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ABSTRACT

Background

Bortezomib has been successfully used in the treatment of multiple myeloma and has been
proposed as a potential treatment for chronic lymphocytic leukemia. In this study we investi-
gated the mechanism by which bortezomib induces apoptosis in chronic Iymphocytic
leukemia cells.

Design and Methods

Using western blot analysis, we monitored the regulation of BCL2 family members, proteins
of the unfolded protein response (endoplasmic reticulum stress response) and activation of cas-
pases in relation to induction of apoptosis (measured by annexin-propidium iodide staining and
loss of mitochondrial membrane potential) by bortezomib in chronic lymphocytic leukemia
cells.

Results

Bortezomib induced apoptosis through activation of the mitochondrial pathway independent-
ly of changes associated with endoplasmic reticulum stress. Perturbation of mitochondria was
regulated by a rapid and transcription-independent increase of NOXA protein, which preced-
ed release of cytochrome ¢, HtrA2, Smac and activation of caspase-9 and -3. NOXA had a short
half life (~ 1-2 h) and was ubiquitinated on at least three primary lysine residues, resulting in
proteasomal-dependent degradation. Down-regulation of NOXA, using short interfering RNA
in chronic lymphocytic leukemia cells, decreased bortezomib-induced apoptosis. Finally borte-
zomib when combined with seliciclib resulted in a stronger and earlier increase in NOXA pro-
tein, caspase-3 cleavage and induction of apoptosis in chronic lymphocytic leukemia cells.

Conclusions

These results highlight a critical role for NOXA in bortezomib-induced apoptosis in chronic
lymphocytic leukemia cells and suggest that this drug may become more efficient for the treat-
ment of chronic lymphocytic leukemia if combined with other agents able to interfere with the
basal levels of MCLI.
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Introduction

Chronic lymphocytic leukemia (CLL) is the most com-
mon form of adult leukemia in the western world, char-
acterized by the clonal accumulation of CD5* CD19* and
CD23" cells." Unmutated IGHV gene segment usage,
ZAP-70 expression, deletion of 17p, p53 mutation and
high CD38-expression are each associated with poor
prognosis.” Novel therapies that may be effective, espe-
cially in the latter group, and are currently being tested in
CLL and other hematologic malignancies include BCL2
inhibitors, such as ABT-263, histone deacetylase
inhibitors, such as depsipeptide and LBH589, natural
plant-derived products such as flavopiridol, and protea-
some inhibitors, such as bortezomib.*® These agents
induce apoptosis partly by modifying the balance
between pro-apoptotic and anti-apoptotic BCL2 family
members. Anti-apoptotic members include BCL2, BCL-
XL, MCL1 and BCL2A1, whereas pro-apoptotic members
include BAX and BAK as well as BH3-only proteins, such
as BIM, PUMA, NOXA, BID and BIK.*?

Proteasome inhibitors have emerged as promising new
drugs for tumor therapy because of their selectivity
towards transformed, highly proliferating cells.”
Bortezomib is currently the only proteasomal inhibitor
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used clinically and it has been successfully administered
in the treatment of multiple myeloma, either as a single
drug or in combination.® These results encouraged an
investigation of its potential in CLL.” The results of this
phase I clinical trial were rather disappointing.” Previous
studies had shown that the proteasome inhibitors,
MG132 and lactacystin, induce apoptosis in cells by
inducing a conformational change of BAX, mitochondrial
perturbation and subsequent processing and activation of
caspase-3."""" Recent studies have found that proteasome
inhibitors induce NOXA protein in many cell types and
occasionally BIM and BIK.”*"° Due to the accumulation of
incompletely degraded proteins, proteasome inhibitors
result in the activation of the unfolded protein response
and consequent endoplasmic reticulum stress response,
which is particularly evident in multiple myeloma and
pancreatic cells.” In this study, we explored the detailed
mechanism of proteasome inhibitor-induced apoptosis in

