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The accumulation of damaged or misfolded proteins, if unresolved, can lead to a detrimental consequence
within cells termed proteotoxicity. Since cancerous cells often display elevated protein synthesis and by-
product disposal, inhibition of the protein degradation pathways is an emerging approach for cancer therapy.
However, the molecular mechanism underlying proteotoxicity remains largely unclear. We show here that
inhibition of proteasomal degradation results in an increased oligomerization and activation of caspase-8 on
the cytosolic side of intracellular membranes. This enhanced caspase-8 oligomerization and activation are
promoted through its interaction with the ubiquitin-binding protein SQSTM1/p62 and the microtubule-
associated protein light chain 3 (LC3), which are enriched at intracellular membranes in response to proteo-
toxic stress. Silencing LC3 by shRNA, or the LC3 mutants defective in membrane localization or p62 inter-
action fail to induce caspase-8 activation and apoptosis. Our results unveiled a previously unknown mechanism
through which disruption of protein homeostasis induces caspase-8 oligomerization, activation, and apoptosis.

Cellular proteins are degraded by two mechanistically con-
nected processes: the ubiquitin-proteasomal pathway and the
autophagolysosomal pathway (11, 16, 32, 35). Suppression of
these protein degradation pathways leads to the accumulation
of damaged or unwanted proteins, which, if unresolved, is
detrimental to the cell, leading to a consequence known as
proteotoxicity (24). Proteotoxicity plays an important role in
numerous physiological and pathological conditions such as
degenerative disorders and diabetes. Cancer cells, owing to
their aberrant transcription/translation activity and protein dis-
posal, may become more vulnerable to proteotoxicity. Indeed,
inhibition of the proteasomal and autophagolysosomal degra-
dation pathways is clinically used or under investigation for
treating cancer (1, 4, 12, 18, 38, 54, 55).

The molecular machinery underlying proteotoxicity remains
largely unclear. Several mechanisms have been proposed for
the cytotoxic activity of proteasome inhibition, including sta-
bilization of p53 (23) and the BH3-only proteins (37), cleavage
of Mcl-1 (42), downregulation of XIAP and survivin (51), in-
hibition of NF-kB activity (3), and downregulation of the
PI3K/Akt survival pathway (13). For the autophagolysosomal
degradation pathway, it has been shown that lysosomal inhib-
itors such as chloroquine can lead to cell death via p53 (36). In
addition, since both the proteasome and autophagolysosome
pathways function as a safeguard system to degrade misfolded
or unwanted proteins, a failure within either degradation path-
way leads to endoplasmic reticulum (ER) stress (16), which
can induce apoptosis through upregulation of the BH3-only
proteins Puma and Bim (44, 46). However, the effectiveness of
proteasome and lysosome inhibitors on a broad spectrum of
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malignancies, including cancers which are often defective in
apoptosis, suggests a more fundamental biochemical mecha-
nism for proteotoxicity (54, 55). In vitro cell culture studies
have shown that ER stress and proteasome inhibitors can ef-
fectively induce cell death in p53~/~ and bax~'~ bak '~ cells
(37, 52), indicating that the main apoptotic mediators p53, Bax,
and Bak are dispensable for proteotoxicity. In the present
study, we first treated a number of breast cancer cell lines with
the proteasome inhibitor MG132 and observed that caspase-8
activation plays an important role in MG132-induced apopto-
sis. We went on to study the molecular mechanism and signif-
icance of caspase-8 activation in response to proteasome inhi-
bition.

MATERIALS AND METHODS

Cell lines, culture, and transfection. HEK293T, bax™'~ bak ™'~ baby mouse
kidney (BMK), MDA-MB-231, and MCF-7 cells were cultured in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum (FBS), 100
U of penicillin/ml, and 100 pg of streptomycin/ml (Invitrogen). MDA-MB-468
cells were cultured in RPMI 1640 supplemented with 10% FBS, 100 U of
penicillin/ml, and 100 pg of streptomycin/ml.

Reagents and antibodies. The following reagents were used: MG132 (Sigma
catalog no. C2211), z-VAD (Calbiochem catalog no. 219007), Hoechst 33342
(Molecular Probes catalog no. H1399, used at 0.5 pg/ml), DAPI (4',6'-di-
amidino-2-phenylindole; Sigma catalog no. D9542, used at 1 pg/ml), chloroquine
(CQ; Sigma catalog no. C6628, used at 10 wM), tumor necrosis factor o (TNF-a;
Invitrogen catalog no. PMC3014), cycloheximide (Calbiochem catalog no.
239763), Ni-NTA agarose (Qiagen catalog no. 133203974), protein A (Roche
catalog no. 11719408001), protein G (Roche catalog no. 11719416001), trypsin
(Sigma catalog no. T1426, used at 100 pg/ml), trypsin inhibitor (Sigma catalog
no. T2327, used at 60 pg/ml), and a gold enhancement kit (Nanoprobes catalog
no. 2113).

