
MOLECULAR AND CELLULAR BIOLOGY, July 2011, p. 2902–2919 Vol. 31, No. 14
0270-7306/11/$12.00 doi:10.1128/MCB.05452-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Squamous Cell Carcinoma Antigen 1 Promotes Caspase-8-Mediated
Apoptosis in Response to Endoplasmic Reticulum Stress While

Inhibiting Necrosis Induced by Lysosomal Injury�

Erica Ullman, Ji-An Pan, and Wei-Xing Zong*
Department of Molecular Genetics and Microbiology, Stony Brook University, Stony Brook, New York 11794-5222

Received 6 April 2011/Returned for modification 26 April 2011/Accepted 6 May 2011

Squamous cell carcinoma antigen 1 (SCCA1) is a member of the serine protease inhibitor (serpin) family of
proteins, whose target proteases include the cathepsins. Initially identified as a serological marker for ad-
vanced squamous cell carcinomas of the cervix, SCCA1 has also been found to be associated with other cancer
types of epithelial or endodermal origins such as lung cancer, head and neck cancer, melanoma, and hepa-
tocellular carcinoma. While the biological function of SCCA1 remains largely unclear, it is believed to limit
cellular damage resulting from lysosomal cathepsin release. Here, we show that SCCA1 acts as a molecular
switch that inhibits cell death induced by lysosomal injury resulting from DNA alkylating agents and hypotonic
shock, whereas it promotes a caspase-8-mediated apoptosis in response to endoplasmic reticulum (ER) stress.
In response to ER stress, SCCA1 blocks both lysosomal and proteasomal protein degradation pathways and
enhances the interaction between sequestosome 1/p62 and caspase-8, which leads to the aggregation of
intracellular caspase-8 and its subsequent cleavage and activation. Hence, on one hand, SCCA1 inhibits cell
death induced by lysosomal injury while, on the other hand, it sensitizes cells to ER stress by activating
caspase-8 independently of the death receptor apoptotic pathway.

The mitochondrion is a well-studied organelle involved in
apoptosis. In addition to mitochondria, other subcellular or-
ganelles such as the endoplasmic reticulum (ER) and lyso-
somes also play important roles in regulating cell death. Cell
death initiated from lysosomes is thought to be largely medi-
ated by cathepsins, a family of proteases that normally reside in
lysosomes, where they help break down phagocytosed mole-
cules to get rid of damaged proteins and to provide the cell
with bioenergetic substrates and building blocks for de novo
biosynthesis (41). Cathepsins are fully active in the acidic en-
vironment of lysosomes. A variety of signals can cause lyso-
somal damage and the translocation of cathepsins from the
lysosomal lumen to the cytosol. These cytosolic cathepsins,
although with less efficiency, can digest intracellular molecules
not normally exposed to these proteases and, by doing so,
induce cell death. Cellular insults such as DNA damage, oxi-
dative stress, and calcium perturbations have been shown to
compromise lysosomal membrane integrity, allowing the re-
lease of cathepsins and causing subsequent cell death (8–10,
36, 57). However, the molecular mechanisms responsible for
lysosome-mediated cell death still remain elusive. While some
evidence supports a cross talk between lysosomes and the
mitochondrial apoptotic pathway, it is not entirely clear as to
whether mitochondria are necessary for lysosome-mediated
cell death. A wide variety of physiological and pathological
stimuli have been shown to induce cell death via cytosolic
acidification resulting from lysosome injury (1, 33, 54).

A class of proteins that suppress misplaced cathepsins are

the endogenous protease inhibitors termed serpins (serine pro-
tease inhibitors). The subset of serpins responsible for inhib-
iting lysosomal proteases consists of members of the clade B
serpins. Unlike other classes of serpins, the clade B serpins
function intracellularly, inhibiting proteolysis by inhibiting
both cysteine and serine proteases (49, 51, 55). All serpins
utilize the same general mechanism of inhibition, which in-
volves a domain located at the C terminus, known as the
reactive site loop (RSL), acting as a bait for their protease
targets. Upon irreversible binding of the serpin and its pro-
tease target, the serpin is cleaved, allowing it to undergo a
conformational change that renders both the protease and the
serpin inactive (22).

Among the clade B serpins, squamous cell carcinoma anti-
gen 1 (SCCA1) is a human homolog of murine SerpinB3 (4).
Unlike many other serine/cysteine protease inhibitors, such as
plasminogen activator inhibitors (PAI) that function in the
extracellular environment, SCCA1 localizes predominantly in
the cytosol. However, SCCA1 can also be released into the
extracellular environment via an unknown mechanism (55).
While it is unclear whether extracellular SCCA1 has any bio-
logical function, its presence in serum has been utilized as a
diagnostic/prognostic marker for certain squamous cell carci-
nomas. Initially, SCCA was discovered as a serological marker
for advanced squamous cell tumors in the cervix (55) and was
later found to be associated with other types of cancer with
epithelial or endodermal origins, including lung cancer, head
and neck cancer, melanomas, and hepatocellular carcinoma.
We have recently found that elevated expression of SCCA1 is
associated with high-grade breast carcinoma and correlates
with estrogen receptor/progesterone receptor double negative
tumors as well as with a poor prognosis for breast cancer
patients (11).

The ability of SCCA1 to inhibit cathepsins suggests it likely
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plays a protective role in preventing cellular damage as a result
of aberrant release of cathepsins from damaged lysosomes and
thus may be important for allowing cancer cells to adapt to
their environment as well as gain chemoresistance. Indeed,
elevated SCCA1 expression in squamous cell carcinomas is
associated with a poor prognosis and a poor response to treat-
ment due to increased resistance to cell death (25, 50). Srp-6,
an SCCA1 homolog in Caenorhabditis elegans, was reported to
protect cells from necrosis induced by lysosomal injury caused
by hypotonic shock, hypoxia, heat shock, and oxidative stress
(29). In the present study, we attempted to examine the role of
SCCA1 in response to lysosomal injury in a mammalian epi-
thelial cell line and found that, indeed, it conferred cellular
protection against DNA damage and hypotonic shock. How-
ever, unexpectedly, in response to stimuli that disrupt protein
homeostasis such as ER stress, SCCA1 accelerated cell death.
This finding unveils a novel approach for treating cancer cells
with high levels of SCCA1.

MATERIALS AND METHODS

Cell lines, culture, and transfection. BMK (baby mouse kidney) cells and
Hs578T cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 �g/ml strep-
tomycin. MCF10A cells were cultured in Dulbecco’s modified Eagle’s medium-
F12 (DMEM-F12) supplemented with 5% donor horse serum (Invitrogen), 20
ng/ml epidermal growth factor (EGF) (Sigma), 10 �g/ml insulin (Sigma), 0.5
�g/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), 100 units/ml
penicillin, and 100 �g/ml streptomycin. Transfection of BMK and Hs578T cells
was performed using Lipofectamine 2000 (Invitrogen). Transfection of 293T and
Phoenix cells was performed by calcium phosphate precipitation method.

