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The Anti-apoptotic Protein BCL2L1/Bcl-xL Is Neutralized by
Pro-apoptotic PMAIP1/Noxa in Neuroblastoma, Thereby
Determining Bortezomib Sensitivity Independent of

Prosurvival MCL1 Expression™
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Neuroblastoma is the most frequent extracranial solid tumor
in children. Here, we report that the proteasome inhibitor bort-
ezomib (PS-341, Velcade) activated the pro-apoptotic BH3-only
proteins PMAIP1/Noxa and BBC3/Puma and induced accumu-
lation of anti-apoptotic MCL1 as well as repression of anti-apo-
ptotic BCL2L1/Bcl-xL. Retroviral expression of Bcl-xL, but not
of MCL]1, prevented apoptosis by bortezomib. Gene knockdown
of Noxa by shRNA technology significantly reduced apoptosis,
whereas Puma knockdown did not affect cell death kinetics.
Immunoprecipitation revealed that endogenous Noxa associ-
ated with both, Bcl-xL and MCL1, suggesting that in neuronal
cells Noxa can neutralize Bcl-xL, explaining the pronounced
protective effect of Bcl-xL. Tetracycline-regulated Noxa expres-
sion did not trigger cell death per se but sensitized to bortezomib
treatment in a dose-dependent manner. This implies that the
induction of Noxa is necessary but not sufficient for bort-
ezomib-induced apoptosis. We conclude that MCL1 steady-
state expression levels do not affect sensitivity to proteasome-
inhibitor treatment in neuronal tumor cells, and that both the
repression of Bcl-xL and the activation of Noxa are necessary for
bortezomib-induced cell death.

Neuroblastoma is a neoplasm that develops from undifferen-
tiated precursors of the sympathetic nervous system and is the
most common extracranial solid tumor in childhood. Whereas
low stage and local tumors often regress, children older than
one year with metastatic, stage IV neuroblastoma face a poor
prognosis (1).
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The proteasome is a large, multicatalytic enzyme that de-
grades proteins that are labeled by ubiquitin chains at specific
sites. Thereby, the proteasome pathway plays a pivotal role in
the regulation of cell cycle and apoptosis. The proteasome
inhibitor bortezomib (bort)® (PS-341, Velcade), a dipeptidyl-
boronic acid is a novel agent that inhibits the proteasome path-
way by specifically blocking the chemotryptic enzyme activity
of the 20 S complex in the 26 S proteasome (2). Preclinical
studies have shown that bortezomib overcomes resistance
against standard chemotherapeutic agents and radiation ther-
apy by inducing apoptosis and cell cycle arrest in the G2/M
phase. Phase I and II trials on multiple myeloma patients indi-
cate very promising response rates (3) and for relapsed multiple
myeloma and mantle cell lymphoma bortezomib has become a
standard of care. The toleration with minimal systemic toxicity
was also demonstrated for pediatric patients with refractory
solid tumors (4).

Programmed cell death can be induced by numerous stimuli
such as death ligands, radiation, UV, or growth factor with-
drawal, which either activate death receptors on the surface of
the cell (extrinsic pathway) or lead to destruction of mitochon-
dria and induction of the intrinsic death pathway (5). Both
pathways converge in the activation of effector caspases, which
catalyze the final steps of apoptosis. The extrinsic death path-
way is initiated by binding of death ligands to surface receptors
and subsequent formation of the death-inducing signaling
complex (DISC), which consists of receptor molecules, the
adaptor FADD and CASP8/caspase-8. Recruitment and auto-
activation of caspase-8 lead to the activation of the downstream
effector caspases. The intrinsic, mitochondrial pathway is acti-
vated either by changes in the balance of BCL2 proteins or by
death receptors through cleavage of the pro-apoptotic protein
BID. The initiation of the intrinsic pathway results in the release
of cytochrome c from mitochondria, the assembly of the apo-
ptosome, and subsequent cleavage of effector caspases. The
mitochondrial pathway is controlled by members of the BCL2
family, which are divided into three subgroups based on their
pro- or anti-apoptotic activities. The multidomain proteins,

3 The abbreviations used are: bort, bortezomib; doxy, doxycycline; EGCG, epi-
gallochatechin gallate; CHAPS, 3-[(3-cholamidopropyl)dimethylammo-
niol-1-propanesulfonic acid; FACS, fluorescent-activated cell sorting; PI,
propidium iodide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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such as the pro-apoptotic proteins BAX and BAK1/Bak contain
three and the anti-apoptotic proteins BCL2, BCL2L1/Bcl-xL,
BCL2L2/Bcl-w, BCL2A1/A1, and MCL1 four BCL2 homology
(BH) domains (5, 6). The anti-apoptotic activity of BCL2 and its
relatives is counteracted by pro-apoptotic BH3-only proteins
such as BBC3/Puma, PMAIP1/Noxa,* and BCL2L11/Bim,
which contain only one BH-domain, i.e. the BH3-domain, and
serve as triggers for the apoptotic signal. Oligomerization of
BAX or Bak in the mitochondrial outer membrane finally
causes cytochrome c release from mitochondria, which then
binds to APAF1 and activates CASP9/caspase-9.

