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Carfilzomib is a proteasome inhibitor in
clinical development that primarily targets the chymotrypsin-like (CT-L) subunits in both the constitutive proteasome
(c20S) and the immunoproteasome (i20S).
To investigate the impact of inhibiting the
CT-L activity with carfilzomib, we set out
to quantitate the levels of CT-L subunits
␤5 from the c20S and LMP7 from the i20S
in normal and malignant hematopoietic
cells. We found that the i20S is a major
form of the proteasome expressed in cells
of hematopoietic origin, including mul-

tiple myeloma (MM) CD138ⴙ tumor cells.
Although specific inhibition of either
LMP7 or ␤5 alone was insufficient to
produce an antitumor response, inhibition of all proteasome subunits was cytotoxic to both hematologic tumor cells and
peripheral blood mononuclear cells. However, selective inhibition of both ␤5 and
LMP7 was sufficient to induce an antitumor effect in MM, non-Hodgkin lymphoma, and leukemia cells while minimizing the toxicity toward nontransformed
cells. In MM tumor cells, CT-L inhibition

alone was sufficient to induce proapoptotic sequelae, including proteasome substrate accumulation, Noxa and caspase
3/7 induction, and phospho-eIF2␣ suppression. These data support a hypothesis that hematologic tumor cells are
uniquely sensitive to CT-L inhibition and
provide a mechanistic understanding of
the clinical safety profile and antitumor
activity of proteasome inhibitors. (Blood.
2009;114:3439-3447)

Introduction
The proteasome is a multicatalytic protein complex that is responsible for the turnover of cytosolic and nuclear proteins.1 There are
2 forms of the proteasome: the ubiquitously expressed c20S and the
i20S, predominantly found in hematopoietic cells and cells that
have been exposed to inflammatory cytokines.2-4 The catalytic
activities of the c20S proteasome, chymotrypsin-like (CT-L),
caspase-like (C-L), and trypsin-like (T-L), are encoded by separate
polypeptides, ␤5, ␤1, and ␤2, respectively. These subunits are
replaced by LMP7, LMP2, and MECL1, respectively, in the i20S.
The proteasome is responsible for the degradation of long-lived
proteins that are turned over, resulting from protein “wear and
tear,” such as oxidation, proteolysis, and deamination.1 The proteasome also plays a regulatory role in cell proliferation by destroying
proteins that trigger endoplasmic reticulum (ER) stress (eg, misfolded and partially assembled proteins), cell-cycle progression
(eg, cyclins), cell-signaling (eg, nuclear factor-B [NF-B]),
apoptosis (eg, Noxa), and cell survival (eg, Bcl2/Bax) pathways.5-7
The success of the proteasome inhibitor (PI) bortezomib in the
treatment of multiple myeloma (MM)8 and mantle cell lymphoma9
has supported the clinical development of at least 3 secondgeneration PIs10: carfilzomib, NPI-0052, and CEP-18770. Given
the central role of the proteasome in cellular homoeostasis, it is
unclear why PI treatment results in selective tumor cell death and a
therapeutic window in B-cell malignancy therapy. Specific interventions in MM and mantle cell lymphoma with PI treatment regimens
probably requires accurate and specific modulation of proteasome
activity to take advantage of the dependence of the tumor cell on

proteasome function without causing cytotoxicity in nontransformed cells.11
Protein labeling experiments have revealed that selective inhibition of the proteasome CT-L activity leads to a minor effect on total
cellular protein turnover.12 Bortezomib and the second-generation
inhibitors currently undergoing clinical investigation have all
shown potent inhibition of CT-L activity as a shared property.
However, these PIs differ in their inhibition profile for non–CT-L
subunits. Bortezomib and CEP-18770 are potent inhibitors of the
C-L subunits, whereas NPI-0052 is a potent inhibitor of the T-L
subunits.10 On the other hand, carfilzomib demonstrates the largest
selectivity for the CT-L activity.13,14 The impact of selective
inhibition of C-L and T-L activities remains to be elucidated.
We set out to test the following question: Is inhibition of the
CT-L activity of the proteasome sufficient to produce an antitumor
response in hematologic tumor cells without causing a cytotoxic
effect in nontransformed cells? We found that, in contrast to
nontransformed leukocytes, hematologically derived tumor cells
express both the c20S and i20S. Carfilzomib, at a dose that
selectively inhibits both CT-L active sites ␤5 and LMP7, induced
an antitumor response in MM, non-Hodgkin lymphoma (NHL),
and leukemia cells with minimal cytotoxic effects in nontransformed cells. Specific chemical inhibitors of the CT-L subunits ␤5
or LMP7 had no antitumor effect, but combining both inhibitors
produced an antitumor effect equivalent to carfilzomib. Importantly, inhibition of all proteasome subunits had a profound
cytotoxic effect on nontransformed cells.
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Statistical analysis

Methods
Compounds
The proteasome active site probe (PABP),15 carfilzomib,15 constitutive
proteasome-selective inhibitor (CPSI),16 and immunoproteasome-selective
inhibitor (IPSI)17 synthesis has been described elsewhere. Brefeldin A,
thapsigargin, and tunicamycin were purchased from Enzo Life Sciences.
ProCISE assay protocol
The ProCISE (proteasome constitutive/immunoproteasome subunit enzymelinked immunosorbent) assay involves the following steps: (1) incubation
of PABP with activated 20S, (2) denaturation with 6 M guanidine hydrochloride, (3) addition of streptavidin-coated beads, (4) extensive bead washing,
(5) addition of proteasome subunit-specific primary antibody followed by a
secondary horseradish peroxidase (HRP)–conjugated antibody, and (6) luminescence-based detection. (An extended “Methods” section can be found
in the supplemental data, available on the Blood website; see the Supplemental Materials link at the top of the online article.)
Primary cells and tumor cell lines
Tumor cell lines were purchased from ATCC and were cultured in media
recommended by the supplier. MM1.S cells were obtained from Steven
Rosen’s laboratory at Northwestern University. CD138⫹ cells and peripheral blood mononuclear cells (PBMCs) were purchased from Allcells. The
purity of CD138⫹ cells was greater than 90% as determined by the supplier.
HS-Sultan-GFPu cell lines were generated by transfecting the GFPu
plasmid (ATCC), and cells were selected in media containing G418
(Invitrogen). Cells were grown to 70% confluence, and the green fluorescent protein (GFP) expression in the population was verified by flow
cytometry after treatment with 1 M carfilzomib.
Identification of active shRNAs against ␤5
Candidate shRNAs were screened for silencing activity by retroviral
infection into HS-Sultan cells carrying a retroviral RNAi-reporter construct.
(See the extended “Methods” section in the supplemental data.)
Cell viability, apoptosis assay, and flow cytometry
Drug treatment was performed as previously described.13 Briefly, cells were
exposed to compound (see figure legends for description) for a 1-hour
period followed by 3 washes in media (RPMI 1640 plus 5% fetal bovine
serum) and incubated for an additional 0.5, 1, 2, 3, 4, 5, 6, 8, and 24 hours.
Cell viability was assayed with Cell Titer Glo reagent at 24 hours
(Promega). Apoptosis was determined by caspase 3/caspase 7 induction
using caspase 3/caspase 7 Glo (Promega) at 5 or 8 hours after washout. In
flow cytometry experiments to monitor GFP accumulation, cells were
treated with compound and 10 000 events were collected using a Becton
Dickinson flow cytometer (BD Biosciences). For each time point, a gate
that captured 99% of untreated cells was set, and compound-treated cells
that lay outside the gate were counted as GFP-expressing using the
CellQuest software.
Western blot analysis
Cells were treated as described in “Cell viability, apoptosis assay, and flow
cytometry,” and lysates were prepared as previously described.13 Clarified
lysates (10 g) were electrophoresed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed
with anti-ubiquitin (BIOMOL Research Laboratories), anti-NOXA (Calbiochem), anti-IB␣ (Cell Signaling Technologies), anti-GADD153 (Santa
Cruz Biotechnology), anti–phosphoS51-eIF2␣ (ABcam), anti-eIF2␣ (Abcam), and anti-actin (Cell Signaling Technologies). After incubation with
the appropriate HRP-linked secondary antibodies (Jackson Immunoresearch Laboratories), bands were detected by Super Signal Chemiluminescent Substrate (Thermo).

