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Proteasomal stress and the accumulation of polyubiquitinated proteins are key features of numerous
neurodegenerative disorders. Previously we demonstrated that stabilization of p53 and activation of its target
gene, puma (p53-upregulated mediator of apoptosis), mediated proteasome inhibitor-induced apoptosis in
cancer cells. Here we demonstrated that Puma also contributed to proteasome inhibitor-induced apoptosis in
mouse neocortical neurons. Although protection afforded by puma gene deletion was incomplete, we found little
evidence indicating contributions from other proapoptotic BH3-only proteins. Attenuation of bax expression
did not further reduce Puma-independent apoptosis, suggesting that pathways other than the mitochondrial
apoptosis pathway were activated. Real-time imaging experiments in wild-type and puma-deficient neurons
using a fluorescence resonance energy transfer (FRET)-based caspase sensor confirmed the involvement of a
second cell death pathway characterized by caspase activation prior to mitochondrial permeabilization and,
more prominently, a third, caspase-independent and Puma-independent pathway characterized by rapid cell
shrinkage and nuclear condensation. This pathway involved lysosomal permeabilization in the absence of
autophagy activation and was sensitive to cathepsin but not autophagy inhibition. Our data demonstrate that
proteasomal stress activates distinct cell death pathways in neurons, leading to both caspase-dependent and
caspase-independent apoptosis, and demonstrate independent roles for Puma and lysosomal permeabilization
in this model.

Accumulation of protein aggregates and buildup of poly-
ubiquitinated proteins are characteristic features of several
neurological disorders, including Parkinson’s disease (30),
amyotrophic lateral sclerosis (ALS) (28, 29), and ischemic
stroke (25). Inhibition of the proteasome is per se sufficient to
activate apoptosis in neurons and nonneuronal cells (38, 53),
and targeting the proteasome is employed as therapy in can-
cers such as multiple myeloma (14). Recent studies on protea-
some inhibitor-induced apoptosis suggest that proteasome in-
hibitors as therapeutics may have detrimental effects on the
nervous system (8, 9). However, the molecular mechanisms of
proteasome inhibition-induced cell death in neurons remain
poorly understood.

The proteasome is the principal site of cellular protein deg-
radation and recycling. It consists of a 20S barrel that facilitates
protein dismantling and two 19S regulatory caps. Proteins des-
tined for recycling are tagged with polyubiquitin chains by the
E family of ligases in an ATP-dependent manner (13). Defects
in ubiquitin proteasome system (UPS)-mediated protein deg-
radation can lead to accumulation of signaling proteins and
expression of transcription factors that are tightly regulated by

the proteasome, such as the NF-�B inhibitor, I�B (44), and the
proapoptotic transcription factor, p53 (59). Previously, we have
demonstrated that stabilization of p53 and the subsequent
transcriptional activation of the BH3-only protein p53-upregu-
lated mediator of apoptosis (Puma) partially mediated protea-
some inhibitor-induced apoptosis in human cancer cells (15).
BH3-only proteins are proapoptotic Bcl-2 family proteins that
are transcriptionally or posttranslationally activated in response
to prolonged cellular stress (26). All BH3-only proteins have
the capacity to neutralize antiapoptotic Bcl-2 family proteins,
but some BH3-only proteins, including Bid, Bim, and Puma,
are also believed to directly activate Bax and Bak in mitochon-
drial membranes (12). Activation of Bax and Bak is an essen-
tial step in the mitochondrial apoptosis pathway and leads to
mitochondrial outer membrane permeabilization (MOMP)
and the release of caspase-activating factors into the cytosol
(26). Here, we sought to establish the role of Puma during
proteasome inhibitor-induced apoptosis in neocortical neuron
cultures, using gene deletion and silencing approaches in com-
bination with real-time single-cell imaging of caspase-depen-
dent and caspase-independent cell death pathways. Our data
suggest the existence of at least three cell death pathways in
neurons that mediate proteasome inhibitor-induced apoptosis
in both puma-dependent and puma-independent manners.

MATERIALS AND METHODS

Materials. Fetal calf serum, minimal essential medium (MEM), and tetra-
methylrhodamine methyl ester (TMRM) were from Invitrogen (Bio Sciences,
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Dublin, Ireland). Caspase substrate acetyl-DEVD-7-amido-4-methylcoumarin
(Ac-DEVD-AMC) and inhibitor N-benzyloxycarbonyl-Val-Ala-Asp (O-methyl)-
fluoromethyl ketone (Z-VAD-FMK) were purchased from Bachem (St. Helens,
United Kingdom). Bortezomib was from Millennium Pharmaceuticals (Cam-
bridge, MA). All other chemicals, including epoxomicin, came in analytical grade
purity from Sigma-Aldrich (Tallaght, Dublin, Ireland).

Gene-targeted mice. puma�/�, bim�/�, and bid�/� mice were generated as
previously described (6, 27, 69). The puma�/� and bid�/� mice were generated
on an inbred C57BL/6 background, using C57BL/6-derived ES cells. The bim�/�

mice were originally generated on a mixed C57BL/6 � 129SV genetic back-
ground, using 129SV-derived embryonic stem (ES) cells, but had been back-
crossed for �12 generations onto the C57BL/6 background.

Preparation of mouse primary neocortical neurons. Cortical neurons were
prepared as previously described (16). Gestation day 16-to-18 embryos (E16 to
E18) were isolated by hysterectomy of the uterus, using an abdominal injection
of 40 mg/kg of pentobarbital (Dolethal) as lethal anesthesia. The harvested
embryos were transferred to dissection medium on ice in phosphate-buffered
saline (PBS; with 0.25% glucose and 0.3% bovine serum albumin [BSA]). The
cerebral cortices from each of the embryos were isolated. The surrounding
meninges were removed, and the tissue was pooled in dissection medium on ice.
The tissue was incubated with trypsin-EDTA (0.25%) at 37°C for 15 min. Fol-
lowing incubation, the trypsinization was stopped by the addition of medium
containing sera. The neurons were then dissociated by gentle pipetting, and
following centrifugation (400 � g for 3 min), the medium containing trypsin was
aspirated. The neurons were then resuspended in fresh plating medium (minimal
essential medium [MEM] containing 5% fetal calf serum, 5% horse serum, 100
U/ml penicillin/streptomycin, 0.5 mM L-glutamine, 0.6% D-glucose). Cells were
plated at 2 � 105 cells per cm2 on polylysine-coated plates and incubated at 37°C
in 5% CO2. The plating medium was exchanged with 50% feeding medium
(NBM-embryonic containing 100 U/ml of penicillin-streptomycin [Pen/Strep],
2% B27, and 0.5 mM L-glutamine) plus 50% plating medium with additional
cytosine arabinofuranoside (600 nM). Two days later, the medium was again
exchanged for feeding medium and experiments were carried out on days in vitro
(DIV) 5 to 6.

RT-qPCR. Total RNA was extracted using the RNeasy minikit (Qiagen,
Hilden Germany). First-strand cDNA synthesis was performed using 2 �g of
total RNA as the template and reverse transcribed using Superscript II (Invitro-
gen) primed with 50 pmol of random hexamers. Quantitative real-time PCR
(RT-qPCR) was performed using the LightCycler 4.0 (Roche Diagnostics, Basel,
Switzerland) and the QuantiTech SYBR green PCR kit (Qiagen) as per the
manufacturer’s protocol. Specific primers for each gene analyzed were designed
using Primer3 software. The sense and antisense primers were CAACACAAA
CCCAAGTCCT and CATTTGCAAACACCCTCCTT for bim, TCTCAGGAA
AGGCTGCTGGT and CCGCCGCTCGTACTGCGCGTT for puma, ACGAC
AAGGCCATGCTGATA and AGGCACCCTCAGTCCATCTC for bid, TGA
GCACACTCGTCCTTCAA and TCAGGAGATCGGACAAA for noxa, and
GGTGTGATGGTGGGAATGG and GGTTGGCCTTAGGGTTCAGG for
the �-actin gene. The PCRs were performed in 20-�l volumes with the following
parameters: 95°C for 15 min, followed by 40 cycles of 94°C for 20 s, 59°C for 20 s,
and 72°C for 20 s. The generation of specific PCR products was confirmed by
melting curve analysis and gel electrophoresis. The data were analyzed using the
Lightcycler software 4.0, with all samples normalized to �-actin.