In different cancer cell lines bortezomib treatment was asso-
ciated with the induction of the BH3-only proteins Noxa, Bim,
or BIK (7-9), whereas the expression of pro-survival BCL2 and
Bcl-xL was not affected. Although bortezomib inhibits growth
of neuroblastoma tumors (10, 11), the underlying molecular
mechanisms have not been investigated to date. Because cell
death pathways activated by a given substance are often cell
type-dependent we investigated the molecular basis of bort-
ezomib-induced apoptosis in neuroblastoma cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—The neuroblastoma cell lines
SH-EP, LAN-1 (kindly provided by Dr. N Gross, Pediatric
Oncology Research, Pediatric Department, University Hospital
CHUYV, Lausanne, Switzerland), SKNSH, SH-SY5Y (purchased
from the American Type Culture Collection, ATCC), IMR-32
(purchased from the DSMZ, Braunschweig, Germany) and the
neuroblastoma cells STA-NB1, STA-NB3, and STA-NB15
(kindly provided by Dr. P. Ambros, St. Anna Children’s Hospi-
tal, Vienna,) were cultured in RPMI1640 (PAA, Pasching, Aus-
tria) containing 10% fetal calf serum (Invitrogen, Paisley, GB),
100 units/ml penicillin, 100 wg/ml streptomycin, and 2 um
L-glutamine at 5% CO, and 37 °C in saturated humidity. All
cultures were routinely tested for mycoplasma contamination.
The pan-caspase-inhibitor (zVAD.fmk) was purchased from
Alexis (San Diego, CA).

Retroviral Expression Constructs—The retroviral vectors
pLIB-MCS2-iresPuro, pLIB-dnFADD-iresPuro, pQ-tetH1-
SV40Puro, pQ-tetH1-shNoxa-SV40Puro, and pLIB-rtTAM2-
iresTRSID-iresPuro have been described before (12, 13). The
coding regions of Bcl-xL, CrmA, and MCL1 were amplified
from cDNA, inserted into the EcoR1-BamHI1 sites of pLIB-
MCS2-iresPuro and verified by sequencing. For conditional
gene expression, the coding region of Noxa was amplified from
human cDNA. The fragment was inserted into the EcoR1-BamH1
sites of the tet-regulated expression vector pQ-tetCMV-SV40-
Neo generating the plasmid pQ-tetCMV-Noxa-SV40-Neo.

Retroviral Infection—6 X 10° Phoenix™ packaging cells
were transfected with 2 ug of retroviral vector and 1 ug of a
plasmid coding for VSV-G protein using Lipofectamine2000
(Invitrogen). After 48 h, the retrovirus-containing supernatants
were filtered through 0.2-um syringe filters (Sartorius, Ger-
many) and incubated with target cells for another 8 h.

4 Following arecommendation by the HUGO Gene Nomenclature Committee
all official human gene symbols are put in uppercase letters to distinguish
them from their often more widely used aliases, e.g. PMAIP1 is Noxa.
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Cells were infected with pLIB-Bcl-xL-iresPuro (SH-EP-BclxL,
NB15-BclxL), pLIB-CrmA-iresPuro (SH-EP-CrmA), pLIB-
dnFADD-iresPuro (SH-EP-dnFADD), pLIB-Mcll-iresPuro
(SH-EP-Mcll, NB15-Mcll), pQ-tetH1-shNoxa-SV40Puro
(SH-EP-shNoxa) pQ-tetH1-SV40Puro (SH-EP-shCtr), and
pMSCV-PUMA2-SV40Puro (14) (SH-EP-shPuma). For tetra-
cycline-regulated gene expression, SH-EP cells were infected
with pLIB-rtTAM2-iresTRSID-iresPuro (SH-EP-tetCtr (13)).
Bulk-selected cells were infected with pQ-tetCMV-Noxa-SV40-
Neo (SH-EP-tetNoxa) and selected with neomycin.

Proteasomal Activity—The activity of the proteasome in cell
lysates and of cells treated with bortezomib was assessed using
a 20 S proteasome assay kit (Cayman Chemicals Company, Ann
Arbor, MI) according to the manufacturer’s instruction.

Flow Cytometry—Apoptosis was assessed by staining the
cells with propidium iodide (PI) as described before (15).
Caspase-3 and -9 activation was detected using a caspase-3- or
caspase-9 detection kit from Calbiochem (La Jolla, CA), respec-
tively. Bortezomib-treated and untreated SH-EP cells were har-
vested and incubated for 1 h at 37 °C with FITC-DEVD-FMK
dilution according to the manufacturer’s protocol. Mitochon-
drial membrane potential was measured by the fluorescence
dye Mitotracker red/CMX-Ros (Invitrogen) according to the
manufacturer’s instructions. Statistical analysis was performed
using GraphPad Prism 4.0 software.

