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Death receptor (DR) ligation can lead to divergent signaling pathways causing either caspase-mediated cell death or
cell proliferation and inflammation. These variations in cellular fate are determined by adaptor proteins that are recruited
to the DR signaling complex. FLICE inhibitory protein (FLIP) is an established inhibitor of caspase-8-mediated apoptosis,
and it is also involved in NF-κB activation. However, the molecular mechanism that regulates FLIP within this complex
is unknown. In this study, we provide new evidence for the regulation of NF-κB by FLIP through S-nitrosylation, which
involves covalent modification of the protein’s cysteine thiol by nitric oxide to form S-nitrosothiol. Point mutations of
FLIP at cysteine residues 254 and 259 prevent FLIP S-nitrosylation and its ability to activate NF-κB. The mechanism by
which FLIP nitrosylation regulates NF-κB activity involves RIP1 binding and redistribution, whereas TRAF2 binding and
distribution are unaffected. We further show that FLIP processing and cleavage is dependent on its nitrosylation status.
Collectively, our study reveals a novel pathway for FLIP regulation of NF-κB through protein S-nitrosylation, which is a
key posttranslational mechanism controlling DR-mediated cell death and survival. Since increased expression of FLIP and
nitric oxide are frequently observed in chemotherapy-resistant tumors, S-nitrosylation of FLIP could be a key mechanism
of chemoresistance and tumor growth.

Introduction
Cellular proliferation, inflammation, and apoptosis are
highly regulated cellular processes important in homeostasis.
Dysregulation of these processes can cause a multitude of human
diseases including cardiovascular disease, autoimmune disorders,
and cancer. This occurs frequently in response to aberrant signaling initiated by death receptors (DRs). DRs belong to the tumor
necrosis family receptor (TNFR) superfamily, which includes
TNF receptors (TNFRs), Fas, and TNF-related apoptosis

inducing ligand receptors (TRAIL-Rs).1 DRs have been widely
noted to play an important role in cancer development and
metastasis.2 DR ligands are pleiotropic cytokines that initiate
the formation of signaling complexes on the cytoplasmic tail of
the receptors. Contrary to their name, DRs can signal both for
cell survival and cell death.3 Receptor ligation results in receptor
oligomerization and recruitment of adaptor proteins to the receptor complex, which determines the fate of the cell. Regulation
of proteins that are recruited to the signaling complex is equally
important in determining the outcome of DR stimulation. An
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IKKs by this complex.19 Inhibition or loss of cIAPs, as well as the
deubiquitination of RIP, causes apoptosis via RIP recruitment
to the DISC.20 Therefore, RIP is a pivotal signaling protein in
DR-stimulated complex formation. By regulating both cell death
and proliferation, it is not surprising that RIP overexpression has
also been associated with poor prognosis in cancer.21
Reactive nitrogen and oxygen species are commonly found
in pathologies such as chronic inflammation, cardiovascular
disease, and advanced tumorigenesis. Activation of inducible
nitric oxide synthase (iNOS) and elevated levels of nitric oxide
(NO), lead to rapid increases in the S-nitrosylation of proteins.
S-nitrosylation is the covalent addition of NO to the thiol side
chain of a cysteine residue. This post-translational modification
(PTM) can regulate protein interactions and modify downstream
signaling. Other PTMs have been reported to significantly alter
FLIP stability and function.22,23 We have previously shown that
S-nitrosylation of FLIP can prevent its ubiquitination and subsequent degradation, making it a more potent inhibitor of Fasmediated apoptosis.24
Here we demonstrate the effects of FLIP S-nitrosylation of
residues 254 and 259 on NF-κB activation. The underlying
mechanism of changes in NF-κB activation is due to the ability
of S-nitrosylated FLIP to bind RIP1 following TNF-α stimulation. Additionally, we demonstrate that S-nitrosylation of FLIP
regulates its cleavage into shorter forms. Determining the regulation of FLIP signaling is fundamental to understanding its role in
disease and is imperative for the future development of effective
therapeutic strategies in chemotherapy-resistant cancers.

