compound 64 (n=4) and (c)
cambinol (n=4). A maximum dose of 200 M was used for all inhibitors. Three-fold serial dilutions were used for cambinol and two-fold serial dilutions were used for EX-527 and
compound 64. (d, e) L929 cells were incubated in the presence of cambinol (100 zM) or necrostatin-1 (20 M) and cell death induced by anti-hFAS (n=4) (d) or hTNF (n=14) (e).

Data represent mean+SD of four independent experiments (*P< 0.05)

inhibiting properties (Supplementary Figure S3c). A series of
experiments was conducted to firmly exclude that the
protective role of cambinol was related to its capacity to alter
the expression of a NF-kB-dependent survival gene. Cambi-
nol protected cells from necroptosis even in the presence of
the protein synthesis inhibitor cycloheximide (Figure 3a).
Cambinol displayed a weak, but reproducible inhibitory effect
on TNF-induced NF-kB signaling (Figure 3b). Cells over-
expressing the specific and potent NF-«B inhibitor IkBaSR3”
(Figures 3c and d) or treated with NF-«kB p65-specific SiRNAs
(Figure 3e) were similarly protected by this pan-sirtuin
inhibitor from TNF-induced necroptosis. Cambinol inhibited
several early signaling steps known to transduce pro-
necroptotic signals in response to TNF including accumula-
tion of phosphorylated JNK (Figure 4a), generation of ROS
(Figure 4b) and mitochondrial depolarization (Figure 4c).
Finally, cambinol inhibited the assembly of the RIPK1-RIPK3
complex induced by TNF, as assessed by co-
immunoprecipitation analysis (Figure 4d). Collectively, these
observations indicate that the activity of one or more
members of the NAD*-dependent sirtuin family is required
for optimal execution of a necroptotic program.

Both SIRT2 and SIRT5 regulate cell necroptosis. To
identify members of the sirtuin family regulating cell survival
in response to TNF, a series of lentiviral vectors expressing
shRNA directed at all seven sirtuin members was generated
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and used to infect the L929 cell line. shRNAs to SIRT2 and
SIRT5 shown to selectively affect expression of their target
gene by both mRNA and protein analysis (Figures 5a and b)
and were found to protect cells from TNF-induced necropto-
sis (Figures 5c and e). Knockdown of both sirtuin members
led to a sub-optimal assembly of the RIPK1-RIPK3 complex
in response to TNF (Figures 5d and f). To further confirm the
role for SIRT5 for adequate response to TNF, L929 cells were
transfected with siRNA specific for SIRT1 (used as a negative
control), SIRT5 and RIPK3 (used as a positive control)
(Figure 5h). A summary of nine independent experiments is
shown in Figure 5g, confirming that a weak, albeit statistically
significant protection against necroptosis can be achieved
upon administration of siRNA to SIRT5. These results were
also confirmed in L929 cells invalidated for SIRT2, SIRT5 or
both sirtuins using the CRISPR/Cas9 technology
(Supplementary Figure S4a and S4c). Again deletion of
SIRT2 and SIRT5 conferred a significant protection against
TNF-induced necroptosis (Supplementary Figure S4b and
S4d). Moreover, invalidation of SIRT2 did not affect the
sensitivity of L929 cells to FAS-induced apoptosis
(Supplementary Figure S4e).

Sirtuin-dependent regulation of necroptosis requires
caspase-8 activity. Much to our surprise, the protective
effect of cambinol was found to require caspase activity.
Indeed, when L929 cells were treated by a combination of
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Figure 3 Cambinol protects L929 cells from TNF-induced cell death independently of novel protein synthesis and NF-xB signaling. (a) Cell survival in response to

recombinant hTNF (1 ng/ml)-induced necroptosis was assessed in L929 cells in the presence of cycloheximide (10 uM) (n=

4). (b) HEK293T cells were transfected with a

reporter plasmid expressing luciferase under the control of multiple xB-sites. Cells were stimulated with recombinant hTNF in the presence of cambinol (100 xM) and/or
cycloheximide (CHX, 10 uM) (n=4). (c, d) L929 cells were stably transduced with viral constructs coding for the IxBa super repressor (IkBaSR). (c) Cell survival in response to
recombinant hTNF (1 ng/ml) was assessed 16 h post-treatment in L929 cells expressing IkBaSR in the presence of cambinol (100 M) (n=4). (d) Luciferase expression and
western blot analysis were used to confirm the inhibitory properties of IkBaSR on NF-«B signaling (n=4) and IxBa stability (n=2). (e) L929 cells transfected with p65 siRNA
were incubated in the presence of TNF (1 ng/ml) and cambinol (100 .M) before cell survival analysis after 16 h (n=4). The expression of p65 in control and siRNA-treated L929
cells was monitored by western blotting (n=2). Data represent mean+SD of four independent experiments (*P< 0.05)

