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Background: A variant of �1-antitrypsin with an E342K mutation (ATZ) is retained in the endoplasmic reticulum (ER) of
hepatocytes.
Results: In hepatoma cells, activation of a branch of the unfolded protein response (UPR) increases ER-dependent degradation
of ATZ.
Conclusion: ATZ degradation can be accelerated by induction of a protective branch of the UPR.
Significance: UPR-dependent ATZ disposal is a potential target for therapy.

�1-Antitrypsin is a serine protease inhibitor secreted by hepa-
tocytes. A variant of �1-antitrypsin with an E342K (Z) mutation
(ATZ) has propensity to form polymers, is retained in the endo-
plasmic reticulum (ER), is degraded by both ER-associated deg-
radation and autophagy, and causes hepatocyte loss. Constant
features in hepatocytes of PiZZ individuals and in PiZ trans-
genic mice expressing ATZ are the formation of membrane-
limited globular inclusions containing ATZ and mitochondrial
damage. Expression of ATZ in the liver does not induce the
unfolded protein response (UPR), a protective mechanism
aimed to maintain ER homeostasis in the face of an increased
load of proteins. Herewe found that in hepatoma cells the ERE3
ligase HRD1 functioned to degrade most of the ATZ before
globular inclusions are formed. Activation of the activating
transcription factor 6 (ATF6) branch of the UPR by expression
of splicedATF6(1–373) decreased intracellular accumulation of
ATZ and the formation of globular inclusions by a pathway that
required HRD1 and the proteasome. Expression of ATF6(1–
373) in ATZ-expressing hepatoma cells did not induce
autophagy and increased the level of the proapoptotic factor
CCAAT/enhancer-binding protein (C/EBP) homologous pro-

tein (CHOP) but did not lead to apoptotic DNA fragmentation.
Expression of ATF6(1–373) did not cause inhibition of protein
synthesis andpreventedmitochondrial damage inducedbyATZ
expression. It was concluded that activation of the ATF6 path-
way of theUPR limitsATZ-dependent cell toxicity by selectively
promoting ER-associated degradation of ATZ and is thereby a
potential target to prevent hepatocyte loss in addition to
autophagy-enhancing drugs.

A variant of �1-antitrypsin with an E342K (Z) mutation
(ATZ)3 has a greatly increased tendency to form polymers as
compared with wild-type �1-antitrypsin (AAT) (1, 2). PiZZ
individuals (homozygotes for ATZ) develop liver disease due to
intracellular retention of the mutated protein (3). Unlike other
misfolded proteins retained in the ER, expression of ATZ in
cultured cells and in transgenic PiZ mice does not activate the
unfolded protein response (UPR) even if this pathway is still
functional (4).When the ER faces an increased load of unfolded
proteins, it expands by enhancing lipid synthesis and the abun-
dance of ER chaperones, and it decreases protein transcription
and translation (5, 6). If homeostasis cannot be achieved, the ER
will initiate pathways that lead to cell death. The mammalian
UPR includes three signaling pathways initiated by three ER
transmembrane proteins: protein kinase RNA-like ER kinase
(PERK), activating transcription factor 6 (ATF6), and inositol-
requiring enzyme 1 (IRE1). The pathway initiated by PERK
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leads to phosphorylation of eukaryotic translation initiation
factor 2a (eIF2a). This leads to a general decrease in protein
translation except of that encoded by transcripts such as acti-
vating transcription factor 4 (ATF4) and the proapoptotic fac-
tor CCAAT/enhancer-binding protein (C/EBP) homologous
protein (CHOP), which are increased (7–9). The signaling
pathway initiated by IRE1 leads to splicing of XBPmRNA in the
cytosol. The spliced XBP1 (XBP1s) protein is translocated to
the nucleus where it promotes transcription of chaperones,
ERAD components, and enzymes that control biosynthesis of
lipids such as phosphatidylcholine (10). This ultimately leads to
expansion of the ER by increasing both the lipid and the protein
content of the organelles. ATF6 is an ER transmembrane com-
ponent that binds to the chaperone GRP78/BiP. Upon an
increased load of misfolded proteins in the ER, ATF6 dissoci-
ates from GRP78/BiP and traffics to the Golgi where it is
cleaved to its active form, ATF6(1–373). ATF6(1–373) then
migrates to the nucleus where it increases transcription of dif-
ferent ER chaperones, including GRP78/BiP, and induces ER
expansion independently of XBP1 (11, 12). Thus, it appears that
increased ER capacity can be artificially induced by overexpres-
sion of the active, nuclear form of ATF6 (ATF6(1–373)) (13,
14)). Expression of ATZ in the liver of transgenic mice does not
induce the UPR (4), suggesting the possibility that induction of
a protective branch of the pathway such as that initiated by
ATF6 may promote ATZ degradation by ERAD. In this work,
we found that most of the ATZ synthesized in hepatoma cells
was degraded by an HRD1-dependent pathway and that artifi-
cial induction of the ATF6 branch of the UPR led to increased
HRD1-dependent disposal of ATZ and protected cells from
ATZ-dependent toxicity.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Lipofectamine 2000 was pur-
chased from Invitrogen. Rat monoclonal anti-HA antibody
(3F10), mouse monoclonal anti-GFP antibody, peroxidase-
conjugated anti-hemagglutinin (HA) antibody, peroxidase-
conjugated anti-mouse IgG, protease inhibitor (Complete
Mini), and the terminal deoxynucleotidyltransferase dUTP
nick end labeling (TUNEL) assay were fromRocheApplied Sci-
ence. Rabbit polyclonal anti-HA antibodies were from Sigma-
Aldrich. Rabbit polyclonal antibodies against calnexin and
GRP78/BiP and mouse monoclonal anti-KDEL were from
Stressgen (SanDiego, CA). Rabbit polyclonal andmousemono-
clonal anti-Myc antibodies and rabbit polyclonal anti-CHOP
antibodies were from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). Mouse monoclonal antibodies against AAT and
actin were fromChemicon International (Temecula, CA). Rab-
bit polyclonal antibodies against synovial apoptosis inhibitor 1
(HRD1) were from Abgent (San Diego, CA). Mouse monoclo-
nal antibodies against cleaved caspase 3 were from Cell Signal-
ing Technology (Boston, MA). Rabbit polyclonal antibodies
against prohibitin and Rab5 and rabbit monoclonal antibodies
against GM130 were from Abcam (Cambridge, MA). Mouse
monoclonal antibodies against calreticulin were from BD Bio-
sciences. Cy3-conjugated anti-rat IgGwas from Jackson Immu-
noResearch Laboratories (West Grove, PA). Peroxidase-conju-
gated anti-rabbit IgG, peroxidase-conjugated anti-goat IgG,

and protein A/G-agarose beads were purchased from Pierce.
Cy3-conjugated anti-rat, Cy5-conjugated anti-mouse IgG,
Cy3-conjugated anti-rabbit IgG, and Cy5-conjugated anti-rab-
bit IgG were from Jackson ImmunoResearch Laboratories.
Enhanced chemiluminescence detection kits and NEG-072
Expres35S35S were purchased from PerkinElmer Life Sciences.
Dithiothreitol (DTT), MG132, carbonyl cyanide 3-chlorophe-
nylhydrazone (CCCP), oligomycin, and tunicamycinwere from
Sigma. Lactacystin was purchased fromCalbiochem, and L-me-
thionine and L-cysteine were from Acros Organics (Morris
Plains, NJ). Amplify, Hyperfilm, and OptiPrep� (iodixanol)
were purchased from GE Healthcare.
cDNAs and Constructs—The enhanced green fluorescent pro-