Subcellular Fractionation and Immunoblotting—Cytoplas-
mic and mitochondrial extracts were prepared using the
ApoAlert® Cell Fractionation Kit (BD-Clontech). Cell extracts
for immunoblot analysis were prepared and separated by SDS-
PAGE as described (16). The membranes were incubated with
primary antibodies specific for BCL2, Bim, caspase-8, CrmA,
MCL1 (BD-Pharmingen, Germany), Bcl-xL, caspase-9, A1 (Cell
Signaling Technology), FADD, Noxa (Alexis Biochemicals,
Switzerland), Puma (Sigma-Aldrich), cytochrome ¢ (BD-Clon-
tech), GAPDH (Novus Biologicals), and a-tubulin (Oncogene
Research Products), washed, and incubated with anti-mouse or
anti-rabbit horseradish peroxidase-conjugated secondary anti-
bodies. The blots were developed using ECL (GE-Healthcare)
and analyzed in an AutoChemi system (UVP, GB).

Co-immunoprecipitation Analyses—For immunoprecipita-
tion, 2 ug of rabbit anti-Bcl-xL (Cell Signaling, UK), 2 ug of
rabbit anti-MCL1 (BD-Pharmingen, Germany) or rabbit
immunoglobulin as negative control were covalently coupled to
Tachisorb™-immunoadsorbent (Calbiochem). For coupling,
beads were washed twice with phosphate-buffered saline and
were then incubated with antibodies for 1 h at room tempera-
ture. After centrifugation, beads were washed twice with cou-
pling buffer (0.1 M borax/boric acid, pH 9.0) and with dimpim
buffer (0.05 g of dimethylpimelidate dihydrochloride (Sigma)
dissolved in 0.1 M borax pH 9) and incubated overnight at 4 °C
in dimpim buffer. For precipitation, beads were equilibrated in
lysis buffer. 5 X 107 cells were either resuspended in MSH
buffer (210 mm mannitol, 70 mm sucrose, 20 mm HEPES, 1 mm
EDTA, pH 7.4) with 1% CHAPS (for Bcl-xL) or in 1% Nonidet
P-40-buffer (for MCL1) with protease and phosphate inhibitors
and left on ice for 1 h. Nuclei and non-lysed cells were removed
by centrifugation at 14,000 X g for 15 min. The protein concen-
tration was measured using Bradford Reagent. For pull-down,
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coupled antibodies were added for 6 h and rotated at 4 °C.
Tachisorb™ immunocomplexes were washed four times in
Nonidet P-40 or MSH buffer before being resuspended in SDS
sample buffer and subjected to SDS-PAGE. For immunoblot
detection, the membranes were incubated with primary anti-
bodies specific for Bcl-xL (Cell Signaling Technology), or
MCL1 (BD-Pharmingen).

Quantitative RT-PCR—Total RNA was prepared from 5 X
10° SH-EP and STA-NBI15 cells using TRIzol™ reagent
(Invitrogen) according to the manufacturer’s instructions.
cDNA synthesis was performed using the RevertAid™ First
Strand ¢cDNA Synthesis kit (MBI Fermentas, Germany). RT-
PCR was performed on the iCycler instrument (Bio-Rad) using
Noxa (forward AGCAGAGCTGGAAGTCGAGTGTG and
reverse TGATGCAGTCAGGTTCCTGAGC), Puma (forward
ACGACCTCAACGCACAGTACGAG and reverse TAATT-
GGGCTCCATCTCGGG), and GAPDH (forward TGTTCGT-
CATGGGTGTGAACC and reverse GCAGTGATGGCA-
TGGACTGTG) primers. After normalization on GAPDH
expression, regulation was calculated between treated and
untreated cells.

RESULTS

The Proteasome Inhibitor Bortezomib Induces Apoptotic Cell
Death in Human Neuroblastoma Cells—As the plasma concen-
tration of patients treated with 1.3 mg of bortezomib per m?
body surface reaches about 300 nm, we chose doses between 12
and 100 nM to assess neuroblastoma sensitivity in vitro and
exposed a set of different neuroblastoma cell lines to bort-
ezomib for 24.and 48 h. SH-EP, Lan-1, SKNSH, SH-SY5Y, IMR-
32, STA-NBI1, STA-NB3, and STA-NB15 cells showed a time-
and dose-dependent susceptibility to the proteasome inhibitor
(Fig. 1, A and B). Cell lines varied in their sensitivity to these
concentrations of the proteasome inhibitor: Whereas 85% of
SH-EP cells became apoptotic after 48 h of treatment with 100
nM bortezomib, in other cell lines such as STA-NB1 only about
35% of cells exposed to as much as 100 nm bortezomib under-
went programmed cell death. For further detailed analysis of
the involved apoptosis signaling pathways we therefore chose
caspase-8-expressing SH-EP and caspase-8-negative STA-
NB15 cells. To test whether these relatively low concentrations
of bortezomib exert an inhibitory effect on protein degradation
via the proteasome pathway the proteasomal activity was mea-
sured in vitro using a fluorescence-based proteasome activity
assay. Bortezomib (50 nm) was either used to treat SH-EP cells
for 8 h (bort*) or directly added to SH-EP cell lysates (bort). In
both cases 50 nm bortezomb significantly (p < 0.0001) reduced
proteasome activity to less than 35% of controls. The inhibitor
EGCG was provided by the manufacturer and used as a positive
control (Fig. 1C).

