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Abstract
Macroautophagy has been implicated as a mechanism of cell death. However, the relationship
between this degradative pathway and cell death is unclear as macroautophagy has been shown
recently to protect against apoptosis. To better define the inter-play between these two critical cellular
processes, we determined whether inhibition of macroautophagy could have both pro-apoptotic and
anti-apoptotic effects in the same cell. Embryonic fibroblasts from mice with a knock-out of the
essential macroautophagy gene atg5 were treated with activators of the extrinsic and intrinsic death
pathways. Loss of macroautophagy sensitized these cells to caspase-dependent apoptosis from the
death receptor ligands Fas and tumor necrosis factor-α (TNF-α). Atg5−/− mouse embryonic
fibroblasts had increased activation of the mitochondrial death pathway in response to Fas/TNF-α in
concert with decreased ATP levels. Fas/TNF-α treatment failed to up-regulate macroautophagy, and
in fact, decreased activity at late time points. In contrast to their sensitization to Fas/TNF-α,
Atg5−/− cells were resistant to death from menadione and UV light. In the absence of
macroautophagy, an up-regulation of chaperone-mediated autophagy induced resistance to these
stressors. These results demonstrate that inhibition of macroautophagy can promote or prevent
apoptosis in the same cell and that the response is governed by the nature of the death stimulus and
compensatory changes in other forms of autophagy. Experimental findings that an inhibition of
macroautophagy blocks apoptosis do not prove that autophagy mediates cell death as this effect may
result from the protective up-regulation of other autophagic pathways such as chaperone-mediated
autophagy.

The relationship between the cellular processes of macroautophagy, quantitatively the most
important form of autophagy in mammalian cells, and cell death remains unclear (1).
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Experimental evidence from several model systems suggests that autophagy is a mechanism
of cell death. These findings have led to the concept that programmed cell death can result
from one of two distinct pathways, apoptosis or autophagy (2). These two forms of cell death
can be distinguished by their morphological differences. Apoptosis is marked by cytoskeletal
collapse that leads to cellular condensation and caspase-dependent DNA fragmentation but the
relative preservation of organelles. In contrast, the critical initiating feature of autophagic cell
death is not cytoskeletal breakdown but organelle degradation. Macro-autophagy has been
implicated as a mechanism of cell death from a variety of factors including radiation, tumor
necrosis factor-α (TNF-α),3 viruses, and low potassium (3–6). This conclusion is supported by
two findings: 1) the presence of increased numbers of autophagosomes in cells responding to
these death stimuli, indicative of an up-regulation of macroautophagy that may kill the cell;
and 2) the prevention of cell death by inhibition of macroautophagy with 3-methyladenine (3-
MA) or RNA interference against autophagy-related genes (ATG) (3–6).

Complicating the classification of macroautophagy as a mechanism of cell death are recent
studies indicating that this degradative pathway acts as a cellular survival mechanism (1).
Macroautophagy protects against cell death induced by nutrient deprivation, DNA damage,
ischemia/reperfusion injury, and endoplasmic reticulum stress (7–11). In all of these examples,
macroautophagy was up-regulated in response to the death-inducing stimulus (7–11). The
conclusion that the induction of macroautophagy under these conditions is a protective
response that inhibits cell death casts doubt on the concept that autophagy promotes cell death.

There are several reasons to question findings that macroautophagy is a mechanism of cell
death. First, the fact that autophagy is induced in these models may alternatively represent the
activation of a cellular protective mechanism that is ineffective or partially effective in blocking
death. Second, the mechanistic investigations implicating autophagy as a form of cell death
have often relied on nonspecific pharmacological inhibition of autophagy. In particular, the
widely used inhibitor 3-MA inhibits phosphatidylinositol 3-kinase (12), which itself regulates
cell death through its downstream effector Akt (13,14). Investigations with RNA interference-
induced genetic knockdowns of autophagic genes have also indicated that autophagy is a
mechanism of cell death (15,16). However, these studies were conducted in cells in which
apoptosis had been blocked, raising the possibility that autophagy may be a mechanism of
death only in cells in which apoptosis is inhibited and not in normal cells (1). Thus, these studies
may not be proof of a normal function of autophagy in cell death.

A simple explanation for the discrepant findings may be that cell type specificity determines
whether macroautophagy exerts a pro-or anti-apoptotic effect. Macroautophagy has been
reported recently to promote or protect against death from endoplasmic reticulum stress
depending on the cell type (9). However, the nature of the stress may also determine the cellular
response. It is therefore necessary to examine whether the inhibition of macroautophagy can
have different effects in a single cell depending on the type of death pathway that is activated.

An additional reason for the disparate results may be that studies have focused only on
macroautophagy without examining the contributions of other autophagic pathways. Chaper-
one-mediated autophagy (CMA) is a second stress-induced form of autophagy that is selective
for certain soluble cytosolic proteins (17). Recently we also implicated CMA in the regulation
of cell death by demonstrating that an impairment in CMA sensitized cells to apoptosis from
oxidants and UV light even in the presence of normal macroautophagic function (18). In

3The abbreviations used are: TNF-α, tumor necrosis factor-α; ATG, autophagy-related gene; hsc70, heat shock cognate protein of 70
kDa; LAMP-2A, lysosome-associated membrane protein type 2A; LC3, light chain 3; 3-MA, 3-methyladenine; MEF, mouse embryonic
fibroblast; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PARP, poly (ADP-ribose) polymerase; Q-VD-OPh, Q-
Val-Asp-OPh; CMA, chaperone-mediated autophagy; mTOR, mammalian target of rapamycin.
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addition, cross-talk was shown to occur between these two autophagic pathways as the absence
of CMA led to a compensatory up-regulation of macroautophagy. Inhibition of this increase
in macroautophagy in cells with a blockage in CMA further increased levels of apoptosis,
demonstrating that activation of macroautophagy was protective in the absence of CMA. These
findings suggest the possibility that the consequences of an inhibition of macroautophagy could
vary depending on the ability of the cell to compensate by up-regulating CMA and possibly
other lysosomal and nonlysosomal pathways.

One way to reconcile the opposing findings on the function of autophagy in cell death is that
there may be no simple, constant relationship between the two. Rather, the interactions may
be complex and vary both with cell type and with the nature of the environmental stress, as
well as with the ability of the cell to elicit compensatory changes in other forms of autophagy.
To test this hypothesis, we examined the effects of activators of the extrinsic and intrinsic death
pathways in a well established genetic knock-out of macroautophagy, Atg5−/− mouse
embryonic fibroblasts (MEFs) (19,20). The absence of macroautophagy in Atg5−/− cells
sensitized them to apoptosis from the Fas- or TNF-α-induced extrinsic death pathway. In
contrast, the loss of macroautophagy was protective against apoptosis from activation of the
intrinsic death pathway by menadione-generated oxidative stress and UV light. However, these
findings may be explained not by a pro-apoptotic effect of macroautophagy but by a
compensatory up-regulation of CMA that led to resistance to oxidative stress and UV light.
These findings demonstrate that inhibition of macroautophagy can either promote or protect
against cell death in the same cell type depending on the context of the death stimulus and the
compensatory changes in other forms of autophagy.