tein (EGFP) expression vector pEGFP-N2 was purchased from
Clontech. The cDNAs for human AAT and proinsulin were
obtained from Origene Technologies Inc. (Rockville, MD). Con-
struction of the plasmids AAT-myc-pcDNA3.1, ATZ-
myc-pcDNA3.1, ATZ-pEGFP-N2, and proinsulin-pcDNA3.1
have been described before (15). AAT-pEGFP-N2 was con-
structed using site-directed mutagenesis of the ATZ-
pEGFP-N2 construct with the following primers: forward, 5�-
CTGACCATCGACGAGAAAGGGACTG-3�; and reverse,
5�-CAGTCCCTTTCTCGTCGATGGTCAG-3�. ATF6-HA-
pCGN and ATF6(1–373)-HA-pCGN plasmids were a kind gift
from Dr. Ron Prywes (Department of Biological Sciences,
Columbia University, NewYork, NY), and LC3-pEGFPC1 plas-
mid was a kind gift from Dr. Tamotsu Yoshimori (Department
of Cell Genetics, National Institute of Genetics, Mishima,
Japan).
Cell Culture and Transfection—Mouse hepatoma Hepa 1-6

cells were cultured in DMEM with 10% fetal bovine serum
(FBS) and 5% penicillin/streptomycin. Cells were transiently
transfected with the indicated plasmids using Lipofectamine
2000 according to the manufacturer instructions. Small inter-
fering RNAs (siRNA) specific to murine synovial apoptosis
inhibitor 1 (HRD1) (identification number 83279) was pur-
chased from Applied Biosystems/Ambion (Austin, TX). The
non-targeting siRNA pool (siRNA control) was from Dharma-
con, Inc. (Chicago, IL). Cells were transfected with 100 nM
siRNA using Lipofectamine 2000.
Preparation of Cell Lysates and Cell-free Media—Cells were

washed oncewith phosphate-buffered saline (PBS) and scraped
from plates with lysis buffer (100 mM Tris-HCl, pH 7.4, 50 mM

NaCl, 1% Triton X-100, and protease inhibitors (Complete
Mini)). Samples were passed five times through a 27-gauge 0.5-
inch needle and incubated for 30 min at 4 °C. Cell lysates were
centrifuged at 10,000 rpm for 10 min, and the pellet was dis-
carded. Cell lysates were used for Western blot analysis and
ELISA. To measure AAT in the medium by ELISA, transfected
Hepa 1-6 cells were washed with M2 medium (20 mM HEPES,
pH 7.4, 150mMNaCl, 5mMKCl, 1mMMgCl2, 1mMCaCl2, and
0.1mg/ml bovine serumalbumin) and incubated at 37 °C for 1 h
in 1 ml of M2 medium with 5 mM glucose. The medium was
collected and centrifuged at 1,000 rpm for 3 min to remove cell
debris.
Exogenous AAT and Proinsulin Measurements—Proinsulin

and AAT levels in cell lysates and cell-free media were mea-
sured using the human insulin and human proinsulin ELISA kit
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from Linco Research (St. Charles, Missouri) and the human
AAT ELISA kit from Alpco Diagnostics (Salem, NH), respec-
tively, according to the manufacturers’ instructions.
Immunoblotting—Cell lysates were electrophoresed on a 7%

SDS-polyacrylamide gel using loading buffer with or without
SDS and �-mercaptoethanol (denaturing and non-denaturing
conditions, respectively). Separated proteins were transferred
to a nitrocellulose membrane probed with the indicated pri-
mary antibodies and secondary peroxidase-conjugated anti-
bodies. Enhanced chemiluminescence detention, densitome-
try, and protein determination were performed as described
previously (15).
Electron Microscopy—Transmission electron microscopy of

transfected Hepa 1-6 cell was carried out as described (15).
Images were taken by using an FEI F20 200-keV electron
microscope.
Iodixanol Gradients and Cell Fractionation—Hepa 1-6 cells

were scraped in homogenizationmedium (0.35M sucrose, 1mM

EDTA, and 10 mM Tris-HCl) containing protease inhibitors
(CompleteMini). Human andmouse liver tissues were cut into
small pieces using a scalpel and homogenized using a Teflon-
glass homogenizer (Thomas Scientific, Swedesboro, NJ). Cells
or liver samples were then homogenized using a ball-bearing
homogenizer with a 14-�m clearance (Isobiotech, Hamburg,
Germany). Next, the cell homogenate was centrifuged at 1,000
rpm for 5 min to remove nuclei or unbroken cells. The super-
natant was then centrifuged at 5,000 rpm (Beckman Optima
ultracentrifuge) in a fixed angle rotor (TLA 100.2) for 20 min.
The pellet was resuspended in 200 �l of homogenization
medium and placed on top of a 15–20% (w/v) discontinuous
OptiPrep gradient. Human and mouse liver samples were
placed on top of a 20–30% (w/v) discontinuous OptiPrep gra-
dient. The gradient was then centrifuged in a swinging bucket
rotor (TLS-55) at 45,000 rpm (Beckman Optima ultracentri-
fuge) for 2 h. Samples were collected in 130-�l fractions from
the top and diluted 1:1 with homogenization medium before
electrophoresis and Western blot.
Determination of Spliced XBP1 and ATF4 mRNA Levels by

Quantitative Real Time PCR—Hepa 1-6 cells plated in 100-mm
dishes were transiently transfected with ATZ-GFP-PEGFP-N2
and ATF6-HA-pCGN or ATF6(1–373)-HA-pCGN plasmids
for 48 h. As a positive control of ER stress, cells were incubated
with 1 �g/ml tunicamycin for 16 h. Total mRNA was isolated
from cells using the RNeasy Plus� kit from Qiagen (Valencia,
CA). cDNA was amplified using the SuperScript� First-Strand
Synthesis System for RT-PCR from Invitrogen. Quantitative
real time PCR was carried out using SYBR� Premix Ex TaqTM
DNA polymerase (perfect real time) from Clontech in a
Bio-Rad MJ Mini personal thermocycler. The primers used to
measure mRNA were as follows: murine XBP1s: forward, 5�-
GAGTCCGCAGCAGGTG-3�; reverse, 5�-GTGTCAGAGTC-
CATGGGA-3�; murine ATF4: forward, 5�-ATGGCCGGCTA-
TGGATGAT-3�; reverse, 5�-CGAAGTCAAACTCTTTCAG-
ATCCATT-3�; and murine �-actin: forward, 5�-GATCTGGC-
ACCACACCTTCT-3�; reverse, 5�-GGGGTGTTGAAGGT-
CTCAAA-3�.
Pulse-Chase Experiments—Hepa 1-6 cells were incubated in

Met/Cys-free medium for 1 h at 37 °C followed by pulse label-

ing with 150 �Ci/ml [35S]Met and [35S]Cys mixture (NEG-072,
Expres35S35S) in Met/Cys-free medium for 30 min at 37 °C.
Cells were then rinsed with chase medium (Met/Cys-free
medium with 30 mg/liter Met, 30 mg/liter Cys, and 10% FBS)
and chased for different time periods. Cells were scraped in IP
buffer (100 mM Tris-HCl, pH 7.4, 50 mM NaCl, 1% Nonidet
P-40, and protease inhibitors (Complete Mini)) and incubated
for 30 min at 4 °C. Cell lysates were rotated overnight at 4 °C
with the indicated antibody. After addition of protein A/G-
agarose beads, the samples were further incubated for 1 h at
4 °C. After four washes with IP buffer and one wash with a high
salt buffer (150mMTris, pH 7.4, 400mMNaCl, and 1%Nonidet
P-40 at pH 8), the beads were resuspended in sample buffer,
boiled for 5 min, and centrifuged. Supernatants and cell
extracts were loaded onto a 7% SDS-polyacrylamide gel. After
electrophoresis, the gel was fixed for 30 min in fixation buffer
(isopropyl alcohol/water/acetic acid, 25:65:10) and then
enhanced for fluorography with Amplify solution with 7% glyc-
erol. The gel was dried using a gel dryer (Bio-Rad 583) under
vacuum (Bio-RadHydroTech) at 60 °C for 2 h. The fluorograph
was exposed for 48 h at �80 °C using preflashed Hyperfilm.
FluorescenceMicroscopy—Epifluorescenceandconfocal fluo-

rescence images were captured as described previously (15).
Quantification of CHOP Expression by Immunofluorescence—