Bortezomib-induced Apoptosis Critically Involves Caspases
and the Mitochondrial Death Pathway—We next determined
mitochondrial activity by Mitotracker red/CMX-Ros staining
and the presence of cytochrome c in the cytoplasmic fraction by
subcellular fractionation assays. Bortezomib decreased mito-
chondrial activity (Fig. 24), and the amount of CMX-Ros-neg-
ative cells was increased by bortezomib from 6.7 to 88% within
48 h. Furthermore cytoplasmic cytochrome ¢ was induced by
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FIGURE 1. The proteasome inhibitor bortezomib induces apoptosis in
various neuroblastoma cell lines. The neuroblastoma cell lines SH-EP,
Lan-1, SKNSH, SH-SY5Y, IMR-32, STA-NB1, STA-NB3, and STA-NB15 were
treated with increasing doses of bortezomib (12, 25, 50, 100 nm) for 24 (A) and
48 h (B) and analyzed by PI-FACS analyses. C, proteasomal activity was ana-
lyzed using a fluorescence-based proteasome activity assay. SH-EP cells were
either treated with 50 nm bortezomib for 8 h and then subjected to protea-
some preparation (bort*) or lysates of untreated SH-EP cells were directly
incubated with 50 nm bortezomib (bort) or the proteasome inhibitor EGCG.
Statistical significance between control and treated samples was assessed by
the unpaired Student’s t test (¥, p < 0.05; ***, p < 0.0001).

1.6-fold during 24 h in the presence of bortezomib (Fig. 2B).
Because caspase-8 and caspase-9 are initiator caspases of the
extrinsic and intrinsic pathway, respectively, we examined the
presence of characteristic cleavage products in bortezomib-
treated cells by immunoblot analysis (Fig. 2C). Caspase-9 cleav-
age was detected in SH-EP cells after 16 h and in STA-NB15
cells after 24 h, suggesting early activation of the mitochon-
drial death pathway. Because STA-NB15 cells lack caspase-8
(12) only SH-EP cells were analyzed for caspase-8-cleavage.
Caspase-8 processing was delayed, and cleavage fragments
were first detected after 24 h of bortezomib treatment, indicat-
ing that caspase-8 cleavage was a secondary consequence of
activation of the caspase-9/caspase-3 axis. To assess the kinet-
ics of caspase-3 activation, SH-EP and STA-NB15 cells were
treated for 24 and 48 h with 50 nm bortezomib and active
caspase-3 was quantified by a fluorometric caspase-3 cleavage
assay and flow cytometry (Fig. 2D). A strong increase of fluo-
rescence intensity was detected between 24 and 48 h of bort-
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FIGURE 2. Bortezomib-induced apoptosis requires caspase activation and involves mitochondria. A, mitochondrial activity was measured by CMX-Ros
staining of SH-EP cells in the presence or absence of 50 nm bortezomib for 48 h. B, cytoplasmic cytochrome c of untreated and 24 h bortezomib-treated SH-EP

cells was detected by immunoblot, and the amount of cytoplasmic cytochrome
C, STA-NB15 and SH-EP cells were treated with 50 nm bortezomib for 0, 4, 8, 16,

¢ was measured by densitometry of 16-bit images using LabWorks software.
and 24 h. Cell lysates were subjected to immunoblot analyses using specific

antibodies against caspase-9 (with cleavage products of 35 and 32 kDa) and caspase-8 (cleavage products of 40, 36, and 23 kDa). a-Tubulin was used as loading
control. D, active caspase-3 was detected by the fluorogenic FITC-DEVD.fmk substrate of the caspase-3 cleavage assay in the cells SH-EP and STA-NB15 after treatment
with 50 nm bortezomib (bort) for 24 and 48 h. E, SH-EP and STA-NB15 cells were maintained for 24, 48, and 72 h in the presence of 50 nm bortezomib alone or in

combination with z-VAD, a pan-caspase-inhibitor (20 nm), and subjected to PI-FACS

ezomib treatment. Co-treatment with the pan-caspase-inhibi-
tor zZVAD.fmk (20 nm) reduced the level of bortezomib-induced
apoptosis from 47 to 13% after 48 h and from 72 to 24% after
72 h in SH-EP cells. The same inhibitory effect of zZVAD.fmk,
although less pronounced, was observed in STA-NB15 cells
(Fig. 2E). This suggests that the activation of caspases is critical
for the execution of bortezomib-induced apoptosis but that
other death pathways can be activated when apoptosis is
blocked (17). The combined data suggest that bortezomib
induces apoptotic cell death via mitochondria and caspase acti-
vation in neuroblastoma cells. Because caspase-8 cleavage was
also observed in SH-EP cells, and immunoblot analyses cannot
be used to define unambiguously the activation sequence of
caspases, we investigated whether activation of death receptors
and/or amplification via caspase-8 might contribute to bort-
ezomib-induced apoptosis execution in neuroblastoma cells.
Death Receptors Are Not Essential for Bortezomib-induced
Apoptosis—To support or exclude the hypothesis that death
receptors act as initial triggers in bortezomib-induced apopto-
sis, SH-EP neuroblastoma cells were infected with a retrovirus
coding for dominant negative FADD (dnFADD) (12) or the
viral caspase-8 inhibitor CrmA (Fig. 3A4). Both, transgenic
expression of dnFADD and CrmA efficiently prevented death
receptor-induced apoptosis as triggered by the anti-Fas anti-
body CH11 (supplemental Fig. S1). However, neither dnFADD
nor CrmA significantly altered apoptosis induced by 50 nm
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analyses. Diagrams represent mean values of three independent experiments.
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FIGURE 3. Death receptors are not essential for bortezomib-induced cell
death. A, SH-EP cells were infected with retroviral vectors coding for dnFADD
and CrmA. The transgenic expression was confirmed by immunoblot. B, SH-
EP-ctr, SH-EP-dnFADD, and SH-EP-CrmA cells were subjected to PI-FACS anal-
yses after treatment with 50 nm bortezomib for 24, 48, and 72 h. Bars repre-
sent the mean of three independent experiments.