Results
FLIP is S-nitrosylated at residues 254 and 259
The antiapoptotic role of FLIP in DR-mediated apoptotic
signaling is firmly established. We have previously reported that
FLIP S-nitrosylation prevents its ubiquitination and subsequent
degradation, thereby making it a more potent inhibitor of Fasmediated apoptosis.24 Since DR signaling can also lead to cell
survival we tested the hypothesis that S-nitrosylation of FLIP
modulates its role as an NF-κB activator. We used our previously described double cysteine mutant of FLIP (2CM), where
single point mutations of cysteine residues 254 and 259 to alanines in the caspase-like domain of FLIP prevent S-nitrosylation
of FLIP (Fig. 1A).24 Transiently transfected FLIP 2CM showed
impaired responsiveness to pharmacological NO supplementation by DPTA NONOate (NONO), as evidenced by the lower
overall S-nitrosylation of FLIP 2CM compared with wild-type
FLIP (wt), with S-nitrosylation levels comparable to those detectable following the treatment with the iNOS inhibitor aminoguanidine (AG) (Fig. 1B and C). We do not see a complete reduction
in S-nitrosylation levels, since there are additional cysteine residues within the FLIP protein sequence that could potentially be
S-nitrosylated.
S-nitrosylation of FLIP modulates NF-κB activation
It is well established that FLIP can promote NF-κB activation.10,15,16 While transient transfection of wild-type FLIP
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example of a signaling complex that forms at the membrane is
the death-inducing signaling complex (DISC), where the adaptor protein FADD and procaspase-8 are recruited, resulting in
caspase activation and subsequent cell death. DR-mediated cell
survival, however, is mediated by an alternate complex that
involves proteins upstream of nuclear factor kappa B (NF-κB),
mitogen-activated protein kinase (MAPK), and phosphatidylinositol 3-kinase (PI3K) pathways.
Many cancer cells constitutively express DRs, resulting in an
increased sensitivity to ligands such as Fas and TRAIL.4 This
increased sensitivity was thought to provide a selective opportunity to target cancer cells for apoptosis, sparing normal cells with
basal DR expression levels. This has led to the current exploration
of adjuvant TRAIL therapies alongside chemotherapy in a wide
variety of cancer treatments.5 However, many advanced cancers
have gained resistance to apoptotic signaling via the upregulation of apoptotic inhibitor proteins such as cellular inhibitors of
apoptosis (cIAPs) and FLICE inhibitor protein (FLIP).6 FLIP,
originally noted for its importance in lymphocyte proliferation
and development,7 is a known inhibitor of DR-mediated apoptosis.8 Multiple isoforms of FLIP mRNA have been identified,
but 2 protein forms, FLIP long (FLIPL) and FLIP short (FLIPS),
are most readily observed, each having distinct signaling effects
at the DISC.9 FLIPL is a 55-kDa protein that can be a substrate of caspase-8 resulting in truncation from the C-terminal
end into a 43-kDa protein, which has been noted to be more
active.10,11 FLIPS is a 22-kDa isoform consisting only of the 2
N-terminal death effector domains (DEDs). Both isoforms of
FLIP inhibit apoptosis via their ability to form heterodimers
with procaspase-8, preventing activation of the caspase cascade.9,12 Elevated FLIP expression levels are directly associated
with chemotherapy-resistant cancers as an acquired mechanism
to evade DR-mediated apoptosis.9 Additionally, FLIP has been
reported in other DR pathways, including the activation of the
potent pro-inflammatory transcription factor NF-κB.13,14 FLIP
can interact with multiple proteins important in TNF-mediated
NF-κB activation, including receptor interacting protein kinase
1 (RIP1),15 TNFR-associated factor 2 (TRAF2),10 and inhibitor
kappa B kinase gamma (IKKγ),16 indicating the multiple roles for
FLIP in NF-κB signaling. Furthermore, NF-κB promotes FLIP
expression in a positive feedback loop.17 These high levels of FLIP
can potentially enhance a chronic inflammatory response and
promote tumor growth.
Abundant concentrations of DR-ligands are produced in
response to infection, inflammation and in response to chemotherapeutic drugs. NF-κB is sequestered by NF-κB inhibitors
(IκBs) in the cytosol under normal conditions. Proinflammatory
cytokines and DR-ligands activate NF-κB by targeting IKK for
phosphorylation and subsequent degradation, allowing NF-κB
to translocate to the nucleus to function as a transcription factor.
TNFR-mediated activation of NF-κB is initiated by the formation of a cytoplasmic complex containing TNFR superfamily
1A-associated via death domain (TRADD), RIP1, TRAF2,
and cIAPs. During TNFR signaling, RIP1 is polyubiquitinated
by cIAPs promoting the formation of a pro-survival complex
upstream of NF-κB activation.18 RIP is essential for activation of

(n = 3). *P < 0.05 vs. non-treated (NTX) FLIP wt transfected cells. P < 0.05 vs. FLIP wt transfected cells.

1950

Cell Cycle

Volume 13 Issue 12

©2014 Landes Bioscience. Do not distribute.

