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Loss of Macroautophagy Promotes or Prevents Fibroblast
Apoptosis Depending on the Death Stimulus™”
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Macroautophagy has been implicated as a mechanism of cell
death. However, the relationship between this degradative path-
way 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 deter-
mined 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 essen-
tial macroautophagy gene atg5 were treated with activators of
the extrinsic and intrinsic death pathways. Loss of macroauto-
phagy sensitized these cells to caspase-dependent apoptosis
from the death receptor ligands Fas and tumor necrosis factor-a
(TNF-). Atg5~’~ mouse embryonic fibroblasts had increased
activation of the mitochondrial death pathway in response to
Fas/TNF-« in concert with decreased ATP levels. Fas/TNF-a
treatment failed to up-regulate macroautophagy, and in fact,
decreased activity at late time points. In contrast to their sensi-
tization to Fas/TNF-«, Atg5_/ ~ cells were resistant to death
from menadione and UV light. In the absence of macroautoph-
agy, an up-regulation of chaperone-mediated autophagy
induced resistance to these stressors. These results demonstrate
that inhibition of macroautophagy can promote or prevent apo-
ptosis 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 macroau-
tophagy, quantitatively the most important form of autophagy
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in mammalian cells, and cell death remains unclear (1). Exper-
imental 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-a (TNF-a),? viruses, and low potassium (3—6). This con-
clusion 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 macroau-
tophagy 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 nutri-
ent deprivation, DNA damage, ischemia/reperfusion injury,
and endoplasmic reticulum stress (7—11). In all of these exam-
ples, 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 pro-
tective response that inhibits cell death casts doubt on the con-
cept that autophagy promotes cell death.

There are several reasons to question findings that macroau-
tophagy is a mechanism of cell death. First, the fact that auto-
phagy is induced in these models may alternatively represent
the activation of a cellular protective mechanism that is ineffec-
tive or partially effective in blocking death. Second, the mech-
anistic investigations implicating autophagy as a form of cell
death have often relied on nonspecific pharmacological inhibi-

3 The abbreviations used are: TNF-a, tumor necrosis factor-o; ATG, autoph-
agy-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-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PARP, poly (ADP-ribose)
polymerase; Q-VD-OPh, Q-Val-Asp-OPh; CMA, chaperone-mediated auto-
phagy; mTOR, mammalian target of rapamycin.
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tion of autophagy. In particular, the widely used inhibitor 3-MA
inhibits phosphatidylinositol 3-kinase (12), which itself regu-
lates cell death through its downstream effector Akt (13, 14).
Investigations with RNA interference-induced genetic knock-
downs 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 nor-
mal 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 cellu-
lar 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 examin-
ing 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 regula-
tion 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 addi-
tion, cross-talk was shown to occur between these two autoph-
agic 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, con-
stant 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 auto-
phagy. To test this hypothesis, we examined the effects of acti-
vators of the extrinsic and intrinsic death pathways in a well
established genetic knock-out of macroautophagy, Atgs '~
mouse embryonic fibroblasts (MEFs) (19, 20). The absence of
macroautophagy in Atg5~'" cells sensitized them to apoptosis
from the Fas- or TNF-a-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
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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 cul-
tured 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 cul-
tures 48 h after cell plating in fresh medium unless otherwise
indicated. Cells were treated with Jo2 antibody (0.67 wg/ml; BD
Biosciences), mouse recombinant TNF-« (10 ng/ml; R&D Sys-
tems, Minneapolis, MN), menadione, staurosporine, or tunica-
mycin (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 Bro-
mide (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 sol-
ubilize the formazan product whose absorbance was measured
in a spectrophotometer at a wavelength of 560 nm. The per-
centage of cell death was calculated by dividing the optical den-
sity of a treatment group by the optical density for untreated,
control cells, multiplying by 100, and subtracting that number
from 100.