For comparisons of treatment groups, 1-way and 2-way analysis of variance
with Bonferroni post-hoc analysis were used. All statistical analyses were
performed using GraphPad Prism Software (Version 4.01). Statistical
significance was achieved when P was less than .05.

Results
ProCISE

To uncover the role of specific proteasome subunits on antitumor
activity, we first determined the abundance of both forms of CT-L
subunits, ␤5 and LMP7, as well as C-L and T-L subunits in relevant
cell types. This was accomplished using the ProCISE assay (Figure
1A), an enzyme-linked immunosorbent assay-based method that
allows for the accurate quantitation of each proteasome active-site
subunit in a cell homogenate. The precision of the ProCISE assay
was measured using standard curves of the c20S or i20S (Figure
1B). A variable slope 4 parameter model predicted the relationship
between luminescence signal and proteasome concentrations for
each active site subunit. The relative error of each point on the c20S
and i20S standard curve was calculated (data not shown) and used
to calculate the upper and lower limits of quantitation, ULOQ and
LLOQ, respectively (Table 1). Next, we empirically determined the
optimal concentration of MM1.S and HS-Sultan lysate for use in
the ProCISE assay by quantifying c20S and i20S subunits using the
standard curves described in Figure 1. When cell lysates were
assayed at 2 mg/mL, the level of proteasome active site subunits
could be accurately quantitated between 100% and 6.5% activity
(for ␤2, 100%-25% activity is quantifiable; Table 1). For each
subunit, the dynamic window and interday coefficient of variation
(Table 1) are within acceptable parameters.18
Quantitation of the CT-L subunits, ␤5 and LMP7, in
hematopoietic cells

The levels of ␤5 and LMP7 in primary CD138⫹ bone marrow cells
from 3 MM patients and 2 normal volunteers as well as PBMCs
from healthy volunteers were quantitated (Table 2). In CD138⫹
cells, the total amount of proteasome per total protein varied
(0.2-2.4 ng/g total protein) and was consistently lower compared
with proteasome levels in PBMCs (7.6 ng/g protein). LMP7 was
the predominant form of the CT-L-like subunit expressed in both
normal (85%-89%) and malignant (60%-80%) CD138⫹ cells as
well as PBMCs from healthy volunteers (97%). Next, we extended
our studies to include cell lines derived from hematopoietic and
solid tumors. In hematopoietically derived cell lines, the i20S
represents a major form of the proteasome, constituting 37% to
69% of the total proteasome pool in the cell lines tested (Table 3).
Interestingly, solid tumor HT-29 cells (colon adenocarcinoma) and
A549 cells (lung carcinoma) express relatively low amounts of
i20S (18% and 6%, respectively). This analysis confirms that the
i20S is a major constituent of the total proteasome pool in cells of
hematopoietic origin, including MM (primary CD138⫹, MM1.S,
and RPMI-8226), plasmocytoid lymphoma-type (Arh77), T-cell
lymphoma (Molt-4), and NHL (HS-Sultan) cells. We also profiled
cells for levels of the C-L subunits ␤1 and LMP2 and the T-L
subunits ␤2 and MECL1. We consistently observed that hematopoietically derived cells express lower levels of MECL1 (15%-76%)
and LMP2 (22%-84%) relative to LMP7 (37%-94%; Table 3,
supplemental Table 1). These data are consistent with previous
reports that describe mixed proteasome populations in cells (ie,
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LMP7-LMP2-␤2 or LMP7-␤1-MECL1 or LMP7-␤1-␤2).19,20 To
our knowledge, this is the first report of a quantitative measure of
all 6 proteasome catalytic subunits in tumor cells. In sum,
hematologically derived tumor cells express significant amounts of
both the ␤5 and LMP7 subunits, and the activity of both subunits
must be monitored to ensure complete CT-L subunit inhibition.
Selective inhibition of CT-L activity
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Figure 1. ProCISE assay schematic and 20S standard curves. (A) Schematic
representation of an artificial hybrid constitutive proteasome and immunoproteasome
followed by chemiluminescence detection of LMP7 by the ProCISE. The chemical
structure of the proteasome active site probe, PABP, is shown. (B) c20S (F) and i20S
(E) standard curves (0.23-25 g/mL) were prepared by probing with anti-20S subunit
primary antibodies followed by HRP-coupled secondary antibodies and by chemiluminescence detection. The c20S standard curve is used to quantitate the ␤5, ␤1, and
␤2 subunits, whereas the i20S standard curve is used to quantitate the LMP7, LMP2,
and MECL1 subunits. Each panel shows the relationship between luminescence
intensity and c20S or i20S concentration for each individual 20S subunit.