The following antibodies were used: PARP (Cell Signaling catalog no. 9542;
1:1,000 for Western blotting [WB]), caspase-8 (R&D Systems catalog no.
AF1650; 1:1,000 for WB; Alexis Biochemicals catalog no. Alx-804-447; 1 g per
reaction for immunoprecipitation [IP], 1:200 for immunofluorescence [IF], and
1:100 for electron microscopy [EM]), caspase-3 (Cell Signaling catalog no. 9661;
1:1,000 for WB), tubulin (Sigma catalog no. T4026; 1:10,000 for WB), Flag
(Sigma catalog no. F7425 [1:1,000 for WB] and catalog no. F3165 [1:1,000 for
WB and 1:500 for IF]), hemagglutinin (HA; Rockland catalog no. 21345; 1:5,000
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FIG. 1. MG132 induces caspase-8-dependent apoptosis in human breast cancer cells. Human breast cancer cells—MDA-MB-231,
MDA-MB-468, and MCF-7—were treated with MG132 (0.5 uM). At the indicated time points, cells were collected. (A) Cell death was
measured by PI exclusion. The averages of four independent assays = the SEM are shown. (B) Cell lysates were examined by immunoblotting
with the indicated antibodies. (C) The activities of caspase-8 were assayed by using the Caspase-Glo 8 luminogenic assay kit. The fold
increase of caspase-8 activity relative to that of the respective untreated cells is shown. The average of four independent assays *= the SEM
is shown. (D to F) Cells were infected with lentiviral nontargeting control (shNTC) and caspase-8 (shC8) shRNAs. Cells with caspase-8
knockdown were treated with MG132 (0.5 pM). (D) Knockdown of the caspases was verified by immunoblotting. (E) Caspase-8 activity was
measured using the Caspase-Glo 8 luminogenic assay kit. The fold increase in the caspase-8 activity relative to that of the respective
untreated cells is shown. The averages of four independent assays = the SEM are shown. #x*, P < 0.01. (F) Cell death was measured by PI
exclusion. The averages of four independent assays = the SEM are shown. *, P < 0.05.

for WB, and 0.5 pg per reaction for IP), caspase-2 (Millipore catalog no.
MAB3507; 1:500 for WB), caspase-9 (for mouse; Cell Signaling catalog no. 9504;
1:1,000 for WB), SQSTM1/p62 (Novus Biologicals catalog no. H00008878-MOL;
1:5,000 for WB), LC3 (MBL catalog no. PM036; 1:1,000 for WB), green fluo-
rescent protein (GFP; Santa Cruz Biotechnology catalog no. sc-9996; 1:1,000 for
WB, 1 ug per reaction for IP), rabbit GFP antibody (a gift from Zhenyu Yue,
Mount Sinai School of Medicine; 1:2,000 for WB, 0.3 pg per reaction for IP),
anti-Flag M2 affinity gel (Sigma catalog no. A2220), LAMP-1 (a gift from
J. Thomas August, Department of Pharmacology and Molecular Sciences, Johns
Hopkins University School of Medicine; clone 1D4B; 1:200 for WB), and com-
plex IV subunit Va monoclonal antibody (Invitrogen catalog no. 459120; 1:500).

Plasmids. Human SQSTM1/p62 and human caspase-8 expression constructs
were generated by using cDNA amplified by reverse transcriptase PCR and inserted
into p3xFlag-CMV-10 (Sigma). The HA-tagged caspase-8 was generated by replac-
ing the Flag tag in p3xFLAG-CMV-10 with an HA tag. The retroviral LPC-Flag-p62
and LPC-HA-caspase-8 constructs were generated by cloning Flag-p62 and HA-
caspase-8 from the pCMV-10 constructs into the LPC vector. The LPC-GFP-LC3
construct was described previously (52). LC3 F52A and G120A mutants were gen-

erated by standard site-directed mutagenesis using the following oligonucleotides:
for F52A, 5'-GCTGCTGTACCTGATCACGTGAATATGAGCG-3" and 5'-CTT
GGTCTTGTCCAGGACGGG-3'; for G120A, 5'-CGACAGCACTGGCTGTTAC
ATACATG-3' and 5'-CGAACGTCTCCTGGGAGGCATAG-3'. The primers
used for caspase-8 mutant construct C360S were 5'-CAAAGTGTTTTTTATTCA
GGCTaGTCAGGGGGATAACTACCAG-3" and 5'-CTGGTAGTTATCCCCCT
GACtAGCCTGAATAAAAAACACTTTG-3' (the lowercase letter indicates the
mutated site). Bimolecular fluorescence complementation (BiFC) constructs were
made by fusing VN (Venus N1-173) and VC (Venus C155-239) to the C termini of
caspase-8 mutants. A linker GGSGSGSS was inserted between the Venus tag and
caspase-8. Venus and linker sequences were kindly provided by Michael A. Fro-
hman. shRNAs were obtained from Sigma: for LC3, NM_025735, CATGAGCGAG
TTGGTCAAGAT; for p62, NM_011018, CCGCATCTACATTAAAGAGAA,; for
mouse caspase-8, NM_009812, CCTCCATCTATGACCTGACA; and for human
caspase-8, NM_001228, CCTGGCCGATGGTACTATTTA. The primers used for
p62 mutant constructs were as follows: for D69A, 5'-CTTCCAGGCGCACT
ACCGCGcTGAGGACGGGGACTTGGTTGCC-3' and 5'-GGCAACCAA
GTCCCCGTCCTCAgCGCGGTAGTGCGCCTGGAAG-3'; for 1431A, 5'-C
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FIG. 2. MG132 induces caspase-dependent apoptosis in cells defici

