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Background: AT-1 is an ER membrane transporter that regulates the influx of acetyl-CoA into the ER lumen.
Results: IRE1/XBP1 controls the induction of autophagy by regulating AT-1 expression levels and Atg9A acetylation.
Conclusion: AT-1 acts downstream of the UPR to control ERAD(II).
Significance: Close regulation of the acetylation status of the ER is essential for cell viability during the UPR.

One of themain functions of the unfolded protein response is
to ensure disposal of large protein aggregates that accumulate in
the lumen of the endoplasmic reticulum (ER) whereas avoiding,
at least under nonlethal levels of ER stress, cell death. When
tightly controlled, autophagy-dependent ER-associated degra-
dation (ERAD(II)) allows the cell to recover from the transient
accumulation of protein aggregates; however, when unchecked,
it can be detrimental and cause autophagic cell death/type 2 cell
death. Here we show that IRE1/XBP1 controls the induction of
autophagy/ERAD(II) during the unfolded protein response by
activating the ERmembrane transporter SLC33A1/AT-1, which
ensures continuous supply of acetyl-CoA into the lumen of the
ER. Failure to induce AT-1 leads to widespread autophagic cell
death.Mechanistically, the regulation of the autophagic process
involves N�-lysine acetylation of Atg9A.

One of the essential functions of the endoplasmic reticulum
(ER)2 is to ensure that proteins that reside within and transit
along the secretory pathway are properly folded (1, 2). Proteins
that fail quality control are retained in the ER and directed
toward the ER-associated degradation (ERAD). In contrast to
incorrectly folded polypeptides, which are typically retro-trans-
located to the cytosol and sent to the proteasome, large protein
aggregates are mostly dealt with by expanding the ER and acti-
vating autophagy (3). This process is still part of ERAD, and the
terms ERAD(I) and ERAD(II) have also been used to differen-
tiate the proteasome-dependent from the autophagy-depen-
dent process, respectively. When tightly controlled, autophagy
can allow the cell to recover from the transient accumulation of
protein aggregates; however, when unchecked, it can be detri-

mental and cause autophagic cell death (also referred to asType
2 programmed cell death) (4, 5). Therefore, “check points”must
be in place to keep autophagy/ERAD(II) under control.
Both ERAD(I) and ERAD(II) are under the control of the

unfolded protein response (UPR) signaling pathway, which in
mammalian cells consists of three main branches: the inositol-
requiring protein-1 (IRE1), the activating transcription factor-6
(ATF6), and the protein kinase RNA (PKR)-like ER kinase
(PERK). Together they signal to the nucleus to correct possible
imbalances resulting in ER stress (1, 6–8). A recent study has
revealed that down-regulation of X-box-binding-1 protein
(XBP1), which acts immediately downstream of IRE1, results in
uncontrolled autophagy (9, 10), suggesting that IRE1/XBP1 sig-
naling might serve as the regulatory check point for the induc-
tion of autophagy during the UPR. However, the downstream
targets responsible for such a regulatory function are unknown.
Also unknown is the possible involvement, if any, of ATF6 and
PERK.
Our group has recently reported that mammalian cells are

able to acetylate the N�-lysine residue of nascent membrane
proteins in the lumen of the ER (11–14). This event was initially
discovered while studying the mechanisms that regulate the
levels of �-site amyloid precursor protein (APP)-cleaving
enzyme 1 (BACE1), a type I membrane protein that is involved
in the pathogenesis of Alzheimer disease (11). However, it is
now clear that this process is not limited to BACE1. In fact,
other membrane and secreted proteins as well as ER-resident
proteins that are involved with synthesis and folding of nascent
proteins in the ER lumen are also acetylated (12, 14–16). There-
fore, it is likely that the ER acetylationmachinery exerts a more
global function that is essential for the homeostasis of the
organelle.
The import of acetyl-CoA into the ER lumen by the ERmem-

brane transporter SLC33A1/AT-1 is the key step for the
intraluminal acetylation of ER-resident and -transiting pro-
teins. In fact, acetyl-CoA serves as the donor of the acetyl group
in the reaction of N�-lysine acetylation; as a result, changes in
acetyl-CoA influx dramatically affect the acetylation status of
the ER (14).
AT-1 appears to be essential for cell viability. In fact, down-

regulation of AT-1 in the zebrafish causes embryonic lethality
and severe morphological defects as well as defective neuronal
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outgrowth in the surviving animals (17), whereas down-regula-
tion of AT-1 in cultured cells causes engulfment and enlarge-
ment of the ER followed by induction of autophagy and wide-
spread cell death (14). Interestingly, AT-1 is up-regulated
during the differentiation of B cells into immunoglobulin-se-
creting plasma cells, a process that involves expansion of the ER
and activation of “nonlethal levels” of ER stress with the pur-
pose of secreting a large quantity of correctly folded immuno-
globulins (18). The above should also be viewed together with
the fact that a large set of ER-resident proteins involved with
synthesis, folding, and disposal of unfolded/misfolded protein
intermediates is acetylated in the lumen of the organelle (16).
Therefore, it is possible that AT-1 plays an important role in
regulating certain ER functions that are essential for cell viabil-
ity, hence the lethality associated with the lack of AT-1 (14, 17),
and that need to be activated under conditions associated with
ER stress, hence the up-regulation of AT-1 during the B cell-to-
plasma cell transition (18). Perhaps the above considerations
can also explain the disease association. In fact, AT-1 ismutated
in patients affected by autosomal dominant spastic paraplegia-
42 (SPG42) (17). Although the molecular mechanism of the
disease association has not been dissected yet, enlarged ER
tubules as well as generalized defects of the ER network consti-
tute commonmorphological features of spastic paraplegia neu-
rons (19).
Here we show that IRE1/XBP1 controls the induction of

