MOLECULAR AND CELLULAR BIOLOGY, Dec. 2006, p. 9220-9231
0270-7306/06/$08.00+0 doi:10.1128/MCB.01453-06

Vol. 26, No. 24

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Autophagy Is Activated for Cell Survival after Endoplasmic
Reticulum Stress’

Maiko Ogata,l’zT Shin-ichiro Hino,'f Atsushi Saito,"? Keisuke Morikawa,> Shinichi Kondo,'
Soshi Kanemoto,"* Tomohiko Murakami,'* Manabu Taniguchi,” Ichiro Tanii,’
Kazuya Yoshinaga,' Sadao Shiosaka,” James A. Hammarback,”

Fumihiko Urano,’ and Kazunori Imaizumi'*

Division of Molecular and Cellular Biology, Department of Anatomy, Faculty of Medicine, University of Miyazaki, Kihara 5200,
Kiyotake, Miyazaki 889-1692, Japan'; Division of Structural Cellular Biology, Nara Institute of Science and Technology (NAIST),
8916-5 Takayama, Ikoma, Nara 630-0101, Japan®; Department of Anatomy and Neuroscience, Osaka University Graduate School of
Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan®; Department of Neurobiology and Anatomy,

Wake Forest University School of Medicine, Winston-Salem, North Carolina 27157%; and Program in
Molecular Medicine, University of Massachusetts Medical School, Worcester, Massachusetts 01605°

Received 7 August 2006/Returned for modification 15 August 2006/Accepted 22 September 2006

Eukaryotic cells deal with accumulation of unfolded proteins in the endoplasmic reticulum (ER) by the
unfolded protein response, involving the induction of molecular chaperones, translational attenuation, and
ER-associated degradation, to prevent cell death. Here, we found that the autophagy system is activated as a
novel signaling pathway in response to ER stress. Treatment of SK-N-SH neuroblastoma cells with ER
stressors markedly induced the formation of autophagosomes, which were recognized at the ultrastructural
level. The formation of green fluorescent protein (GFP)-LC3-labeled structures (GFP-LC3 “dots”), represent-
ing autophagosomes, was extensively induced in cells exposed to ER stress with conversion from LC3-I to
LC3-11. In IRE1-deficient cells or cells treated with c-Jun N-terminal kinase (JNK) inhibitor, the autophagy
induced by ER stress was inhibited, indicating that the IRE1-JNK pathway is required for autophagy activation
after ER stress. In contrast, PERK-deficient cells and ATF6 knockdown cells showed that autophagy was
induced after ER stress in a manner similar to the wild-type cells. Disturbance of autophagy rendered cells
vulnerable to ER stress, suggesting that autophagy plays important roles in cell survival after ER stress.

The endoplasmic reticulum (ER) is the compartment in
which protein folding occurs prior to transport to the extracel-
lular surface or different intracellular organelles. A number of
cellular stress conditions lead to the accumulation of unfolded
or misfolded proteins in the ER lumen, constituting a funda-
mental threat to the cell. Such accumulation of incorrectly
folded proteins in the ER triggers the unfolded protein re-
sponse (UPR) to avoid cell damage. The UPR involves at least
three distinct components, namely transcriptional induction of
genes encoding ER-resident chaperones to facilitate protein
folding, translational attenuation to decrease the demands
made on the organelle, and ER-associated degradation
(ERAD) to degrade the unfolded proteins accumulated in the
ER (11, 21, 31). Recent evidence indicates that ER stresses are
associated with generic or degenerative disorders including
Alzheimer’s disease (10, 23) and Parkinson’s disease (7).

In mammalian cells, PERK, IRE1, and ATF6 sense the
presence of unfolded proteins in the ER lumen and transduce
signals to the cytoplasm and the nucleus (32). PERK activation
leads to the phosphorylation of the a subunit of the translation
initiation factor, eIF2a, which inhibits the assembly of the 80S
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ribosome and inhibits protein synthesis. Activation of IREl
and ATF6 promotes transcription of UPR target genes. IRE1
processes XBP1 mRNA to generate mature XBP1 mRNA.
Spliced XBP1 binds directly to the ER stress response element
and the unfolded protein response elements and activates tran-
scription of ER molecular chaperones, such as BiP/GRP78
(BiP), or ERAD-related genes, such as EDEM and ERdj4.
ATF6 is cleaved by site 1 and site 2 proteases (S1P and S2P) in
response to ER stress. The cleaved ATF6 N-terminal fragment
migrates to the nucleus to activate the transcription of BiP
through direct binding to the ER stress response element.
Recently, it was reported that transmembrane transcription
factors localized to the ER membrane (OASIS, CREB-H, and
Tisp40/AIbZIP) function as tissue-specific ER stress transduc-
ers (1, 13, 42).