EXPERIMENTAL PROCEDURES
Cells and Culture Conditions

The studies were performed in MEFs derived from wild-type and Atg5−/− mouse embryos
(kind gift of Noboru Mizushima, Tokyo Medical and Dental University, Japan) (19,20), mouse
fibroblasts (NIH3T3) from the American Type Culture Collection (Manassas, VA), and
NIH3T3 LAMP-2A RNA interference-expressing cells, which were generated as described
previously (18). The cells were cultured in Dulbecco’s modified Eagle’s medium (Mediatech
Inc., Herndon, VA) supplemented with 15% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA) and antibiotics (Invitrogen). Experiments were performed in confluent
cultures 48 h after cell plating in fresh medium unless otherwise indicated. Cells were treated
with Jo2 antibody (0.67µg/ml; BD Biosciences), mouse recombinant TNF-α (10 ng/ml; R&D
Systems, Minneapolis, MN), menadione, staurosporine, or tunicamycin (Sigma). Some cells
were cotreated with actinomycin D (75 ng/ml; Sigma), the caspase inhibitors Q-Val-Asp-OPh
(Q-VD-OPh; MP Biomedicals, Aurora, OH), or IDN-1529 (Pfizer), 3-MA (Sigma), rapamycin
(EMD Bioscience, San Diego, CA), leupeptin, or ammonium chloride (Fisher). UV light
exposure was performed in a Stratalinker UV cross-linker (Stratagene, La Jolla, CA).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assay
Levels of cell death were quantitated by MTT assay (21). After 24 or 48 h of treatment, the
cell culture medium was removed, and an equal volume of a 1 mg/ml MTT solution, pH 7.4,
in Dulbecco’s modified Eagle’s medium was added to the cells. After incubation at 37 °C for
1 h, the MTT solution was removed, and N-propyl alcohol was added to solubilize the formazan
product whose absorbance was measured in a spectrophotometer at a wavelength of 560 nm.
The percentage of cell death was calculated by dividing the optical density of a treatment group
by the optical density for untreated, control cells, multiplying by 100, and subtracting that
number from 100.
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Fluorescence Microscopy
The numbers of apoptotic and necrotic cells were quantified by fluorescence microscopy after
costaining with acridine orange and ethidium bromide (22), as described previously (23). Cells
with shrunken cytoplasm and condensed or fragmented nuclei as determined by acridine orange
staining were scored as apoptotic. Necrotic cells were detected by positive staining with
ethidium bromide. A minimum of 400 cells/dish were examined, and the numbers of apoptotic
and necrotic cells are expressed as a percentage of the total number of cells counted.

Immunofluorescence studies of cultured cells were per-formed following conventional
procedures (24). Cells grown on coverslips were treated for the required times and then fixed
in 3% formaldehyde. After blocking, the coverslips were incubated with mouse anti-light chain
3 (LC3; MBL International Corp., Woburn, MA), mouse anti-hsc70 (AbCam, Cambridge,
MA), or rabbit anti-LAMP-2A (25) antibodies and corresponding fluorescein isothiocyanate-
or Cy5-conjugated secondary antibodies. Mito Tracker (Invitrogen) was added directly to the
culture medium, and after 15 min at 37 °C, the cells were fixed and mounted. Mounting medium
contained 4′,6-diamidino-2-phenylindole (Fisher) to stain and highlight the cell nucleus.
Images were acquired with an Axiovert 200 fluorescence microscope (Carl Zeiss, Thornwood,
NY) and subjected to deconvolution with the manufacturer’s software. Morphometric analysis
was performed with the ImageJ software (National Institutes of Health, Bethesda, MD). The
mean distance of lysosomes from the nucleus was calculated in 20 different cells for each
condition by tracing lines (six in each cell) from the nuclear membrane to the most distal
fluorescent vesicle (lysosome). The distribution of fluorescent vesicles along each line was
calculated with the distribution function of the ImageJ program. Distances and numbers of
vesicles at each distance for each cell were averaged, and mean values were calculated from
the individual distributions in 20 cells. The numbers of mitochondria were calculated after
thresholding using the measure function of the ImageJ program, and the percentage of
colocalization for LAMP-2A and hsc70 signals was determined using the JACoP plugin. All
digital microscopic images were prepared using Adobe PhotoShop 6.0 software (Adobe
Systems, Mountain View, CA).

Caspase 8 Activity
Caspase 8 activity was determined in total cellular lysates with the BD ApoAlert™ caspase 8
colorimetric assay kit (BD Biosciences), according to the manufacturer’s instructions.

Protein Isolation and Western Blotting
Total cellular protein was isolated from cells harvested in phosphate-buffered saline,
centrifuged, and resuspended in cell lysis buffer containing 20 mM Tris, pH 7.5, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA, and protease and phosphatase inhibitors as described
previously (26). The cells were then sonicated, and the lysate was used for Western blotting.
Protein concentrations were determined using the Bio-Rad protein assay according to the
manufacturer’s instructions.

Western blotting was performed by denaturing 50µg of protein at 100 °C for 5 min in Laemmli
sample buffer containing 62.5mM Tris, pH 6.8, 2% SDS, 25% glycerol, 0.01% bromphenol
blue, and 5% β-mercaptoethanol. Samples were applied to 12% SDS-polyacrylamide gels and
resolved at 100 V over 3 h. Proteins were transferred to nitrocellulose membrane (Schleicher
& Schuell) in transfer buffer containing 25mM Tris, pH 8.3, 192 mM glycine, 0.01% SDS, and
15% methanol using a Bio-Rad Trans-blot SD semidry transfer cell to which 150 mA were
applied for 90 min. Membranes were blocked in 5% nonfat dry milk, 20 mM Tris, pH 7.5, 500
mM sodium chloride, and 0.5% Tween 20 (TBS-T) for 1 h. Membranes were incubated for 18
h at 4 °C with the following primary antibodies at 1:1,000–1:2,000 dilutions in 5% bovine
serum albumin or non-fat milk: rabbit anti-caspase 3, rabbit anti-Atg7, rabbit anti-mammalian
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target of rapamycin (mTOR), rabbit anti-phospho-mTOR (Cell Signaling, Beverly, MA),
rabbit anti-poly(ADP-ribose) polymerase (PARP), rabbit anti-cIAP2, rabbit anti-TRAF2
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-Beclin 1, rabbit anti-Atg5 (Novus
Biologicals, Littleton, CO), and mouse anti-light chain 3 (LC3). Membranes were exposed to
goat anti-rabbit or anti-mouse (Kirkegaard & Perry Laboratories, Gaithersburg, MD)
secondary antibodies conjugated with horseradish peroxidase at a dilution of 1:10,000 in 5%
nonfat milk in TBS-T for 1 h at room temperature. Signals were detected with a
chemiluminescence detection system (Western Lightning chemiluminescence Plus,
PerkinElmer Life Sciences) and exposure to x-ray film. To ensure that equivalent amounts of
protein were loaded among samples, membranes were stripped and immunoblotted with a
mouse antibody for β-actin (AbCam). Carbonyl groups on oxidized proteins were detected
using the OxyBlot™ oxidized protein detection kit from Chemicon International (Temecula,
CA) according to the manufacturer’s instructions.