autophagy/ERAD(II) by activating the expression of the ER
membrane transporter AT-1, which ensures continuous supply
of acetyl-CoA into the lumen of the ER. Failure to induce AT-1
leads to widespread cell death. Mechanistically, the regulation
of the autophagic process involves N�-lysine acetylation of the
autophagy protein Atg9A. Finally, neither ATF6 nor PERK sig-
naling appears to be involved in the regulation of the
autophagic process.

EXPERIMENTAL PROCEDURES

Cell Cultures—Human neuroglioma (H4) and Chinese
hamster ovary (CHO) cell lines were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% pen-
icillin/streptomycin/glutamine solution (Mediatech). Stable
transfectionwas performed using Lipofectamine 2000 (Invitro-
gen), and the culturemediawere supplementedwith 350�g/ml
G418 sulfate (Mediatech). Cells were maintained at 37 °C in a
humidified atmosphere with 5% CO2.
For ceramide treatment, cells were plated at a density of 9000

cells/cm2 in DMEM supplemented as above. 24 h later, they
were switched to DMEM supplemented with 0.5% FBS and
maintained under these conditions for an additional 24 h prior
to treatment. C6-ceramide (hereafter referred to as ceramide;
Matreya) was added to the culture media at the final concen-
tration of 10 �M.
Antibodies—The following primary antibodies were used:

anti-acetylated lysine (1:1000; Abcam); anti-Atg9A (1:2000;
Epitomics); anti-c-Myc (1:1000; Santa Cruz Biotechnology);
anti-AT1/SLC33A1 (1:500; Abnova); anti-beclin 1 (1:1000; Cell
Signaling); and anti-�-actin (1:1000; Cell Signaling).
Immunoprecipitation and Western Blot Analysis—Protein

extracts were prepared in GTIP buffer (10 mM Tris, pH 7.6, 2

mM EDTA, 0.15 M NaCl) supplemented with 1% Triton X-100
(Roche Applied Science), 0.25% Nonidet P-40 (Roche Applied
Science), Complete protein inhibitor mixture (Roche Applied
Science), and phosphatase inhibitors (mixture set I and set II;
Calbiochem). Protein concentration was measured by the
bicinchoninic acid method (Pierce).
Immunoprecipitation was performed in protein extracts

(300 �g) from enriched preparations of internal membranes
(cell organelles). Briefly, cells were lysed in homogenization
buffer pH 7.4 (10 mM triethanolamine, 10 mM acetic acid, 250
mM sucrose, 1 mM EDTA, 1 mM DTT, and Complete protease
inhibitor mixture (Roche Applied Science)) using a Dounce
Teflon homogenizer and a 25-gauge 5/8 insulin syringe. Total
homogenates were centrifuged at 1500 � g for 5 min at 4 °C,
and the supernatant was carefully removed and centrifuged at
20 psi for 15min using a Beckman-Coulter air-driven ultracen-
trifuge. The pellet containing the internal membranes was
resuspended in GTIP buffer supplemented as described above
and incubated for 30 min on ice. After centrifugation at 10,000
rpm for 10 min at 4 °C, the supernatant containing the protein
extracts was carefully removed. Immunoprecipitation was per-
formed using either anti-Atg9A (1:50; Epitomics) or anti-acety-
lated lysine (1:100; Cell Signaling) antibodies and BioMag pro-
tein A magnetic particles (Polysciences, Inc.) as described
previously (13). Overexpressed Atg9A-Myc fusion protein was
purified using the ProFound c-Myc tag IP/Co-IP kit (Pierce) as
described (13).
Protein samples prepared in reducing NuPAGE� LDS sam-

ple buffer (Invitrogen) were subjected to electrophoresis using
precast NuPAGE�Novex 4–12% Bis-Tris gels (Invitrogen) and
transferred to nitrocellulose membranes (Invitrogen). Mem-
branes were blocked for 1 h in Tris-buffered saline (TBS) con-
taining 5% bovine serum albumin (BSA; Sigma) followed by an
overnight incubation with primary antibody diluted in 5% BSA
in TBS, 0.1% Tween� 20 (TBST). After washing with TBST,
membranes were incubated with goat anti-rabbit Alexa Fluor
680- or goat anti-mouse Alexa Fluor 800-conjugated secondary
antibodies (LI-COR Biosciences). Membranes were imaged
and quantified using the LI-COROdyssey infrared imaging sys-
tem (LI-CORBiosciences). ForAT-1Western blot,membranes
were incubated with peroxidase-conjugated secondary anti-
body (GE Healthcare). Densitometric analysis was performed
using the National Institutes of Health Image program.
Real-time PCR—Real-time PCR was performed as described