Epifluorescence images of cells were obtained with constant
parameters of acquisition. The region of interest was selected
by manually drawing the cell margins following GFP fluores-
cence for each individual cell. Fluorescence pixel intensity in
the Cy3 channel (CHOP) was measured using NIH ImageJ
software.
TUNELAssay—TheTUNEL assay in fixedHepa 1-6 cells was

performed as recommended by the manufacturer. Epifluores-
cence images of cells were obtained with constant parameters
of acquisition. The region of interest was selected by manually
drawing the cell margins. Fluorescence pixel intensity in the
Cy3 channel (TUNEL) was measured using NIH ImageJ
software.
Measurement of Mitochondrial Potential—Mitochondrial

potential was quantified as described previously (16). Briefly,
Hepa 1-6 cells were washed twice with DMEM and incubated
with 200 nMMitoTracker�RedCMXRos inDMEM for 30min.
Next, cells were washed with DMEM twice and incubated in
DMEM for an additional 30 min. As a control of mitochondrial
depolarization, Hepa 1-6 cells were treated with 20 �g/ml
CCCP for 2 h. As a control of mitochondrial hyperpolarization,
Hepa 1-6 cells were treated with 4 �g/ml oligomycin for 2 h.
The region of interest (each individual cell) was selected by
autosegmentation, and the fluorescence pixel intensity was
measured using IPlab software (Biovision Technologies, Exton,
PA). The data were expressed as the ratio fluorescence pixel
intensity/number of mitochondria per cell.
Autophagy Assays—Autophagy was measured as described

previously (15). Briefly, Hepa 1-6 cells transiently transfected
with LC3-GFP (17) were starved for 6 h in Hanks’ balanced salt
solution to induce autophagy or maintained in normal growth
media. To quantify the level of autophagy, the number of LC3-
GFP dots per cell was determined by manual counting.
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Statistical Analysis—Data are expressed as mean � S.D.
GraphPad Prism version 5.0 (GraphPad Software, San Diego,
CA) was used to perform an unpaired t test or one-way analysis
of variance.

RESULTS

ATZ-GFP-containing IBs Recapitulate Features of ATZ-con-
taining Globules in Liver from PiZZ Individuals and PiZ Mice—
When ATZ-GFP was transiently expressed in murine
hepatoma (Hepa 1-6) cells, the protein had an ER-like reticular
distribution like the ER chaperone calnexin in most of the cells
at 24 h after transfection (not shown) and at 48 h formed glob-
ular accumulations referred to as inclusion bodies (IBs) that
appeared to reside in a subcompartment of the ER (Fig. 1A,
panel i). Conversely, AAT-GFP did not form IBs at 48 h after
transfection and was mostly visible in a Golgi-like perinuclear
compartment. These data are similar to those obtained by
transfecting Hepa 1-6 cells with HA-tagged ATZ and AAT,
which localized, respectively, to IBs and to the Golgi both at
�48 h after cell transfection (15). In the livers of PiZZ individ-
uals and PiZ mice as well as in human fibroblasts, ATZ aggre-
gates are included in membrane-limited globules with associ-
ated ribosomes (15, 18). Also in Hepa 1-6 cells, expression of
ATZ induces dilation of the ER into globules (15). In the same
Hepa 1-6 cells expressing ATZ-GFP, it is possible to visualize
small round structures to which ribosomes are attached (Fig.
1A, panel ii, right panel, asterisk) and that correspond to ER in
longitudinal section (Fig. 1A, panel ii, left panel, asterisks) as
well as larger, ribosome-associated globules (Fig. 1A, panel ii,
pound signs). This suggests that in the transfected cells (similar
to the liver) ATZ concentrates into IBs that appear as subre-
gions of the ER. Here we used density centrifugation to find
further evidence that the ATZ-GFP-containing IBs of trans-
fected cells are similar to the ATZ-containing globules in livers
of PiZZ individuals and PiZ mice. Approximately 50% of ATZ-
GFP from the postnuclear supernatant of Hepa 1-6 cells har-
vested 48 h after transfection was recovered in a pellet (fraction
D) after a 5,000-rpm centrifugation step together with the ER,
mitochondria, and Golgi and without early endosomes (Fig.
1B). Fraction D was then loaded onto an OptiPrep density gra-
dient to determine the distribution of ATZ in respect to ER
markers. ATZ-GFP migrated in the OptiPrep gradient as two
peaks with one (Fig. 1C, fraction 3) co-migrating with the main
peak of the ER proteins calreticulin, GRP78/BiP, and calnexin,
indicating that a fraction of the protein localizes to themain ER.
There was also another ATZ-GFP peak at fractions 8 and 9 that
had higher density, had virtually no detectable calreticulin or
GRP78/BiP, and retained some calnexin. Fraction 8 contained

IBs of the same size as those visualized by fluorescence micros-
copy of the ATZ-GFP-expressing Hepa 1-6 cells (Fig. 1C, panel
i). This indicates that in Hepa 1-6 cells �50% of ATZ-GFP is in
the ER, and the rest localizes to IBs with higher density than the
main ER. When fraction D from the PiZ mouse liver was pre-
pared as outlined for the Hepa 1-6 cells and loaded onto the
OptiPrep gradient, ATZ migrated in the gradient forming a
single peak (Fig. 1D, fraction 7) at higher density than most of
the calreticulin, GRP78/BiP, and calnexin (fractions 2–5).
Thus, in the mouse liver, most of the ATZ migrates at higher
density than ER chaperones, suggesting that the murine ATZ-
containing globules have higher density than the rest of the ER.
When PiZZ human liver was fractionated with the OptiPrep
gradient, the main peak of ATZ (Fig. 1; all samples for ATZ
analysis were diluted 10�) was again at higher density than
most of the calreticulin and GRP94 (Fig. 1E, fraction 6), again
suggesting that human ATZ-containing globules have higher
density than the rest of the ER. Different from that in themouse
liver, a second peak of GRP78/BiP co-migrated with ATZ peak
in fraction 6, suggesting some difference in protein composi-
tion of murine and human ATZ globules. A fraction of HRD1,
an E3 ubiquitin ligase of the ER (19), also partially co-migrated
with the ATZ peak. These data and the previous observation
that ATZ-containing membranes from tissue and cells have
attached ribosomes (15, 18) indicate that expression of ATZ
leads to the formation of ER-derived globular organelles that
have a higher density than the rest of the ER perhaps because
they have high concentrations of ATZ aggregates.
Active ATF6 Selectively Reduces Expression of ATZ and For-

mation of IBs—The accumulation of incorrectly folded proteins
in the ER leads to induction of the UPR, a protective cell
response, which results in increased protein folding and degra-
dation. The UPR consists of three branches of which two, the
ATF6 and IRE1/XBP1 branch, are protective and induce
increased expression of ER chaperones andERADcomponents.
The third branch, activated by phosphorylation of PERK, leads
to reduced protein translation and, if ER stress persists, pro-
motes cell apoptosis (5). However, expression of ATZ does not
induce the UPR (4), suggesting the possibility that induction of
protective branches of the pathway may promote ATZ degra-
dation by ERAD. ATF6 is an ER transmembrane component
that binds to the chaperone GRP78/BiP. Upon an increased
load of misfolded proteins in the ER, ATF6 dissociates from
GRP78/BiP and traffics to the Golgi where it is cleaved to its
active form, ATF6(1–373). ATF-6(1–373) then migrates to the
nucleus where it increases transcription of different ER chap-
erones, including GRP78/BiP, and induces ER expansion (11,