Mitochondrial and cytosolic protein fractions were obtained by homogenization of cells in
buffer A (20mM Hepes, pH 7.5, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM EDTA, 0.5
mM EGTA, 1 mM 1,4-dithiotheitol, 1 mM phenylmethyl-sulfonyl fluoride) with a Dounce
homogenizer and centrifugation of the homogenate at 4 °C for 10 min at 600 × g. The resultant
supernatant was centrifuged a second time under the same conditions. This supernatant was
centrifuged at 4 °C for 15 min at 10,000 × g. The pellet was redissolved in buffer A and formed
the mitochondrial fraction. The supernatant was further centrifuged at 4 °C for 10 min at 10,000
× g. This last supernatant comprised the cytosolic protein fraction. Western blotting was
performed as above with mouse anti-cytochrome c (BD Biosciences), mouse anti-Bax, rabbit
anti-Bcl-XL (Santa Cruz Biotechnology), rabbit anti-Bad (Cell Signaling), rabbit anti-Bid (kind
gift of Xiao-Ming Yin, University of Pittsburgh, PA), and mouse anti-cytochrome oxidase
(MitoSciences, Eugene, OR) antibodies.

Adenovirus Preparation and Infection
To inhibit the mitochondrial death pathway, cells were infected with adenoviruses that express
Bcl-2 or Bcl-XL (27,28). Ad5LacZ, which expresses the Escherichia coli β-galactosidase gene
(29), served as a control for the nonspecific effects of adenoviral infection. Viruses were
amplified in 293 cells, purified by banding twice on CsCl gradients as described previously
(30), and titered by plaque assay. Infections were performed as described previously (23), at
a multiplicity of infection of 20.

ATP Assay
Intracellular ATP concentrations were determined by the Roche Applied Science ATP
bioluminescence assay kit HS II using the manufacturer’s instructions. Briefly, the reaction
was initiated by the addition of 50µl of the reagent containing luciferase and luciferin to an
equal volume of the blank, standard, or sample by automated injection. The ATP-dependent
luciferase-catalyzed bioluminescence was determined in a 96-well plate luminometer using a
light integration time of 3 s following a delay of 1 s. ATP levels were determined from a
standard curve prepared from the manufacturer’s standard.

Intracellular Protein Degradation
To measure the degradation of long-lived proteins, cells were labeled with [3H]leucine (2 µCi/
ml) for 48 h at 37 °C. The cells were then extensively washed and maintained in complete
medium containing an excess of unlabeled leucine (2.8 mM) to prevent reutilization of
radiolabeled leucine (31). Aliquots of medium were removed at different times, proteins in the
medium were precipitated with trichloroacetic acid, and the amount of proteolysis was
expressed as the percentage of the initial acid-insoluble radioactivity (protein) transformed into
acid-soluble radioactivity (amino acids and small peptides) at different times. Total
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radioactivity incorporated into cellular proteins was determined as the amount of acid-
precipitable radioactivity in labeled cells after washing. Where indicated, 20 mM ammonium
chloride and 100µM leupeptin or 10mM3-MA were added to the culture medium during the
chase. Lysosomal degradation was calculated as the percentage of protein degradation sensitive
to ammonium chloride/leupeptin. The lysosomal protein degradation inhibited by 3-MA was
attributed to macroautophagy.

Statistical Analysis
All numerical results are reported as mean ± S.E. and represent data from a minimum of 3
independent experiments unless otherwise stated. Groups were compared by the Student’s t
test. Statistical significance was defined as p < 0.05. Calculations were made with SigmaPlot
(Jandel Scientific, San Rafael, CA).

RESULTS
Atg5−/− MEFs Are Sensitized to Death Receptor Ligand-mediated Apoptosis

Apoptosis is divided mechanistically into the extrinsic and intrinsic death pathways with the
primary extrinsic forms being Fas and TNF-α death receptor-mediated. To determine the
function of macroautophagy in death receptor-induced apoptosis, the toxicity of both the Fas
agonist antibody Jo2 and TNF-α was examined in wild-type and Atg5−/− MEFs. Jo2 treatment
induced a low level of cell death in wild-type MEFs as determined by a 24-h MTT assay (Fig.
1A). In contrast, Atg5−/− MEFs were highly sensitive to Jo2 killing with a 6-fold increase in
cell death over that in wild-type cells at 24 h (Fig. 1A). Wild-type MEFs were completely
resistant to TNF-α toxicity (Fig. 1A). However, TNF-α induced a significant amount of cell
death in Atg5−/− cells at 24 h (Fig. 1A). To ensure that wild-type MEFs had an intact TNF-α
death pathway, the cells were sensitized to TNF-α toxicity by cotreatment with the RNA
synthesis inhibitor actinomycin D. Wild-type and Atg5−/− MEFs both underwent cell death
from actinomycin D/TNF-α cotreatment (data not shown).

To confirm this differential death receptor response in wild-type and Atg5−/− cells by a second
cell death assay, the steady-state numbers of apoptotic and necrotic cells were determined by
acridine orange/ethidium bromide costaining and fluorescence microscopy. When untreated,
both cell types had low levels of apoptosis and necrosis (Fig. 1B). Wild-type cells had a small
increase in the number of apoptotic cells at 12 h after Jo2 treatment and no change with TNF-
α treatment (Fig. 1B), findings that paralleled those of the MTT assay. Atg5−/− cells had
markedly increased steady-state levels of both apoptotic and necrotic cells at 12 h after Jo2 or
TNF-α treatment (Fig. 1B). The nuclei of most of the ethidium bromide-positive cells were
condensed, suggesting that they were actually apoptotic cells that had undergone secondary
necrosis. These data together with those of the MTT assays support the conclusion that
macroautophagy is critical for resistance to death receptor ligand-induced cell death in MEFs.