Plasmids. Flag-SCCA1 plasmid was constructed by performing reverse tran-
scription-PCR (RT-PCR) from isolated RNA from MDA-MB-468 cells. The
primers utilized in the PCR mixture contained a Flag tag at the N terminus as
well as a BamHI restriction site and a C-terminal XhoI restriction site (forward
primer, 5�-CGGGATCCATGGACTACAAGGACGACGATGACAAGACCA
TGAATTCACTCAGTGAAGCC-3�; reverse primer, 5�-CCCTCGAGCATCT
ACGGGGATGAGAATCTGCCA-3�). The PCR product was ligated into
pCR2.1-TOPO (Invitrogen). Flag-SCCA1 was then subcloned into the retroviral
vector LPC (long terminal repeat-puromycin-cytomegalovirus) between BamHI
and XhoI sites. Flag-SerpinB3b was constructed in a similar manner using total
RNA isolated from mouse embryonic fibroblasts (MEFs). The primers utilized
contained an N-terminal Flag tag and BamHI restriction site as well as a
C-terminal XhoI restriction site (forward primer, 5�-CGGGATCCATGGAC
TACAAGGACGACGATGACAAGACCATGATTCGTTTTCATGCAGCT-
3�; reverse primer, 5�-CCCTCGAGGAAACATGTTTCCAGGCCTCAATT-
3�). Site-directed mutagenesis was utilized to generate point mutants for SCCA1
and SerpinB3b. For knockdown of caspase 8, a lentiviral short hairpin RNA
(shRNA) plasmid was purchased from Sigma (NM_001228.x-377s1c1). For
knockdown of SCCA1, a lentiviral shRNA plasmid was purchased from Sigma
(NM_006919.1-1113s1c1). For construction of the tetracycline-inducible shRNA
directed at SCCA1 (shSCCA1), the shRNA sequence from the lentiviral shRNA
plasmid designed by Sigma was ligated into the pLKO-Tet-On plasmid (where
Tet is tetracycline) (59). A luciferase plasmid expressing ubiquitin-luciferase
(Ub-FL) utilized to monitor proteasomal protein degradation was a gift from
David Piwnica-Worms (30). Green fluorescent protein (GFP)-LC3 constructs
were described previously (56). Monomeric Cherry (mCherry)-GFP-LC3 was a
gift from Terje Johanson (35).

Reagents and antibodies. DMEM, valine-free DMEM, F-12, cathepsin L
substrate (R6502), and LysoTracker Red were purchased from Invitrogen. Chol-
era toxin, human EGF, hydrocortisone, insulin, MG132, cycloheximide, N-methyl-
N�-nitro-N-nitrosoguanidine (MNNG), and pepstatin A (PepA; used at 10
�g/ml) were purchased from Sigma; tunicamycin, E64D (10 �g/ml), a caspase-8
detection kit (fluorescein isothiocyanate-IETD-fluoromethyl ketone [FITC-
IETD-FMK]), and thapsigargin were from Calbiochem; [14C]valine was from
Amersham. A Dual Luciferase Reporter Assay System was purchased from
Promega. Boc-Leu-Arg-Arg-AMC ([7-amino-4-methylcoumarin] Boc-LRR-
AMC), for measuring proteasome trypsin-like activity, and Z-Gly-Gly-Leu-AMC
(Z-GGL-AMC), for measuring chymotryptic-like activity, were purchased from

BioMol. Propidium iodide (PI) was purchased from Molecular Probes. Mafosf-
amide (4-sulfoethylthio-cyclophosphamide L-lysine) was a gift from Myriam Ma-
let-Martino at Université Paul Sabatier, France.

The following antibodies were used: SCCA1/2 (FL-390) (1:1,000; Santa Cruz),
�-tubulin (1:2,000; Sigma), Flag (1:2,000; M2; Sigma), Bip/GRP78 (1:2,000; BD
Transduction Laboratories), CHOP/GADD153 (1:500; B3; Santa Cruz),
caspase-8 (1:2,000 for Western blotting [WB; R&D Systems],1:100 for immuno-
fluorescence [IF; Alexis Biochemical], and 1 �g/ml for immunoprecipitation [IP;
Millipore]), cytochrome c (1:500 for IF [Pharmingen International 65971A] and
1:1,000 for WB [Pharmingen International 65981A]), cleaved caspase-3 (1:1,000;
Cell Signaling), Tom40 (1:1,000; H-300; Santa Cruz), poly(ADP-ribose) poly-
merase ([PARP] 1:2,000; Cell Signaling), p62/SQSTM1 (1:100,000 for WB and
1:1,000 for IF; Abnova), LC3 (1:500 [Cell Signaling Technology] or 1:1,000
[MBL]), ubiquitin (1:10,000; FK2H; BioMol), Mcl-1 (1:1,000; Rockland Inc.),
caspase 2 (1:500; MAB3507; Millipore), lamin B1 (1:1,000; M-20; Santa Cruz,),
peroxidase-conjugated secondary antibodies (1:2,000; Rockland), rhodamine-
conjugated secondary antibodies (1:500; Rockland), and fluorescein-conjugated
secondary antibodies (1:250; Rockland).

Retroviral and lentiviral infection. Retrovirus infection was performed as
previously described (56). 293T cells (used for murine cell infections) or Phoenix
cells (for human cell infections) were plated into six-well plates at a density of
4 � 105. The following day cells were transfected with LPC retroviral constructs;
additionally, helper virus was added to murine transfections. At 24 h posttrans-
fection viral supernatant was collected from 293T or Phoenix cells, 10 �g/ml of
Polybrene (Sigma) was added, and subsequently the supernatant was filtered
through a 0.45-�m-pore-size filter. The infection was performed in three rounds
at an 8-h interval. Three days after the initial infection, cells were selected with
puromycin (InvivoGen). For lentiviral infections 293T cells were transfected with
lentiviral constructs and packaging plasmids, and the infection was performed
similarly to retroviral infections. For expression of the lentiviral tetracycline-
inducible shSCCA1, doxycycline (1 �g/ml) was added for 7 days prior to treat-
ment.

LysoTracker Red and cathepsin L activity. For measurement of LysoTracker
Red staining and cathepsin L activity, 5 � 104 cells were plated in 12-well plates.
Upon treatment, cell culture medium containing floating cells was collected and
combined with the remaining adherent cells that were harvested by trypsiniza-
tion. Cells were pelleted and for LysoTracker Red activity resuspended in 1 ml
of DMEM containing 50 nM LysoTracker Red; for cathepsin L activity cells were
resuspended in 1 ml of Hanks buffered saline (HBS) containing 2 mM EDTA
and 10 �M cathepsin L substrate. After 30 min of incubation, cells were analyzed
using a FACSCalibur using the FL-3 channel for LysoTracker Red and the FL-2
channel for cathepsin activity.

Cell death determination. For analysis of cell death with MNNG treatment,
cells were treated with MNNG for 30 min. Cells were washed and fed with fresh
medium with no MNNG and cultured for the periods of time indicated in the
figure legends. For hypotonic shock, mafosfamide, tunicamycin, and thapsigargin
treatment, the agents remained in the medium. Both floating and adherent cells
were collected, and propidium iodide was added at a concentration of 1 �g/ml.
Cell death was determined using flow cytometry by PI exclusion.

Immunoblotting. Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (1% sodium deoxycholine, 0.1% SDS, 1% Triton X-100, 10 mM Tris at pH
8.0, 0.14 M NaCl) with protease inhibitor cocktail (Roche). Thirty micrograms of
protein was resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes. Densitometric analysis of the immunoblotting bands was performed
using Image J.

Subcellular fractionation. Subcellular fractionation was performed as previ-
ously described with modification (62). Briefly, cells were collected via trypsiniza-
tion, pelleted, and resuspended in hypotonic buffer (250 mM sucrose, 20 mM
HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1�
protease inhibitor cocktail) on ice for 30 min. Cells were disrupted by passage
through 26-gauge needles 30 times and then through 30-gauge needles 20 times.
Cell lysates were centrifuged at 750 � g for 10 min at 4°C to get rid of unlysed
cells and nuclei. The supernatant was centrifuged at 18,000 � g for 1 h at 4°C.
The supernatant was saved as the cytosolic fraction, and the pellet was saved as
the mitochondrial fraction. The mitochondrial fraction was lysed in RIPA buffer
for Western blotting.

Immunofluorescence. Cells were plated onto glass coverslips in 24-well plates
prior to treatment. After treatment cells were fixed in 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 20 min at room temperature. For
LysoTracker Red staining and caspase-8 activity assay, prior to fixing cells, 0.1
�M LysoTracker Red or 1 �l of FITC-IETD-FMK was added for 1 h; subse-
quently, cells were washed three times with PBS. After fixation, cells were
permeabilized in 0.1% Triton in PBS for 3 min and then blocked in 5% goat
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serum in PBS, followed by incubation with primary antibody in blocking solution
for 2 h at room temperature. Cells were then incubated with fluorophore-
conjugated secondary antibodies in blocking solution for 1 h. DAPI (4�,6�-
diamidino-2-phenylindole; 1 �g/ml) was added to visualize the nucleus. Cells
were mounted with Immu-Mount (Thermo Scientific). Slides were observed and
imaged using a Zeiss Axiovert 200 M deconvolution fluorescence microscope,
using a 63� oil objective.