FIGURE 1. Fractionation of ATZ-GFP-containing IBs and ATZ-containing globules. A, panel i, Hepa 1-6 cells were transiently transfected with AAT-pEGFP-N2
or ATZ-pEGFP-N2 and analyzed by immunofluorescence microscopy 48 h after transfection. Cells were stained with rabbit polyclonal antibodies against
calnexin. Secondary antibody staining was carried out using Cy3-conjugated anti-rabbit antibodies. Bar, 25 �m. Panel ii, electron microscopy of Hepa 1-6 cell
transfected with ATZ-pEGFP-N2. Arrowheads, membrane-associated ribosomes; asterisks, endoplasmic reticulum; pound sign, globular structures with
attached ribosomes; black arrow, mitochondrion with visible cristae. Bar, 200 nm. B, panel i, Hepa 1-6 cells transiently transfected with ATZ-pEGFP-N2 for 48 h
or liver tissues from a PiZ mouse and a PiZZ individual were homogenized and fractioned as shown in the scheme. Panel ii, Western blot analysis of the fractions
obtained by differential centrifugation of Hepa 1-6 cells transiently transfected with ATZ-pEGFP-N2 using the indicated antibodies. (H, homogenate; P, pellet;
S, supernatant). C–E, fraction D obtained as outlined in B from Hepa 1-6 cells (C, panel i), PiZ mouse liver (D, panel i), and PiZZ human liver (E, panel i) was loaded
onto OptiPrep gradients containing the indicated amount of glycerol (w/v). Fractions from the gradient were analyzed by Western blot with the indicated
antibodies and quantified by densitometry (panel ii). In C, the pound sign indicates fluorescence (GFP) of IBs in fraction 8 from the OptiPrep gradient in Hepa 1-6
cells. The magnification is the same as in A, panel i. CLR, calreticulin; CNX, calnexin.
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12). Thus, it appears that increased ER capacity can be artifi-
cially induced by overexpression of the active, nuclear form of
ATF6 (ATF6(1–373) (13, 14)). Here we tested whether exoge-
nous expression of ATF6(1–373) in the Hepa 1-6 cells pro-
motes ATZ disposal. By immunofluorescence analysis of trans-
fectedHepa 1-6 cells, inactive, full-lengthATF6was distributed
in an ER pattern, whereas ATF6(1–373) was localized in the
nucleus (Fig. 2A) consistent with other reports (20, 21). In cells
co-expressing full-length ATF6 with ATZ-GFP, ATZ-GFP was

distributed to the IBs. Conversely, in cells co-transfected with
ATF6(1–373) and ATZ-GFP, ATZ-GFP was distributed prev-
alently to the ER with a reduced population of cells containing
the IBs (from 80 to 6.2%) (Fig. 2A). These results indicate that
induction of the UPR inhibits the formation of the IBs. When
Hepa 1-6 cells were transfected with ATF6(1–373), the amount
of steady-state ATZ-GFP detected by Western blot was
reduced as compared with control cells co-transfected with
empty vector or full-length ATF6 (Fig. 2B, panels i and ii). This

FIGURE 2. Expression of ATF6(1–373) reduces expression of ATZ and formation of IBs. A, panel i, cells were transiently transfected with ATZ-pEGFP-N2 and
ATF6-HA-pCGN or with ATZ-pEGFP-N2 and ATF6(1–373)-HA-pCGN and analyzed by immunofluorescence. Cells were stained with primary rat monoclonal
antibodies against the HA tag and rabbit polyclonal antibodies against calnexin. Secondary antibody staining was carried out using Cy3-conjugated anti-rat
antibodies and Cy5-conjugated anti-rabbit antibodies. Panel ii, quantification of cells with IBs. For the quantification shown in the graph, we measured the
percentage of cells that had at least one IB. Averages were obtained from the experiment shown in panel i (n � 30 cells per time point). Bar, 25 �m. B, panel i,
Hepa 1-6 cells were transiently transfected with ATZ-pEGFP-N2 and empty vector, ATZ-pEGFP-N2 and ATF6-HA-pCGN, or ATZ-pEGFP-N2 and ATF6(1–373)-
HA-pCGN as indicated. Cell lysates were analyzed by Western blot 48 h after transfection using the indicated antibodies. Panels ii–iv, ATZ-GFP, GRP78/BiP, and
calnexin expression levels from the experiment in panel i were measured by densitometry. C, panel i, Hepa 1-6 cells were transiently transfected with either
ATF6-HA-pCGN or ATF6(1–373)-HA-pCGN. Endogenous AAT expression was analyzed by Western blot. Panel ii, endogenous AAT levels were measured by
densitometry. D, Hepa 1-6 cells were co-transfected with AAT-pcDNA3.1 and empty vector, AAT-pcDNA3.1 and ATF6-HA-pCGN, or AAT-pcDNA3.1 and
ATF6(1–373)-HA-pCGN as indicated. Data are expressed as the ratio exogenous AAT in the medium/exogenous AAT in cell lysates. E, proinsulin levels in Hepa
1-6 cells co-transfected with ATZ-pEGFP-N2, proinsulin-pcDNA3.1, and empty vector; ATZ-pEGFP-N2, proinsulin-pcDNA3.1, and ATF6-HA-pCGN; or ATZ-
pEGFP-N2, proinsulin-pcDNA3.1, and ATF6(1–373)-HA-pCGN. Statistical significance is indicated by *** (p � 0.0001). Error bars � standard deviation derived
from 3 independent experiments.
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suggests that activeATF6promotesATZdisposal. As expected,
in cells expressing active ATF6, the levels of the chaperone
GRP78/BiP were increased by approximately 2-fold as com-
pared with the controls (Fig. 2B, panels i and iii). Another ER
chaperone, calnexin, remained constant in all three conditions
(Fig. 2B, panels i and iv). Thus, ATF6(1–373) co-expressedwith
ATZ-GFP in the Hepa 1-6 cells induces transcriptional activa-
tion of specific cell chaperones that results in a reduction of
ATZ-GFP protein. It is possible that induction of the UPR by
expression of ATF6(1–373) in addition to promoting disposal
of ATZ also promotes the disappearance of correctly folded
proteins. However, when active ATF6(1–373) was expressed,
there were no changes in the cell abundance of endogenous
AAT (Fig. 2C). There was also no change in the ratio exogenous
HA-AAT in the medium/exogenous intracellular HA-AAT
when cells co-expressed either full-length ATF6 or ATF6(1–
373) (Fig. 2D). This indicates that protein secretion is normally
maintained in cells expressing ATF6(1–373). Moreover, intra-
cellular levels of exogenous proinsulin were also unchanged by
expression of ATF6(1–373) (Fig. 2E). This indicates that the
UPR induced by active ATF6 specifically targets disposal of
ATZ.
Active ATF6 Promotes Degradation of ATZ by Proteasome-

dependent Pathway—Proteins that are not properly folded are
degraded by ERAD. ERAD is known to be one of the pathways
involved in ATZ degradation (22–25). To determine whether
ATF6(1–373)-inducedATZdisposal is dependent on increased
ERAD, cells co-transfected with ATZ-GFP and ATF6 or
ATF6(1–373) were treated with the proteasome inhibitor
MG132. Incubation with MG132 restored the abundance of
ATZ-GFP in the ATF6(1–373)-transfected cells to the same
level of control cells co-transfected with full-length ATF6 (Fig.
3A, lanes 4 and 1). Conversely, MG132 did not increase the
steady-state level of ATZ-GFP in Hepa 1-6 cells (Fig. 3A, lanes
1 and 2). Therefore, the expression of ATF6(1–373) activates
proteasome-dependent degradation of ATZ. ATZ has a tend-
ency to form homopolymers, and in agreement with this,

