From www.bloodjournal.org by guest on June 24, 2017. For personal use only.
LYMPHOID NEOPLASIA

Selective inhibition of chymotrypsin-like activity of the immunoproteasome and
constitutive proteasome in Waldenström macroglobulinemia
Aldo M. Roccaro,1 Antonio Sacco,1 Monette Aujay,2 Hai T. Ngo,1 Abdel Kareem Azab,1 Feda Azab,1 Phong Quang,1
Patricia Maiso,1 Judith Runnels,1 Kenneth C. Anderson,1 Susan Demo,2 and Irene M. Ghobrial1
1Medical

Oncology, Dana-Farber Cancer Institute and Harvard Medical School, Boston, MA; and 2Onyx Pharmaceuticals, Emeryville, CA

Proteasome inhibition represents a valid
antitumor approach and its use has been
validated in Waldenström macroglobulinemia (WM), where bortezomib has been
successfully tested in clinical trials. Nevertheless, a significant fraction of patients relapses, and many present toxicity
due to its off-target effects. Selective inhibition of the chymotrypsin-like (CT-L) activity of constitutive proteasome 20S
(c20S) and immunoproteasome 20S (i20S)
represents a sufficient and successful
strategy to induce antineoplastic effect in

hematologic tumors. We therefore studied ONX0912, a novel selective, irreversible inhibitor of the CT-L activity of i20S
and c20S. Primary WM cells express
higher level of i20S compared with c20S,
and that ONX0912 inhibited the CT-L activity
of both i20S and c20S, leading to induction
of toxicity in primary WM cells, as well as of
apoptosis through c-Jun N-terminal kinase
activation, nuclear factor B (NF-B) inhibition, caspase cleavage, and initiation of
the unfolded protein response. Importantly, ONX0912 exerted toxicity in WM

cells, by reducing bone marrow (BM)–
derived interleukin-6 (IL-6) and insulinlike growth factor 1 (IGF-1) secretion,
thus inhibiting BM-induced p-Akt and
phosphorylated extracellular signalrelated kinase (p-ERK) activation in WM
cells. These findings suggest that targeting i20S and c20S CT-L activity by
ONX0912 represents a valid antitumor
therapy in WM. (Blood. 2010;115(20):
4051-4060)

Introduction
The multicatalytic ubiquitin-proteasome pathway plays an important role in the targeted degradation of a wide spectrum of proteins
involved in the regulation of several cellular processes responsible
for the maintenance of cellular homeostasis.1,2 The 26S constitutive
proteasome has been identified in the majority of cell types. It consists
of a 20S central core that exerts a proteolytic activity, and
two 19S particles that represent the regulatory part of the complex.
The 19S particles include 6 adenosine triphosphatase subunits
that are responsible for the denaturation of target proteins and
for the delivery of the substrate into the proteolytic 20S core.
The 20S core contains 3 different catalytic activities known as
chymotrypsin-like (CT-L), trypsinlike (T-L), or caspaselike
(C-L), which are encoded by the ␤5, ␤2, and ␤1 subunits,
respectively.2 Similarly, cells of hematopoietic origin express
the immunoproteasome, which retains the structural subunits of
the constitutive proteasome but exerts its enzymatic activities
through the catalytic subunits low-molecular-mass polypeptide
7 (LMP7), mutational analysis of subunit i␤2 (MECL1), and
LMP2, which form the 20Si core.3-5 Specific targets for proteasome degradation include several proteins involved in cellcycle regulation, cell proliferation, programmed cell death, and
stress response. These findings validate targeting the proteasome for cancer therapy. Indeed, a wide spectrum of compounds, both natural and synthetic, has been identified as
proteasome inhibitors, with bortezomib being the first proteasome inhibitor to enter clinical trials and receive approval for
the treatment of patients with multiple myeloma (MM).6,7

A recent report has shown that B-cell malignancies are characterized by a preferential expression of the immunoproteasome
20S (i20S), and that a selective inhibition of the CT-L activity of
the proteasome, both at the constitutive and immunoproteasome
level, is sufficient to exert an antineoplastic effect in hematologic
malignancies.8 In the present study, we show that primary Waldenström macroglobulinemia (WM) cells are characterized by higher
expression of the i20S immunoproteasome subunits compared
with constitutive proteasome 20S (c20S) subunits and that they
contain a higher i20S content compared with normal CD19⫹
B cells. We therefore investigated for the first time the antitumor
activity of the novel orally bioavailable and selective peptide
epoxyketone proteasome inhibitor ONX0912 in WM. Our
findings demonstrate that ONX0912 inhibits the chymotrypsinlike activity of both the immunoproteasome (LMP7) and the
constitutive proteasome (␤5) in WM cells, leading to induction
of cytotoxicity in primary WM cells, as well as of programmed
cell death in a caspase-dependent and -independent manner, as
shown by activation of c-Jun N-terminal kinase, inhibition of
nuclear factor B (NF-B), and initiation of the unfolded
protein response. Importantly, ONX0912 exerted cytotoxicity in
WM cells, even in the context of bone marrow milieu. We also
showed that combination of ONX0912 and bortezomib acted
synergistically in inhibiting the i20S and c20S CT-L activities,
NF-B activity, and caspase and poly(adenosine diphosphate
ribose) polymerase (PARP) cleavage, thus inducing synergistic
cytotoxicity in WM cells. Taken together, these findings provide
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the preclinical rationale for testing ONX0912 in Waldenström
macroglobulinemia.