TNF and the pan-caspase inhibitor z-VAD.fmk, they became
resistant to the pro-survival effects of cambinol (Figures 6a—c).
As expected, necrostatin-1 protected cells exposed to TNF
and z-VAD.fmk, confirming that caspase inhibition favors a
necroptotic form of cell death. Similarly, and in contrast to
necrostatin-1, cambinol was unable to protect L929 cells from
necroptotic cell death induced by FAS signaling in the
presence of z-VAD.fmk®'%® (Figure 6d). Owing to the well-
described role for caspase-8 in protecting cells from RIPK3-
dependent cell death,*%*° we next exposed L929 cells to
TNF in the presence of z-IETD.fmk, a specific caspase-8
inhibitor. Pharmacological inhibition of caspase-8 impeded
cambinol-mediated cell survival, suggesting a possible link
between sirtuins and caspase-8 activity in counteracting
TNF-induced necroptosis (Figure 6e). To further substantiate
these observations, we evaluated the capacity of cambinol to
modulate the activity of caspase-8. Using a western blot
(Figure 6f) and a caspase-8 fluorogenic assay (Figure 6g), we
detected an increased activity of this caspase in cambinol-
treated cells exposed to a FAS ligand, but not TNF. Note,
however, that the assays used can only reveal the catalyti-
cally activity of the pro-apoptotic caspase-8 homodimer, since

the pro-survival caspase-8/cFLIP heterodimer does not
require processing and displays a distinct substrate
repertoire.*’ To further support a role for caspase-8-
containing heterodimers in this setting, we stably expressed
the viral protein Crma in L929 cells.*? Contrary to most
pharmacological inhibitors, this protein has been shown to
preferentially inhibit caspase-8/caspase-8 homodimers over
cFLIP/caspase-8 heterodimers, known to negatively regulate
necroptosis.3**® Cells expressing Crma were strongly
sensitized to TNF-induced cell death, while efficiently
protected by cambinol (Figure 6h), suggesting that sirtuin
inhibitors may exert their anti-necroptotic activities by enhan-
cing the survival properties of cFLIP/caspase-8 heterodimers
in response to TNF.

Cambinol protects from renal ischemia/reperfusion
injury. Finally, to demonstrate the in vivo relevance of these
findings, cambinol was assayed in a model of renal ischemia-
reperfusion injury (IRI). Necroptosis is indeed thought to have
a major pathological role during renal ischemia-reperfusion,
based on the organ-preserving properties of necrostatin-1 in
animal models***® and the relative resistance of RIPK3-KO

Cell Death and Differentiation



G

NAD promotes TNF-induced necroptosis
N Preyat et al

34

a — TNF — b

/[ Cam Nec-1 T
o [ > S
INK (B EE o0 ICE

c Control

Medium ,j

TNF

Cambinol

Control TNF TNF + Cam
335]1,3 1513
622 3,0 93,8 [ 4,5

06 | 0.1
97 | 2.3

J J
o° 10t 10t w0t 100 10t 100 10 10 1 10

Propidium iodide ——»

Necrostatin-1

d /  TNFeh
/ Cam [ Cam
RIPK3 | s w5010
P RIPKT | RIPKT | - - - 750
Actin | -l— 37kD
RIPK3 | s v - 50 0
Total RIPK1 \ e —— .—+ 75 kD
Actin ‘ — — — -_L