SDS-PAGE and Western blotting. Preparation of cell lysates and Western
blotting were carried out as previously described (50a). The resulting blots were
probed with either a mouse monoclonal antibody detecting mono- and polyu-
biquitinylated proteins (Biomol, Enzo Life Sciences, Exeter, United Kingdom)
diluted 1:1,000, a mouse monoclonal anti-Hsp70 antibody (Stressgen, Victoria,
Canada) diluted 1:1,000, a mouse monoclonal anti-CHOP antibody (Santa Cruz,
CA) diluted 1:500, a mouse anti-caspase 8 antibody (Alexis, San Diego, CA)
diluted 1:1,000, a mouse monoclonal anti-p53 antibody (Nova Castra, Leica,
Microsystems, IL) diluted 1:1,000, a rabbit polyclonal anti-Bim antibody (Stress-
gen, Victoria, Canada) diluted 1:1,000, a goat polyclonal anti-Bid antibody
(R&D Systems, Minneapolis, MN) diluted 1:1,000, a rabbit polyclonal anti-
PUMA NT antibody (Prosci, Poway, CA) diluted 1:1,000, a mouse monoclonal
anti-LC3 antibody (Abgent, San Diego, CA) diluted 1:1,000, a rabbit anti p62
antibody (Enzo Life Sciences, Exeter, United Kingdom) diluted 1:1,000, a rabbit
polyclonal anti-Bax antibody (Upstate, Millipore, Billerica, MA) diluted 1:1,000,
and a mouse monoclonal anti-�-actin antibody (clone DM 1A; Sigma, Dublin,
Ireland) diluted 1:5,000. Horseradish peroxidase-conjugated secondary antibod-
ies diluted 1:10,000 (Pierce, Northumberland, United Kingdom) were detected
using SuperSignal West Pico chemiluminescent substrate (Pierce) and imaged
using a FujiFilm LAS-3000 imaging system (Fuji, Sheffield, United Kingdom).

Determination of caspase-3-like protease activity. DEVDase activity was de-
termined fluorometrically using N-benzyloxylcarbonyl-Asp-Glu-Val-Asp-7-amino-
4-methyl-coumarin (DEVD-AMC) as the substrate (10 �M). Cleavage of DEVD-
AMC to liberate free AMC was monitored in live cells by measuring fluorescence
after 1- and 2-h intervals. Protein content was determined using the Pierce
Coomassie Plus protein assay reagent (Perbio, Northumberland, United King-
dom). Caspase activity was expressed as change in fluorescent units per hour and
per microgram of protein.

Determination of neuronal injury: Hoechst and propidium iodide staining of
nuclear chromatin. Neocortical neurons were stained live with Hoechst 33258 (1
�g/ml) or propidium iodide (5 �M) in medium. Nuclear morphology was as-
sessed with an Nikon Eclipse TE 300 inverted microscope (Nikon, Düsseldorf,
Germany) with a 20� 0.43 NA phase-contrast objective using the appropriate
filter set for Hoechst and a charge-coupled device (CCD) camera (SPOT RT SE
6; Diagnostic Instruments, Sterling Heights, MI). For each time point, images of
nuclei were captured in three subfields and repeated in triplicate. Images were
processed using Image J software (Micron-Optica; http://rsb.info.nih.gov/ij/).
Condensed and/or fragmented nuclei were scored as percent nuclear condensa-
tion and expressed as a percentage of the total population.

Plasmids, transfections, and siRNA. Neocortical neurons were transfected at
DIV 5 or 6 using Lipofectamine 2000 (Invitrogen, Paisley, United Kingdom) with
expression plasmids for green fluorescent protein (GFP)-LC3 (24), SCAT (i.e.,
sensor for activated caspases based on FRET)-DEVD-FRET (66), or Smac-
yellow fluorescent protein (YFP) (49) as per the manufacturer’s instructions. For
inhibition of noxa expression, three synthetic small interfering RNAs (siRNAs)
that target noxa were designed using the RNA Workbench software (67a) and
cloned into a pFIV plasmid (System Biosciences, Cambridge Bioscience, Cam-
bridge, United Kingdom). Neurons were transfected with a mixture of vectors
expressing either a siRNA targeting noxa or a scramble sequence by electropo-
ration using the AMAXA apparatus (program 0.05) with a mouse neuron kit
(Lonza, Basel, Switzerland). The following sequences were utilized: control
sense, 5�-ACUUAACCGGCAUACCGGC(dTdT)-3�; control antisense, 5�-GC
CGGUAUGCCGGUUAAGU(dTdT)-3�; noxa 1 sense, 5�-TTTCTTGCGTTTC
TCAGTCCGAG-3�; noxa 1 antisense, 5�-CTCGGACTGAGAAACGCAAG-3�;
noxa 2 sense, 5�-TTACATCAGAAGGTTGCTTGGCC-3�; noxa 2 antisense,
5�-GGCCAAGCAACCTTCTGATGTAA-3�; noxa 3 sense, 5�-TGAGATAGTG
GTTGAAGGCCTGG-3�; and noxa 3 antisense, 5�-CCAGGCCTTCAACCAC
TATCTCA-3�.

Silencing of bax expression was performed utilizing siRNA duplexes (sc-29213)
purchased from Santa Cruz Biotechnology containing three target-specific
siRNAs. Sequences were cotransfected with an enhanced green fluorescent
protein (EGFP)-expressing plasmid in a ratio of 3:1 using Lipofectamine 2000.

Real-time live cell imaging. Primary neocortical neurons transfected with
either SCAT-DEVD-FRET (66) or Smac-YFP (49) probes and loaded with
TMRM (20 nM) in experimental buffer (120 mM NaCl, 3.5 mM KCl, 0.4 mM
KH2PO4, 20 mM HEPES, 5 mM NaHCO3, 1.2 mM Na2SO4, 1.2 mM CaCl2, 1.2
mM MgCl2, and 15 mM glucose, pH 7.4) were placed on the stage of an LSM
5Live Zeiss confocal microscope with a thermostatically regulated chamber.
Following a 45-min equilibration time, drug dissolved in experimental buffer was
added to the medium. TMRM was excited at 543 nm, and the emission was
collected by a 560-nm long pass filter. YFP was excited at 500 � 20 nm, and
emission was collected at 535 � 30 nm for Smac-YFP. Cyan fluorescent protein
(CFP) was excited at 436 � 10 nm, and emission was collected at 480 � 20 nm.
FRET was measured using an excitation of 436 � 10 nm, and emission was
collected at 535 � 30 nm for the SCAT-DEVD-FRET as described previously
(48). Images were captured every 5 min throughout these experiments. All
microscope settings including laser intensity and scan time were kept constant.
Control experiments for cytotoxicity were also carried out and determined to
have negligible impact. The resulting data were processed using LSM and Meta-
Morph software as described previously (48, 50).

