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Activation of NF-kB and autophagy are two processes
involved in the regulation of cell death, but the possible cross-
talk between these two signaling pathways is largely unknown.
Here, we show that NF-kB activation mediates repression of
autophagy in tumor necrosis factor-a (TNFa)-treated Ewing
sarcoma cells. This repression is associated with an NF-kB-de-
pendent activation of the autophagy inhibitor mTOR. In con-
trast, in cells lacking NF-kB activation, TNFa treatment up-reg-
ulates the expression of the autophagy-promoting protein
Beclin 1 and subsequently induces the accumulation of autoph-
agic vacuoles. Both of these responses are dependent on reactive
oxygen species (ROS) production and can be mimicked in
NF-kB-competent cells by the addition of H,0O,. Small interfer-
ing RNA-mediated knockdown of beclin 1 and atg7 expression,
two autophagy-related genes, reduced TNFa- and reactive oxy-
gen species-induced apoptosis in cells lacking NF-kB activation
and in NF-kB-competent cells, respectively. These findings
demonstrate that autophagy may amplify apoptosis when asso-
ciated with a death signaling pathway. They are also evidence
thatinhibition of autophagy is anovel mechanism of the antiapo-
ptotic function of NF-kB activation. We suggest that stimula-
tion of autophagy may be a potential way bypassing the resist-
ance of cancer cells to anti-cancer agents that activate NF-kB.

Acquisition of drug resistance in cancer cells is the major
cause of the inefficacy of cancer therapy. Activation of the
NF-«B? transcription factor is one of the signaling pathways

* This work was supported by institutional funding from INSERM and from
University Paris-Sud 11. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted to the Gen-
Bank™YVEBI Data Bank with accession number(s) NM003766 and BCO16045.

" To whom correspondence should be addressed: INSERM U756, Faculté de
Pharmacie, Université Paris-Sud 11, 5, Rue Jean-Baptiste Clément, 92296
Chatenay-Malabry, France. Tel.: 33-1-46-83-55-28; Fax: 33-1-46-83-58-44;
E-mail: mojgan.mergny@cep.u-psud.fr.

2 Supported by a Ministero dell'lstruzione dell’'Universita e della Ricerca
fellowship.

3 The abbreviations used are: NF-kB, nuclear factor-«B; |kB, inhibitor «B; PARP,
poly(ADP-ribose) polymerase; ROS, reactive oxygen species; TNFa, tumor
necrosis factor-a; 4E-BP1, elF4E-binding protein-1; mTOR, mammalian tar-
get of rapamycin; BHA, butylated hydroxyanisole; BNP, N-butyl-a-phenyl-
nitrone; MDC, monodansylcadaverine; siRNA, small interfering RNA; 3-MA,
3-methyladenine; Z-VAD-fmk, benzyloxycarbonyl-Val-Ala-Asp(Ome)-flu-
oromethyl ketone.

OCTOBER 13, 2006 +VOLUME 281+-NUMBER 41
This is an Open Access article under the CC BY license.

that contributes to the resistance of cancer cells to radio- and
chemotherapies (1-4). Indeed, inactivation of NF-kB sensitizes
numerous cancer cell lines to the cytotoxic effect of anti-cancer
treatments (1-4).

NF-kB is an ubiquitously expressed family of Rel-related
transcription factors (5). Typically, in unstimulated cells,
NE-«B is sequestered in the cytoplasm by binding to inhibitory
kB proteins (IkB). In response to a variety of stimuli, such as
inflammatorycytokines,oncogenes,andviruses,theproteasome-
dependent degradation of IkB allows the translocation of
NE-«kB to the nucleus and its binding to the promoter region of
target genes involved in the control of different cellular
responses, including apoptosis (6 — 8). In many cancer cells, the
constitutive activation of NF-«kB activity lowers cell sensitivity
to apoptosis and consequently favors neoplastic cell survival
(9). Several anti-tumor drugs appear to enhance NF-«kB activity,
which renders them less effective (10).

Recently, evidence has emerged that autophagy is another
mechanism involved in the control of death in cancer cells (11,
12). Macroautophagy (hereafter referred to as autophagy) is a
vacuolar lysosomal degradation pathway for organelles and
cytoplasmic macromolecules (13, 14). Genetic studies of auto-
phagy in the yeast Saccharomyces cerevisiae have led to the
identification of a family of genes named ATG (autophagy-re-
lated gene) involved in the control of autophagy (15-17). The
formation of autophagosomes requires two conjugation sys-
tems (Atg5—Atgl2and Atg8 lipidation) (18) and a class III phos-
phatidylinositol 3-kinase (19). This kinase interacts with the
tumor suppressor protein Beclin 1, the mammalian orthologue
of the yeast Atg 6 (20).