37 kD

Figure 4 Cambinol interferes with the molecular execution of necroptosis. (a) Cambinol (100 M) or necrostatin-1 (20 M)-treated L929 cells were incubated in the presence
of hTNF (1 ng/ml) for 20 min and the phosphorylated status of JNK determined by western blot (n=3). (b) Flow cytometry analysis of ROS production, assessed as DHR123
fluorescence in TNF-stimulated L929 cells previously exposed to 100 M cambinol (n=4). (¢) Mitochondrial depolarization of control or drug-treated L929 cells in response to
hTNF (1 ng/ml) was estimated after 6 h using TMRE staining (n= 3). (d) Cambinol (100 xM)-treated L929 cells were stimulated with hTNF for 6 h, and cell extracts analyzed for
the presence of RIPK1-RIPK3 protein complexes (n=5) as indicated in the legend to Figure 1. Data are representative of at least three independent experiments

animals to IRL.*® IRI was induced by clamping of left renal
artery for 20 min followed by 24 h of reperfusion. Necrotic
damage was reduced in RIPK3-deficient mice, and virtually
absent in contralateral internal control kidney using this IR
protocol. (Figures 7a, b and e), Pretreatment of mice with
cambinol 15 min before clamping led to reduced medulla and
cortex necrosis (Figures 7c, d and f), compatible with an
in vivo role for sirtuins in mediating necroptotic damage in
response to IRI.

Discussion

The recent recognition of several, often independent, forms of
programmed cell death led us to undertake a comparative
study examining how the metabolite NAD*, a putative
intracellular pro-survival factor, regulates necroptosis. The
observations reported in the present study, and performed
primarily using a cell line in which apoptosis and necroptosis
could be selectively induced using well-characterized ligands
and experimental conditions, unveil a critical role for
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intracellular NAD* in determining the sensitivity of cells to
necroptosis. Independently of the experimental strategy used,
an increase in intracellular NAD™ levels sensitized cells to
necroptosis, while reduction in NAD* levels protected cells
against this form of programmed cell death. Intracellular NAD*
levels were found to affect a relatively proximal step in the
necroptotic signaling cascade initiated by the TNFR1, as
shown by the reduced capacity of TNF to induce RIPK1-
RIPK3 complexes in cells displaying low intracellular NAD*
levels.

On the basis of the well-described capacity of members of
the sirtuin family of NAD*-dependent deacylases to sense and
translate intracellular NAD" levels into a biological response,
we analyzed the potential role of these enzymes in controlling
necroptosis in response to TNF. Use of three structurally
unrelated sirtuin inhibitors, including compound 64,3 the most
potent and specific SIRT2 inhibitor described to date, and
cambinol, a previously described putative pan-sirtuin
inhibitor,*”*® largely confirmed our working hypothesis, as
incubation of cells in the presence of these compounds
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Figure 5 Reduction of SIRT2 and SIRT5 protein levels opposes necroptosis. L929 cells were stably transduced with vectors expressing shRNA constructs targeting SIRT2
(a, cand d) or SIRTS (b, e and f) as indicated. Efficacy and specificity of each shRNA is illustrated in (a) and (b), using RT-PCR (n= 3) and western blot (n=3) analysis. (c, €)
1929 were assessed for cell survival in response to recombinant hTNF (1 ng/ml) 16 h post-treatment (shRNA SIRT2 n=4; shRNA SIRT5 n=6). (d, f) The presence of RIPK1-
RIPK3 complexes was determined as described in Figure 1 (n=3). (g) L929 cells were treated with siRNA to the indicated proteins, exposed to hTNF and assayed for cell viability
as previously described (n=9). (h) Efficacy and specificity of siRNA treatments were verified by western blot using the appropriate corresponding antibodies. Cell survival graphs
represent mean+SD of at least four independent experiments (*P< 0.05, **P<0.01), and western blot graphs are representative of three independent experiments

rescued cells from necroptosis. In keeping with a previous
report,®® a knockdown approach confirmed the requirement
for SIRT2 expression and activity to complete the necroptotic
program, but also led us to identify SIRT5 as a critical,
additional sirtuin member regulating this form of cell death.
Both SIRT2 and SIRT5 appeared to affect the stability of
RIPK1-RIPKS association. Whether these two sirtuins share
the same substrate (as previously described and discussed for
other sirtuins pairs)*® and/or affect distinct substrates involved
in necrosome assembly is presently unknown and under
investigation. The present work may help to shed some light

on the controversial issue surrounding the role of sirtuins in
necroptosis. Indeed, the report describing a role for SIRT2 in
promoting necroptosis has been recently challenged by a
panel of authors.®® We believe that our work provides new
experimental evidence that may help better apprehend the
role of sirtuins in regulating necroptosis. First, we have
consistently failed to inhibit necroptosis induced in the
presence of a pan-caspase inhibitor by affecting sirtuin activity
and/or expression. This observation raises the intriguing
possibility that sirtuins may facilitate necroptosis by counter-
acting the inhibitory properties of the cell protective