We used the ProCISE assay to titrate the amount of carfilzomib
(Figure 2A) required to selectively inhibit the CT-L subunits and
not the C-L nor T-L subunits (Figure 3). A 20 nM dose of
carfilzomib was found to inhibit ␤5 and LMP7 by 93% and 70%,
respectively, with minimal effects on the other subunits (Figure 3).
Because carfilzomib strongly inhibits both ␤5 and LMP7, we
generated subunit selective compounds to determine the effect of
individual CT-L subunit inhibition in hematopoietic tumor cells.
Through a medicinal chemistry effort to discover carfilzomib
analogs that preferentially target ␤5 or LMP7, we discovered an
IPSI (Figure 2B) with 130-fold selectively for LMP7 compared
with ␤5. IPSI shows weak activity toward LMP2 and no detectable
activity toward ␤1, ␤2, or MECL1 (Table 4). A CPSI (Figure 2C)
was discovered in a similar effort to identify orally bioavailable
analogs of carfilzomib16 and demonstrated a 21-fold and 13-fold
selectivity for ␤5 over LMP7 and LMP2 subunits, respectively
(Table 4). CPSI shows weak inhibition of the ␤1, ␤2, and MECL1
subunits (Table 4). Doses of CPSI and IPSI were identified that
primarily inhibit ␤5 and LMP7, respectively (Figure 3).
Inhibition of the CT-L subunits leads to an antitumor effect

Because ketoepoxide-based proteasome inhibitors exhibit timedependent inhibition,13 we performed all of our biologic assays
using a 1-hour pulsatile exposure of carfilzomib, IPSI, and CPSI.
After treatment, metabolic activity (ie, adenosine triphosphate
concentration) was assayed at 24 hours as a surrogate marker for
cell viability.21 We observed that inhibition of all 6 proteasome
active-site subunits with 10 M carfilzomib (termed panproteasome inhibition; Figure 3) had a profound antitumor effect in
MM1.S, HS-Sultan, and Molt-4 cells (Figure 4A). However,
pan-proteasome inhibition displayed an equally pronounced cytotoxic effect on nontransformed cells (80% cell death), suggesting
that cell death was not tumor selective. On the other hand,
inhibition of either the ␤5 or LMP7 subunit by CPSI or IPSI
treatment did not affect viability of either tumor cells or PBMCs.
Subsequently, we examined the antitumor activity of selective
inhibition of both CT-L subunits ␤5 and LMP7. This was accomplished with either a dose of 20 nM carfilzomib or the combination
of CPSI and ISPI. Dual inhibition of ␤5 and LMP7 led to a

Table 1. ProCISE assay parameters
␤5
ULOQ,* g/mL (20S)
LLOQ, g/mL (20S)
Dynamic window† (20S)
% CV,‡ MM1.S
Quantitative range,§ MM1.S

25

␤1
25

␤2
25

LMP7

LMP2

25

25

MECL1
25

0.23

0.49

1.88

0.23

0.42

0.24

⬃ 100 times

⬃ 50 times

⬃ 13 times

⬃ 100 times

⬃ 60 times

⬃ 100 times

9.8

7.8

11.2

14.0

13.3

11.9

100% to 6.5%

100% to 6.5%

100% to 25%

100% to 6.5%

100% to 6.5%

100% to 6.5%

ULOQ indicates upper limit of quantitation; and LLOQ, lower limit of quantitation.
*Defined as points of the standard curve for which the 2-sided 95% confidence intervals are within ⫾ 25% of nominal %RE.
†Defined as the ratio of ULOQ to LLOQ.
‡Interday coefficient of variation for 1 mg/mL cell lysate from 4 independent experiments.
§Refers to range of subunit activity that can be quantitatively measured.
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Table 2. Quantitation of c20S subunit ␤5 and i20S subunit LMP7 content in CD138ⴙ cells and PBMCs
Proteasome subunit
Cell type

Disease state

␤5 containing 20S, ng/g protein
(% total 20S)

LMP7containing 20S, ng/g protein
(% total 20S)

Total 20S, ng/g protein

CD138⫹

Healthy volunteer

0.33 ⫾ 0.04 (21% ⫾ 2%)

1.23 ⫾ 0.03 (79% ⫾ 2%)

1.56 ⫾ 0.07

CD138⫹

Healthy volunteer

0.17 ⫾ 0.05 (28% ⫾ 5%)

0.43 ⫾ 0.03 (72% ⫾ 5%)

0.59 ⫾ 0.08

CD138⫹

MM refractory

0.91 ⫾ 0.05 (40% ⫾ 1%)

1.34 ⫾ 0.01 (60% ⫾ 1%)

2.25 ⫾ 0.06

CD138⫹

MM newly diagnosed

0.03 ⫾ 0.03 (11% ⫾ 11%)

0.19 ⫾ 0.01 (89% ⫾ 14%)

0.21 ⫾ 0.04

CD138⫹

MM newly diagnosed

0.06 ⫾ 0.02 (15% ⫾ 4%)

0.31 ⫾ 0.00 (85% ⫾ 4%)

0.37 ⫾ 0.02

PBMC*

Healthy volunteer

0.3 ⫾ 0.02 (3% ⫾ 0.2%)

7.3 ⫾ 0.6 (97% ⫾ 0.2%)

7.6 ⫾ 0.6

PBMC indicates peripheral blood mononuclear cell.
*PBMC donor is a separate person from CD138⫹ volunteers.

moderate, but statistically meaningful, antitumor effect (⬃ 20%
cell death) in HS-Sultan and Molt-4 cells. However, CT-L inhibition in MM1.S cells resulted in a profound antitumor response
(⬃ 70% cell death). Carfilzomib (20 nM) and combined treatment
with CPSI and IPSI had minimal effects on PBMCs. Inhibition of
both ␤5 and LMP7 resulted in activation of caspase 3 and caspase 7
in tumor cells, whereas inhibition of either ␤5 or LMP7 alone
produced no effect (Figure 4B). Consistent with the cell viability
findings, caspase 3/caspase 7 activation after CT-L inhibition was
greater in MM1.S cells (17-fold) than in Molt-4 or HS-Sultan cells
(4.0- and 4.6-fold, respectively). These data suggest that in
hematologic tumor cells, inhibition of both CT-L subunits is
required to induce cell death.
To confirm these results, we generated shRNA-expressing
retroviral vectors to knockdown proteasome subunit expression in
tumor cells. A ␤5-targeting shRNA vector was transduced into
HS-Sultan cells generating the ⌬␤5 HS-Sultan cell line. In the ⌬␤5
HS-Sultan cells, ␤5 represents 6.5% of total CT-L-like activity
compared with 31% in the parental line (Table 3; Figure 5A). We
observed a pronounced antitumor effect (Figure 5B, ⬃ 50% cell
death) with IPSI treatment of the ⌬␤5 HS-Sultan cells. To verify
that the ⌬␤5 HS-Sultan cells are not more sensitive to proteasome
inhibition than the parental cell line, we exposed both cell lines to
increasing doses of carfilzomib and observed that both parental and
⌬␤5 HS-Sultan cells were similarly sensitive (Figure 5C). We were
unable to generate vectors capable of mediating significant reduction of LMP7 expression to do the complementary experiment with
CPSI (data not shown). Taken together, these data support the
hypothesis that inhibition of cellular CT-L activity (␤5 and LMP7)
is sufficient to kill hematologic tumor cells, in particular MM cells,
with minimal effects to normal leukocytes.
Kinetics of proteasome substrate accumulation