Downloaded by [Northwestern University] at 14:29 30 August 2015

activates NF-κB in a dose-dependent manner (Fig. 2A), FLIP and B). Flow cytometric analysis of apoptosis using annexin V
2CM completely lacks any detectable activation of NF-κB and propidium iodide confirmed the Hoechst DNA fragmenta(Fig. 2C). This result suggests that the S-nitrosylation of FLIP tion results (Fig. 3C and D) and indicated that S-nitrosylation
at residues 254 and 259 is necessary for FLIP-mediated activa- of FLIP is important in both proliferative and apoptotic signaltion of NF-κB. The expression of all FLIP constructs has been ing originating from DRs.
verified by immunoblot in comparison to empty vector (EV)
S-nitrosylation of FLIP modulates RIP1 binding and
(Fig. 2B and D). In agreement with previous results, transient localization
expression of the 2 N-terminal DEDs (2DED), representative
To further delineate the molecular mechanism by which
of FLIPS, but not one N-terminal DED alone (1DED), indepen- S-nitrosylation of FLIP mediates NF-κB activation, we investidently activates NF-κB (Fig. 2C).10,16 These results indicate that gated its interaction with upstream adaptor RIP1, which is a cruS-nitrosylation of FLIP at cysteine residues 254 and 259 repre- cial signaling protein upstream of NF-κB activation and known
sents a distinct mechanism to activate NF-κB, compared with binding partner of FLIP.15 We transiently transfected cells with
the DED-mediated response previously reported. To further FLIP wt or FLIP 2CM and tested the interaction with endogenous
examine the role of S-nitrosylation of FLIP on NF-κB activation, RIP1. FLIP wt or FLIP 2CM was immunoprecipitated, and the
we performed experiments using NO-modifying reagents. Cells immune complexes were probed for RIP1. FLIP wt binds to RIP1
were transiently transfected with FLIP wt (FLIPL) expression in the absence of any DR stimulation, and the interaction is disconstructs, followed by treatment with the NO donor DPTA rupted following TNF-α treatment (Fig. 4A). In contrast, FLIP
NONOate (NONO) and sodium nitroprusside (SNP). NO 2CM retained its ability to interact with RIP1 even in cells that
supplementation using either NONO or SNP treatment caused were treated with TNF-α (Fig. 4A) at the same level as observed
a decrease in FLIP-mediated NF-κB activation, which was in cells not stimulated by TNF-α (data not shown). This differindependent on the expression level of FLIP, while FLIP 2CM ential binding indicates that the S-nitrosylation of FLIP at resiwas not affected by NO supplementation and failed to activate dues 254 and 259 inhibits binding to RIP1. Furthermore, FLIP
NF-κB (Fig. 2E). Although we expected to observe an increase in wt, but not FLIP 2CM, is cleaved upon TNF-α treatment, also
NF-κB activation, the subunits of NF-κB
are also targets for S-nitrosylation, which
results in an overall inhibition of its activation by preventing translocation to
the nucleus and interfering with DNA
binding.25 However, we show the FLIPmediated induction of NF-κB remains
statistically significant compared with
control cells (Fig. 2E). Additionally,
NF-κB activation promoted by transient
transfection of FLIP, but not FLIP 2CM
was significantly increased upon global
NO inhibition using the NO scavenger
2-(4-carboxy-phenyl)-4,4,5,5 tetramethylimidazoline-1-oxy-3-oxide (PTIO)
and the selective iNOS inhibitor AG
(Fig. 2F). Thus, our results show that
the S-nitrosylation of FLIP is upstream
of NF-κB activation and is another
S-nitrosylation-mediated mechanism to
modulate NF-κB activation.
Since DRs signal for NF-κB activation and apoptosis, we also determined
the effect of S-nitrosylation of FLIP on
apoptosis. Cells were transfected with
Figure 1. S-nitrosylation of FLIP. (A) A schematic of the domain structure of FLIP isoforms and
either an EV, FLIP wt, or FLIP 2CM,
expression vectors is shown. FLIP wild-type (wt), FLIP death effector domains (2DED), FLIP double
cysteine mutant (2CM). (B) HEK-293 cells were transiently transfected with myc-FLIP wt or myc-FLIP
followed by treatment with the DR
2CM and treated with media alone (NTX), 300 μM AG, 400 μM NONOate for 12 h or 50 ng/mL TNF-α
agonist TNF-α or FasL and quantificafor 30 min. Analysis for S-nitrosylation was determined by fluorescence described in “Materials and
tion of apoptosis. Treatment of the cells
Methods”. (C) HEK-293 cells were transiently transfected with myc-FLIP wt or myc-FLIP 2CM. mycwith TNF-α and FasL causes increased
FLIP-expressing cells were treated as in (B). Lysates were coimmunoprecipitated using anti-myc
cell death shown by an increase in fragantibodies and assayed for S-nitrocysteine (SNO-Cys) by streptavidin using an S-nitrosylation kit.
Membranes were stripped and reprobed with anti-myc antibodies to detect FLIP. Total cell lysates
mented nuclei, which is inhibited by
(TCL) were also probed with anti-GAPDH antibodies to control for loading. Data are mean ± SD
FLIP wt, but not FLIP 2CM (Fig. 3A
#

