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Background: The anti-apoptotic protein c-FLIP inhibits cell death induced by TNF family cytokines, including TRAIL.
Results: Reactive oxygen species (ROS)-dependent phosphorylation and ubiquitination of the c-FLIP protein causes its protea-
some-mediated degradation, thus sensitizing to TRAIL-induced cell death.
Conclusion: ROS-dependent post-translational modifications regulate c-FLIP protein stability.
Significance: Understanding how ROS mediate c-FLIP protein degradation may inform therapeutic strategies targeting cell
death mechanisms.

The cytosolic protein c-FLIP (cellular Fas-associated death
domain-like interleukin 1�-converting enzyme inhibitory pro-
tein) is an inhibitor of death receptor-mediated apoptosis that is
up-regulated in a variety of cancers, contributing to apoptosis
resistance. Several compounds found to restore sensitivity of
cancer cells toTRAIL, aTNF family death ligandwithpromising
therapeutic potential, act by targeting c-FLIP ubiquitination
and degradation by the proteasome. The generation of reactive
oxygen species (ROS) has been implicated in c-FLIP protein
degradation.However, themechanismbywhichROSpost-tran-
scriptionally regulate c-FLIP protein levels is not well under-
stood. We show here that treatment of prostate cancer PPC-1
cells with the superoxide generators menadione, paraquat, or
buthionine sulfoximine down-regulates c-FLIP long (c-FLIPL)
protein levels, which is prevented by the proteasome inhibitor
MG132. Furthermore, pretreatment of PPC-1 cells with a ROS
scavenger prevented ubiquitination and loss of c-FLIPL protein
inducedbymenadione or paraquat.We identified lysine 167 as a
novel ubiquitination site of c-FLIPL important for ROS-depen-
dent degradation. We also identified threonine 166 as a novel
phosphorylation site and demonstrate that Thr-166 phosphor-
ylation is required for ROS-induced Lys-167 ubiquitination.
The mutation of either Thr-166 or Lys-167 was sufficient to
stabilize c-FLIP protein levels in PPC-1, HEK293T, and HeLa
cancer cells treated with menadione or paraquat. Accordingly,
expression of c-FLIP T166A or K167R mutants protected cells
from ROS-mediated sensitization to TRAIL-induced cell death.
Our findings reveal novel ROS-dependent post-translational
modifications of the c-FLIP protein that regulate its stability,
thus impacting sensitivity of cancer cells to TRAIL.

Apoptosis is a highly regulated form of cell death that is fun-
damental during embryonic development and in maintaining

tissue homeostasis (1). Two major pathways of apoptosis have
been extensively characterized: 1) the death receptor (DR)2-
induced (extrinsic) pathway and 2) themitochondria-mediated
(intrinsic) pathway (reviewed in Refs. 2–4). In the extrinsic
pathway, extracellular ligands of the tumor necrosis factor
(TNF) superfamily activate death receptors at the cell surface
causing their oligomerization and association with the adaptor
protein FADD (Fas-associated protein with death domain) via
interaction of their death domains. FADD then recruits the
protease pro-caspase-8 (and pro-caspase-10 in humans) via
interactions of their death effector domains (DEDs) to form the
death-inducing signaling complex (DISC) (5). Under these con-
ditions, initiator caspases dimerize, resulting in their proteo-
lytic activation. Active caspase-8 can then directly cleave and
activate caspases-3 and -7, whose proteolytic activity drives the
organized demise of the cell by apoptosis.
A key inhibitor of the extrinsic apoptotic pathway is the pro-

tein c-FLIP (cellular Fas-associated death domain-like interleu-
kin 1�-converting enzyme inhibitory protein). The widely
expressed long isoform of c-FLIP (c-FLIPL) contains a tandem
pair of DEDs and is similar in length and amino acid sequence
to caspase-8. However, its caspase-like domain is enzymatically
inactive (6). The c-FLIP protein competes with caspase-8 for
binding to FADD at the DISC and it also forms non-apoptotic
heterodimers with caspase-8 (7). This prevents further recruit-
ment, proteolytic processing, and the release of active caspase-8
from the DISC, thus inhibiting execution of the apoptotic pro-
gram (8).
Defects in apoptosis regulation contribute to anti-cancer

drug resistance in numerous types of malignant cells (9). One
such mechanism is the elevated expression of anti-apoptotic
proteins. c-FLIP expression is known to be aberrantly up-regu-
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lated in several cancers including prostate, breast, ovarian, pan-
creatic, colorectal, gastric,melanoma, glioblastoma, andBirkett
and non-Hodgkin lymphoma (reviewed in Ref. 9). c-FLIP pro-
tein expression is also elevated in castrate-resistant prostate
cancer, which has been implicated in promoting tumor survival
and reducing sensitivity to hormone ablation therapy (10). Ele-
vated expression of c-FLIP protein correlates with resistance to
cytokines and agonistic antibodies that stimulate DR-mediated
apoptosis. Additionally, high levels of c-FLIP are also known to
activate signal transduction pathways that promote cell survival
and enhance cell proliferation (11, 12). These two actions in
concert may provide circumstances that promote unrestrained
tumor growth and resilience, making this anti-apoptotic pro-
tein a promising target for strategies aimed at killing cancer
cells by sensitizing them to DR agonists.
The tumor necrosis factor-related apoptosis-inducing ligand

(TRAIL) is a promising anti-cancer reagent due to its ability to
preferentially induce apoptosis in tumor cells with little toxicity
to normal cells (13). Unfortunately, most cancer cells are resis-
tant to TRAIL, even though they display receptors for TRAIL
on their surface. A variety of studies exploring strategies for
overcomingTRAIL resistance have reported that certain chem-
ical compounds can sensitize cancer cells to TRAIL-induced
apoptosis by targeting c-FLIP protein for degradation (14–22).
Typically, this degradation is achieved by the ubiquitin-protea-
some pathway. Post-translational modifications (PTM) have
emerged as important regulators of protein stability. However,
the specific details and the biological significance of PTMs for
c-FLIP remain unclear and the exact sites of c-FLIP ubiquitina-
tion have not been fully elucidated.
Compounds that inducec-FLIPubiquitinationanddegradation

such as the triterpenoid 2-cyano-3,12-dioxooleana-1,9(11)-dien-
28-oic acid (CDDO) and berberine have also been shown to gen-
erate reactiveoxygenspecies (ROS) suchas superoxideandhydro-
gen peroxide within cells. ROS generation by these compounds
was shown tobecritical for apoptosis induction (21, 23, 24).More-
over, apoptosis of cancer epithelial cells by Fas ligand (FasL)
reported down-regulation of c-FLIP via a ROS-dependent ubiqui-
tin-proteasomal degradation process (25). These findings suggest
that c-FLIP could be a redox-sensitive protein.
Here we studied the effects of ROS on the post-translational

regulation of c-FLIP protein levels and on TRAIL-induced apo-
ptosis in cancer cell lines. We identified novel phosphorylation
and ubiquitination sites that mediate ROS-dependent protea-
somal degradation of c-FLIP and concomitant sensitization of
cancer cells to TRAIL-induced apoptosis. Our findings suggest
that ROS-dependent PTM of c-FLIP contributes to the sensiti-
zation of cancer cells to TRAIL.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Menadione was purchased from
Sigma and paraquat was from ChemService. MG132 was from
Calbiochem and tetramethylpiperidine-N-oxyl (TEMPO) was
from MP Biomedicals. TRAIL was from ENZO Life Sciences
and Lipofectamine 2000 was from Invitrogen. Protease inhibi-
tor mixture and phosphatase inhibitor mixture were from
Roche Applied Science. BCA protein assay was from Pierce,
BSA and imidazole were from Fischer Scientific, and Ni-NTA-