before (14). The cycling parameters were as follows: 95 °C, 10 s;
55 or 59 °C, 10 s; 72 °C, 15 s. Controls without reverse transcrip-
tion were included in each assay. Specific primers are shown in
supplemental Table S1. Gene expression levels were normal-
ized against GAPDH levels and expressed as the percentage of
control.
Plasmid Constructs—Human AT-1 (NM_004733) cDNA

was obtained from OriGene (SC117182) and cloned into
pcDNA3.1AMyc/His (Invitrogen) and pcDNA3.1V5/His/
TOPO (Invitrogen) (14). The cDNA of human Atg9A
(NM_024085.2) with a C-terminal fusion of Myc-DDK tag in
the expression vector pCMV6-Entry was obtained from Ori-
Gene (RC222513).

Acetyl-CoA Influx into the ER Lumen and Autophagy

29922 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 35 • AUGUST 24, 2012

http://www.jbc.org/cgi/content/full/M112.363911/DC1


Site-directed Mutagenesis—Mutagenesis of Atg9A was
performed using the QuikChange Lightning site-directed
mutagenesis kit (Stratagene) according to manufacturer’s pro-
tocol. Residues lysine 359 and lysine 363 were mutated to glu-
tamine using the following primers: forward, 5�-GCCTCAAC-
CGTGGCTACcagCCCGCCTCCcagTACATGAATTGC-3�
and reverse, 5�-GCAATTCATGTActgGGAGGCGGGctgGT-
AGCCACGGTTGAGGC-3�. The same residues were also
mutated to arginine using the following primers: forward, 5�-
GCCTCAACCGTGGCTACaggCCCGCCTCCaggTACATG-
AATTGC-3� and reverse, 5�-GCAATTCATGTAcctGGAGG-
CGGGcctGTAGCCACGGTTGAGGC-3�. The presence of the
mutations and the full-length gene sequences were confirmed
by DNA sequencing (performed at the DNA Sequencing Facil-
ity of the University of Wisconsin-Madison Biotechnology
Center).
RNA Interference—Cells were plated at a density of 8300

cells/cm2 in DMEM supplemented as described above and
transfected with 10 nM siRNA against XBP-1 (Mm_Xbp1_2;
Qiagen), ATF6 (Hs_ATF6_5; Qiagen), PERK (Hs_EIF2AK3_5;
Qiagen), or AT-1/SLC33A1 (Hs_SLC33A1_5; Qiagen) using
the HiPerFect transfection reagent (Qiagen). During the 3- or
4-day experiments, the siRNA was reapplied 48 h after the ini-
tial treatment. Nonsilencing siRNA (AllStars negative control;
Qiagen) was used as a control.
Electron Microscopy—Transmission electron microscopy

was performed at the Electron Microscopy Facility of the Wil-
liam S. Middleton Memorial Veterans Hospital (Madison, WI)
and University of Wisconsin-Madison. Briefly, cells were fixed
with 2.5% glutaraldehyde in phosphate buffer (pH 7.2) and
immediately scraped with a rubber policeman. After cells were
fixed for 1 h at 4 °C, they were centrifuged at 5000 � g. Cell
pellets were rinsed in Sorenson’s phosphate wash buffer, post-
fixed in Caulfield’s osmium tetroxide plus sucrose, and rinsed
again in wash buffer. All supplies and reagents were from Elec-
tron Microscopy Sciences. Cell pellets were dehydrated in a
graded series of ethanol and propylene oxide and embedded in
BEEM capsules using EMbed 812 resin. Polymerization was
thermally induced by incubating the samples overnight at
60 °C. Thin sections (70–80 nm) were cut and mounted on
copper grids, stained with filtered 7.7% uranyl acetate, and
counterstained with Reynolds lead citrate. Sections were
observed using a transmission electron microscope (H-7650;
Hitachi) operated at 80 kV.
Autophagy Assay by LC3B-GFP Imaging—The induction of

autophagy was detected with the PremoTM autophagy sensor
LC3B-GFP BacMam 2.0 kit (Invitrogen). Briefly, 3 days after
siRNA treatment, cells were transduced with BacMam LC3B-
GFP at amultiplicity of infection of 30 plaque-forming units per
cell. Autophagy-defective LC3B(G120A)-GFP served as nega-
tive control, whereas chloroquine diphosphate (100 �M) was
used to induce autophagy (positive control). 24 h after trans-
duction, cells were fixed on ice with 4% paraformaldehyde in
Dulbecco’s phosphate-buffered saline (PBS).Nuclei were coun-
terstained with 4�,6-diamidino-2-phenylindole (DAPI; Invitro-
gen). Slidesweremounted usingGel/Mount aqueousmounting
medium (Biomeda) and imaged on a Zeiss AxioVert 200
inverted fluorescent microscope. Autophagy was quantified in

a minimum of 500 cells per condition, and cells withmore than
five LC3B-GFP puncta were considered autophagic.
LC-MS/MS Analysis—MS analysis was performed by the

Mass Spectrometry facility at the University of Wisconsin-
Madison as described previously (11). Modified peptides were
identified with theMascot search engine (Matrix Science, Lon-
don, UK) via automated database searching of all tandemmass
spectra.
Statistical Analysis—Data analysis was performed using

GraphPad InStat 3.06 statistical software (GraphPad Software
Inc.). Data are expressed as mean � S.E. Comparison of the
means was performed using Student’s t test or one-way analysis
of variance followed by Tukey-Kramer multiple comparisons
test. Differences were declared statistically significant if p �
0.05.