The onset, rate, or extent of proteasome substrate accumulation
when treating cells with CT-L-selective versus pan-proteasome
inhibitors may be responsible for the difference in the observed

antitumor effects. To explore this possibility, we transfected the
HS-Sultan cell line with the fluorescent reporter construct (GFPu)
that codes for GFP fused to the proteasome degradation signal CL1.
We measured the kinetics of GFPu accumulation up to 6 hour after
a 1-hour pulsatile exposure to PIs. Monitoring cells past 6 hours
was not performed because HS-Sultan cells fully activate the
apoptosis pathway by this time point (Figure 4B). In the absence of
proteasome inhibition, the GFPu protein is rapidly degraded by the
proteasome, and no fluorescence is detected in cells (Figure 6,
dimtheyl sulfoxide [DMSO]). Inhibition of either ␤5 or LMP7
alone with CPSI or IPSI treatment, respectively, had no effect on
GFPu accumulation (Figure 6, IPSI, CPSI). In the presence of
pan-proteasome inhibition (10 M carfilzomib), GFPu accumulation was observed as quickly as 30 minutes after treatment and
plateaued by 3 hours (Figure 6). Compared with pan-proteasome
inhibition, selective CT-L subunit inhibition resulted in a 90-minute
delay in the onset of GFPu accumulation. With CT-L subunit
inhibition, a slower rate of GFPu accumulation (38%-49%) and a
lower total accumulation of GFPu (53%-73%) compared with
pan-proteasome inhibition was observed (Figure 6). These data
suggest that selective inhibition of CT-L subunits results in
proteasome substrate accumulation in the majority of tumor cells
preceding the onset of apoptotic pathway activation.
Mechanism of action for selective chymotrypsin-like inhibition

We then explored the molecular sequelae that occur in MM1.S and
HS-Sultan cells on selective proteasome subunit inhibition. At
various times after pulsatile exposure, cell lysates were prepared
and probed with antibodies recognizing polyubiquitin, IkB␣,
CHOP (CIEBP homologous protein), eIF2␣, phospho-eIF2␣, and
Noxa. Consistent with experiments with GFPu, a 2-fold increase in
the accumulation of polyubiquitin chains was observed when both
␤5 and LMP7 were inhibited in MM1.S (Figure 7A-B) and
HS-Sultan cells (data not shown). In MM1.S (Figure 7A-B) and
HS-Sultan cells (data not shown), inhibition of either ␤5 or LMP7
alone did not lead to measurable accumulation of polyubiquitin

Table 3. Quantitation of the c20S subunit ␤5 and the i20S subunit LMP7 in tumor cells
Proteasome subunit
Cell line

Cell type

␤5 containing 20S, ng/g protein
(% total 20S)

LMP7containing 20S, ng/g protein
(% total 20S)

Total 20S, ng/g protein

MM1.S

Multiple myeloma

3.9 ⫾ 0.5 (57% ⫾ 5%)

2.9 ⫾ 0.2 (45% ⫾ 5%)

6.8 ⫾ 0.4

RPMI-8226

Multiple myeloma

4.0 ⫾ 0.5 (63% ⫾ 2%)

2.4 ⫾ 0.2 (37% ⫾ 2%)

6.4 ⫾ 0.7

Arh77

Plasmacytoid lymphoma-type

4.0 ⫾ 0.2 (54% ⫾ 2%)

3.4 ⫾ 0.2 (46% ⫾ 2%)

7.4 ⫾ 0.3

Molt-4

T-cell leukemia

4.1 ⫾ 0.6 (53% ⫾ 3%)

3.6 ⫾ 0.2 (47% ⫾ 3%)

7.7 ⫾ 0.7

HS-Sultan

Burkitt lymphoma

2.0 ⫾ 0.2 (31% ⫾ 0.7%)

4.4 ⫾ 0.4 (69% ⫾ 0.7%)

6.3 ⫾ 0.5

HT-29

Colon adenocarcinma

4.9 ⫾ 0.7 (82% ⫾ 1%)

1.0 ⫾ 0.1 (18% ⫾ 1%)

6.0 ⫾ 0.7

A549

Lung carcinoma

4.3 ⫾ 0.5 (94% ⫾ 1%)

0.3 ⫾ 0.02 (6% ⫾ 1%)

4.6 ⫾ 0.6
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Figure 2. Chemical structures of PIs. (A) Carfilzomib. (B) IPSI. (C) CPSI.

chains, whereas pan-proteasome inhibition has the most profound
effect on polyubiquitin chain accumulation (Figure 7A-B).
Constitutive expression of NF-B has been implicated in tumor
cell survival.22 To explore the effect of CT-L subunit inhibition on
NF-B activity in tumor cells, we examined the levels of the
proteasome-dependent NF-B negative regulators IB␣ and p100
in MM1.S and HS-Sultan cells. PI treatment did not lead to
stabilization of these factors in tumor cells (Figure 7A; and data not
shown). These results are consistent with other reports that have
failed to observe the PI suppression of NF-B in MM23 and
melanoma24 cell lines.
Interference with ER stress signals is an alternative explanation
for the antitumor effect of PIs in hematologic cancers because MM
cells produce high levels of immunoglobulins and, in general,
cancer cells have overactive protein synthesis machinery.23,25-27
Induction of the proapoptotic protein CHOP/GADD153 is a
hallmark feature of ER stress-induced cell death. We observed that
CHOP is induced by pan-proteasome inhibition and ER stressors
brefeldin A, thapsigargin, and tunicamycin, but not with inhibition
of the CT-L subunits in MM1.S cells (Figure 7D). To further
explore the effect of selective CT-L subunit inhibition, we examined the levels of eIF2␣, a translation-promoting factor that is
modulated by ER stress. Whereas the levels of total eIF2␣ were
unaffected, the levels of the inactive phospho-eIF2␣ species
decreased by a factor of 2 when MM1.S cells were treated with
CT-L selective inhibitors (Figure 7D-E). This observation suggests
that CT-L inhibition may cause an increase in protein synthesis that

may further exacerbate ER stress28 and eventually cause cell death
in a CHOP-independent manner.
Lastly, we examined the levels of the proapoptotic factor Noxa,
which has been shown to be stabilized on proteasome inhibition in
MM29 and melanoma cells.24,29 We observed a reproducible 1.5- to
2-fold increase in the Noxa levels when proteasome CT-L activity
was inhibited, but not when either ␤5 or LMP7 was individually
inhibited (Figure 7A-C). Pan-proteasome inhibition induced the
highest increase in Noxa levels in both cell types. In sum, these data
suggest that inhibition of ␤5 and LMP7 is sufficient to cause
polyubiquitin chain accumulation, phospho-eIF2␣ suppression,
Noxa stabilization, and caspase 3/caspase 7 induction culminating
in an antitumor response with minimal cytotoxic effects on
nontransformed cells.