agarose was from Qiagen. Protein G-Sepharose beads, Trypan
blue,�10 annexinVbinding buffer, and propidium iodidewere
from Invitrogen. Annexin V-APC was from eBioscience. 2�,7�-
dichlorodihydrofluorescein diacetate (H2DCFDA) was from
Molecular Probes. ECL Western blotting detection reagents
were from GE Healthcare. We used the following antibodies:
rabbit antibodies to c-FLIP (F-9800, Sigma), and FADD (num-
ber 06-711, Millipore); mouse antibodies to Ubiquitin (P4D1)
(number 3936, Cell Signaling Technology, and number MMS-
257P, Covance), the HA epitope (number 11583816001, Roche
Applied Science), c-FLIP (sc-5276, Santa Cruz Biotechnology),
andGFP (sc-9996, Santa Cruz Biotechnology); and rat antibody
toHA (number 11867431001, RocheApplied Science). The fol-
lowing secondary antibodies were used: HRP-conjugated anti-
mouse (NA931V, GE Healthcare) and HRP-conjugated anti-
rabbit (NA934, GE Healthcare).
DNAConstructs—AcDNAcomprising the open reading frame

encoding c-FLIP was subcloned into various plasmids to produce
the pcDNA3.1His6-c-FLIPL and pcDNA3-HA-c-FLIPL expres-
sion vectors. Site-directedmutagenesis of FLIPLwas performed
to generate the single T166A and K167R substitution muta-
tions as well as the T166A,K167R double substitution muta-
tions using the QuikChangeTM Site-directed Mutagenesis
kit (Stratagene) as per the manufacturer’s protocol, with
pcDNA3-HA-c-FLIPL or pcDNA3.1His6-c-FLIPL plasmids as
DNA template and the mutagenic primers: (a) for T166A,
5�-CACAGAATAGACCTGAAGGCAAAAATCCAGAAGT-
ACAAG-3� and 5�-CTTGTACTTCTGGATTTTTGCCTTC-
AGGTCTATTCTGTG-3�; (b) for K167R, 5�-CAGAATAGA-
CCTGAAGACACGAATCCAGAAGTACAAGCAG-3� and
5�-CTGCTTGTACTTCTGGATTCGTGTCTTCAGGTCT-
ATTCTG-3�; (c) for T166A,K167R, 5�-CCACAGAATAGAC-
CTGAAGGCACGAATCCAGAAGTACAAGCAG-3� and 5�-
CTGCTTGTACTTCTGGATTCGTGCCTTCAGGTCTAT-
TCTGTGG-3� and verified by DNA sequencing. Full-length
human ubiquitin cDNA was subcloned into pEGFP2-C2 (Bio-
Signal Packard) in-frame with GFP2 using PCR to produce the
EGFP-C2-Ubiquitin expression vector.
Cell Culture and Transfections—Human prostate cancer,

PPC-1 cells were cultured in RPMI 1640 medium (Mediatech)
supplemented with 10% fetal bovine serum (FBS) (HyClone),
penicillin (100 IU), and streptomycin (100�g/ml) at 37 °C in 5%
CO2, 95% air. Human embryonic kidney cancer cell line
(HEK293T) and HeLa cervical cancer cells were maintained in
Dulbecco’smodified Eagle’smedium (DMEM,Mediatech)with
10% FBS, penicillin (100 IU), and streptomycin (100 �g/ml) at
37 °C in 5% CO2, 95% air. Transient transfections were per-
formed using Lipofectamine 2000.
Formass spectrometry analysis, theHis6-c-FLIPL plasmid (5�g

ofDNA/10-cmdish)was transfected intoPPC-1cells andcultured
for 16 h in complete media. Cells were then treated with 5 �M

menadione in the presence of 1 �M MG132 for 10 h in RPMI
media supplemented with 0.5% FBS. Multiple 10-cm dishes with
identical treatments were pooled before lysis to achieve a highly
concentrated sample for optimal mass spectrometry analysis.
For immunoprecipitation and immunoblot assays, PPC-1

cells were transfected with various His6-tagged or HA-tagged
c-FLIP plasmids (wild-type (WT), T166A, K167R, and
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T166A,K167Rdoublemutant) (5�g ofDNA/10-cmdish). Cells
were cultured for 16 h in complete media and then treated with
5�Mmenadionewith orwithout 0.5�MMG132 for 8 h inRPMI
media supplemented with 0.5% FBS. For paraquat treatments,
PPC-1, HEK293T, or HeLa cells were co-transfected with GFP-
Ubiquitin plasmid (10 �g of DNA/10-cm dish) together with
either HA-FLIP-WT or mutant c-FLIP plasmids (T166A,
K167R, and T166A,K167R double mutant) (5 �g of DNA/
10-cm dish). Cells were cultured for 16 h in complete media
prior to 2 mM paraquat treatment with or without 0.5 �M

MG132 for 8 h in RPMI media supplemented with 0.5% FBS.
For cycloheximide chase experiments, HA-FLIP-WT or

mutant c-FLIP plasmids (T166A, K167R, and T166A,K167R
doublemutant) (2�g/6-well plate) were transfected into PPC-1
cells and cultured for 16 h in complete media. Cells were then
treated with 25 �g/ml of cycloheximide in the presence of 5 �M

menadione with or without MG132 (0.5 �M) for 12 h.
For cell titer glow (Promega) and trypan blue exclusion

assays, HA-FLIP-WT or mutant c-FLIP plasmids (T166A,
K167R, and T166A,K167R double mutant) (5 �g of DNA/
10-cm dish) were transfected into PPC-1 cells. Cells were cul-
tured for 16 h in complete media. For cell titer glow experi-
ments, 2.5 � 104 cells/well were transferred into 96-well tissue
culture plates. For trypan blue exclusion experiments, 7 � 104
cells/well were transferred into 24-well tissue culture plates and
then incubated for a further 8 h in complete media. Cells were
then treated with various menadione concentrations with or
without TRAIL for the indicated times.
For Annexin-V staining by FACS analysis, PPC-1 cells were

co-transfected with HA-FLIP-WT or mutant c-FLIP plasmids
(T166A, K167R, and T166A,K167R double mutant) (1 �g of
DNA/6-well plate) along with EGFP-C2 plasmid (0.2 �g of
DNA/6-well plate) and cultured for 16 h in complete media.
Cells were then treated with 10 �Mmenadione with or without
25 ng/ml of TRAIL for 16 h.
Immunoprecipitation and Protein Analysis—HA-tagged

cFLIP-transfected cells in 10-cm plates were lysed 8 h post-
treatment withmenadione or paraquat with or withoutMG132
or TEMPO in 1 ml of lysis buffer (50 mM Tris-Cl, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 2 mM Na4VO3) con-
taining a protease and phosphatase inhibitormixture at 4 °C for
45 min on a wheel rotor. The lysates were cleared of cell debris
by centrifugation at 10,000 � g for 15 min and the total protein
content was quantified by a BCA assay. To reduce nonspecific
binding the supernatants were preincubated with protein
G-Sepharose beads at 4 °C for 1 h. Following a brief centrifuga-
tion, the supernatantswere incubatedwith anti-HA rat-specific
antibody with gentle agitation overnight at 4 °C, followed by
incubationwith proteinG-Sepharose beads at 4 °C for 2 h.After
a brief centrifugation the beadswerewashed three times in lysis
buffer, and resuspended in Laemmli sample buffer containing
no �-mercaptoethanol and boiled for 5 min to release bound
proteins. Proteins were loaded onto SDS-PAGE (10, 12, or
4–20% gels) and subjected to immunoblotting. For immuno-
blot andmass spectrometry analysis, His6-tagged c-FLIP-trans-
fected cells in 10-cm dishes were lysed in 1 ml of 50 mM