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 mini-
mum of 400 cells/dish were examined, and the numbers of apo-
ptotic 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 fluo-
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rescein isothiocyanate- or Cy5-conjugated secondary antibod-
ies. MitoTracker (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-phe-
nylindole (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 Image] software (National Institutes of
Health, Bethesda, MD). The mean distance of lysosomes from
the nucleus was calculated in 20 different cells for each condi-
tion by tracing lines (six in each cell) from the nuclear mem-
brane to the most distal fluorescent vesicle (lysosome). The
distribution of fluorescent vesicles along each line was calculated
with the distribution function of the Image] program. Distances
and numbers of vesicles at each distance for each cell were aver-
aged, and mean values were calculated from the individual distri-
butions in 20 cells. The numbers of mitochondria were calculated
after thresholding using the measure function of the Image]J pro-
gram, 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 colori-
metric assay kit (BD Biosciences), according to the manufactur-
er’s instructions.

Protein Isolation and Western Blotting—Total cellular pro-
tein was isolated from cells harvested in phosphate-buffered
saline, centrifuged, and resuspended in cell lysis buffer contain-
ing 20 mm Tris, pH 7.5, 1% Triton X-100, 1 mm EDTA, 1 mMm
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 50 ug of pro-
tein at 100 °C for 5 min in Laemmli sample buffer containing
62.5 mm Tris, pH 6.8, 2% SDS, 25% glycerol, 0.01% bromphenol
blue, and 5% B-mercaptoethanol. Samples were applied to 12%
SDS-polyacrylamide gels and resolved at 100 V over 3 h. Pro-
teins were transferred to nitrocellulose membrane (Schleicher
& Schuell) in transfer buffer containing 25 mm 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-mam-
malian target of rapamycin (mTOR), rabbit anti-phospho-mTOR
(Cell Signaling, Beverly, MA), rabbit anti-poly(ADP-ribose) poly-
merase (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,
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MD) secondary antibodies conjugated with horseradish perox-
idase ata dilution of 1:10,000 in 5% nonfat milk in TBS-T for 1 h
at room temperature. Signals were detected with a chemilumi-
nescence detection system (Western Lightning chemilumines-
cence 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 B-actin (AbCam). Carbonyl groups
on oxidized proteins were detected using the OxyBlot™ oxi-
dized 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 (20 mm Hepes, pH 7.5,
250 mM sucrose, 10 mm KCl, 1.5 mm MgCl,, 0.5 mm EDTA,
0.5 mm EGTA, 1 mm 1,4-dithiotheitol, 1 mm phenylmethyl-
sulfonyl fluoride) with a Dounce homogenizer and centrifu-
gation of the homogenate at 4 °C for 10 min at 600 X 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 X g. The pellet was redissolved in buffer A and
formed the mitochondrial fraction. The supernatant was fur-
ther centrifuged at 4 °C for 10 min at 10,000 X g. This last
supernatant comprised the cytosolic protein fraction. Western
blotting was performed as above with mouse anti-cytochrome ¢
(BD Biosciences), mouse anti-Bax, rabbit anti-Bcl-X; (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 mito-
chondrial death pathway, cells were infected with adenoviruses
that express Bcl-2 or Bcl-X; (27, 28). Ad5LacZ, which expresses
the Escherichia coli B-galactosidase gene (29), served as a con-
trol 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 deter-
mined 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 50 ul 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 deter-
mined in a 96-well plate luminometer using a light integra-
tion time of 3 s following a delay of 1 s. ATP levels were
determined from a standard curve prepared from the man-
ufacturer’s standard.

Intracellular Protein Degradation—To measure the degrada-
tion of long-lived proteins, cells were labeled with [*H]leucine
(2 nCi/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
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FIGURE 1. Loss of Atg5 sensitizes MEFs to death from Jo2 antibody and TNF-a. Wild-type (WT) and Atg5 '~
MEFs were treated with Jo2 antibody (Fas) or TNF-a for various times. A, the percentage cell death was deter-
mined 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-« 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).