hepatic globular inclusions have been found to be composed
almost entirely of polymerized ATZ protein (26). It has been
reported that ATZmigrates in non-denaturing gel electropho-
resis as high molecular weight bands in the resolving gel with
ATZ polymers also remaining in the stacking gel (26). Here we
found that in non-denaturing conditions ATZ immunoreactiv-
ity appeared as highmolecular weight bands both in the resolv-
ing gel and in the stacking gel (supplemental Fig. S1). Because
the ratio of high molecular weight ATZ in stacking and resolv-
ing gels was equivalent, we then routinely developed theWest-
ern blot corresponding only to the resolving gel. However,
quantifications of the total amount of ATZwere done using gel
electrophoresis in denaturing conditions.When the same sam-
ples analyzed in Fig. 3A, panel i, were subjected to SDS-PAGE
in non-denaturing conditions, only a fraction of the ATZ-GFP
migrated as a band at �75 kDa, corresponding to the mono-
meric form, whereas the remaining ATZ-GFP immunoreactiv-
ity appeared as higher molecular weight species (Fig. 3A, panel
iii). This suggests that most of the protein exists either in the
form of polymers and/or associated to other proteins. In
respect to this, we have shown that ATZ forms complexes with
itself when expressed in the Hepa 1-6 cells (15). Although the
amount ofmonomeric ATZ-GFPwas similar in all samples, the
high molecular weight bands of ATZ-GFP were decreased in
the ATF6(1–373) samples (Fig. 3, panel iii, lanes 1 and 3) and
restored by incubation with MG132. The data suggest that
above a threshold level ATZ has an increased tendency to form
polymers and/or associate with other proteins and that expres-
sion of active ATF6 blunts homo- and/or heterodimerization
by promoting degradation of ATZ by a proteasome-dependent
pathway.
ATZDegradation Requires HRD1 in Absence and Presence of

ATF6 Activation—It has been reported recently that soluble,
non-transmembrane proteins of the ER are degraded by an
ERADpathway that includes the E3 ubiquitin ligaseHRD1 (27).
ATZ does not classically belong to the group of soluble ER
proteins because it often forms insoluble polymers in the ER

FIGURE 3. Expression of ATF6(1–373) increases degradation of ATZ by proteasome. A, Hepa 1-6 cells were transiently transfected with either ATZ-
pEGFP-N2 and ATF6-HA-pCGN or ATZ-pEGFP-N2 and ATF6(1–373)-HA-pCGN. After 48 h, cells were incubated in the absence and in the presence of 1 �M

MG132 for 8 h. SDS-PAGE of cell lysates was carried out in denaturing (panel i) and non-denaturing (panel iii) conditions, and Western blots were probed with
mouse monoclonal antibodies against AAT. Panel ii, ATZ-GFP levels were measured by densitometry. Statistical significance is indicated by *** (p � 0.0001) and
ns (p � 0.05). Error bars � standard deviation derived from 3 independent experiments.
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and in globular inclusions (26), leaving open the question as to
whether HRD1 contributes to ATZ disposal.WhenHRD1 pro-
tein expression was reduced by siRNA, ATZ-GFP levels were
significantly increased (� 3-fold; Fig. 4A), indicating that an
ERAD pathway that includes HRD1 degrades most of the ATZ

produced in the cell. If formation of IBs in the ATZ-expressing
Hepa 1-6 cells (Fig. 1A) depended on increased intracellular
accumulation of ATZ, then HRD1 silencing may lead to prolif-
eration of the IBs. In this respect, silencing of HRD1 increased
significantly both the size and the brightness of ATZ-GFP-con-
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taining IBs, indicating that the formation of IBs is dependent on
the level of intracellular ATZ (Fig. 4B). We have shown that at
early stages after hepatoma cell transfection (24 h) most of the
cell ATZ localizes in the reticular ER, and later on (48 h) it
appears in IBs (15). These observations raise the question as to
whether the HRD1-dependent degradation of ATZ occurs in
the ER, in the IBs, or in both. In this respect, HRD1 silencing
was able to increase the intracellular level of ATZ-GFP when
the siRNA was co-transfected with ATZ-GFP (Fig. 4C, panels i
and ii). Conversely, this was not the case when the siRNA was
introduced into cells 48 h after transfection with ATZ-GFP
when the protein was already localized in the IBs (Fig. 4C, pan-
els iii and iv). Thus, HRD1-dependent degradation appears to
take place at early stages after synthesis when ATZ localizes to
the ER rather than to IBs. Having established that HRD1 is
essential for degradation of ATZ-GFP, we asked whether the
ATF6(1–373)-dependent degradation of ATZ shares the same

pathway as that occurring in the absence of the active transcrip-
tion factor. In cell populations expressing either ATF6 or
ATF6(1–373), HRD1 silencing led to the same level of
increased intracellular accumulation of ATZ-GFP (Fig. 4D).
This suggests that the endogenous pathway of ATZ degrada-
tion as well as that induced by activation of the ATF6 branch of
the UPR is dependent on HRD1 function.
HRD1-dependent Degradation of ATZ Occurs within 30 min

of Protein Synthesis—When transiently transfected Hepa 1-6
cells weremetabolically labeledwith 35S-labeledCys andMet in
a 30-min pulse followed up by a 2-h chase, �50% of ATZ-GFP
was already decreased immediately after the pulse in the cells
co-transfected with ATF6(1–373) as compared with cells co-
transfected with full-length ATF6 (Fig. 5A, time 0 after the
pulse), suggesting that most of the ATF6(1–373)-dependent
disposal of ATZ indeed occurs shortly after protein synthesis.
When data were expressed as the percentage of initial ATZ-

FIGURE 4. ATZ degradation requires HRD1 in absence and presence of ATF6 activation. A, panel i, Hepa 1-6 cells were transiently transfected with
ATZ-pEGFP-N2 and either siRNA negative control or siRNA against mouse HRD1. Cell lysates were analyzed by Western blot in non-denaturing or denaturing
conditions as indicated. HRD1 (panel ii) and ATZ-GFP (panel iii) levels were measured by densitometry. Error bars � standard deviation derived from 3
independent experiments. B, panel i, cells were transfected as in A, fixed after 48 h, and visualized by fluorescence microscopy. Measurements of the size of
individual IBs (panel ii) and pixel intensity of ATZ-GFP in IBs (panel iii) (control siRNA IB, n � 269; HRD1 siRNA IB, n � 251 in �10 cells). Bar, 25 �m. Panels ii and
iii, Error bars � standard deviations. C, panel i, Hepa 1-6 cells were transfected as indicated in the diagram. Panel ii, cell lysates from cells treated as in panel i were
analyzed by Western blot in non-denaturing or denaturing conditions as indicated. Panel iii, Hepa 1-6 cells were transfected as indicated in the diagram. Panel
iv, cell lysates treated as in panel iii were analyzed by Western blot in non-denaturing or denaturing conditions as indicated. D, panel i, Hepa 1-6 cells were
transiently transfected with control siRNA, ATZ-pEGFP-N2, and either ATF6-HA-pCGN (lane 1) or ATF6(1–373)-HA-pCGN (lane 2) or HRD1 siRNA, ATZ-pEGFP-N2,
and either ATF6-HA-pCGN (lane 3) or ATF6(1–373)-HA-pCGN (lane 4) as indicated. Cell lysates were analyzed by Western blot 48 h after transfection using the
indicated antibodies. Panel ii, ATZ-GFP levels were measured by densitometry. Averages and S.D. were determined from six independent samples,
including those shown in the left panel. Statistical significance is indicated by ** (p � 0.001) and *** (p � 0.0001). Error bars are as in
panel A.