To ensure that the absence of Atg5 in fact sensitized MEFs to death receptor-mediated cell
death and did not merely accelerate an existing death pathway, levels of cell death were also
examined at 48 h after Jo2 or TNF-α treatment. Over the second 24-h period after Jo2 treatment,
the amount of cell death increased moderately in wild-type and Atg5−/− cells but remained
significantly increased in the knock-out cells as compared with wild-type MEFs (Fig. 1C).
Wild-type cells were completely resistant to TNF-α toxicity even after 48 h of treatment,
whereas the amount of death in Atg5−/− cells remained unchanged (Fig. 1C). Thus, the absence
of Atg5 and macroautophagy did not merely accelerate death from Fas and TNF-α but acted
to sensitize MEFs to these death stimuli.
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Loss of Atg5 Sensitizes MEFs to Caspase-dependent Fas- and TNF-α-induced Apoptosis
The death receptor ligands Fas and TNF-α trigger activation of the initiator caspase 8 that
induces cleavage and activation of the downstream effector caspases 3 and 7, which then
mediate apoptosis (32,33). To determine whether Atg5−/− cell death from Fas and TNF-α
involved this classical death pathway, caspase activation was examined in Jo2- and TNF-α-
treated cells. Caspase 8 activation, as determined by activity assay, was similarly increased in
wild-type and Atg5−/− cells 8 h after Fas treatment (Fig. 2A). However, by 12 h, the level of
activation decreased in wild-type cells, whereas caspase 8 activity remained significantly
increased in knock-out cells (Fig. 2A). Consistent with this result was the finding that activation
of downstream caspase 3 was detectable in Atg5−/− but not wild-type cells, as indicated by the
presence of cleaved caspase 3 on immunoblots (Fig. 2B). Supportive of increased activation
of downstream caspases in Atg5−/− MEFs was that PARP cleavage was only detectable in these
cells (Fig. 2B). Identical to the findings with Jo2 administration, caspase 3 and PARP cleavage
were detected in TNF-α-treated Atg5−/− cells but not in wild-type cells (Fig. 2C).

The effect of caspase inhibition on Jo2- and TNF-α-induced death was examined to determine
the function of caspases in the sensitization of Atg5−/− cells to death receptor-mediated
apoptosis. Caspase inhibitors decreased both Jo2-induced and TNF-α-induced cell death in
Atg5−/− cells by 90–100% (Fig. 2D). These data indicate that Atg5−/− MEFs were sensitized
to the classical, caspase-dependent pathway of death receptor-induced apoptosis.

In Response to Jo2 or TNF-α, Atg5−/− MEFs Have Increased Activation of the Mitochondrial
Death Pathway

An important mechanism of Fas- and TNF-α-induced caspase-dependent cell death is
activation of the mitochondrial death pathway (34,35). Critical to mitochondrial death pathway
activation is the cleavage and mitochondrial translocation of the pro-apoptotic Bcl-2 family
members Bid and Bad (36,37). This event induces mitochondrial changes that promote
cytochrome c release and trigger the activation of downstream effector caspases. The
possibility that increased caspase 3 cleavage in Jo2- and TNF-α-treated Atg5−/− MEFs resulted
from overactivation of the mitochondrial death pathway was investigated. After Jo2 antibody
treatment, mitochondrial cytochrome c release occurred in Atg5−/− cells but not wild-type cells,
as indicated by the cytosolic presence of cytochrome c in conjunction with decreased
mitochondrial levels of this protein on immunoblots (Fig. 3A). Mitochondrial translocation of
cleaved Bid was also detected in Jo2-treated Atg5−/− cells but not in wild-type MEFs (Fig.
3A). No change was detected in cytosolic or mitochondrial levels of Bad, Bax, or the anti-
apoptotic protein Bcl-XL (Fig. 3A). The purity of the fractions was demonstrated by the
exclusive presence of cytochrome oxidase in the mitochondrial isolates (Fig. 3A). Similar
findings of differential mitochondrial death pathway activation, as indicated by cytosolic
cytochrome c release and mitochondrial translocation of truncated Bid, were found in TNF-
α-treated Atg5−/− but not wild-type MEFs (Fig. 3B). Thus, the increased cleavage of caspase
8 that occurred in Atg5−/− cells was associated with augmented Bid cleavage and activation of
the mitochondrial death pathway.

To examine whether mitochondrial death pathway activation led to Atg5−/− cell death from
Fas and TNF-α, the effects of adenoviral Bcl-2 and Bcl-XL overexpression on cell death were
investigated. Death from Jo2 was inhibited ~50% by Bcl-2 or Bcl-XL overexpression, whereas
TNF-α-induced cell death was completely blocked by adenoviral expression of either protein
(Fig. 3C). Overactivation of the mitochondrial death pathway therefore played a mechanistic
role in the sensitization of Atg5−/− MEFs to death from Fas and TNF-α.

Steady-state levels of mitochondrial cytochrome c were increased in untreated Atg5−/− cells
as compared with wild-type cells by immunoblotting (Fig. 3, A and B), suggesting that the
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knock-out cells may have more mitochondria. This finding was confirmed by fluorescence
microscopy with the mitochondrial fluorophore MitoTracker, which demonstrated
significantly increased numbers of mitochondria per cell in untreated Atg5−/− cells and a net
increase in the percentage of cellular area occupied by mitochondria despite a smaller average
mitochondrial size (Fig. 3D). These data are consistent with the fact that removal of excessive
or dysfunctional mitochondria is impaired in Atg5−/− cells that lack macroautophagy (38). To
assess whether defective removal resulted in Atg5−/− cell mitochondrial dysfunction in
response to death receptor stimulation, cellular ATP levels were examined after Jo2 treatment.
ATP levels 24 h after Jo2 administration were unchanged in wild-type cells but decreased 45%
in Atg5−/− cells (Fig. 3E). Mitochondrial function was therefore significantly impaired in
Atg5−/− cells in response to stimulation of the Fas death receptor pathway.

Levels of Pro- and Anti-apoptotic Proteins Are Equivalent in Wild-type and Atg5−/− MEFs
The differential death effects of Jo2 and TNF-α in wild-type and Atg5−/− cells could reflect
altered expression of a pro- or anti-apoptotic factor critical to both death pathways. However,
levels of the pro-apoptotic proteins TRAF2, Bid, Bad, and Bax and the anti-apoptotic proteins
cIAP2 and Bcl-XL were equivalent in wild-type and Atg5−/− cells (Fig. 2, B and C, and Fig.
3, A and B). Thus, changes in the levels of apoptotic pathway proteins did not mediate the
altered death responses in Atg5−/− cells.