treated (NTX) EV-transfected cells. P < 0.05 vs. non-treated (NTX) control.
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TRAF2 localization and FLIP binding is not dependent on
FLIP S-nitrosylation
TRAF2 is another DR signaling complex adaptor protein, which is essential for NF-κB activation.19 Since the
S-nitrosylation of FLIP affects its interaction with RIP1, we also
examined the interaction of FLIP with TRAF2. We transiently
transfected cells with either FLIP wt or FLIP 2CM, immunoprecipitated FLIP, and analyzed the immune complexes for the
presence of endogenous TRAF2. However, in contrast to the
FLIP interaction with RIP1, its interaction with TRAF2 was not
affected when comparing FLIP wt and FLIP 2CM, either in the
presence or absence of TNF-α (Fig. 5A). Additionally, we examined the localization of TRAF2 in HEK
293 cells following TNF-α stimulation.
We found that TRAF2 is distributed in
the cytoplasm in resting cells and translocates to the membrane following receptor stimulation with TNF-α regardless
of the presence of FLIP wt or FLIP 2CM
(Fig. 5B). Thus, our results indicate that
S-nitrosylation of FLIP at residues 254
and 259 does not affect its interaction with
TRAF2 and therefore is expected to not
cause the effects on NF-κB activation.
S-nitrosylation of FLIP causes processing into shorter forms
FLIP protein levels and the ratio of
FLIPL and FLIPS vary in different cell
types. It is also known that FLIPL is rapidly
converted into a p43 fragment through
proteolytic cleavage.10,11,26 Since different forms of FLIP show distinct effects
on NF-κB activation (Fig. 2C), we next
tested whether DR ligation causes proteolytic processing of FLIP, which could
also impact activation of NF-κB. We used
a human lung adenocarcinoma A549 cell
line, which expresses a high level of FLIP,
and either mock treated the cells, or treated
the cells with the DR-ligands TNF-α and
FasL for different times in the absence
or presence of the proteasome inhibitor
MG132. We then probed the lysates for
expression of endogenous FLIP. We found
Figure 2. FLIP-mediated NF-κB activation. HEK-293 cells were transiently transfected with an
that the 55-kDa FLIPL is partially conNF-κB-luciferase and Renilla-luciferase reporter and expression constructs for the FLIP domains,
verted in resting cells into the 43-kDa,
as indicated. Luciferase activity was determined by the dual-luciferase reporter assay. (A) Cells
C-terminally truncated FLIPL (Fig. 6A).
were transiently transfected with increasing amounts of FLIP wt and an NF-κB luciferase reporter
Treatment with MG132 also revealed presplasmid. NF-κB activity was determined by luminescence according to “Materials and Methods”.
ence of p22 FLIP, which is proteasomally
(B) Total cell lysates were also analyzed by western blot using an anti-myc antibody to verify the
increasing expression levels of FLIP. (C) Cells were transiently transfected with empty vector (EV),
degraded. However, treatment with either
FLIP wt, FLIP 2CM, FLIP 2DED, or FLIP 1DED and analyzed for NF-κB activity as noted in (A). (D) Total
TNF-α or FasL enhanced expression or
cell lysates were also analyzed by western blotting as above to verify expression of all constructs.
stability of FLIPS, with FasL also promot(E) Cells were transiently transfected with EV, FLIP wt or FLIP 2CM. Cells treated with media alone,
ing further processing of p43 into the p39
400 μM NONOate, or 500 μM SNP for 12 h to supplement nitric oxide and analyzed for NF-κB activversion, which is yet another C-terminal
ity as noted in (A). (F) Cells were transiently transfected with EV, FLIP wt, or FLIP 2CM, and cells were
treated with media alone, 300 μM AG or 300 μM PTIO for 12 h to inhibit NO production. Lysates
processing event. We next tested whether
were analyzed for NF-κB activity as noted in (A). Data are mean ± SD (n = 3). *P < 0.05 vs. nonS-nitrosylation could impact proteolytic
§