Measurement of long-lived protein degradation. BMK cells (5 � 104) were
plated into six-well plates. After overnight recovery, cells were labeled with 1.0
�Ci/ml L-[14C]valine in valine-free medium. At 48 h postlabeling, cells were
washed three times with PBS and incubated in complete medium containing an
excess of 10 mM unlabeled L-valine for 16 h to chase out short-lived proteins.
Cells were then washed three times with PBS and cultured in either complete
medium alone or medium containing tunicamycin (0.5 �g/ml), with both media
containing 10 mM unlabeled L-valine. The supernatant was removed 24 h later
and precipitated with ice-cold trichloroacetic acid (TCA) at a final concentration
of 10%. Cells were washed three times with PBS, lysed in 0.05% SDS, and then
subsequently precipitated with TCA at a final concentration of 10%. TCA-
insoluble pellets were dissolved in 0.2 N NaOH. Radioactivity of both TCA-
soluble and -insoluble samples was measured by a liquid scintillation counter.
The degradation of long-lived proteins was calculated by the radioactivity in
TCA-soluble supernatant normalized against the total 14C radioactivity present
in supernatants and cell pellets.

Measurement of proteasome activity. For measuring proteasome-mediated
protein degradation, BMK cells (2.5 � 104) or Hs578T cells (5 � 103) were
plated into 24-well plates. After overnight recovery, cells were transiently trans-
fected, using Lipofectamine 2000, with a Renilla control plasmid and a ubiquitin-
luciferase bioluminescence imaging reporter (Ub-FL) (30). After 5 h the trans-
fection medium was changed to regular medium, and 16 h later cells were left
untreated or treated with the proteasome inhibitor bortezomib (Velcade; 2 �M)
or MG132 (0.5 �M) for 8 h. Cell lysates were made following the manufacturer’s
instructions for passive lysis (Dual-Luciferase Reporter Assay System; Promega),
and luminescence was measured in a 96-well white plate.

For measuring chymotrypsin and trypsin-like activity of the 26S proteasome,
BMK cells (5 � 106) were plated into 10-cm plates and allowed to recover
overnight. Cells were left untreated or treated with the proteasome inhibitor
bortezomib (2 �M) for 8 h; subsequently, medium was removed from the cells,
and 1 ml of proteasome extraction/lysis buffer (10 mM Tris-HCl, pH 7.8, 5 mM
ATP, 0.5 mM dithiothreitol, 5 mM MgCl2) was added directly to 10-cm plates.
The cell lysate was collected, incubated on ice for 15 min, sonicated for 15 s, and
centrifuged at 400 � g for 10 min at 4°C. Fifty micrograms of the supernatant was
incubated with 50 mM EDTA and 50 �M fluorogenic substrate (Z-Gly-Gly-Leu-
AMC for chymotrypsin-like activity and Boc-Leu-Arg-Arg-AMC for trypsin-like
activity) and brought to a volume of 200 �l with the proteasome extraction/lysis
buffer. The reaction mixture was added to a 96-well black plate that was incu-
bated at 37°C for 30 min, and fluorescence was measured at an excitation of 395
nm and emission of 460 nm, using a Spectra Max M5 plate reader (Molecular
Devices).

Measurement of caspase-8 activity. BMK cells (3 � 105) were plated into
six-well plates and after overnight recovery were left untreated or treated for 24 h
with tunicamycin. Floating and adherent cells were collected via trypsinization
and centrifuged at 3,000 rpm for 5 min; cells were then resuspended in 1 ml of
medium, 300 �l was subsequently removed, and 1 �l of FITC-IETD-FMK
(caspase-8 detection kit; Calbiochem) was added. After 1 h of incubation at 37°C,
cells were centrifuged at 3,000 rpm for 5 min. Supernatant was removed, and
cells were washed twice with 0.5 ml of supplied wash buffer. Analysis was per-
formed by flow cytometry.

GFP-LC3 punctum observation and quantitation. Quantitation of GFP-LC3
was performed as previously described (56). Briefly, cells expressing GFP-LC3
were plated into 24-well plates containing coverglass slides, subsequently treated
with tunicamycin, and then fixed in 4% PFA in PBS. After slides were mounted,
they were viewed under a Zeiss Axiovert 200 M deconvolution fluorescence
microscope, using a 63� oil objective. A total of 100 to 200 cells were randomly
selected and counted for autophagy induction. Cells containing more than eight
puncta were considered autophagic.

Venus assay. Bimolecular fluorescence complementation (BiFC) constructs
were made such that DNA sequences encoding amino acid residues 1 to 173 of
monomeric Venus fluorescent protein (mVenus) (44) or DNA sequences encod-
ing amino acid residues 155 to 239 of mVenus were fused to the C terminus of
caspase-8. A linker, GGSGSGSS, was inserted between the Venus tag and
caspase-8. Venus and linker sequences were provided kindly by Michael A.
Frohman (Stony Brook University). This BiFC pair of caspase-8 constructs was
subsequently transfected into BMK cells with Lipofectamine 2000. At 24 h

posttransfection, cells (1 � 105) were plated into six-well plates. After overnight
recovery cells were treated for 16 h with tunicamycin and harvested, and the
percentage of cells that fluoresced green was determined by flow cytometry.

Size exclusion chromatography. BMK cells (5 � 106) were plated into six
10-cm plates. After overnight recovery, three plates were treated for 16 h with
tunicamycin, and three were left untreated. Cells were then harvested and lysed
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 �M phenylmethylsulfonyl
fluoride [PMSF]) supplemented with protease inhibitor cocktail (Biosciences).
Cell lysates were cleared by centrifugation at 4°C at top speed and filtered
through 0.45-�m-pore-size filters. Three milligrams of the cleared lysate was
loaded onto a Superdex 200 10/300 GL column equilibrated with washing buffer
(30 mM Tris, pH 7.5, 150 mM NaCl), subsequently eluted with washing buffer at
a flow speed of 0.5 ml/min, and collected in 0.5-ml volumes, with the first sample
being collected at 7.5 min.

Caspase-8 activity assay. Thirty microliters of the eluted fractions from size
exclusion chromatography was assayed for caspase-8 activity using a Caspase-Glo
8 assay kit (Promega), which uses a luminogenic caspase-8 substrate. The lucif-
erase activity values were read using a luminescence plate reader (Spectramax;
Molecular Devices), according to the manufacturer’s instruction.

His-Ub assay for mammalian cells. A total of 3 � 106 cells were plated into
three 10-cm culture dishes. After overnight recovery, the cells were transfected
using Lipofectamine 2000, with 2 �g of pMT107 plasmid, which expresses poly-
histidine-tagged Ub (His-Ub) (a kind gift from Erich R. Mackow, Stony Brook
University). At 24 h posttransfection all cells were harvested, mixed, and re-
plated. After overnight recovery, cells were treated with tunicamycin (5 �g/ml).
After treatment, the cells were collected, washed twice with phosphate-buffered
saline (PBS), and resuspended in 1 ml of buffer A (6 M guanidine-HCl, 0.1 M
Na2HPO4/NaH2PO4, 10 mM imidazole, pH 8.0). After a 10-s sonication, each
sample was incubated with 50 �l of Ni-nitrilotriacetic acid (NTA)-agarose
(Qiagen) equilibrated with buffer A and incubated for 3 h at room tempera-
ture with agitation. The agarose was precipitated by centrifugation and washed
twice with buffer B (10 mM Tris-Cl, pH 8.0, 8 M urea, 0.1 M NaH2PO4) and
three times with 1:4 diluted buffer B. The precipitates were resuspended in 100
�l of 2� Laemmli loading dye (4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromphenol blue, 0.125 M Tris-HCl, pH 6.8) with 200 mM imidazole,
boiled at 95°C for 10 min, and subjected to Western blotting.