The relation between autophagy and cell death is complex,
since autophagy can be involved in either cell death or survival
depending on the cellular context (12, 21, 22). The survival
function of autophagy has been demonstrated under different
physiological situations, such as interruption of maternal nutri-
ent supply in newborn mice (23) or cell deprivation of growth
factors and of nutrients (24, 25). Autophagy is also implicated in
the cell death process during development (26) and in response
to several cytotoxic stimuli (reviewed in Ref. 27). In some situ-
ations, both apoptosis and autophagy can occur concomitantly
in the same cells, suggesting the involvement of common reg-
ulatory mechanisms (28). In fact, several members of both
extrinsic (29, 30) and intrinsic (31) apoptotic pathways can pro-
mote activation of autophagy. In particular, death receptor
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ligands, such as TNFa (30) and Trail (TNF-related apoptosis-
inducing ligand) (29), stimulate autophagy in T-lymphoblastic
cells and in a model of lumen formation in mammary acini,
respectively. In addition, some participants in apoptosis signal-
ing, such as the receptor-interacting proteins RIP (32) and
FADD (Fas-associated death domain protein) (33), and the
kinase c-Jun N-terminal kinase (32), have recently been impli-
cated in autophagy. The precise network that controls the
cross-talk between apoptosis and autophagy remains to be elu-
cidated. In particular, it has not yet been investigated whether
NE-«B, one of the major regulators of apoptosis, also controls
autophagy.

Here, we examined whether NF-kB activation modulates the
autophagic capacity of cells. We compared the autophagic
capacity of NF-kB competent cells with that of cells carrying a
repressor of NF-«B activation after treatment with TNFa. We
found that whereas TNFa induced autophagy in cells lacking
NEF-kB activity, it did not activate this process in NF-«B-com-
petent cells. We also demonstrate that in the absence of NF-«B
activation, TNFa-induced autophagy is dependent on ROS
production and participates in the TNFa-induced apoptotic
signaling pathway.

EXPERIMENTAL PROCEDURES

Reagents—Hoechst 33258 dye, benzon nuclease, 3-methy-
ladenine, monodansylcadaverine (MDC), hydrogen peroxide,
butylated hydroxyanisole (BHA), and N-butyl-a-phenyl-ni-
trone (BNP) were from Sigma. L-[**C]valine (5.47 GBq/mmol)
was from PerkinElmer Life Sciences. Z-VAD-fmk and
recombinant human TNF«a (TNFa was used in cells at a
concentration of 2000 units/ml) were from R&D Systems, Inc.
(Minneapolis, MN). Antibodies against the following proteins
were used: Atg5 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), Atg 7 (kindly provided by Dr. W. A. Dunn, Jr., University
of Florida College of Medicine, Gainesville, FL), Beclin 1 and
actin (BD Biosciences), phospho-4-EBP1, 4-EBP1, phospho-
p70 S6 kinase, p70 S6 kinase, Bcl-2 (Cell Signaling Technology,
Inc.) LC3 (kindly provided by Dr. Eiki Kominami (Jutendo Uni-
versity, Tokyo, Japan) and Dr. Tamotsu Yoshimori, National
Institute of Genetics (Mishima, Japan)), and PARP (Alexis,
Illkirch, France).

Cells—EW?7 cells transfected with an empty pcDNA vector
(EW7PC cells) or with the IkBa (A32/36)-encoding vector
(EW7MAD cells) were previously described (34). The genera-
tion of promyelocytic leukemia cells (NB4) expressing either
the Migr-eGFP vector (NB4/GFP cells) or the IkBa (A32/36)-
encoding Migr-eGFP (NB4/GFP-MAD) was previously
described (35). All of these cells were grown at 37 °C in 5% CO,
RPMI medium supplemented with 2 mm L-glutamine and 10%
decomplemented fetal calf serum. The human breast cancer
MCFY7 cellline (from ATCC) were grown at 37 °Cin 10% CO, in
Dulbecco’s modified Eagle’s medium supplemented with 10%
decomplemented fetal calf serum.

Monodansylcadaverine Staining—MDC was used to evaluate
the abundance of autophagic vacuoles in cells as previously
reported (36). A 10 mm stock solution of MDC was prepared in
Me,SO. Following treatment, cells were stained with MDC at a
final concentration of 10 wM™, for 10 min at 37 °C, and then
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collected and fixed using 3% paraformaldehyde solution in
phosphate-buffered saline for 30 min. Cells were washed and
then examined by fluorescence microscopy (Zeiss Axioplan
microscope). For each condition, the percentage of cells with
characteristic MDC staining dots indicative of autophagy was
assessed.

Analysis of Degradation of Long Lived Proteins—Ewing sar-
coma-derived cell lines were incubated with 0.2 wCi/ml [**C]L-
valine in complete medium (RPMI medium supplemented with
2 mM L-glutamine and 10% fetal calf serum) for 24 h at 37 °C
(37). At the end of the radiolabeling period, unincorporated
radioisotopes were removed by washing the cells three times
with phosphate-buffered saline (pH 7.4). Cells were then incu-
bated in complete medium supplemented with 10 mMm unla-
beled valine for 1 h (prechase period). After this time, the
medium was replaced by either nutrient-free medium (Hanks’
balanced salt solution plus 0.1% bovine serum albumin) or
complete medium plus 10 mm unlabeled valine in the presence
and absence of 10 mm 3-MA and TNFa for a 4 —8-h incubation
(chase period). Radiolabeled proteins from the medium and
adherent cells were precipitated in trichloroacetic acid at the
final concentration of 10% (v/v), separated from soluble radio-
activity by centrifugation at 600 X g for 20 min, and dissolved in
1 ml of 0.2 N NaOH. The rate of protein degradation was calcu-
lated by determining the ratio of radioactivity in acid-soluble
proteins obtained from cells and medium to radioactivity in
trichloroacetic acid-precipitated proteins obtained from cells
and medium.