indicating that S-nitrosylation is necessary for FLIP processing.
We next examined the cellular localization of FLIP and RIP1 by
confocal microscopy in HEK 293 cells, which express very low
levels of endogenous FLIP (data not shown). We observed that
in resting cells, RIP1 is distributed in the cytoplasm; however,
it is recruited to the membrane in response to TNF-α stimulation. This translocation to the membrane is impaired when the
FLIP 2CM mutant is co-expressed (Fig. 4B). These results suggest that the S-nitrosylation of FLIP is essential in regulating its
interaction with RIP1, thus affecting localization of RIP1 to the
DR complex following receptor ligation, thereby modulating DR
signaling.
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Discussion
In this study we demonstrate that
S-nitrosylation of FLIP at cysteines 254 and 259
mediate RIP1 binding to induce NF-κB activation. This mechanism is distinct from previously
reported FLIP-mediated NF-κB activity, thus
FLIP S-nitrosylation provides a novel molecular
mechanism of FLIP-mediated NF-κB regulation.10,16 FLIP can interact with multiple proteins
upstream of NF-κB, and therefore it is not surprising to discover that differences in FLIP signaling and nitrosylation state can lead to the
activation of NF-κB via multiple avenues. An
increasing number of studies have been reported
examining the inhibition of FLIP using smallmolecule inhibitors, chemicals, or siRNA techniques;27-30 however, additional regulation may
be found within the cell by PTMs.
FLIP PTMs have been shown to be involved
in changes in its stability, binding partner interactions, and localization. FLIP phosphorylation
prevents localization to the DISC in TRAILmediated DR5 signaling and leads to an increase
in TRAIL-mediated apoptosis.22 We have previously reported that FLIP S-nitrosylation prevents
ubiquitination and subsequent degradation.24
S-nitrosylation has gained increasing importance
as a PTM that affects protein interactions and
signaling pathways. The tumor environment frequently has elevated NO levels due to constitutive iNOS activity and redox imbalances, leading
to an overall increase in protein nitrosylation.
In this study, we demonstrate NF-κB induction
by wild-type and nitrosylable FLIP in a dosedependent manner. However, NF-κB activation
is completely abrogated, when testing a mutant
of FLIP that cannot be nitrosylated at residues
254 and 259. Rescue of NF-κB activity by FLIPS
(FLIP 2DED) indicates there are at least 2 separate mechanisms for FLIP-mediated NF-κB activation, in agreement with previous reports that
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FLIP isoforms have distinct signaling, because the nitrosylation
sites we investigated map within the caspase-like domain and
not the DED.9,31 NO supplementation results in an increase in
overall protein nitrosylation; however, we observed a decrease in
NF-κB activity, contrary to the expected increase from additionally S-nitrosylated FLIP. Others have shown NF-κB activity is
inhibited when subunit p50 is S-nitrosylated due to its inability
to bind DNA.32 Interestingly, our results show that FLIP significantly induces NF-κB activation even with NO inhibition. FLIP
has most notably been reported as an inhibitor of apoptosis by
binding procaspase-8, thereby preventing its activation.8,12 We
further demonstrate that S-nitrosylation at residues 254 and 259
are necessary to confer this resistance to apoptosis.
It has been previously reported that FLIP interacts specifically
with TRAF2 to activate NF-κB.10 We were unable to demonstrate
that the S-nitrosylation of FLIP at residues 254 and 259 alters

Figure 3. S-nitrosylation of FLIP modulates its anti-apoptotic activity. MCF-7 cells were
transiently transfected with FLIP wt or FLIP 2CM expression constructs. Twenty-four hours
post-transfection, cells were treated with media alone, 50 ng/mL TNF-α, or 200 ng/mL FasL
for 16 h, and apoptosis was determined by Hoechst assay. (A) Representative fluorescence
micrographs of treated cells stained with the Hoechst dye. (B) Quantitative analysis of
15 fields of view. (C) Cells were similarly treated with TNF-α and FasL for 16 h, and apoptosis was determined by flow cytometry using annexin V and PI as probes. (D) Quantitative
analysis of early and late apoptosis (combined percentage of lower and upper quadrants).
*P < 0.05 vs. non-treated (NTX) control. #P < 0.05 vs. treated EV-transfected cells.
Cell Cycle
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processing of FLIP. We transiently transfected HEK 293 cells
with either FLIP wt or FLIP 2CM, treated cells with FasL or
TNF-α, and probed cell lysates for FLIP. While FLIP is partially
converted into p43, as observed for endogenous FLIP, FLIP 2CM
is protected from processing and remains as p55 FLIPL (Fig. 6B
and C). Additionally FLIP processing is enhanced by NO supplementation by treatment with NONO, comparable to FasL
treatment (Fig. 6D). This increased processing is also consistent
with S-nitrosylation fragments seen in Figure 1C. Thus, our data
indicate that S-nitrosylation at residues 254 and 259 is required
for the ability of FLIPL to act as a substrate and its proteolytic
conversion into p43.