FIGURE 5. ATZ is degraded shortly after synthesis. A, panel i, Hepa 1-6 cells transiently transfected with ATZ-pEGFP-N2 and ATF6-HA-pCGN or ATZ-pEGFP-N2
and ATF6(1–373)-HA-pCGN were pulsed with 150 �Ci/ml [35S]Met and [35S]Cys. Cells were chased for the indicated time intervals, and cell lysates were
immunoprecipitated using mouse monoclonal anti-AAT antibodies. Panel ii, quantification of the experiments in panel i. B, panel i, Hepa 1-6 cells transiently
transfected with ATZ-pEGFP-N2, pcDNA3.1, and either control siRNA (lane 1) or HRD1 siRNA (lane 2) or ATZ-pEGFP-N2, ATF6(1–373)-pCGN, and either control
siRNA (lane 3) or HRD1 siRNA (lane 4). Cells were pulsed for 30 min with 150 �Ci/ml [35S]Met and [35S]Cys. Cell lysates were immunoprecipitated using mouse
monoclonal anti-AAT antibodies. Panel ii, quantification of the experiments in panel i (for each condition, n � 3). Statistical significance is indicated by * (p �
0.01) and ns (p � 0.05). Error bars � standard deviation derived from 3 independent experiments.
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GFP that remained at each time point, the difference between
the two samples was less than 10% (data not shown), again
suggesting that most of the ATF6-dependent degradation
occurs immediately after synthesis. To further investigate this
possibility, we co-expressed ATZ-GFP with and without
ATF6(1–373) in the presence and absence of HRD1 silencing.
After a 30-min pulse, the abundance of metabolically labeled
ATZ-GFPwas reduced bymore than 50% in cells co-express-
ing ATF6(1–373) as compared with the control without
active ATF6 (Fig. 5B) consistent with previous experiments.
However, when HRD1 was silenced, the level of ATZ-GFP
was increased by �3-fold, and there was no difference in
abundance between samples with and without ATF6(1–373)
expression (Fig. 5B). This experiment indicates that most of
ATZ is degraded within 30 min of synthesis by an HRD1-de-
pendent mechanism. This same pathway of ATZ degrada-
tion normally occurring in the cell is further enhanced by
expression of active ATF6.
Active ATF6 Does Not Increase Autophagy—Degradation of

ATZ has been proposed to occur by two pathways, ERAD and
autophagy (17, 22, 24, 25, 28, 29). In addition, ER stress
can activate autophagy, which in turn may facilitate ATZ deg-
radation (30). These observations raise the question as to
whether activation of the ATF6 branch of the UPR induces the
autophagy pathway. LC3 is an established marker of autopha-
gosomes (31, 32). In untreated Hepa 1-6 cells expressing either
AAT-Myc or ATZ-Myc, there were very few puncta of LC3-
GFP (Fig. 6, A and B). Starvation increased significantly the
number of LC3-GFP-labeled autophagosomes in both cell pop-
ulations, indicating that autophagy was induced. In the same
experiment, expression of ATF6(1–373) did not increase the
number of autophagosomes, indicating that active ATF6 does
not increase autophagy.
Silencing of HRD1 Induces Autophagy in ATZ-expressing

Hepa 1-6Cells—Thedata in Fig. 4 indicate that activation of the
ATF6 pathway promotes degradation of ATZ by an HRD1-de-
pendent mechanism. This HRD1-dependent mechanism
already degrades a large fraction of the ATZ protein synthe-
sized by the cell in the absence of the exogenous transcription
factor. In transiently transfected Hepa 1-6 cells expressing
ATZ, autophagy is not induced (15). This is different from that
in the hepatocytes of PiZZ individuals and of PiZmice (33). It is
possible that induction of autophagy is a consequence of a rel-
ative insufficiency of ERAD to degrade the ATZ synthesized in
the hepatocyte. Silencing of HRD1 in the Hepa 1-6 cells
increased the number of LC3-GFP-labeled autophagosomes
per cell by�3-fold (Fig. 7). Conversely, HRD1 silencing did not
affect the number of autophagosomes in cells expressing AAT.
The data indicate that insufficient ERAD of ATZ by the HRD1
pathway induces autophagy.
Active ATF6 Induces CHOP But Does Not Lead to Apoptosis—

The UPR consists of three main branches of which two, the
ATF6 and the IRE1/XBP1 pathways, are mainly protective, and
the other, the PERK pathway, leads to decreased protein trans-
lation, activation of the transcription factor ATF4, and apopto-
sis when ER stress is unresolved (5). Because there is cross-talk
between branches of the UPR, we asked whether expression of
ATF6(1–373) increased components of the IRE1/XBP1 and the

PERKpathway. Tunicamycin inhibits protein glycosylation and
folding and induces a classical UPR with activation of the three
pathways (34). Consistent with that, cell exposure to the drug
increased the level of ATF4 mRNA (Fig. 8A, panel i) and
induced splicing of XBP1 mRNA to the active transcription
factor (Fig. 8A, panel ii) by quantitative real time PCR. When
cells were co-transfected with ATZ-GFP and either ATF6 or
ATF6(1–373), there was no increase of ATF4 levels or XBP1
splicing (Fig. 8A), indicating that activation of the ATF6 path-
way in theHepa 1-6 cells did not induce a concomitant increase
of other UPR pathways. The absence of increased ATF4 and
XBP1s mRNA was also observed by semiquantitative PCR in

FIGURE 6. Expression of ATF6(1–373) does not induce autophagy. A, Hepa
1-6 cells were transfected with LC3-pEGFP-C1, AAT-myc-pcDNA3.1, and
empty vector (panel i) or LC3-pEGFP-C1, ATZ-myc-pcDNA3.1, and either
empty vector or ATF6(1–373)-HA-pCGN (panel ii). Where indicated,
autophagy was induced by starvation (st) 48 h after transfection. Cells were
fixed, and primary staining was done using the rabbit polyclonal antibody
against HA to visualize ATF6 and mouse monoclonal antibody against Myc to
visualize ATZ. Secondary staining was carried out using Cy5-conjugated anti-
rabbit and Cy3-conjugated anti-mouse antibodies. Bar, 25 �m. B, quantifica-
tion of the experiment shown in A (AAT, n � 32; AAT � starvation, n � 45; ATZ,
n � 51; ATZ � starvation, n � 25; ATZ � ATF6(1–373), n � 66). Statistical
significance is indicated by *** (p � 0.0001) and ns (p � 0.05). Error bars �
standard deviations.
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cells sorted by FACS to select for cells with ATZ-GFP expres-
sion (supplemental Fig. S2).
The data presented here indicate that induction of the ATF6