Cell Death and Differentiation
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Figure 6 The protective effect of cambinol on necroptosis requires caspase activity. (@) Cell survival in response to recombinant hTNF (1 ng/ml)-induced necroptosis was
assessed 16 h post-treatment in L929 cells previously incubated in the presence of cambinol (100 xM), necrostatin-1 (20 M), z-VAD.fmk (25 M) and combinations of these
compounds (n=4). (b, ¢) Cell survival in response to a combination of graded doses of TNF and cycloheximide (10 g/ml) was assessed 16 h post-treatment in the absence (b),
or in the presence (c) of z-VAD.fmk (25 ;M) and the indicated inhibitors, cambinol (100 M) and necrostatin-1 (20 xM) (n=3). (d) Cell survival in response to FAS (CH-11; 15 ng/ml)-
induced cell death after 16 h of treatment was assessed in L929 cells previously incubated in the presence of cambinol (100 M), necrostatin-1 (20 M), z-VAD.fmk (25 ;M) and
combinations of these compounds (n=4). (e) Cell survival in response to recombinant hTNF (200 pg/ml)-induced necroptosis was assessed 16 h post-treatment in L929 cells
previously incubated in the presence of cambinol (100 M), z-IETD.fmk and a combination of both compounds (n=4). Caspase-8 activity in response to hTNF (10 ng/ml) and
FAS agonist (CH-11; 100 ng/ml) was assessed in the presence of cambinol (100 M), by (f) western blot to detect full length and processed forms of caspase-8 (n=23) or,
(g) using fluorescence emitted by a fluorogenic caspase-8 substrate, IETD-AFC (n=4). (h) Cell survival in response to recombinant hTNF (200 pg/ml) was assessed at 16 h
post-treatment in L929 cells stably expressing CrmA and previously incubated in the presence of cambinol (100 M) or necrostatin-1 (20 M) (n=4). PCR analysis was used to

confirm the expression of CrmA in L929 cells. Data represent mean+SD of four independent experiments (*P< 0.05)

cFLIP/caspase-8 heterodimer. Although indirect, the capacity
of cambinol to promote caspase-8 activity in response to FAS,
but not TNF stimulation, in the cell line used in this study is
compatible with this working hypothesis that, however, needs
further investigation. Of further note, we believe that caution
should prevail when studying necroptosis induced in the
presence of pan-caspase inhibitors. Indeed, (i) a number of
off-targeting effects interfering with necroptosis were reported
for caspases inibitors.®"% (i) In addition to masking the
potential role of the NAD"-sirtuin axis, recent observations
indicate that these inhibitors can promote the production of
soluble factors, including a number of cytokines (IL-6, IL-18,
IL-8, GM-CSF and CXCL2), chemokines (CCL2, RANTES
and CXCL1)®® and type | interferons (in response to
mitochondrial damage)®*>® that could interfere with the
necroptotic signaling pathway.%¢-58

Although the present study confirms previously reported
observations suggesting a role for SIRT2 in promoting
necroptosis,3® they are at apparent odds with the observation
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that SIRT2-KO mice remain sensitive to the in vivo toxicity of
exogenously administered TNF.%° Possible explanations for
this apparent discrepancy include the possible functional
redundancy between sirtuin members as this multigene family
often share substrate specificity*® and the uncertainty
concerning the mechanism underlying TNF toxicity in
SIRT2-KO mice.®® Also of relevance are the observations
that, quite often, inhibition of sirtuin activity can promote an
alternative form of cell death (see Figure 2d and
Supplementary Figure S3b), warranting further investigations
in the mode of cell death induced by TNF in SIRT2-KO mice.*°

Necrostatin-1 has been found to provide protection against
tissue damage secondary to ischemia and reperfusion in
several mouse models, strongly suggesting an important role
for necroptosis in these pro-inflammatory forms of cell death.
The protective role of a sirtuin inhibitor in a model of ischemia-
related, RIPK3-dependent, tissue damage (Figure 7) not only
confirms the previously described in vitro observations, but
also expands the possible pharmacological intervention
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Figure 7 Cambinol protects from renal ischemia/reperfusion injury. Mice were pretreated with cambinol (n=8) or vehicle (n=8) 15 min before clamping, or simply clamped
for RIPK3 WT (n=6) and RIPK3-KO mice (n=8), and exposed to ischemia/reperfusion. A necrosis scoring was attributed for renal (a and ¢) medulla and (b and d) cortex
lesions. (e and f) Representative pictures of kidney sections stained with periodic acid Schiff after diastase treatment (PAS-d) to identify renal lesions after ischemia/reperfusion at
10 times magnification. Pink/purple staining marks necrotic cells. Data are representative of three independent experiments (*P<0.05, **P<0.01, **P<0.001)

aimed at protecting tissues from oxidative/inflammatory
damages. Notably, it is tempting to speculate that based on
the differential sensitivity of necrostatin-1 and cambinol to
caspase inhibition, these two compounds may affect distinct
signaling steps and could be used in combination for
increased clinical benefit.