ent in mitochondrial apoptosis. bax ™/~ bak '~ BMK cells were treated with

indicated concentration of MG132. (A) At the indicated time points cells were collected and cell death measured by PI exclusion. The averages
of three independent assays * the SEM are shown. (B) Cells untreated or treated with MG132 for 24 h were stained with Hoechst 33342 and
observed with a fluorescence microscope. Representative images are shown. Note the nuclear condensation and fragmentation in MG132-treated
cells. (C) Cells untreated or treated with MG132 for 24 h were lysed and probed for indicated proteins by immunoblotting. (D) The pan-caspase
inhibitor z-VAD was added to cell culture. Note that z-VAD protected cells from MG132 treatment. The averages of three independent assays *

the SEM are shown. (E) Upon treatment of MG132 at indicated time

points, caspase-8 activity was assayed using the Caspase-Glo 8 luminogenic

assay kit. The averages of three independent assays plus the SEM are shown.

ATCGGAGCGGCTCTGGACACCgcCCAGTATTCAAAGCATCC-3" and
5'-GGATGCTTTGAATACTGGgcGGTGTCCAGAGCCGCTCCGATG-3';
and for A321-342, 5'-GATCGCCTTGGAGTCCGAGGGGTCAAAAGAAG
TGGACCCGTC-3" and 5'-GACGGGTCCACTTCTTTTGACCCCTCGGA
CTCCAAGGCGATC-3' (lowercase letters indicated mutated sites).

Bimolecular fluorescence complementation (BiFC) assay. The pairs of VN
and VC caspase-8 mutants were transfected into cells with Lipofectamine 2000.
At 24 h posttransfection, the cells were plated into wells for treatment. The cells
were harvested 18 h after treatment, and green the fluorescence of the cells was
determined by flow cytometry.

Lentiviral and retroviral infection. For lentiviral infection, 5 X 10° HEK293T
cells were plated into a six-well plate. After 24 h, the cells were transfected with
the packaging construct pPCMV A8.91 (2 pg), a vesicular stomatitis virus glyco-
protein (VSV-G) expression construct (1 pg), and the lentiviral expression con-
struct (3 pg) by using Lipofectamine 2000. At 24 h posttransfection, the virus-
containing cell culture supernatant was collected, filtered through 0.45-wm-pore-
size nylon filter and subsequently used to infect target cells. The infection
procedure was repeated every 12 h for a total of three rounds of infection. One
day after the last infection, the cells were selected with 4 pg/ml of puromycin
(InvivoGen). Retroviral infection was performed as described previously (17).
Briefly, retrovirus was produced in HEK293T cells after transfection with LPC-
retroviral constructs (2.5 pg) and helper viral construct (1.5 pg). The same
infection procedure was used as for lentiviral infection, except that the viral
supernatant was supplemented with 10 pg of Polybrene (Sigma)/ml.

His-Ub assay for mammalian cells. A total of 3 X 10° cells were plated into a
10-cm culture dish. After overnight recovery, the cells were transfected with 2 pg
of pMT107 plasmid encoding polyhistidine-tagged Ub (kindly provided by Erich
R. Mackow, Stony Brook University). One day after transfection, the cells were
collected, and the same number of cells was plated into multiple wells for
treatment. After treatment, the cells were collected, washed twice with phos-
phate-buffered saline (PBS), and resuspended in 1 ml of buffer A (6 M guani-
dine-HCI, 0.1 M Na,HPO,-NaH,PO,, 10 mM imidazole; pH 8.0). After a 10-s

sonication, each sample was added with 50 pl of Ni-NTA-agarose (Qiagen)
equilibrated with buffer A and then incubated 3 h at room temperature with
agitation. Agarose was precipitated by centrifugation and washed twice with
buffer B (10 mM Tris-Cl [pH 8.0], 8 M urea, 0.1 M NaH,PO,) and three times
with 1:4-diluted buffer B. The precipitates were resuspended in 100 wl of 2X
Laemmli buffer (4% sodium dodecyl sulfate [SDS], 20% glycerol, 10% 2-mer-
captoethanol, 0.004% bromphenol blue, 0.125 M Tris-HCI [pH 6.8]) with 200
mM imidazole, heated at 95°C for 10 min, and subjected to Western blotting.

Coimmunoprecipitation. Cells were treated with trypsin, spun down, washed
twice with PBS, and lysed for 30 min in IP lysis buffer (30 mM Tris [pH 7.5], 150
mM NaCl, 10% glycerol, 1% Triton X-100, 10 mM NaF, 100 M orthovanadate,
200 wM phenylmethylsulfonyl fluoride [PMSF]) supplemented with protease
inhibitor cocktail (Biosciences). The cell lysate was centrifuged at 13,000 X g at
4°C. The supernatant was precleared with protein A/G agarose (Roche) and
incubated with primary antibodies overnight at 4°C with agitation. The lysates
were then incubated with protein A/G-agarose for 2 h, washed twice with IP lysis
buffer with 500 mM NaCl and twice with IP lysis buffer, and heated in 2X SDS
sample buffer at 95°C for 5 min.