Immunocytochemistry and cell staining. Posttreatment, cells grown on 13-mm
coverslips were fixed with 4% paraformaldehyde for 15 min, permeabilized in
PBS containing 0.5% Triton X-100, washed three times with PBS, and blocked
for 1 h in 5% goat serum (or donkey serum-cathepsin B) in PBS. The cells were
then incubated for 2 h with either a native anti-cytochrome c antibody diluted
1:250 (R&D Systems) or a goat polyclonal anti-cathepsin B antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:50 in 5% serum in PBS. Primary
antibodies were detected using a 1:500 dilution of fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit secondary antibody (Jackson Immunore-
search, Plymouth, PA) for 1 h. For lysosomal staining, LysoTracker red (Molec-
ular Probes) was incubated at 100 nM in medium 30 min prior to addition of
epoxomicin. Coverslips were then transferred to glass slides with DAPI (4�,6-
diamidino-2-phenylindole) mounting medium and sealed around the edges with
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clear varnish. Images of stained cells for quantification were captured with the
Nikon Eclipse TE 300 inverted microscope with a 20� 0.43 NA phase-contrast
objective and a CCD camera as described above.

Mathematical model of apoptotic cell death through caspase-3 autofeedback
and imbalance of protein turnover. Computational pathway modeling based on
ordinary differential equations (ODEs) and mass action kinetics was employed to
study the effect of proteasome inhibition. Initially, we induced activation of 0.1%
caspase-3 caused by zymogenic activation of procaspase-3 (63). Processing of
procaspase-3 and caspase-3 activation can lead to caspase-3 autoactivation (78).
XIAP (X-linked inhibitor of apoptosis protein) was modeled to inhibit active
caspase-3 (19). Furthermore, active caspase-3 can cleave XIAP into its BIR1-2
and BIR3-RING fragments (19), although the latter did not influence the path-
way and was neglected. All proteins produced in the apoptotic cascade were
subject to proteasomal degradation (39, 68), with those bound to XIAP assumed
to be degraded at a higher rate. The entities involved and the reaction network
with constants for mass action kinetics are described in Tables 1 and 2. Protea-
some inhibition reduced the degradation constants (k�

1, k�
2, k	

10, k	
11) by the

percentage rate given in Fig. 6.
Local stability analysis. For a mathematically rigorous investigation of the

effect of proteasome inhibitors, we performed a local stability analysis (as de-
scribed by Eissing et al. [20]) of the pseudo-reaction system of Table 2 at the
initial state (right column in Table 1). We therefore analytically calculated the
eigenvalues 
 of the Jacobian J

det�J � I
� � 0, J �

2ci


t
cj
�initial state (1)

with guaranteed stability, if all eigenvalues 
 have a negative real part. Employ-
ing Mathematica (Wolfram Research, United Kingdom), we analytically calcu-
lated equation 1 and employed the Hurvitz criterion (20) for the solution of the
seventh order polynomial. This led to a criterion for stability

XIAPinit �
C3init�k	

11k	
3 � k	

3k�
4� � k	

10k�
4 � k	

11k�
4

k	
11k	

4
(2)

with the initial concentrations of XIAP and caspase-3 (XIAPinit and C3init,
respectively) given by the balance from transcription/translation and degradation

XIAPinit �
k	

2

k�
2
, C3init �

k	
1

k�
1

(3)

Equation 2 serves as a criterion for signal depletion and relates the XIAP and
procaspase-3 initial concentration (equation 3), the caspase-3 autofeedback
strength, k	

3, the XIAP binding to active caspase-3 (k	
4 and k�

4), and the
degradation rate for free and XIAP-bound active caspase-3 and XIAP (k	

10 and
k	

11) to each other with values given in Table 2. To investigate the effect of
proteasomal inhibition, we replaced the degradation constant (k�

1, k�
2, k	

10,
k	

11) by such that are modulated by an inhibition factor, A, indicating the range
between full proteasome function (A � 1) to full inhibition (A � 0). Inserting
them into equation 2 leads to stability for equation 4

A � 0.24 (4)

or alternatively instability, and thus apoptosis execution, for proteasome inhibi-
tion higher than 90%.

Statistics. Data are given as means � standard errors of the means (SEM).
For statistical comparison, one-way analysis of variance followed by Tukey’s post
hoc test was employed unless otherwise stated in the figure legends. P values
smaller than 0.05 were considered to be statistically significant.

RESULTS

Prolonged proteasome inhibition results in cell death asso-
ciated with release of cytochrome c and activation of effector
caspases. Proteasome inhibition has been shown to induce
apoptosis in several paradigms. We characterized the morpho-
logical and biochemical features of cell death induced by pro-
longed proteasomal stress in neocortical neurons. Exposure to
epoxomicin (50 nM) resulted in a time-dependent increase in
ubiquitinated proteins (Fig. 1A), indicative of impaired pro-
teasome-mediated protein degradation. Epoxomicin induced
60 to 80% apoptosis over 24 h, as assessed by quantification of
propidium iodide (PI) inclusion (Fig. 1B and D). Hoechst
staining of nuclear chromatin showed morphological changes
indicative of apoptosis, including condensation and fragmen-
tation (Fig. 1C). Using the fluorogenic probe AC-DEVD-
AMC, a substrate for caspase 3 and other effector caspases, we
assessed caspase activation over time (Fig. 1D). Caspase 3-like
activity increased in a time-dependent manner which coincided
with cell death quantified by PI uptake (Fig. 1D). Neurons with
condensed nuclei also exhibited a loss of mitochondrial cyto-
chrome c immunofluorescence, suggesting activation of the
mitochondrial apoptosis pathway by epoxomicin (Fig. 1E).

Levels of mRNA and BH3-only proteins are increased fol-
lowing proteasomal stress. Previous studies have suggested the

TABLE 1. Considered entities in the computational model

Abbreviation Definition Initial
value (nM)

C3 Procaspase-3 100 (estimated)
C3a Free active caspase-3 0
XIAP Free X-linked inhibitor of apoptosis

protein
100 (estimated)

XIAP�C3a XIAP in complex with caspase-3 0
BIR12 XIAP fragment comprising

baculoviral IAP repeats 1 and 2
0

BIR12�C3a XIAP Bir12 fragment in complex
with caspase-3

0

TABLE 2. The reaction network of the computational model

Step Substrate(s) Reaction Product(s) Ki
	 (�M�1 min�1)a Ki

� (min�1)a Source or
reference

1 C3 3 Production and degradation 0.00039 0.0039 75 (estimated)
2 XIAP 3 Production and degradation 0.00116 0.0116 50 (estimated)
3 C3 	 C3a 3 C3a 	 C3a 2.4 0 78 (estimated)
4 C3a 	 XIAP 7 �XIAP�C3a� 156 0.144 54
5 C3a 	 XIAP 3 C3a 	 BIR12 12 0 63
6 C3a 	 �XIAP�C3a� 3 C3a 	 BIR12c3a 12 0 63
7 C3a 	 BIR12 % BIR12�C3a 156 0.144 54
8 BIR12 3 Degradation 0.0058 0 20
9 BIR12c3a 3 Degradation 0.0058 0 20
10 C3a 3 Degradation 0.0058 0 20
11 �XIAP�C3a� 3 Degradation 0.0347 0 75
12 Substrate 	 C3a 3 C3a 12 0 63

a Kinetic constants refer to parameters for mass action kinetics for the forward (	) and backward (�) reactions.

5486 TUFFY ET AL. MOL. CELL. BIOL.



involvement of the mitochondrial apoptosis pathway (15, 35);
therefore, we investigated the transcriptional and posttransla-
tional activation of BH3-only protein family members follow-
ing proteasome inhibition. The relative levels of mRNA and
BH3-only proteins compared to those in control samples
were measured by real-time quantitative PCR (RT-qPCR) and
Western blotting. Significant increases were observed in puma,
bim, and noxa mRNA expression, while bid mRNA remained
unchanged over time (Fig. 2A to D). Coinciding with mRNA
changes were increased Bimextra long (BimEL) and Puma (2-
and 4-fold respectively, data not shown) protein levels at 24 h
post-epoxomicin treatment (Fig. 2E), a time period when in-
creased levels of cell death were evident (Fig. 1D). As with bid
mRNA, no change was observed in either Bid protein levels or
Bid proteolytic cleavage (Fig. 2E). Due to a lack of specific and
commercially available antibodies against mouse Noxa protein,
Noxa protein levels could not be explored. We next analyzed

caspase-8 protein levels as it has been suggested that p53-
dependent caspase activation may occur through activation of
the death receptor pathway (43, 72). We did however detect
only a transient activation of caspase-8 activation (1.5-fold; data
not shown) in response to proteasome inhibition (Fig. 2E).