In conclusion, the present study confirms the important
signaling role played by NAD* and highlights the complex

relationship between metabolism and cell survival. While
intracellular NAD* protects cells against PARP-1-dependent
cell death and possibly also against some forms of
apoptosis®®®" and autophagy,®>®? it has an opposite role in
promoting necroptosis. NAD* may therefore represent an
important intracellular factor regulating the choice of cell
demise, a finding that may call for caution in the clinical
translation of pharmacological and nutraceutical approaches

Cell Death and Differentiation
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3B

aiming at increasing tissue NAD* levels with the hope of
counteracting aging-related disabilities.®*

Materials and Methods

Cell lines and culture media. L929sAhFas cells (referred to as L929 in this
study) were generated by expressing the human Fas gene in L929sA cells, a TNF-
sensitive derivative of the murine fibrosarcoma cell line L929.2° Human embryonic
kidney (HEK) 293T, L929 and MEF cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS), penicillin
(100 IU/ml), streptomycin (0.1 mg/ml) and L-glutamine (0.03%).

Compounds, antibodies and cytokines. Primary antibodies used for
western blot were RIPK1 mAb (38/RIP, BD Biosciences, San Jose, CA, USA),
RIPK3 pAb (#IMG-5523-2, Imgenex, Littleton, CO, USA), Caspase-8 mAb (1G12,
Alexis Biochemicals, Farmingdale, NY, USA); NAMPT mAb (14A.5, Millipore,
Billerica, MA, USA), Actin pAb (#A2066), tubulin mAb (B-5-1-2) and acetylated
tubulin mAb (6-11B-1) were from Sigma-Aldrich (St. Louis, MO, USA), SIRT5 pAb
(#ARP40125_T100, Aviva Systems Biology, San Diego, CA, USA), cleaved
caspase-8 mAb (#D5B9) and SIRT2 mAb (#D4S6J) were from Cell Signaling
(Danvers, MA, USA) and SIRT1 pAb (#07-131, Millipore). Finally, Vimentin pAb
(#SC-7557), p65 pAb (#SC-372), and IxB-a pAb (#SC-371) were from Santa-Cruz
Biotechnology (Dallas, TX, USA). Secondary antibodies used for western blot were
donkey anti-goat IgG-HRP (#SC-2020, Santa-Cruz Biotechnology), mouse anti-rat
kappa chain (clone LO-MK-1, Thermo Scientific, Waltham, MA, USA), donkey anti-
rabbit 19G-HRP (#NA934V) and sheep anti-mouse Ig-HRP (#NXA931) were from
GE Healthcare (Little Chalfont, UK), and HRP-rec-Protein G (#10-1223) was from
Invitrogen (Waltham, MA, USA). Purified mAb raised against human FAS (clone:
CH11) was purchased from Millipore. Recombinant murine and human TNF (#315-
01A and #300-01A, respectively) were from Peprotech (Rocky Hill, NJ, USA). SIRT1
inhibitor EX-527 (#566322) was from Calbiochem (Billerica, MA, USA). NAMPT
inhibitor FK866 is a gift from Apoxis (Lausanne, Switzerland). Staurosporine
(#S5921), ionomycin (#19657), cambinol (#C0494), nicotinamide mononucleotide
(#N3501), isonicotinamide (#117451) were all purchased from Sigma-Aldrich.
Necrostatin-1 (#ALX-430-136) was from Alexis Biochemicals, z-VAD.fmk (#3188-v)
from Peptanova (Sandhausen, Germany) and z-IETD.fmk (#550380) from BD
Pharmingen (San Jose, CA, USA). RIPK3 inhibitor (GSK'843, described here as
R3i), a kind gift of GSK was used under an MTA agreement, and requests should be
addressed to PJ.G. (peter.j.gough@gsk.com). The SIRT2 inhibitor (compound 64)
was kindly provided by Ligiang Chen (University of Minnesota, Minneapolis, USA).