Coimmunoprecipitation. HS578T and HS578T-SCCA cells (3 � 106) were
plated into four 10-cm dishes, with two for untreated and two for treated cells.
After overnight recovery, cells were treated and harvested via trypsinization,
pelleted, 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 �M PMSF) supplemented with protease inhibitor cock-
tail (Biosciences). The cell lysates were cleared by centrifugation at 4°C. Subse-
quently, cell lysates were precleaned with protein A/G-agarose (Roche) beads
and incubated with an anti-caspase-8 antibody and protein A/G overnight at 4°C,
with rotation. The complexes were precipitated by a brief spin, washed three
times with IP lysis buffer with 500 mM NaCl and twice with IP lysis buffer, and
boiled in 2� SDS sample buffer at 95°C for 5 min.

Statistical analysis. Data were expressed as average � standard deviation
(SD). A Student’s t test was used to compare the differences between two groups.
For comparison between more than two groups, one-way analysis of variance
(ANOVA) with Tukey’s posthoc test was used. Significance was determined as a
P value of �0.05.

RESULTS

SCCA1 inhibits cell death induced by lysosomal injury. Pre-
vious studies have indicated that several intracellular serpins
are capable of inhibiting lysosomal cysteine peptidases such as
cathepsin K, L, S, and V (49, 51). Srp-6, an SCCA1 homolog in
C. elegans, protects cells from necrosis induced by lysosomal
injury caused by hypotonic stress, hypoxia, heat shock, and
oxidative stress (29). Many of these stress conditions are often
encountered by cancer cells during tumor development and
anticancer therapy. We expressed Flag-tagged SCCA1 and its
mouse homolog SerpinB3b in bax�/� bak�/� baby mouse kid-
ney (BMK) cells (14) to examine whether SCCA1 can block
necrotic cell death induced by lysosomal injury resulting from
DNA alkylating damage or hypotonic shock (Fig. 1A) (18, 29,
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61). The use of bax�/� bak�/� cells facilitates the study of
alternative death pathways in cells with compromised mito-
chondrial apoptotic machinery, which is a main feature of
cancer cells (13, 58, 63). During lysosomal injury, cathepsins
are released into the cytosol and can be detected by a fluoro-
genic substrate specific for activated cathepsin L. While the
DNA alkylating agent mafosfamide and hypotonic shock in-
duced cytosolic cathepsin activity in parental cells, indicating
lysosomal injury, SCCA1 and SerpinB3b blocked this cathepsin
activation (Fig. 1B; see also Fig. 3C). The activation of cathep-
sin L correlated with a loss of lysosomal integrity in parental
cells, indicated by the decrease in LysoTracker Red staining
(Fig. 1C and D). However, expression of SCCA1 or SerpinB3b
resulted in larger lysosomes, whose integrity was preserved in
response to mafosfamide treatment (Fig. 1C and D). Accord-
ingly, cell death induced by mafosfamide, as well as by another
DNA alkylating agent, MNNG, and hypotonic shock was sup-
pressed by SCCA1 or SerpinB3b (Fig. 1E and F). This is
consistent with our previous finding that necrosis can be in-
duced by these types of cellular damage (61) and the report
showing that serpin can inhibit necrosis caused by lysosomal
injury (29). To verify that the protection against lysosomal
injury is specifically conferred by SCCA1, bax�/� bak�/� BMK
cells ectopically expressing SCCA1 were infected with lentivi-
ral SCCA1 shRNA to knock down its expression (Fig. 1G).
Indeed, knockdown of SCCA1 resensitized cells to lysosomal
injury, indicated by decreased cell survival (Fig. 1H), increased
cathepsin L activation, and decreased LysoTracker Red stain-
ing (Fig. 1I) in response to hypotonic shock. The ability of
SCCA1 to block lysosomal injury and cell death was not re-
stricted to apoptosis-deficient cells as the same effect was ob-
served in apoptosis-competent MCF10A (Fig. 1J to L) and
Hs578T cells (data not shown). The resensitization to lyso-
somal injury was also observed in apoptosis-competent
MCF10A cells using a tetracycline-inducible knockdown of
ectopically expressed SCCA1 (Fig. 1J to L). Taken together,
these results indicate that SCCA1 and SerpinB3b are able to
protect cells from stimuli that induce lysosomal membrane
permeabilization and necrosis.

SCCA1 enhances ER stress-induced cell death. In addition
to hypotonic shock and DNA alkylating damage, bax�/�

bak�/� BMK cells expressing either SCCA1 or SerpinB3b
were treated with the ER stress inducers tunicamycin, an in-
hibitor of N-linked glycosylation, and thapsigargin, an inhibitor
of the sarcoplasmic/endoplasmic reticulum Ca2� ATPase
(SERCA) calcium pump. Surprisingly, unlike the protective
effect of SCCA1 and SerpinB3b in cells treated with DNA
alkylating damage and hypotonic shock, they markedly en-
hanced cell death induced by ER stress in bax�/� bak�/� BMK
cells (Fig. 2A and B). The enhanced cell death in serpin-
expressing cells correlates with their inability to efficiently de-
grade lysosomal content, indicated by both the enlarged size of
their lysosomes as well as their inhibition of cathepsin activity
upon ER stress treatment (Fig. 1B to D and 2C and D).
Additionally, while ER stress markedly enhanced lysosomal
presence in parental cells, this was not observed in SCCA1-
expressing cells, further suggesting that their ability to cope
with ER stress is compromised (Fig. 2C and D). Consistent
with the compromised lysosomal degradation, there was a
higher steady-state level of unfolded protein response (UPR),

as shown by elevated levels of GRP78/Bip in SCCA1 and
SerpinB3b-expressing cells (Fig. 2E). Both GRP78/Bip and
GADD153/CHOP inductions took place earlier in these cells
(Fig. 2E), indicating that the cells may attempt to upregulate
the chaperon/UPR machinery as SCCA1 inhibits lysosomal
protein degradation. The prodeath effect of SCCA1 and
SerpinB3b is not limited to bax�/� bak�/� BMK cells as it was
also found to promote cell death in MCF10A cells in response
to ER stress (Fig. 1F).

SCCA1’s ability to enhance ER stress-induced cell death
requires its protease-inhibitory activity. Essential to serpin’s
protease-inhibitory activity is its reactive site loop (RSL),
which is the domain responsible for binding to their protease
target. In order to determine whether the death-promoting
effects of SCCA1 and SerpinB3b depend on their ability to
inhibit proteases, mutants were constructed which harbored a
point mutation within the RSL (Fig. 3A). The SCCA1 with the
mutation F352A (SCCA1-F352A) has been previously de-
scribed to have impaired protease-inhibitory activity (28).
Moreover, we generated two SerpinB3b mutants, SerpinB3b-
E348A and SerpinB3b-S350G. These mutant proteins were
expressed at similar levels as their wild-type counterparts (Fig.
3B). All three mutants had impaired ability to inhibit cathepsin
L activity in response to hypotonic shock (Fig. 3C). We then
used SCCA1-F352A and SerpinB3b-S350G for subsequent ex-
periments. As a correlative to their impaired ability to inhibit
cathepsins, both mutants failed to prevent cell death as effi-
ciently as the wild-type SCCA1 or SerpinB3b in response to
mafosfamide and hypotonic shock (Fig. 3D and E). Con-
versely, these mutants failed to enhance cell death in response
to ER stress (Fig. 3F and G). These results indicate that the
protease-inhibitory activity of serpins is essential for their abil-
ity to protect cells from lysosomal injury and to enhance ER
stress-induced cell death. The failure of SCCA1-F352A and
SerpinB3b-S350G mutants to enhance ER stress-induced cell
death also indicates that the enhanced death in cells expressing
wild-type SCCA1 and SerpinB3b was not merely caused by
protein overexpression.