Despite extensive characterization of the regulatory signal-
ing for the UPR, the morphological changes and determina-
tion of cell fate due to damage caused by ER stress are not well
understood. Moreover, it also remains unknown whether other
signaling pathways are activated in response to ER stress to
deal with the unfolded proteins accumulated in the ER.

Autophagy plays an important physiological role in eukary-
otic cells. A double-membrane structure, which is called the
autophagosome or autophagic vacuole, is formed de novo to
sequester cytoplasm. Then, the vacuole membrane fuses with
the lysosomal membrane to deliver the contents into the au-
tolysosome, where they are degraded and the resulting macro-
molecules recycled. Autophagy gene (ATG)-related proteins
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coordinate specific steps in autophagy induction and seques-
tration. The process is initiated when an isolation membrane is
created under the direction of the class III PI3-kinase complex
and ATG proteins. Two ubiquitin-like protein conjugation
pathways cause the expansion of the isolation membrane. Mi-
crotubule-associated protein light chain 3 II (LC3-II), which is
formed by phosphatidylethanolamine conjugation of LC3-I,
translocates to the autophagosome membrane, the process of
which is essential for the autophagosome formation. Digestion
of the sequestered cytoplasmic contents is initiated when a
lysosome fuses with the outer membrane of the autophago-
some and lysosomal hydrolases are introduced (25). Autoph-
agy occurs at basal levels in most tissues and contributes to the
routine turnover of cytoplasmic components. However, autoph-
agy can be induced by a change of environmental conditions,
such as nutrient depletion. In addition to turnover of cellular
components, autophagy is involved in development, differen-
tiation, and tissue remodeling in various organisms (17). Au-
tophagy is also implicated in certain human diseases (15, 22,
30, 36).

In this study, we examined morphological changes of the
cells under ER stress using electron microscopy and found out
that autophagosome formation is accelerated in the cells under
ER stress. Disturbance of autophagy rendered cells vulnerable
to ER stress, suggesting that autophagy plays important roles
in cell survival after ER stress.

MATERIALS AND METHODS

Plasmids, transfection, reagents, and antibodies. The GFP-LC3 expression
vector was a kind gift from T. Yoshimori (National Institute of Genetics, Shi-
zuoka, Japan). An IREla delta-RNase cDNA was created from the IREla full
vector by PCR and inserted into pcDNA3.1+. The primers used for this exper-
iment were 5'-TCACTATAGGGAGACCCAAGCTGG-3' (sense) and 5'-CTC
GAGCCAGAAGAACGGGTGTTTGAGCACG-3" (antisense). Cells were
transfected with each expression plasmid using the Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA). For back-transfection experiments, full-length
IREla or IREla mutants (C-terminally truncated cytoplasmic region mutant,
K599A mutant, and RNase L domain-truncated mutant) were individually trans-
fected into IREla-deficient mouse embryonic fibroblasts (MEFs). Cells were
treated with tunicamycin (Tm) (Sigma, St. Louis, MO) or thapsigargin (TG)
(Alomone Laboratories Ltd., Jerusalem, Israel) to induce ER stress. To induce
amino acid starvation, the medium was exchanged for Hanks’ balanced salt
solution (Invitrogen). 3-Methyladenine (3-MA) was purchased from Sigma. The
c-Jun N-terminal kinase (JNK) inhibitor SP600125 and rapamycin were pur-
chased from Calbiochem (San Diego, CA). For Western blotting analysis, anti-
caspase-3, anti-JNK, anti-phosphorylated JNK (Cell Signaling Technology, Bev-
erly, MA), anti-mouse immunoglobulin G (IgG) (Sigma), and anti-rabbit IgG
(Sigma) antibodies were used. The anti-LC3 antibody was used as described
previously (19).

Cell culture and assessment of cell death. SK-N-SH cells were maintained in
a-modified Eagle’s medium (MP Biomedicals, Irvine, CA) containing 10% fetal
calf serum at 37°C. ATG5 '~ MEFs, PERK ~/~ MEFs, and ATF6a knockdown
MEFs were kind gifts from N. Mizushima (The Tokyo Metropolitan Institute of
Medical Science, Tokyo, Japan), D. Ron (New York University, New York, NY),
and Laurie H. Glimcher (Harvard School of Public Health, Boston, MA), re-
spectively. MEFs were maintained in Dulbecco’s modified Eagle’s medium (In-
vitrogen) containing 20% fetal calf serum at 37°C. For assessment of cell death,
cells were treated with tunicamycin and thapsigargin for the indicated times and
then stained with 100 uM Hoechst 33258 (Wako Pure Chemical Co., Tokyo,
Japan) in phosphate-buffered saline (PBS) for 20 min. A total of 500 cells were
counted randomly, and apoptotic cells were determined by fluorescence micros-
copy.