Size exclusion chromatography. Cells were lysed in IP lysis buffer (30 mM Tris
[pH 7.5], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 10 mM NaF, 100 pM
orthovanadate, 200 uM PMSF) supplemented with protease inhibitor cocktail
(Biosciences). Cell lysates were cleared by centrifugation at 4°C at 13,000 X g)
and filtered through a 0.45-pm-pore-size filter. The supernatant (3 mg of total
protein for each sample) was loaded onto a Superdex 200 10/300 GL column
equilibrated with washing buffer (30 mM Tris [pH 7.5], 150 mM NaCl), subse-
quently eluted with washing buffer at flow speed of 0.5 ml/min, and finally
collected in 0.5-ml volumes.

Acetone precipitation. Four times the sample volume of cold (—20°C) acetone
was added to each sample, mixed, and incubated for 120 min at —20°C. The
proteins were precipitated for 15 min at 4°C at 13,000 X g. The pellets were dried
for 10 min at room temperature and boiled in 2X SDS sample buffer at 95°C for
S min.
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FIG. 3. MG132 induces caspase-8 oligomerization and aggregation. (A) Schematic representation of the full-length and truncated caspase-8
BiFC constructs. (B) bax '~ bak '~ BMK cells were transiently transfected with plasmids encoding C8 (C360S)-VN and C8 (C360S)-VC for 18 h,
followed by treatment with MG132 for an additional 18 h. Representative fluorescence images were taken. (C) Cells untransfected, or transfected
with the Venus pairs of C8 (C360S) were left untreated or were treated with MG132 for 18 h. The percentages of Venus green cells were analyzed
by flow cytometry. The number of Venus-positive cells in MG132-treated samples was normalized against that of the untreated samples. The
average of four experiments plus the SEM are shown. (D) Lysates from untreated or MG132-treated bax '~ bak™’~ BMK cells were resolved by
size exclusion chromatography on a Superdex 200 column. Eluate was collected in 0.5-ml fractions, concentrated by acetone precipitation, and
probed for indicated proteins. The molecular masses of the protein standards used to indicate the approximate sizes of the fractions are indicated

in kilodaltons.

Caspase activity assay. Caspase activity was determined by using a Caspase-
Glo 8 assay kit (Promega catalog no. G8200), which uses the respective lumino-
genic caspase substrates, according to the manufacturer’s instructions. The lu-
ciferase activities were read by a luminescence reader (Spectramax MS;
Molecular Devices).

Immunofluorescence. Cells were fixed in 4% paraformaldehyde in PBS for 25
min at room temperature. After two washes with PBS, the cells were permeab-
ilized with 0.1% Triton X-100 in PBS for 10 min. The cells were blocked in 5%
goat serum in PBS for 1 h at room temperature. After a brief wash with PBS with
0.1% Tween 20 (PBST), the cells were incubated with primary antibodies in
PBST with 5% goat serum overnight at 4°C. The cells were washed four times
with PBST, followed by incubation with fluorophore-conjugated secondary an-
tibodies in PBST with 5% goat serum for 1 h at room temperature. The cells
were then washed three times with PBST and incubated with 1 wg of DAPI/ml
in PBS for 5 min. After two washes with PBS, the cells were mounted with
Immu-Mount (Thermo Scientific). The slides were observed and imaged using a
Zeiss LSM 510 META NLO two-photon laser scanning confocal microscope or
a Zeiss inverted Axiovert 200M deconvolution microscope. Active caspase-8 was
detected with a caspase-8 detection kit (Calbiochem catalog no. QIA114) ac-
cording to the recommended protocol.

Trypsinization of HM and LM proteins. A total of 5 X 10° cells were resus-
pended in hypotonic buffer A (250 mM sucrose, 20 mM HEPES [pH 7.5], 10 mM
KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA) on ice for 30 min. The cells
were disrupted by passage through 26-gauge needles 30 times and then through
30-gauge needles 30 times. The cell lysates were centrifuged at 750 X g for 10 min
at 4°C. The supernatants were collected and centrifuged at 750 X g for 10 min at
4°C again. The supernatants were divided into two parts. To one part trypsin was
added to a final concentration of 100 pg/ml, followed by incubation for 30 min
on ice. Trypsin inhibitor (60 wg/ml) was added to stop the proteolysis reaction.
All of the supernatants with or without trypsin treatment were centrifuged at
10,000 X g for 30 min at 4°C. The pellets were recovered as a heavy-membrane
(HM) fraction. The supernatants were recovered and centrifuged at 100,000 X g
for 1 h at 4°C. These pellets were recovered as a light-membrane (LM) fraction.
All of the fractions were resuspended in 2X SDS sample buffer before being
subjected to Western blotting.

Measurement of cell death. For cell viability, cells (including the detached
ones) were collected and resuspended in culture medium with propidium iodide
(PI) at 1 wg/ml. Cell viability was determined by PI exclusion using a FACSCalibur
(BD Biosciences). Alternatively, trypan blue staining was used to determine cell
viability. Portions (0.5 ml) of the cells (~10° cells per ml) were mixed with 0.1 ml
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using anti-p62 (green) and anti-caspase-8 (red) antibodies. DAPI was used to visualize the nucleus. (E) bax™/~ bak™’~ BMK cells were stably
infected with lentivirus encoding nontarget control sShRNA (shNTC), caspase-8 shRNA (shC8), or p62 shRNA (shp62). The expression of p62 or
caspase-8 was examined by immunoblotting. (F and G) Cells with different siRNAs were treated with MG132 (0.5 pM). Cell death was determined
by PI exclusion (G) or immunoblotting (G). Note that the lower amount of cleaved PARP and C3 in shNTC at 48 h is due to excessive cell death.
The averages of four independent assays plus the SEM is shown for the cell death curve. (H to J) Characterization of the p62 dependence of
MG132-induced apoptosis. (H) Wild-type p62 and mutants deficient in dimerization (D69A), ubiquitin binding (I431A), and LC3-interaction
(A321-342) were expressed in bax~/~ bak~'~ BMK cells stably expressing shp62. (I) Cells were treated with MG132 (0.5 pM) for the indicated
periods of time, and cell death was determined by PI exclusion. The averages of four experiments = the SEM are shown. (J) Cell lysates were
probed for cleaved caspase-3 (C-C3) and tubulin.
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FIG. 4—Continued.