Electron Microscopy—Cells were fixed for 1 hat4 °C in 1.6%
glutaraldehyde in 0.1 M Sorensen phosphate buffer (pH 7.3),
washed, and fixed again in aqueous 2% osmium tetroxide, dehy-
drated in ethanol, embedded in Epon, and processed for elec-
tron microscopy with a Zeiss EM 902 transmission electron
microscope at 80 kV, in ultrathin sections stained with uranyl
acetate and lead citrate.

Detection of Apoptosis— Apoptotic cell death was determined
by quantification of apoptotic nuclei (i.e. fragmentation and
condensation of nuclei) following Hoechst 33258 staining. A
total of 500 nuclei were counted for each sample. Apoptosis was
also evaluated by determination of caspase 3 activity, which was
assessed by the appearance of PARP1 cleaved product revealed
by Western blotting analysis. DNA fragmentation was quanti-
fied using a cell death detection ELISA Plus kit (Roche Applied
Science), which was used according to the manufacturer’s
instructions.

Isolation of RNA and Real Time Quantitative Reverse
Transcription-PCR—Total RNA was extracted with the
RNeasy Mini kit (Qiagen, Courtaboeuf, France). First-strand
cDNA was generated by reverse transcription of 2 ug of total
RNA using random primers and Superscript’™III reverse
transcriptase (Invitrogen) according to the manufacturer’s
instructions, in a total reaction volume of 20 wl. The
sequences of forward and reverse oligonucleotide primers,
specific to the chosen candidate and housekeeping genes,
were designed using Primer3 software (available on the
World Wide Web at frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). The primers are for Beclin 1 (forward, 5’'-
GGCTGAGAGACTGGATCAGG-3'; reverse, 5'-CTGCGTC-
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FIGURE 1. TNF a stimulates autophagy in Ewing sarcoma cells expressing a repressor of NF-«B activation.
A, EW7PCand EW7MAD1 cells were treated with TNFa (2000 units/ml) for different times or were incubated for
4 h in nutrient-free medium (NF). Cells were stained with MDC as detailed under “Experimental Procedures.”
Left, representative images of three independent experiments. Bar, 6 um. Right, the percentage of cells with
MDC staining dots per total MDC staining cells was quantified after treatment with either TNFa (8 h) or nutri-
ent-free medium treatment 4 h.. Values reported are the mean =+ S.D. of three independent experiments. B, left,
representative images of GFP-LC3 staining in EW7PCand EW7MAD1 cells incubated for 8 hin the presence and
absence of TNFa. Bar, 3 wm. Right, the percentage of cells with punctated GFP-LC3 per total GFP-LC3 cells was
scored. Values are the mean = S.D. of three independent experiments. For each condition, cells are also
subjected to Hoechst staining, and the percentage of apoptotic nuclei was scored. C, left,immunoblot analysis
of LC3-I processing into LC3-1l in EW7PC and EW7MAD!1 cells treated with TNF« for the indicated times. Right,
bands corresponding to LC3-Il (at time point 8 h) were quantified using NIH Image software and were normal-
ized to actin expression level. D, left, a-d, representative electron micrographs of EN7PC and EW7MADT1 cells
treated for 4 h in the presence and absence of TNFa are shown. The arrowheads denote the presence of
autophagic vacuoles. Bar, 0.5 um. e and f, higher magnifications of TNFa-treated EW7MAD?1 cells show auto-
phagosomes containing mitochondrion (e) or digested cytoplasmic materials (f). The bar represents 0.2 um.
Right, the total number of autophagic vacuoles per cell profile was determined for each condition. Results
shown in D are the mean = S.D. of five profiles for each condition.
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TGGGCATAACG-3'; GenBank™
NMO003766; nucleotides 787-913)
and B-actin (forward, 5'-TCACCC-
ACACTGTGCCCATCTACGA-3';
reverse, 5'-CAGCGGAACCGCT-
CATTGCCAATGG-3’; GenBank™
BC016045; nucleotides 555— 845).

Real time quantitative PCR was
performed in a LightCycler® (Roche
Applied Science) thermal cycler. An
80-fold dilution of each cDNA was
amplified in a 10-ul volume, using
the Fast Start DNA Master™ s
SYBR Green I master mix (Roche
Applied Science), with 500 nM final
concentrations of each primer. The
amplification specificity was checked
by melting curve analysis and gel-aga-
rose electrophoresis of PCR products.
Threshold cycle Ct, which corre-
lates inversely with the target
mRNA levels, was calculated using
the second derivative maximum
algorithm provided by the Light-
Cycler software. For each cDNA,
the Beclin 1 mRNA levels were nor-
malized to B-actin mRNA levels.
Results are expressed as ratio of nor-
malized Beclin 1 mRNA level of
treated cells to those of untreated
cells.