RESULTS

We initially determined the ability of two commonly used ER
stressors, tunicamycin and thapsigargin, to activate the expres-
sion of AT-1. In fact, the UPR normally responds to and is
activated by conditions that induce ER stress. Therefore, we
reasoned that if AT-1 is regulated by UPR signaling, it should
respond to the induction of ER stress. The results displayed in
Fig. 1, A and B, show that tunicamycin and thapsigargin were
able to cause a marked increase of AT-1 at both themRNA and
the protein level, thus supporting our initial hypothesis. These
results are consistent with a recent proteomic study where we
reported that a large number of ER-resident proteins involved
with synthesis, folding, post-translational modification of nas-
cent proteins, as well as degradation of unfolded/misfolded
intermediates are acetylated in the lumen of the organelle (16).
Interestingly, acetylated ER-resident proteins displayed a high
degree of network connectivity (16), suggesting that the N�-ly-
sine acetylation might play an important role in regulating the
activity of ER functions that are generally under the control of
the UPR.
To assess whether the activation of AT-1 was specifically

linked to one of the individual UPR branches, we treated H4
cells with siRNA targeting XBP1, ATF6, or PERK. XBP1 acts
immediately downstream of IRE1 and, as such, down-regula-
tion of XBP1 can be used to block IRE1 signaling (8). A 2-day
treatment with siRNAs produced changes in AT-1 levels in
ATF6- and PERK- but not inXBP1-treated cells (Fig. 1C). How-
ever, these changes were the opposite of what we expected. In
fact, AT-1 levels increased instead of decreasing. These results
might be explained by the finding that the down-regulation of
ATF6 or PERK resulted in activation of the spliced version,
XBP1s (Fig. 1D), probably as an attempt to compensate for the
sudden failure of the UPR signaling machinery. Indeed, down-
regulation of each UPR branch resulted in a compensatory up-
regulation of the other two branches (Fig. 1E). Therefore, ATF6
and PERK siRNA-treated cells, which were not deficient in
XBP1 signaling (Fig. 1D), were able to activate AT-1 (Fig. 1C),
whereas XBP1 siRNA-treated cells were not. When taken
together, these resultsmight suggest that the activation ofAT-1
is under the control of XBP1. To confirm this conclusion, we
extended XBP1 siRNA treatment to 3 days and were able to
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observe a clear down-regulation of both mRNA (Fig. 1F) and
protein (Fig. 1G) levels of AT-1.
While executing the above experiments, we also noticed a

20–40% cell death, which increased with the duration of the
siRNA treatment. However, XBP1 siRNA-treated cells dis-
played features of autophagic cell death, whereas ATF6 and

PERK siRNA-treated cells displayed features of apoptosis (Fig.
2A). In some cases, the down-regulation of XBP1 was accom-
panied by chromatin aggregation, which could suggest mixed
features of autophagic and apoptotic cell death (Fig. 2A, panels
g and h). However, a clear apoptotic phenotype was very rare in
XBP1 siRNA-treated cells but common in ATF6 and PERK

FIGURE 1. AT-1 acts downstream of XBP1. A and B, H4 cells were treated with either tunicamycin (Tm; 2 �g/ml) or thapsigargin (Tg; 200 nM) prior to
quantitative real-time PCR analysis of AT-1 mRNA levels (A, treatment was for 6 h) and Western blot assessment of AT-1 protein levels (B, treatment was for 10 h).
Results are expressed as the percentage of control and are the average (n � 3) � S.E. *, p � 0.05; **, p � 0.005; #, p � 0.0005. O. D., optical density. C–E, H4 cells
were treated with siRNA for 2 days prior to quantitative real-time PCR. The mRNA levels of AT-1 (C), XBP1s (D), and the other UPR branches (E) are shown. The
results in E suggest compensatory cross-talk between the three UPR signaling branches. F, at least 3 days of XBP1 siRNA treatment were necessary to observe
significant down-regulation of AT-1 mRNA levels. G, Western blot assessment of AT-1 protein levels following 3 days of XBP1 siRNA treatment. Results in C–G
are expressed as the percentage of nonsilencing siRNA (NS-siRNA) and are the average (n � 3) � S.E. *, p � 0.05; **, p � 0.005; #, p � 0.0005.
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siRNA-treated cells (Fig. 2A; compare panels c and dwith pan-
els e–h). Finally, typical autophagosomes were only observed
in XBP1 siRNA-treated cells (supplemental Fig. S1A).
To confirm the autophagic nature of the cellular changes