Loss of puma protects cortical neurons from proteasome
inhibitor-induced apoptosis. Having established that specific
BH3-only proteins were increased following proteasomal stress
in cortical neurons, we next investigated if and to what extent
such changes contributed to cell death in our paradigm. We
quantified the number of neurons with apoptotic nuclei from
BH3-only knockout mice compared to their wild-type (WT)
counterparts following epoxomicin treatment. In spite of in-
creased bim mRNA and protein, neurons that lacked bim were
found to be equally susceptible to cell death compared to WT
neurons (Fig. 3A). This finding coincided with previously ob-
tained results in HCT116 colon cancer cells and mouse em-

FIG. 1. Epoxomicin induces protein ubiquitination and cell death associated with cytochrome c release, caspase activation, and nuclear
apoptotic morphology in neocortical neurons. (A) Cortical neurons were treated with epoxomicin (Epoxo; 50 nM) or the control (Con) (dimethyl
sulfoxide [DMSO], 0.1%) for the indicated periods. Western blotting was performed using an antibody recognizing mono- and polyubiquitinated
proteins. Probing for �-actin served as a loading control. (B) Bright-phase, PI-positive neurons and the merged image in control and neurons
treated with epoxomicin for 24 h. Scale bar, 50 �m. (C) Hoechst-stained neurons illustrating nuclear condensation and fragmentation in DMSO-
and epoxomicin-treated samples. Scale bar, 20 �m. (D) Quantification of PI-positive neurons and caspase-3-like (DEVDase) activity following
epoxomicin treatment. PI-positive nuclei were expressed as a percentage of total cells per field. A minimum of 300 neurons in at least three
different fields were captured per well, and at least three wells were analyzed per time point (*, P � 0.05 compared to control). Caspase 3-like
activity was assessed by measuring the cleavage of the fluorogenic substrate Ac-DEVD-AMC (10 �M). DEVDase activity was expressed as fold
increase over the control. The data are the results from three measurements per well and three wells per time point (#, P � 0.05 compared to
control). (E) Immunocytochemistry of cytochrome c (Cyt-c) in neurons. The redistribution of cytochrome c is observed in treated samples (scale
bar, 10 �m). All data are means � SEM from three wells; experiments were repeated three times from independent cultures with similar results.
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bryonic fibroblasts deficient for bim (15). Similarly cell death
levels in bid�/� neurons did not differ from WT neurons (Fig.
3B), suggesting that neither transcriptional induction nor post-
translational activation of Bid was required for epoxomicin-in-
duced apoptosis. We did, however, observe a robust reduction in
apoptotic neurons at both 16 and 24 h post-epoxomicin treatment
in neuronal cultures derived from puma-deficient mice (Fig. 3C),
confirming a prominent role for Puma in this model.

To further characterize the protection afforded in the puma-
deficient neurons, we monitored cleavage of the caspase-3
substrate Ac-DEVD-AMC over time. Neurons from puma�/�

mice had significantly less caspase-3-like protease activity at 16
and 24 h post-epoxomicin treatment (Fig. 3D). As a control,
we assessed Ac-DEVD-AMC cleavage following treatment
with colchicine (10 �M). Colchicine inhibits microtubule po-

lymerization and has been shown to induce apoptosis in cere-
bral granular neurons (5) and organotypic slices (33). We ob-
served no significant difference in caspase 3-like protease
activities between WT and puma�/� neuron cultures following
colchicine treatment (Fig. 3E). Furthermore, to assess if the
protection observed was a general response to proteasomal
stress, we treated WT and puma�/� neuronal cultures with 100
nM bortezomib (Velcade), a proteasomal inhibitor used clin-
ically in the treatment of multiple myeloma (77). Similar to
epoxomicin-treated neurons, bortezomib-induced cell death
was significantly attenuated in puma�/� cultures (Fig. 3F).

Next, we wanted to ensure that the protection observed in
puma�/� neurons was specific to the puma gene deletion and
not due to altered stress levels between genotypes. The levels
of ubiquitinated proteins observed were found to be similar in

FIG. 2. Determination of the transcriptional and posttranslational activation of BH3-only proteins. (A to D) Real-time quantitative PCR of
BH3-only genes puma, bim, noxa, and bid. Cortical neurons were treated with epoxomicin (50 nM) or the control (DMSO; 0.1%) for the indicated
time periods. The relative mRNA expression levels were assessed by RT-qPCR and normalized to �-actin mRNA levels. Expression levels were
normalized to control-treated cells, and data are represented as means � SEM from three wells. *, P � 0.05 compared to control-treated controls
(ANOVA and Tukey’s post hoc test). (E) Cortical neurons were treated with epoxomicin or DMSO for the indicated time periods. The expression
of Puma, Bim, Bid, and caspase-8 was analyzed by Western blotting. Probing for �-actin served as the loading control. Similar results were observed
in two other independent experiments. t-Bid, truncated Bid.
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FIG. 3. Cortical neurons deficient in puma are protected from proteasomal stress-induced apoptosis. (A to C) Cortical neurons from WT or
bim�/� (A), bid�/� (B), or puma�/� (C) mice were treated with epoxomicin (50 nM) or the control (DMSO; 0.1%), and cell death was assessed
by quantifying apoptotic nuclei by Hoechst staining. Nuclear apoptosis was expressed as a percentage of total neurons in the field. Each field
contained approximately 300 to 400 neurons, three fields were captured per well, and at least three wells were analyzed per time point. Data are
means � SEM from three wells per condition. *, P � 0.05 compared to similarly treated WT cultures (ANOVA and Tukey’s post hoc test). (D
and E) DEVDase activity of WT and puma�/� cortical neurons was assessed following treatment with epoxomicin (D) or 10 �M colchicine (E).
Data are expressed relative to control-treated cultures. (F) WT and puma�/� neurons were treated with bortezomib (Bort; 100 nM), and cell death
was assessed by quantifying the percentage of nuclear condensation. Data are means � SEM from four cultures. *, P � 0.05 compared to
WT-treated cultures (ANOVA and Tukey’s post hoc test). (G and H) WT and puma�/� cortical neurons were treated with epoxomicin (50 nM)
for the indicated time periods. Protein levels of mono- and polyubiquitinylated proteins (G) or Chop, Hsp70, and p53 (H) were assessed by
Western blotting. The experiments were repeated three times from different preparations with similar results.
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WT and puma-deficient neurons following treatment (Fig.
3G), indicating comparable inhibition of the proteasome. In
addition, we assessed the levels of stress-associated proteins
induced by proteasome dysfunction and observed similar levels
of Chop and heat shock protein 70 (Hsp70) induction in both
genotypes (Fig. 3H). Furthermore, levels of induction of the
tumor suppressor p53, an important protein regulated by the
proteasome and central to the regulation of Puma, as previ-
ously demonstrated (15), were also comparable between geno-
types (Fig. 3H). Taken together, these results demonstrate that
the observed protection was specific to proteasome inhibitor-
induced cell death and not a result of a generally reduced
susceptibility of puma�/� neocortical neurons to caspase acti-
vation and apoptosis.