DISC or NF-κB signaling complex.20 Our results demonstrate
that the S-nitrosylation of FLIP at residues 254 and 259 mediate RIP binding and localization. Our results indicate that the
altered interaction between FLIP and RIP1, as a consequence
from S-nitrosylation, contributes to the mechanism for FLIPmediated NF-κB activation. With non-nitrosylable FLIP retaining RIP binding, thus preventing
RIP1 recruitment to DRs, NF-κB is unable to be
canonically activated. Protein sequestration is a
common means for controlling signal transduction. For example, compartmentalization by lipid
rafts changes the makeup of TNFR1 and Fas signaling complexes.34
Varying FLIP mRNA transcripts correspond
to FLIPL and FLIPS and have been reported to
have varying affinity in binding partners and
distinctive downstream signaling, in addition
to the classical anti-apoptotic function through
caspase-8 inhibition.35,36 FLIPL has been shown
to be a caspase-8 substrate, resulting in a 43-kDa
protein with more robust NF-κB activation.10,11
We identified additional cleavage fragments in
FasL- and TNF-α-treated A549 cells, which
express high levels of FLIP. Additionally, we
demonstrate that FLIPL is being cleaved into
smaller fragments by using a myc-tagged expression construct that includes only the exon regions
of the coding sequence, thereby preventing the
smaller fragments from being mRNA splice variants. Given that different forms of FLIP have
different signaling capabilities, this could have
dramatic implications in chemotherapy-resistant
cancer cells that have elevated levels of FLIP
in conjunction with high levels of caspase-8.
Ligand-induced cleavage and multiple cleavage
truncations of FLIP have not been previously
reported, and it is currently unknown if caspase-8 is responsible for the additional cleavage
fragments. Additionally, the increases in NO
associated with disease could further impact this
signaling pathway, since FLIP is subject to nitrosylation. The S-nitrosylation status of FLIP likely
affect proteolytical processing of FLIP, since
we were unable to detect cleavage in our FLIP
2CM-transfected cells.
Our data could suggest that S-nitrosylation
Figure 4. S-nitrosylation of FLIP modulates its interaction with RIP1 and localization of RIP.
of
FLIP
leads to an increase in NF-κB activity
(A) HEK-293 cells were transiently transfected with myc-FLIP wt or myc-FLIP 2CM expresin 2 distinct ways. First, S-nitrosylation of FLIP
sion constructs. Thirty-six hours post-transfection, cells were either left untreated or
results in an increase in FLIP processing, thereby
treated with 50 ng/mL TNF-α for 30 min. Lysates were co-immunoprecipitated with antimyc antibodies to purify FLIP and probed for endogenous RIP. Membranes were stripped
generating a p22 fragment, which is a known
and reprobed with anti-myc antibodies. Lysates were also probed with anti-myc antibodinducer of NF-κB.16 The FLIP 2CM was unable
ies to detect FLIP, anti-RIP1, and anti-GAPDH antibodies. (B) HEK-293 cells were transiently
to be processed into the p22 fragment and theretransfected with myc-FLIP wt, myc-FLIP 2CM, and FLAG-RIP1 expression constructs as
fore would be unable to induce NF-κB through
indicated, left untreated, or stimulated with 50 ng/mL TNF-α for 10 or 15 min. Cells were
this mechanism. Second, FLIP S-nitrosylation
fixed, immunostained with anti-myc and anti-FLAG antibodies and fluorescently labeled
secondary antibodies and phalloidin to visualize actin and analyzed by confocal microscould lead to the disassociation of binding with
copy. White arrows indicate RIP localization to the membrane. *P < 0.05 vs. non-treated
RIP1, potentially promoting RIP1’s activation of
#
(NTX) EV-transfected cells. P < 0.05 vs. FLIP wt transfected cells.
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the interaction with TRAF2, indicating that this interaction is
not responsible for the change in S-nitrosylated FLIP-mediated
NF-κB activation. RIP1 is another essential signaling protein for
TNFR-mediated NF-κB activation.33 The ubiquitination state of
RIP is mediated by cIAPs, which determine the formation of the