Transfection and RNA Inter-
ference—Small interfering RNAs
(siRNAs) against beclin 1, atg7, and
p65 and control siRNA were synthe-
sized by Eurogentec (Seraing, Bel-
gium). The siRNA sequences
against beclin-1, atg7, and p65 were
previously described in Refs. 25, 38,
and 39, respectively. Cells cultured
in 6-well plates were transfected
with siRNA at 200 nm final concen-
tration by using oligofectamine rea-
gent (Invitrogen). Cells were then
incubated for 8 h at 37 °C prior to
the addition of 5% fetal calf serum
and then left for another 48 -92 h.
At the end of these treatments, cells
were harvested and subjected to
Western blotting analysis or apo-
ptosis assays.

Transient transfections with
GFP-LC3 plasmids (kindly pro-
vided by Dr. Tamotsu Yoshimori,
National Institute of Genetics,
Mishima, Japan) were carried out
by wusing Lipofectamine 2000
transfection reagent according to
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the manufacturer’s instructions. Since the level of transfec-
tion in Ewing sarcoma cells only reaches 15% of the total
amount of cells, 2 X 10° cells were transfected for each assay
and then subjected to fluorescence microscopy analysis. For
each condition, at least 150 GFP-LC3-transfected cells
(GFP-expressing cells) were observed, and the percentage of
transfected cells presenting punctate GFP-LC3 staining,
which is indicative of autophagy structures, was determined.

Western Blot Analysis—Cellular extracts were prepared in 10
mM Tris, pH 7.4, 1% SDS, 1 mm sodium vanadate, treated with
benzon nuclease for 5 min at room temperature, and boiled for
3 min. Fractions (30 ug) of cellular extract proteins were sub-
jected to SDS-polyacrylamide gel electrophoresis using a Tris/
glycine buffer system based on the method of Laemmli. After
electrophoresis, proteins were transferred to a Protean nitro-
cellulose transfer membrane (Amersham Biosciences). Protein
loading was assessed by Ponceau staining of membranes. Blots
were then incubated with primary antibodies using the manu-
facturer’s protocol followed by the appropriate horseradish
peroxidase-conjugated secondary antibody. Immunostained
proteins were visualized on x-ray film using the ECL detection
system (Amersham Biosciences). The experiments were
repeated at least three times, and representative autoradio-
grams are shown.

RESULTS

Inhibition of NF-kB Activation Triggers Autophagy in TNFo-
treated Ewing Sarcoma Cells—To evaluate the relation between
NE-kB activation status and autophagy, we compared the auto-
phagic activity after TNFa treatment in cells lacking NF-«B
activity (EW7MAD1) and NF-«B-competent (EW7PC) Ewing
sarcoma cells. The formation of autophagic vacuoles was first
assessed by staining with MDC, which accumulates in acidic
cell compartments enriched in lipids (36). This leads to a punc-
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FIGURE 2. The effect of TNFa on long lived protein degradation in EW7PCand EW7MAD1 cells. The rate of
proteolysis of ['*Clvaline-labeled long lived proteins was measured in cells following an 8-h incubation with
TNFa in the presence and absence of 10 mm 3-MA. As a positive control, cells were subjected to 4-h starvation
in the presence and absence of 10 mm 3-MA. Results are the mean = S.D. of three independent experiments.

impaired in NF-«B-competent cells
(EW7PC), as revealed by the paucity
of punctate structures observed in
these cells. To verify that EW7PC
cells are not defective in stimulation
of autophagic activity, MDC stain-
ing was also performed following incubation of these cells in
nutrient-free medium, a condition known to stimulate autoph-
agy (14). Under these conditions, EW7PC cells as well as
EW7MADI cells were both able to induce autophagy (Fig. 1A4).
The redistribution of LC3 from diffuse cytosolic staining to
punctate staining is a reliable marker of autophagosome forma-
tion (40). This can be examined either by transfection of cells
using GFP-LC3 expression plasmids, which result in the forma-
tion of punctate fluorescence structures in conditions of auto-
phagy stimulation, or by examining the appearance of the phos-
phatidylethanolamine-conjugated form of LC3 (LC3-II), which
is associated with autophagosomal membranes. After cell
transfection with GFP-LC3, TNF« caused the appearance of a
punctate fluorescence pattern in EW7MADI1 but not in
EW?7PC cells (Fig. 1B), confirming again that TNFa induces an
increase in autophagic structures only in the absence of NF-«B
activation. Accordingly, TNFa induces a time-dependent accu-
mulation of the LC3-II form in EW7MADI cells (Fig. 1C),
whereas the level of LC3 II was not significantly modified in
TNFa-treated EW7PC cells as compared with untreated cells.
Interestingly, accumulation of autophagic vacuoles in TNFa-
treated cells lacking NF-«B activity correlated with their sus-
ceptibility to apoptosis (Fig. 1B, right). Transmission electron
microscopy experiments were also used to visualize autophagic
vacuoles in cells (Fig. 1D, a—d). Quantitation of electron micro-
graphs reveals an increase in the number of autophagic vacu-
oles after 4-h TNFa treatment of cells lacking NF-«B activity as
compared with EW7PC cells. The presence of autophagosomes
containing mitochondrion (Fig. 1D, e) and degraded cytoplasmic
materials was confirmed by electron microscopy (Fig. 1D, f).