Attenuation of noxa or bax expression in puma�/� neurons
does not confer additional protection. The protection afforded
to puma�/� neurons, although significant in replicate experi-
ments, was incomplete (Fig. 3C, D, and F). Real-time qPCR
analysis revealed a significant increase in another BH3-only
protein gene, noxa (Fig. 2C), also a p53 target gene (42). In
some systems, Puma is more dominant than Noxa in contrib-
uting to p53-dependent cell death (58). However, at least in
certain cell types, such as thymocytes, responding to gamma
irradiation, Puma and Noxa can cooperate (40). To investigate
if Noxa played a prominent role in epoxomicin-induced cell
death, either by acting in conjunction with Puma or by com-
pensating in part for its absence, we used siRNA to knock
down noxa gene expression. Expression of three different se-
quences was found to attenuate noxa gene expression following
epoxomicin treatment (Fig. 4A and B). A mixture of all three
siRNA plasmids was then transfected into WT and puma�/�

cortical neurons. The plasmid coexpressed GFP to allow for
identification of Noxa siRNA-expressing neurons. Apoptotic
nuclei of neurons that were GFP positive, had noxa attenuated,
or had been transfected with scrambled sequence were quan-
tified in control and epoxomicin-treated samples. Attenuation
of noxa expression in WT neurons did not significantly alter
cell death induced by epoxomicin. More importantly, attenu-
ation of noxa expression in puma�/� cortical neurons did not
result in additional protection (Fig. 4C).

The possibility remained that other BH3-only proteins not
tested in this study or identified to date contributed to ep-
oxomicin-induced apoptosis. We therefore decided to test
whether bax gene silencing afforded additional protection in
puma-deficient neurons. Cortical neurons, as for most central
and peripheral neurons, exclusively express an alternatively
spliced, antiapoptotic variant of Bak, N-Bak (65), with bax
deletion being sufficient to inhibit the activation of the mi-
tochondrial apoptosis pathway (17). bax knockdown was
achieved by cotransfecting three bax siRNA duplexes along
with a GFP-expressing plasmid (Fig. 4D). Apoptotic nuclei of
GFP-expressing bax siRNA- or control siRNA-transfected
neurons were quantified in control and epoxomicin-treated
samples. As expected, transfection of bax siRNA decreased
apoptosis in response to epoxomicin (Fig. 4E). We did not,
however, observe a difference in the degree of protection
achieved by bax gene silencing when compared to the protec-
tion observed in puma�/� cells. Moreover, puma�/� cells
transfected with bax siRNA did not offer significant protection
over puma�/� neurons transfected with the scrambled se-

quence (Fig. 4E). In contrast, WT and puma�/� neurons trans-
fected with bax siRNA were protected from colchicine-induced
cell death compared to cells transfected with the scrambled
sequence (Fig. 4F). Taken together, these results suggest that
Puma and Bax constitute the major proteins responsible for
the activation of the mitochondrial apoptosis pathway and
suggest the existence of alternative cell death pathways leading
to proteasome inhibition-induced apoptosis.

Proteasome inhibition induces caspase-dependent as well as
caspase-independent cell death in puma-deficient neurons. To
explore potential alternative cell death pathways, we took an
alternative approach and analyzed cell death dynamics at the
single-cell level. We analyzed caspase-3-like activity by mea-
suring cleavage of the caspase-3 substrate DEVD in single cells
using a fluorescence resonance energy transfer (FRET)-based
probe, SCAT3. Cleavage of the SCAT3-DEVD-FRET probe
by caspase-3 or caspase-3-like proteases results in FRET dis-
ruption and is detected by a reduced fluorescence in the FRET
channel and a coinciding increase in CFP fluorescence with a
decrease in YFP fluorescence (Fig. 5A and B), as shown pre-
viously (50). Therefore, monitoring for increases in the ratio of
CFP/YFP fluorescence serves as an indicator for caspase-3 like
activity. In parallel, we measured changes in mitochondrial
membrane potential (��m) using the fluorometric probe tet-
ramethylrhodamine methyl ester (TMRM). As a control, WT
cortical neurons were treated with 300 nM staurosporine
(STS), a kinase inhibitor which is not associated with the ac-
tivation of proteasomal stress and which predominantly acti-
vates the mitochondrial apoptosis pathway in neurons (34).
Experiments in STS-treated neurons demonstrated that the
loss of TMRM fluorescence coincided with the release of the
mitochondrial intermembrane protein Smac-YFP, an indicator
of MOMP (data not shown), similar to previous findings by our
group and others (23, 49).

Using loss of ��m or cell shrinkage as an indicator of cell
death, we noted that puma-deficient neurons did not lose ��m

and did not undergo cell shrinkage (data not shown) as fre-
quently as WT cells in response to epoxomicin, reflecting the
protection observed in our population-based cell death assays
(Fig. 3C and D). We then focused on the kinetics of cell death
signaling in individual dying neurons. In the case of STS treat-
ment, all dying neurons monitored displayed a loss in ��m,
followed by an increase in CFP/YFP ratio indicative of FRET
probe cleavage within a period of 15 � 3 min, as previously
described in other systems (49, 50). In response to epoxomicin,
however, we noted that the individual responses were much
more diverse. Only 75% of WT and 53% of puma�/� neurons
displayed FRET probe cleavage following ��m loss (Fig. 5C
and D). Interestingly, a small percentage of both WT and
puma�/� neurons showed FRET probe cleavage prior to loss
of ��m (11% of neurons in WT versus 8% in puma�/�) (Fig.
5E and F). As active caspases are subject to enforced protea-
somal degradation (10), it was possible that this submaximal
caspase activity was a result of autoactivation of caspase-3 (or
potentially of initiator caspases) upon inhibition of proteaso-
mal degradation with epoxomicin treatment. Using our re-
cently developed and experimentally validated mathematical
model of effector caspase activation (50), we could indeed
successfully remodel submaximal caspase-3 activity upon 90 to
99% inhibition of the proteasome, which would occur with a
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delay of several hours following epoxomicin treatment (Fig. 6A
and B). However, due to the relatively small number of neu-
rons showing this behavior, this cell death pathway was not
further experimentally explored. More interestingly, we also
noted that a subset of neurons showed a significant loss of ��m

in the absence of FRET disruption prior to or following the
loss of ��m (Fig. 5G and H). This was more frequently
observed in puma�/� neurons than in WT neurons (39% in
puma�/� neurons compared to 14% in WT neurons).

Characterization of puma- and caspase-independent cell
death. To investigate this cell death pathway further, we de-
termined whether these cells underwent MOMP. Using single-
cell imaging of neurons transfected with the MOMP indicator
Smac-YFP, we determined that a minority of WT neurons lost
��m without a coinciding Smac release (Fig. 7A and C) and
that this occurred more frequently in puma�/� neurons (Fig.
7B and C). Approximately 16% of WT neurons and 40% of
puma�/� neurons lost ��m in the absence of Smac-YFP re-