NaH2PO4, pH 8.0, containing 300 mM NaCl, 10 mM imidazole,
0.05%Tween 20, and a protease and phosphatase inhibitormix-

ture at 4 °C for 45min on awheel rotor and complementedwith
sonication (6 pulses) on ice. The lysates were centrifuged at
10,000 � g for 15 min, then the resulting supernatants were
incubated with Ni-NTA-agarose beads at 4 °C for 2 h. After a
brief centrifugation, the beads were washed three times in
washing buffer (50mMNaH2PO4, pH 8.0, 300mMNaCl, 20mM

imidazole, 0.05% Tween 20) and the bound proteins were
released in elution buffer (50 mM NaH2PO4, pH 8.0, 300 mM

NaCl, 250 mM imidazole, 0.05% Tween 20) and combined with
Laemmli sample buffer; proteins were separated by (11%) SDS-
PAGEbefore being digestedwith trypsin formass spectrometry
analysis. For direct immunoblot analysis using cell lysates, cells
were lysed with RIPA buffer (50 mM Tris-Cl, pH 8.0, 150 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 0.5% deoxycholic
acid, 1% Triton X-100) containing a protease and phosphatase
inhibitor mixture at 4 °C for 30 min on a wheel rotor. The
lysates were centrifuged at 10,000 � g for 15 min. FLIP levels
were quantified by densitometry using ImageJ software. For
sequential probing with multiple antibodies, the blots were
stripped using 0.1 M glycine, pH 2.5, with 0.1% Tween at 37 °C
for 30–60 min and washed with Tris-buffered saline contain-
ing 0.1% Tween 20 (TBST20).
Measurement of Cellular Reactive Oxygen Species—After

treatment with menadione, cells were washed twice with phos-
phate-buffered saline (PBS) and combined with 10 �M

H2DCFDA in PBS solution. Cultures were incubated at 37 °C
under 5% CO2 for 30 min. Any unbound dye was removed by
washing with PBS, then the cells were trypsinized and cell pel-
lets were washed and resuspended in PBS. Fluorescence (exci-
tation 485 nm, emission 530 nm) was measured by fluores-
cence-activated cell scanning (FACS; BD Biosciences).
FLIP mRNA Analysis—Following the treatment of cells with

menadione or paraquat, total RNA was extracted from cells
using the RNeasy mini kit (Qiagen). For quantitative real-time
PCR (RT-PCR) analysis of c-FLIPmRNA, cDNAwas generated
using the SuperScript III First-strand synthesis system (Invitro-
gen). The primers used for PCR-mediated c-FLIP cDNA ampli-
ficationwere: 5�-CTTCTTCTGGAGCCTGTGTACTG-3� and
5�-TCTTGTCTCAGTTTCTGGGAGAG-3�. Thermal DNA
melting experiments showed single melting peaks for the PCR
products generated.Quantitative PCRwas performed using the
Mx3000P Q-PCR system (Stratagene) with SYBR Green PCR
master mixture (Qiagen) and analyzed with the MxPro soft-
ware (Stratagene).
Tandem Mass Spectrometry Analysis of FLIP Post-transla-

tional Modifications—His-FLIP-WT protein was captured
from transfected PPC-1 cells following a 10-h treatment with 5
�M menadione in the presence of 1 �M MG132 by Ni-NTA-
agarose. The whole lane of FLIP protein bands were excised
from the SDS-PAGE gel, reduced, alkylated, and digested by
trypsin. The C18 ZipTip (Millipore)-cleaned peptides were
subjected to LC/MS-MS analysis using capillary reverse-phase
column chromatography (15-cm Magic C18 AQ resin
(Michrom)) using aMichrom ParadigmMS4HPLC.HTC-PAL
autosampler (Bruker-Michrom, Aubrun, CA) and an LTQ
Orbitrap XLmass spectrometer (Thermo Fisher Scientific, San
Jose, CA). The RP-HPLC gradient was run from 2.0% solvent B
to 35.0% B from 0.0 to 120.0 min, 80.0% B from 120.1 to 124.0
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min, and 2.0% B from 124.1 to 134.0 min (solvent A � 0.1%
formic acid, solvent B � acetonitrile). The mass spectrometer
was programmed to scan precursors in the Orbitrap at 60,000
resolution followed by data-dependent, top 4MS/MS scan frag-
ment ions, obtained by collision-induced dissociation, of the
most abundant precursors in the linear ion trap. Charge state
screening and monoisotopic precursor selection was enabled.
Dynamic exclusion was enabled for 120 s with a repeat count of
2. A Sorcerer-SEQUEST version 3.10.7 search (SorcererTM-
SEQUEST�, SageN Research, Milipitas, CA) was performed on
raw MS/MS data. SEQUEST was set up to search the target-
decoy ipi.Human.v.3.22 protein database containing protein
sequences using trypsin for enzyme with the allowance of up to
2 missed cleavages, full tryptic search, and precursor mass tol-
erance of 10 ppm. Differential search includes 16 Da for methi-
onine oxidation, 57 Da for cysteines to account for carboxy-
amidomethylation in case of alkylation of cysteines; serine,
threonine, and tyrosine phosphorylation (79.9 Da), lysine ubiq-
uitination with GG tag (114 Da), LRGG tag (382 Da), proline
hydroxylation (16Da), and lysine acetylation (42Da) to identify
these modifications. The search results were viewed, sorted,
and filtered using comprehensive proteomics data analysis soft-
ware (Peptide/Protein prophet version 3.3.0 (Institute for Sys-
temsBiology, Seattle,WA)). In this study, we used the following
two data filtering criteria. First, the minimum trans-proteomic
pipeline probability score for proteinswere set to 0.99, to assure
very low error identification (much less than FDR 2%) with
reasonably good sensitivity. Second, we set up a threshold of
cross-correlation (Xcorr) scores set for filtered peptides to 1.5,
2.0, and 2.5 for 1, 2, and 3 charged fully digested tryptic pep-
tides, respectively.
Cell Death Assays—Cellular ATP concentrations were

assessed using theCellTiter-Glo luminescent cell viability assay
(Promega) following the manufacturer’s protocol. In brief,
2.5 � 104 transfected cells expressing WT or mutant c-FLIP
proteinswere seeded in 96-well plates and cultured for 8 h prior
to treatment. Cells were then treated with increasing concen-
trations of menadione or paraquat with or without 10 ng/ml of
TRAIL for 24 h. Luminescence was measured using the Lumi-
noskanAscent (Thermo Electron Corp.) at 1-s integration time
per sample. For trypan blue exclusion assays 7 � 104 trans-
fected PPC-1 cells expressing WT or mutant c-FLIP proteins
were seeded in 24-well plates and cultured for 8 h prior to treat-
ment. Cells were then treated with 15 �M menadione with or
without TRAIL (10 ng/ml) for 24 h. Cell viability was assessed
by exclusion of trypan blue using the Countess automated cell
counter (Invitrogen). For FACS analysis, PPC-1 cells were co-
transfected with eitherWT ormutant c-FLIP proteins together
with GFP plasmid, then treated with 10 �M menadione with or
without 25 ng/ml of TRAIL for 16 h. Apoptosis was assessed by
staining with Annexin V-fluorescence isothiocynate (FITC)
using a kit (Invitrogen) per the manufacturer’s instructions,
except that annexin V-FITC was substituted with annexin
V-APC (allophycocyanin). Flow cytometry was performedwith
a FACSVantageSE DiVa (BD Biosciences) and the data ana-
lyzed using FACSDiva software (BD Biosciences).