SCBT. Commercial protease inhibitor mixture was purchased
from Roche Applied Science. pRL and pGL vectors were purchased from Promega. pcDNA3-FLIP plasmids were made as
described previously.24 pECFP-TRAF2 was made as described
previously and provided as a kind gift from J Schmid (Medical
University Vienna).39
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NF-κB. The FLIP 2CM retained RIP1 binding potentially interfering with RIP1-mediated NF-κB activation. However, there is
still a signaling paradox in this system of NO signaling, as TNFα-stimulation results in an overall decrease in S-nitrosylation of
FLIP as well as an overall decrease in NO production (data not
shown). The specific details of S-nitrosylation are reported to be
exceedingly complex, and the mechanisms of
targeted specificity still remains unclear.37 We
clearly demonstrate S-nitrosylation of FLIP
affects FLIP function; however, it probably
does not affect all FLIP interactions.
In summary, many chemotherapy-resistant
tumors are insensitive to cell death through
elevated levels of FLIP and, consequently, elevated NF-κB activity. Targeted FLIP silencing has been shown to restore sensitivity to
DR-mediated apoptosis.38 Studies on FLIP
regulation by PTMs and resulting interactions are imperative to better understand its
role in normal physiology and pathogenesis
of cancer and inflammation. Specifically our
results suggest that developing strategies to
interfering with FLIP S-nitrosylation could
have potential for future targeted therapies for
chemotherapy-resistant tumors.