To verify that the increase in the number of autophagic vacu-
oles in TNFa-treated EW7MADI1 cells represents an activation
of autophagic activity rather than inhibition of autophagic
vacuoles/lysosome fusion, we further measured the degrada-

NF
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FIGURE 3. Inactivation of NF-«B in NB4 and MCF7 cells induces autophagy in response to TNF . NF-«B-
competent NB4 cells (NB4/GFP), NB4 cells expressing an inhibitor of NF-kB activation (NB4/GFP-MAD), MCF7
cells,and MCF7 cells transiently transfected with siRNA against p65 were treated with TNFa (2000 units/ml) for
different times as indicated. A and D, representative control cells and TNFa-treated cells labeled with MDC are
shown. Bar, 3 um. B and E, the percentage of cells with MDC-stained dots was quantified after treatment with
TNFa of NB4 cells or MCF7 cells, for 8 or 32 h, respectively (black bar). Inset, the levels of p65 protein expression
in the presence and absence of p65 siRNA are shown. For each condition, cells were also subjected to Hoechst
staining, and the percentage of apoptotic nuclei was scored (white bar). C and F, immunoblot analysis of LC3-I
processing into LC3-Ilin NB4/GFP and NB4/GFPMAD cells treated in the presence and absence of TNFa (C) and
in MCF7 cells incubated for 32 h with siRNA against p65 before the addition of TNF« (F).

tion of long lived proteins in the presence and the absence of the
autophagy inhibitor, 3-MA. As shown in Fig. 2, the rate of
3-MA-sensitive proteolysis of long lived proteins was increased
in a time-dependent manner after TNFa treatment in
EW7MADI cells but not in EW7PC cells. Thus, the accumula-
tion of autophagic vacuoles observed in TNFa-treated
EW7MADI cells results from the activation of autophagy but
not from the impairment of lysosomal delivery of LC3-positive
vacuoles. It is worth nothing that 3-MA-sensitive proteolysis is
increased in both cell lines incubated in nutrient-free medium,
confirming again that both cell lines are competent for induc-
tion of autophagy.

Overall, these findings demonstrate that inhibition of NF-«B
activity results in induction of autophagy in TNFa-treated
EW7MAD1 cells. Such autophagic hallmarks were also
observed in another clone of Ewing sarcoma cells expressing a
repressor of NF-«B activation, EW7MAD?2 cells after TNF«
treatment (data not shown).
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NF-«kB activation (Fig. 3C). As in
Ewing sarcoma cells, this accumula-
tion of autophagic vacuoles observed
in TNFa-treated NB4/GFP-MAD
cells correlated with their susceptibil-
ity to apoptosis induced by TNF«a
(Fig. 3B).

We also examined the autophagy
capacity of MCF7 cells following
siRNA knockdown of p65 protein, a
member of the NF-kB complex. The complete reduction of p65
expression by using specific siRNA (39) (Fig. 3E, inset) sensi-
tized MCF7 cells to TNFa-induced apoptosis (Fig. 3E) and trig-
gered accumulation of autophagic vacuoles in these cells as
revealed by MDC staining (Fig. 3, D and E). Accordingly, TNFa
induced an accumulation of LC3II form only in MCF7 treated
with siRNA against p65 (Fig. 3F). Overall, these data indicate
that inhibition of NF-«B in both NB4 and MCF?7 cells induces
autophagy in response to TNFa.

ROS Are Involved in TNFa-induced Autophagy in Cells Lack-
ing NF-kB Activity—W e have previously shown that inhibition
of NF-«B activity results in an increase in ROS production in
TNFa-treated Ewing sarcoma cells (41). We therefore ques-
tioned whether TNFa-induced ROS production is involved in
stimulation of autophagy. To this aim, we treated EW7MAD1
cells with BHA, a ROS scavenger, prior to the addition of TNFa.
Autophagy was evaluated by MDC or GFP-LC3 staining. As
shown in Fig. 44, treatment with this antioxidant reduced the
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TNFa +BNP

—Autophagy is mediated by Atg pro-
teins (17) and can be negatively reg-
ulated by activation of mTOR (42,
43). To gain further insight into the
mechanisms of induction of auto-
phagy in cells lacking NF-«B activ-
ity, we compared the pattern of acti-
vation or expression of such
autophagy-regulated proteins in
TNFa-treated EW7PC cells and in
TNFa-treated EW7MADI cells.
We first examined the activity of
mTOR Dby analyzing the phosphoryl-
ation of two of its substrates, the p70
protein S6 kinase and the eukaryotic

initiation factor 4-E-binding pro-
tein 1 (4E-BP1). Asshown in Fig. 54,
TNFa treatment of EW7PC cells
resulted in an increase in the level of
phosphorylation of both 4E-BP1
-I and p70 S6 kinase proteins. In con-
trast, TNFa treatment of Ewing sar-
coma cells lacking NF-«B activity
reduced the levels of phospho-4E-
BP1 and did not significantly change
the level of phospho-p70 S6 kinase.
These results indicate that TNF«
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FIGURE 4. ROS scavengers inhibit TNFa-induced autophagy in EWN7ZMAD1 cells. EW7MAD1 and EW7PC
cells were treated with either BHA (100 um) or BNP (50 um) for 2 h prior to treatment with TNFa (2000 units/ml,
8 h) and H,0, (100 uMm, 8 h), respectively. A, fluorescence microscopy was performed following MDC staining.

induced repression of mTOR acti-
vation only when NF-«kB activity
was inhibited, which is in accord-
ance with the results showing that
TNFa induces autophagy in
EW7MADI1 cells but not in EW7PC
control cells.