RESULTS

Menadione Reduces c-FLIP Protein Levels through a ROS-de-
pendent Ubiquitination Mechanism—We studied the effect of
the ROS-generating compoundmenadione on c-FLIP ubiquiti-
nation and degradation. Treatment of prostate cancer cell line
PPC-1 with increasing concentrations of menadione caused
striking reductions in the levels of endogenous c-FLIP protein
in a dose-dependent manner (Fig. 1A.). We expressed His6-
tagged wild-type FLIP (His-FLIP-WT) in PPC-1 cells for 16 h
followed by 10 h treatment with menadione. Multiple dishes
with identical treatments were pooled to concentrate samples
for furthermass spectrometry analysis. Cells were lysed, c-FLIP
was isolated by nickel-agarose, and c-FLIP protein levels was
analyzed by immunoblotting with anti-FLIP antibody, whereas
ubiquitination of His6-FLIP was analyzed by anti-ubiquitin
antibody. Consistent with endogenous c-FLIP protein, His6-
tagged c-FLIP was similarly reduced following treatment with
menadione (Fig. 1B, middle panel). Inhibition of the protea-
some by MG132 blocked the loss of c-FLIP protein and greatly
enhanced the level of c-FLIP ubiquitination (Fig. 1B, upper
panel). Culturing cells with the ROS scavenger TEMPO
reduced mendione-induced ubiquitination of the His6-FLIP
protein, which was measured in cells treated with MG132 (Fig.
1B, upper panel). To further examine the effects of ROS inmen-
adione-treated cells, we also monitored HA-tagged c-FLIP in
transfected PPC-1 cells. Treatment of PPC-1 cells withTEMPO
prevented menadione-induced reductions in HA-FLIP protein
levels, even without proteasomal inhibition (Fig. 1C).
The generation of ROS by menadione was confirmed in

PPC-1 cells by measuring DCF fluorescence by flow cytometry.
Addition of the ROS scavenger TEMPO, even atmoderate con-
centrations, significantly reduced the amount of ROS gener-
ated within cells bymenadione (Fig. 1D). To assess whether the
loss of FLIP protein was solely due to post-translational mech-
anisms, levels of c-FLIP mRNAwere quantified by quantitative
RT-PCR. No significant changes in c-FLIP mRNA levels were
detected during the 8-h treatment with menadione at varying
concentrations (Fig. 1E). Taken together, these experiments
suggest that menadione-generated ROS cause c-FLIP ubiquiti-
nation and subsequent proteasome-dependent degradation.
ROS-dependent Degradation of c-FLIP Induced by Paraquat—

To explore whether this ROS-dependent degradation of c-FLIP
was specific to menadione treatment or attributed to a more
general response to ROS exposure, we tested the effect on
c-FLIP degradation of paraquat, another compound that gen-
erates ROS by a similar mechanism as menadione. Treatment
of PPC-1 cellswithparaquat induced a reduction inHA-FLIPpro-
tein that was blocked by the presence of MG132 (Fig. 2A). More-
over, when ROS scavenger TEMPO was added to cultures, HA-
FLIP protein was no longer degraded. No significant changes in
c-FLIP mRNA levels were observed during the paraquat treat-
ments concluding that paraquat likewise reduces c-FLIP protein
expression through a post-transcriptional mechanism (Fig. 2B).

An alternative method of ROS generation was also tested
using buthionine sulfoximine, which depletes cellular glutathi-
one levels. Exposure of PPC-1 cells to buthionine sulfoximine
reduced HA-FLIP protein levels, which was prevented by the
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addition of MG132 or TEMPO (supplemental Fig. S1). Consis-
tent with observations for epitope-tagged FLIP, ROS-depen-
dent proteasomal degradation of the endogenous c-FLIPL protein
was verified by all three inducers of ROS tested here: menadione,
paraquat, and buthionine sulfoximine (supplemental Fig. S2).

Phosphorylation of Threonine 166 and Ubiquitination of
Lysine 167 Are Required for ROS-dependent Degradation of
c-FLIP—We assessed ROS-induced PTMs of c-FLIP by mass
spectrometry proteomics analysis. PPC-1 cells overexpressing
His6-FLIP-WTwere treated withmenadione in the presence of

FIGURE 1. ROS-dependent ubiquitination and degradation of FLIP. A, PPC1 cells were treated with increasing concentrations of menadione for 8 h. Total cell
lysates were analyzed by immunoblotting using a specific mouse anti-FLIP antibody. FADD served as a loading control. B, PPC1 cells were transfected with
pcDNA3.1-His6 vector (first lane) or plasmid encoding His-FLIP (second to fifth lanes) for 16 h. Cells were treated with menadione (5 �M) in the presence of MG132
(1 �M) or TEMPO (1 mM) as indicated for 10 h. Multiple dishes with identical treatments were pooled before lysis. His-tagged FLIP proteins were captured by
Ni-NTA resin and eluted by imidazole solution. The inputs (1/20 of lysates used for FLIP protein capture) and the Ni-NTA-purified proteins were analyzed by
immunoblotting using mouse anti-FLIP, anti-Ubiquitin, and rabbit anti-FADD antibodies. C, PPC1 cells were transfected with either pcDNA3-HA vector (first
lane) or HA-tagged FLIP-WT plasmid (second to seventh lanes) for 16 h. Cells were then treated with menadione (5 �M) in the presence of MG132 (0.5 �M) or
increasing concentrations of TEMPO (500 �M, 1 mM, and 2 mM) for 8 h. Cell lysates were immunoprecipitated (IP) using rat anti-HA antibody and the immuno-
precipitated proteins were analyzed by immunoblotting using mouse anti-HA to detect FLIP. The inputs (1/10 of lysates used for immunoprecipitation) were
analyzed by immunoblotting using rabbit anti-FADD as loading control. D, PPC1 cells were treated with menadione (30 �M) with or without TEMPO (1 mM) for
8 h. The adherent cells were incubated with H2DCFDA for 30 min at 37 °C, washed, collected, and analyzed by FACS. Statistical significance (mean � S.E.; n � 4) was
determined by one-way analysis of variance and Tukey post-test. *, indicates the p value is p � 0.05. E, PPC1 cells were treated with increasing concentrations of
menadione for 8 h and then total RNA was extracted from cells. Relative levels of endogenous FLIP mRNA were assessed by quantitative RT-PCR.
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MG132 for 10 h. Cells were lysed, His6-FLIP-WT protein was
isolated by nickel-agarose, and His6-FLIP protein was visual-
ized by Sypro Ruby staining. TheHis6-FLIP protein bands were
excised, digested with trypsin, and analyzed by mass spectrom-
etry (supplemental Table S1). TwoPTMswere identified, phos-
phorylation of threonine 166 and ubiquitination of the adjacent
lysine 167 (Table 1). Fragmentation mass spectra of the FLIP
peptide containing both PTMsof Thr-166 and Lys-167 indicate
good coverage for the PTM sites identified (supplemental Fig.
S3). These residues are located near the end of the second DED
(supplemental Fig. S4).