expressed as the percentage of the initial acid-insoluble radio-
activity (protein) transformed into acid-soluble radioactivity
(amino acids and small peptides) at different times. Total radio-
activity 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 100 M leupeptin or 10 mm 3-MA were added to the culture
medium during the chase. Lysosomal degradation was calcu-
lated as the percentage of protein degradation sensitive to
ammonium chloride/leupeptin. The lysosomal protein degra-
dation 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 inde-
pendent experiments unless otherwise stated. Groups were
compared by the Student’s ¢ 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-me-
diated Apoptosis—Apoptosis is divided mechanistically into
the extrinsic and intrinsic death pathways with the primary
extrinsic forms being Fas and TNF-« death receptor-mediated.
To determine the function of macroautophagy in death
receptor-induced apoptosis, the toxicity of both the Fas ago-
nist antibody Jo2 and TNF-a 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 resist-
ant to TNF-a toxicity (Fig. 14). However, TNF-« 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-« death
pathway, the cells were sensitized to TNF-« toxicity by cotreat-
ment with the RNA synthesis inhibitor actinomycin D. Wild-
type and Atg5~/~ MEFs both underwent cell death from acti-
nomycin D/TNF-« 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-
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state numbers of apoptotic and

" necrotic cells were determined by
75 acridine orange/ethidium bromide
costaining and fluorescence micros-
50 copy. When untreated, both cell
types had low levels of apoptosis and
25 necrosis (Fig. 1B). Wild-type cells
had a small increase in the number
0

of apoptotic cells at 12 h after Jo2
treatment and no change with
TNEF-a 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-« 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 acceler-
ate an existing death pathway, levels of cell death were also
examined at 48 h after Jo2 or TNF-«a treatment. Over the sec-
ond 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 com-
pared with wild-type MEFs (Fig. 1C). Wild-type cells were com-
pletely resistant to TNF-« 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 macroau-
tophagy did not merely accelerate death from Fas and TNF-«
but acted to sensitize MEFs to these death stimuli.

Loss of Atg5 Sensitizes MEFs to Caspase-dependent Fas- and
TNF-a-induced Apoptosis—The death receptor ligands Fas and
TNEF-a 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-« involved this
classical death pathway, caspase activation was examined in
Jo2- and TNF-a-treated cells. Caspase 8 activation, as deter-
mined by activity assay, was similarly increased in wild-type and
Atg5 /" cells 8 h after Fas treatment (Fig. 24). 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). Iden-
tical to the findings with Jo2 administration, caspase 3 and
PARP cleavage were detected in TNF-a-treated Atg5 /'~ cells
but not in wild-type cells (Fig. 2C).

Fas TNF
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(34, 35). Critical to mitochondrial
death pathway activation is the
cleavage and mitochondrial translo-
cation of the pro-apoptotic Bcl-2
family members Bid and Bad (36,
37). This event induces mitochon-
drial changes that promote cyto-
chrome c release and trigger the
activation of downstream effector
caspases. The possibility that
increased caspase 3 cleavage in Jo2-
and TNF-a-treated Atg5~'~ MEFs
resulted from overactivation of the
mitochondrial death pathway was
investigated. After Jo2 antibody
treatment, mitochondrial cyto-
chrome c¢ release occurred in
Atg5~'" cells but not wild-type
cells, as indicated by the cytosolic
presence of cytochrome ¢ in con-
junction with decreased mitochon-
drial levels of this protein on immu-
noblots (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 pro-
tein Bcl-X; (Fig. 34). The purity of
the fractions was demonstrated by
the exclusive presence of cyto-
chrome oxidase in the mitochon-
drial isolates (Fig. 34). Similar find-

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-a (C)
for the indicated hours. Aliquots of protein were immunoblotted with antibodies for caspase 3 (casp 3), PARP,
clAP2, 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 B-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 independent experiments. D, Atg5 /" cells were pretreated
with Me,SO (DMSO) vehicle, 5 (QVD 5) or 10 (QVD 10) um Q-VD-OPh, or 25 um IDN-1529 (1529). Cells were
then treated with Jo2 antibody (Fas) or TNF-«, 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 Me,SO-

treated cells).

The effect of caspase inhibition on Jo2- and TNF-a-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-a-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-in-
duced apoptosis.