Representative images of cells with MDC staining are shown. Bar, 6 um. B, EN7PC and EW7MAD1 cells were

transfected with GFP-LC3 plasmids and then subjected to treatment as indicated in A. For each condition, the
percentage of cells with punctate GFP-LC3 staining was quantified. Results shown in A and B are representative

of three independent experiments.

accumulation of autophagic vacuoles induced by TNF« in
EW7MAD1 cells. Similar results were found by using another
ROS scavenger, BNP (Fig. 44). This indicates that the produc-
tion of ROS is required for the induction of autophagy in
TNFa-treated EW7MADI cells. To confirm more precisely the
role of ROS in induction of autophagy, we further examined the
effect of the H,0, addition on the modulation of autophagic
activity in NF-kB-competent cells. As revealed by MDC stain-
ing, treatment with H,O, induced an accumulation of acidic
vacuoles in EW7PC cells. The appearance of autophagic vacu-
oles was inhibited in the presence of both BHA and BNP (Fig. 4,
A and B). Similar results were found in GFP-LC3-transfected
cells, showing that both TNFa and H,O, promote an increase
in the number of autophagic structures in EW7MADI1 and
EW7PC cells, respectively (Fig. 4B). Both responses were
reduced in the presence of BHA and BNP, confirming again
that the stimulation of autophagy induced either by TNFa or
H,0, involves a ROS-dependent mechanism (Fig. 4, A and B).

Analysis of Autophagy-regulated Protein Expression in
TNFa-treated EW7PC Cells and TNFa-treated EW7MADI Cells

30378 JOURNAL OF BIOLOGICAL CHEMISTRY

We further examined the expres-
sion patterns of Atg7, Atg5, and
Beclin 1, three Atg proteins
involved in autophagosome forma-
tion (17), and of Bcl-2, an antiapoptotic protein that negatively
regulates autophagy through its interaction with Beclin 1 (44).
Asshown in Fig. 54, TNFa caused a strong decrease in the level
of Bcl-2 protein in EW7MADI cells but not in EW7PC cells.
Furthermore, whereas the expression level of Beclin 1 remained
unchanged following TNF« treatment of EW7PC, it was up-
regulated in EW7MADI1 cells 4 h after TNFa addition. The
levels of expression of Atg7 and Atg5 were not modified upon
TNFa treatment of both cell lines. To further specify the time
course of the modulation of Beclin 1 expression by TNFa, we
also examined the expression level of Beclin 1 upon short times
of incubation with TNFa in both cell lines. We found that
TNFa induces a rapid increase in Beclin 1 expression level in
EW7MADI cells 0.5 h after treatment (Fig. 5B). Interestingly,
the level of Beclin 1 expression was unchanged during the time
course of TNFa treatment of EW7PC cells. To investigate
whether the TNFa-induced accumulation of Beclin 1 expres-
sion is dependent on the increased transcription of the beclin 1
gene or stabilization of its protein, we examined the expression
of mRNA level of Beclin 1 by performing real time quantitative

VOLUME 281+-NUMBER 41-OCTOBER 13, 2006
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FIGURE 5. Comparison of autophagy-regulated protein expression in
TNF a-treated EW7PC cells and in TNFa-treated EW7ZMAD cells. A, EW7PC
and EW7MAD1 cells were treated for the indicated times with TNFa before
celllysis. Equal protein amounts of whole cell extracts were analyzed by West-
ern blotting using antibodies directed against phospho-4E-BP1, 4E-BP1,
phospho-p70 S6 kinase, p70 S6 kinase, Beclin 1, Atg7 and Atg5, Bcl-2, and
actin. B, EW7PCand EW7MAD?1 cells were treated for the indicated times with
either TNFa (2000 units/ml) or H,0, (100 um). Left, cellular extracts were pre-
pared and analyzed for the expression level of Beclin 1. The bands corre-
sponding to the Beclin 1 protein level in EW7MAD1 cells were quantified
using NIH Image software and were normalized to actin expression level
(right). Right, total RNA was extracted from TNFa-treated EW7MAD1 cells
before the measurement of the Beclin 1 mRNA level by real time quantitative
reverse transcription-PCR. Values obtained for Beclin 1 mRNA transcripts
were normalized to those of B-actin. C, EW7MAD1 and EW7PC cells were first
treated with BHA (100 um) and then incubated with TNFa (2000 units/ml, 1 h)
or H,0, (100 um, 0.5 h), respectively. Cellular extracts were prepared and
analyzed for Beclin 1 expression by Western blotting. Results shown in A-C
are representative of three independent experiments.