bortezomib (Fig. 3B). Therefore, although activation of
caspase-8 was detectable 24 h after bortezomib treatment
(Fig. 2C), death receptor signaling is not critical for apoptosis.
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FIGURE 4. Bortezomib causes up-regulation of Noxa, Puma, and MCL1
and repression of Bcl-xL. A, SH-EP and STA-NB15 cells were subjected to
immunoblot analyses using antibodies against BCL2, Bcl-xL, A1, MCL1, Puma,
Bim, and Noxa after treatment with 50 nm bortezomib for 0, 4, 8, 16, and 24 h.
a-Tubulin and GAPDH were used as loading controls. B, total RNA was pre-
pared from SH-EP and STA-NB15 cells after treatment with 50 nm bortezomib
for 0, 3, 6, and 9 h and the level of Puma and Noxa mRNA was assessed by
quantitative RT-PCR (mean values of three independent experiments, each
performed in triplicate). C, subcellular fractionation of untreated and 50 nm
bortezomib-treated (24 h) SH-EP cells. Mitochondrial (mito) and cytoplasmic
(cyto) fractions were subjected to immunoblot analyses of Noxa, Puma, and
a-tubulin.

This suggests that caspase-8 may contribute to cell death exe-
cution, but is activated downstream of mitochondrial cyto-
chrome c release and independent of death receptors (18, 19).
We therefore next assessed the mRNA and protein expression
of pro- and anti-apoptotic BCL2 proteins.

Differential Regulation of BCL2 Family Members in Bortezomib-
treated Neuroblastoma—SH-EP and STA-NB15 cells were treated
for 0,4, 8,16, and 24 h with 50 nm bortezomib and then subjected
to immunoblot analyses. Bortezomib therapy repressed Bcl-xL
and induced accumulation of MCL1 in both cell lines and
expression of BCL2 and A1l only in STA-NB15 cells (Fig. 4A).
MCL1 is degraded via the proteasome and stabilized in
response to bortezomib treatment (20). The repression of
Bcl-xL by bortezomib in neuroblastoma occurred both on
mRNA (supplemental Fig. S2) and protein steady-state level
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and was not shown before. The pro-survival activity of BCL2,
Bcl-xL, A1, and MCL1 is counteracted by pro-apoptotic BH3-
only proteins, such as Bim, Puma, and Noxa. Bim steady-state
protein expression was unaffected, whereas Noxa and to a
lesser extent also Puma protein levels increased in response to
bortezomib in both neuroblastoma cell lines (Fig. 44). Puma
was induced 3-fold after 6 h in SH-EP cells as measured by
quantitative RT-PCR. In STA-NB15 cells Puma mRNA was
3-fold induced after 6 h and 7-fold elevated after 9 h of bort-
ezomib treatment. Similar to protein level, bortezomib also
strongly induced Noxa mRNA: Noxa was 12- and 14-fold
induced after 3 and 6 h, respectively, whereas at 9 h post-addi-
tion of bortezomib Noxa-mRNA levels decreased in SH-EP
cells (Fig. 4B). The same phenomenon of transient induction
was also observed in STA-NB15 cells. This mRNA steady-state
regulation was in contrast to the continuous increase of Noxa
protein up to 24 h. It suggests that both, transcriptional and
post-translational effects of bortezomib contribute to the
marked elevation of cellular Noxa expression as shown in Fig.
4A. To determine the subcellular localization of Noxa and
Puma in untreated or bortezomib-treated SH-EP cells we per-
formed subcellular fractionation assays and found that Noxa,
like Puma, predominantly co-purified with the membrane frac-
tion (Fig. 4C). A small amount of Noxa was also found in the
cytoplasmic fraction of bortezomib-treated cells, suggesting
that the increase of Noxa even might exhaust the binding
capacity of mitochondrial Noxa binding partners.