To verify phosphorylation onThr-166,we performed aPhos-
tag gel electrophoresis comparison of wild-type and T166A
c-FLIP proteins. Accordingly, HA-tagged FLIP wild-type (HA-
FLIP-WT) or phosphothreonine mutant (T166A) HA-FLIP
proteins were expressed by transfection in PPC-1 cells, then the
cells were treatedwithmenadione andMG132. Cells were lysed
after 8 h and HA-FLIP protein was immunoprecipitated with
anti-HA rat antibody. The precipitates were separated by Phos-
tag gel electrophoresis andmigration of phosphorylated c-FLIP
isoformswas analyzed by immunoblottingwith anti-HAmouse
antibody. Phostag gel analysis of the T166A c-FLIP mutant
revealed loss of a band observed for the WT c-FLIP protein,
presumably corresponding to phosphorylation on Thr-166
(supplemental Fig. S5), thus supporting the notion that Thr-
166 is a site of phosphorylation in the c-FLIP protein. To ascer-
tain the importance of these two PTMs on FLIP protein
stability, we expressedHis6-tagged c-FLIPwild-type (His-FLIP-
WT), phosphothreonine mutant (His-FLIP-T166A), ubiquitin
mutant (His-FLIP-K167R), and the double mutant where both
the threonine and lysine residues were substituted (His-FLIP-
T166A,K167R) in PPC-1 cells. The cells were then treated with
or without menadione in the presence of MG132. Cells were
lysed after 8 h and c-FLIP protein was isolated by nickel-aga-
rose. The c-FLIP protein levels in the precipitates were ana-
lyzed by immunoblottingwith anti-FLIP antibody and ubiquiti-
nation was analyzed with anti-ubiquitin antibody. WT c-FLIP
was degraded upon menadione treatment and the polyubiq-
uitinatedWT c-FLIP protein accumulated whenMG132 was
present. In contrast, c-FLIP mutants T166A, K167R, or
T166A,K167R were not susceptible to menadione-induced
degradation (Fig. 3A). The FLIP protein band densities from

multiple experiments were quantified, confirming that c-FLIP
protein levels are stabilized when the identified phosphoryla-
tion and ubiquitination PTMs are ablated by site-directed
mutagenesis (Fig. 3B).
To further explore the requirement of phosphorylation for

ROS-dependent ubiquitination and degradation, we generated
phosphomimic mutants HA-FLIP-T166D and HA-FLIP-
T166E, which were expressed by transfection in PPC-1 cells,
followed by treatment of the cells withmenadione andMG132.
However, no increased ubiquitination or degradation was
observed for either phosphorylation mimicking mutant of
c-FLIP (supplemental Fig. S6). Therefore, these mutations may
not effectively imitate the effect of phosphorylation at Thr-166
with respect to ROS-mediated ubiquitination and degradation.
The effect of menadione treatment on FLIP protein stability

was additionally examined by cycloheximide chase experi-
ments. PPC-1 cells expressing HA-tagged FLIP-WT or PTM
mutants were treated with cycloheximide to prevent further
protein synthesis and with menadione to induce ROS produc-
tion. Cells were culturedwith orwithoutMG132. Immunoblot-
ting with anti-HA rat antibody monitored FLIP protein levels
over a 12-h period (Fig. 4A). For HA-FLIP-WT, a half-life of
�4.5 h was observed (Fig. 4B). In contrast, the c-FLIP mutants
T166A, K167R, and the doublemutant (where both post-trans-
lational sites were modified) showed increased stability, with

FIGURE 2. ROS-dependent degradation of FLIP following paraquat treatment. A, PPC1 cells were transfected with either pcDNA3-HA vector (first lane) or
HA-tagged FLIP-WT plasmid (second to fifth lanes) for 16 h. Cells were then treated with paraquat (2 mM) in the presence of MG132 (0.5 �M) or TEMPO (500 �M)
for 8 h. Cell lysates were immunoprecipitated (IP) using rat anti-HA antibody and the immunoprecipitated proteins were analyzed by immunoblotting using
mouse anti-HA to detect FLIP. The inputs (1/10 of lysates used for immunoprecipitation) were analyzed by immunoblotting using rabbit anti-FADD as loading
control. B, PPC1 cells were treated with increasing concentrations of paraquat for 8 h and then total RNA was extracted from the cells. Relative levels of
endogenous FLIP mRNA were assessed by quantitative RT-PCR.

TABLE 1
Assignments for peptide sequences identified from trypsin digestion
of captured FLIP protein bands
The whole lane of c-FLIP protein bands were excised from the SDS-PAGE gel,
reduced, alkylated, digested by trypsin, and subjected to LC/MS-MS analysis using
the Michrom Paradigm MS4 HPLC.HTC-PAL autosampler/LTQ Orbitrap XL
mass spectrometery for the analyses. The first column indicates the number of the
first and last amino acid of the identified FLIP peptides, whereas the second column
shows the corresponding amino acid sequences. TP or T(181 amu) indicates Thr
mass � phospho group; KUb or K(242 amu) indicates Lys mass � ubiquitin GG tag;
and MO or M(147 amu) indicates Met mass � oxidation.

Residues Sequence

27–38 DVAIDVVPPNVR
39–45 DLLDILR
50–61 LSVGDLAELLYR
77–85 KAVETHLLR
95–106 VLMOAEIGEDLDK
141–154 LNLVAPDQLDLLEK
162–170 IDLKTpKUbIQK
213–226 LKEQLGAQQEPVKK
227–243 SIQESEAFLPQSIPEER
269–280 DTFTSLGYEVQK
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more than 65% retention of c-FLIP protein levels following 12 h
treatment (Fig. 4B). These results further support that menadi-
one down-regulates c-FLIP protein levels in a post-transla-
tional manner and show that mutagenesis of the threonine 166
and lysine 167 residues stabilizes c-FLIP.
Other studies were performed to explore whether nitrosyla-

tive PTMs occur on c-FLIP in response to menadione treat-
ment. Following treatment with menadione and MG132, the
His6-FLIP-WT protein was isolated from cell lysates by nickel-
agarose and reactedwith 2,3-diaminonaphthalene reagent. The
conversion of 2,3-diaminonaphthalene to the fluorescent com-
pound 2,3-napthyltriazole by nitrosothiols was measured on a
fluorometric plate reader. BSA nitrosylation by S-nitrocysteine
served as a positive control. No evidence of c-FLIP nitrosylation
was detected (supplemental Fig. S7).
The resistance of phosphorylation and ubiquitination c-FLIP

mutants to menadione-induced degradation was also explored
in PPC-1 cells treated with the alternative ROS-generating
compound, paraquat. In these experiments, HA-tagged c-FLIP
WT and the various c-FLIP mutants were co-expressed with
GFP-ubiquitin to enhance the ability to detect c-FLIP ubiquiti-
nation. Following 8 h treatment with or without paraquat in the
presence ofMG132, the cells were lysed and c-FLIP proteinwas
immunoprecipitated with anti-HA rat antibody. The levels of
c-FLIP protein in immunoprecipitates were analyzed by immu-
noblotting with anti-HA mouse antibody and ubiquitination
was analyzed with anti-GFP antibody. Analogous to observa-
tions with menadione, the WT c-FLIP protein was degraded

following exposure to paraquat and this decline in c-FLIP pro-
tein was prevented by inhibition of the proteasome (Fig. 5, A
and D). Furthermore, T166A and K167R single and double
mutants showed enhanced protein stability following paraquat
treatment. Moreover, in the presence of proteasomal inhibitor
(MG132), no c-FLIP ubiquitination of these mutants was
apparent (Fig. 5,A andD). Very similar results were obtained in
HeLa (Fig. 5, B and E) and 293T (Fig. 5, C and F) cells, showing
that mutation of Thr-166 or Lys-167 ablates ROS-dependent
c-FLIP ubiquitination and degradation.
Menadione and Paraquat Increase Sensitivity of PPC-1 Cells