reverse transcription-PCR. As shown in Fig. 5B (right), the level
of Beclin 1 mRNA was not significantly modified during 2-h
treatment with TNFa of EW7MADI cells, suggesting that the
increase of Beclin 1 protein expression in TNFa-treated
EW7MADI cells results from a stabilization of the protein
rather than from an increase in mRNA levels. In the same way,
we found that the addition of H,O, rapidly increased the
expression of Beclin 1 protein in EW7PC NF-«B-competent
cells (Fig. 6B). To investigate whether these accumulations of
Beclin 1 protein are dependent on ROS production, we exam-
ined the effect of antioxidant. As shown in Fig. 5C (left), pre-
treatment of EW7MADI cells with BHA markedly prevented
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TNFa-induced Beclin 1 expression protein. Similarly, H,O,-
induced up-regulation of Beclin 1 protein was reduced by the
addition of BHA (Fig. 5C, right). Collectively, these data show
that both TNFa and H,O, cause a rapid ROS-dependent
increase in Beclin 1 expression prior to the accumulation of
autophagic vacuoles.

Activation of Autophagy Participates in the Apoptotic Signal-
ing Triggered by TNFain EW7MADI Cells—To investigate the
role of autophagy in TNFa-induced apoptosis in EW7MAD1
cells, we knocked down the expression of beclin 1 and Atg7 by
using specific siRNAs. As shown in Fig. 64, these treatments
resulted in an inhibition of TNFa-induced autophagy in
EW7MADI cells. Apoptosis was evaluated by Hoechst staining,
detection of the cleaved form of PARP1, and quantification of
nucleosomal DNA fragmentation in cells. As shown in Fig. 6B,
the inhibition of both beclin 1 and atg7 expression by specific
siRNA reduced the accumulation of apoptotic nuclei (con-
densed and fragmented nuclei) in TNFa-treated EW7MAD1
cells (Fig. 6B, left and right). Furthermore, TNFa-mediated
PARP1 cleavage in TNFa-treated EW7MADI1 was reduced
after knockdown of beclin 1 and atg7 (Fig. 6C, left). Apoptosis
was also quantified by using a DNA fragmentation enzyme-
linked immunosorbent assay. As shown in Fig. 6C (right),
TNFa-induced nucleosomal DNA fragmentation in
EW7MADI1 was markedly decreased following inhibition of
autophagy by using beclin 1 and atg7 siRNAs.

Altogether, these findings show that inhibition of autophagy
reduces TNFa-induced apoptosis in EW7MADI cells, suggest-
ing that autophagy is involved in the apoptotic pathway under
these conditions. Similarly, H,O,-induced apoptosis in
EW7PC cells was reduced following inhibition of autophagy by
using siRNA directed against beclin 1 and atg?, indicating that
autophagy is also implicated in the signaling pathway leading to
ROS-induced apoptosis (Fig. 6D). Interestingly, inhibition of
autophagy by using specific siRNA also reduced TNFa-induced
ROS production in EW7MADI cells (data not shown). These
observations are in accordance with a previous report support-
ing that autophagy contributes in the regulation of cellular ROS
production (45).

Caspase Activation Inhibits TNFa-induced Autophagy in
EW7MADI Cells—Since the treatment of EW7MADI1 cells
with TNF« elicits caspase-dependent cell death (34, 41), we
further examined whether caspases modulate TNFa-induced
autophagy. We treated cells with Z-VAD-fmk, a broad spec-
trum caspase inhibitor, prior to the addition of TNFa. Autoph-
agy was evaluated by either MDC staining or detection of the
accumulation of the LC3-II form by Western blotting. As pre-
viously shown (34), Z-VAD-fmk completely inhibited TNFa-
induced apoptosis in these cells (data not shown). As shown by
MDC staining, the addition of Z-VAD-fmk prior to TNF«a
treatment increased the number and size of autophagic vacu-
oles as compared with TNFa alone (Fig. 7A). Similarly, the
accumulation of the LC3-II form induced by TNFa was
enhanced following the addition of Z-VAD-fmk (Fig. 7B).
These results indicate that caspase activation down-regulates
autophagy.
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added 54 h later. A, left, cell extracts were analyzed by Western blotting using antibodies against Beclin 1, Atg7.
Right, the percentage of cells with punctated GFP-LC3 per total GFP-LC3 cells was scored. Values are the
mean = S.D. of two independent experiments. B, left, the percentage of cells carrying an apoptotic nuclei was
determined by Hoechst staining. Values are the mean = S.D. of four independent experiments. Right, repre-
sentative cells are shown, and the arrowheads indicate apoptotic nuclei (condensed and fragmented nuclei). C,
left, cellular extracts were analyzed by Western blotting using antibodies against PARP1 and actin. Right,
apoptosis was measured by quantification of nucleosomal DNA fragmentation. The ratio of DNA fragmenta-
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cell proliferation, and decrease the
sensitivity of cancer cells to apopto-
sis (1, 2, 10, 46). Studies focused on
identifying the mechanisms in-
volved in the antiapoptotic func-
tions of NF-kB (46) have demon-
strated that its activation results in
an increased expression of several
antiapoptotic proteins, such as
Bcl-2 family members (6, 47) or
caspase-inhibitory proteins (7).
Another antiapoptotic mechanism
associated with the activation of
NF-«B involves the impairment of
both prolonged activation of c-Jun
N-terminal kinase (41, 48, 49) and
ROS production through up-regu-
lation of antioxidant proteins (41,
50-53).