CLL cells.
Design and Methods

Chronic lymphocytic leukemia cells and cell lines
CLL cells were obtained from leukemic patients during routine
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Figure 1. Induction of caspase-dependent apoptosis by bortezomib and MG132 in CLL cells. (A and B) CLL cells from 36 patients were left
unstimulated or were exposed to 10 or 100 nM bortezomib (B10, B100, respectively) or MG132 (1 uM) for 4-16 h. Apoptosis was measured
by (A) TMRE or (B) annexin V-propidium iodide (ANN-PI) staining. Results shown are the mean + sem and * denotes statistical significance
with a P value <0.01 compared to unstimulated control cells. (C) CLL cells from four patients were exposed to bortezomib (10 nM) or MG132
(1 uM) for 16 h in the presence or absence of z-VAD.fmk and apoptosis was monitored by TMRE and annexin V-propidium iodide (ANN-PI).
Results shown are the mean + sem and * denotes statistical significance with a P value <0.01. (D) Western blot analysis for caspase-9, -8
and -3 cleavage in cells exposed to DMSO, bortezomib or MG132 for 2-16 h. The proform as well as the cleaved products for each caspase
are indicated. The percentage of phosphatidylserine-positive cells is shown below the blot. (E) Western blot analysis for cytochrome c, HtrA2
and Smac in cytosolic and mitochondrial fractions prepared from CLL cells exposed to either MG132 or bortezomib for 4-16 h. COX IV and
B-actin served as loading controls for mitochondrial and cytosolic fractions, respectively.
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diagnosis. Only patients with no previous treatment within the
last 6 months were included in this study. Further details on the
lymphocyte purification and culture are given in the Online
Supplementary Design and Methods.

NALMG6 (pre-B acute lymphoblastic leukemia), U266 (multiple
myeloma) and Z138 (mantle cell lymphoma) cell lines were main-
tained in RPMI1640 supplemented with 10% fetal calf serum,
penicillin, streptomycin (50 ug/mL), and L-glutamine (5 mM) and
exposed to bortezomib (10 nM) or MG132 (1 uM). HEK293T
(human embryonic kidney cells) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with penicillin/strepto-
mycin and L-glutamine as above.

NOXA transfection and ubiquitination

HEK293T cells were transfected in 10 cm plates using the calci-
um phosphate method with empty vector (pMT25M), HA-tagged
NOXA (in pMT25M vector) or untagged NOXA (in SPORT6 vec-
tor) and incubated for up to 24 h. The half-life of NOXA was
determined in HEK293T cells transfected as above and then
immediately exposed to cycloheximide (10 wM) for up to 24 h. For
in vivo ubiquitination experiments, HEK293T cells were transfect-
ed for 24 h with NOXA (both HA-tagged and untagged plasmids)
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in the absence or presence of 6xHis-Ubiquitin plasmid (pM107, 8
ubiquitin moieties each attached to a 6xHis tag). HEK293T cells
were also transfected with HA-NOXA plasmid concomitantly
with either pM107 or 6xHis-Ubiquitin K-R plasmid (in each ubiq-
uitin moiety all lysines are mutated to arginine, and are attached
to a 6xHis tag) in order to determine the number of lysines target-
ed for ubiquitination in NOXA protein. Cells were then lysed in
guanidine HCI buffer (6 M) and His-ubiquitin-tagged proteins
were purified through Ni-NTA agarose (QIAGEN) and analyzed
by western blotting. PM107 was kindly provided by Dr. D.
Bohmann (University of Rochester, NY, USA) while the His-ubiq-
uitin mutant plasmid (K-R mut) was kindly provided by Dr. L.
Stevenson (University of Dundee, Dundee, Scotland).

Detailed of the other procedures and protocols are provided in

the Online Supplementary Design and Methods.

Statistical analysis

All statistical analyses were performed using one-way ANOVA
followed by Dunnett’s multiple test apart for the analysis of the
data illustrated in Figure 4A, for which a paired Student’s ¢ test was
applied, and in Figure 6A, for which one-way ANOVA followed
by Bonferroni’s multiple test was applied.
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Figure 2. BCL2 family regulation following MG132 and bortezomib treatment in CLL cells. CLL cells from two representative patients (A and
B) were exposed to MG132 or bortezomib for 4-16 h and processed for western blot analysis. (C) CLL cells from ten patients were exposed
to bortezomib (10 nM), tunicamycin (10 ug/mL), brefeldin A (100 nM) or thapsigargin (1 ug/mL) for 4-24 h and apoptosis was measured
by annexin V-propidium iodide staining. Results shown are mean + sem and * denotes statistical significance with a P value <0.01 com-
pared to unstimulated control cells. (D) CLL cells were stimulated as in (C) for 4-16 h and examined for induction of endoplasmic reticulum

stress related proteins by western blot analysis.
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Results