Materials and Methods
Cell lines and reagents
HEK 293, MCF-7, and A549 cells were
cultured in Dulbecco modified Eagle medium
(Invitrogen) containing 10% fetal bovine
serum, 2 mM L-glutamine, 20 mM HEPES,
100 units/ml penicillin, and 100 μg/ml streptomycin in a 5% CO2 environment at 37 °C.
Recombinant FasL (SuperFasL), monoclonal
antibody against FLIP (Dave-2), and the NO
donor dipropylenetriamine (DPTA) NONOate
were purchased from Alexis Biochem. The
NO donor sodium nitroprusside (SNP), NO
inhibitors amino-guanidine (AG), 2-(4-carboxy-phenyl)-4,4,5,5
tetramethylimidazoline-1-oxy-3-oxide (PTIO) were from Sigma.
The transfecting agent Lipofectamine Plus
was purchased from Invitrogen. Monoclonal
anti-CFP (3E6) antibody was purchased from
Invitrogen. Anti-myc antibodies were purchased from Millipore and SCBT. Polyclonal
antibody against GAPDH was purchased
from BD Transduction. Polyclonal antibody
against TRAF2 and monoclonal caspase-8
antibody were purchased from Cell Signaling
Technology. Polyclonal anti-HA antibody was
purchased from Abcam. Polyclonal antibody
against FLAG (OctA) was purchased from
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Figure 5. TRAF2 binding to FLIP is not dependent on FLIP S-nitrosylation. (A) HEK-293 cells
were transiently transfected with myc-FLIP wt or myc-FLIP 2CM expression constructs. Thirtysix hours post-transfection, cells were left untreated or treated with 50 ng/mL TNF-α for
30 min. Lysates were co-immunoprecipitated with anti-myc antibodies to purify FLIP and
probed for endogenous TRAF2. Membranes were stripped and reprobed with anti-myc antibodies to detect FLIP. Total cell lysates (TCL) were also probed for myc-FLIP, TRAF2, and GAPDH
to demonstrate equal loading. (B) HEK-293 cells were transiently transfected with myc-FLIP
wt, myc-FLIP 2CM, and CFP-TRAF2 expression constructs as indicated, left untreated, or stimulated with 50 ng/mL TNF-α for 10 or 15 min. Cells were fixed, immunostained with anti-myc
and anti-CFP antibodies and fluorescently labeled secondary antibodies and phalloidin to
visualize actin and analyzed by confocal microscopy. White arrows indicate TRAF2 localization
to the membrane. *P < 0.05 vs. non-treated (NTX) EV-transfected cells.
Cell Cycle
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with 600 ng of empty pcDNA3 vector, the indicated amount
of pcDNA3-FLIP plasmids, 100 ng of a multimeric NF-κB
pGL2 luciferase vector, and 5 ng of the Renilla pRL-TK vector. Transfections were performed using Lipofectamine 2000
(Invitrogen). Expression of proteins was verified by immunoblotting. Media was changed 6 h after transfection, and cells were
grown overnight. Luciferase activity was determined using a
dual-luciferase reporter assay system kit (Promega). The activity of the NF-κB reporter luciferase was standardized to that of
Renilla luciferase. Within the same experiment, each transfection
was performed in quadruplicate, and, where necessary, empty
control plasmid was added to keep each transfection receiving
the same amount of total DNA. Data shown are representative
averages and standard deviations from one of 3 separate experiments performed.
Apoptosis assay
MCF-7 cells were transfected with FLIP wt or FLIP 2CM
using Amaxa Nucleofector (Lonza) using recommended manufacturer protocol. Transfected cells were seeded at 15 000 cells
per well in a 96-well plate and allowed to recover for 24 h. Cells
were treated with 200 ng/mL FasL or 100 ng/mL TNF-α for 16
h. Apoptosis was determined by Hoechst 33342 DNA fragmentation assay and by flow cytometric analysis of annexin V and
propidium iodide (PI). In the Hoechst assay, cells were incubated
with 10 μg/mL of Hoechst 33342 for 30 min and were visualized under fluorescence microscope (Leica Microsystems). Cells
having intensely condensed and/or fragmented nuclei were considered as apoptotic. For flow cytometric
analysis, cells were harvested, washed,
and stained with annexin V-fluorescein
isothiocyanate (FITC) and PI in binding buffer (BioVision) for 5 min at room
temperature. Samples were immediately
analyzed by FACSAria flow cytometer
(Becton Dickinson) using a 488-nm
excitation beam and a 530- and 630nm band-pass filter with BD FACSDiva
software (BD Bioscience).
Immunoblotting
Cells were lysed in RIPA lysis
buffer containing 1 mM sodium
orthovanadate, 100 mM phenylmethylsulfonyl fluoride, and a commercial protease inhibitor mixture (Roche Applied
Science) for 20 min on ice. After insoluble debris was pelletted by centrifugation at 14 000 × g for 10 min at 4 °C,
Figure 6. S-nitrosylation of FLIP promotes protein processing into shorter forms. (A) A549 cells were
the supernatants were collected and
analyzed for endogenous FLIP expression. Cells were treated with 50 ng/mL TNF-α for 30 min or 100
determined for protein content using the
ng/mL FasL for 4 and 6 h in the presence or absence of 1 μM MG132 for 24 h. (B) HEK-293 cells were
transiently transfected with EV, myc-FLIP wt, or myc-FLIP 2CM expression constructs. Thirty-six hours
Bradford method (Bio-Rad). Proteins
post-transfection, cells were left untreated or treated with 50 ng/mL TNF-α for 30 min or 200 ng/mL
(60 μg) were resolved on a reducing
FasL for 4 h and analyzed by western blot using anti-myc antibodies to detect FLIP. Membranes were
10% SDS-polyacrylamide gel and transstripped and reprobed with anti-GAPDH antibodies to control for equal loading. (C) MCF-7 cells were
ferred onto PVDF membranes. The
transiently transfected as in (B) and left untreated or treated with 50 ng/mL TNF-α for 30 min. Total
transferred membranes were blocked
lysates were analyzed by western blot with anti-myc and anti-GAPDH antibodies. (D) MCF-7 cells
were transiently transfected with EV or myc-FLIP. Thirty-six hours post-transfection, cells were left
for 1 h in 5% nonfat dry milk in Trisuntreated or treated with 200 ng/mL FasL, 600 μM AG, or 400 μM NONOate for 4 h. Total lysates were
buffered Tween (25 mM TRIS-HCl,
analyzed by western blot with anti-myc and anti-GAPDH antibodies.
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S-nitrosylation assays
HEK 293 cells were transfected with pcDNA3-FLIP. The
following day cells were treated as indicated in figure legend.
S-nitrosylated protein detection assay kit was commercially
obtained from Cayman Chemical Company and was used
according to the manufacturer’s instruction. Briefly, cell pellets were lysed under the protein free thiols blocking condition.
Protein S-nitrosothiols were then reduced to yield free thiols,
which were covalently labeled with maleimide-biotin. Lysate
protein (500 μg) was subjected to the immunoprecipitation as
described earlier. Subsequent analysis for S-nitrosylated protein was determined by western blotting using S-nitrosylation
detection reagent I (HRP) and by fluorescence reading using
S-nitrosylation detection reagent II (fluorescein). For western
blot analysis, protein samples were prepared in Laemmli buffer and were resolved under denaturing conditions. For fluorescence reading, immune complexes were further incubated with
fluorescein detection agent overnight following the standard
immunoprecipitation step. Complexes were rinsed with wash
buffer 3 times, resuspended in colorless Laemmli sample buffer, and boiled for 5 minutes. Clear lysates were loaded onto the
fluorescence plate and analyzed for fluorescence intensity using
a fluorescence plate reader at a 485-nm excitation and a 520-nm
emission (FLUOstar OPTIMA, BMG Labtech).
NF-κB gene reporter assay
1.5 × 105 HEK 293 cells/well was seeded on 0.02% gelatin
coated 24-well plates. Cells were transfected the following day
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