Methods
Cells
Primary WM cells were obtained from bone marrow (BM) samples from
previously treated WM patients using CD19⫹ microbead selection (Miltenyi
Biotec) with more than 90% purity, as confirmed by flow cytometric analysis
with monoclonal antibody reactive to human CD20-PE (BD Biosciences). The
WM and immunoglobulin M (IgM)–secreting low-grade lymphoma cell lines
(BCWM.1, MEC.1, RL) were used in this study.9 Peripheral blood mononuclear
cells (PBMCs) were obtained from healthy subjects by Ficoll-Hypaque density
sedimentation, and CD19⫹ selection was performed as described.9 All cells were
cultured at 37°C in RPMI-1640 containing 10% fetal bovine serum (Sigma
Chemical), 2mM L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin (GIBCO). Approval for these studies was obtained from the Dana-Farber
Cancer Institute Institutional Review Board. Informed consent was obtained
from all patients and healthy volunteers in accordance with the Declaration of
Helsinki protocol.
Reagents
ONX0912 (formerly PR-047) and proteasome active site binding protein
(PABP) (both provided by Onyx Pharmaceuticals) were diluted in dimethyl
sulfoxide, stored at 4°C, and diluted in culture medium immediately before
use. The maximum final concentration of dimethyl sulfoxide (⬍ 0.1%) did
not affect cell proliferation and did not induce cytotoxicity on the cell lines
and primary cells tested (data not shown). Bortezomib was obtained from
Hospital Pharmacy. The c-Jun NH2 kinase (JNK) inhibitor SP600215 was
purchased from Calbiochem. Salubrinal was purchased from Axxora. The
pan-caspase inhibitor Z-VAD-fmk was purchased from Promega. Recombinant interleukin-6 (IL-6) and insulin-like growth factor 1 (IGF-1) were
purchased from R&D Systems.
Growth inhibition assay
The inhibitory effect of ONX0912 on the growth of WM cells, IgMsecreting cell lines, and primary cells was assessed by measuring 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Chemicon
International) dye absorbance, as previously described.9

-Akt, –phosphorylated extracellular signal-related kinase 1/2 (p-ERK1/2;
Thr202/Tyr204), -ERK1/2, –caspase-3, –caspase-8, –caspase-9, -PARP,
-␤-catenin, –glucose-regulated protein of 94 kDa (-GRP94), –protein
kinase-like endoplasmic reticulum kinase (-PERK), –phosphorylated eukaryotic initiation factor 2 (–p-EIF2␣), –binding immunoglobulin protein
(-BiP), –protein disulfide isomerase (-PDI), –activating transcription factor
6 (-ATF6), –phosphorylated mitogen activated protein kinase kinase 7
(–p-MKK7), –phosphorylated stress-activated protein kinase (p-SAPK)/
JNK, -p27kip1, -p21Cip1, –cyclin D1, –cyclin D2, –cyclin E, -nucleolin,
–p-p65, -p65, -p105, -p50, -p100, -p52, -RelB, –phosphorylated inhibitor of
B (p-IB; Cell Signaling Technology); –␣-tubulin, and –␤-actin antibodies (Santa Cruz Biotechnology).
IL-6 and IGF-1 detection
IL-6 and IGF-1 concentrations were quantified by ELISA (Quantikine
human IL-6 ELISA; Quantikine human IGF-1 ELISA; R&D Systems)
according to the manufacturer’s instructions.
Proteasome constitutive immunosubunit ELISA assay
The proteasome constitutive immunosubunit ELISA was performed as
previously described.8 Briefly, human constitutive proteasome (c20S) and
immunoproteasome 20S (i20S) subunits (Boston Biochemical); monoclonal antibodies anti-␤1, -␤2, -LMP7, -LMP2 (BioMol International),
-MECL1 (Santa Cruz Biotechnology), and -␤5 (Covance custom product);
and horseradish peroxidase–conjugated antibodies (Jackson ImmunoResearch Laboratories and Zymed) were used. Baseline expression of each
c20S and i20S subunit, and their modulation upon ONX0912 treatment,
was tested on cell lysates prepared by incubating cell pellets in TE buffer
(20mM tris(hydroxymethyl)aminomethane, pH 8.0, 5mM ethylenediaminetetraacetic acid). Cell lysates were then incubated with PABP (5M)
for 2 hours at 25°C. Samples were denatured with 8M guanidine hydrochloride (Fisher Scientific) and subunits bound to PABP were captured with
streptavidin-conjugated sepharose beads (GE Healthcare). Individual subunits were probed with antibodies specific to each subunit. Each subunit
was measured as nanograms per microgram of total protein, according to
the SuperSignal ELISA Pico Kit.
20S proteasome activity
The chymotrypsin-like activity of the 20S proteasome of primary WM
tumor cells was determined by measurement of fluorescence generated
from the cleavage of the fluorogenic substrate suc-LLVY-amc, as described.10

DNA synthesis
DNA synthesis was measured by [3H]-thymidine (Perkin Elmer) uptake, as
previously described.9
Flow cytometric analysis
Cell-cycle analysis was profiled by flow cytometry using propidium iodide
staining (5 g/mL; Sigma Chemical) after 24-hour culture with PR-047, as
described.9
DNA fragmentation assay
Cell Death Detection enzyme-linked immunosorbent assay (ELISA; Roche
Applied Science) was used to quantitate DNA fragmentation per the
manufacturer’s instructions.
Immunoblotting
WM and IgM-secreting cell lines were harvested and lysed using lysis
buffer (Cell Signaling Technology) reconstituted with 5mM NaF, 2mM
Na3VO4, 1mM polymethylsulfonyl fluoride, 5 g/mL leupeptine, and
5 g/mL aprotinin. Whole-cell lysates (50 g/lane) were subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred
to polyvinyldene fluoride membrane (Bio-Rad Laboratories). The antibodies used for immunoblotting included anti–phospho-Akt (p-Akt; Ser473),