FIG. 4. Knockdown of proapoptotic Bcl-2 family genes noxa and bax, does not confer additional protection to puma�/� neocortical neurons.
Three noxa siRNAs were tested for their ability to attenuate noxa gene expression in neurons. (A) The siRNAs were transfected into neurons
during culture preparation (DIV 0) using Amaxa (mouse neofection kit). Neurons were subsequently (DIV 5) treated with epoxomicin for 24 h
or vehicle (DMSO, 0.1%), and samples were prepared for RT-qPCR. noxa gene expression was given as n-fold expression over control and
normalized to �-actin. (B) The transfection efficiency of Amaxa-transfected neurons at DIV 5 was assessed by quantifying GFP-positive neurons
within the cultures. KD, knockdown. (C) The number of apoptotic neurons from GFP-expressing cells in WT and puma�/� in scramble or noxa
siRNA-transfected neurons was quantified in control- or epoxomicin (50 nM)-treated samples after 24 h (n � 123 to 150 cells/time point
quantified). *, P � 0.05 compared to epoxomicin-treated control siRNA (ANOVA and Tukey’s post hoc test). ns, not significant. (D) Western
blotting of Bax expression 24 h posttransfection with either control or Bax siRNA sequences. �-Actin served as a loading control. (E) The number
of apoptotic nuclei in WT and puma�/� neurons transfected with either Bax siRNA or scramble siRNA was quantified in control- or epoxomicin-
treated cultures. siRNA was cotransfected with a plasmid expressing GFP to allow for identification of transfected neurons. (F) WT and puma�/�

cortical neurons were transfected with scramble or Bax siRNA and subsequently treated with colchicine (10 �M) or vehicle, and apoptosis was
assessed as in panel E. *, P � 0.05 compared drug-treated control siRNA (ANOVA and Tukey’s post hoc test). ns, not significant. The experiments
were repeated three times with independent culture preparations with similar results.
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FIG. 5. FRET-based single-cell analysis of caspase-3-like activity and mitochondrial membrane potential in WT and puma�/� neurons reveals
caspase-dependent and caspase-independent cell death. (A and B) The SCAT3 FRET probe used consisted of CFP and YFP fluorophores linked
together by a region containing the caspase-3 substrate sequence DEVD. Upon cleavage of the DEVD linker, the fluorescent resonance energy
transfer (FRET) excitation between CFP and YFP is disrupted and detected by a decrease in FRET fluorescent intensity. This results in an
increased energy transfer to CFP, as detected by an increase in CFP fluorescence. YFP excitation was used as a control for changes in fluorescence
not directly related to probe cleavage, such as changes in cell volume, and therefore the data are expressed as a ratio of CFP to YFP. TMRM is
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lease (Fig. 7C). This distribution was similar to the distribution
of WT and puma�/� neurons displaying ��m depolarization in
the absence of caspase activation (Fig. 5H).

Neurons displaying caspase-independent apoptosis under-
went a more delayed loss of ��m, which occurred over 78 � 12
min compared to 34 � 6 min in neurons exhibiting caspase
activity (Fig. 7D). In addition, these neurons underwent rapid
nuclear condensation and cell shrinkage in the absence of
Smac-YFP release (Fig. 7E). Moreover, nuclear fragmentation
indicative of caspase activation was virtually absent in puma-
deficient cells compared to WT cells (Fig. 7F). This piece of
data suggested the activation of a type II apoptosis/apoptosis-
like programmed cell death (21, 22) that could substitute for
puma deficiency.

Autophagy does not contribute to proteasome inhibitor-in-
duced cell death. Proteasome inhibition has been associated
with the activation of macroautophagy in cancer cells and neu-
rons (57, 62). Macroautophagy, referred to hereafter as “au-
tophagy,” is primarily a survival response whereby catabolic
processes such as degradation of cellular components result in
recycling of constituents to facilitate essential processes during

stress or starvation, but it has also been implicated as a cell
death pathway (73).

To investigate the contribution of autophagy, we per-
formed Western blot analysis for autophagy-associated pro-
teins LC3-II and p62 on WT and puma�/� neocortical lysates
from control or epoxomicin-treated cultures. LC3-II and p62
are incorporated into complete autophagosomes and have
been previously used as markers for autophagy (31). Cultures
were also treated in the presence or absence of E64 D and
pepstatin A (E/P) to inhibit lysosomal degradation of autoph-
agocytosed proteins, enabling the monitoring of LC3-II accu-
mulation as a measure of autophagic flux (31). In WT and
puma�/� cultures treated with epoxomicin, LC3-II protein lev-
els did not increase at time points when cell death occurred
(Fig. 8A). We also could not detect alterations in p62 levels
during treatment, suggesting that autophagic pathways were
not prominently activated by epoxomicin.

Furthermore, cells transfected with GFP-LC3 and subse-
quently treated with epoxomicin or bortezomib did not show
increased GFP puncta, indicative of autophagosome formation
(Fig. 8B and C). GFP puncta were formed in serum-starved

used as a ��m indicator in the nonquenched mode and measured in parallel. Here, WT neurons were treated with STS (300 nM, 8 h), or WT and
puma�/� neurons were treated with epoxomicin for 24 h on the stage of a Zeiss 5Live confocal microscope. Fluorescent measurements were
captured for TMRM, FRET, CFP, and YFP in real-time. All neurons that lost ��m were categorized into those where DEVD cleavage occurred
prior to ��m loss or post-��m loss or those in which no DEVD cleavage was detected. Sigmoidal fits were applied to traces and the point initiation
of onset (indicated by arrows) or endpoints determined as previously described (48). (C, E, and G) Representative traces of cells which undergo
FRET disruption post-��m loss (C) or prior to ��m loss (E) or which undergo ��m loss in the absence of FRET disruption (G). t-onset, time of
onset. (D, F, and H) Quantification of the number of cells in STS-treated WT neurons (n � 11) or in epoxomicin (50 nM, 24 h)-treated WT (n �
75) and puma�/� (n � 96) neurons with FRET disruption either prior to ��m loss (D) or post-��m loss (F) or cells which undergo ��m loss in
the absence of FRET disruption (H). Data were obtained from 6 (WT-STS), 20 (WT-epoxo), and 28 (puma�/�-epoxo) separate experiments from
5 to 25 independent cultures. All data are means � SEM. *, P � 0.05 compared to WT (D to H) as assessed by Fisher’s exact t test.

FIG. 6. Proteasome inhibition and subsequent reduced degradation of active caspases can lead to autoactivation. Shown is a mathematical
model of apoptotic cell death through spontaneous (spont.) activation and imbalance of protein turnover. (A) Model schematic assuming a 0.1%
initial, spontaneous caspase-3 activity which gets amplified by caspase-3 autofeedback. Cleavage of the cellular substrate is prevented through
heterodimerization and inhibition of caspase-3 by XIAP (indicated by “XIAP � Caspase-3”). The model further considered caspase-3 cleavage
(solid arrows) of XIAP to its fragments BIR12 and BIR3R (neglected). Dashed arrows indicate the constant turnover of endogenous proteins
XIAP and procaspase-3, as well as the decay of proteins that are activated in the signaling cascade. (B) Cellular substrate cleavage as a consequence
of the deregulation of protein turnover balance induced by proteasome (prot.) inhibition. With inhibition higher than 90%, a robust cleavage of
cellular substrate was predicted with onset of 5% substrate cleavage at approximately 10 to 30 h. Inhibitions less than 80% led to a complete
abolishment of robust caspase-3 activation and therefore no substrate cleavage. admin, administration.
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neurons, a positive control for autophagy induction, but were
absent when starvation was induced in the presence of
3-methyl adenine (3-MA) (Fig. 8B and C). Moreover, WT and
puma�/� neurons exposed to either epoxomicin or bortezomib
were not rescued from cell death by treatment with 3-MA (Fig.
8D and E). Taken together, these data demonstrated that
autophagy was not prominent at time points associated with
cell death in our paradigm and was unlikely to contribute to

caspase-independent, proteasome inhibitor-induced cell death
in neurons.