pathway leads to a specific increase of ATZ degradation with-
out suppression of protein synthesis or perturbations of protein
traffic. However, it is also known that prolonged activation of
the UPRmay lead to cell apoptosis. To determine whether acti-
vation of the ATF6 branch of the UPR leads to apoptosis in
ATZ-expressing cells, we measured by quantitative fluores-
cence microscopy the expression level of a proapoptotic tran-
scription factor, CHOP (35). Expression of ATF6(1–373)
indeed increased the level of CHOP in cells co-expressingATZ-
GFP (Fig. 8B) to the same level as cell exposure to tunicamycin.
To determinewhetherCHOP induction leads to increased apo-
ptosis in cells expressing ATF6(1–373), we used the TUNEL
assay tomeasure apoptotic DNA fragmentation by quantitative
fluorescence microscopy. Hepa 1-6 cells exposed to tunicamy-
cin had significantly increased apoptotic DNA fragmentation
as compared with control cells transfected with inactive ATF6
(Fig. 8C). Conversely, there was no increase of TUNEL staining
in cells co-expressing ATF6(1–373) and ATZ-GFP as com-
pared with the control expressing ATZ-GFP alone (Fig. 8C).
Caspase 3 activation is essential for apoptotic chromatin con-
densation and DNA fragmentation (36). ATZ expression by
itself did not induce cleavage of caspase 3 (Fig. 8D, panels i and
ii) consistentwith the observation thatATZ-expressing cells do
not have apoptotic DNA fragmentation (Fig. 8C). Conversely,
cell exposure to DTT, which also induces ER stress, induced
cleavage of caspase 3 in addition to increasing the abundance of
the ER chaperone GRP78/BiP. In cells expressing both ATZ
and ATF6(1–373), cleavage of caspase 3 was not induced (Fig.
8D, panels iii and iv). Thus, it appears that although in ATZ-
expressing cells proapoptotic CHOP is induced as part of the
ATF6 pathway (consistent with other reports (37, 38)) apopto-
sis itself does not take place.
ATZ-dependentMitochondrial Damage Is Reduced by Active

ATF6 and Increased by HRD1 Silencing—A hallmark of ATZ-
dependent cell toxicity in the liver of PiZZ patients as well as in
cultured hepatoma cells is the appearance of damaged mito-
chondria with blebs in the outer membrane and dissolution of
the cristae and the matrix (15, 33). We reasoned that ATZ-
inducedmitochondrial damagemight result in the loss ofmito-
chondrial membrane potential that could be monitored by
staining the cells with the mitochondrial marker MitoTracker
Red, which is sensitive tomembrane potential (16). In theHepa
1-6 cells, the uncoupler CCCP decreased the intensity of Mito-
Tracker Red fluorescence, whereas oligomycin, an inhibitor of
ATP synthase, increased it (Fig. 9A). This indicates that Mito-
Tracker Red fluorescence indeed reflects changes inmitochon-
drial membrane potential in the Hepa 1-6 cells. MitoTracker
Red labeling was significantly reduced in cells expressing ATZ-
GFP as compared with the mock-transfected control, indicat-
ing a loss of mitochondrial membrane potential (Fig. 9B). Co-
transfection with ATF6(1–373) blunted the loss of
mitochondrial membrane potential induced by ATZ-GFP
expression. Thus, activation of the ATF6 branch of the UPR
appears to protect cells against ATZ-induced mitochondrial
toxicity. Conversely, silencing of HRD1 induced a loss of mito-

FIGURE 7. Reduced levels of HRD1 induce autophagy in ATZ-expressing
Hepa 1-6 cells. A, Hepa 1-6 cells were transfected with LC3-pEGFP-C1,
AAT-myc-pcDNA3.1, and either control siRNA (csiRNA) or HRD1 siRNA (panel i) or
LC3-pEGFP-C1, ATZ-myc-pcDNA3.1, and either control siRNA or HRD1 siRNA
(panel ii). Where indicated, autophagy was induced by starvation (st) 48 h after
transfection. Cells were fixed, and primary staining was done using the mouse
monoclonal antibody against Myc to visualize ATZ. Secondary staining was car-
ried out using Cy3-conjugated anti-mouse antibodies. Bar, 25 �m. B, quantifica-
tion of the experiment shown in A (AAT � control siRNA, n � 29; AAT � control
siRNA � starvation, n � 8; AAT � HRD1 siRNA, n � 23; ATZ � control siRNA, n �
80; ATZ � control siRNA � starvation, n � 40; ATZ � HRD1 siRNA, n � 26). Sta-
tistical significance is indicated by *** (p � 0.0001) and ns (p � 0.05). Error bars �
standard deviations.
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chondrial membrane potential whether or not cells were
expressing ATF6(1–373) (Fig. 9C). This and the data in Fig. 4D
indicate that activation of the ATF6 pathway limits ATZ-in-
duced mitochondrial damage by promoting HRD1-dependent
degradation of ATZ.

DISCUSSION
In this study, we showed that selective activation of theATF6

branch of the UPR led to increased degradation of ATZ by an
ERAD-dependent pathway that includesHRD1 and the protea-
some. We also showed that the characteristic ATZ accumula-
tions that appear in hepatoma cells as a consequence of the Z
mutation, namely the IBs, were reduced by activation of the
ATF6 pathway. Furthermore, it appears that selective induc-

tion of the ATF6 pathway of ERAD machinery, although pro-
moting ATZ degradation, does not lead cells to apoptosis. This
is important considering that sustained activation of the UPR
and specifically of the ATF4 branch of the UPR promotes apo-
ptosis (5). Here we found that although activation of ATF6 pro-
moted increased expression of proapoptotic CHOP in the
nucleus caspase 3 activation and chromatin condensation were
not induced, indicating that apoptosis itself does not take place.
Another potentially detrimental effect of activation of the UPR
is phosphorylation of eIF2a and reduced protein synthesis with
adverse effects on the ability of the hepatocyte to synthesize and
secrete major protein components of the blood. In this respect,
it appears that activation of the ATF6 pathway does not impair

FIGURE 8. ATF6(1–373) expression does not induce XBP1 and ATF4 or promote apoptosis. A, Hepa 1-6 cells were transiently transfected with ATZ-
pEGFP-N2 and either ATF6-HA-pCGN or ATF6(1–373)-HA-pCGN. As a positive control for ER stress, cells were treated for 16 h with 1 �g/ml of tunicamycin (TUN).
ATF4 (panel i) and XBP1s (panel ii) mRNA induction was measured by quantitative real time PCR 48 h after transfection. Each sample was normalized for �-actin
mRNA (for each condition, n � 3). Error bars � standard deviations derived from 3 independent experiments. B, panel i, Hepa 1-6 cells were co-transfected with
ATZ-pEGFP-N2 and either ATF6-HA-pCGN or ATF6(1–373)-HA-pCGN for 48 h. As a positive control, Hepa 1-6 cells were transfected with ATZ-pEGFP-N2 and
treated for 16 h with 1 �g/ml tunicamycin (TUN). Cells were analyzed by immunofluorescence using rat monoclonal antibody against HA and rabbit polyclonal
antibody against CHOP. Secondary staining was carried out using Cy3-conjugated anti-rat antibodies and Cy5-conjugated anti-rabbit antibodies. Panel ii,
quantification of the experiment shown in panel i (ATF6, n � 25; ATF6(1–373), n � 41; tunicamycin, n � 36). C, panel i, Hepa 1-6 cells were co-transfected and
treated as in B. The TUNEL assay was performed on fixed cells followed by primary staining using rat monoclonal antibody against HA. Secondary staining was
carried out using of Cy5-conjugated anti-rat antibodies. Panel ii, quantification of the experiment shown in panel i (ATF6, n � 24; ATF6(1–373), n � 21;
tunicamycin, n � 37). B and C, error bars � standard deviations. D, panel i, Hepa 1-6 cells were transiently transfected with AAT-myc-pcDNA3.1 or
ATZ-myc-pcDNA3 and treated with or without 2 mM DTT for 16 h. Western blots were probed with the indicated antibodies. Panel ii, cleaved caspase 3 shown
in panel i was measured by densitometry. Panel iii, Hepa 1-6 cells were transiently transfected with ATZ-myc-pcDNA3.1 and ATF6-HA-pCGN or
ATZ-myc-pcDNA3.1 and ATF6(1–373)-HA-pCGN. Cells were incubated with or without 2 mM DTT for 16 h. Western blots were probed with the indicated
antibodies. Panel iv, cleaved caspase 3 shown in panel iii was measured by densitometry. Statistical significance is indicated by * (p � 0.01), ** (p � 0.001),
*** (p � 0.0001), and ns (p � 0.05). Bars, 25 �m. Error bars as in panel A.