NF-B activity
NF-B activity was investigated using the Active Motif TransAM kits, a
DNA-binding ELISA-based assay (Active Motif North America). Briefly,
BCWM.1 cells were treated with ONX0912 (10nM) or bortezomib (10nM)
alone or in combination for 4 hours, and stimulated with tumor necrosis
factor-␣ (TNF-␣, 10 ng/mL) during the last 20 minutes of culture. NFBp65 transcription factor binding to its consensus sequence on the
plate-bound oligonucleotide was studied from nuclear extracts, following
the manufacturer’s procedure, as described.10
Effect of PR-047 on paracrine WM cell growth in the BM
To evaluate growth stimulation and signaling in WM cells adherent to bone
marrow stromal cells (BMSCs), 3 ⫻ 104 BCWM.1 cells were cultured in
BMSC-coated 96-well plates for 48 hours in the presence or absence of
ONX0912. DNA synthesis was measured as described.9
Statistical analysis
Statistical significance of differences in drug-treated versus control cultures
was determined using Student t test. The minimal level of significance was
P value less than .05. Drug synergism was analyzed by isobologram
analysis using the CalcuSyn software program (Biosoft), as described.9
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Figure 1. Primary WM cells express higher level of the
immunoproteasome, and ONX0912 targets the CT-L activity
in WM cells. Distribution of the caspaselike (C-L), trypsinlike
(T-L), and chymotrypsin-like (CT-L) subunits of the constitutive
proteasome (␤1, ␤2, ␤5) and immunoproteasome (LMP2, MECL1,
LMP7) was assessed by ELISA on protein lysates obtained from
primary cells (average of 5 WM patients is shown; WM), and from
peripheral blood–derived CD19⫹ cells of healthy subjects (average of 4 healthy donors is shown; HD) (A), BCWM.1 cells, and
IgM-secreting low-grade lymphoma cells (RL, MEC.1; B). Anti-␤1,
-␤2, -␤5, -LMP2, -MECL1, and -LMP7 primary, and horseradish
peroxidase–conjugated secondary antibodies were used. Each
subunit was measured as nanograms per microgram of total
protein, according to the SuperSignal ELISA Pico Kit manufacturer’s instructions. (C-E) BCWM1 cells have been treated with
ONX0912 (2.5-50nM) for 2 hours and ONX0912 effects on CT-L,
T-L, and C-L activities of the proteasome have been evaluated as
described earlier in the legend. (F) Primary CD19⫹ tumor cells
from 3 patients with WM were incubated for 2 hours in the
presence of diluent or ONX0912 (5-20nM). The chymotrypsin-like
(CT-L) activity of the 20S proteasome of BCWM.1 was determined by measurement of fluorescence generated from the
cleavage of the fluorogenic substrate suc-LLVY-amc. ONX0912induced modulation of CT-L activity has been expressed as fold of
untreated samples. In all panels, error bars represent SD.

Results
WM primary cells are characterized by higher expression of the
immunoproteasome

The 20S proteolytic cores of the constitutive proteasome and
immunoproteasome have 3 different enzymatic activities:
chymotrypsin-like (CT-L), trypsinlike (T-L), and caspaselike
(C-L), which are encoded by the ␤5, ␤2, and ␤1 subunits, respectively, and by the LMP7, MECL1, and LMP2 subunits, respectively. We first examined the expression level of each 20S core
subunit of the constitutive proteasome and immunoproteasome, in
primary bone marrow–derived CD19⫹ WM cells, WM, and lowgrade lymphoma IgM-secreting cell lines. Peripheral blood–
derived CD19⫹ cells were used as normal controls. We found that
primary tumor CD19⫹ bone marrow–derived WM cells have
significantly higher level of the immunoproteasome compared
with the constitutive proteasome (Figure 1A). Importantly, WM
primary cells were characterized by significantly higher proteasome subunit expression compared with their normal cellular
counterpart (Figure 1A). Similar results were confirmed in
BCWM.1 cells, as well as other low-grade lymphoma IgMsecreting cells, such as MEC.1 and RL (Figure 1B). We next
evaluated the activity of ONX0912, a selective CT-L inhibitor, in
targeting the CT-L activity in WM cells. Cells were treated with
increasing concentrations of ONX0912 (2.5-50nM) for 2 hours,

and exhibited significant inhibition of the CT-L subunits of both
constitutive proteasome (␤5) and immunoproteasome (LMP7)
(Figure 1C) in a dose-dependent manner, with minimal inhibition
of the trypsin T-L and caspase activities (Figure 1D-E), suggesting
that the selectivity of ONX0912 for the CT-L activity of the
proteasome together with the weak activity on other protease
classes may contribute to a better tolerability in vivo. Importantly,
ONX0912-induced inhibition of the CT-L proteasome activity was
confirmed in primary CD19⫹ WM cells (Figure 1F).
ONX0912 exerts antitumor activity in WM cells and other
IgM-secreting low-grade lymphoma cells