Bortezomib induces apoptosis in chronic lymphocytic
leukemia cells in a time- and concentration-dependent
manner

Both bortezomib and MG132 (used as a positive con-
trol) caused a time-dependent induction of apoptosis in
CLL cells, as assessed by increases in the percentage of
phosphatidylserine-positive cells and in cells with low
mitochondrial membrane potential (AWm) (Figure 1A and
B). Bortezomib and MG132 also efficiently inhibited the
proteasome as indicated by a time-dependent accumula-
tion of polyubiquitinated proteins (Online Supplementary
Figure S1A).

Proteasome inhibitors activate the intrinsic pathway of
apoptosis in chronic lymphocytic leukemia cells

The broad spectrum caspase inhibitor, z-VAD.fmk,
completely abrogated the induction of apoptosis as
assessed by annexin-propidium iodide staining but had no
effect on the loss of AWm (Figure 1C), demonstrating that
phosphatidylserine externalization was a downstream
event following caspase activation, whereas the loss in
AWm was largely caspase-independent. In cells exposed
only to the solvent (dimethylsulfoxide), caspase-9, -8 and
-3 were present predominantly as their unprocessed
zymogens (Figure 1D, lanes 1-5). Following exposure to
bortezomib (10 and 100 nM), caspase-9 was processed to
its p37/p35 fragments at 6 or 8 h after treatment (Figure
1D, lanes 19-25) followed by further processing to two
uncharacterized bands, p22/p20, as previously observed in
CLL cells.”” Caspase-9 cleavage preceded cleavage of cas-
pase-3 to its p20, p19 and p17 large subunits (Figure 1D,
lanes 19-25). Bortezomib also induced processing of cas-
pase-8 to its p43/41 subunits but only after 16 h of expo-
sure (Figure 1D, lanes 20 and 25) suggesting that the main
caspases activated following bortezomib treatment,
responsible for induction of cell death, are caspase-9 and -
3 (Figure 1D, lanes 20 and 25). Similar results were
obtained following exposure of cells to MG132 (Figure
1D). Both bortezomib and MG132 caused time-dependent
losses of mitochondrial cytochrome ¢, HtrA2 and Smac
accompanied by increases in the cytosolic levels of these
proteins (Figure 1E). Bortezomib (10-100 nM) also induced
a time-dependent activation of both BAK and BAX (Online
Supplementary Figure S1B and data not shown). Taken
together these data demonstrate that bortezomib induces
caspase-dependent apoptosis in CLL cells, primarily
through the intrinsic pathway, with caspase-9 being the
initiator caspase.

Proteasome inhibitors induce NOXA in chronic
lymphocytic leukemia cells

The intrinsic pathway is regulated by the levels of BCL-
2 family members and their interactions. Exposure to
bortezomib or MG132 revealed that BAX, BAK and BCL2
levels remained largely unchanged at all time points test-
ed whereas the levels of MCL1 increased 4-8 h after expo-
sure (Figure 2A and B), most probably due to inhibition of
its rapid proteasomal degradation.”’ At 12-16 h after stim-
ulation, levels of MCL1 started to decline, most probably
due to caspase-3-mediated cleavage corresponding to
induction of extensive apoptosis.”> Some decrease was
observed in BIM and PUMA, particularly when extensive
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apoptosis was observed (Figure 2A), compatible with
PUMA being a caspase substrate.” Both bortezomib and
MG182 caused marked increases in NOXA protein as
early as 4 h after stimulation (Figure 2A). The increase in
NOXA protein correlated well with the efficiency of
bortezomib and MG132 in inducing apoptosis because in
a patient who responded very poorly to both drugs, there
was a minimal increase in NOXA (Figure 2B).