Transfection and RNA interference. Cells were transfected with
Lipofectamine 2000 (Invitrogen) following manufacturers instructions. A GFP
reporter plasmid was used to estimate transfection efficacy by flow cytometry. L929
cells were transfected with pools of four distinct proprietary siRNAs (SIGENOME
SMARTpool, Dharmacon) to each target mRNA at 35 nM using Lipofectamine 2000
as a transfection reagent. As controls, non-targeting SiRNA duplexes were
employed. Cells were used 48 h post-transfection.

Quantification of NAD. The method used is derived and adapted from a
previously described colorimetric test.2“®® Cells were collected and washed in cold
PBS. Cellular pellets were resuspended at about 5x 107 cells/ml in an extraction
buffer containing 20 mM NaHCO5; and 100 mM Na,COs and snap-frozen in liquid
nitrogen. Upon thawing, lysates were centrifuged at 13 000 g for 15 min at 4 °C, and
the supernatants collected and stored protected from light on ice. Intracellular NAD
quantification relies on an enzymatic cycling assay performed in a 96-well plate. For
each sample, 20 pl of cell lysate was mixed with 160 ul of fresh reaction buffer
(100mM Tris-HCI (pH 8.0), 1 mM phenazine ethosulfate (PES, Sigma-Aldrich),
0.5mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich), alcohol dehydrogenase 0.2 mg/ml et BSA 1%). The enzymatic loop was
triggered by adding 20 x| of warm ethanol 6 M and the plate incubated at 37 °C in
darkness. Optical density is measured every 3min for 15min at 570nm on a
spectrophotometer (Multiscan FC, Thermo Scientific). NAD values are normalized
to protein concentrations (Micro BCA Protein Assay kit, Thermo Scientific).

SDS-PAGE and western blot. Cells were lysed in RIPA buffer (PBS with 1%
NP-40, 0.5% sodium desoxycholate and 0.1% SDS) containing protease inhibitors
(Complete Mini Protease Inhibitor Cocktail Tablet, Roche, Basel, Switzerland).
Protein concentration was measured with the Micro BCA Protein Assay kit (Thermo
Scientific) and up to 40 g of protein was loaded onto a 12% Bis-Tris polyacrylamide
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gel. Gels were run in NuPAGE MOPS or MES SDS Running Buffer (Invitrogen) at
150V for 1 h. Proteins were transferred onto a PVDF membrane (Amersham, Little
Chalfont, UK) with transfer buffer containing 25.5mM Tris, 192 mM glycine and 20%
methanol. Membranes were incubated in 5% BSA or 5% nonfat dry milk (Biorad,
#170-6404, Hercules, CA, USA) and proteins were detected with appropriate
antibodies. Protein expression was revealed using a Pierce-enhanced chemilumines-
cence western blotting substrate (ECL) (Thermo Scientific) and recorded on a CCD
camera (G:Box Chemi, Syngene, Cambridge, UK).

Immunoprecipitation. Cells were grown overnight in 15cm dishes. After
stimulation, the cells were washed once with PBS and harvested by scraping. After
centrifugation at 500 g for 5 min at 4 °C, the cell pellet was washed again in cold
PBS and resuspended in 1 ml of lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
1mM EDTA, 1% NP-40, 10% glycerol, 20 mM glycerol b-phosphate, 10 mM NaF,
0.5 mM sodium orthovanadate and cOmplete Mini Protease Inhibitor Cocktail Tablet
from Roche) and incubated on an orbital shaker at 4 °C for 15 min. Cell lysates were
cleared by centrifugation at 16.000 g for 15 min at 4 °C and supernatants incubated
overnight with an antibody to RIP1 (clone: 38/RIP, BD Biosciences). The complex
was isolated using the uMACS pbeads technology (Miltenyi Botec, Bergisch
Gladbach, Germany) following the manufacturer’s instructions. In brief, secondary
antibody coupled-ubeads were added for 60 min, and cell lysate was applied to a
u-column, washed four times and eluted with 50 ul of pre-heated (95 °C) elution
buffer containing two volumes of LAEMLI buffer 5X+ 2% p-mercaptoethanol and
three volumes of lysis buffer. The eluate was analyzed by SDS-PAGE.