The efficacy of ONX0912-dependent proteasome inhibition in
targeting clonal IgM-secreting cells was tested in primary WM
CD19⫹ cells, normal PBMC-derived CD19⫹ cells, and WM and
IgM low-grade lymphoma cell lines (BCWM, RL, MEC.1). We
first evaluated the cytotoxic effect of ONX0912 (5-250nM) on
primary WM bone marrow–derived CD19⫹ cells by MTT assay,
and found that ONX0912 induced cytotoxicity in a dose-dependent
manner (median inhibitory concentration [IC50]: 50-100nM; Figure
2A). Similar results were confirmed on WM and IgM-secreting
low-grade lymphoma cell lines, where ONX0912 induced a
dose-dependent cytotoxicity (IC50: 50nM, at 48 hours; Figure
2B-C). In contrast, ONX0912 did not exert cytotoxicity on normal
PBMC-derived CD19⫹ cells isolated from 4 healthy volunteers
(Figure 2D). We have previously shown that ONX0912-dependent
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Figure 2. ONX0912 exerts cytotoxicity on primary WM cells as well as on IgM-secreting low-grade lymphoma cells. Cytotoxicity was assessed by MTT assay in primary
WM bone marrow–derived CD19⫹ cells (A; ONX0912 5-250nM; 48 hours); BCWM.1 cells (B; ONX0912 1-500nM; 24-48-72 hours); IgM-secreting low-grade lymphoma cells
RL, MEC.1 (C; ONX0912 1-500nM; 48 hours); and freshly isolated primary peripheral blood–derived CD19⫹ cells from 4 healthy donors (D; ONX0912 5-500nM; 48 hours).
(E) BCWM.1, RL, and MEC.1 were cultured with ONX0912 (10-100nM) for 2 hours, followed by a 48-hour washout period. Cytotoxicity was assessed by MTT assay at
48 hours. (F) BCWM.1, RL, and MEC.1 were cultured with ONX0912 (10-100nM) for 48 hours and percentage of cells undergoing apoptosis was assessed by DNA
fragmentation. (G) BCWM.1 cells were cultured with ONX0912 (2.5-100nM) for 12 hours. Whole-cell lysates were subjected to Western blotting using anti-PARP, –caspase-9,
–caspase-3, –caspase-8, –␤-catenin, -GRP94, -PERK, –phosphorylated EIF2␣ (p-EIF2␣), -BiP, -PDI, -ATF, and –␤-actin antibodies. (H) BCWM.1 cells were cultured with
ONX0912 (10-50nM) for 12 and 48 hours. Whole-cell lysates were subjected to Western blotting using anti–phosphorylated EIF2␣ (p-EIF2␣), -BiP, -PDI, and –␤-actin
antibodies. In all panels, error bars represent SD.

inhibition of CT-L activity occurs after 2 hours, whereas induction
of cytotoxicity has been observed at 24 hours, with an increasing
effect at 48 and 72 hours. Given the irreversible nature of the
proteasome inhibition exerted by ONX0912 in WM and IgMsecreting low-grade lymphoma cell lines, this could potentially
indicate that cell death is either a delayed effect of inhibited CT-L
activity, or that it depends on other deferred mechanisms. We
therefore performed a washout experiment, where cells where
treated with ONX0912 for 2 hours, and subsequently washed and
replaced with fresh medium in absence or ONX0912. We found
that there is induction of cytotoxicity, indicating that ONX0912dependent cytotoxicity may result from both CT-L proteasome
inhibition and delayed effects due to other ONX0912-induced
mechanisms (Figure 2E).
We next demonstrated that ONX0912 induced apoptosis in a
dose-dependent manner, as assessed by DNA fragmentation (Figure 2F). Similar effects were obtained on other IgM-secreting
low-grade lymphoma cell lines (RL, MEC.1; Figure 2F). We also
examined the molecular mechanisms whereby ONX0912 induces
cytotoxicity in WM, and demonstrated that ONX0912 induced
caspase-8, -9, and -3 and PARP cleavage in a dose-dependent
manner (Figure 2G). It is known that proteasome inhibition
eradicates tumor cells, partly by initiating the unfolded protein
response (UPR), a signaling cascade activated by the accumulation
of misfolded proteins in the endoplasmic reticulum (ER).11 Previous reports indicate that induction of ER stress in WM cells may
represent a valid therapeutic option in WM.12 We therefore sought
to investigate the effect of ONX0912 in modulating the expression
of unfolded protein response (UPR) components in WM cells as
one of the mechanisms of cytotoxicity in WM cells. We found that
ONX0912 induced accumulation of ␤-catenin, consistent with a
previous report.13 In addition, ONX0912 induced up-regulation of
UPR components such as GRP94 and PERK, followed by PERK-

dependent phosphorylation of EIF-2␣. Consistent with terminal
UPR induction by ONX0912, ATF4 protein level was increased in
WM ONX0912-treated cells.
We observed a ONX0912-dependent down-modulation of PDI
and BiP, at 12 hours (Figure 2G), and hypothesized that early
exposure time (12 hours) induces down-modulation of BiP and
PDI, leading to reduced cell survival and induction of apoptosis in
the treated cells; however, longer exposure (48 hours) could result
in up-regulation of BiP and PDI due to induction of UPR. We
therefore treated cells with ONX0912 (10-50nM) for 12 and
48 hours, and cell lysates were subjected to Western blot. We found
down-modulation and up-regulation of PDI and BiP, at 12 and
48 hours, respectively. In parallel, p-EIF2␣ protein expression
increases upon ONX0912 treatment, at either 12 or 48 hours
(Figure 2H). These findings suggest that ONX0912 first induces
down-modulation of BiP/PDI, resulting in reduced cell survival
and induction of apoptosis, which may be independent of pEIF2␣
modulation, whereas at longer treatment exposure, ONX0912
induces UPR, as demonstrated by increased pEIF2␣, together with
up-regulation of BiP and PDI.
To better delineate the role played by caspases and ER stress in
ONX0912-indeuced cytotoxicity, WM cells were exposed to the
pan-caspase inhibitor Z-VAD-fmk (25-50M), or the ER stress–
induced apoptosis protector salubrinal (5-10M), in the presence
or absence of ONX0912 (25-50-100nM). We found that Z-VADfmk did not totally overcome ONX0912-induced cytotoxicity
(supplemental Figure 1A, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). Similar
results were obtained in presence of salubrinal (supplemental
Figure 1B). We next tested the protective effect of Z-VAD and
salubrinal in ONX0912-treated cells and found that this combination does not completely rescue cells from ONX0912-induced cell
toxicity (supplemental Figure 1C), indicating that ONX0912
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triggers apoptosis also through other mechanisms different from
caspase activation or ER stress modulation.
We therefore sought to determine other mechanisms as regulators of ONX0912-induced cytotoxicity. We showed that ONX0912
treatment also triggered MKK7-induced c-Jun N-terminal kinase
(JNK) activation in WM cells, as shown by up-regulation of
phosphorylated MKK7 (p-MKK7) and p-JNK1/2 (Figure 3A). To
better define the role of JNK activity in mediating ONX0912induced WM cytotoxicity, WM cells were treated with ONX0912
in presence or absence of the JNK inhibitor SP600125. ONX0912
(25-50nM)–induced cytotoxicity was inhibited upon SP600125
treatment (Figure 3B), together with an inhibition of ONX0912dependent caspases-3, -8, and -9 and PARP cleavage (Figure 3C).
ONX0912 inhibits proliferation in WM and IgM-secreting
low-grade lymphoma cells