to TRAIL—The sensitization of tumor cell lines to TRAIL has
been attributed in several contexts to the loss of c-FLIP protein
levels. We therefore determined the effect of ROS-generating
compounds menadione and paraquat on the viability of cells
treated with TRAIL. Addition of TRAIL by itself had only a
minor effect on PPC-1 cell viability and growth over 24 h, as
assessed by assays measuring cellular ATP levels as a surrogate
indicator of cell viability (Fig. 6A). Menadione treatment of
control PPC-1 cells or PPC-1 cells overexpressing WT or
mutant c-FLIP variants had little effect on cell viability even at
doses as high as 20 �M (Fig. 6B). However, in combination with
TRAIL, menadione treatment resulted in concentration-de-
pendent reductions in cell viability (EC50 � 10 �M) (Fig. 6C).
PPC-1 cells overexpressing HA-FLIP-WT showed an increase
in cell viability at low concentrations of menadione but these
cells were still sensitive to TRAIL with increasing concentra-
tions ofmenadione. In contrast, the combination ofmenadione

FIGURE 3. Phosphorylation of Thr-166 and ubiquitination of Lys-167 are required for ROS-dependent ubiquitination and degradation of FLIP follow-
ing menadione treatment. A, PPC1 cells were transfected with pcDNA3.1-His6 vector (first lane) or various His-tagged FLIP plasmids (WT, T166A, K167R, and
T166A,K167R double mutant) for 16 h. Cells were then treated with menadione (5 �M) in the presence of MG132 (1 �M) for 8 h. His-tagged FLIP proteins were
captured by Ni-NTA resin and eluted by imidazole solution. The Ni-NTA-purified proteins were analyzed by immunoblotting using mouse anti-FLIP and
anti-Ubiquitin antibodies. The inputs (1/20 of lysates used for FLIP protein capture) were analyzed by immunoblotting using rabbit anti-FADD as a loading
control. B, levels of His-FLIP protein in A were quantified using scanning densitometry. Vector groups with no treatment were adjusted to 1. Statistical
significance (mean � S.E.; n � 3) was determined by two-way analysis of variance and Bonferroni post-test. *, indicates the p value is p � 0.05; **,
indicates p � 0.001.
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and TRAIL was essentially not cytotoxic to PPC-1 cells overex-
pressing the phosphorylation or ubiquitination single site c-FLIP
mutants. Inparticular, the c-FLIPdoublemutantprovidedprotec-
tion even against the highest concentration of menadione tested
(20 �M) in combination with TRAIL (Fig. 6C).

Trypan blue exclusion was assessed as a second measure of
cell viability, confirming the results (Fig. 6D). Cell death assess-
ments by flow cytometry analysis measuring annexin V-APC
and propidium iodide staining showed a significant increase in
the percentage of apoptotic control PPC-1 cells or PPC-1 cells
expressing HA-FLIP-WT following exposure to menadione
with TRAIL (Fig. 6E). No significant induction of apoptosis was
detected in PPC-1 cells during the time frame of these experi-
ments when T166A, K167R, or the T166A,K167R double
mutant c-FLIP protein was expressed in cells treated with a
combination of menadione and TRAIL (Fig. 6E).
In comparison to menadione, treatment of PPC-1 cells with

paraquat alone resulted in significant cell death (Fig. 7B). PPC-1
cells expressing HA-FLIP-WT were equally susceptible to this
paraquat-induced cell death. In contrast, expression of phos-
phorylation and ubiquitination c-FLIP mutants improved sur-
vival of paraquat-treated cells (Fig. 7B). The addition of TRAIL
augmented cell death in cultures of paraquat-treated PPC-1
control cells (Fig. 7C). In contrast, expression of HA-FLIP-
T166A, K167R, or the phosphorylation and ubiquitination
c-FLIP double mutant (HA-FLIP-T166A,K167R) protected the
PPC-1 cells from the incremental cell death observed upon
addition of TRAIL to paraquat-treated cultures (Fig. 7C).

DISCUSSION

The protein c-FLIP is an important inhibitor ofDR-mediated
apoptosis (6). Numerous studies have demonstrated c-FLIP up-
regulation in a variety of cancers, contributing to the resistance
of tumor cells to DR-induced apoptosis (9). The ubiquitin-pro-
teasome pathway has emerged as a central regulator of c-FLIP
expression that conceivably could be exploited to effectively
re-sensitize cancer cells to DR-mediated apoptosis. Although
c-FLIP ubiquitination and degradation have been extensively
reported in response to a variety of chemical compounds and cel-
lular circumstances, the exact sites of ubiquitination or other
PTMs involved have not been elucidated. ROS have recently been
implicated in the down-regulation of c-FLIP but the underlying
mechanism is not well defined. Our findings indicate that ROS-
induced proteasomal degradation of c-FLIP is mediated through
PTMs that include phosphorylation and ubiquitination. The spe-
cific phosphorylation and ubiquitination sites identified that con-
fer c-FLIP protein instability and degradation following exposure
to ROS reside at the end of the second DED domain. Mutation of
either the phosphorylation site at Thr-166 or the ubiquitination
site at Lys-167was sufficient to confer stability on the c-FLIP pro-
tein in the face of ROS challenge, with ablation of both Thr-166
andLys-167sites simultaneouslybeing slightlymoreeffective than
either site alone. This supports the concept that FLIP is a redox-
sensitive protein whereby both of these PTMs are involved for
mediating ROS-dependent degradation of FLIP, and thus impor-
tant determinants of ROS-dependent sensitization of cells to DR
agonists such as TRAIL.

FIGURE 4. Mutations of Thr-166 or Lys-167 stabilize the c-FLIP protein. A, PPC1 cells were transfected with pcDNA3-HA vector or various HA-tagged FLIP
plasmids (WT, T166A, K167R, and T166A,K167R double mutant) for 16 h. Cells were treated with 25 �g/ml of cycloheximide, menadione (5 �M), MG132 (0.5 �M),
or various combinations of these reagents, then harvested at the indicated times. An equal amount of protein from each cell lysate was analyzed by immu-
noblotting using rat anti-HA antibody. FADD served as a loading control. B, levels of HA-FLIP protein in A were quantified using scanning densitometry and
expressed as a percentage of FLIP expression at 0 h for each vector group (mean � S.E.; n � 3).
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The residues corresponding to the Thr-166 phosphorylation
site and the Lys-167 ubiquitination site are highly conserved in
c-FLIP across species. However, they are not present in other
DEDdomain-containingproteins. Interestingly, twophosphor-
ylation sites have previously been characterized for c-FLIP. In
this regard, c-FLIP is phosphorylated at serine 273 by Akt in
macrophages stimulated with TNF� or lipopolysaccharide
(LPS) (26). Expression of a S273Amutantwas less susceptible to
LPS-stimulated reductions of c-FLIP compared with the WT
c-FLIP protein, although reduction was still evident. In our
analysisofmenadione-treatedPPC-1cells, serine273phosphor-
ylation was not observed. This disparity could be due to differ-
ences in the stimulus and cell-type used. Second, phosphoryla-
tion on serine 193 by protein kinase C (PKC) reportedly blocks
ubiquitination of the short isoformof c-FLIP (c-FLIPS), increas-
ing its stability in erythroleukemia cells (27). Conversely, PKC-
mediated phosphorylation of c-FLIPL had no effect on its ubiq-
uitination anddegradation.Ourmass spectrometry analysis did
not cover the region of c-FLIP protein where serine 193 is
located. However, this phosphorylation site could potentially