SCCA1 promotes apoptosis in response to ER stress inde-
pendently of the mitochondrial apoptotic pathway. Cell death
induced by ER stress is by and large attributed to mitochon-
drion-dependent apoptosis (19). As Bax and Bak play essential
roles in mitochondrial apoptosis, our finding that SCCA1 and
SerpinB3b promote cell death in bax�/� bak�/� BMK cells
indicates a form of cell death that is independent of the mito-
chondrial apoptotic pathway. Indeed, while treatment of wild-
type cells with tunicamycin led to cytochrome c release from
mitochondria, SCCA1-expressing bax�/� bak�/� BMK cells
failed to release cytochrome c as shown by both subcellular
fractionation and immunofluorescence (Fig. 4A and B). How-
ever, DAPI staining in SCCA1 cells following tunicamycin
treatment revealed an increase in apoptotic nuclear condensa-
tion and fragmentation, a process that occurs as a result of
caspase activation, suggesting a caspase-mediated apoptosis in
these bax�/� bak�/� BMK cells (Fig. 4C). We then examined
caspase activation in bax�/� bak�/� BMK cells ectopically
expressing SCCA1, using wild-type cells proficient in mito-
chondrial apoptosis as a control. As expected, apoptosis-com-
petent wild-type cells treated with tunicamycin showed apop-
totic cleavage of caspase-3, PARP, and caspase-8. While these
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apoptotic events were not observed in bax�/� bak�/� BMK
parental cells, SCCA1-expressing bax�/� bak�/� BMK cells
were observed to have cleaved caspase-8 after 16 h of treat-
ment followed by both caspase-3 and PARP cleavage (Fig.

4D). A fluorometric caspase-8 activity assay revealed that while
tunicamycin treatment induced little caspase-8 activation in
the parental bax�/� bak�/� BMK cells, it greatly induced
caspase-8 activation in SCCA1-expressing bax�/� bak�/�

FIG. 1. SCCA1 inhibits cell death induced by lysosomal injury. (A) bax�/� bak�/� BMK cells were stably transfected with either Flag-tagged
human SCCA1 or its mouse paralog, SerpinB3b. Protein expression was confirmed by immunoblotting using an anti-Flag antibody. (B and C) Cells
were treated with mafosfamide (MAF; 50 �g/ml) for 6 h, stained with either a fluorogenic cathepsin L substrate (B) or with LysoTracker Red
(C) and then analyzed via flow cytometry. (D) Cells were treated with mafosfamide for 16 h and stained with LysoTracker Red and DAPI. (E and
F) Cells were treated with mafosfamide for indicated periods of time (E) or with MNNG or hypotonic shock for 16 h (F). Cell death was measured
by PI exclusion. (G) bax�/� bak�/� BMK cells expressing Flag-SCCA1 were infected with either a control lentiviral shRNA or one targeting
SCCA1. SCCA1 knockdown was confirmed by immunoblotting. (H) Parental or Flag-SCCA1 cells expressing a control shRNA or shSCCA1 were
treated with hypotonic shock for 16 h. Cell death was measured by PI exclusion. (I) Cells were also analyzed for cathepsin activity and LysoTracker
Red staining following a 6-h treatment of hypotonic shock. (J) MCF10A cells overexpressing SCCA1 were infected with a tetracycline (Tet)-
inducible shSCCA1. Addition of doxycycline (Dox) for 3 days led to decreased SCCA1 expression in these cells. (K) The MCF10A cells were
treated with hypotonic shock for 16 h, and cell death was measured by PI exclusion. (L) Lysosomal presence was determined by staining cells with
LysoTracker Red following treatment with hypotonic shock for 4 h. Untr, untreated.

2906 ULLMAN ET AL. MOL. CELL. BIOL.



BMK cells after tunicamycin treatment for 16 h (Fig. 4E).
SCCA1’s ability to promote caspase-8 cleavage was not a pro-
cess confined to cells lacking Bax and Bak as apoptosis-com-
petent MCF10A and Hs578T cells ectopically expressing
SCCA1 were also observed to have an increased amount of
cleaved caspase-8 compared to the parental cells (Fig. 4H and
data not shown). Knockdown of SCCA1 in SCCA1-expressing
bax�/� bak�/� BMK, MCF10A, and Hs578T cells reduced cell

death and caspase-8 cleavage induced by tunicamycin (Fig. 4F
to H). These results indicate that in response to ER stress,
SCCA1 promotes cell death that may involve activation of
caspase-8 and may be independent of mitochondrial apoptosis.

SCCA1 promotes caspase-8 oligomerization and activation.
Caspase-8 activation has been associated with extrinsic apop-
tosis, which is stimulated by the engagement of the proapop-
totic death ligands, such as tumor necrosis factor (TNF) and

FIG. 1—Continued.
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Fas ligand (FasL), with their cell surface receptors. Binding of
ligands to death receptors induces their oligomerization, al-
lowing the recruitment of adaptor proteins and subsequently
procaspase-8, thus forming the death-inducing signaling com-
plex (DISC). This complex brings procaspase-8 proteins into
close proximity, which facilitates their activation and self-pro-
cessing (3).

In addition to caspase-8, other initiator caspases such as
caspase-2 and -9 have been proposed to be activated through

a model whereby their induced proximity facilitates their
oligomerization and activation (5, 12, 38, 43, 46). We then
tested whether oligomerization of caspase-2, -8, and -9 was
occurring in SCCA1-expressing cells upon ER stress. Size ex-
clusion chromatography was performed, and fractions were
assayed for caspase-8 activity. An increased amount of full-
length (55/53 kDa) as well as cleaved (44/42 kDa) caspase-8
was found in high-molecular-weight (HMW) fractions 3 to 7 in
treated SCCA1-expressing cells compared to parental cells

FIG. 2. SCCA1 enhances ER stress-induced cell death. (A and B) Parental bax�/� bak�/� BMK cells or those expressing Flag-SCCA1 or
Flag-SerpinB3b were treated with tunicamycin (A) or thapsigargin (B). Cell death was measured by PI exclusion. (C and D) Cells were left
untreated or treated with tunicamycin for 16 h. Cells were stained with LysoTracker Red and DAPI. Cells were photographed (C) or subjected
to flow cytometry (D). (E) Cells were treated with tunicamycin for the indicated times. The ER stress response was examined by immunoblotting
with indicated antibodies. (F) MCF10A parental cells, SCCA1-expressing cells, and SCCA1-expressing cells containing a Tet-inducible shSCCA1
either left untreated or treated with doxycycline (Dox) for 3 days were treated with either tunicamycin or thapsigargin. Cell death was measured
by PI exclusion.
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(Fig. 5A). Correspondingly, these same fractions had the high-
est caspase-8 activity, suggesting that activation occurred as a
result of caspase-8 oligomerization (Fig. 5B). In contrast, no
obvious caspase-2 or caspase-9 high-molecular-weight aggre-
gates were observed (Fig. 5A), indicating that caspase-8 is the
major initiator caspase that forms oligomers in response to ER
stress. The oligomerization of caspase-8 was further confirmed
using a bimolecular fluorescence complementation (BiFC) as-
say. In this assay caspase-8 was fused to the N-terminal half
and C-terminal half of Venus fluorescent protein and then
subsequently transfected into cells. Only upon interaction of
caspase-8 will these nonfluorescent fragments be brought into
proximity allowing reconstitution of an intact fluorescent pro-

tein. In comparison to parental cells, SCCA1-expressing cells
displayed a marked increase in fluorescence upon tunicamycin
treatment, indicating that SCCA1 promotes proximity-driven
oligomerization of caspase-8 in response to ER stress. Similar
to parental cells, SCCA1-expressing bax�/� bak�/� BMK cells
expressing shSCCA1 had very little fluorescence upon tunica-
mycin treatment, indicating that SCCA1 is responsible for fa-
cilitating caspase-8 proximity-driven oligomerization (Fig. 5C).
To confirm that caspase-8 was indeed involved in the pathway
of cell death promoted by SCCA1, caspase-8 was knocked
down by short hairpin RNA (shRNA). SCCA1 cells expressing
the shRNA against caspase-8 (shCaspase-8) were protected
from ER stress (Fig. 5D). Importantly, although ER stress has