Death Receptor Ligands Do Not Increase Levels of Autophagy
Although autophagy was initially considered a stress-induced cellular pathway, recent
evidence supports a constitutive function for this process as well (18,38–40). Basal levels of
autophagy may be sufficient to maintain MEF resistance to death receptor-induced apoptosis.
Alternatively, active up-regulation of autophagy by death receptor ligands may be required for
protection from cell death, and stimuli of both the extrinsic and the intrinsic death pathways
have been reported to increase levels of autophagy (5,41,42). To distinguish between these two
possibilities, we examined whether Jo2 or TNF-α increased levels of autophagy in wild-type
MEFs. As a measure of autophagy, rates of degradation of long-lived proteins that are the
typical substrates for lysosomal degradation were compared in untreated and Jo2- or TNF-α-
treated cells. Instead of an increase in protein degradation that would be expected with an up-
regulation of autophagy, the rate of long-lived protein degradation was unchanged until 24 h
after Jo2 or TNF-α treatment, at which time a slight decrease occurred (supplemental Fig. 1,
A and B). This small but significant decrease in protein degradation was mostly due to reduced
rates of lysosomal degradation (as defined by sensitivity to inhibition by ammonium chloride/
leupeptin) (supplemental Fig. 1, C and D). Interestingly, although the changes in the absolute
amounts of protein degradation were small, death receptor stimulation induced a switch in the
type of autophagy responsible for this degradation by 24 h. In untreated cells, 25–30% of total
lysosomal degradation was mediated by macroautophagy (as determined by the percentage
that was inhibited by 3-MA). In contrast, at 24 h after treatment with Jo2 or TNF-α, a significant
reduction in 3-MA-sensitive proteolysis was observed (supplemental Fig. 1, E and F). These
treatments did not affect the total rates of protein degradation in Atg5−/− cells that lack macro-
autophagy (supplemental Fig. 2), further confirming that the inhibitory effect of both death
stimuli was preferentially on macroautophagy. The failure of MEFs to up-regulate
macroautophagy in response to Jo2/TNF-α treatment supports the conclusion that basal levels
of macroautophagy mediate resistance to death receptor-induced apoptosis. In addition, the
switch in the form of autophagy suggests that up-regulation of alternative types of autophagy
such as CMA may also affect the cellular response to these death stimuli.

For additional evidence of the failure of Jo2 and TNF-α to up-regulate macroautophagy, the
effects of these treatments on critical regulators and effectors of macroautophagy were
determined by immunoblotting. Atg5 was not detected in the knock-out cells, and levels of the
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Atg5/12 conjugate, required for the formation of autophagosomes, were unchanged in wild-
type cells by either Jo2 or TNF-α treatment (Fig. 2, B and C). Protein levels of Atg7, a limiting
ligase for macroautophagy, the macro-autophagy activator Beclin 1, and inhibitor of autophagy
phospho-mTOR, were equivalent in the two cell types and unaffected by death receptor ligand
stimulation (Fig. 2, B and C).

As a final confirmation that resistance to Jo2/TNF-α in wild-type MEFs occurred in the absence
of any increase in macroautophagy, cellular levels of LC3 after Jo2 and TNF-α treatment were
examined by immunoblotting. A critical event in macroautophagy is the conversion of
microtubule-associated protein 1 LC3 from the free LC3-I form to the membrane-bound LC3-
II form (43). Intracellular levels of LC3-II there-fore serve as an index of the steady-state level
of autophagosomes in the cell, whereas turnover of LC3-II can be used as index of
autophagosome clearance rates (44). Immunoblot analysis of the amount of cellular conversion
of LC3 from the I to II form was employed to determine whether death receptor ligands induced
macroautophagy in MEFs. Levels of LC3-I and LC3-II were unchanged in wild-type MEFs at
4 and 24 h after Jo2 or TNF-α treatment by immunoblotting (Fig. 4, A and B). Despite the
observed decrease in macroautophagy-dependent protein degradation, conjugated LC3-II was
still detected at 24 h after the Jo2/TNF-α treatment, demonstrating that the ability to form
autophagosomes was preserved in these cells. Turnover of LC3-II, measured as the increase
in LC3-II when lysosomal proteolysis was inhibited by ammonium chloride and leupeptin, was
comparable in control and treated cells (Fig. 4, A and B). Interestingly, as reported previously
for TNF-α in other cells (45), the number of autophagosomes was higher in Jo2/TNF-α-treated
cells as determined by immunofluorescence microscopy with an anti-LC3 antibody (Fig. 4,
C and D). The fact that the LC3-positive vesicles were slightly smaller in size in the treated
cells as compared with untreated controls (Fig. 4D) may explain the finding that LC3 levels
were comparable in untreated and treated cells despite the slight increase in auto-phagosome
number. This could also be the reason why LC3 turnover remains constant but the net
degradation of long-lived proteins does eventually decrease. In addition, treatment with
rapamycin, which up-regulates macroautophagy in MEFs by inhibiting activity of the
macroautophagy inhibitor mTOR (46), failed to induce macroautophagy in TNF-α-treated cells
(supplemental Fig. 3). These data indicate that apoptotic stimuli eventually impair both basal
and inducible levels of macroautophagy.

Inhibition of Macroautophagy Both Protects against and Sensitizes to Stimuli of the Intrinsic
Death Pathway

The engulfment of cytosolic components by macroautophagy may act as a generalized
protective response against any form of apoptosis in MEFs or specifically mediate resistance
against death receptor ligand-induced apoptosis. To distinguish between these possibilities, the
effects of Atg5 loss on death from specific stimuli of the intrinsic death pathway were
examined. First, increasing levels of oxidative stress were induced in wild-type and Atg5−/−

cells by the superoxide generator menadione (47,48). In direct opposition to the findings for
death receptor ligand-induced apoptosis, Atg5−/− cells were significantly more resistant to
death from menadione-induced oxidative stress (Fig. 5A). Atg5−/− cells were completely
resistant to concentrations of menadione that induced death in 75% of wild-type cells (Fig.
5A). Similarly, the loss of Atg5 sensitized the cells to death from various doses of UV light
(Fig. 5B). A possible mechanism for resistance to these two death stimuli could be an inability
of the knock-out cells to generate an Atg5 cleavage product that has been reported to directly
promote apoptosis through an autophagy-independent mechanism (49). However, no Atg5
cleavage fragment was detected in menadione-treated wild-type MEFs (data not shown),
indicating that loss of this direct pro-apoptotic effect of Atg5 could not explain the resistance
of Atg5−/− cells to death from menadione.
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In contrast to the findings for menadione and UV light, Atg5−/− MEFs were sensitized to death
from the intrinsic death pathway activator staurosporine. The percentages of cell death over a
range of concentrations of the protein kinase inhibitor staurosporine were significantly greater
in knock-out MEFs as compared with wild-type cells (Fig. 5C). In addition, Atg5 ablation
sensitized the cells to death from the endoplasmic reticulum stress inducer tunicamycin (50).
Tunicamycin induced a dose-dependent cell death in wild-type cells that was significantly
increased in Atg5−/− cells at every concentration of tunicamycin (Fig. 5D). These findings are
consistent with prior reports in other cell types that macroautophagy protects against death
from endoplasmic reticulum stress (9,11). Thus, macroautophagy regulates MEF death
pathways other than those mediated by death receptor ligands, but a loss of macroautophagy
can either increase or decrease the amount of cell death depending on the apoptotic stimulus.