In Response to Jo2 or TNF-a, Atg5~ '~ MEFs Have Increased
Activation of the Mitochondrial Death Pathway—An impor-
tant mechanism of Fas- and TNF-«a-induced caspase-depend-
ent cell death is activation of the mitochondrial death pathway
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ings of differential mitochondrial
death pathway activation, as indi-
cated by cytosolic cytochrome c
release and mitochondrial translo-
cation of truncated Bid, were found
in TNF-a-treated Atg5~’~ but not
wild-type MEFs (Fig. 3B). Thus, the
increased cleavage of caspase 8 that
occurred in Atg5~ /" cells was asso-
ciated with augmented Bid cleavage
and activation of the mitochondrial
death pathway.

To examine whether mitochondrial death pathway activa-
tion led to Atg5~ /" cell death from Fas and TNF-q, the effects
of adenoviral Bcl-2 and Bcl-X; overexpression on cell death
were investigated. Death from Jo2 was inhibited ~50% by Bcl-2
or Bcl-X; overexpression, whereas TNF-a-induced cell death
was completely blocked by adenoviral expression of either pro-
tein (Fig. 3C). Overactivation of the mitochondrial death path-
way therefore played a mechanistic role in the sensitization of
Atg5~'~ MEFs to death from Fas and TNF-a.

Steady-state levels of mitochondrial cytochrome ¢ were
increased in untreated Atg5 '~ cells as compared with wild-
type cells by immunoblotting (Fig. 3, A and B), suggesting that
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FIGURE 3. Mitochondrial death pathway activation is increased in Atg5 '~ cells after death receptor stimu-
lation. 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-a (B) and immunoblotted with antibodies for cytochrome c (cyt
¢), Bid, Bad, Bax, or Bcl-X, . Stripped membranes were reprobed for cytochrome oxidase. Bid cleavage product is
indicated by an arrow. C,Atg5 /" cells were infected with adenoviruses that express B-galactosidase (LacZ), Bcl-2, or
Bcl-X,. Cells were then treated with Jo2 (Fas) or TNF-¢, 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 MitoTracker to highlight mitochondria. Top, representative field (bar: 10 wm). Bottom, number of
mitochondria per cell, average mitochondrial size, and the total cellular area occupied by mitochondria were quan-
titated. 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 treated with Jo2 (Fas) for 24 h. Results are from 4

independent experiments (¥, p < 0.001 as compared with control cells).

the knock-out cells may have more mitochondria. This finding
was confirmed by fluorescence microscopy with the mitochon-
drial fluorophore MitoTracker, which demonstrated signifi-
cantly 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 mito-
chondrial 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 mito-
chondrial dysfunction in response to death receptor stimula-
tion, 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 recep-
tor pathway.

Levels of Pro- and Anti-apoptotic Proteins Are Equivalent in
Wild-type and Atg5~"~ MEFs—The differential death effects of
Jo2 and TNF-« in wild-type and Atg5 /" cells could reflect
altered expression of a pro- or anti-apoptotic factor critical to
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WT Atg5™

Lok s increase levels of autophagy (5, 41,

42). To distinguish between these
two possibilities, we examined
whether Jo2 or TNF-« increased
levels of autophagy in wild-type
MEFs. As a measure of autophagy,
rates of degradation of long-lived
proteins that are the typical sub-
strates for lysosomal degradation
were compared in untreated and
Jo2- or TNF-a-treated cells. Instead
of an increase in protein degradation that would be expected
with an up-regulation of autophagy, the rate of long-lived pro-
tein degradation was unchanged until 24 h after Jo2 or TNF-«
treatment, at which time a slight decrease occurred (supple-
mental Fig. 1, A and B). This small but significant decrease in
protein degradation was mostly due to reduced rates of lysoso-
mal degradation (as defined by sensitivity to inhibition by
ammonium chloride/leupeptin) (supplemental Fig. 1, Cand 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 lysoso-
mal degradation was mediated by macroautophagy (as deter-
mined by the percentage that was inhibited by 3-MA). In con-
trast, at 24 h after treatment with Jo2 or TNF-q, a significant
reduction in 3-MA-sensitive proteolysis was observed (supple-
mental 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 macroau-
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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-« treat-
ment by immunoblotting (Fig. 4, A
and B). Despite the observed
decrease in macroautophagy-de-
pendent protein degradation, con-
jugated LC3-II was still detected at