correspond to the unknown phosphorylation band observed in
phostag gel separation analysis (supplemental Fig. S5). As this
PTM is observed on the WT c-FLIP protein (which undergoes
ROS-induced degradation), our data are in agreement with
Eriksson and colleagues (27), who have suggested that phos-
phorylation of Ser-193 is not important for regulating ROS-
mediated degradation of c-FLIPL. Irrespective of effects on pro-
tein degradation, phosphorylation of c-FLIP has also been
reported to affect the sensitivity of cells to DR-mediated apo-
ptosis. For example, PKC-mediated phosphorylation of c-FLIP
reportedly interferes with binding to FADD, thus enhancing
TRAIL-mediated apoptosis (28). In addition, threonine phos-
phorylation of c-FLIP by calcium/calmodulin-dependent pro-
tein kinase II (CMKII) reportedly directs c-FLIP to the DISC
complex, inhibiting execution of apoptosis in Fas and TRAIL-
resistantmalignant cells (29–31).We show here thatmutagen-
esis of the phosphorylation site at threonine 166 stabilizes
c-FLIP protein levels in the face of ROS challenge, whereas
conferring protection of cells against ROS-mediated sensitiza-
tion to apoptosis induced by TRAIL. Furthermore, mutation of

FIGURE 5. Phosphorylation of Thr-166 and ubiquitination of Lys-167 are required for ROS-dependent ubiquitination and degradation of FLIP follow-
ing paraquat treatment. A-C, PPC1 (A), HeLa (B), or 293T (C) cells were co-transfected with EGFP-C2-ubiquitin and either pcDNA3-HA vector (first lane) or
various HA-tagged FLIP plasmids (WT, T166A, K167R, and T166A,K167R double mutant) for 16 h. Cells were then treated with paraquat (2 mM) in the presence
of MG132 (0.5 �M) for 8 h. Cell lysates were immunoprecipitated (IP) using rat anti-HA antibody and the immunoprecipitated proteins were analyzed by
immunoblotting using mouse anti-HA to detect FLIP and anti-GFP to detect ubiquitination. The inputs (1/10 of lysates used for immunoprecipitation) were
analyzed by immunoblotting using rabbit anti-FADD antibody as a loading control. D–F, levels of HA-FLIP protein in A–C, respectively, were quantified using
scanning densitometry. Vector groups with no treatment were adjusted to 1. Statistical significance (mean � S.E.; n � 6 PPC1 and 293T; n � 4 HeLa) was
determined by two-way analysis of variance and Bonferroni post-test. *, indicates the p value is p � 0.05; **, indicates p � 0.01; #, indicates p � 0.001.
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Thr-166 also prevented ubiquitination of the adjacent lysine
suggesting that this phosphorylation site tags c-FLIP for poly-
ubiquitination and proteasomal degradation. For protein-pro-
tein interactions, examples have been elucidated where the

bulkiness of the phosphate group or protein conformational
changes induced by phosphorylation account for the actions of
phosphorylation as opposed to its negative charge (32). This
may explainwhy theT166DorT166Emutants could notmimic
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phosphorylation with respect to ROS-mediated ubiquitination
and degradation.
Although ubiquitin-mediated proteasomal degradation of

c-FLIP has been reported in response to a number of chemical
compounds (14, 16–22), ourmutagenesis experiments support
the novel identification of lysine 167 as a key ROS-dependent
ubiquitination site that is central for proteasomal degradation
of FLIP. Prior to this study, only one other c-FLIP ubiquitina-
tion site, lysine 192, was reported in a proteome-wide mass
spectrometry analysis of endogenous ubiquitination sites in
untreated HEK293T (33). This region of the FLIP protein was
not covered by our peptides analyzed bymass spectrometry. As
the previous study was performed on resting untreated cells,
this ubiquitination site may be involved in the basal turnover of
c-FLIP protein and the background level of ubiquitination
observed in some of our immunoblots may correlate to such an
ubiquitination site. Nitrosylation of the c-FLIP protein has also
previously been shown to stabilize the protein and interfere
with degradation via the ubiquitin-proteasome pathway (34).
The implication that ROS generation and oxidative stress can
also increase nitric oxide (NO)within cells raised the possibility
of nitrosylation PTMs occurring on c-FLIP following treatment
with agents such as menadione and paraquat. However, we
obtained no evidence for FLIP nitrosylation inmenadione-treated
cells (supplemental Fig. S7). In support, it has been demonstrated
that superoxide can react with NO thereby reducing the available
pool of NO present to react with c-FLIP (25).
The conjugation of ubiquitin to target proteins requires the

activity of an E3 ligase (35). Karin and colleagues (36) demon-
strated that Itchwas the E3 ligase responsible for ubiquitination
and degradation of c-FLIP during Fas-mediated apoptosis
involving the Jun kinase (JNK) signaling pathway. They showed
JNK acted not by directly phosphorylating c-FLIP but by phos-
phorylating and activating Itch. JNK activity was also required
to trigger c-FLIP degradation in breast tumor cells treated with
antimicrotubule agents and TRAIL (37) and treatment of
TRAIL with anti-DR5 antibody induced ROS generation that
stimulated JNK phosphorylation and down-regulation of
c-FLIP in HIV-infected macrophages (38). Moreover, Itch-de-
pendent ubiquitination and proteasomal degradation of c-FLIP
were reported in cisplatin-treated ovarian cancer cells (39). Itch
specifically ubiquitinates FLIPL by binding to the caspase
domain (36). The ubiquitination site Lys-167 identified in our
studies is located in the highly conserved DED region. There-
fore it is possible that JNK/Itch-mediated proteasomal degra-
dationmay not be involved in the degradation of c-FLIP protein
induced by ROS challenge of cancer cells. Importantly, Itch and

FIGURE 6. Expression of FLIP mutants rescues PPC1 cells from menadione-mediated sensitization to TRAIL-induced cell death. A, PPC1 cells were
treated with or without TRAIL (10 ng/ml) for 24 h. At various time points cells were lysed and ATP levels were measured using cell titer glow to assess cell
viability. B, PPC1 cells were transfected with various HA-tagged FLIP plasmids (WT, T166A, K167R, and T166A,K167R double mutant) for 16 h and then treated
with increasing concentrations of menadione alone or (C) with 10 ng/ml of TRAIL for 24 h. Cells were then lysed and ATP levels were measured using cell titer
glow to assess cell viability. Vector groups with no treatment were adjusted to 100%. Statistical significance (mean � S.E.; n � 3) was determined by repeated
measures analysis of variance and Tukey post-test. *, indicates the p value is p � 0.01 for a comparison with control PPC1 cells. D, PPC1 cells were transfected
with various HA-tagged FLIP plasmids (WT, T166A, K167R, and T166A,K167R double mutant) for 16 h and then treated with 15 �M menadione with or without
TRAIL (10 ng/ml) for 24 h. Cell viability was assessed by exclusion of trypan blue. Statistical significance (mean � S.E.; n � 4) was determined by two-way analysis
of variance and Bonferroni post-test. *, indicates p � 0.05 and **, indicates p � 0.001. E, PPC1 cells were co-transfected with various HA-tagged FLIP plasmids
(WT, T166A, K167R, and T166A,K167R double mutant) each with EGFP-C2 for 16 h and then treated with 10�M menadione with or without TRAIL (25 ng/ml) for 16 h.
To assess cell death, cells were stained with annexin V-APC and propidium iodide and the percentage of annexin V positive cells was determined by FACS. Statistical
significance (mean � S.E.; n � 3) was determined by two-way analysis of variance and Bonferroni post-test. *, indicates p � 0.05 and **, indicates p � 0.01.