Bcl-xL Protects against Apoptosis by Bortezomib—To func-
tionally assess whether the above observed changes in pro-
survival and pro-apoptotic BCL2 proteins are relevant for
apoptosis decision we generated a set of constitutive cell
lines that overexpress distinct BCL2 family members. Retro-
viral vectors coding for Bcl-xL, MCL1, and BCL2 (supple-
mental Fig. S3) were infected into SH-EP and STA-NB15
cells (Fig. 54). Mock-infected cell lines were used as con-
trols. Bcl-xL and to a lesser extent also BCL2 exerted a sig-
nificant protective effect to death by proteasome inhibition.
In STA-NB15 cells transgenic Bcl-xL even completely pre-
vented bortezomib-induced apoptosis. This suggests that
down-regulation or functional inactivation of Bcl-xL is
essential for the onset of apoptosis by bortezomib. Surpris-
ingly, retroviral overexpression of MCL1 did not markedly
affect bortezomib-induced apoptosis up to 72 h in SH-EP-Mcl1
and NB15-Mcll cells as shown in Fig. 5A (lower panels). In
contrast, transgenic MCL1 significantly reduced Fas-, TRAIL-,
and doxorubicin-induced cell death in SH-EP cells (supple-
mental Fig. S4). This suggests that either the induction of Noxa
cannot be effectively antagonized by MCL1 levels present in the
cell or that Noxa may neutralize other pro-survival members of
the BCL2 family in addition to MCL1. To study whether the
protective effect of Bcl-xL may be ascribed to sequestration by
Noxa, we precipitated MCL1 and Bcl-xL from bortezomib-
treated or untreated NB15-BclxL cells, because these cells are
fully protected against apoptosis and loss of Bcl-xL is prevented
by transgenic expression. As shown in Fig. 5B, Noxa co-purified
with both, MCL1 and Bcl-xL, although the latter was unex-
pected due to its reported low affinity for Noxa (21). Transgenic
Bcl-xL slightly accumulated during bortezomib treatment con-
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FIGURE 5. Transgenic Bcl-xL is neutralized by Noxa and inhibits bortezomib-induced apoptosis, whereas MCL1 has no impact on death sensitivity.
A, SH-EP and STA-NB15 cells were retrovirally infected with vectors coding for Bcl-xL and MCL1. The ectopic expression was verified by immunoblot analysis.
Cells were treated with 50 nm bortezomib for the times indicated and subjected to PI-FACS analyses. Statistical significance between mock-infected controls
and Bcl-xL transgenic cells was assessed by the unpaired Student's t test (¥, p < 0.05; ***, p < 0.001). B, NB15-BclIxL cells were treated for 18 h with 50 nm
bortezomib, lysed, and subjected to co-immunopurification using rabbit anti-MCL1 and rabbit anti-Bcl-xL as precipitating antibodies, rabbit IgG was used as
negative control. Immunoprecipitates were analyzed for presence of Noxa, Bcl-xL, and MCL1 by immunoblot. C, single cell clones were isolated by limiting
dilution from SH-EP-Mcl1 cells. MCL1 expression in mock-infected SH-EP-ctr, SH-EP-Mcl1 clone1, and clone10 cells was determined by immunoblot analysis.

SH-EP-ctr, SH-EP-Mcl1 clone1, and clone10 cells were treated with 25 and 50 nm bortezomib and subjected to PI-FACS analysis for 48 and 72 h.

sistent with efficient inhibition of proteasomal activity shown
in Fig. 1C. To investigate whether the lack of protection by
transgenic MCL1 from bortezomib-induced apoptosis in bulk
cultures was due to insufficient levels of MCL1, we studied
drug-induced cell death in individual clones expressing low,
intermediate or high levels of MCL1. As shown in Fig. 5C, vary-
ing MCL1 steady-state expression did not alter responsiveness
to bortezomib in SH-EP cells. This suggests that MCL1 levels
do not critically affect bortezomib sensitivity in neuronal cells
but that the gradual decline of Bcl-xL is required for cell death
to occur.

Noxa but Not Puma Is Rate Limiting for Bortezomib-induced
Apoptosis in Neuroblastoma Cells—To directly assess whether
Noxa or Puma are critical for cell death by proteasome inhibi-
tion, we stably knocked down Noxa and Puma by shRNA tech-
nology using retroviral vectors for the expression of Noxa- (12)
or Puma-specific ShRNA (14, 22). Individual clones were ana-
lyzed by immunoblot for Noxa or Puma expression, respec-
tively (Fig. 6A4), and the number of apoptotic cells was quanti-
fied by flow cytometry (Fig. 6B). The knockdown of Noxa
resulted in a significant reduction of basal Noxa protein levels
compared with mock-infected cells and decreased apoptosis
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after 24 h of bortezomib treatment from 41 to 12% (p = 0.0002)
and 7% (p < 0.0001), respectively. In contrast, knockdown of
endogenous Puma did not affect bortezomib-induced cell
death at all (Fig. 6B, right panel). To study whether the knock-
down of Noxa hampers cell death activation at the level of mito-
chondria, we assessed cleavage of caspase-9 by a fluorometric
caspase-9 cleavage assay (Fig. 6C). Whereas about 50% of SH-
EP-shCltr cells became positive for active caspase-9 after 24 h in
the presence of 50 nm bortezomib, Noxa knockdown signifi-
cantly reduced this percentage to less than 20% (p = 0.005, Fig.
6C). These results indicate that Noxa is rate limiting for bort-
ezomib-induced apoptosis, whereas Puma does not affect cell
death by proteasome inhibition in human neuroblastoma cells.