Proteasome inhibition induces lysosomal permeabilization
in WT and puma�/� neurons, and induction of puma-indepen-
dent cell death is cathepsin-dependent. Cathepsins released
into the cytosol through lysosomal membrane permeabilization
(LMP) may result in proteolysis and progression of cell death
(22). LMP has been suggested to be induced by p53 (76) and

FIG. 7. Characterization of puma- and caspase-independent cell death. WT (A) and puma�/� (B) neurons were transfected with Smac-YFP
and 24 h posttransfection loaded with TMRM (20 nM) in experimental buffer and mounted on the thermostatically regulated stage of a Zeiss 5Live
confocal microscope. Neurons were treated with epoxomicin (50 nM), and images were acquired every 5 min. (C) Quantification of the percentage
of WT and puma�/� neurons where ��m loss occurred in the absence of Smac release. Smac release was taken as reduction in the standard
deviation (S.D.) of Smac-YFP fluorescence (n � 26 and n � 15 cells for WT and puma�/� neurons, respectively, from at least five independent
experiments; *, P � 0.05 for comparisons as assessed by Fisher’s exact t test). (D) Duration of ��m loss was measured in WT neurons undergoing
FRET disruption and puma-deficient neurons in which disruption was absent (n � 15 for WT and n � 16 for puma�/� cells from at least 10
independent experiments; *, P � 0.05). (E) Images illustrating type I and type II apoptosis. puma�/� neurons were transfected with Smac-YFP
and 24 h posttransfection loaded with TMRM (20 nM) and Hoechst (1 �g/ml) in experimental buffer. Neurons were treated with epoxomicin (50
nM), and images were acquired in real time every 5 min. Scale bar, 10 �m. (F) Images illustrating the lack of nuclear fragmentation in puma�/�

neurons. WT and puma�/� neurons were treated with epoxomicin (50 nM) and stained with Hoechst 24 h posttreatment. Scale bar, 15 �m.
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has recently been linked to proteasome inhibition (2). To in-
vestigate whether proteasome inhibition could induce LMP,
we stained WT and puma�/� neurons with the lysosomotropic
dye LysoTracker Red and quantified the percentage of cells

with diffuse LysoTracker Red staining, indicative of lysosomal
acidification and rupture (7, 70). Treatment with epoxomicin
or bortezomib reduced the number of neurons with intact
LysoTracker Red staining in WT and puma�/� neurons (Fig.

FIG. 8. Autophagy is not active at time points associated with epoxomicin-induced cell death. (A) WT and puma�/� cortical neurons were
treated with epoxomicin in the presence or absence of E64-D/pepstatin A (E/P; 10 �g/ml). Western blotting was performed for LC3 and p62.
�-Actin was used as a loading control. (B) WT and puma�/� neurons were transfected with GFP-LC3, and 24 h posttransfection, the neurons were
treated with epoxomicin (50 nM) or bortezomib (100 nM) for 24 h or serum starved (Starv.) in Hanks’ balanced salt solution (HBSS) for 4 h in
the presence and absence of 1 mM autophagy inhibitor 3-methyl adenine (3-MA). Scale bar, 10 �m. (C) Quantification of the percentage of GFP-LC3
cells positive for puncta in neurons treated as described in panel B above (n � 200 to 300 cells/treatment). Similar results were observed in two
independent experiments. (D and E) WT and puma�/� cortical neurons were treated with epoxomicin (D) or bortezomib (E) in the presence or absence
of 3-MA. Cells with condensed nuclei were expressed as a percentage of total neurons in a field. All data are means � SEM. *, P � 0.05 compared to
the WT control (Con) (ANOVA and Tukey’s post hoc test). Experiments were repeated three times from independent cultures with similar results.
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9A). Cathepsin B, one of the main proteases released from
lysosomes, has previously been shown to induce caspase-indepen-
dent cell death associated with nuclear condensation (21), similar
to that observed in our paradigm (Fig. 7E and F). Cathepsin B
immunostaining of WT and puma�/� neurons treated with
epoxomicin or bortezomib resulted in redistribution of cathep-
sin B staining with a loss of vesicular localization (Fig. 9B),
suggesting that lysosomal rupture occurred. Moreover,
staining with the lysosomal marker LAMP1 revealed no
significant loss of staining following epoxomicin or bort-
ezomib treatment, suggesting that the decrease in Lyso-
Tracker Red staining was not related to decreased lysosomal
number (Fig. 9C).

Interestingly, real-time single-cell imaging experiments with

puma�/� neurons pretreated with CA-074 methyl ester (CA-
074-ME), a specific cathepsin B inhibitor, and subsequently
treated with epoxomicin revealed a significant reduction in the
percentage of neurons showing caspase-independent cell death
(Fig. 10A). Furthermore, apoptotic nuclei in cultures pre-
treated with CA-074-ME prior to treatment with epoxomicin
or bortezomib were significantly reduced in both WT and
puma�/� neurons (Fig. 10B and C). In addition, the protection
afforded by caspase inhibition using Z-VAD-FMK was exac-
erbated to complete protection when CA-074-ME was
present too (Fig. 10D and E). Taken together, these data
suggest that lysosomally mediated cell death proceeded in-
dependently of caspase activity and that both caspase-de-
pendent and lysosomally mediated caspase-independent

FIG. 9. Proteasomal stress induces lysosomal leakage. (A) WT and puma�/� neurons were treated with epoxomicin (50 nM), bortezomib
(100 nM), or vehicle (0.1% DMSO) for 24 h in the presence of Lysotracker Red (0.25 �M). Determination of the reduction in lysosomal
membrane integrity was assessed by quantification of the percentage of cells with reduced Lysotracker puncta/staining. Images were captured
from random fields (200 to 300 neurons/field) with three fields captured per well under identical camera settings, and three wells were
analyzed per time point. (B) Neurons were treated with epoxomicin (50 nM) or bortezomib (100 nM) for 24 h and stained for cathepsin B.
Lysosomal disruption was assessed by quantification of the percentage of cells with redistributed cathepsin B staining. Images were captured
from random fields, with each field assessed containing approximately 100 neurons, three fields were captured per well, and three wells were
analyzed per time point. (C) WT and puma�/� cortical neurons were treated with epoxomicin (50 nM) or bortezomib (100 nM) for 24 h and
stained for LAMP1, a membrane-associated lysosomal marker (scale bar, 10 �m). Experiments were performed three times from indepen-
dent cultures with similar results obtained.
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pathways mediate cell death during prolonged proteasome
inhibition in neurons.

DISCUSSION

Similar to dysregulation in other protein quality control sys-
tems such as the endoplasmic reticulum (ER) and autophagy,
disturbances in the UPS can have severe consequences for the
cell. Proteasomal stress initially activates conversed, cytopro-
tective stress responses, such as the expression of molecular
chaperones facilitating protein degradation and preventing the
accumulation of protein aggregates. However, excessive or
prolonged proteasome inhibition results in apoptosis (38). We
demonstrate here that in neurons, proteasome inhibitor-in-
duced cell death is partially mediated by a Bcl-2 family-con-

trolled mitochondrial apoptosis pathway. This occurs via in-
duction of the p53 target gene puma, coding for a proapoptotic
BH3-only protein, with little evidence for a contribution of
other BH3-only proteins. Moreover, using a single-cell imaging
approach, we also demonstrate the importance of alternative
cell death pathways that bypass a requirement for puma,
compensating for its deficiency. These involve MOMP-inde-
pendent caspase activation and, more prominently, lysoso-
mal permeabilization and the activation of cathepsin-medi-
ated, caspase-independent cell death.