Quantification of the GFP-LC3 punctate area. Green fluorescent protein
(GFP)-LC3 transfectants were imaged using a fluorescence microscope
(ECLIPSE TE2000-U; Nikon, Kanagawa, Japan) equipped with a charge-cou-
pled-device camera (ORCA-ER-1394 system; Hamamatsu Photonics K.K., Shi-
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zuoka, Japan). To quantify the amount of GFP-LC3 dots, each dot signal was
detected by eye and the area was measured using the Lumina Vision software
(Mitani Corporation, Fukui, Japan). The dot structures were quantified by two of
the authors in a blinded manner. The ratios of the total areas of GFP-LC3 dots
to the overall cellular areas are presented as percentages.

Western blotting. Cells were washed with PBS, harvested and lysed in Triton
X-100 lysis buffer (0.5% Triton X-100, 10 mM HEPES, pH 7.9, 50 mM Nac(l, 100
mM EDTA, 0.5 M sucrose, and 0.1% protease inhibitor cocktail [Sigma]). The
lysates were then incubated on ice for 30 min and centrifuged at 8,000 X g for 10
min. Equal amounts of protein were subjected to 10 to 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluo-
ride membranes, and immunoblotted with each primary antibody. The mem-
branes were washed with PBS-Tween 20 and then incubated with a peroxidase-
conjugated secondary antibody. The corresponding bands were detected using an
ECL Plus kit (Amersham Biosciences Corp., Piscataway, NJ).

Knockdown of IREla and ATGS5. Annealed double-stranded small interfering
RNAs (siRNAs) for IREla and ATGS were purchased from Proligo Japan K.K.
(Kyoto, Japan). The sequences of the IREla and ATGS siRNAs were described
previously (see references 27 and 3, respectively). A lamin A/C siRNA (QIAGEN,
Valencia, CA) was used as a control. HeLa cells at 60% confluence in 24-well
plates were transfected with 75 ng of each of the above siRNAs using the
HyperFect transfection reagent (QIAGEN) according to the manufacturer’s
protocol. The transfected cells were incubated at 37°C for 12 h and then stim-
ulated by ER stressors.

Electron microscopy. After the indicated treatments, SK-N-SH cells were fixed
in phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde and 2% parafor-
maldehyde at room temperature for 60 min. The cells were postfixed in 1% OsO,
at room temperature for 60 min, dehydrated through graded ethanol solutions,
and embedded in Quetol 812 (Nissin EM Co., Tokyo, Japan). Areas containing
cells were block mounted and cut into 70-nm sections. The sections were stained
with uranyl acetate (saturated aqueous solution) and lead citrate and examined
with a transmission electron microscope (H-7100; Hitachi, Ibaraki, Japan).

Immunoelectron microscopy. GFP-LC3 was detected using a preembedding
silver-enhanced immunogold method (4), with slight modifications as follows.
SK-N-SH cells were cultured on coverslips and transfected with an expression
vector for GFP-LC3. At 30 h after the transfection, the cells were treated with 2
pg/ml tunicamycin for 6 h and then fixed with 4% paraformaldehyde and 0.01%
glutaraldehyde in PBS for 30 min. Samples were permeabilized with 0.1% Triton
X-100 in PBS for 5 min. After incubation with blocking buffer containing 5%
bovine serum albumin, 5% normal goat serum, and 0.02% NaN; in PBS for 30
min, the cells were incubated with a rat anti-GFP antibody (Nacalai Tesque Inc.,
Kyoto, Japan) at a dilution of 1:100 in blocking buffer for 14 h. After four rinses
with blocking buffer over 30 min, the cells were incubated with a goat anti-rat IgG
labeled with 1.4-nm gold particles (Nanoprobes Inc., Yaphank, NY) at a dilution
of 1:50 in blocking buffer for 18 h. After four rinses with PBS over 30 min, the
cells were fixed with 1% glutaraldehyde in PBS for 15 min. After washing, the
gold particles were silver enhanced using an HQ silver enhancement kit (Nano-
probes Inc.) for 8 min at 20°C in the dark. After washing with distilled water, the
cells were postfixed in 0.1% OsO, for 30 min, dehydrated through a graded
ethanol series, and embedded in epoxy resin.