FIGURE 7. Expression of FLIP PTM mutants rescues PPC1 cells from para-
quat-induced cell death and sensitization to TRAIL. A, PPC1 cells were
treated with or without TRAIL (10 ng/ml) for 24 h. At various times, cells were
lysed and ATP levels were measured using cell titer glow to assess cell viabil-
ity. B, PPC1 cells were transfected with various HA-tagged FLIP plasmids (WT,
T166A, K167R, and T166A,K167R double mutant) for 16 h and then treated
with increasing concentrations of paraquat alone or (C) with 10 ng/ml of
TRAIL for 12 h. Cells were then lysed and ATP levels were measured using cell
titer glow to assess cell viability. Vector groups with no treatment were
adjusted to 100%. Statistical significance (mean � S.E.; n � 4) was determined
by repeated measures analysis of variance and Tukey post-test. *, indicates
p � 0.01 for a comparison with control PPC1 cells.
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JNK-independent c-FLIP ubiquitination have been reported
(20, 22, 26, 40). For example, proteasomal degradation of
c-FLIP still occurs in breast tumor cells treatedwith the histone
deacetylase inhibitor suberoylanilide hydroxamic acid under
circumstances where Itch had been depleted by siRNA, sug-
gesting proteasomal targeting of c-FLIP through a pathway
independent of the E3 ubiquitin ligase Itch (22). An alternative
ligase was not identified by the group. Pope and colleagues (26)
point to the phosphatidylinositol 3-kinase/Akt pathway in the
c-FLIP degradation observed in macrophages stimulated with
TNF� or LPS. The ataxia telangiectasia-mutated kinase was
also found to be required for c-FLIP down-regulation and sen-
sitization to TRAIL by theDNA-damaging agents neocarzinos-
tatin and 5-fluorouracil in human hepatocellular carcinoma
cell lines (40). Therefore, it is clear that different kinases and
ubiquitin ligases are involved in c-FLIP down-regulation,
depending on the cell type and circumstances. Computational
analysis of the amino acid sequences surrounding Thr-166 by
GPS (Group-base Prediction System) version 2.1 (41), Net-
PhosK 1.0 (42), and PhosphoMotif Finder (43) databases pre-
dict Thr-166 phosphorylation byMAP3K11 (MLK3), PKC, and
casein kinase 1, respectively. Oxidative stress is known to acti-
vate PKC and MLK3 activity (44, 45). Moreover, apoptosis can
be stimulated by MLK3-mediated JNK and p38 signaling (46).
Further studies are required to clarify the specific kinase and
ligase important for c-FLIP proteasomal degradation in
response to ROS.
ROS can elicit a wide spectrum of biological responses from

proliferation to cell death (47). Almost a decade ago, studies of
cardiac myocytes showed a requirement for ROS generation by
doxorubicin to trigger a loss of c-FLIP protein and subsequent
sensitization of cells to Fas-induced apoptosis (48). A later
study demonstrated that Fas ligand generated ROS in normal
lung epithelial cells through activation of Rac1 and theNADPH
oxidase. These ROS specifically mediated the ubiquitination
and degradation of c-FLIP to increase cell sensitivity to Fas-
induced cell death (25). More recently, an investigation of the
natural alkaloid berberine also attributed the observedROS-de-
pendent loss of c-FLIP to proteasomal degradation (21). In
addition, targeting of c-FLIP to the proteasome was similarly
shown to be a route by which cells normally are resistant to
TRAIL-induced apoptosis can be rendered susceptible to cell
death. In our present study, treatmentwith the ROS-generating
compounds menadione or paraquat resulted in decreased
c-FLIP expression that was prevented by pretreatment of cells
with the ROS scavenger TEMPO or proteasome inhibitor
MG132. Consistent with other studies the loss of c-FLIP pro-
tein was solely due to the post-translational regulation as the
level of c-FLIPmRNA transcripts were unaffected by ROS gen-
eration. We also observed that chemical inducers of ROS can
sensitize cancer cells to TRAIL. In contrast, overexpression of
c-FLIP mutants lacking Thr-166 or Lys-167 demonstrated
increased protein stability and protected cells from ROS-medi-
ated sensitization to TRAIL-induced cell death.
Recently, hepatocytes from mice with liver-specific deletion

of genes encoding c-FLIP were reported to be hypersensitive
to low concentrations of menadione and vulnerable to ROS-
induced apoptosis (49). Interestingly, viability differences

between WT and c-FLIP knock-out cells were lost at higher
concentrations of menadione, indicating that c-FLIP-mediated
protection is overwhelmed in the face of massive ROS expo-
sure. Treatment of hepatocytes with high menadione concen-
trations also activated JNK (49, 50) and JNK phosphorylation
was augmented in c-FLIP knock-out hepatocytes (49) but
reversed in the presence of superoxide scavengers (50). In con-
ditions where NF-�B is attenuated, TNF-�-induced ROS were
shown to oxidize and inhibit JNK-inactivating phosphatases,
thus resulting in sustained JNK activation and execution of cell
death (51). Moreover, c-FLIP reportedly binds to MAP kinase
kinase-7 (MKK7) and suppresses JNK signaling (52). Therefore,
when NF-�B is inhibited, ROS promote JNK activation as well
as c-FLIP degradation thus alleviating the brake that FLIP has
on the pro-apoptotic signaling cascade.
Menadione and paraquat treatment of cells up-regulate

GRP94, GRP78, CHOP, and induce phosphorylation of eIF2,
IRE1, and JNK, indicative of endoplasmic reticulum (ER) stress
(53–57). In this regard, ER stress up-regulates expression of
DR5 (TRAIL-R2) via a CHOP-dependent mechanism, stimu-
lating caspase-8-dependent apoptosis in some cellular contexts
(58–62). Moreover, c-FLIP down-regulation in breast cancer
cells undergoing ER stress contributes to sensitization to
TRAIL-induced apoptosis (63). Thus, the combined use of
agents that induce ER stress with TRAIL has received attention
as potential anti-cancer therapies. In this regard, �-TEA, an
analog of vitamin E, induces c-FLIP down-regulation through
the ER stress JNK/CHOP/DR5 pathway via Itch-mediated
ubiquitination and loss of c-FLIP (59). However, a study using
multiple chemical inducers of CHOP expression did not find a
role for JNK or Itch in mediating CHOP-induced c-FLIP ubiq-
uitination and degradation (64). Further experiments are
needed to determine whether the oxidative stress caused by
menadione or paraquat treatment of cells at the concentrations
used in our study induces the ER stress response and whether
the ER stress signal transduction pathway is involved in the
ROS-mediated down-regulation of c-FLIP observed in our
experiments.
In summary, we identified the specific sites of phosphoryla-

tion and ubiquitination on c-FLIP that mediate ROS-depen-
dent degradation and subsequent sensitization of cancer cells
to TRAIL. Future identification of the specific kinase(s) and
ubiquitin ligase(s) involved in ROS-mediated c-FLIP degrada-
tion may provide attractive targets for developing novel thera-
peutic strategies that either seek to (a) preserve c-FLIP expres-
sion and promote cell survival in the face of ROS challenge,
such as in cardiomyocytes during ischemia-reperfusion injury,
or alternatively to (b) stimulate c-FLIP degradation for sensitiz-
ing unwanted cells such as cancers and autoimmune lympho-
cytes to DR-mediated apoptosis.
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