Bortezomib and endoplasmic reticulum stress

Exposure to bortezomib results in induction of endo-
plasmic reticulum stress and the unfolded protein
response, thereby inducing death of some types of
cells."**® Accumulation of misfolded proteins in the endo-
plasmic reticulum results in activation of the three major
signaling branches of the unfolded protein response,
including inositol-requiring protein-1 (IRE1), leading to
activation of genes such as CHOP/GADD153, to protect
cells from endoplasmic reticulum stress; however, if
homeostasis cannot be restored, the unfolded protein

Figure 3. CLL cells are resistant to endoplasmic reticulum stress.
(A) Untreated CLL cells retained a normal ultrastructure, with com-
pact mitochondria and few endoplasmic reticulum cisternae, even
after incubation for 16 h. (B and C) Exposure to bortezomib (10 nM)
for 16 h resulted in many apoptotic cells containing swollen mito-
chondria with ruptured outer membranes (arrowheads) and floccu-
lent densities (arrows) within the mitochondrial matrix. (D)
Treatment with tunicamycin (10 ug/mL) resulted in a mild swelling
of mitochondria within 4 h and a slight decrease in the electron den-
sity of the mitochondrial matrix but no loss of matrix granules. The
endoplasmic reticulum (arrowheads) was indistinguishable from
that of control cells. [bars = 1um].
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Figure 4. Regulation of NOXA in CLL cells. (A) Quantitative real time polymerase chain reaction results for NOXA mRNA levels from CLL cells,
from seven patients, which were exposed to MG132 or bortezomib (B10: 10 nM, B100: 100 nM). Results represent the mean + sem of the
relative fold change in NOXA to GAPDH mRNA levels as calculated by the 2*** method and * denotes statistical significance with a P value
<0.01 compared to unstimulated control cells. (B) CLL cells were exposed to MG132 or bortezomib for 1-8 h and NOXA induction assessed.
(C) CLL cells were exposed to MG132 or bortezomib and examined for slower migrating bands immunoreactive with an anti-NOXA mono-
clonal antibody. (D) CLL cells were exposed to CD154L-expressing L cells plus interleukin-4 (15 ng/mL) overnight before being exposed to
MG132. In panels (C-D), the presence of one or two asterisks indicates probable mono- and di-ubiquitinated NOXA, respectively.

response can induce apoptosis.”® As endoplasmic reticu-
lum stress may also result in up-regulation of NOXA,*
CLL cells were also exposed for up to 24 h to bortezomib
(10 nM) as well as tunicamycin, brefeldin A and thapsigar-
gin as positive controls. Tunicamycin induced apoptosis in
a time-dependent manner, whereas brefeldin A was much
less potent (Figure 2C and data not shown). Calnexin and
IREla remained unchanged following exposure to borte-
zomib, tunicamycin or brefeldin A (Figure 2D), whereas
CHOP and BiP were weakly increased in some but not all
patients tested (Figure 2D and data not shown). Induction of
NOXA was only observed in response to bortezomib,
thus probably excluding the involvement of up-regulation
of endoplasmic reticulum transcription factors in the
induction of NOXA in CLL cells (Figure 2D). MG132 can
induce the formation of vacuoles as an indicator of endo-
plasmic reticulum involvement.” Finally, using electron
microscopy, no abnormalities were detected in response
to bortezomib after 4 h or 8 h but an increase in apoptosis
was observed after 12 h and was much more common at
16 h (Figure 3B) when almost 50% of the cells contained
swollen mitochondria with ruptured outer membranes.
These ruptured membranes were largely restricted to cells
with an electron-lucent cytoplasm and often coincided
with the presence of flocculent densities within the mito-
chondrial matrix (Figure 3C), characteristic of secondary
necrosis. In contrast, treatment with tunicamyecin resulted
in mild swelling of mitochondria within 4 h, which was
usually associated with a slight decrease in the electron
density of the mitochondrial matrix (Figure 3D). This

change did not involve the loss of mitochondrial matrix
granules and all other organelles, including the endoplas-
mic reticulum, maintained a normal morphology. Similar
cells were present after treatment for 8-16 h but there was
an increased incidence of apoptosis and secondary necro-
sis, particularly after 16 h. Thus none of the agents utilized
in the present study induced significant endoplasmic retic-
ulum stress in CLL cells and our data do not, therefore,
support the hypothesis that bortezomib-induced endo-
plasmic reticulum stress is a major mechanism by which
bortezomib induces either NOXA or apoptosis in CLL
cells.