CMA Mediates Cellular Resistance to Death from Menadione
The increased resistance of Atg5−/− cells to death from menadione and UV light despite their
increased sensitivity to death receptor-mediated apoptosis could be explained by the ability of
macroautophagy to both promote and inhibit distinct cell death pathways. Alternatively, the
explanation may be more complex with the cellular death response dependent on the interplay
between the various forms of autophagy. The later possibility was suggested by two findings:
1) data in the present study that the contributions of the different types of autophagy to protein
degradation change in response to death stimuli (supplemental Fig. 1, E and F); and 2) that the
absence of macroautophagy in Atg5−/− MEFs induces an up-regulation of CMA.4 We have
previously demonstrated that CMA contributes to the removal of oxidized proteins (24) and
that the integrity of this pathway is critical for the preservation of cell viability during mild
oxidative stress (18). Menadione-induced oxidative stress did not significantly alter the rate of
total protein degradation until 24 h, at which time menadione had an inhibitory effect on
macroautophagy similar to that described for Jo2 and TNF-α (Fig. 6, A and B). We confirmed
that the menadione-induced switch from macroautophagy to 3-MA-insensitive forms of
lysosomal protein degradation reflected an up-regulation of CMA activity. Menadione-treated
wild-type MEFs had increased levels of CMA-active lysosomes as demonstrated by increased
colocalization of LAMP-2A and hsc70 by immunofluorescence (Fig. 6C, top panels). In
addition, with menadione treatment, CMA-active lysosomes were mobilized from the cell
periphery to the perinuclear area (Fig. 6C, bottom panels), a process known to occur during
maximal CMA activation (18, 51). As we have recently demonstrated,4 the numbers of CMA-
positive lysosomes and those with a perinuclear location were increased in Atg5−/− MEFs as
compared with wild-type cells under basal conditions and remained elevated after treatment
with menadione (Fig. 6C).

Activation of CMA to compensate for the lack of macroautophagy in Atg5−/− MEFs suggested
a mechanism for the resistance of these cells to menadione-induced oxidative stress. Increased
levels of CMA in these cells did inhibit the effects of oxidative stress as reflected in a reduction
in the content of oxidized proteins in Atg5−/− MEFs as compared with wild-type cells
(supplemental Fig. 4). To confirm that CMA up-regulation could explain the resistance of
Atg5−/− cells to toxicity from menadione, the effect of the inhibition of CMA on cellular
sensitivity to menadione killing was examined. CMA blockage was attained through RNA
interference against LAMP-2A in NIH3T3 cells, as described previously (18).

Inhibition of CMA by LAMP-2A knockdown significantly increased cell sensitivity to
menadione toxicity (Fig. 6D). Similarly, we have previously reported that inhibition of CMA
sensitizes to death from UV light (17). Cross-talk between the two forms of autophagy such
that down-regulation of macroautophagy results in increased CMA could therefore explain the

4S. Kaushik, A. C. Massey, N. Mizushima, and A. M. Cuervo, submitted for publication.
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ability of Atg5−/− cells to be both sensitized to death receptor-mediated apoptosis and resistant
to death from menadione and UV light.

DISCUSSION
The results demonstrate for the first time that a knock-out of macroautophagy can both promote
and block cell death in the same cell type challenged with different stressors. Loss of
macroautophagy sensitized MEFs to death via the extrinsic pathway but made them resistant
to intrinsic pathway-mediated death from oxidative stress and a DNA-damaging agent. Thus,
the findings of opposing effects of a loss of macroautophagy on cell death in different cell types
(3–11,15,16) likely do not represent inherent cell type-specific functions of autophagy. That
is, an inhibition of macroautophagy does not always promote death in one cell type and prevent
death in a second, different cell type. Rather, a decrease in macroautophagy can serve to
promote death or survival in the same cell depending on the nature of the death stimulus and
the ability of the cell to compensate for the loss of macroautophagy.

Prior studies examining the relationship of macroautophagy to death receptor ligand-induced
apoptosis have demonstrated an increase in TNF-α-induced death in muscle and leukemia cell
lines (5,52). However, MEFs that were resistant to death from Fas/TNF-α became sensitized
to death receptor ligand cytotoxicity with a loss of macroautophagy. Death was apoptotic as
indicated by activation of caspase 8 and the mitochondrial death pathway, the induction of
effector caspase cleavage, and the blockage of death by overexpression of anti-apoptotic Bcl-2
family members or treatment with caspase inhibitors. Caspase 8 activation occurred in wild-
type and knock-out cells in response to Jo2 antibody, but the period of activation was more
prolonged in Atg5−/− cells. As a result, cleavage of the downstream effector caspase 3 and the
caspase substrate PARP occurred in Atg5−/− cells but not wild-type cells after Jo2 antibody or
TNF-α treatment. Thus, the loss of macroautophagy sensitized MEFs to death by the classical,
caspase-dependent apoptotic pathway. A calpain-generated fragment of Atg5 has been shown
to have pro-apoptotic properties in certain cell types and in response to particular death stimuli
(49,53). Our results indicate that an Atg5 fragment does not mediate Jo2- and TNF-α-induced
cell death in MEFs as death occurred in cells lacking this protein.