of 0.4% trypan blue and incubated for 5 min at room temperature. The cells were
counted under a phase-contrast light microscope.

Statistics. Data from cell death assays are presented as means = the standard
errors of the mean (SEM). A Student ¢ test was used to compare the differences
between two groups. Significance was judged when P < 0.05.

Image processing and densitometry ement. Images taken from decon-
volution and confocal microscopes were viewed and processed by AxioVision LE
and Zeiss LSM image browser, respectively. Images were processed in Adobe Pho-
toshop to enhance the brightness and contrast. Densitometry of the immunoblot
bands was determined by using ImageJ software unless indicated otherwise.

RESULTS

Inhibition of protein degradation leads to caspase-8 activa-
tion and apoptosis. To study the mechanism underlying pro-
teotoxicity, we treated human breast cancer cell lines MDA-
MB231, MDA-MB-468, and MCF7 with the proteasome

inhibitor MG132. MG132 induced cell death and apoptotic
cleavage of poly(ADP-ribose) polymerase (PARP), caspase-3,
and caspase-8 in MDA-MB-231 and MDA-MB-468 cells (Fig.
1A and B). Similar apoptotic features were observed in MCF-7
cell line, although it is caspase-3 deficient (Fig. 1B). The cleav-
age of caspase-8 accompanies its activation determined using a
Caspase-Glo 8 luminogenic assay kit (Fig. 1C). To determine
whether the activation of caspase-8 contributes to cell death
induced by MG132, caspase-8 was knocked down using shRNA
(Fig. 1D). Partial knockdown of caspase-8 led to a significant
lower activity (Fig. 1E) and conferred protection, albeit incom-
plete, against MG132 (Fig. 1F). These results raise the possi-
bility that activation of caspase-8 may be involved in proteo-
toxicity caused by proteasome inhibition.

These results suggest that the activation of the initiator
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caspase-8 plays a role in MG132-induced apoptosis. To further
study the molecular mechanisms underlying MG132-induced
caspase-8 activation, we used bax~'~ bak~’~ BMK cells in
which the mitochondrial apoptotic pathway is inhibited (15). It
has been previously shown that proteasome inhibitors can in-
duce cell death in bax '~ bak '~ cells (37); hence, we reasoned
this genetically modified system is ideal for studying the mo-
lecular mechanism of activation of initiator caspases without
interference from mitochondrial apoptosis and has strong rel-
evance to cancer cells with compromised mitochondrial apop-
tosis. Indeed, MG132 induced cell death in bax '~ bak™'~
BMK cells in a dose- and time-dependent manner (Fig. 2A).
This MG132-induced cell death in bax™'~ bak '~ BMK cells
appeared to be caspase dependent, judging by nuclear frag-
mentation and chromatin condensation (Fig. 2B) and apop-
totic cleavage of caspase-3 and PARP (Fig. 2C) and the fact
that z-VAD protected cells from MG132 treatment (Fig. 2D).
Importantly, proteolytic cleavage of caspase-8 was also ob-
served (Fig. 2C). The Caspase-Glo 8 luminogenic assay showed
that MG132 treatment induced activation of caspase-8 (Fig.
2E). Caspase-8 partial knockdown conferred significant pro-
tection against MG132 (see Fig. 4E to G). These results indi-
cate that proteasome inhibition can induce apoptosis, which
may involve caspases, in cells with defective mitochondrial
apoptosis.

Proteasome inhibition leads to increased caspase-8
oligomerization and activation. The results presented above
suggest that caspase-8, an initiator caspase, may be involved in
MG132-induced apoptosis (Fig. 1 and 2). Since we observed
caspase-8 activation in both apoptosis-competent human can-
cer lines (Fig. 1) and in apoptosis-deficient bax ™'~ bak™/'~
BMK cells (Fig. 2), we continued to explore the mechanism
underlying caspase-8 activation using the bax™'~ bak ™'~ cells
to minimize the interference from mitochondrial apoptosis in
the following studies.