Amino acid uptake assay. Amino acid transport was measured by a modifica-
tion of the method of Kim et al. (12). MEF cells were treated with 2 pg/ml Tm
or 1 pM TG for 2 h, followed by incubation with 1 wCi/ml of *H-amino acids
mixture (Amersham Biosciences Corp.) for 1 h. At the end of the incubation, the
cells were washed three times with cold PBS and then lysed in 0.1% Triton X-100
for subsequent liquid scintillation counting.

RESULTS

Increased autophagosome formation during ER stress. Ini-
tially, an electron microscopic analysis was performed using
neuroblastoma SK-N-SH cells exposed to ER stressors, namely
2 wg/ml tunicamycin, an inhibitor of N glycosylation, and 1 puM
thapsigargin, an inhibitor of ER Ca?*-ATPase. Treatments
with these ER stressors for 2 and 6 h induced the formation of
autophagosomes, which were recognized at the ultrastructural
level as double-membrane vacuolar structures containing visi-
ble cytoplasmic contents (Fig. 1A, panels ¢ to e and g to i).
These ultrastructural findings were also observed in cells de-
prived of amino acids (Fig. 1A, panels b and f), a condition that
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is known to induce autophagy. In contrast, we rarely observed
early autophagosomes and saw no evidence of later structures
of the autophagy pathway in nontreated cells (Fig. 1A, panel
a). The number of autophagosomes was significantly increased
in cells treated with ER stressors compared with nontreated
cells (Fig. 1B). Autolysosomes, which are recognized as single-
membrane vacuolar structures containing high-density materi-
als, also appeared in cells exposed to the ER stressors (Fig. 1A,
panels d, e, and i). Some of the cells treated with the ER
stressors revealed the formation of multivesicular body-like
vesicles (Fig. 1A, panels ¢ and g) and often contained multi-
lamellar structures within the autophagosomes, findings that
differ from those for cells deprived of amino acids. To confirm
that treatment with tunicamycin or thapsigargin does not in-
duce a starvation phenotype, we examined nutrient uptake in
cells exposed to ER stress. These cells did not show changes in
nutrient uptake compared with that for nontreated control
cells, at least 2 h after treatment with ER stressors, when
autophagy was induced (Fig. 1C). The results indicated that
autophagosome formation is due to ER stress but not to a
starvation phenotype.

Next, GFP-LC3 fluorescence was used to monitor autophagy
in cells transiently transfected with an expression vector for
GFP-LC3 (8). The formation of GFP-LC3-labeled structures
(GFP-LC3 “dots”), representing autophagosomes, was exten-
sively induced in cells exposed to ER stress (Fig. 1D). Mor-
phometric analysis of the GFP fluorescence images revealed
that the GFP-LC3-positive areas occupied ~0.38% and
~1.29% of the total cytoplasmic area in the absence and pres-
ence of thapsigargin, respectively, indicating that the area in-
creased by about 3.4-fold after treatment with thapsigargin
(Fig. 1E). The same effects were also observed after treatment
with tunicamycin. Immunoelectron microscopic analysis re-
vealed the presence of immunogold particles, indicating GFP-
LC3-positive signals, on the membranes of the autophago-
somes (Fig. 1G). Furthermore, Western blotting analysis
demonstrated that the amount of membrane-bound LC3-II
(the phosphatidylethanolamine-conjugated form; 9) was in-
creased in cells exposed to ER stress (Fig. 2A and B). The level
of LC3-II in cells incubated in the presence of a lysosomal
inhibitor, E64d, was significantly increased (Fig. 2C and D),
suggesting that some LC3-II molecules are subject to lyso-
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somal-dependent turnover. These experiments indicate that
LC3 is activated after ER stress and that ER stress induces the
formation of autophagosomes, consistent with the results ob-
tained by microscopy.

GFP-LC3 dot formation was inhibited by pretreatment with
3-MA (Fig. 1D and E), a nucleotide derivative that inhibits the
earliest stages of autophagosome formation (33), similar to the
effect of amino acid starvation, indicating that the target of
3-MA is required for the autophagic vacuole formation in-
duced by ER stress, similar to the cases for amino acid star-
vation and treatment with rapamycin (data not shown).

Finally, to confirm whether the autophagy signaling pathway
was also required for ER stress-dependent autophagy, we in-
vestigated autophagosome formation after ER stress in ATGS5-
deficient cells (16). ATGS is an acceptor molecule for the
ubiquitin-like molecule ATG12 and is required for elongation
of the autophagic isolation membrane (20). The GFP-LC3
expression vector was transfected into ATGS5-deficient MEFs,
and GFP-LC3 dot formation was examined. The area of the
GFP-LC3 dots increased in wild-type MEFs after ER stress,
whereas no change was observed in ATGS5-deficient MEFs
(Fig. 1D and F). Moreover, no endogenous LC3 processing
was observed in ATG5 /" cells during ER stress (data not
shown). Taken together, we conclude that ER stress activates
the formation of autophagosomes mediated by essential mol-
ecules for autophagy, including ATGS.