Discussion
To our knowledge, this is the first study demonstrating that
selective inhibition of the CT-L subunits of the proteasome leads to
an antitumor response in hematologically derived tumor cells. In
contrast to this finding, concentrations of bortezomib that produce
an antitumor response in vitro may inhibit both CT-L and C-L
activities30,31 (K.L. and F.P., unpublished results, July 2009). The
relationship between CT-L inhibition and tumor cell death was
demonstrated by a novel quantitative assay, ProCISE, to characterize tumor cell proteasome composition, novel inhibitors selective
for the CT-L subunits of the constitutive proteasome (␤5) and the
immunoproteasome (LMP7) and a cell line with reduced ␤5
expression. We found that hematologically derived cells express
both CT-L subunits and that inhibition of either subunit alone did
not alter cell viability. Inhibition of both ␤5 and LMP7 is required
for an antitumor response despite a range of relative expression
levels for these 2 subunits across the different cell lines. The

Table 4. IC50 values for IPSI and CPSI inhibition of the c20S subunits ␤5, ␤1, and ␤2 and i20S subunits LMP7, LMP2, and MECL1
IC50 (M)
Constitutive proteasome subunits
Inhibitor

␤5 (95% CI)

IPSI

2.9 (2.3-3.6)

CPSI

0.017 (0.014-0.02)

␤1 (95% CI)
⬎ 30 (NA)
2.8 (1.8-4.3)

Immunoproteasome subunits
␤2 (95% CI)

⬎ 30 (NA)
8.9 (5.4-14.8)

LMP7 (95% CI)
0.022 (0.016-0.031)
0.357 (0.264-0.483)

LMP2 (95% CI)
8.2 (2.3-29)
0.221 (0.173-0.282)

IPSI indicates immunoproteasome-selective inhibitor; CPSI, constitutive proteasome-selective inhibitor; CI, confidence interval; and NA, not applicable.

Mecl1 (95% CI)
⬎ 30 (NA)
3.1 (1.8-5.2)
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Figure 4. Inhibition of the CT-L subunits is sufficient to cause an antitumor
effect in MM, NHL, and leukemia tumor cells. (A) PBMC, MM1.S, HS-Sultan, and
Molt-4 cells were pulse-treated with 0.18 M CPSI (c), 0.27 M IPSI (i), 0.18 M
CPSI plus 0.27 M IPSI (c ⫹ i), 20 nM carfilzomib (CFZ 20 nM), or 10 M carfilzomib
(CFZ 10 M) for 1 hour, and cell viability was measured at 24 hours. For all datasets,
significant differences between the first 2 columns (c or i) and last 3 columns (c ⫹ i,
CFZ 20 nM, or CFZ 10 M) were observed (P ⬍ .001). (B) MM1.S, HS-Sultan, and
Molt-4 cells were 1-hour pulse-treated with compounds as in panel A, and caspase3/
caspase 7 activation was monitored at 6 hours for HS-Sultan cells or 9 hours for
Molt-4 and MM1.S cells. Representative data from 1 of 4 independent experiments
are shown.

antitumor effect of CT-L inhibition correlated with proteasome
substrate accumulation and decreased phospho-eIF2␣, resulting in
Noxa and caspase activation.
Levels of CT-L subunits, ␤5 and LMP7, in hematopoietically
derived cells

We used the ProCISE assay to determine the amounts of ␤5 and
LMP7 subunits in human primary PBMCs and CD138⫹ cells as
well as cell lines that represent hematopoietically derived and solid
tumor-derived cancer cells. Consistent with previously published
reports,32,33 the proteasome constitutes 0.5% to 0.8% of total
cellular protein in most cell types, including MM cell lines.
However, the level of total proteasome in CD138⫹ cells was
consistently lower (0.02%-0.2% of total protein). Several recent
publications have demonstrated that proteasome up-regulation may
be a possible mechanism of resistance to PI treatment in vitro.34,35
Therefore, it will be important to evaluate whether the level of
proteasome expression in CD138⫹ cells is (1) correlated with
sensitivity to proteasome inhibitor therapy and (2) changes as
patients progress from diagnosis to relapsed and refractory disease.
We have also discovered that PBMCs and CD138⫹ cells are
overwhelmingly LMP7-expressing. Interestingly, the CD138⫹ cells
derived from normal volunteers and newly diagnosed MM patients

ctl
∆β5

75
50
25
0.01
Carfilzomib (µM)

1

Figure 5. Inhibition of LMP7 is sufficient to cause an antitumor effect in ⌬␤5
HS-Sultan cells. (A) HS-Sultan cells transduced with a control shRNA-expressing
(ctl) or ␤5-targeting shRNA vector (⌬␤5) were profiled for LMP7 and ␤5 expression.
Control (f) or ⌬␤5 (䡺) HS-Sultan cells were treated with a 1-hour pulse dose
escalation of IPSI (B) or carfilzomib (C), and cell viability was measured at 24 hours.
Mean ⫾ SD are shown (n ⫽ 24). For IPSI (B), the dotted line represents the
LMP7-selective dose (0.27 M) described in Figure 3.