FIGURE 9. Expression of ATF6(1–373) reduces ATZ-dependent mitochondrial damage. A, panel i, untransfected Hepa 1-6 cells were treated either with 20
�g/ml CCCP or vehicle (DMSO; control) for 2 h or 4 �g/ml oligomycin for 2 h. Mitochondria were stained using MitoTracker Red CMXRos. Cells were fixed and
visualized by fluorescence microscopy. Panel ii, quantification of the experiment shown in panel i) (control, n � 187; oligomycin, n � 185; CCCP, n � 186).
B, panel i, Hepa 1-6 cells were transiently transfected with Lipofectamine alone (control), ATZ-pEGFP-N2 and empty vector, or ATZ-pEGFP-N2 and ATF6(1–373)-
HA-pCGN. After 48 h, mitochondria were stained as in A. Immunofluorescence analysis was done using primary rat monoclonal antibodies against HA.
Secondary staining was carried out using Cy5-conjugated anti-rat antibodies. Panel ii, quantification of the MitoTracker fluorescence of the experiment shown
in panel i (control, n � 32; ATZ-GFP, n � 36; ATZ-GFP � ATF6(1–373), n � 41). C, panel i, Hepa 1-6 cells were transiently transfected with ATZ-pEGFP-N2,
ATF6-HA-pCGN, and control siRNA; ATZ-pEGFP-N2, ATF6-HA-pCGN, and HRD1 siRNA; ATZ-pEGFP-N2, ATF6(1–373)-HA-pCGN, and control siRNA; or ATZ-
pEGFP-N2, ATF6(1–373)-HA-pCGN, and HRD1 siRNA. Staining of mitochondria and immunofluorescence microscopy were carried out as in B, and the exper-
iment was quantified (cells transfected with ATF6-HA-pCGN and control siRNA, n � 20; ATF6-HA-pCGN and HRD1 siRNA, n � 20; ATF6(1–373)-HA-pCGN and
control siRNA, n � 20; ATF6(1–373)-HA-pCGN and HRD1 siRNA, n � 21). Statistical significance is indicated by *** (p � 0.0001) and ns (p � 0.05). Bars, 25 �m.
Error bars � standard deviations.
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translation of both endogenous and exogenous proteins. The
lack of increased apoptosis and of inhibition of protein synthe-
sis in the in the ATZ-expressing hepatoma cells with induced
ATF6 pathway is consistent with the observation that theATF4
mRNA levels are not increased, thereby indicating that the
PERK/eIF2a/ATF4 pathway is independent of ATF6. Another
aspect of induction of theATF6 pathway is the expansion of the
ER (12), which may cause a relative inability to export proteins
along the secretory pathway. However, this does not seem to be
the case because secretion of AAT in the medium was main-
tained. It was concluded that activation of the ATF6 pathway in
the ATZ-expressing cells accelerates ATZ disposal without
impairing synthesis and secretion of natively folded proteins
and without causing apoptosis. A characteristic feature of
expression of ATZ in hepatocytes is mitochondrial damage
(33). Here we found that activation of the ATF6 pathway
restored mitochondrial potential to the same level as in the
absence of ATZ expression. Thus, it appears that activation of
the ATF6 pathway not only increases specifically the degrada-
tion of ATZ but also reduces cell toxicity. The work presented
here addresses the issue of whether induction of a branch of the
UPR specifically increases ATZ degradation without decreas-
ing hepatocyte function or promoting apoptosis. In this respect,
although modulation of proteostasis has been proposed as a
target for therapy of misfolded proteins (39), knowledge on the
consequences of such interventions on general cell function is
limited.
We found that, in the absence of induction ofATF6, ERADof

ATZbyHRD1was amajor pathway ofATZdegradation. In this
respect,HRD1 silencing in hepatoma cells increased by�3-fold
the amount of intracellular ATZ, promoted the appearance of
high molecular weight species of ATZ, and increased the size
and ATZ content of the IBs. The IBs induced by ATZ expres-
sion in the hepatoma cells were similar to the globules in the
hepatocytes of PiZZ individuals and PiZ transgenic mice not
only by having a ribosome-associated limiting membrane (15,
18) but also increased density as compared with the main ER
(Fig. 1). Our finding that the HRD1 pathway of degradation is a
major route of ATZ disposal is consistent with the conclusion
that disposal of mutant neuroserpin with propensity to poly-
merize is impaired by cell incubation with the proteasome
inhibitor MG132 and is inhibited by HRD1 silencing (25, 40).
However, incubation withMG132 did not impair bulk disposal
of ATZ in the hepatoma cells and did so only when the ATF6
pathway was activated. This suggests thatMG132 does not effi-
ciently inhibit ATZ degradation by the proteasome and that
this inhibition becomes apparent only when disposal of the var-
iant is promoted by activation of ATF6. Our data suggest that a
relative insufficiency of the HRD1-dependent pathway of ATZ
degradation leads to formation of the hepatic globules. HRD1-
dependent disposal of ATZ is likely to occur in the ER rather
than in the IBs because HRD1 silencing functions to inhibit
degradation ofATZwhen it occurs before, rather than after, the
appearance of the IBs. The data presented here converge to a
model where an early step in the degradation of ATZ occurs by
an HRD1-dependent mechanism in the ER that would clear up
most of the protein. The fraction of ATZ still persisting in the
ER would accumulate in the form of high density aggregates in

subregions of the ER that appear as globular inclusions. This
model is consistent with the findings that in the transfected
hepatoma cells HRD1 silencing led to further increased intra-
cellular ATZwithmost of the protein appearing as highmolec-
ular weight forms and that the IBs appear as dilated sections of
the ER co-existing with ER of normal appearance (Fig. 1). We
have proposed that formation of IBs originating from the main
ER is a protective mechanism to limit ATZ toxicity (15) (41).
The new data presented here suggest that IBsmay function as a
protective mechanism to maintain ER homeostasis when the
HRD1 pathway of ATZ degradation is overloaded. Activation
of the ATF6 pathway by preventing or delaying such an over-
load would reduce formation of the IBs. It has been reported
recently that transcriptional elevation of an ERAD component,
EDEM1, increases the efficiency of degradation of ATZ func-
tion, by maintaining ER mannosidase I function (29). More-
over, a mutation in the 3�-untranslated region of ER mannosi-
dase I may accelerate the onset of the end stage liver disease
(42). More work has to be done to determine whether EDEM1
and ER mannosidase I function upstream of HRD1 to facilitate
degradation of ATZ. The data presented here show that induc-
tion of the ATF6 pathway does not promote formation of
autophagosomes. This and the finding that ATF6 degraded
ATZ by a pathway that was both dependent on HRD1 and the
proteasome are consistent with the conclusion that the tran-
scription factor promotes degradation of ATZ by classical
ERAD rather than by autophagy. On the other hand, it appears
that inhibition of the HRD1 pathway of ATZ degradation
induces autophagy most likely consequent to the increased
amount of intracellular ATZ. It has been reported recently that
autophagy-enhancing drugs such as carbamazepine and rapa-
mycin promote ATZ degradation and reduce liver fibrosis (43,
44). These data suggest that although ERAD of ATZ would
function early after ATZ synthesis, increased autophagy may
function to dispose of ATZ once the globular inclusions are
already formed in the hepatocytes. Because the ATF6/HRD1-
dependent pathway of ATZ degradation does not involve
autophagy, this pathway would be another potential target to
promote disposal of ATZ by the liver in addition to the
autophagy-promoting drugs.
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