Noxa Expression Levels Determine Sensitivity to Bortezomib-
induced Apoptosis—To assess whether Noxa steady state levels
determine death sensitivity to bortezomib, we used a recently
developed tetracycline-regulated, retroviral expression system
(13) for conditional expression of Noxa in bulk-selected SH-EP
cells. Doxycycline (doxy)-induced expression of Noxa was ver-
ified by immunoblotting and cell death was assessed by FACS
analysis of Pl-stained nuclei (Fig. 6D). Consistent with the
observation that Noxa is a weak death agonist (23, 24) even
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FIGURE 6. Noxa is rate limiting for bortezomib-induced apoptosis. A, SH-EP cells were infected with retroviruses expressing shRNA specific for Noxa or
Puma. Individual clones were isolated from bulk-selected SH-EP-shNoxa and SH-EP-shPuma cells and steady-state expression level of endogenous Noxa (left
panel) or Puma (right panel) was verified by immunoblot analysis. B, cell lines SH-EP-shCtr and SH-EP-shNoxa clone 3 and clone 7 as well as SH-EP shPuma clone
3, clone 6, and clone 7 were treated with 50 nm bortezomib for 24 h and subjected to PI-FACS analyses. C, SH-EP-shctr and SH-EP-shNoxa clone 3 cells were
treated with 50 nm bortezomib for 24 h. Caspase-9 cleavage was determined using a fluorometric caspase activity assay and flow cytometry. Shown is the mean
of three independent experiments. Statistics were calculated with GraphPad Prism software using the unpaired Student’s t test (**, p = 0.005; ***, p < 0.001).
D, SH-EP cells designed to express Noxa in a tetracycline-dependent manner were treated with 250 ng/ml doxy for 24 h. Transgene expression was verified by
immunoblot analysis. SH-EP-tetCtr, and SH-EP-tetNoxa cells were treated with 250 ng/ml doxy, with 25 nm bortezomib or a combination of both for 24 h and
were then subjected to PI-FACS analyses. Shown is the mean of three independent experiments. E, to assess a possible dosage-dependent effect of Noxa
SH-EP-tetNoxa, cells were treated with 5, 10, 20, 50, and 100 ng/ml doxy and then subjected to immunoblot analysis for Noxa and GAPDH (loading control)
expression. SH-EP-tetCtr and SH-EP-tetNoxa cells were treated with 12.5 nm bortezomib in the presence or absence of 10 or 100 ng/ml doxy for 24 h and then
subjected to PI-FACS analyses (bars represent the mean of three independent experiments). Statistical significance was assessed by the unpaired Student’s t

test (**, p < 0.01; *** p < 0.001).

strong expression of Noxa (Fig. 6D) did not cause spontaneous
cell death after doxy treatment. However, in combination with
transgenic Noxa, bortezomib-induced apoptosis increased
from 20 to 60% after 24 h (p = 0.0009). The utilized tetracy-
cline-regulated expression system allows tightly controlled
transgene expression to study gene dosage effects (13) as dem-
onstrated by immunoblot in Fig. 6E. PI-FACS analyses of SH-
EP-tetCtr and SH-EP-tetNoxa cells treated with low (10 ng/ml)
and high (100 ng/ml) concentrations of doxy revealed that bort-
ezomib-induced apoptosis correlated with the cellular amount
of Noxa.

DISCUSSION

In this report we analyzed the molecular basis of bortezomib-
induced apoptosis in neuroblastoma cells and identified Noxa
and Bcl-xL as bortezomib-engaged BCL2 family members that
are critical for apoptosis initiation. Bortezomib is clinically used
for the treatment of multiple myeloma and mantle cell lym-
phoma (25) and was also shown to activate cell death in neuro-
blastoma (10). Because all tested neuroblastoma cell lines were
bortezomib-sensitive (Fig. 1), we chose the caspase-8-positive
cell line SH-EP and the caspase-8-negative cell line STA-NB15
for further detailed characterization of the molecular death
pathway.
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Proteasome inhibitors were reported to up-regulate surface
death receptors and their ligands (26) implicating them as trig-
gers of cell death. However, retroviral expression of neither
dnFADD nor CrmA could block apoptosis suggesting that
membrane death receptors are not essential for bortezomib-
induced cell death (Fig. 3B). Because cleavage products of
caspase-8 were detectable after 24 h of bortezomib treatment
(Fig. 2C), it might participate as an amplifier of cell death exe-
cution and contribute to increased bortezomib susceptibility of
SH-EP cells compared with caspase-8-negative IMR-32, STA-
NB1, STA-NB3, and STA-NBI15 cells (Fig. 1, A and B).

A marked increase of CMX-Ros-negative cells, the release
of cytochrome ¢ into the cytoplasm and the cleavage of
caspase-9 point toward mitochondria as integrators of apo-
ptosis signals during proteasome-inhibition. This is consis-
tent with reports on several other tumor cell types, where
activation of the mitochondrial death pathway by bort-
ezomib was described (27). As shown in Fig. 44, in both cell
lines anti-apoptotic Bcl-xL decreased whereas MCL1 accumu-
lated. BCL2 and Al remained unaffected in SH-EP cells but
appeared to accumulate in STA-NB15 cells. In parallel, the pro-
apoptotic BH3-only proteins Noxa and to a lesser extent Puma
were induced on the mRNA and protein level, whereas Bim
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levels remained unaffected (Fig. 4, A and B). Because the tran-
scription factor p53 can be activated in response to proteasome
inhibition (28, 29), we also analyzed whether the induction of
the p53 target genes Noxa and Puma can be ascribed to p53
activation. In SH-EP cells, p53 was strongly induced by bort-
ezomib and also its target Bax showed transitory elevation
whereas in STA-NB15 cells p53 was already detectable in
untreated cells and only slightly accumulated upon bortezomib
treatment, indicating mutation of this tumor suppressor (sup-
plemental Fig. S5). Nevertheless, in both cell lines Noxa and
Puma mRNA expression was induced suggesting that the
induction of these pro-apoptotic genes is largely independent
of p53 in neuroblastoma cells.