24 h after the Jo2/TNF-« treatment,
I demonstrating that the ability to
form autophagosomes was pre-
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FIGURE 4. Jo2 and TNF-« induce changes in the macroautophagic compartment. A and B, MEFs treated
with Jo2 (Fas), TNF-a, or menadione (Men) for 4 (A) or 24 h (B) were subjected to immunoblotting with an
antibody for LC3. Where indicated, 20 mm ammonium chloride and 100 um leupeptin (NH,Cl/Leup) were added
to the incubation medium. Stripped membranes were reprobed for B-actin. The unconjugated (/) and conju-
gated (/) LC3 forms are indicated. The LC3-Il to LC3-I ratio (//:/) and the -fold increase in LC3-Il in the presence of
the protease inhibitors (+Pl: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. G, representative fields are shown (bar: 5 um). D, the numbers of fluorescent punctate structures per cell
(left) and the average 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-« treatment).

tophagy in response to Jo2/TNEF-« treatment supports the con-
clusion 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 alterna-
tive 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-« to
up-regulate macroautophagy, the effects of these treatments on
critical regulators and effectors of macroautophagy were deter-
mined by immunoblotting. Atg5 was not detected in the knock-
out cells, and levels of the Atg5/12 conjugate, required for the
formation of autophagosomes, were unchanged in wild-type
cells by either Jo2 or TNF-a treatment (Fig. 2, Band C). Protein
levels of Atg7, a limiting ligase for macroautophagy, the macro-
autophagy activator Beclin 1, and inhibitor of autophagy phos-
pho-mTOR, were equivalent in the two cell types and unaf-
fected by death receptor ligand stimulation (Fig. 2, B and C).

As a final confirmation that resistance to Jo2/TNF-« in
wild-type MEFs occurred in the absence of any increase in
macroautophagy, cellular levels of LC3 after Jo2 and TNF-«
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served in these cells. Turnover of
LC3-II, measured as the increase in
LC3-II when lysosomal proteolysis
was inhibited by ammonium chlo-
ride and leupeptin, was comparable
in control and treated cells (Fig. 4, A
and B). Interestingly, as reported
previously for TNF-« in other cells
(45), the number of autophago-
somes was higher in Jo2/TNF-a-
treated cells as determined by immunofluorescence micros-
copy 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, treat-
ment with rapamycin, which up-regulates macroautophagy
in MEFs by inhibiting activity of the macroautophagy inhib-
itor mTOR (46), failed to induce macroautophagy in TNE-
a-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 Sen-
sitizes to Stimuli of the Intrinsic Death Pathway—The engulf-
ment 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 recep-
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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-in-
duced death. Wild-type (WT) and Atg5~’~ MEFs were treated with the indi-
cated um concentrations of menadione (A), energy levels of UV light (B), and
uM 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).

tor 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 con-
centrations 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 resist-
ance of Atg5~ '~ cells to death from menadione.

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 endoplas-
mic reticulum stress inducer tunicamycin (50). Tunicamycin
induced a dose-dependent cell death in wild-type cells that was
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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 macro-
autophagy 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 mena-
dione 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 mac-
roautophagy in Atgs5 '~ MEFs induces an up-regulation of
CMA.* We have previously demonstrated that CMA contrib-
utes to the removal of oxidized proteins (24) and that the integ-
rity of this pathway is critical for the preservation of cell viability
during mild oxidative stress (18). Menadione-induced oxida-
tive stress did not significantly alter the rate of total protein
degradation until 24 h, at which time menadione had an inhib-
itory effect on macroautophagy similar to that described for Jo2
and TNF-« (Fig. 6, A and B). We confirmed that the menadi-
one-induced switch from macroautophagy to 3-MA-insensi-
tive 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 dem-
onstrated 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 acti-
vation (18, 51). As we have recently demonstrated,* the num-
bers 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 macroau-
tophagy 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-reg-
ulation could explain the resistance of Atg5~'~ cells to tox-
icity 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).