observed with electron microscopy (EM), we decided to use
cells expressing a GFP-tagged version of the microtubule-asso-
ciated protein light chain 3B (LC3B), the mammalian homolog
of Atg8. In the absence of autophagy, LC3B has a diffuse cyto-
plasmic distribution. In contrast, upon induction of autophagy,
LC3B is recruited on autophagosomal membranes, thus dis-
playing a punctate distribution across the cytoplasm that cor-
responds to the autophagosomal structures (20). Consistent
with the EM assessment, XBP1 siRNA treatment was accom-
panied by redistribution of GFP-LC3B into clearly identifiable
LC3B puncta (supplemental Figs. S1B and S2). Assessment of
GFP-LC3B distribution confirmed the lack of autophagy in
ATF6 and PERK siRNA-treated cells (supplemental Fig. S2). To
further support the above findings, we also assessed cellular
levels of beclin, a commonly used proteinmarker of autophagy,
and observed increased levels (supplemental Fig. S1C). In con-
clusion, three independent approaches confirmed the induc-
tion of autophagy following down-regulation of XBP-1. Finally,

the above findings are consistent with previous studies, which
have also reported abnormal induction of autophagy following
down-regulation of XBP1 (9, 10).
We previously reported that down-regulation of AT-1 is

accompanied by widespread autophagic cell death (14). There-
fore, we concluded that perhaps the presence of autophagic cell
death in XBP1 siRNA-treated cells was caused by the inability
of these cells to induce AT-1 and secure sufficient influx of
acetyl-CoA into the ER lumen. ATF6 and PERK siRNA-treated
cells were protected because they were able to induce AT-1
expression through XBP1 signaling (Fig. 1, C and D). To con-
firm the above conclusion, we down-regulatedXBP1 inH4 cells
that overexpressed transgenicAT-1 under the control of a cyto-
megalovirus (CMV) promoter. In fact, being under the control
of a CMV promoter, the levels of transgenic AT-1 are inde-
pendent of XBP1 signaling and should prevent the autophagic
cell death. Fig. 2A (panels i and j) clearly shows that AT-1-
overexpressing cells were resistant to the induction of
autophagy following XBP1 siRNA treatment. Under these con-
ditions, we were not able to detect morphological features cor-
responding to autophagy or autophagic cell death (Fig. 2A, pan-
els i and j). Similar results were also observed in CHO cells,

FIGURE 2. AT-1 acts downstream of XBP1 to prevent autophagic cell death. A, H4 cells were treated with XBP1 siRNAs for 4 days prior to transmission EM.
Panel a, control (untreated) cells; panel b, NS siRNA-treated cells; panel c, ATF6 siRNA-treated cells; panel d, PERK siRNA-treated cells; panels e–h, XBP1
siRNA-treated cells; panels i–j, XBP1 siRNA treatment of AT-1-overexpressing cells. Panels c and d show chromatin condensation and cytoplasmic changes that
are typical of apoptosis. Panels e–h show cells with features that are typical of autophagic cell death. They include cellular blebbing, the presence of several
large vacuoles, and no visible organelles. Some of the vacuoles contain dense lysosomal material. Panels i and j show normal features and no evidence of
autophagic cell death. B, H4 cells were treated with nonsilencing (NS-siRNA) or XBP1-specific (XBP1-siRNA) siRNAs for 3 days and then transduced with GFP-LC3B
BacMam. The induction of autophagy, as assessed by the redistribution of LC3B, was evaluated 24 h later. Total treatment with siRNA was 4 days. The same
experiment was performed with both control (empty plasmid) and AT-1-overexpressing H4 cells. Representative images are shown in the left panel, whereas
the quantitative data are shown in the right panel. Nuclei were counterstained with DAPI (blue). Bar: 10 �m. Results are the average (n � 6) � S.E. **, p � 0.005.
Successful down-regulation of XBP1 in CMV-AT-1-overexpressing cells is shown in supplemental Fig. S4.
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indicating that these results are not limited to H4 cells (supple-
mental Fig. S3). The overexpression of CMV-regulated trans-
genic AT-1 was also able to block the redistribution of GFP-
LC3B into the classical autophagy puncta (Fig. 2B), therefore
confirming the EM data.
The above results indicate that the influx of acetyl-CoA into

the ER lumen regulates the induction of autophagy down-
stream of IRE1/XBP1. However, it is unclear how the acetyla-
tion status of the ER might be “sensed” by the autophagic
machinery.
TheN�-lysine acetylation status of severalmolecular compo-

nents of the autophagicmachinery, including Atg5, Atg7, Atg8,
and Atg12, regulates the induction of autophagy. Specifically,
increased acetylation inhibits autophagy, whereas reduced
acetylation stimulates autophagy (21, 22). However, the above
proteins are all located in the cytosol and, therefore, not directly

affected by the influx of acetyl-CoA into the ER lumen.The only
known integral membrane autophagy protein is Atg9A, an ER-
based protein that appears to translocate out of the ER during
the induction of autophagy (23–25). The topology of Atg9A
predicts six transmembrane domains with both the C termini
and the N termini facing the cytosol (Fig. 3, A and B). Three
loops face the lumen of the ER with a total of 6 lysine residues
(Lys-96, Lys-109, Lys-321, Lys-359, Lys-363, and Lys-472)
available for possible acetylation. To assess whether Atg9A is
acetylated, we first immunoprecipitated the endogenous pro-
tein. Under these conditions, we only detected one band that
migrated with the expected mass of theN-glycosylated form of
the protein (Fig. 3C, lower panel). The same bandwas also iden-
tified with an antibody against acetylated lysine residues (Fig.
3C, upper panel). Importantly, overexpression of AT-1
appeared to increase the acetylation of Atg9A (Fig. 3C, upper