Macroautophagy mediates the degradation of cellular organelles including mitochondria (38,
54). Death receptor ligands induce apoptosis via the mitochondrial death receptor pathway in
which changes in the mitochondrial membrane, termed the mitochondrial permeability
transition, lead to the release of pro-apoptotic factors such as cytochrome c from mitochondria
(55). In rat hepatocytes in which macroautophagy was induced by serum deprivation and
glucagon, the mitochondrial permeability transition led to mitochondrial depolarization and
the subsequent movement of these mitochondria into autophagosomes (56). These findings
suggest the possibility that macroautophagy may limit cellular injury from Fas/TNF-α by
sequestering and degrading mitochondria that have undergone the mitochondrial permeability
transition and preventing their release of pro-apoptotic factors (41,56). Suggestive that an
impairment in this process is the mechanism for Fas/TNF-α-induced apoptosis in Atg5−/−

MEFs is that increased cytochrome c release occurred in these cells with Jo2 or TNF-α
treatment in concert with mitochondrial dysfunction as indicated by decreased ATP levels.
Increased activation of the initiator caspase 8 also occurred, suggesting that a loss of autophagy
may have had an effect upstream of mitochondrial activation. However, it is well recognized
that death receptor-induced caspase 8 activation requires the actions of effector caspases.
Caspase 8 activation sufficient to induce cell death does not occur until effector caspases are
activated by the mitochondrial death pathway and act to promote further caspase 8 cleavage
via the caspase feedback amplification loop (57–59). Consistent with the conclusion that in the
absence of autophagy pro-apoptotic mitochondrial factors augmented caspase 8 activation in
our model are data that increased caspase 8 activation did not occur until a late time point when
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caspase 3 and PARP cleavage had already resulted from activation of the mitochondrial death
pathway. The present studies therefore suggest that macroautophagy performs the critical
function of limiting activation of the mitochondrial death pathway in response to death receptor
stimulation and thus provides resistance to the cytotoxic effects of these factors. However, the
current studies cannot rule out the alternative possibility that in the setting of death receptor
stimulation, the loss of autophagy in some way leads directly to increased caspase 8 activation.

One finding critical to the concept that macroautophagy is a mechanism of cell death is the
demonstrated up-regulation of macroautophagy in association with specific forms of cell death
(3,5,6,60). Less consideration has been given to the physiological effects of lower, constitutive
levels of macroautophagy. Recent investigations have demonstrated the importance of basal
levels of macroautophagy in the maintenance of cellular homeostasis in brain and liver cells
(38–40). Our findings indicate that constitutive levels of macroautophagy are critical to protect
against acute cellular stresses such as death receptor stimulation as well. If, as our data suggest,
basal sequestration of cytosolic components by macroautophagy has a protective effect against
Jo2- or TNF-α-mediated cell death, why is macroautophagy not up-regulated under these
conditions? It is possible that these death stimuli induce intracellular changes that directly
prevent the ability of cells to up-regulate this pathway. The fact that Jo2 and TNF-α treatment
abolished the stimulatory effect of rapamycin on macroautophagy supports this possibility.
Very little is known about the regulation of basal macroautophagy, but recent descriptions of
mTOR-independent forms of macroautophagy (61,62) raise the possibility that different
regulatory mechanisms exist for the basal and inducible forms of macroautophagy. The anti-
apoptotic effect described in other systems with rapamycin-induced up-regulation of
macroautophagy (63) therefore did not occur in our model. Although further studies are
required, one possible reason for this discrepancy is that our studies were performed in a normal
cellular background in contrast to other studies in which death was induced in an already pro-
apoptotic context (cells expressing a mutant or altered protein).

In contrast to prior reports of an induction of macroautophagy during cell death, the long term
effect of death receptor stimulation in MEFs was to decrease levels of macroautophagy.
Interestingly, despite this blockage in macroautophagy progression, wild-type cells still had
significantly higher survival after Jo2/TNF-α treatment than cells unable to form
autophagosomes, suggesting that sequestration of cytosolic contents rather than their
degradation was sufficient for cellular resistance to death. The mechanism(s) responsible for
this reduction in macroautophagy is unclear. Activation of both the extrinsic and the intrinsic
death pathways slowed the clearance of auto-phagic vacuoles. As this effect appeared late after
treatment, it is possible that in the advanced stages of both apoptotic pathways, lysosomal
alterations occur that render them unable to fuse with autophagic vacuoles or degrade their
contents. This failure of autophagosome clearance may occur by a common mechanism or
distinct mechanisms specific for each pathway or death stimulus. The sequestration of
dysfunctional mitochondria into autophagosomes resulting from activation of the extrinsic
apoptotic pathway could directly alter the ability of autophagosomes to fuse with lysosomes
(64). In contrast, although mild oxidative stress stimulates lysosomal function, more severe
oxidant stress with menadione as in our study could promote lysosomal membrane instability
and leakage that interferes with normal lysosomal function (65).

The studies also examined for the first time the interplay between macroautophagy and CMA
in the response of a cell with impaired macroautophagy to death stimuli. We have previously
shown that CMA is activated in response to prolonged nutritional stress, probably as a late
source of essential amino acids, and under conditions resulting in protein damage such as
oxidative stress and exposure to toxic compounds (17). The finding that death from menadione-
induced oxidative stress and UV-mediated DNA damage was decreased in MEFs lacking
macroautophagy could be interpreted as evidence to support the conclusion that
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macroautophagy functions to promote cell death. However, the finding that menadione up-
regulated protein degradation that was not mediated by macroautophagy, along with the proven
protective role of CMA in oxidative stress, suggested that an up-regulation of CMA in the
absence of macroautophagy may mediate this effect. Supportive of this fact is that cells with
higher basal CMA activity (Atg5−/− cells) were resistant to menadione toxicity and that a
knockdown of CMA sensitized cells to death from menadione. Thus, the finding that an
inhibition of macroautophagy blocks death from a particular stimulus cannot be taken as
definitive proof that death is mediated by this autophagic pathway. Cellular compensation for
the loss of macroautophagy in the form of up-regulation of CMA, or even other proteolytic
pathways, may be the true mechanism for this effect and lead to the false interpretation that
macroautophagy mediated the death response. The conclusion that autophagy promotes cell
death must now be reconsidered in light of this ability of compensatory CMA up-regulation
to alter the outcome from a cell death stimulus.

The fact that up-regulation of CMA had a protective function against menadione- and UV-
induced cell death but not against the extrinsic apoptotic dead pathway may be related to the
type of cellular damage caused by each of these stimuli. The early involvement of
mitochondrial dysfunction in Fas/TNF-α-induced apoptosis could explain the lack of a
protective effect of CMA against these stimuli as this autophagic pathway can only remove
soluble cytosolic proteins and not whole organelles. In contrast, the ability of CMA to clear
oxidized proteins can protect against death from menadione-induced oxidative damage. CMA
may similarly protect against UV light, which also induces an oxidative stress (66,67).
Although mitochondria and other organelles also get damaged eventually, the efficient removal
of oxidized proteins by CMA, at least in the early stages of menadione- and UV-induced cell
dead, improves cell survival.