Figure 3. ONX0912-induced apoptosis is partially mediated by activation of
JNK. (A) BCWM.1 cells were cultured with ONX0912 (2.5-50nM) for 12 hours.
Whole-cell lysates were subjected to Western blotting using anti–p-MKK7, –p-SAP/
JNK, and -actin antibodies. (B) BCWM.1 cells were cultured with ONX0912 (20nM,
50nM) in presence or absence of the JNK inhibitor SP600125 (10M) and cytotoxicity
was assessed by MTT assay. (C) BCWM.1 cells were cultured with ONX0912 (20nM,
50nM), in presence or absence of SP600125 (10M) for 12 hours. Whole-cell lysates
were subjected to Western blotting using anti–p-SAPK/JNK, -PARP, –caspase-9,
–caspase-3, –caspase-8, and –␤-actin. In all panels, error bars represent SD.

Figure 4. ONX0912 exerts antiproliferative effects on
primary WM cells as well as on IgM-secreting lowgrade lymphoma cells. (A-B) DNA synthesis was measured by thymidine uptake assay in BCWM.1 (A) and
IgM-secreting cell lines, RL and MEC.1 (B), and treated
with ONX0912 (1-500nM) for 24, 48, and 72 hours (A) or
for 48 hours (B). (C) BCWM.1 cells were treated with
ONX0912 (10-50nM) for 24 hours, and cell-cycle profiling
was performed by propidium iodide staining and flow
cytometric analysis. (D) BCWM.1 cells were cultured with
ONX0912 (10-20-50nM) for 12 hours. Whole-cell lysates
were subjected to Western blotting using anti–cyclin D1,
–cyclin D2, –cyclin E, -p21waf1/cip1, -p27kip1, and –␤-actin.

We next examined the effect of ONX0912 on reducing WM cell
proliferation by targeting cell cycle profiling. WM and IgMsecreting cell lines were cultured for 24, 48, or 72 hours in the
presence of ONX0912 (1-500nM). ONX0912 inhibited BCWM.1
proliferation in a dose-dependent manner, as measured by [3H]thymidine uptake assay, with an IC50 of 37.5nM at 48 hours (Figure
4A). ONX0912 demonstrated similar activity on all cell lines
tested, with IC50 of 50nM at 48 hours (Figure 4B). The effect of
ONX0912 in modulating cell-cycle progression was evaluated
using propidium iodide staining and flow cytometric analysis in
WM cells cultured in absence or presence of ONX0912 (10,
20, 50nM). We found that ONX0912, in a dose-dependent manner,
induced G1 cell-cycle arrest and a concomitant reduction of cells in
S phase. Specifically, G1-phase cells increased from 51% in the
untreated setting to 53%, 60%, and 78% in those cells exposed to
ONX0912 10, 20, and 50nM, respectively. Similarly, S-phase cells
decreased from 35% in the control to 33%, 28%, and 14% in those
cells exposed to ONX0912 10, 20, and 50nM, respectively (Figure
4C). ONX0912-induced G1/S-phase transition arrest was supported
by the down-regulation of positive cell-cycle regulators, such as
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Figure 5. ONX0912 leads to inhibition of the canonical and noncanonical NF-B
pathway. (A) BCWM.1 cells were cultured with ONX0912 (0-100nM) for 4 hours, and
then TNF-␣ (10 ng/mL) was added for the last 20 minutes. NF-Bp65 transcription
factor binding to its consensus sequence on the plate-bound oligonucleotide was
studied from nuclear extracts. Wild-type and mutant are wild-type and mutated
consensus competitor oligonucleotides, respectively. All results represent means ⫾ SD
of triplicate experiments. (B) BCWM.1 cells were cultured with ONX0912 (0-100nM)
for 4 hours, and TNF-␣ (10 ng/mL) was added for the last 20 minutes. Nuclear
extracts were subjected to Western blotting using anti–p-NF-Bp65, -p65, -p105,
-p50, -p100, -p52, -RelB, and -nucleolin antibodies. (C) BCWM.1 cells were cultured
with ONX0912 (0-100nM) for 4 hours, and TNF-␣ (100 ng/mL) was added for the last
20 minutes. Cytoplasmic extracts were subjected to Western blotting using anti–
p-IB and -actin antibodies.

cyclin D1, cyclin D2, cyclin E, and by the up-regulation of negative
cell-cycle regulators, such as p21waf1/cip1 and p27kip1 (Figure 4D).
ONX0912 inhibits the canonical and noncanonical NF-B
pathways

NF-B pathway plays a pivotal role in regulating growth and
survival of plasma cell malignancies, and inhibition of NF-B
represents one of the mechanisms of action for proteasome
inhibitors.14 We therefore sought to investigate whether ONX0912
could target this pathway.
We first investigated the effect of ONX0912 on the p65NF-B
DNA binding activity, studying nuclear extracts from treated cells
using the Active Motif assay. We showed that TNF-␣ treatment
induced NF-B recruitment to the nucleus in BCWM.1 cells,
which was inhibited by ONX0912 in a dose-dependent manner
(Figure 5A). Moreover, immunoblotting from nuclear extracts
demonstrated that p65 phosphorylation and p50/p105NF-B expression were inhibited by ONX0912 (Figure 5B). We next examined
whether ONX0912 could target the noncanonical NF-B pathway.
Immunoblotting of nuclear extracts showed that ONX0912 inhibited the expression of p100/p52 and RelB, which are mostly
activated through the noncanonical pathway (Figure 5B).15 We next
investigated the role of ONX0912 on the expression of NF-B
negative regulator IB in the cytoplasmic compartment, and found
that ONX0912 up-regulated its expression (Figure 5C). Taken
together, these data demonstrate that ONX0912 regulates both
canonical and noncanonical pathways of NF-B in WM cells.
Effect of ONX0912 and bortezomib in inducing WM cell
cytotoxicity