FIG. 3. SCCA1’s ability to enhance ER stress-induced cell death requires its protease-inhibitory activity. (A) Diagram of the location of point
mutations made within the reactive site loop of SCCA1 and SerpinB3b. The numbering indicates the position of residues within the reactive site
loop, and the arrow indicates the protease cleavage site. (B) Immunoblot of bax�/� bak�/� BMK cells stably expressing Flag-tagged wild-type (wt)
and mutant SCCA1 and SerpinB3b. (C) Indicated cells were treated with hypotonic shock for 6 h and then incubated with a fluorogenic cathepsin
L substrate. Cathepsin L activity was determined by flow cytometry. (D to G) Parental cells or cells expressing the indicated proteins were treated
with mafosfamide for 36 h (D), hypotonic shock (E), tunicamycin (F), or thapsigargin (G) for the indicated amount of time. Cell death was
measured by PI exclusion.
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FIG. 4. SCCA1 promotes mitochondrion-independent apoptosis in response to ER stress. (A) BMK wild-type cells, as well as bax�/� bak�/�

parental cells or those expressing SCCA1 or SCCA1-F352A were treated for the indicated amount of time with tunicamycin (0.5 �g/ml).
Subcellular fractionation was performed, and the fractions were probed with indicated antibodies. S-100, soluble portion of the cell homogenate
following centrifugation at 100,000 � g. (B) BMK wild-type, as well as bax�/� bak�/� parental and SCCA1-expressing cells were treated with
tunicamycin for 24 h. Subcellular localization of cytochrome c (green) was visualized by immunofluorescence. DAPI (blue) was used to stain the
nucleus. (C) bax�/� bak�/� BMK parental and SCCA1-expressing cells were treated with tunicamycin. Apoptotic nuclear morphology was
visualized by DAPI staining. Quantification of fragmented nuclei was determined by performing three independent counts of 50 cells. The mean �
standard error of the mean is shown. (D) Cell lysates from bax�/� bak�/� BMK parental cells and SCCA1-expressing cells, treated with
tunicamycin, were probed with indicated antibodies. Wild-type BMK cells were used as a positive control for apoptosis induction. (E) bax�/�

bak�/� BMK parental and SCCA1-expressing cells were treated with tunicamycin (0.5 �g/ml) for 16 h. Caspase-8 activity was detected using the
fluorogenic caspase-8 substrate FITC-IETD-FMK. (F and G) Parental and SCCA1-expressing cells containing either an shRNA control
(shControl) or shSCCA1 were treated with tunicamycin. Cell death was measured by PI exclusion (F), and immunoblotting was performed to
observe caspase-8 and PARP cleavage (G). (H) MCF10A parental cells, SCCA1-expressing cells, and SCCA1-expressing cells containing a
Tet-inducible shSCCA1 either left untreated or treated with doxycycline for 3 days were treated with tunicamycin (5.0 �g/ml). The amount of
cleaved caspase-8 was determined by densitometric analysis of cleaved caspase-8 against tubulin.
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been shown to induce TNF-	 expression (21), the caspase-8-
mediated apoptosis promoted by SCCA1 is unlikely to be
through the death receptor as TNF-	 treatment did not show
a significant difference in cell death rates between parental and
SCCA1-expressing cells (Fig. 5E). Together, these results in-
dicate that ER stress can trigger caspase-8 oligomerization,
activation, and subsequent apoptosis in the presence of
SCCA1.

SCCA1 leads to decreased proteasome activity and in-
creased protein polyubiquitination and aggregation. It has re-
cently been shown that caspase-8 aggregation at the DISC is
dependent on its ubiquitination (24). While performing
caspase-8 immunoblotting analysis, it was observed that there
was an increased amount of high-molecular-weight (HMW)
species in SCCA1- and SerpinB3b-expressing cells, suggesting
that SCCA1 and SerpinB3b may promote caspase-8 aggrega-
tion by enhancing its ubiquitination (Fig. 6A). To determine
whether SCCA1 promotes ubiquitination of caspase-8, paren-

tal or SCCA1-expressing MCF10A cells were transfected with
His-tagged ubiquitin and treated with tunicamycin. Cell lysates
were precipitated with Ni-NTA-agarose. Upon immunoblot-
ting with caspase-8, it was observed that SCCA1-expressing
cells had an accumulation of ubiquitinated caspase-8, which
was further enhanced by treatment with tunicamycin (Fig. 6B).
Sequestosome 1/p62 is a cellular protein that has been shown
to interact noncovalently with ubiquitin and to localize to pro-
tein aggregates. A coimmunoprecipitation assay showed that
the amount of p62 associating with caspase-8 was significantly
higher in tunicamycin-treated SCCA1-expressing Hs578T cells
than in parental cells and cells expressing the SCCA1-F352A
mutant (Fig. 6C). Additionally, colocalization of caspase-8 and
p62 was examined by immunofluorescence. Partial colocaliza-
tion of caspase-8 and p62 was observed in both untreated and
tunicamycin-treated parental cells. However, in sharp contrast,
the majority of p62 puncta were found to associate with
caspase-8 in untreated SCCA1-expressing cells. The colocal-

FIG. 4—Continued.
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ization of p62 and caspase-8 was further enhanced by tunica-
mycin treatment (Fig. 6D).

To address the question of whether caspase-8 ubiquitination
is a specific event or whether global cellular ubiquitination is
increased in SCCA1-expressing cells, Western blotting looking
at total cellular protein ubiquitination was performed. Ubiq-
uitination in both SCCA1- and SerpinB3b-expressing cells
was increased compared to levels in parental cells (Fig. 6E).
The increased global ubiquitination is dependent on serpin’s
protease-inhibitory activity as both SerpinB3b-S350G and
SCCA1-F352A mutants showed drastically decreased ubiq-

uitination (Fig. 6E). Knockdown of SCCA1 in SCCA1-express-
ing cells also led to decreased ubiquitination (Fig. 6F). The
increased protein ubiquitination correlated with decreased
proteasomal degradation in SCCA1-expressing cells as the
half-life of an established proteasomal substrate, Mcl-1, was
prolonged in SCCA1 cells (Fig. 6G). To further test the theory
that the enhanced globally ubiquitinated proteins are a result
of impaired proteasomal degradation in SCCA1-expressing
cells, a ubiquitin-luciferase reporter construct specifically de-
graded by the 26S proteasome was utilized (30). In comparison
to parental cells, SCCA1-expressing cells displayed a signifi-

FIG. 5. SCCA1 enhances caspase-8 oligomerization and activation in response to ER stress. (A) bax�/� bak�/� BMK parental and SCCA1-
expressing cells were treated with tunicamycin (0.5 �g/ml) for 16 h, and size exclusion chromatography was performed. Eluted fractions were
probed for caspases-8, -2, and -9. Molecular mass of the fractions is indicated at the top. (B) Caspase-8 activity in tunicamycin-treated fractions
was determined using a luminogenic caspase-8 substrate, IETD. (C) Parental and SCCA1 cells expressing either an shControl or shSCCA1 were
transfected with Venus-tagged caspase-8. Cells were left untreated or treated for 16 h with tunicamycin and then analyzed by flow cytometry.
Shown is the fold increase in fluorescent cells in tunicamycin-treated cells compared to untreated cells. Inserted images show the Venus
fluorescence induced by tunicamycin treatment. (D) Caspase-8 knockdown protects SCCA1-expressing cells from ER stress-induced apoptosis.
SCCA1-expressing bax�/� bak�/� cells were infected with shCaspase-8 (shC-8) or control shRNA. The cells were treated with tunicamycin, and
cell death was measured by PI exclusion. (E) Parental and SCCA1-expressing cells as well as SCCA1-expressing cells containing shCaspase-8 were
treated with TNF-	 plus cycloheximide (10 �g/ml), and cell death was measured by PI exclusion.
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cant decrease in proteasomal activity, indicated by increased
luciferase activity (Fig. 6H). The proteasomal inhibitory activ-
ity was impaired in SCCA1-F352A mutant cells (Fig. 6H).
Additionally, inhibition of proteasomal function was also ob-
served in bax�/� bak�/� cells expressing SerpinB3b as well as
in Hs578T cells expressing SCCA1 (data not shown). Taken
together, these results indicate that SCCA1 and SerpinB3b can
promote caspase-8 aggregation by enhancing global protein
ubiquitination.