FIGURE 3. Atg9A is acetylated in the lumen of the ER and acts downstream of AT-1 to prevent the induction of autophagy in XBP1 siRNA-treated cells.
A, topology of Atg9A. Transmembrane domains are indicated as gray boxes, whereas regions that face the ER lumen are in red. The location of modified lysines
Lys-359 and Lys-363 is also indicated. B, schematic view of Atg9A arrangement across the ER membrane. Modified lysines Lys-359 and Lys-363 are indicated by
two red dots. C, endogenous Atg9A was immunoprecipitated (IP) from a crude preparation of intracellular membranes and then analyzed with both anti-
acetylated lysine (upper panel) and anti-Atg9A (lower panel) antibodies. WB, Western blot. D, the same membrane preparation was also immunoprecipitated
with an antibody against acetylated lysine residues and then analyzed with an anti-Atg9A antibody. E, a Myc-tagged version of Atg9A was immunoprecipitated
from stable transfected cells and analyzed with the indicated antibodies. F, tryptic peptide with the acetylated lysine residues identified by mass spectrometry.
For LC-MS/MS, Atg9A was purified from cells that did not overexpress AT-1. G, control (empty plasmid) and Atg9AGln-overexpressing H4 cells were treated with
nonsilencing (NS-siRNA), XBP1-specific (XBP1-siRNA), or AT-1-specific (AT-1-siRNA) siRNAs for 3 days and then transduced with GFP-LC3B BacMam. The induc-
tion of autophagy, as assessed by the redistribution of LC3B, was evaluated 24 h later. Total treatment with siRNA was 4 days. The number of dead cells was also
calculated. Results are the average (n � 6) � S.E. **, p � 0.005.
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panel). Atg9A was also observed following immunoprecipita-
tion with an antibody against acetylated lysine residues (Fig.
3D). Again, overexpression of AT-1 appeared to increase the
acetylation of Atg9A (Fig. 3D). To confirm these results, we
generated H4 cells overexpressing transgenic Atg9A with a
Myc tag at the C terminus. Overexpression of Atg9A improved
detection with an anti-acetylated lysine antibody and con-
firmed the acetylation status of the protein (Fig. 3E). As
reported previously (23), under these conditions, we could
detect both the immature and the N-glycosylated forms of the
protein; both appeared to be acetylated (Fig. 3E). Finally, trans-
genic Atg9A was purified with an anti-Myc immobilized col-
umn and used to map the modified lysine residues by LC-MS/
MS. Only 2 residues, Lys-359 and Lys-363, were identified as
acetylated (Fig. 3F). Both residues are located in the third loop
and are exposed to the luminal site of the ER (Fig. 3, A and B),
thus confirming the acetylation status ofAtg9Aand implicating
the ER-based acetylation machinery, which depends on AT-1.
Mass spectrometry also identified a nonacetylated digest (data
not shown), suggesting that under steady-state conditions,
acetylated and nonacetylated species of Atg9A coexist.
The fact that overexpression of AT-1 increases the acetyla-

tion of Atg9A supports the hypothesis that the acetylation sta-
tus of Atg9A might act as a “sensor” for the activation of
autophagy in the ER. Increased acetyl-CoA influx into the ER
lumenwould increase the acetylation of Atg9A and prevent the
induction of autophagy. Conversely, decreased AT-1 activity
would achieve the opposite effect. This scenario would be con-
sistent with previous results with Atg5, Atg7, Atg8, and Atg12
(21, 22). To test this possibility, we mutated both Lys-359 and
Lys-363 to glutamine (Atg9AGln). In fact, the Lys-to-Gln sub-
stitution mimics the effect of the lysine acetylation and is pre-
dicted to generate a “gain-of-acetylation” mutant form of
Atg9A (11, 26). As shown in Fig. 3G, expression of the K359Q/
K363Q mutant prevented the formation of autophagosomal
structures as well as the overall mortality of the cells. This pro-
tective effect was observed after down-regulation of both XBP1
(Fig. 3G, left panel) and AT-1 (Fig. 3G, right panel), indicating
that Atg9A is the last output of the molecular pathway that
controls the induction of autophagy as part of the UPR.