In response to the activation of death receptors upon death
ligand engagement, caspase-8 is activated and self-cleaved by
increased oligomerization through its recruitment to the
death-inducing signaling complex (DISC) on the plasma mem-
brane (5, 9, 31, 43, 58). Since caspase-8 cleavage and activation
were induced by MG132 treatment (Fig. 1 and 2), we explored
whether MG132 can induce oligomerization of caspase-8 using
the bimolecular fluorescence complementation (BiFC) assay
(25). To avoid cell death induced by overexpression of
caspase-8, we used the catalytically inactive C360S mutant of
the full-length caspase-8 (10). The C8 (C360S) mutant was
fused to the split Venus proteins, Venus N1-173 and Venus
C155-239 (Fig. 3A), and transfected into bax™/~ bak '~ BMK
cells. MG132 treatment significantly induced BiFC of C8
(C360S) (Fig. 3B and C). To determine whether MG132 in-
duces oligomerization of caspase-8 at endogenous levels, we
performed size exclusion chromatography in bax /'~ bak /'~
BMK cells. Upon MG132 treatment, increased amounts of
both the 55/53-kDa and 44/42-kDa species of caspase-8 were
detected in high-molecular-mass fractions (Fig. 3D).
Oligomerization-induced activation has been shown as a gen-
eral mechanism for the activation of caspases. In contrast to
caspase-8, caspase-2 and caspase-9, two other initiator
caspases that can be induced to oligomerize (50, 59), did not
display apparent oligomerization upon MG132 treatment (Fig.
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3D). Together, these results indicate that inhibition of protea-
somal degradation can specifically induce oligomerization and
aggregation of caspase-8.

Proteasome inhibition results in increased caspase-8 ubiq-
uitination and interaction with SQSTM1/p62. It was recently
reported that upon the engagement of death ligand to the
death receptor, caspase-8 is ubiquitinated by the E3 ubiquitin
ligase cullin-3, which facilitates its interaction with the ubiqui-
tin-binding protein Sequestosome-1 (SQSTM1/p62) and ag-
gregation at the DISC (26). Since proteasome inhibition gen-
erally leads to the accumulation of ubiquitinated proteins, we
reasoned that MG132-induced caspase-8 aggregation and ac-
tivation may also involve its ubiquitination and subsequent
interaction with p62. Indeed, a His-tagged ubiquitin (His-Ub)
pulldown assay showed that MG132 treatment led to increased
levels of ubiquitinated caspase-8 (Fig. 4A), and both the
caspase-8/p62 interaction and colocalization were enhanced
upon MG132 treatment at both overexpression (Fig. 4B and C)
and endogenous (Fig. 4D) levels. Knockdown of p62 led to
protection against MG132-induced cell death, as shown by
reduced plasma membrane permeability (Fig. 4E and F) and
delayed apoptotic cleavage of caspase-3 and PARP (Fig. 4G).
The partial protection may be due to the incomplete knock-
down of p62 expression (Fig. 4E) and/or activation of an al-
ternative cytotoxic effect due to loss of p62. Although restored
expression of wild-type p62 in the p62 knockdown cells signif-
icantly enhanced MG132-induced apoptosis, the dimerization-
deficient mutant (D69A) and the ubiquitin binding-deficient
mutant (I431A) of p62 (8) failed to restore apoptosis (Fig. 4H
to J). These results indicate that proteasome inhibition-in-
duced apoptosis is dependent on caspase-8 ubiquitination and
its interaction with p62.

LC3 is required for p62-mediated caspase-8 aggregation
and activation. p62 forms complexes with a number of proteins
and acts as a central player in regulating NF-«B activation (48)
or facilitating apoptosis at the DISC (26). Another function of
p62 is to facilitate the packing and delivery of misfolded or
aggregated proteins for disposal through the autophagolyso-
somal degradation pathway (8). Indeed, a well-known binding
partner of p62 is LC3 (33, 41, 49). LC3 is enriched on intra-
cellular membranes during autophagy (28), which can be in-
duced by proteasome inhibition (40). This raised the possibility
that the caspase-8 aggregation and activation upon MG132
treatment involve the interaction between p62 and LC3. To
test this, we first examined whether caspase-8, p62, and LC3
interact with each other. Flag-tagged caspase-8 and GFP-
tagged LC3 were coexpressed in HEK293T cells. Upon
MG132 treatment, GFP IP pulled down increased amounts of
Flag-caspase-8 and p62, and Flag IP pulled down increased
amounts of GFP-LC3 and p62 (Fig. 5A). Consistent with this
result, it was observed that subcellular colocalization of
caspase-8, p62, and LC3 was also enhanced upon MG132 treat-
ment (Fig. 4C, 4B, 5B, and 5C). In addition, knockdown of p62
significantly diminished caspase-8 and LC3 association, indi-
cating that the interaction between caspase-8 and LC3 requires
p62 (Fig. 5D).

These results suggest the theory that LC3 serves as a mo-
lecular hub for caspase-8 aggregation and activation, which
would predict that the levels of LC3 can dictate cell sensitivity
to proteotoxicity. To test this, GFP or GFP-LC3 was expressed
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FIG. 5. LC3 forms a complex with p62 and caspase-8, which is enhanced by proteasome inhibition. (A) Caspase-8, p62, and LC3 form a
complex, which is enhanced by proteasome inhibitor treatment. HEK293 cells were transfected with plasmids encoding Flag-caspase-8, together
with GFP-LC3 or a GFP control (GFP-tPLD). At 24 h posttransfection, cells with GFP-LC3 were treated with MG132 for the indicated periods
of time. Cell lysates were subjected to IP with GFP or Flag antibodies and probed for the indicated proteins. (B) LC3 colocalizes with caspase-8.
bax™'~ bak™'~ BMK cells stably expressing Flag-p62 and GFP-LC3, untreated or treated with MG132 for 18 h, were stained with an anti-caspase-8
antibody. DAPI was used to visualize the nucleus. (C) LC3 colocalizes with p62. Flag-p62 was transfected into bax /'~ bak ™'~ BMK cells expressing
GFP-LC3. Cells were left untreated or were treated with MG132 (0.5 uM) for 18 h. Immunofluorescence analysis was performed using an anti-Flag
antibody. DAPI was used to visualize the nucleus. (D) p62 knockdown abolishes caspase-8 and LC3 interaction. Lentivirus encoding control
shRNA (shNTC) or p62 shRNA (shp62) were used to infect bax '~ bak '~ BMK cells stably expressing HA-caspase-8 (C360S) and GFP-LC3.
Cells were treated with MG132 for indicated periods of time. Cell lysates were subjected to IP with GFP and probed for indicated proteins.