SCCA1 blocks lysosomal turnover. One possible mechanism
of SCCA1 and SerpinB3b inhibition of proteasomal degrada-
tion is through the direct inhibition of the proteasomal enzy-
matic activity. However, proteasomal chymotrypsin and trypsin
activities were not inhibited in SCCA1-expressing cells, sug-
gesting that decreased proteasomal degradation occurs at an
early step or is an indirect consequence of SCCA1 expression
(Fig. 6I and J). Another possible mechanism for SCCA1 inhi-
bition of proteasomal protein degradation could be an indirect
consequence of impaired lysosomal degradation. Indeed, it has
been observed that inhibition of lysosomal degradation leads
to a build-up of ubiquitinated proteins and a decreased flux of
proteins through the proteasome at a stage upstream of pro-
teasome catalytic activity (26, 47). It is possible that SCCA1’s
ability to inhibit lysosomal proteases may have an effect on
lysosomal activity and protein turnover and, in this way, indi-
rectly influence proteasomal degradation. To determine
whether lysosomal turnover is affected, the subcellular local-
ization pattern of LC3, which undergoes lipidation and local-
izes to autophagosome membranes and is consequently de-
graded in autolysosomes, was examined using GFP-conjugated
LC3. SCCA1 cells showed a marked increase in the amount of
GFP-LC3 puncta at the basal state (Fig. 7A). It is well docu-
mented that ER stress can induce autophagy flux and stimu-
lates lysosomal turnover (34, 56, 60). Tunicamycin treatment
induced LC3 punctum formation in parental cells, suggesting
an increase in autophago-lysosomal activity. However, this
tunicamycin-induced LC3 punctum formation was not as dras-
tic in SCCA1-expressing cells (Fig. 7A). Consistent with this,
a long-lived protein degradation assay showed that while
autophago-lysosomal protein degradation was stimulated by
tunicamycin in parental cells, it was indeed suppressed in
SCCA1-expressing cells (Fig. 7B). To further confirm the im-
paired lysosomal degradation upon SCCA1 expression, cells
were either left untreated or treated with the lysosomal inhib-
itors E64D and pepstatin A (PepA). While treatment with
E64D plus PepA caused the accumulation of LC3-II in paren-
tal and SCCA1-F352A mutant cells, SCCA1 cells had a higher
basal level of LC3-II, which was not further enhanced by treat-
ment with the lysosomal inhibitors (Fig. 7C). In agreement
with the above data, tunicamycin treatment led to an increase
in LC3-II in parental and SCCA1-F352 cells, which was further
increased in parental cells by the lysosomal inhibitors. In
contrast, tunicamycin-induced LC3-II accumulation was not
further enhanced by the lysosomal inhibitors in SCCA1-ex-
pressing cells (Fig. 7D). In contrast, SCCA1 knockdown in
SCCA1-expressing cells restored the lysosomal degradation
flux (Fig. 7D). In addition to bax�/� bak�/� BMK cells, similar
findings were observed in MCF10A cells expressing SCCA1
(data not shown). These findings suggest that in SCCA1-ex-

pressing cells, the ER stress-induced autophago-lysosomal
turnover was blocked.

To further verify that lysosomal degradation is indeed af-
fected by SCCA1, the mCherry-enhanced GFP (EGFP)-LC3
construct was utilized (35). This construct contains the mono-
meric red fluorescent protein mCherry, which can only be
degraded when the pH is below 4.5, and EGFP, which is
degraded at a pH below 6.0. While early and late endosomes
have a pH of 6.1 and 5.5, respectively, lysosomes have a pH of
4.7; thus, while EGFP is degraded by late endosomes and
lysosomes, mCherry is not (35). In parental untreated cells
there are very few puncta, and mostly diffuse yellow staining
was observed, due to the combined presence of mCherry and
EGFP. Upon treatment with tunicamycin, there was an in-
crease in puncta, the majority of which are red, indicating that
tunicamycin induces autophagy flux (Fig. 7E). SCCA1 cells,
however, had an increased basal level of puncta, which were
almost all yellow, indicating a defect in lysosomal degradation.
The sizes of the yellow puncta were further increased upon
treatment with tunicamycin, indicating that while ER stress
induces autophagy influx, SCCA1 blocks lysosomal degrada-
tion and, hence, facilitates protein aggregations at autolyso-
somes (Fig. 7E). Similar effects were observed in apoptosis-
competent Hs578T cells expressing SCCA1 (data not shown).
Taken together, these results demonstrate that SCCA1 can
block lysosomal protein degradation, particularly when under
ER stress.

SCCA1 promotes caspase-8 aggregation and activation on
lysosomes. The above observations suggest that ER stress
could possibly induce the aggregation of caspase-8, which nor-
mally would then be degraded by lysosomes. However, in the
presence of SCCA1, lysosomal degradation is blocked, which
would facilitate the aggregation and subsequent activation of
caspase-8. This theory would suggest that caspase-8 can be
activated intracellularly on lysosomes. To address this, cells
were stained with LysoTracker Red, and immunofluorescence
analysis was performed using an antibody for caspase-8. As
previously observed, in comparison to parental cells, SCCA1
cells have a higher basal level of lysosome staining (Fig. 1C and
D and 8A). While there is little association of caspase-8 with
lysosomes in parental cells, this association is markedly en-
hanced in SCCA1 cells (Fig. 8A). In response to tunicamycin
treatment, the level of lysosomal staining dramatically in-
creases in parental cells. Additionally, the pattern of caspase-8
staining appears more punctate than that observed in un-
treated cells. Nevertheless, there appears to be only a few
lysosomes that colocalize with caspase-8. In stark contrast,
SCCA1 cells are observed to have large caspase-8 aggregates
that colocalize with lysosomes (Fig. 8A). Additionally, to de-
termine whether the aggregated caspase-8 that colocalizes with
lysosomes is active, an FITC-conjugated caspase-8 substrate
peptide, FITC-IETD-FMK, was incubated with tunicamycin-
treated parental and SCCA1 cells along with LysoTracker Red.
Staining for activated caspase-8 in parental cells was low and
was not observed to colocalize with lysosomes. In comparison,
the FITC signal was stronger in SCCA1 cells and was found to
form large aggregates that colocalized with lysosomes, indicat-
ing that the aggregated caspase-8 found at lysosomes is indeed
active (Fig. 8B). These observations suggest that ER stress can
lead to the accumulation of caspase-8 at lysosomes, allowing
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FIG. 6. SCCA1 leads to increased caspase-8 ubiquitination and interaction with SQSTM1/p62. (A) bax�/� bak�/� BMK parental, SCCA1-
expressing, and SerpinB3b-expressing cells were immunoblotted for caspase-8. Note the increase in higher-molecular-weight protein bands in
SCCA1 or SerpinB3b cells, suggestive of polyubiquitination. (B) MCF10A parental and SCCA1-expressing cells were transfected with a polyhis-
tidine-tagged Ub (His-Ub) and subsequently treated with tunicamycin for 8 h. Lysates were immunoprecipitated with a His antibody and blotted
for caspase-8 or His tag. A nonspecific band (n.s.) was used to indicate equal loading. (C) Lysates from Hs578T parental or SCCA1-expressing cells,
untreated or treated with tunicamycin for 24 h, were immunoprecipitated with a caspase-8 antibody and blotted for p62 or caspase-8. (D) SCCA1
promotes caspase-8 and p62 interaction upon ER stress treatment. bax�/� bak�/� BMK parental and SCCA1-expressing cells were left untreated
or treated with tunicamycin (0.5 �g/ml) for 16 h. Immunofluorescence staining was performed using antibodies against p62 (red) or caspase-8
(green). (E) Cell lysates from untreated bax�/� bak�/� BMK parental or cells expressing wild-type or mutant serpins were examined for protein
ubiquitination. Parental cells were treated with the proteasome inhibitor bortezomib (2 �M) for 8 h, as a positive control. The proteasome �2
subunit was probed for equal loading. (F) Parental and SCCA1 cells expressing an shControl or shSCCA1 were treated with tunicamycin. Cell
lysates were subsequently examined for protein ubiquitination. The amount of ubiquitination was determined by densitometric analysis of the
intensity of ubiquitination standardizing against tubulin. (G) Cells were treated for the indicated amount of time with cycloheximide (CHX; 10
�g/ml). Mcl-1, a protein degraded by the proteasome, was probed for, and the half-life (t1/2) was determined by densitometric analysis.
(H) Parental, SCCA1, and SCCA1-F352A cells were transfected with a ubiquitin-luciferase reporter construct to determine the efficiency of
degradation of ubiquitinated proteins. Parental cells were treated with bortezomib (2 �M) for 8 h as a positive control. Luciferase activity in cell
lysates was determined, which allows for standardizing transfection efficiencies based on Renilla luciferase activity. (I and J) Parental cells and those
expressing wild-type and mutant SCCA1 were left untreated or were treated with bortezomib (2 �M) for 8 h; proteasomal chymotrypsin-like
(I) and trypsin-like (J) activities were assayed for using fluorogenic substrates.
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their association and activation which contributes to enhanced
cell death in SCCA1 cells.