Finally, we assessed whether the acetylation status of Atg9A
itself could induce autophagy and affect cell morphology. For
this purpose, wemutated both Lys-359 and Lys-363 to arginine
and generated a “loss-of-acetylation” mutant form of Atg9A.
The overexpression of either the wild-type (Atg9AWT) or the
gain-of-acetylation mutant (Atg9AGln) versions of Atg9A did
not affect cell morphology or induce autophagic features (Fig.
4). In contrast, overexpression of the loss-of-acetylationmutant
form (Atg9AArg) caused autophagic cell death (Fig. 4, panel d)
and the appearance of typical intracellular autophagosomes
(Fig. 4, panels d–j), thus impeding functional assessment.
Importantly, these features were observed in the presence of
endogenous Atg9A, suggesting that Atg9AArg can act as a dom-
inant mutant.
When taken together, the above results indicate that AT-1

acts downstream of IRE1/XBP1 to ensure the acetylation status
of the ER. To confirm the relevance of these results under a
more physiologic context, we decided to analyze the effect of
the lipid second messenger ceramide. In fact, we previously
published that the expression levels of AT-1 are tightly regu-
lated by both exogenous and endogenous ceramide (14).
Because ceramide has already been linked to the induction of
cellular stress (27), we decided to assess whether ceramide acts
through IRE1/XBP1.
As an initial strategy, we monitored the activation status of

XBP1 in the presence of physiologically relevant concentrations of
ceramide. In fact, we reasoned that if ceramide activates AT-1
through IRE1/XBP1, the up-regulation of AT-1 levels should be
concomitant with the activation of IRE1/XBP1 signaling. The
kinetics of AT-1 expression activation, as induced by ceramide
treatment, is shown in Fig. 5A. Next, we analyzed changes in
themRNA levels ofXBP1s. It isworth remembering that IRE1has
endoribonuclease activity, and when activated, as a result of ER
stress, it removes a small fragment from the unspliced mRNA of
XBP1 (XBP1u) to generate the spliced version, XBP1s (8). As a
result of ATF6 activation (28) and perhaps XBP1s activation (29),
the total levels of XBP1 also increase. Therefore, increasedmRNA
levels of XBP1s are an indication of IRE1 activation, whereas
increased levels of total XBP1may be an indication of both ATF6
and XBP1s activation. As shown here, ceramide treatment

FIGURE 4. The loss-of-acetylation mutant form of Atg9A induces cell death as well as features of autophagy. Panels a–j, H4 cells overexpressing WT
(Atg9AWT), K359Q/K363Q (Atg9AGln; gain-of-acetylation) or K359R/K363R (Atg9AArg; loss-of-acetylation) versions of Atg9A were analyzed with transmission
electron microscopy in the absence of any treatment. Different cellular features that are typical of the early stages of autophagy were observed in cells
overexpressing Atg9AArg (panels d–j). Nuclei are labeled with N. Mitochondria appear normal. Control indicates cells transfected with an empty plasmid.
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resulted in a marked increase of both XBP1s (Fig. 5B) and total
XBP1 (Fig. 5C) mRNA levels, supporting the conclusion that cer-
amide treatment results in activation of IRE1/XBP1 signaling.
Importantly, the up-regulation of AT-1 induced by ceramide was
prevented by the concomitant down-regulation of XBP1 (Fig. 5,D
and E), indicating that the induction of IRE1/XBP1 and AT-1 is
functionally linked. The fact that the block of AT-1 up-regulation
inXBP1 siRNA-treated cellswas never absolute is probably due to
the remaining, and still active, XBP1 (compare Fig. 5,D and E; see
also Fig. 1,D and F). It is also worthmentioning that the ability of
ceramide to induce theUPRwas not limited to IRE1/XBP1 signal-
ing (data not shown).

DISCUSSION

Collectively, our studies suggest that the acetylation status of
the ER is regulated by IRE1/XBP1, which acts by controlling the

influx of acetyl-CoA through the membrane transporter AT-1.
Failure to maintain active transport of acetyl-CoA into the ER
lumen is sensed by Atg9A, which regulates the induction of
autophagy/ERAD(II).
The ultimate function of the UPR is to correct possible

imbalances that result in ER stress, thus ensuring folding of
nascentmembrane/secreted proteins and disposal of unfolded/
misfolded or aggregated proteins (1, 6, 7). This is achieved by
activating signaling pathways that, in mammalian cells, act
downstream of three main UPR initiators: IRE1/XBP1, ATF6,
and PERK. Although there is extensive cross-talk and func-
tional overlap, individual UPR branches can preferentially acti-
vate or repress specific subsets of UPR genes to provide the
most appropriate response. Here we propose that the import of
acetyl-CoA into the ER lumen by the ERmembrane transporter
AT-1 is part of the UPR. Specifically, AT-1 acts downstream of

FIGURE 5. The induction of AT-1 as a result of ceramide treatment is concomitant with the activation of IRE1/XBP1 signaling. A–C, human neuroglioma
(H4) cells were treated with 10 �M ceramide for the indicated periods of time prior to the analysis of the kinetics of activation of AT-1 and XBP1. A, quantitative
real-time PCR of AT-1 mRNA levels. B and C, quantitative real-time PCR of XBP1s (B) and total XBP1 (C) mRNA levels. Results are expressed as the percentage of
control and are the average (n � 3) � S.E. *, p � 0.05; **, p � 0.005. D and E, H4 cells were treated with nonsilencing (NS-siRNA) or XBP1-specific (XBP1-siRNA)
siRNA in the presence or absence of ceramide. Total treatment with siRNA was 3 days, whereas ceramide exposure was limited to the last 8 h. Changes in XBP1s
(D) and AT-1 (E) mRNA levels are shown. Results are expressed as the percentage of nonsilencing siRNA and are the average (n � 5) � S.E. *, p � 0.05; **, p �
0.005; #, p � 0.0005.
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IRE1/XBP1 to ensure the acetylation status of the ER and con-
trol the induction of autophagy/ERAD(II) (Fig. 6).
Autophagy is a general process that allows the cell to dispose