express a higher percentage of LMP7 compared with CD138⫹ cells
from a patient with relapsed MM (Table 2) and the MM cell lines
tested (Table 3). It is intriguing to speculate that progression from
early-stage disease to a relapsed and refractory disease may be
associated with a change in the CD138⫹ cells from mostly
LMP7-expressing to mostly ␤5-expressing. However, more patient
samples will be necessary to make a definitive correlation between
disease state and ␤5 expression in CD138⫹ cells.
We also demonstrate that the hematologically derived cancer
cell lines HS-Sultan, Molt-4, Arh77, RL, and ANBL6 (Table 3; and
data not shown) express high levels of LMP7. On the other hand,
solid tumor cell lines HT-29, A549, and MiaPaCa express low
amounts of LMP7 (Table 3; and data not shown). Therefore, we
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Figure 6. Inhibition of the CT-L subunits leads to rapid accumulation of
short-lived proteins. HS-Sultan cells transfected with GFPu were treated with
10 M carfilzomib (CFZ 10 M), 0.18 M CPSI ⫹ 0.27 M IPSI (c ⫹ i), 20 nM
carfilzomib (CFZ 20 nM), 0.27 M IPSI (i), 0.18 M CPSI (c), and DMSO for 1 hour,
washed, incubated in compound-free media, and harvested at the indicated times for
monitoring fluorescence by flow cytometry. Mean ⫾ SD are shown for 2 independent
experiments using 2 separate clones. Two-way analysis of variance was performed
and compound treatments resulting in statistically significant differences compared
with DMSO treatment group (as determined by Bonferroni post-hoc testing):
***P ⬍ .001.
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Potent inhibition of the CT-L activity of the proteasome is a shared
property of the clinically relevant PIs10 (ie, bortezomib, carfilzomib, NPI-0052, and CEP-18770) and may be a necessary feature
of PIs to produce an antitumor response. We set out to test whether
selective inhibition of the CT-L subunit is sufficient to produce an
antitumor response in hematologically derived tumor cells without
causing generalized cytotoxicity in nontransformed cells. In this
study, we tested whether inhibition of either ␤5 or LMP7 subunit
alone would lead to an antitumor activity in hematopoietically
derived tumor cells. Surprisingly, inhibition of LMP7 had no
antitumor effect, including in HS-Sultan cells that express primarily LMP7. Likewise, no antitumor effect was observed in MM1.S
or Molt-4 cells treated with CPSI or IPSI. Others have proposed
alternative proteasome subunit inhibition profiles as being a
preferred strategy for treatment of MM. For example, Kuhn et al36
have suggested that selective LMP2 inhibition may be a viable
approach to treatment for MM. One possible explanation for this
discrepancy is that Kuhn et al demonstrate a strong antitumor effect
when dosing the LMP2 inhibitor at concentrations that also target
LMP7 and ␤536 (F.P. and M.K.B., unpublished results, November
2005), supporting our hypothesis that CT-L subunit inhibition is
necessary for an antitumor response in MM cells. Chauhan et al37
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Figure 7. Inhibition of CT-L subunits is sufficient to cause
modulation of polyubiquitinated proteins, Noxa and phosphoeIF2␣. (A) MM1.S cells were 1-hour pulse-treated with DMSO,
0.18 M CPSI (c), 0.27 M IPSI (i), 0.18 M CPSI plus 0.27 M
IPSI (c ⫹ i), 20 nM carfilzomib (CFZ 20 nM), or 10 M carfilzomib
(CFZ 10 ⌴), washed and incubated in compound-free media for
a total of 4 hours. Cell lysates were electophoresed and transferred for Western blot detection with antibodies targeted against
polyubiquitin, actin, Noxa, and IB␣. Quantitation of polyubiquitinated proteins (B) and Noxa (C) in compound-treated MM1.S
cells. Mean ⫾ SD for 3 independent experiments are shown.
(D) MM1.S cells were 1-hour pulse-treated with 0.27 M IPSI (i),
0.18 M CPSI (c), 0.18 M CPSI plus 0.27 M IPSI (c ⫹ i), 20 nM
carfilzomib (CFZ 20 nM), or 10 M carfilzomib (CFZ 10 ⌴),
DMSO, 1 M brefeldin A (BfA), 1 M thapsigargin (TG), and
2.5 g/mL tunicamycin (TU), washed and incubated in compoundfree media for a total of 6 hours (brefeldin A, tunicamycin, and
thapsigargin were added back to the media). Cell lysates were
electophoresed on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred for Western blot detection with
antibodies targeting CHOP, eIF2␣, phospho-eIF2␣, and actin.
(E) Quantitation of phospho-eIF2␣ in compound-treated MM1.S.
Mean ⫾ SD of 3 independent experiments are shown. One-way
analysis of variance was performed and compound treatments
resulting in statistically significant differences (as determined by
Bonferroni post-hoc testing): *P ⬍ .05, **P ⬍ .01, ***P ⬍ .001.
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have suggested that pan-proteasome inhibition may lead to improved efficacy of PIs in MM. We also observe strong antitumor
activity by pan-proteasome inhibition; however, we also found
profound cytotoxicity toward normal PBMCs (80% cell death),
consistent with previous findings showing a cytotoxic effect in
mononuclear cells treated with PIs.38,39 Given the proteasome’s
central role in numerous cellular pathways, it would be difficult to
conceive of a setting where complete proteasome inhibition would
not lead to generalized cytotoxicity.
At a concentration selective for the CT-L subunits, carfilzomib
induced strong caspase 3/caspase 7 activity and produced an
antitumor effect in MM1.S, HS-Sultan, and Molt-4 cells with
minimal cytotoxic activity in PBMCs (Figure 4A-B). The superior
caspase 3/caspase 7 induction in MMI.S cells compared with
Molt-4 and HS-Sultan cells may explain the increased antitumor
activity observed in MM1.S cells and is consistent with a previous
report.40 We successfully recapitulated these results with a combination of IPSI and CPSI treatment (Figure 4A-B). To address the
concern of residual ␤5 activity after CPSI treatment (25% residual
␤5 activity, Figure 3), we undertook a genetic approach to
knock-down ␤5 protein expression in HS-Sultan cells (Figure 5A).
In a setting where ␤5 accounted for approximately 5% of the total
cellular CT-L activity, treatment with IPSI produced a strong
antitumor effect (Figure 5B). In sum, our results support the notion
that inhibition of the CT-L activity of the proteasome is sufficient
for in vitro antineoplastic activity of PIs.
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Effect of chymotrypsin-like selective proteasome inhibition on
protein turnover

The effect of selective CT-L subunit inhibition on turnover of
long-lived cellular proteins has been previously described.12 In the
present study, we examined the turnover rate of a short-lived
protein, GFPu, in HS-Sultan cells and monitored polyubiquitin
accumulation in MM1.S and HS-Sultan cells. We observed that
pan-proteasome inhibition had the most rapid effect on the kinetics
of GFPu accumulation and most pronounced effects on total GFPu
and polyubiquitin accumulation (Figures 6, 7). On the other hand,
selective inhibition of the CT-L subunits had a more moderate
effect on the kinetics of GFPu accumulation (38%-49%) and
overall accumulation of GFPu (53%-73%) and polyubiquitin
(81%-87%) compared with pan-proteasome inhibition (Figures 6-7).
Compared with findings by Kisselev et al where inhibition of the
CT-L subunit produced a moderate effect on protein turnover of
bulk protein (10%-25%),12 we observed a more pronounced effect.
This difference in protein turnover caused by CT-L subunit
inhibition may reflect the type of proteins or cells studied by
Kisselev et al12 (ie, long-lived bulk proteins in HeLa cells) and in
this study (ie, short-lived destabilized protein in HS-Sultan cells).
Notwithstanding these differences in protein turnover, selective
CT-L subunit inhibition translates into a profound antitumor effect
in hematologically derived tumor cells, especially in MM1.S cells,
that are heavily reliant on the proteasome for protein degradation
resulting from overproduction of immunoglobulin molecules.
Inhibition of multiple subunits may produce a more significant
antitumor effect,37 although generalized cytotoxicity is observed in
nontransformed cells (Figure 4A). In sum, selective PI inhibition of
CT-L activity may offer the greatest therapeutic index.
Molecular sequelae of chymotrypsin-like selective proteasome
inhibition