DISCUSSION

Cancer cells often have elevated protein synthesis, energy
consumption, and by-product disposal. To cope with these
conditions, cancer cells often require increased protein degra-
dation, thus leading to changes such as elevated lysosome
number, size, and expression of lysosomal hydrolases (17).
These conditions can make cancer cells more susceptible to
lysosomal injury, which, depending on its extent and duration,
may lead to both apoptotic and nonapoptotic cell death. Not
surprisingly, cancer cells develop cytoprotective mechanisms,
such as elevated levels of Hsp70, sphingomyelin, and serpins,
to guard against this vulnerability (37, 50). Indeed, in agree-
ment with previous reports showing the protective role of ser-

pins against lysosomal injury, we find here that SCCA1 pro-
tects against insults such as DNA alkylating damage and
hypotonic shock by inhibiting lysosome hydrolases and pre-
venting lysosomal permeabilization. Additionally, we have ob-
served that cancer cells naturally expressing a high level of
SCCA1 are unable to survive and proliferate when SCCA1’s
expression is knocked down using a short hairpin RNA, thus
suggesting that this protein is imperative to cell survival of
these cancer cells (11).

Interestingly, despite its protective role against lysosomal
injury, we find here that SCCA1 promotes cell death induced
by ER stress (Fig. 9). This cell death appears to be apoptotic,
indicated by both the morphological features and the activa-
tion of caspases. ER stress-induced apoptosis has been previ-
ously reported to occur via caspase-12 in murine cells (32) or
through induction of the BH3-only proteins Bim (39) and
Puma (42). As apoptosis mediated by caspase-12, Bim, and

FIG. 6—Continued.
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Puma requires Bax and Bak (62, 63), our finding that ER
stress-induced apoptosis in SCCA1-expressing cells that lack
Bak and Bax indicates that this apoptosis is not mainly medi-
ated by caspase-12 and the BH3-only proteins. This theory is
further supported by the observation that cytochrome c release

does not occur in SCCA1-expressing bax�/� bak�/� cells upon
ER stress treatment in spite of the apoptotic nature of the cell
death. Furthermore, while ER stress has been reported to
upregulate the expression of death ligands TNF-	, FasL, and
TRAIL (TNF-related apoptosis-inducing ligand) (21), the

FIG. 7. SCCA1 blocks lysosomal turnover. (A) bax�/� bak�/� BMK parental or SCCA1-expressing cells stably expressing GFP-LC3 were
treated with tunicamycin (Tuni) for 8 h. Cells were observed under a deconvolution microscope. The percentage of cells showing punctated
GFP-LC3 was determined for three independent counts of 50 cells, and the values represent the mean � standard error of the mean. (B) Cells
were labeled with [14C]valine for 48 h and then treated for 24 h with tunicamycin. Long-lived protein degradation was measured. Untr, untreated.
(C) bax�/� bak�/� BMK parental cells or SCCA1- or SCCA1-F352A-expressing cells were left untreated or treated with E64D (10 �g/ml) and
PepA (10 �g/ml) for 16 h. Cell lysates were probed for LC3. Tom40 was probed for equal loading. (D) Indicated cells were treated with tunicamycin
alone or in combination with E64D (10 �g/ml) and PepA (10 �g/ml) for 16 h. Cell lysates were probed for LC3 and tubulin, and the ratio of LC3-II
against tubulin was determined. (E) Parental and SCCA1-expressing bax�/� bak�/� BMK cells were transfected with mCherry-EGFP-LC3 and
then treated with tunicamycin (0.5 �g/ml) for 16 h. The amount of red and green puncta was quantitated. Percentage of cells showing green and
red puncta was determined for three independent counts of 50 cells, and the values represent the mean � standard error of the mean.
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FIG. 8. SCCA1 promotes caspase-8 aggregation and activation at lysosomes. Parental and SCCA1-expressing bax�/� bak�/� BMK cells were
left untreated or treated with tunicamycin (Tuni) for 16 h. Immunofluorescence staining was performed using LysoTracker Red and an antibody
against caspase-8 (green). The substrate specific for activated caspase-8, FITC-IETD-FMK, was used to verify that the caspase-8 colocalizing with
lysosomes was indeed active (B).
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death receptor apoptotic pathway is unlikely the cause for
enhanced apoptosis rendered by SCCA1 as cell sensitivity to
TNF-	 was not affected by the status of SCCA1 expression
(Fig. 5E). Importantly, we show here that although the death
receptor pathway is not involved, ER stress-mediated cell
death in SCCA1-expressing cells is a result of caspase-8 acti-
vation.

Caspase-8 is an initiator caspase that has been well charac-
terized to be activated through its aggregation and autocleav-
age at the DISC upon the interaction of death ligands and their
cell surface receptors (2, 6). In addition to DISC-mediated
caspase-8 aggregation and activation, caspase-9 is activated via
aggregation on apoptosomes (27, 45), caspase-2 is activated
via PIDDosomes (7, 53), and caspase-1 and -5 are activated via
inflammasomes (31). A recent study shows that the aggrega-
tion of caspase-8 on the DISC is facilitated by its ubiquitination
and interaction with the ubiquitin-binding protein SQSTM1/
p62 (24). Here, we show that intracellular caspase-8 ubiq-
uitination and aggregation, induced by ER stress, can initiate
an apoptotic response independently of the death receptor
pathway in SCCA1-expressing cells. This, together with a re-
cent finding in our laboratory that inhibition of proteasome
degradation leads to enhanced caspase-8 proximity and acti-
vation in intracellular membranes (34a), suggests a novel
mechanism for caspase-8 activation in response to proteotoxic
stress. While our results indicate that this cell death coincides
with SCCA1’s ability to increase global protein ubiquitination,
including that of caspase-8, it remains to be determined
whether ubiquitination is a prerequisite for caspase-8 intracel-
lular aggregation and activation.

Our findings indicate that cells with high levels of SCCA1
expression can be specifically targeted by ER stress to enhance
cytotoxicity. Significantly, many cancers are under chronic ER
stress, leading to a heightened UPR. However, numerous stud-
ies have shown that the UPR in cancer cells is altered such that
prosurvival signals are favored while prodeath signals are in-
hibited (23, 40). Currently, two approaches are being explored

to exploit the elevated UPR observed in cancer, one of which
is to block the prosurvival signals, while the other approach
attempts to further enhance ER stress to shift in favor of a
prodeath response (15). Several drugs used clinically to treat
various types of cancers have been reported to increase the
unfolded protein response. Among these agents are protea-
some inhibitors, which result in decreased protein degradation
and a subsequent increase in polyubiquitinated proteins and
aggregates (16, 20, 48, 52). With regard to cancer cells express-
ing SCCA1, given that their UPR is already elevated, treating
them therapeutically with agents that further enhance ER
stress may shift the UPR in favor of a prodeath response, thus
leading to a better outcome.
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