ONX0912 exerts a different inhibitory profile on proteasome
activities compared with bortezomib.16 Previous reports indicate
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that bortezomib targets mainly the CT-L activity and to a lesser
degree the C-L activity,17 whereas ONX0912 affects mainly the
CT-L,16 but the effect of ONX0912 and bortezomib in inhibiting
the immunoproteasome and the constitutive proteasome activities
has not been evaluated. Moreover, previous reports demonstrate
synergism between different classes of proteasome inhibitors.17 We
therefore sought to determine the effect of ONX0912 and bortezomib, used either as single agents or in combination, in targeting
the CT-L activity of both constitutive proteasome and immunoproteasome. WM cells were treated with ONX0912 (10-20nM),
bortezomib (2.5-5nM), alone or combination, for 2 hours. ONX0912
showed a significant increase in inhibiting CT-L activity of both the
i20S (LMP7; Figure 6A) and the c20S (␤5; Figure 6B) when
combined with bortezomib in WM cells. Specifically, ONX0912
(10nM) induced inhibition of the LMP7 activity in 40% of the
treated cells, which was increased to 62% and 73% in the presence
of bortezomib at 2.5nM (combination index [CI], 0.870) and 5nM
(CI, 0.812), respectively, indicating additive effect (Figure 6A).
Similar effect was also observed using ONX0912 and bortezomib
in targeting the ␤5 activity (Figure 6B).
We next investigated whether the ONX0912/bortezomibdependent effect on targeting the CT-L activity could lead to
either additive or synergistic induction of cytotoxicity on WM
cells. BCWM.1 cells were cultured with ONX0912 (20-50nM)
for 48 hours, in the presence or absence of bortezomib (510nM). ONX0912 showed significant cytotoxic effects when
combined with bortezomib, as demonstrated using MTT assays
at 48 hours (Figure 6C). ONX0912 (20nM) induced cytotoxicity
in 15.4% of BCWM.1 cells, which was increased to 52.1% and
78.8% in the presence of bortezomib at 5nM (CI, 0.75) and
10nM (CI, 0.58), respectively, indicating additive and synergistic effect, respectively. Similar results were observed when
ONX0912 50nM was tested in presence of bortezomib 5nM and
10nM, with CIs of 0.91 and 0.32, respectively. Isobologram
analysis, fractions affected, and the combination indexes for
each of these combinations are summarized in Figure 6D. To
better define the mechanisms of combined ONX0912 plus
bortezomib-induced WM cytotoxicity, we investigated the effect
of ONX0912 (20-50nM), either alone or in combination with
bortezomib 10nM, using immunoblotting after 12 hours of
treatment. Interestingly, we demonstrated that PARP and
caspase-9, -3, and -8 cleavage were significantly higher using
the combination compared with each agent alone (Figure 6E).
Finally, we sought to investigate whether the combination of the
2 proteasome inhibitors would lead to synergistic modulation of
NF-B pathway. We first investigated the effect of ONX0912,
either alone or in combination with bortezomib, on the NF-Bp65
DNA binding activity, studying nuclear extracts from treated cells
using the Active Motif assay. We showed that TNF-␣ treatment
induced NF-B recruitment to the nucleus in BCWM.1 cells,
which was inhibited to a greater extent by ONX0912 than
bortezomib, and more significantly by the combination of the
2 proteasome inhibitors (Figure 6F). Moreover, immunoblotting
from nuclear extracts demonstrated that p65 phosphorylation was
inhibited by ONX0912, either alone or in combination with
bortezomib, more than by bortezomib as single agent (Figure 6G).
Next, proteins isolated from the cytoplasmic compartment were
examined, and we found that the NF-B inhibitory protein IB was
more significantly increased upon ONX0912 plus bortezomib than
single-agent exposure (Figure 6G).
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Figure 6. Mechanisms whereby ONX0912/bortezomib combination enhances WM cell cytotoxicity. (A-B) BCWM.1 cells were treated with ONX0912 (10nM, 20nM) in
presence or absence of bortezomib (2.5nM, 5nM) for 2 hours, and effects on chymotrypsin-like activity (CT-L) of the immunoproteasome (LMP7; A) and constitutive
proteasome (␤5; B) were evaluated by ELISA on protein lysates. Proteasome activity is expressed as fold of control (untreated cells). CalcuSyn software was used to determine
presence or absence of synergism between ONX0912 and bortezomib in targeting the CT-L enzymatic activities. Combination indices (CIs) and fractions affected (FAs) of the
combination of ONX0912 and bortezomib and isobolograms are shown below each panel. All experiments were repeated in triplicate. (C) BCWM.1 cells were cultured with
ONX0912 (20nM, 50nM) for 48 hours, in the presence or absence of bortezomib (5nM, 10nM). Cytotoxicity was assessed by MTT assay. (D) Representative isobologram of
ONX0912 and bortezomib, with the CalcuSyn software demonstrating synergy for the combination. Combination indices (CIs) and fractions affected (FAs) of the combinations
of ONX0912 and bortezomib are shown. All experiments were repeated in triplicate. (E) BCWM.1 cells were cultured with ONX0912 (20nM, 50nM) in the presence or absence
of bortezomib (10nM) for 12 hours. Whole-cell lysates were subjected to Western blotting using anti-PARP, –caspase-9, –caspase-3, –caspase-8, and –␤-actin antibodies.
(F) BCWM.1 cells were cultured with either ONX0912 (20nM), bortezomib (10nM), or the combination for 4 hours, and then TNF-␣ (10 ng/mL) was added for the last
20 minutes. NF-Bp65 transcription factor binding to its consensus sequence on the plate-bound oligonucleotide was studied from nuclear extracts. Wild-type and mutant are
wild-type and mutated consensus competitor oligonucleotides, respectively. All results represent means ⫾ SD of triplicate experiments. (G) BCWM.1 cells were cultured with
either ONX0912 (20nM), bortezomib (10nM), or the combination for 4 hours, and TNF-␣ (10 ng/mL) was added for the last 20 minutes. Cytoplasmic and nuclear extracts were
subjected to Western blotting using anti–p-NF-Bp65, –NF-Bp100, -nucleolin, –p-IB, and –␣-tubulin antibodies.