IRE1 signaling pathway is required for activation of autoph-
agy induced by ER stress. The three major transducers of the
UPR are IRE1, PERK, and ATF6, which all sense the pres-
ence of unfolded proteins in the ER lumen and transduce
signals to the nucleus or cytosol. Therefore, we postulated that
one of these transducers must activate the signaling required
for the formation of autophagosomes in response to ER stress.
We tested this hypothesis using IREa-, IRE1laf-, and PERK-
deficient cells, as well as ATF6ap knockdown cells. Among
these cells, IRElap-deficient MEFs (Fig. 3A to C) and
IREla-deficient MEFs (data not shown) showed no elevation
of GFP-LC3 dot formation during ER stress. In contrast,
amino acid deprivation induced the formation of LC3-labeled
structures in IRE1-deficient MEFs, and this formation was
inhibited by pretreatment with 3-MA (Fig. 3C). These results
suggest that the autophagy signaling pathway in the cytosol is

FIG. 1. Autophagosome formation is activated by ER stress. (A) Electron microscopic analysis of SK-N-SH cells exposed to 2 pg/ml Tm, 1 pM
TG, or amino acid deprivation for the indicated times. Panels f to i are high magnification images of panels b to e, respectively. Typical
autophagosomes (arrows), autolysosomes (arrowheads), and multivesicular bodies (indicated by double arrows in ¢ and shown in the inset in g)
are indicated. Scale bars, 1 wm. (B) The numbers of autophagosomes in SK-N-SH cells after exposure to the indicated stimuli for 2 h. A total of
30 electron microscopical sections were prepared, and autophagosomes were defined as double- or multiple-membrane structures in the cytosol.
The values are the means * standard deviations of three independent experiments. Asterisks indicate a significant difference from control cells
(%%, P < 0.01) (Student’s ¢ test). (C) Nutrient uptake after ER stress. MEF cells were treated with 2 pg/ml Tm or 1 pM TG for 2 h and then
subjected to amino acid uptake assay as described in Materials and Methods. Results were expressed as the percentages of the counts compared
with those in the absence of Tm or TG. The values are the means = standard deviations of three independent experiments. (D) Autophagosome
formation in SK-N-SH cells or ATG5-deficient (ATG57/~) MEFs treated with ER stressors (left panels, whole fields; right panels, high
magnification images). Cells were transfected with an expression vector for GFP-LC3 and then stimulated by each stressor for 2 h. The formation
of GFP-LC3-labeled punctate structures is observed in cells exposed to Tm, TG, and amino acid starvation. Note that the GFP-LC3 dot formation
is inhibited by treatment with 10 mM 3-MA and in ATG5 /" cells. (E and F) Quantification of the GFP-LC3-labeled punctate areas in the
SK-N-SH cells (E) and MEFs (F) shown in panel D. The ratios of the total GFP-LC3 dot areas to the overall cellular areas are shown as
percentages. The values are the means * standard deviations of three independent experiments. Asterisks indicate a significant difference from
control cells (*%, P < 0.01; *, P < 0.05) (Student’s ¢ test). WT, wild type. (G) Immunoelectron microscopic analysis of SK-N-SH cells transiently
transfected with an expression vector for GFP-LC3. Cells were exposed to 2 pg/ml Tm for 6 h. Immunogold particles of GFP-LC3 (arrows) are
present on the membranes of autophagosomes. Scale bar, 1 pm.
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FIG. 2. Conversion of LC3 by ER stress. (A) Western blotting of endogenous LC3 in MEFs after exposure to various stimuli. Each stress results
in conversion of LC3-I to LC3-1I. (B) Quantitative analysis of intensities of Western blotting. Values are arbitrary intensities of each band of
Western blotting. (C) Western blotting of endogenous LC3 in MEFs after exposure to TG in the presence or absence of E64d. Note that treatment
with E64d promotes accumulation of LC3-II. (D) Quantitative analysis of intensities of Western blotting.

functional in IRE1-deficient cells, whereas the signaling path-
way that activates autophagy from the ER is disturbed in those
cells. It is notable that the GFP-LC3 punctate formation in-
duced by amino acid starvation was inhibited at approximately
50% in IRE1aB-deficient cells compared with that in wild-type
cells (Fig. 3C). To ascertain whether IREL1 is also required for
starvation-induced autophagy, we examined the dot formation
of GFP-LC3 in cells treated with IRE1 siRNA. Dot formation
after amino acid starvation was induced as well as in the con-
trol cells, although autophagy induced by ER stress was inhib-
ited in cells treated with IRE1 siRNA (Fig. 3D). The results
indicated that IRE1 was not required for autophagosome for-
mation after amino acid starvation. The reasons that IRE1-

deficient cells showed a 50% reduction in starvation-induced
autophagy are unknown, but clonal variation of IRE1-deficient
cells could have a role.