These studies demonstrate the complexity of the role of autophagy in modulating the cellular
death response. In particular, conclusions regarding the function of one autophagic pathway
cannot be made unless the compensatory effects of the other pathways are taken into account.
Studies examining the cross-talk between macroautophagy and CMA in different cell types
challenged with different death stimuli are necessary to better delineate what protective and
possibly harmful roles autophagy plays in apoptosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Loss of Atg5 sensitizes MEFs to death from Jo2 antibody and TNF-α
Wild-type (WT) and Atg5−/− MEFs were treated with Jo2 antibody (Fas) or TNF-α for various
times. A, the percentage cell death was determined by MTT assay at 24 h. Data are from 6
independent experiments (*, p < 0.0001 as compared with wild-type cells). B, cells that were
untreated (Con) or treated with Jo2 or TNF-α for 12 h were costained with acridine orange and
ethidium bromide, and the percentage of necrotic (nec) and apoptotic (apop) cells was
determined by fluorescence microscopy as described under “Experimental Procedures.”
Results are from 3 independent experiments performed in duplicate (*, p<0.0001 as compared
with the same type of cell death in wild-type cells). C, the percentage cell death was determined
by MTT assay after 48 h of treatment. Data are from 4 experiments performed in duplicate (*,
p < 0.0001 as compared with wild-type cells).
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FIGURE 2. Death receptor-induced Atg5−/− cell death results from caspase-dependent apoptosis
A, caspase 8 activity was assayed in wild-type (WT) and Atg5−/− MEFs treated with Jo2
antibody (Fas) for 8 or 12 h. Results are from 4 experiments (*, p < 0.01 as compared with
wild-type cells). Con, untreated. B and C, protein was isolated from untreated wild-type and
Atg5−/−cells and cells treated with Jo2 (Fas) (B) or TNF-α (C) for the indicated hours. Aliquots
of protein were immunoblotted with antibodies for caspase 3 (casp 3), PARP, cIAP2, TRAF2,
Atg5, Atg7, Beclin 1, phospho-mTOR (P-mTOR), and mTOR. For Atg5, the band
corresponding to the Atg5/12 conjugate protein is shown. Stripped membranes were reprobed
with β-actin as a measure of equivalent protein loading among samples. The caspase 3 and
PARP cleavage products are indicated by arrows. Immunoblots are representative of 3
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independent experiments. D, Atg5−/− cells were pretreated with Me2SO (DMSO) vehicle, 5
(QVD 5) or 10 (QVD 10) µM Q-VD-OPh, or 25 µM IDN-1529 (1529). Cells were then treated
with Jo2 antibody (Fas) or TNF-α, and the percentage of cell death was determined by MTT
assay at 24 h. Results are from 3 independent experiments (*, p < 0.00001 as compared with
Me2SO-reated cells).
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FIGURE 3. Mitochondrial death pathway activation is increased in Atg5−/− cells after death
receptor stimulation
Cytosolic and mitochondrial proteins were isolated from wild-type (Atg5+) and Atg5−/− (Atg5
−) cells that were untreated or treated with Jo2 (Fas) (A) or TNF-α (B) and immunoblotted with
antibodies for cytochrome c (cyt c), Bid, Bad, Bax, or Bcl-XL. Stripped membranes were
reprobed for cytochrome oxidase. Bid cleavage product is indicated by an arrow. C, Atg5−/−

cells were infected with adenoviruses that express β-galactosidase (LacZ), Bcl-2, or Bcl-XL.
Cells were then treated with Jo2 (Fas) or TNF-α, and the percentage of cell death was
determined at 24 h by MTT assay. Data are from 4 independent experiments (*, p < 0.0002).
Untreated, wild-type (WT) and knock-out MEFs were stained with Mito Tracker to highlight
mitochondria. Top, representative field (bar: 10µm). Bottom, number of mitochondria per cell,
average mitochondrial size, and the total cellular area occupied by mitochondria were
quantitated. Values are the means of 6–8 fields such as the ones shown (*, p < 0.01 as compared
with wild-type cells). E, ATP levels in wild-type and knock-out MEFs untreated (Con) and
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treated with Jo2 (Fas) for 24 h. Results are from 4 independent experiments (*, p < 0.001 as
compared with control cells).
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FIGURE 4. Jo2 and TNF-α induce changes in the macroautophagic compartment
A and B, MEFs treated with Jo2 (Fas), TNF-α, or menadione (Men) for 4 (A) or 24 h (B) were
subjected to immunoblotting with an antibody for LC3. Where indicated, 20mM ammonium
chloride and 100µM leupeptin (NH4Cl/Leup) were added to the incubation medium. Stripped
membranes were reprobed for β-actin. The unconjugated (I) and conjugated (II) LC3 forms
are indicated. The LC3-II to LC3-I ratio (II:I) and the -fold increase in LC3-II in the presence
of the protease inhibitors (+PI:None) are shown. Values are the means from densitometric
scans of immunoblots from 3 independent experiments. Con, untreated. C and D,
immunofluorescence staining for LC3 in the same cells. C, representative fields are shown
(bar: 5µm). D, the numbers of fluorescent punctate structures per cell (left) and the average
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size of the LC3-positive puncta (right) were determined in 20 cells/experiment. Data are from
3 independent experiments (*, p < 0.05 between control and Fas or TNF-α treatment).
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FIGURE 5. Loss of Atg5 protects against toxicity from menadione and UV light but not from
staurosporine- and endoplasmic reticulum stress-induced death
Wild-type (WT) and Atg5−/− MEFs were treated with the indicated µM concentrations of
menadione (A), energy levels of UV light (B), and µM concentrations of staurosporine (C) or
tunicamycin (D). The percentage cell death was determined by MTT assay at 6 h for
staurosporine and at 24 h for the other treatments. The data are from 3–4 independent
experiments (*, p < 0.001 as compared with wild-type cells).
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FIGURE 6. CMA up-regulation protects against menadione toxicity
A, total rates of protein degradation in wild-type MEFs untreated (Con) or treated with
menadione (Men) were calculated as described under “Experimental Procedures.” Data are
from 3 independent experiments with triplicate wells for each experiment (*, p< 0.05 as
compared with control). B, macroautophagic activity in wild-type MEFs was calculated as the
percentage of lysosomal degradation sensitive to inhibition by 3-MA in the same experiments
(*, p<0.01 as compared with control). C, intracellular distribution of LAMP-2A/hsc70 enriched
lysosomes in wild-type (WT) and Atg5−/− MEFs untreated or treated with menadione. Top,
representative image of double labeled cells. Bottom, representative image of the distribution
of hsc70 puncta (bar: 5 µm). Right, the percentage of LAMP-2A and hsc70 colocalization and
the distance of hsc70-containing lysosomes from the nucleus. Data are from the quantification
of six different fields (average 20 cells total) in 2 independent experiments (*, p<0.01 as
compared with untreated wild-type cells). D, LAMP-2A RNA interference NIH3T3 cells were
treated with menadione, and the percentage of cell death was determined by MTT assay at 24
h. Results are from 4 independent experiments (*, p < 0.001 as compared with wild-type cells).
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