Because PI treatment leads to pleiotropic effects on protein
homeostasis, numerous mechanisms of action of PIs in hematologic malignancies have been uncovered in an effort to explain the
observed antitumor effects. A favored PI mechanism of action
postulates that MM cells constitutively express the active form of
NF-B by down-regulating IB␣ and p100.39,41-43 In our study, the
levels of IB␣ and p100 were unaffected by either selective CT-L
inhibition or pan-proteasome inhibition in MM1.S, HS-Sultan, and
Molt-4 cells (Figure 7A; and data not shown). This difference in
observations may be explained by the fact that these previous
studies were performed in the presence of continuous (24-72 hours)
proteasome inhibition, a situation that does not reflect the in vivo
experience with either bortezomib44 or carfilzomib13 and will result
in greater inhibition of proteasome activities.10,31 Moreover, other
investigators have failed to observe the PI suppression of NF-B
activity in their systems.23,24 It is doubtful that NF-B inhibition is
the sole determinant for the antitumor activity of PIs because
selective inhibition of the NF-B pathway with PS-1145 does not
produce an equivalent antitumor response in MM cells compared
with PI treatment.22
ER stress is an alternative pathway that has been implicated in
proteasome inhibitor-mediated cell death.28,40,45,46 To demonstrate
whether inhibition of the CT-L activity of the proteasome modulates ER stress, we examined the ER stress marker CHOP and
found its levels increased on PI treatment with pan-proteasome
inhibition but not CT-L subunit inhibition (Figure 7). Unexpectedly, we also found that levels of phospho-eIF2␣ were decreased in

the presence of both CT-L selective and pan-proteasome inhibition
before the onset of cell death. A decrease in phospho-eIF2␣ has
been reported in PI-treated pancreatic cancer cells28 and MM cells40
at 4 to 12 hours after PI treatment. On the other hand, an increase in
phospho-eIF2␣ has been observed in nontransformed cells46 and
tumor cells at 24 hours after PI treatment.40,45 In this study,
phospho-eIF2␣ was monitored 4 to 6 hours after PI treatment
(Figure 7D; and data not shown) to uncover the initial cellular
effects of CT-L inhibition. The consequence of CT-L inhibition is
an initial decrease28,40 in the ratio of phospho-eIF2␣ to eIF2␣
(Figure 7E), which may lead to an increase in protein synthesis.28
A possible downstream consequence of an initial increased protein
synthesis is protein accumulation in the ER further exacerbating
cellular stress, leading to protein synthesis shut-down,40,45 CHOP
induction,28,40,45 and eventual up-regulation of the proapoptotic
markers.14,24,29,37 Lastly, we observed the up-regulation of the
Bcl2/Bax family member Noxa in cells where CT-L activity was
inhibited. Noxa up-regulation has been consistently observed in
MM29 and other cell types24 treated with PIs.
How can one explain the therapeutic window for PIs in the
hematologic cancer setting given the role of the proteasome in the
turnover of both bulk and regulated proteins in both nontransformed and
cancer cells? It is well established that aneuploidy is a feature of most
cancer cells. There is emerging evidence that cells with aberrant
chromosome number have an imbalanced transcription and translation
machinery leading to the expression of misfolded proteins and protein
complexes.47-49 Compared with nontransformed cells, this feature of
cancer cells puts a burden on the cancer cell’s degradation machinery to
dispose of these misfolded proteins.25-27 MM is a paramount example of
a tumor type that has a strong need for the proteasome to accommodate
the heavy protein burden, resulting from overexpression of immunoglobulin molecules.23 In light of this evidence, it is safe to assume that
specific interventions in MM and other cancer cells with PI treatment
regimens require accurate and specific modulation of proteasome
activity to take advantage of the overtaxed need for protein degradation
in these tumor cells without causing cytotoxicity in nontransformed
cells. Our results are consistent with a model in which selective
inhibition of the CT-L activity of the proteasome (both ␤5 and LMP7)
results in short-lived protein buildup in cells (as measured by polyubiquitin and GFPu accumulation) and may lead to an ER stress response
(decrease in phospho-eIF2␣). These events lead to an increase in the
proapoptotic marker Noxa and caspase3/caspase 7 activation resulting
in cancer cell death with minimal cytotoxicity in nontransformed cells.
Our results are consistent with models proposed by other groups that
strongly suggest that the principal mode of action of PI is via disruption
of the unfolded protein response/ER stress pathway, leading to apoptosis
and cell death.28,46,50

Acknowledgments
The authors thank Dr Christopher Kirk (Proteolix) and Dr
Raymond Deshaies (California Institute of Technology) for their
insightful suggestions in the writing of this manuscript.

Authorship
Contribution: F.P. designed, performed, and interpreted many of
the experiments and wrote the manuscript; S.J.L., M.A., E.S.,

From www.bloodjournal.org by guest on May 3, 2017. For personal use only.
BLOOD, 15 OCTOBER 2009 䡠 VOLUME 114, NUMBER 16

and K.L. performed experiments; J.B.L., D.R.M., and
P.R. generated the ⌬␤5 HS-Sultan cells; C.S., Y.L., and
K.D.S. designed and synthesized the CPSI, IPSI, and PABP
compounds; and M.K.B. supervised the progress of the
work.
Conflict-of-interest disclosure: F.P., S.J.L., M.A., E.S., K.L.,
C.S., Y.L., K.D.S., and M.K.B. receive(d) stock options as part of

CT-L INHIBITION ELICITS ANTITUMOR RESPONSE IN MM

3447

their employment with Proteolix. The remaining authors declare no
competing financial interests.
The current address of Dr Micklem is BerGenBio A/S, Bergen,
Norway.
Correspondence: Francesco Parlati, Proteolix Inc, 333 Allerton Ave,
South San Francisco, CA 94080; e-mail: francescoparlati@gmail.com
or fparlati@proteolix.com.

References
1. Ciechanover A. Intracellular protein degradation:
from a vague idea thru the lysosome and the
ubiquitin-proteasome system and onto human
diseases and drug targeting. Hematology Am Soc
Hematol Educ Program. 2006;1:505-506.
2. Glynne R, Powis SH, Beck S, et al. A
proteasome-related gene between the two ABC
transporter loci in the class II region of the human
MHC. Nature. 1991;353(6342):357-360.
3. Martinez CK, Monaco JJ. Homology of proteasome
subunits to a major histocompatibility complex-linked
LMP gene. Nature. 1991;353(6345):664-667.
4. Nandi D, Jiang H, Monaco JJ. Identification of
MECL-1 (LMP-10) as the third IFN-gammainducible proteasome subunit. J Immunol. 1996;
156(7):2361-2364.
5. McConkey DJ, Zhu K. Mechanisms of proteasome inhibitor action and resistance in cancer.
Drug Resist Updat. 2008;11(4):164-179.
6. Etlinger JD, Goldberg AL. A soluble ATPdependent proteolytic system responsible for the
degradation of abnormal proteins in reticulocytes.
Proc Natl Acad Sci U S A. 1977;74(1):54-58.
7. Hershko A, Eytan E, Ciechanover A, Haas AL.
Immunochemical analysis of the turnover of
ubiquitin-protein conjugates in intact cells: relationship to the breakdown of abnormal proteins.
J Biol Chem. 1982;257(23):13964-13970.
8. Richardson PG, Sonneveld P, Schuster MW, et
al. Bortezomib or high-dose dexamethasone for
relapsed multiple myeloma. N Engl J Med. 2005;
352(24):2487-2498.
9. Fisher RI, Bernstein SH, Kahl BS, et al. Multicenter phase II study of bortezomib in patients
with relapsed or refractory mantle cell lymphoma.
J Clin Oncol. 2006;24(30):4867-4874.
10. Bennett MK, Kirk CJ. Development of proteasome
inhibitors in oncology and autoimmune diseases.
Curr Opin Drug Discov Dev. 2008;11(5):616-625.
11. Adams J. The development of proteasome inhibitors
as anticancer drugs. Cancer Cell. 2004;5(5):417-421.
12. Kisselev AF, Callard A, Goldberg AL. Importance of
the different proteolytic sites of the proteasome and
the efficacy of inhibitors varies with the protein substrate. J Biol Chem. 2006;281(13):8582-8590.
13. Demo SD, Kirk CJ, Aujay MA, et al. Antitumor activity
of PR-171, a novel irreversible inhibitor of the proteasome. Cancer Res. 2007;67(13):6383-6391.
14. Kuhn DJ, Chen Q, Voorhees PM, et al. Potent
activity of carfilzomib, a novel, irreversible inhibitor of the ubiquitin-proteasome pathway, against
preclinical models of multiple myeloma. Blood.
2007;110(9):3281-3290.