The present study uncovers a
novel antiapoptotic function of
NEF-kB activation that consists in
repression of autophagy. We show
that, whereas TNFa induces the
stimulation of autophagy in Ewing
sarcoma cells lacking NF-«B activ-
ity, it does not activate this process
in Ewing sarcoma NF-«B-compe-
tent cells. Similar results were
observed in another clone of Ewing
sarcoma cells and NB4 cells carrying
a repressor for NF-kB activation as
well as in MCF7 cells following inhi-
bition of p65 expression by using
specific siRNA. These findings sup-
port the conclusion that the NF-«B-
dependent inhibition of autophagy
may be a general cellular response.

Although the implication of
autophagy in nonapoptotic pro-
grammed cell death, known as
autophagic cell death (54 -56), has
been pointed out in several stud-
ies, its contribution to apoptosis is
less clear. Here, we show that
siRNA-mediated knockdown of
autophagy-related genes reduces
TNFa-induced apoptosis in cells
lacking NF-«B activation. These
findings contradicted by results
showing that autophagy is an
antiapoptotic mechanism under
certain stress conditions (25, 30,
57). Thus, depending on cellular
context, autophagy may have pro-

DISCUSSION apoptotic or antiapoptotic functions. The molecular mech-
NF-«B is most commonly considered as a mediator of tumor anisms that determine the switch between these two
promotion based on its ability to promote cell survival, enhance responses remain to be elucidated.
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FIGURE 7. Effect of caspase inhibition on TNFa-induced autophagy in
EW7MAD1 cells. EN7MADT1 cells were firstincubated for 2 h with Z-VAD-fmk
(50 um) and then treated for 8 h with TNFa The bar represents 6 um. A, cells
were subjected to MDC staining before analysis by fluorescence microscopy.
B, cellular extracts were prepared for Western blotting analysis of LC3-II
expression. Results shown in A and B are representative of three independent
experiments.

The role of caspase in the modulation of autophagy activity
has been pointed out in few recent studies (26, 32). Here, we
found that the inhibition of caspase activation by Z-VAD-fmk,
which totally inhibits TNFa-induced apoptosis, enhances
TNFa-mediated stimulation of autophagy in cells lacking
NEF-kB activation. This suggests that the activation of caspases
can in turn control the initial autophagic activity. The negative
regulation of autophagic activity by caspases has also been
reported by Xue et al. (58), who showed that blockade of
caspase activities induces an autophagy-related sequestration
of mitochondria in nerve growth factor-deprived neuroblas-
toma cells. Recently, another report (32) demonstrates that
autophagy-related cell death is induced by caspase 8 inactiva-
tion. Hence, our findings, together with these results, support
the notion that autophagy and apoptosis may regulate each
other.

We and others have previously shown that impairment of
NF-«B activation results in accumulation of ROS in several
cell lines in response to distinct activators of NF-«B (41, 48,
49). The role of ROS in autophagy stimulation has been
shown by using oxidative stress conditions, such as treat-
ment of neuroblastoma cells with dopamine (57), hyperoxia
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(59), and in Syrian hamster Harderian gland, a physiological
model of oxidative stress (60). Nevertheless, direct evidence
that ROS induces autophagy has been lacking. In the present
report, we demonstrate that ROS participate in TNFa-in-
duced stimulation of autophagy in cells carrying a repressor
of NF-«kB and that direct addition of exogenous H,O, to
NF-kB-competent cells is also able to induce autophagy.
Furthermore, we found that TNFa and H,O, rapidly induce
Beclin 1 expression in EW7MADI cells and EW7PC cells,
respectively. In both cases, the increase in Beclin 1 expres-
sion precedes the accumulation of autophagic vacuoles.
Moreover, the antioxidants BHA and BNP markedly prevent
the increase in Beclin 1 expression and autophagy, suggest-
ing that ROS are involved in these processes. It has been
reported that the level of expression of Bcl-2 plays a role in
the regulation of autophagy through its interaction with
Beclin 1 (44, 61). Hence, our observation that TNFa medi-
ates down-regulation of Bcl-2 protein in cells lacking NF-«B
activation argues for a possible mechanism by which auto-
phagy may be stimulated in these cells.

The mTOR pathway has been shown to regulate autophagy
negatively (19, 43). Here, we provide evidence that TNFa up-
regulates mTOR activity in an NF-kB-dependent manner, since
this activity is induced in TNFoa-treated NF-«B-competent
cells and, inversely, impaired in TNFa-treated cells lacking
NF-kB activity. These results are consistent with the opposite
autophagic capacities observed in these two cell lines after
treatment with TNFa. Nevertheless, the molecular mecha-
nisms by which NF-«B activity regulates mTOR activity require
more extensive investigations.

In conclusion, we demonstrate that NF-«B-mediated repres-
sion of autophagy may constitute a novel antiapoptotic mech-
anism of this transcription factor. This suggests that activation
of autophagy is a potential way of bypassing the resistance of
cancer cells to anti-cancer agents that activate NF-«B.
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Addendum—During review of this manuscript, the role of ROS in
the induction of autophagy in macrophages was reported (62).
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