Endogenous LC3 processing was induced by ER stress in
IRElaB-deficient cells in a manner similar to that in wild-type
cells (Fig. 4A), whereas treatment of IRElap-deficient cells
with E64d attenuated the accumulation of LC3-II after ER
stress (Fig. 4B). The findings indicate that LC3 is processed
after ER stress but is not recruited on the membrane of auto-
phagosome and not subject to degradation by the lysosome.
These results raise the possibility that IRE1 signaling may be
required at a point in the cascade that is later than the LC3
processing stage. However, it remains unclear how recruitment
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FIG. 3. Autophagosome formation is inhibited in IRE1-deficient cells. (A) Autofluorescence of GFP-LC3 in wild-type MEFs and IREla-
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for 2 h. (B and C) Quantification of the GFP-LC3-labeled punctate areas in the cells. The values are the means * standard deviations of three

independent experiments. Asterisks indicate a significant difference from control cells (**, P < 0.01;

*, P < 0.05) (Student’s ¢ test). WT, wild type.

(D) Quantification of the GFP-LC3-labeled punctate areas in cells treated with IREla siRNA. Note that treatment with IREla siRNA inhibits
the formation of autophagosomes induced by ER stress but not by amino acid starvation. The right panel shows IREla protein levels in HeLa cells
treated with IREla or control siRNA (lamin A/C). In IREla siRNA-treated cells, the protein levels of IREla are reduced.

of LC3 to autophagosomes (GFP-LC3 dot formation) is inhib-
ited despite the intact processing of LC3 in IRE1aB-deficient
cells. One possibility is that IRE1-independent signaling may
be involved in the intact processing of LC3 during ER stress.
In PERK-deficient cells, GFP-LC3 dot formation was sig-
nificantly increased after ER stress (Fig. 4C). Furthermore,
treatment of PERK-deficient cells with E64d caused accumu-
lation of LC3-II after ER stress similar to that in wild-type cells
(Fig. 4D). ATF6ap knockdown MEFs showed GFP-LC3 dot
formation similar to that with control MEFs (data not shown).
The expression levels of GFP-LC3 in cells used in each exper-
iment were almost equivalent (Fig. 4E). Taken together, these
results indicate that the PERK and ATF6 pathways do not play
important roles in activation of autophagy after ER stress.
To analyze the detailed signaling pathway from IREL1 to the

formation of autophagosomes, expression vectors for various
mutants of IREla (Fig. 5A) and GFP-LC3 were cotransfected
into IREla-deficient cells, and the formation of GFP-LC3 dots
was examined. Transfection of full-length IREla into IREla-
deficient cells recovered the GFP-LC3 dot formation (Fig. 5B
and C). The same result was obtained when the RNase L
domain-truncated mutant was introduced into the cells, al-
though the level of recovery was lower than that for full-length
IREla. Mutants with a C-terminally truncated cytoplasmic
region (10) and a Lys599-to-Ala (K599A) mutation that abol-
ishes the kinase activity (37) could not recover the GFP-LC3
dot formation, suggesting that the kinase domain in IREl« is
required for autophagy activation after ER stress. The phos-
phorylation level of the RNase L domain-truncated mutant
was lower than that of full-length IREl« after ER stress (Fig.
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(D) MEFs after exposure to TG in the presence or absence of E64d. (C) Quantification of the GFP-LC3-labeled punctate areas in the
PERK-deficient cells. The values are the means * standard deviations of three independent experiments. Asterisks indicate a significant difference

from control cells (**, P < 0.01;

*, P < 0.05 (Student’s ¢ test). (E) Expression levels of GFP-LC3 in the cells used in each experiment. Cell lysates

from each experiment were subjected to Western blotting analyses with anti-GFP and anti-B-actin antibodies.

5D). Therefore, the lower level of phosphorylation of the
RNase L domain-truncated mutant could attenuate the down-
stream signaling and partially reduce the formation of the
GFP-LC3 dot structure compared with that for the full-length
IREL.