4S. Kaushik, A.C. Massey, N. Mizushima, and A.M. Cuervo, submitted for
publication.
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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 “Exper-
imental 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 percent-
age 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, repre-
sentative image of the distribution of hsc70 puncta (bar: 5 um). Right, the percentage of LAMP-2A and hsc70
colocalization and the distance of hsc70-containing lysosomes from the nucleus. Data are from the quantifi-
cation 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 experi-

ments (¥, p < 0.001 as compared with wild-type cells).

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-regu-
lation of macroautophagy results in increased CMA could
therefore explain the ability of Atg5~/~ cells to be both sen-
sitized 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 mac-
roautophagy 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 repre-
sent 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 com-
pensate for the loss of macroautophagy.
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Prior studies examining the rela-
tionship of macroautophagy to
death receptor ligand-induced apo-
ptosis have demonstrated an
increase in TNF-a-induced death in
muscle and leukemia cell lines (5,
52). However, MEFs that were
resistant to death from Fas/TNF-«
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became sensitized to death receptor
ligand cytotoxicity with a loss of
macroautophagy. Death was apop-
totic 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 mem-
bers 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 down-
stream effector caspase 3 and the
caspase substrate PARP occurred in
Atg5 /" cells but not wild-type cells
after Jo2 antibody or TNF-« treat-
ment. Thus, the loss of macroauto-
phagy sensitized MEFs to death by
the classical, caspase-dependent
apoptotic pathway. A calpain-gen-
erated 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 frag-
ment does not mediate Jo2- and TNF-«a-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 ¢ from
mitochondria (55). In rat hepatocytes in which macroautoph-
agy was induced by serum deprivation and glucagon, the mito-
chondrial permeability transition led to mitochondrial depolar-
ization and the subsequent movement of these mitochondria
into autophagosomes (56). These findings suggest the possibil-
ity that macroautophagy may limit cellular injury from Fas/
TNF-a by sequestering and degrading mitochondria that have
undergone the mitochondrial permeability transition and pre-
venting their release of pro-apoptotic factors (41, 56). Sugges-
tive that an impairment in this process is the mechanism for
Fas/TNF-a-induced apoptosis in Atg5 '~ MEFs is that
increased cytochrome c release occurred in these cells with Jo2
or TNF-a 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
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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 mito-
chondrial 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 autoph-
agy pro-apoptotic mitochondrial factors augmented caspase 8
activation in our model are data that increased caspase 8 acti-
vation did not occur until a late time point when 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 physiolog-
ical 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 indi-
cate 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-a-mediated cell death, why is mac-
roautophagy not up-regulated under these conditions? It is pos-
sible 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-« treatment abolished the stimula-
tory effect of rapamycin on macroautophagy supports this pos-
sibility. Very little is known about the regulation of basal mac-
roautophagy, but recent descriptions of mTOR-independent
forms of macroautophagy (61, 62) raise the possibility that dif-
ferent 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 express-
ing a mutant or altered protein).

In contrast to prior reports of an induction of macroautoph-
agy 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 pro-
gression, wild-type cells still had significantly higher survival
after Jo2/TNF-« treatment than cells unable to form autopha-
gosomes, suggesting that sequestration of cytosolic contents
rather than their degradation was sufficient for cellular resist-
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ance 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 path-
ways, 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 mito-
chondria 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 pre-
viously 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 macroautophagy functions to promote cell
death. However, the finding that menadione up-regulated pro-
tein 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 find-
ing 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 com-
pensation for the loss of macroautophagy in the form of up-reg-
ulation of CMA, or even other proteolytic pathways, may be the
true mechanism for this effect and lead to the false interpreta-
tion 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 func-
tion 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-a-
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 pro-
tect against death from menadione-induced oxidative damage.
CMA may similarly protect against UV light, which also
induces an oxidative stress (66, 67). Although mitochondria
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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 partic-
ular, 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.
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