RNA purification, cDNA synthesis and RT-PCR. Total RNA was
extracted from the cells using TRIzol Reagent (Invitrogen). Poly(A) RNA was primed
with oligo(dT) (Sigma-Aldrich) and reverse transcribed with SuperScript reverse
transcriptase (Roche) for 1h at 42 °C. To estimate the expression of CrmA, cDNA
products were amplified by PCR using primers specific for mouse Rpl32 (5’ primer,
5’-CTG CCC TCC GGC CTC TGG TG-3'; 3’ primer, 5’-GCG TAG CCT GGC GTT
GGG AT-3'), cowpow virus CrmA (5’ primer, 5-ACG GCG AGG CAT TTA ATC
ACG CA-3'; 3 primer, 5’-CAG TCT GCC ACC AGC GCA CA-3'). All primers were
purchased from Sigma-Aldrich. To estimate the expression of CrmA, a 50 ul PCR
reaction was set up containing 0.4 ul (1 U) of Tag DNA polymerase produced in the
laboratory, 5 ul of 10X Red Taq buffer (Sigma-Aldrich), 2 ul of cDNA and 200 nmol
of each primer. Amplification consisted of 30 cycles of denaturation at 95 °C for 15's,
annealing at 55 °C for 30 s and extension at 68 °C for 1 min. Amplification products
were electrophoresed on 1% agarose gels and visualized by ethidium bromide
staining on a CCD camera (G:Box Chemi, Syngene). To estimate shRNA specificity
and efficacy, cDNA products were amplified by PCR using primers specific for
mouse Rpl32 (5" primer, 5-GGC ACC AGT CAG ACC GAT AT-3’; 3’ primer, 5'—
CAG GAT CTG GCC CTT GAA C-3'), Sirt2 (5’ primer, 5’-AAC ATC CGG AAC
CCT TCT TT-3’; 3 primer, 5'-AGC AGG CGG ATG AAG TAG TG-3' and Sirt5 (5’
primer, 5-CAC CCA GAA CAT TGA CGA GTT-3’; 3’ primer, 5'-TAA GGT TCC
GTG GAT TTC CA-3'). gPCR was performed using a StepOne Plus system
(Applied Biosystems) with Maxima SYBR Green/ROX gPCR Master Mix (Thermo
Fisher Scientific). Quantification (with RPL32 as endogenous housekeeping gene)
was done using standard curves.

Cell death analysis and caspase-8 assay. Flow cytometry was used to
quantify cell death using a FACS Canto Il cytometer (Becton Dickinson, San Jose,
CA, USA). Plasma membrane integrity is disrupted in necrotic cells and secondary
necrotic cells, allowing propidium iodide incorporation and staining of DNA.
Propidium iodide negative cells (PI-) were considered as viable cells. Caspase-8
activity was assessed using IETD substrate peptide conjugated to 7-amino-4-
trifluoromethyl coumarin (AFC) following the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA, #BF2100). Fluorescence emitted at 505 nm was
measured using Synergy Mx microplate reader (Biotek, Winooski, VT, USA).

TMRE staining. For mitochondrial membrane potential measurements, L929
cells were cultured in chambered coverglass (CELLview, Greiner), washed once
with phosphate-buffered saline and stained for 30 min at 37°C with 100 nM
Tetramethylrhodamine ethyl ester (TMRE, Invitrogen). TMRE is a cationic cell
permeable red-orange fluorescent dye that is readily sequestered by active
mitochondria. Loss of mitochondrial membrane potential cells is detected by
attenuation of TMRE fluorescence. Images were captured using an inverted
fluorescence microscope (Zeiss Axio Observer Z1) equipped with a thermostated
incubation chamber.



ROS detection and analysis. 1929 cells were cultured and treated in 24-
well plates. For the last 30 min of stimulation, dihydrorhodamine 123 (DHR123,
#D-632) from Invitrogen was added in the medium at a concentration of 5nM.
Propidium iodide was added just before flow cytometry analysis.

Luciferase assays. Cell lysis and luciferase assays were performed using the
Dual-Luciferase Reporter Assay System (Promega, Fitchburg, WI, USA) following
the manufacturer’s instructions. The luminescence was measured using a
luminometer (TD-20/20, Turner Designs, Sunnyvale, CA, USA). HEK293T cells
were transfected with a reporter plasmid in which the firefly luciferase reporter gene
is under control of multiple xB-sites from the IL-6 promoter binding sites for the
classical p50/p65 dimer.®® These cells were also transfected with pGL4.74, coding
for the Renilla luciferase under control of the constitutive HSV-TK promoter, which
serves as an endogenous control.