It has been shown that activated IRE1 on the ER membrane
recruits tumor necrosis factor receptor-associated factor 2
(TRAF2) and then activates JNK and that this JNK activation
requires the kinase activity of IRE1 (37). That report and our
present results raise the possibility that the autophagy acti-
vated during ER stress is mediated by JNK after activation by
the IRE1 kinase domain. Therefore, we subjected MEFs trans-
fected with the GFP-LC3 expression vector to treatment with
a JNK inhibitor, SP600125. The punctate GFP-LC3 dot for-
mation observed in the cells after ER stress was significantly
reduced in cells treated with the JNK inhibitor, although the
JNK inhibitor did not suppress autophagosome formation af-
ter amino acid starvation (Fig. SE). To confirm that the IRE1-
TRAF2-JNK pathway plays an important role in activation of
autophagosome formation after ER stress, we cotransfected
expression vectors for dominant-negative TRAF2 (40) and
GFP-LC3 into SK-N-SH cells and then treated the cells with
thapsigargin. The introduction of dominant-negative TRAF2
inhibited the GFP-LC3 dot formation (Fig. SF). In contrast,

dominant-negative TRAF2 did not affect activation of autoph-
agy after amino acid starvation. Taken together, these results
suggest that activation of JNK through the IRE1-TRAF2 path-
way is indeed required and plays a role specifically in autoph-
agy activation during ER stress.

Protective effects of autophagy on cell death induced by ER
stress. Paradoxically, autophagy can serve to protect cells (29,
41) but may also contribute to cell damage (5, 39). To examine
whether the autophagy induced by ER stress plays roles in cell
survival or cell death, cells in which autophagy was blocked by
3-MA were exposed to ER stress. The 3-MA-treated cells
underwent dramatic cell death (Fig. 6A and B) and revealed
more rapid cleavage of caspase-3 after ER stress compared to
that for nontreated cells (Fig. 6C). We further analyzed the
sensitivity of ATGS-deficient MEFs to ER stress. Cells ex-
posed to tunicamycin or thapsigargin were examined for ER
stress-dependent cell death at the indicated times (Fig. 6D).
ATGS5-deficient cells showed significantly increased vulnerabil-
ity to ER stress, as well as more rapid activation of caspase-3,
compared with wild-type cells (Fig. 6E). Furthermore, cells
treated with an ATGS siRNA showed more sensitivity to ER
stress than control cells (Fig. 6F). These results indicate that
inhibition of autophagy enhances the cell death induced by ER
stress. In contrast, cells pretreated with rapamycin, which was
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previously shown to effectively inhibit mTOR function and
induce autophagy (2, 26), were more resistant to ER stress-

stress. In contrast, it is well established that JNK activation
after ER stress is necessary for apoptosis induction (24, 37).

induced cell death than control cells (Fig. 6G). Taken together,
we conclude that autophagy plays pivotal roles in protecting
against the cell death induced by ER stress.

JNK activation in the early phase of ER stress is essential
for autophagy. As demonstrated in the present study, activa-
tion of JNK is required for the autophagy induced by ER

Therefore, in order to separate the effect of ER stress on the
induction of autophagy from its effect on the induction of
apoptosis, we established experimental conditions under which
ER stress activated autophagy but did not induce apoptosis.
Specifically, the cells were treated with 0.5 pg/ml tunicamycin
for 1 h, and the medium was then washed out and exchanged

Treatment with 3-MA accelerates its cleavage. (D) Quantification of cell death in ATGS5-deficient MEFs after ER stress. Wild-type or ATGS5-
deficient MEFs were stimulated with 2 pg/ml Tm or 1 pM TG for the indicated times. The values are the means =+ standard deviations of three
independent experiments. Asterisks indicate a significant difference from wild-type MEFs (**, P < 0.01) (Student’s ¢ test). (E) Western blotting
of caspase-3 in ATGS5-deficient cells after ER stress. (F) Cell death assay of HeLa cells treated with an ATGS5 siRNA (left panel). Cells transfected
with each siRNA (final concentration, 10 nM) were incubated at 37°C for 12 h and then stimulated with 2 pg/ml Tm or 50 nM staurosporine (STS),
which is an inducer of apoptosis but does not lead to ER stress, or were not stimulated (Control). Note that ATGS siRNA accelerated cell death
by Tm but not by STS. The right panel and lower panel show the effects of the ATGS siRNA or control siRNA (lamin A/C) on ATG5 mRNA
(right) or protein (lower) expression in HeLa cells. (G) Quantification of cell death after ER stress with or without 1 wM rapamycin. The values
are the means * standard deviations of three independent experiments. Asterisks indicate a significant difference from rapamycin-untreated cells
(%%, P < 0.01; %, P < 0.05) (Student’s ¢ test).
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for fresh medium. These conditions led the cells toward autoph-
agy as shown in Fig. 1C but not toward apoptosis (Fig. 7A and
B). At the same time, phosphorylated forms of JNK were
upregulated (Fig. 7C), indicating that JNK is indeed activated
and correlated with the autophagosome formation. In contrast,
pretreatment of the cells with a JNK inhibitor suppressed the
autophagosome formation. When cells were treated with tunica-
mycin for 24 h, they underwent apoptosis involving sustained
activation of JNK and activation of caspase-3 (Fig. 7B, C, and
D). These results indicate that JNK activation in the early
phase of ER stress is needed to activate autophagy but does
not induce apoptosis. In contrast, sustained activation of JNK
for 24 h by ER stress could cause apoptosis.