of damaged or toxic components generated as a result of a vari-
ety of stress stimuli, which include ER stress and nutrient/en-
ergy deprivation (3, 20). The elimination of toxic protein aggre-
gates in the ER is an essential feature of this organelle. Large ER
protein aggregates are mostly dealt with by expanding the ER
and activating autophagy/ERAD(II) (Refs. 30–33; also reviewed
in Ref. 3). Failure to clear these protein aggregates from the ER
lumen has been linked to a variety of diseases (3, 34). Therefore,
when tightly controlled, autophagy can allow the cell to recover
from the transient accumulation of protein aggregates; how-
ever, when unchecked, it can be detrimental and cause
autophagic/Type 2 cell death (4, 5). Because one of the main
outcomes of the UPR is to eliminate toxic protein aggregates, it
is likely that under nonlethal levels of ER stress, the UPRmain-
tains the autophagic process under strict control (20). Recent
work in the mouse has revealed that IRE1/XBP1 signaling pro-
tects from excessive autophagy (9). Our results suggest that
AT-1 might be the downstream effector of the above pathway.
In fact, increased dosage of AT-1was able to prevent the induc-
tion of autophagy and the cell death caused by the down-regu-
lation of XBP1. Therefore, we propose that the ability of the cell
to up-regulate AT-1 levels and secure sufficient influx of acetyl-
CoA into the ER lumen is crucial to prevent cell death during
ER stress. It is worth stressing that AT-1 has been identified as
one of the downstream targets of XBP1 in different cell types
and under different forms of nonlethal ER stress (18, 35). Our
results also suggest that ATF6 and PERK signaling controls the
induction of apoptosis but not autophagy, indicating functional
separation between the three UPR branches.
Recent work has shown that the acetyl-CoA:lysine acetyl-

transferase p300 controls the N�-lysine acetylation of Atg5,
Atg7, Atg8, and Atg12, all known components of the
autophagic machinery (22). Knockdown of p300 resulted in
reduced acetylation and stimulated autophagy. Conversely,
overexpression of p300 achieved the opposite effects (22). Sirt1,
a knowndeacetylase, is also a regulator of autophagy (21).Over-

expression of Sirt1 activates the basal levels of autophagy. Con-
versely, down-regulation of Sirt1 achieves the opposite effect
(21). Once again, this effect was linked to the lysine acetylation
status of known components of the autophagicmachinery, spe-
cifically Atg5, Atg7, and Atg8 (21). Therefore, different lines of
experiments indicate that autophagy is tightly regulated by the
N�-lysine acetylation of the molecular components of the
autophagic machinery; increased acetylation inhibits auto-
phagy, whereas reduced acetylation stimulates autophagy.
Because the above autophagic components are cytosolic, it is
not surprising that the biochemical components of the acetyla-
tion machinery that modifies them (acetyltransferases and
deacetylases) are cytosolic as well.
Here we show that Atg9A, the only integral membrane

autophagy protein, is also acetylated. The acetylation occurs on
lysine residues that face the lumen of the ER, thus implicating
the ER-based acetylation machinery, which depends on AT-1
activity (14). Importantly, a gain-of-acetylation mutant form of
Atg9A was able to rescue the phenotype caused by the down-
regulation of XBP1 or AT-1, whereas a loss-of-acetylation
mutant form was able to act in a dominant fashion and induce
cell death as well as autophagy in the absence of any treatment.
Therefore, based on the results reported here as well as the
previous studies with other Atg proteins (21, 22), we can con-
clude that the acetylation status of Atg9A regulates its ability to
participate in the induction of autophagy (Fig. 6).
Based on our results, we can predict that deregulated activity

of AT-1 would have deleterious effects on the ability of the cell
to control autophagy and dispose of large protein aggregates. In
fact, increased activity (or gain-of-function) would prevent
autophagy but also cause abnormal accumulation of protein
aggregates. Conversely, decreased activity (or loss-of-function)
would lead to very efficient removal of protein aggregates but
also to autophagic cell death. Therefore, a tight balancemust be
kept to ensure ERhomeostasis. It is also possible that the intrin-
sic need for autophagy has to be constantly adjusted depending
on the status of the ER. As such, levels of autophagy that are
toxic for normal cells (under nonlethal forms of ER stress)
might be beneficial for cells that accumulate abnormal levels of

FIGURE 6. Schematic summary and proposed model. ER stress activates IRE1/XBP1 signaling to regulate the influx of acetyl-CoA into the ER lumen through
the membrane transporter AT-1. Acetyl-CoA levels in the lumen of the ER determine the acetylation status of Atg9A, which acts as the last output for the
induction of autophagy/ERAD(II) during the UPR. Acetylated (with red dots) Atg9A prevents autophagy, whereas nonacetylated (without red dots) Atg9A
activates autophagy.
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protein aggregates, such as neurons expressing ALS-linked
mutant Cu,Zn-superoxide dismutase (SOD1) (9, 36).
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