in bax™'~ bak™’~ BMK cells (Fig. 6A). Expression of GFP-
LC3 accelerated MG132-induced apoptosis as shown by PI
exclusion, caspase-3 activation, and PARP cleavage (Fig. 6A
and B). Conversely, LC3 partial knockdown conferred marked
protection against MG132-induced apoptosis (Fig. 6C to E).
Importantly, this LC3-mediated apoptosis in response to
MG132 is independent of the death receptor pathway, as ei-

ther the accelerated apoptosis upon LC3 overexpression, or
the protection conferred by LC3 knockdown, was not observed
when cells were treated with TNF-a (Fig. 6F). Together, these
results indicate that proteasomal inhibition facilitates the for-
mation of a caspase-8/p62/LC3 complex and subsequent apop-
tosis.

To further test the theory that membrane localized LC3 can
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act as a molecular hub to recruit p62 and caspase-8 and to
mediate subsequent apoptosis, we used the LC3 F52A mutant
that is defective in p62 interaction (49), and the G120A mutant
that is defective in its lipidation, a prerequisite for LC3 mem-
brane localization (29). To compare their abilities to restore
cell sensitivity to apoptosis, we stably expressed GFP-tagged
LC3 wt, LC3 F52A, or LC3 G120A in the bax '~ bak~'~ BMK
cells containing LC3 stable knockdown (Fig. 7A). As expected,
LC3 F52A failed to interact with p62 (Fig. 7B), and LC3
G120A failed to form membrane-associated punctate struc-
tures upon serum starvation (Fig. 7C). While the wild-type
LC3 led to enhanced cell death, both the F52A and the G120A
mutants failed to restore cell death as efficiently as did the
wild-type LC3 (Fig. 7D and E). Consistent with the importance
of LC3/p62 interaction, the p62 A321-342 mutant that is de-
fective in LC3 interaction (8) failed to restore MG132-induced
apoptosis in p62 knockdown cells (Fig. 4H to J). Consistent
with the theory that the accumulation of LC3 can lead to
apoptosis, the pharmacological inhibitor of autolysosomal
turnover, chloroquine, also enhanced MG132-induced apop-

tosis (Fig. 7F and G). Taken together, these results indicate
that the LC3/p62 interaction and LC3 membrane localization
are essential for apoptosis induced by the inhibition of protein
degradation.

Caspase-8 is recruited to and activated at intracellular
membranes. While the results presented above indicate that
caspase-8 forms a protein complex with p62 and LC3, the
question remains as to whether this is a mechanism for
caspase-8 activation, or whether it is merely a mechanism for a
cell to dispose caspase-8 by the autophagolysosomal pathway
via the p62/LC3 cargo. To address this, we first determined
whether caspase-8 recruited to the LC3/p62 complex is enzy-
matically active. Indeed, a fluorescence-based caspase-8 spe-
cific substrate showed that the z-VAD-inhibitable activated
caspase-8, induced by MG132, colocalized with LC3 (Fig. 8A).
To further characterize caspase-8 localization on intracellular
membranes, we separated the heavy membrane (HM; consist-
ing of mitochondria and their associated membranes) and the
light membrane (LM; consisting predominantly of the ER,
lysosomes, and the Golgi apparatus) fractions. Caspase-8, p62,
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FIG. 7. The proapoptotic activity of LC3 requires its p62 interaction and membrane localization. (A) bax~/~ bak '~ BMK cells with stable LC3
knockdown were infected with retrovirus encoding GFP-LC3wt, GFP-LC3 F52A, or GFP-LC3 G120A. (B) Cells were left untreated or were
treated with MG132. Cell lysates were subjected to IP with an anti-GFP antibody, and the IP samples were probed for GFP and p62. Note that
while MG132 induced p62 interaction with LC3wt and LC3 G120A, the LC3 F52A mutant failed to interact with p62. (C) Cells were cultured in
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G) Chloroquine (CQ) enhances MG132-induced apoptosis. bax '~ bak~'~ BMK cells were treated with the indicated conditions of MG132 and/or
chloroquine. (F) Cell death was measured by PI exclusion. The averages of four independent assays plus the SEM are shown. (G) PARP, caspase-3,

and caspase-8 cleavage was examined by immunoblotting.

and LC3 were detected in both heavy- and light-membrane
fractions (Fig. 8B). The LC3 localization on various mem-
branes is consistent with reports showing various membrane
sources of autophagosomes, including that from the ER, mi-
tochondria, and the plasma membrane (6, 20, 22, 45). Impor-

tantly, trypsin treatment led to a significant decrease of mem-
brane-associated caspase-8, p62, and LC3 but not of COX IV
and LAMP1 (Fig. 8B), indicating that a significant amount of
caspase-8, p62, and LC3 are on the cytosolic side of the intra-
cellular membranes rather than in the lumen of the au-
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tophagolysosomes. Knockdown of either LC3 or p62 signifi-
cantly decreased MG132-induced membrane association of
caspase-8 (Fig. 8C). Taken together, these results indicate that
upon the inhibition of protein degradation, caspase-8 is re-
cruited to intracellular membranes via p62 and LC3 and is
activated to induce apoptosis by its enhanced oligomerization.