DISCUSSION

We found activation of the autophagy system during ER
stress. Our hypothesis that autophagy is induced during ER
stress is supported by the following points: first, all ER stres-
sors we examined activated the autophagosome formation,
which was shown in examinations of electron microscopy and
LC3 dot formation; second, LC3 was converted from LC3-I to
LC3-1I in response to ER stress; third, autophagy induced by
ER stress was inhibited in IRE1-deficient cells. Unfolded or
misfolded proteins in the ER lumen are retrotranslocated
through the translocon to the cytoplasm, where they are usu-
ally ubiquitinated and degraded by the proteasome. Our
present study has demonstrated the possibility that autophagy
could act as a degradation system for unfolded proteins accu-
mulated in the ER in addition to ERAD.

In Saccharomyces cerevisiae, both the AVps30/Atg6 strain,
which is unable to degrade the Z variant of human a1 protein-
ase inhibitor (A1PiZ) by ERAD, and the AAtg14 strain, which
is unable to induce autophagy, have shown less degradation of
A1PiZ and resultant constitutive activation of UPR than the
wild type (15). The findings support our notion that unfolded
proteins are dealt with by both ERAD and autophagy systems
and disturbance of these degradation systems damages cells by
ER stress. Recently, autophagy was demonstrated to play a
role in the maintenance of ATP production from catabolism of
intracellular substrates for cell survival after growth factor
withdrawal (18). It is conceivable that autophagy after ER
stress also allows for maintenance of energy homeostasis to
protect against cell death.

It has been reported that autophagy is induced via elF2a
phosphorylation during starvation in S. cerevisiae and during
starvation and viral infection in mammalian cells (35). There
are four elF2a kinases (GCN2, PKR, PERK, and HRI) which
are activated by amino acid starvation, viral infection, ER
stress, and heme depletion, respectively (6). The previous find-
ings raise the possibility that the PERK-elF2a pathway may
associate with activation of autophagy after ER stress. Surpris-
ingly, our present data showed that the PERK-eIF2a pathway
is not essential for ER stress-induced autophagy because au-
tophagosome formation and LC3-II conversion was induced
intact in PERK-deficient cells. Recently, Kouroku et al. re-
ported that expanded polyglutamine (polyQ)-induced ER
stress activates autophagosome formation with LC3 conversion
from LC3-I to -1 via the PERK-eIF2a pathway (14). However,
in that paper, they did not examine whether agents that spe-
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cifically induce ER stress such as tunicamycin or thapsigargin
activate autophagosome formation via the PERK-eIF2a path-
way and whether autophagy is induced in PERK-deficient cells.
The cytoplasmic aggregates of malfolded proteins such as
polyQ induce ER stress by the accumulation of unfolded pro-
teins in the ER due to the inhibition of proteasome activity and
retrotranslocation from ER to cytosol; that is, inhibited ERAD
results in ER stress, so it is not the direct effect of polyQ. There-
fore, polyQ aggregation could activate elF2« via cytosolic eIF2a
kinases independent of ER elF2a kinase PERK.

We have also demonstrated that JNK activation mediated
by IREL1 in the early phase of ER stress is required for auto-
phagosome formation after ER stress but is not sufficient for
the induction of apoptosis. In contrast, sustained activation of
JNK for 24 h by ER stress could cause apoptosis. It remains
unclear whether the activated JNK pathway after ER stress can
affect the functions of mTOR, which occupies a central posi-
tion in the signaling cascade of autophagy in eukaryotic cells
(34), or can associate with a novel signaling pathway for the
activation of autophagy. Furthermore, even in IRE1-deficient
cells, LC3-II formation was intact after ER stress, indicating
that a signaling pathway other than the IRE1-JNK pathway
may also play important roles in the activation of autophagy
signaling after ER stress. The detailed signaling pathway for
activation of the autophagy induced by ER stress awaits further
analysis. Both autophagy and ER stress have been implicated
in certain human diseases, such as Parkinson’s disease (38) and
Huntington’s disease (28, 30), and exploration of the novel
signaling pathways relevant to ER stress and autophagy could
lead to the development of new therapeutic strategies for these
diseases.
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