Mechanisms of NOXA protein induction

Although NOXA was originally described as a p53-reg-
ulated gene,” it can also be induced in a p53-independent
manner. Neither apoptosis nor NOXA protein increase
was significantly affected in a CLL patient with a
frameshift deletion in one TP53 allele and a mutation in
the second, suggesting that 7P53 is not involved in the
transcriptional regulation of NOXA (Online Supplementary
Figure S2) in agreement with previous observations in cell
lines." To determine whether NOXA protein induction
was due to transcriptional induction or post-translational
regulation, NOXA mRNA levels were measured by
reverse transcriptase polymerase chain reaction. We con-
sidered that induction of transcription was indicated by a
greater than two-fold increase in NOXA mRNA relative to
GAPDH, which served as the control mRNA. No induc-
tion of NOXA transcription was observed for up to 12 h

- haematologica | 2010; 95(9)
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vesting as indicated. Lysates were purified through Ni-NTA agarose beads and analyzed by western blotting using either (C) anti-NOXA or (D)
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following exposure to bortezomib, whereas MG132
strongly increased NOXA mRNA after 6 h (Figure 4A).
Neither bortezomib nor MG132 induced transcription of
the TP53 gene at any time tested whereas they both
induced transcription of MCL1 and Dnmt1 (DNA methyl-
transferase 1) genes 2 h after stimulation (Online
Supplementary Figure S3A-C). These results exclude exper-
imental limitations being responsible for not detecting
NOXA mRNA induction at early time points (2-4 h)
(Figure 2A). Time-course studies revealed an increase in
NOXA protein at 1 and 2-4 h following exposure to
MG132 and bortezomib, respectively (Figure 4B), suggest-
ing that NOXA protein was regulated at a post-transla-
tional level. Interestingly, exposure of CLL cells to protea-
some inhibitors resulted in an increase in three slower
migrating immunoreactive proteins of approximately 12-
24 kDa (Figure 4C), indicating possible ubiquitination of
NOXA. Similar higher mobility bands following exposure

to bortezomib were also detected in highly proliferating
cells such as NALMG6 and Z138 (Online Supplementary
Figure S4). The appearance of these higher mobility bands
coincided with significant induction of apoptosis. To com-
pletely exclude the possibility that these slower migrating
bands were caspase-mediated cleavage by-products, CLL
cells were cultured with CD154-expressing L cells. CLL
cells cultured in this way were completely resistant to
both spontaneous and MG132 (1 uM)-induced apoptosis
for up to 16 h. Exposure of these CLL cells to MG132
resulted in a time-dependent accumulation of NOXA and
the appearance of slower migrating bands of approximate-
ly 14 and 22 kDa (Figure 4D). These results strongly sup-
port the suggestion that in the absence of any apoptosis,
exposure of CLL cells to a proteasome inhibitor results in
the accumulation of NOXA together with modified
species of NOXA of a size compatible with mono- and di-
ubiquitinated NOXA.

haematologica | 2010; 95(9) -
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blot analysis.

Ubiquitination of NOXA protein

Our data suggest that NOXA is ubiquitinated and
degraded through the proteasome. Indeed when
HEK293T cells were transfected with HA-tagged NOXA
in the presence of cycloheximide, the half life of both
endogenous and exogenous NOXA was approximately 1-
2 h (Figure 5A). Although the majority of unstimulated
CLL cells express low to undectable levels of NOXA pro-
tein, some patients show weak basal NOXA expression.
In these latter cases, the half life of NOXA was also less
than 2 h (Figure 5B). To prove that NOXA was ubiquiti-
nated, HEK293T cells were co-transfected with a 6xHis-
Ubiquitin-bearing plasmid (pM107) together with either
untagged NOXA (NOXA-SP) or HA-tagged NOXA bear-
ing plasmids. Both endogenous and exogenous NOXA
were extensively ubiquitinated (Figure 5C, lanes 2, 4 and
6). Using an HA-specific antibody, bands corresponding
to those of NOXA and its ubiquitinated products
appeared only in cells transfected with HA-tagged NOXA
(Figure 5D, lanes 4 and 5) but not with untagged NOXA
(Figure 5D, lanes 6 and 7), further confirming that these
are bona fide NOXA products. Further substantiation that
these bands represented ubiquitinated NOXA was pro-