DISCUSSION

In this study, we found a novel mechanism to explain pro-
teotoxicity. Upon the inhibition of protein degradation path-

ways, cells upregulate the autophagic response to facilitate
autophagolysosomal protein turnover, which is mediated by
the lipidation and membrane localization of LC3. However,
severely damaged proteasomal or autophagolysosomal path-
ways may “clog” each other (16, 34). This leads to the enrich-
ment of LC3 on intracellular membranes that can serve as a
molecular hub to recruit the ubiquitin-binding protein
SQSTM1/p62 and one of its binding partners, caspase-8. The
induced oligomerization and activation of caspase-§ subse-
quently initiate the downstream apoptosis cascade. Although
in the present study we mainly focused on the use of the
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proteasome inhibitor MG132, which has been shown to induce
caspase-8 activation in an osteosarcoma line (56), we believe
this caspase-8-mediated proteotoxicity has a broad implication
under a wide range of conditions where cellular protein ho-
meostasis is irreversibly disrupted. A separate study in our
laboratory has also shown that elevated expression of the en-
dogenous serine/cysteine protease inhibitor SerpinB3b led to
the blockade of lysosomal degradation, caspase-8 aggregation
and activation, and apoptosis in response to ER stress (53).

Our finding demonstrates a novel mechanism for caspase-8
activation and amplification. It is well established that
caspase-8 aggregation and activation take place at the DISC
and plays an essential role in death receptor signaling (47).
While evidence exists showing that cleaved caspase-8 can also
function on mitochondrial membranes through its interaction
with cardiolipin (19), our finding is the first to show that
caspase-8 oligomerization and activation can be induced intra-
cellularly. We found that this intracellular caspase-8 aggrega-
tion correlates with its ubiquitination and interaction with p62.
While we show that caspase-8 ubiquitination is enhanced upon
proteasome inhibition, our finding is reminiscent of a recent
report that at the DISC, caspase-8 is ubiquitinated by cullin-3
and interacts with p62, which facilitates its aggregation and
activation (26). Together with a recent report that cullin-3 is a
LC3-interacting protein (7), our finding suggests the possibility
that in addition to the death receptors, caspase-8 may also be
ubiquitinated at intracellular membranes in a LC3-dependent
manner. This provides a mechanism to amplify caspase-8-de-
pendent apoptosis downstream of death receptors and can
help to explain the observation that proteasome inhibitors can
potentiate TRAIL-induced cell death (27) and suggests that
the use of proteasome or lysosome inhibitors may be consid-
ered to sensitize tumors that are resistant to death receptor-
mediated apoptosis.

Our study demonstrates a proapoptotic role of LC3, a well-
known molecule that is involved in autophagy (28). Upon the
initiation of autophagy, LC3 conjugation to phosphatidyletha-
nolamine at its C-terminal glycine and its subsequent mem-
brane localization promote the subsequent dynamic rearrange-
ment of intracellular membranes, leading to the formation of
autophagosomes (28). LC3 directly interacts with p62 via its
N-terminal domain, which is essential for the cargo function of
p62 to transport polyubiquitylated protein aggregates to au-
tophagosomes (49). In the present study, we found that this
LC3/p62 interaction is required for MG132-induced caspase-8
aggregation and activation on the cytosolic side of intracellular
membranes. This suggests that LC3/p62-mediated protein
complex formation and membrane localization are not merely
a garbage disposal mechanism. It can serve as a safeguard
mechanism by which, when sensing a stress resulting from a
massive amount of misfolded proteins that cannot be resolved
by autophagy flux, cells commit to die by apoptosis to maintain
organismal homeostasis. Indeed, the proapoptotic function of
LC3 has been recently reported (14, 30). A number of cancers
have been reported to have elevated levels of LC3 (39, 57).
Our finding that LC3 levels can influence cell sensitivity to
proteotoxicity suggests that the LC3 level may be a predictor
for the outcome of treatment using proteasome inhibitors.

Most malignancies have developed various mechanisms to
evade apoptosis through the upregulation of antiapoptotic pro-

LC3-MEDIATED ACTIVATION OF CASPASE-8 3169

teins such as the Bcl-2 family of proteins or the mutation of
proapoptotic molecules such as p53 (2, 21). A main goal in
cancer treatment is to selectively kill these apoptosis-deficient
cancer cells. Our finding here that bax™'~ bak '~ cells, in
which the mitochondrial apoptosis pathway is heavily im-
paired, are still sensitive to proteotoxicity indicates that the cell
death mediated by LC3, p62, and caspase-8 may be effectively
induced in many types of cancer cells regardless of their vari-
ous survival signaling mechanisms. Elevated levels of protein
translation, turnover, and metabolism render cancer cells more
susceptible to proteotoxicity, providing a therapeutic opportu-
nity to eradicate cancers based on their fundamental biochem-
ical properties.
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