Mice and in vivo experiments. C57BL/6 mice were purchased from Harlan
laboratories based in the Netherlands. N.P. holds the Belgian certification to work
with laboratory animals. Animal experimentations were conducted in compliance
with Belgian and European relevant laws and institutional guidelines. The local ethic
committee approved the protocols involving animal experimentation. Renal ischemia
reperfusion injury was induced by a 20 min unilateral clamping of the left renal
artery, the contralateral kidney was used as an internal control. The surgical
procedure was performed under isoflurane anesthesia. After a midline laparotomy,
the left renal artery was clamped during 20 min a non-traumatic clamp. Evidence of
ischemia was confirmed by the darkening of the ischemic kidney. The abdomen was
temporarily closed and body temperature was kept at 36 °C. After removing of the
clamp, reperfusion of the kidney was assured by regaining of its original color. The
abdomen was closed in two layers and subcutaneous injections with 0.9% NaCl and
buprenorfine 50 mg/kg (Temgesic; Schering-Plough) to achieve hydration and
analgesia. Cambinol was administered intraperitoneally 15 min before surgery at a
dose of 100 mg/kg in a volume of 500 ml. For maximal solubility cambinol was
freshly diluted in a solution of 50% ethanol/ 50% cremophore and then mixed with
warm PBS to reach a final proportion of 10% ethanol/10% cremophore. Mice were
killed 24 h after reperfusion and both kidneys were harvested. Renal tissue was
formalin-fixed and paraffin-embedded. Five-um tissue sections were cut and stained
with periodic acid Schiff after diastase treatment to assess necrosis. Necrosis was
defined as intraluminal PAS-d+ debris with within denudated tubular basement
membranes and necrotic tubules were averaged per x 20 high-power field.

Lentiviral and retroviral vectors. Stable expression of proteins of interest
was achieved using a modified version of the retroviral vector pMx IRES GFP®” The
vector was transfected in the Platinum-E (Plat-E) cell line derived from
HEK293T cells. Fugene 6 (Promega) was used as a transfection reagent. Stable
expression of shRNA targeting proteins of interest was achieved using the lentiviral
vector pSicoR eGFP purchased from Addgene (Cambridge, MA, USA). Sequences
used were mouse Sirt2 (5" primer: Tgg aac agc agt aac agt aaT TCA AGA
Gat tac tgt tac tgc tgt tcc TTT TIT C; 3’ primer: TCG AGA AAA AAg
gaa cag cag taa cag taa TCT CTT GAA tta ctg tta ctg ctg ttc cA) and mouse Sirts
(5’ primer: Tgt caa gtc ctt cca tat taT TCA AGA Gat aat atg gaa gga ctt gac
TTT TTT C; 3 primer: TCG AGA AAA AAg tca agt cct tcc ata tta TCT
CTT GAA taa tat gga agg act tga cA). Lentiviruses were produced following the
manufacturer’s instructions.

Generation of CRISPR/Cas9-mediated knockout cell lines. 1929
cells were transfected with pSpCas9-(BB)2A puro (PX459), a plasmid from Feng
Zhang's lab,%® and knockout cells were selected using puromycin at 10 ug/ml for
5 days. Guide oligos used were mouse Sirt2 (5’ primer: CAC CGG CGG AAG TCA
GGG ATA CCC G; 3’ primer: AAA CCG GGT ATC CCT GAC TTC CGC C), and
mouse Sirt5 (5" primer: CAC CGA ACT GGG AAA TGA ATC GGC C; 3’ primer:
AAA CGG CCG ATT CAT TTC CCA GTT C).

Statistical analyses. Data presented are expressed as means+SD. Statistical
analyses were performed with Mann-Whitney U-est (two-tailed distribution) was
used for comparison of control group parameters with treatment group, and Kruskal-
Wallis was used for multiple comparisons when appropriate. Comparisons of
survival curves were performed using Logrank test. Unless specific notification,
experiments presented here were reproduced independently at least three times.
Difference between groups was considered statistically significant when the P-value
was below 0.05 (*P<0.05, **P<0.01, ***P<0.001). All statistical analyses were
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performed with GraphPad Prism5 software (GraphPad Software, San Diego,
CA, USA).
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