vided by the finding that these bands (especially the ones
above 70 kDa representing polyubiquitinated NOXA)
increased in intensity following exposure to MG132
(Figure 5C, lanes 3, 5 and 7). To determine how many pri-
mary sites for ubiquitination exist in NOXA, HEK293T
cells were co-transfected with HA-tagged NOXA and
pM107 or a ubiquitin-bearing plasmid in which all lysine
residues had been mutated to arginine (K-R mut). These
site-specific mutations allow ubiquitin to bind, via its C-
terminus (G76), to NOXA forming only monoubiquitin
conjugates, as the absence of lysines in ubiquitin (K-R)
prevents the formation of polyubiquitin chains.” Use of
this mutated ubiquitin plasmid revealed that NOXA con-
tains three principal lysines residues that are targeted for
ubiquitination (Figure 5E, lane 4).

Effect of NOXA short interfering RNA on bortezomib-
induced apoptosis in chronic lymphocytic leukemia cells
To ascertain, more precisely, the role of NOXA in borte-
zomib-induced apoptosis in CLL cells, we used NOXA
short interfering RNA (siRNA). Transfection of NOXA
siRNA but not a negative control siRNA caused a decrease
in bortezomib-induced apoptosis (Figure 6A) and this inhi-
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bition may be an underestimate due to the cytotoxicity
caused by nucleofection alone. NOXA siRNA but not the
control siRNA caused a marked decrease in bortezomib-
induced accumulation of NOXA and processing of cas-
pase-3 (Figure 6B). When NOXA siRNA was present, high-
er levels of MCL1 protein were observed in the presence of
bortezomib (Figure 6B), possibly due to inhibition of either
caspase-3-mediated cleavage or proteasomal-mediated
degradation of MCL1 in the absence of NOXA.*'*** Similar
stabilization of MCL1 was observed following exposure of
CLL cells to MG132 in the presence of NOXA siRNA
(Online Supplementary Figure SSA and B). We, therefore,
investigated whether down-regulation of MCL1 using seli-
ciclib®* would enhance bortezomib-induced apoptosis in
CLL cells. Bortezomib (10 nM), when combined with seli-
ciclib (10 uM), induced apoptosis as early as 4 h after stim-
ulation (Figure 6C and D). In the presence of seliciclib,
bortezomib caused an earlier and/or stronger induction of
both NOXA protein and caspase-3 cleavage and resulted in
weaker stabilization of MCL1 protein at all times tested
(Figure 6E, compare lanes 4-6 to 8-10). In conclusion,
down-regulation or inhibition of MCL1 further increases
the sensitivity of CLL cells to bortezomib.

Discussion

In this study we found that bortezomib induces apopto-
sis in CLL cells exclusively by perturbation of mitochon-
dria and activation of the intrinsic pathway. In contrast to
multiple myeloma cells, bortezomib failed to significantly
induce proteins involved in endoplasmic reticulum stress,
such as BiP and CHOP (Figure 2)." In our study CLL cells
appeared relatively resistant to endoplasmic reticulum
stress, possibly because of their rather limited endoplas-
mic reticulum network, their low rates of protein synthe-
sis and low levels of death associated protein kinase
(DAPK),*" which is required for endoplasmic reticulum
stress-induced apoptosis.” The refractory nature of CLL
cells to endoplasmic reticulum stress may also be due to
their lack of XBP-1 expression. XBP1 is cleaved by IRE1 to
XBP1s, which transcriptionally regulates several proteins
involved in the unfolded protein response.*® Our results
support the hypothesis that CLL cells are markedly resist-
ant to endoplasmic reticulum stress and that the protea-
some inhibitors induce apoptosis primarily by activating
the mitochondrial pathway.

Activation of this pathway in CLL cells was found to be
regulated through an increase in NOXA protein, which
preceded the release of cytochrome ¢, HtrA2 and Smac
and caspase-3 activation. Induction of NOXA was largely
independent of transcription, since increases in NOXA
protein occurred in the absence of or earlier than increas-
es in NOXA mRNA levels (Figure 4A and B). Because we
found that CLL cells expressed higher basal levels of
NOXA mRNA compared with PUMA or MCL1 mRNA as
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