ONX0912 targets WM cells in the context of bone marrow milieu

Because the BM microenvironment confers growth and induces
drug resistance in malignant cells,18 we investigated whether
ONX0912 inhibits WM cell growth in the context of the BM
milieu. BCWM.1 cells were cultured with ONX0912 (2.5-50nM)
in the presence or absence of BMSCs for 48 hours. The viability of
BMSCs assessed by MTT was not affected by ONX0912 treatment
(data not shown). Using [3H]-thymidine uptake assay, adherence of
BCWM.1 cells to BMSCs triggered a 37% increase in proliferation, which was inhibited by ONX0912 in a dose-dependent
manner (Figure 7A).
The phosphoinositide-3 kinase (PI3K)/Akt pathway is implicated in promoting growth and survival of tumor B cells,
including WM.19,20 We therefore examined the effect of ONX0912
on Akt activation in WM cells. Previous reports have demonstrated that bortezomib induced up-regulation of p-Akt in MM
and WM cells10,21; similarly, ONX0912 up-regulated p-Akt and
p-ERK in treated cells (data not shown). Recent reports have
indicated that inhibition of the chymotrypsin-like activity of the
immunoproteasome (LMP7) inhibits cytokine release.22 We
therefore tested the activity of ONX0912 in modulating p-Akt
and p-ERK signaling pathways in WM cells in the context of
BM milieu, by determining the effect of ONX0912 in IL-6 and
IGF-1 secretion from primary BMSCs and found that ONX0912
reduced secretion of both IL-6 and IGF-1 from the BM milieu in
a dose-dependent manner (Figure 7B-C). Because IL-6 and

IGF-1 are known to induce Akt and ERK phosphorylation,23 we
next investigated whether ONX0912 could target p-Akt and
p-ERK in WM cells in the context of BM microenvironment, as
a result of ONX0912-reduced IL-6 and IGF-1 secretion from the
BM milieu. BCWM.1 were treated with increasing doses of
ONX0912 (2.5-50nM) for 6 hours, in presence or absence of
primary BMSCs. The adherence of BCWM.1 to BMSCs,
however, induced Akt and ERK phosphorylation in BCWM.1
cells, which was inhibited by ONX0912 in a dose-dependent
manner (Figure 7D). These data indicate that ONX0912 may
trigger significant antitumor activity against WM cells, even in
the presence of the BM milieu.
We next measured the efficacy of ONX0912 in inhibiting IL-6
and IGF-1 secretion from primary WM BMSCs, using neutralizing
IL-6 and IGF-1 antibodies as controls. We demonstrated that
ONX0912-induced inhibition of IL-6 and IGF-1 in BMSCconditioned medium was comparable with the effect obtained
using anti–IL-6– and anti–IGF-1–neutralizing antibodies (Figure
7E-F). We next sought to test the efficacy of ONX0912 in
overcoming BMSC-induced growth, compared with the effect
obtained upon anti–IL-6– and anti–IGF-1–neutralizing antibodies,
and found that ONX0912 inhibited BMSC-induced WM cell
growth as effectively as using anti–IL-6– and anti–IGF-1–
neutralizing antibodies (Figure 7G), suggesting that ONX0912
may trigger significant antitumor activity against WM cells in the
presence of the BM milieu due to its inhibitory effect on IL-6 and
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Figure 7. Adherence to primary BMSCs does not
protect against ONX0912-induced cytotoxicity.
(A) BCWM.1 cells were cultured with control media and
with ONX0912 (2.5-100nM), for 48 hours, in the presence
or absence of BMSCs. Cell proliferation was assessed
using [3H]-thymidine uptake assay. All data represent
mean (⫾ SD) of triplicate experiments. (B-C) Primary
WM bone marrow stromal cells were cultured with increasing doses of ONX0912 (10-100nM) for 8 hours. Conditioned media were collected and IL-6 (B) and IGF-1 (C)
concentrations were measured by IL-6 (A) and IGF-1 (C)
ELISA assays. (D) BCWM.1 cells were cultured with
control media or ONX0912 (10-100nM) for 8 hours in
presence or absence of primary BMSCs. Whole-cell
lysates from WM cells were subjected to Western blotting
using anti–p-AKT, -AKT, –p-ERK, -ERK, and –␣-tubulin
antibodies. (E-F) Primary WM bone marrow stromal cells
were cultured with ONX0912 (20-50nM), neutralizing
antibody anti–IL-6 (anti–IL-6: 0.15g/mL), and neutralizing antibody anti–IGF-1 (anti–IGF-1: 5 g/mL) for 8 hours.
Conditioned media were collected; IL-6 (E) and IGF-1 (F)
concentrations were measured by IL-6 (E) and IGF-1 (F)
ELISA assays. (G) BCWM.1 cells and primary WM
BMSCs were cultured either alone or in a coculture
system, in presence of primary WM BMSCs, with
ONX0912 (20-50nM) and anti–IL-6 (0.15 g/mL), anti–
IGF-1 (5 g/mL), or exogenous recombinant IL6 (25 ng/
mL) or IGF1 (25 ng/mL) for 48 hours. Cell proliferation
was assessed using [3H]-thymidine uptake assay. All
data represent mean ⫾ SD of triplicate experiment.