Bcl-xL interacts with all pro-apoptotic members of the BCL2
family and is a direct target of NF«B in neuronal cells (30).
Proteasome inhibition stabilizes the NF«B-inhibitor IkB (31),
which abrogates NFkB transcriptional activity and might
repress the NF«kB-target Bcl-xL also in neuronal cells. The loss
of Bcl-xL during bortezomib treatment lowers the ability of a
cell to cope with high levels of BH3-only death inducers. Impor-
tantly, Noxa co-purified with both, MCL1 and Bcl-xL (Fig. 5B).
Noxa was originally described as a Bcl-xL interaction partner
(32) and might thereby at least in part neutralize the pro-sur-
vival function of Bcl-xL. Although the affinity between Noxa
and Bcl-xL was reported to be lower than e.g. between Bim or
Puma and Bcl-xL (21) we observed their co-precipitation in
bortezomib-treated neuronal cells. The repression of Bcl-xL
and its increased sequestration by Noxa might therefore tilt the
balance of pro- and anti-apoptotic BCL2 proteins toward death
decision. The pronounced effect of transgenic Bcl-xL on apo-
ptosis sensitivity of neuronal cells is also consistent with the
phenotype of Bcl-xL knock-out mice that die in utero as a con-
sequence of massive neuronal and hematopoietic death (33).
The important finding that Noxa and Bcl-xL interact with each
other might provide an explanation how Bcl-xL is antagonized
in neuronal cells.

High levels of Bcl-xL protect tumor cells against chemother-
apy-induced apoptosis (34), and the repression of Bcl-xL by
bortezomib might therefore sensitize neuroblastoma cells to
chemotherapy, suggesting that in addition to inducing death by
its own bortezomib might serve as a chemosensitizing drug. In
contrast to Bcl-xL, the pro-survival protein MCL1 accumulated
during proteasome inhibition (Fig. 44), and because it is a pref-
erential pro-survival binding partner of Noxa (35), we expected
that its elevation counteracts the apoptosis-sensitizing effect of
Noxa and slows down bortezomib-induced apoptosis. Surpris-
ingly, transgenic MCL1 neither in bulk-selected cells nor in
individual clones with high or intermediate MCL1 expression
protected against bortezomib-induced apoptosis although this
has been reported for other cancer types (20, 36) and transgenic
MCL1 markedly reduced sensitivity to other forms of cell death
(supplemental Fig. S4). Therefore, in contrast to Bcl-xL, MCL1
steady-state levels do not affect bortezomib-induced apoptosis
in neuroblastoma. This observation in fact might have thera-
peutic implications for neuroblastoma therapy, because the
concordant accumulation of MCL1 during proteasome inhi-
bition is thought to compensate the pro-apoptotic effect of
Noxa.
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Mitochondrial cell death has mainly been ascribed to the
activation of BH3-only proteins, such as Bim, Puma, and Noxa
(9, 36). To directly assess the relevance of Noxa and Puma we
stably knocked down these proteins by shRNA technology.
Although endogenous Puma was markedly reduced in Puma-
shRNA-expressing cells (Fig. 6A4), this did not affect cell death
by bortezomib (Fig. 6B). This suggests that the Puma accumu-
lation we observed during proteasome inhibition-induced cell
death is not critical for apoptosis induction. In contrast, Noxa
gene knockdown significantly reduced bortezomib-induced
cell death (Fig. 6, B and C) and conditional Noxa expression
sensitized to bortezomib-induced apoptosis in a dose-depen-
dent manner (Fig. 6, D and E). Gomez-Bougie et al. (36)
reported that Noxa is essential for bortezomib-induced cell
death in multiple myeloma. Our results provide evidence that
bortezomib induces apoptosis in neuronal cells by changing the
balance of the pro-survival and pro-apoptotic BCL2 proteins
Bcl-xL and Noxa. Noxa acts as an apoptosis sensitizer that does
not induce death per se but its up-regulation and binding to
Bcl-xL in concert with gradual loss of Bcl-xL is essential for
bortezomib-induced apoptosis irrespective of MCL1 expres-
sion levels. Because MCL1 accumulation is an unwanted and
compensatory side effect of proteasome inhibitor therapy in
other tumor types, this is an important finding of therapeutic
value. Thereby, bortezomib might be a promising agent for
neuroblastoma treatment, because it induces apoptosis inde-
pendent of caspase-8/MCLI status and represses Bcl-xL, which
sensitizes neuroblastoma cells for the therapy with chemother-
apeutic drugs.
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