Previous studies have demonstrated a key role for the p53
target gene puma in proteasome inhibiton (15). The tumor
suppressor p53 is constitutively degraded by the proteasome
and is stabilized following proteasome inhibition (59), allowing
increased expression of its target genes puma and noxa. Con-

FIG. 10. Proteasomal stress induces cathepsin-mediated caspase-independent cell death. (A) puma�/� neurons were protected from cell death
in the presence of CA-074-ME, as indicated by reduced loss of ��m and FRET disruption. Shown is quantification of the number of cells
undergoing FRET disruption in Puma-deficient neurons in the presence or absence of CA074-ME (n � 15 and n � 18 cells, respectively). AU,
arbitrary units. *, P � 0.05 as assessed by Fisher’s exact t test. (B and C) WT and puma�/� cortical neurons were treated with epoxomicin (B) or
bortezomib (C) in the presence or absence of CA-074-ME (10 �M). The number of neurons with apoptotic nuclei was expressed as a percentage
of total neurons in a field. *, P � 0.05 compared to WT treated; #, P � 0.05, as indicated (ANOVA and Tukey’s post hoc test). (D and E) WT
and puma�/� cortical neurons were treated with epoxomicin (D) or bortezomib (E) in the presence or absence of CA074-ME (10 �M) and/or
Z-VAD-FMK (100 �M). The number of neurons with condensed nuclei was expressed as a percentage of total neurons in a field. Data are shown
as means � SEM. *, P � 0.05 compared to WT treated cultures; #, P � 0.05, as indicated (ANOVA and Tukey’s post hoc test). Experiments were
carried out at least three times from independent cultures with similar results.
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current with our previous results in human cancer cells (15), we
identified Puma as a central mediator of proteasome inhibi-
tion-induced apoptosis. Noxa has previously been reported to
contribute to bortezomib-induced apoptosis in myeloma and
melanoma cells (47). However, we found little evidence impli-
cating Noxa as an instigator of cell death in neurons. Noxa,
unlike Puma, is believed to be an enabler BH3-only protein
which may not have the functional capacity to activate Bax
directly and induce MOMP independently of other BH3-only
proteins (36, 40). In support of this hypothesis, we found no
evidence of a role for Noxa in the absence of puma. Moreover,
despite induction at both mRNA and protein levels, loss of bim
expression did not afford protection either. We previously ob-
tained similar results in HCT116 colon cancer cells silenced for
bim gene expression (in the presence and absence of puma), as
well as mouse embryonic fibroblasts deficient for bim (15), and
similar findings have been reported in hepatocytes (1). A lack
of protection in bim-deficient cells, despite induction in WT
cells, was also observed in cortical neurons treated with arsen-
ite (71) or exposed to oxidative stress (61) as well as PC12 cells
exposed to 6-hydroxydopamine (3). It therefore appears that
Bim is subject to further posttranslational control steps or is
possibly maintained in an inactive state through the action of
cytoprotective proteins.

In spite of significant evidence for the activation of the
Puma/Bax-dependent mitochondrial apoptosis pathway in our
model, we found that puma or bax deficiency only partially
protected. Clearly, we cannot fully exclude that the bax gene-
silencing approach did not provide a complete gene knockout
and that alternative BH3-only proteins such as Nbk/Bik, Bmf,
or Bad may have contributed to cell death. However, using a
single-cell imaging approach, we demonstrate that the remain-
ing cell death observed was rather due to the activation of
alternative caspase-dependent and -independent cell death
pathways. Indeed, to date the majority of studies concerning
signal transduction pathways following proteasome inhibition
have been performed in cell populations. Time-lapse analysis
of mitochondrial function and caspase activation in single
neurons identified two additional cell populations in which
caspase activity occurred prior to mitochondrial engage-
ment or in which cell death occurred in the absence of
caspase activity. Importantly, this was specific to proteaso-
mal stress, as a similar diversity was not seen after treatment
with staurosporine.

A very small fraction of neurons underwent caspase activa-
tion prior to mitochondrial depolarization. It is possible that
this caspase activity resulted from ligand-induced activation of
a death receptor pathway triggered by the activation of p53
(43, 72) or by a caspase-2-dependent pathway. Minimal acti-
vation of caspase-8 as detected by Western blotting could be
responsible for apoptosis in these cells as caspase-8 may also
cleave the DEVD probe. Since procaspases exhibit a low zy-
mogenic activity (56), which can lead to their autoactivation,
and activated caspases are readily degraded by the proteasome
(64), in instances of proteasome inhibition the ability of
activate caspases to further cleave and activate their pro-
forms may induce a feedback amplification loop resulting in
a slow but detectable caspase activity. Indeed, computa-
tional modeling based on our previously established
APOPTO-CELL model of caspase activation (50) demon-

strated that proteasome inhibition of 90 to 99% can lead to
caspase autoactivation following an initial lag time of approx-
imately 10 to 30 h. The model accounted for direct autoacti-
vation of caspase-3, as suggested previously (67), yet similar
principles may apply for indirect caspase-3 feedback loops via
caspase-8 or caspase-6 and caspase-8 (60, 67). Upon sufficient
caspase-3 or -8 activation, the initially mitochondrion-indepen-
dent pathway may also be amplified through caspase-depen-
dent posttranslational activation of other Bcl-2 proteins such
as Bid, Bcl-2, and Bcl-xL (11, 37). We did not, however, ob-
serve any protection against epoxomicin-induced apoptosis in
bid-deficient neurons. It is possible that the delayed loss of
��m detected in these cells was due to a caspase-mediated
mitochondrial dysfunction (51).

While the fraction of cells exhibiting puma-independent
caspase activation was relatively small, a more significant pro-
portion of neurons underwent a puma- and caspase-indepen-
dent apoptosis. We first hypothesized that this cell death was
due to increased autophagy. Catabolic degradation of bulky
long-lived proteins, aggregates, and even whole organelles is
facilitated by autophagy and subsequent lysosomal degrada-
tion. Recently, proteasomal degradation and lysosomal deg-
radation have been linked with the view that impaired pro-
teasomal degradation may be compensated for by increased
autophagic flux (45). It seems, however, that autophagy induc-
tion as a compensatory mechanism for proteasomal dysfunc-
tion is not universal and may be cell type and/or time-depen-
dent specific (32). Interestingly, we found that epoxomicin
treatment did not result in increased autophagic flux in WT or
puma�/� neurons but did result in an apparent decrease in
autophagy indicated by reduced LC3-II accumulation indepen-
dent of puma expression. It has been suggested that detection
of autophagy in cortical neurons may be difficult due to the
highly efficient clearance of autophagosomes by lysosomes (4).
However, we showed robust autophagic flux in untreated
neurons by measuring LC3-II accumulation under condi-
tions that prevent lysosomal protein turnover (E63 D and
pepstatin A). In contrast, epoxomicin or bortezomib treat-
ment caused a complete inhibition of LC3-II accumulation,
suggesting that LC3-mediated autophagy was inhibited. Ex-
periments in which autophagy was prevented at the seques-
tration phase with 3-MA did not alter cell death dynamics.
Therefore, we conclude that autophagy or associated cell
death is not induced in our paradigm or contributing to
puma-independent cell death.

In contrast, we provide evidence that LMP and cathepsins
are major contributors of puma-independent cell death in re-
sponse to proteasome inhibition. Proteasome inhibition has
previously been shown to result in increased lysosomal enzyme
activity in neurons (52). Moreover, cytoprotective chaperones
induced following proteasomal stress such as Hsp70 have been
demonstrated to exert their protective activity via a stabiliza-
tion of lysosomal membrane integrity (41). Evidence has also
been provided that LMP can inhibit autophagy in a cathepsin-
dependent manner following proteasomal inhibition in breast
cancer cells (46), a finding that could explain the inhibition of
autophagic activation in our study. Release of cathepsins has
been shown to mediate cell death in vitro in cytokine- or bile
salt-induced apoptosis in cancer cells (18, 55) and in vivo fol-
lowing global cerebral ischemia in primates (74). In our study,
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the protection offered by inhibition of cathepsins was additive
to the protection observed with the puma gene knockout, sug-
gesting that cathepsin-mediated cell death was puma indepen-
dent. The increased cathepsin-dependent cell death observed
in puma-deficient cells suggested that lysosomal/cathepsin-me-
diated cell death can function as a backup mechanism when
puma expression is absent or delayed. Finally, it should be
noted that inhibition of cathepsins and caspases led to a com-
plete protection from epoxomicin or bortezomib-induced cell
death. Our data therefore suggest that caspases and cathepsins
are the major executioners of puma-dependent and puma-
independent cell death following proteasomal inhibition in
neurons (Fig. 11).
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