IGF-1 secretion from the BM microenvironment. Moreover, addition of exogenous IL-6 and IGF-1 partially blocked ONX0912depenent cell growth inhibition (Figure 7G). Absence of anti–IL-6–
and anti–IGF-1–induced cytotoxicity on BMSCs was observed
(data not shown).

Discussion
WM is characterized by the presence of lymphoplasmacytic cells in
the bone marrow (BM) and the secretion of IgM monoclonal
protein in the serum, indicating that WM cells present a high
protein turnover.24,25 Protein metabolism is a tightly regulated
process, and inhibition of its turnover may lead to apoptosis in
malignant cells, such as with proteasome inhibitors.2,26
One of the most extensively studied proteasome inhibitors is
bortezomib (Millennium Inc). Bortezomib reversibly inhibits the
ubiquitin-26S proteasome pathway, which regulates the turnover of
a vast number of intracellular proteins, and has become an exciting
target in a variety of malignancies, most notably multiple myeloma.27 The proper functioning of this system is crucial for cell
cycle regulation, gene transcription, and signal transduction. Based
on its activity in multiple myeloma, single-agent bortezomib was
tested in WM in phase 2 trials and achieved 40% to 80%
responses.28

Nevertheless, a significant number of patients develop resistance to therapy or have neurologic toxicity due to its inhibition of
nonproteasome targets28; therefore, preclinical evaluation of new
proteasome inhibitors is needed to improve patient outcome.
Subsequently, a new irreversible, parenterally administered, peptide epoxyketone proteasome inhibitor, carfilzomib, has been
developed. Its antitumor activity has been demonstrated in vitro in
MM,29 and it has shown promising activity in a phase 2 clinical trial
in patients with relapsed refractory MM.30 Recently, ONX0912, a
new orally bioavailable analog of carfilzomib with a selective
inhibitory effect of the CT-L activity of both immunoproteasome
and constitutive proteasome, has been developed to improve
dosing flexibility and patient convenience over intravenously
administered agents.16 Importantly, it has been recently demonstrated that a selective and specific dual inhibition of the CT-L
activity of the i20S (LMP7) and c20S (␤5) represents a sufficient
and successful strategy to induce antineoplastic effect in hematologic tumors, as shown by using carfilzomib in T-cell leukemia,
Burkitt lymphoma, and multiple myeloma, without causing cytotoxicity in nontransformed cells.8 In contrast, inhibition of all the
proteasome enzymatic activities induces cytotoxicity in nontransformed cells, which may be responsible for a significant induction
of peripheral neuropathy as well as of any other toxicity. Therefore
new proteasome inhibitors with a selected CT-L inhibitory activity,
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such as ONX0912, have been developed.16 Preclinical pharmacology and in vitro characterization of ONX0912 have demonstrated a
favorable toxicologic profile and an irreversible dose-dependent
inhibition of the CT-L activity of the 20S and 20Si, with more than
80% proteasome inhibition in most tissues upon ONX0912 doses
4- to 10-fold below the maximum tolerated dose.16
In the present studies, we first characterized the distribution of
the i20S and c20S subunits in WM primary cells and in their
normal cellular counterpart; primary cells express a significantly
higher level of i20S subunits compared with c20S, and expression
level of i20S and c20S components is significantly higher than in
normal cells. We next evaluated for the first time the antitumor
activity of ONX0912 in WM; it inhibits the CT-L activity of both
i20S (LMP7) and c20S (␤5), which are both significantly higher in
WM cells compared with normal cells, and resulted in inhibition of
proliferation and induction of cytotoxicity in WM cells by inhibiting cell-cycle progression and inducing apoptosis in a caspasedependent and -independent manner, as evidenced by activation of
c-Jun N-terminal kinase, inhibition of NF-B, and initiation of the
unfolded protein response. Unfolded protein response (UPR)
represents an adaptive mechanism that cells adopt under physiologic conditions, which leads to accumulation and activation of
misfolded proteins in the endoplasmic reticulum (ER), thus resulting in cell survival.11 In contrast, prolonged ER stress, as occurs
with proteasome inhibition,31,32 may override the prosurvival
mechanisms of the initiated UPR, leading to apoptosis. In the
present study, we found that ONX0912 induced down-modulation
of BiP and PDI, leading to reduced cell survival and induction of
apoptosis in the treated cells; however, longer exposure could exert
a protective effect in treated cells. This could potentially represent a
mechanism of resistance to ONX0912 treatment; nevertheless, we
observed that ONX0912 induced up-regulation of p-eIF2␣ even at
a late time point. This could possibly represent a way of survival in
these cells due to attenuation of p-eIF2␣, as recently reported.33
It has been previously reported that bortezomib-induced proteasome inhibition results in up-regulation of AKT phosphorylation.10,21 Importantly, we found that ONX0912 inhibited bone
marrow stromal cell–induced phosphorylation of AKT and ERK in
WM cells, indicating that ONX0912 may trigger significant
antitumor activity against WM cells, even in the presence of the
BM milieu, by reducing the BM paracrine growth of WM cells.
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Because we observed that ONX0912 does not target p-Akt and
p-ERK in WM cells in the absence of bone marrow stromal cells,
we hypothesize that the efficacy of ONX0912 in reducing BMSCinduced up-regulation of Akt and ERK signaling cascades in WM
cells may result from the inhibition of BMSC-derived cytokines
such as IL-6 and IGF-1, which are known to be activators of both
PI3K/Akt and MAPK/ERK signaling pathways.22
These preclinical findings demonstrate that ONX0912 targets
WM cells, due to its anti–CT-L activity of both immunoproteasome
and constitutive proteasome, providing the framework for testing
this novel irreversible CT-L inhibitor in this disease.
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