19. De M, Jayarapu K, Elenich L, et al. Beta 2 subunit
propeptides influence cooperative proteasome
assembly. J Biol Chem. 2003;278(8):6153-6159.
20. Klare N, Seeger M, Janek K, Jungblut PR,
Dahlmann B. Intermediate-type 20 S proteasomes in
HeLa cells: “asymmetric” subunit composition, diversity and adaptation. J Mol Biol. 2007;373(1):1-10.
21. Crouch SP, Kozlowski R, Slater KJ, Fletcher J.
The use of ATP bioluminescence as a measure of
cell proliferation and cytotoxicity. J Immunol
Methods. 1993;160(1):81-88.
22. Hideshima T, Chauhan D, Richardson P, et al. NFkappa B as a therapeutic target in multiple myeloma.
J Biol Chem. 2002;277(19):16639-16647.
23. Meister S, Schubert U, Neubert K, et al. Extensive immunoglobulin production sensitizes myeloma cells for proteasome inhibition. Cancer
Res. 2007;67(4):1783-1792.
24. Fernández Y, Verhaegen M, Miller TP, et al. Differential regulation of noxa in normal melanocytes and melanoma cells by proteasome inhibition: therapeutic implications. Cancer Res. 2005;
65(14):6294-6304.
25. Bazzaro M, Lee MK, Zoso A, et al. Ubiquitinproteasome system stress sensitizes ovarian
cancer to proteasome inhibitor-induced apoptosis. Cancer Res. 2006;66(7):3754-3763.
26. Chen L, Madura K. Increased proteasome activity, ubiquitin-conjugating enzymes, and eEF1A
translation factor detected in breast cancer tissue. Cancer Res. 2005;65(13):5599-5606.
27. Kumatori A, Tanaka K, Inamura N, et al. Abnormally high expression of proteasomes in human
leukemic cells. Proc Natl Acad Sci U S A. 1990;
87(18):7071-7075.
28. Nawrocki ST, Carew JS, Dunner K Jr, et al.
Bortezomib inhibits PKR-like endoplasmic reticulum (ER) kinase and induces apoptosis via ER
stress in human pancreatic cancer cells. Cancer
Res. 2005;65(24):11510-11519.
29. Qin JZ, Ziffra J, Stennett L, et al. Proteasome inhibitors trigger NOXA-mediated apoptosis in
melanoma and myeloma cells. Cancer Res.
2005;65(14):6282-6293.
30. Kraus M, Ruckrich T, Reich M, et al. Activity patterns of proteasome subunits reflect bortezomib
sensitivity of hematologic malignancies and are
variable in primary human leukemia cells. Leukemia. 2007;21(1):84-92.
31. Berkers CR, Verdoes M, Lichtman E, et al. Activity probe for in vivo profiling of the specificity of
proteasome inhibitor bortezomib. Nat Methods.
2005;2(5):357-362.

36. Kuhn DJ, Hunsucker SA, Chen Q, et al. Targeted
inhibition of the immunoproteasome is a potent strategy against models of multiple myeloma that overcomes resistance to conventional drugs and nonspecific proteasome inhibitors. Blood. 2009;113(19):
4667-4676.
37. Chauhan D, Singh A, Brahmandam M, et al. Combination of proteasome inhibitors bortezomib and NPI0052 trigger in vivo synergistic cytotoxicity in multiple
myeloma. Blood. 2008;111(3):1654-1664.
38. Arpinati M, Chirumbolo G, Nicolini B, Agostinelli
C, Rondelli D. Selective apoptosis of monocytes
and monocyte-derived DCs induced by bortezomib
(Velcade). Bone Marrow Transplant. 2009;43(3):
253-259.
39. Piva R, Ruggeri B, Williams M, et al. CEP-18770:
a novel, orally active proteasome inhibitor with a
tumor-selective pharmacologic profile competitive
with bortezomib. Blood. 2008;111(5):2765-2775.
40. Obeng EA, Carlson LM, Gutman DM, et al. Proteasome inhibitors induce a terminal unfolded
protein response in multiple myeloma cells.
Blood. 2006;107(12):4907-4916.
41. Hideshima T, Richardson P, Chauhan D, et al.
The proteasome inhibitor PS-341 inhibits growth,
induces apoptosis, and overcomes drug resistance in human multiple myeloma cells. Cancer
Res. 2001;61(7):3071-3076.
42. Annunziata CM, Davis RE, Demchenko Y, et al.
Frequent engagement of the classical and alternative NF-kappaB pathways by diverse genetic
abnormalities in multiple myeloma. Cancer Cell.
2007;12(2):115-130.
43. Keats JJ, Fonseca R, Chesi M, et al. Promiscuous mutations activate the noncanonical NFkappaB pathway in multiple myeloma. Cancer
Cell. 2007;12(2):131-144.
44. Papandreou CN, Daliani DD, Nix D, et al. Phase I
trial of the proteasome inhibitor bortezomib in patients with advanced solid tumors with observations in androgen-independent prostate cancer.
J Clin Oncol. 2004;22(11):2108-2121.
45. Schewe DM, Aguirre-Ghiso JA. Inhibition of
eIF2alpha dephosphorylation maximizes bortezomib
efficiency and eliminates quiescent multiple myeloma cells surviving proteasome inhibitor
therapy. Cancer Res. 2009;69(4):1545-1552.
46. Jiang HY, Wek RC. Phosphorylation of the alphasubunit of the eukaryotic initiation factor-2
(eIF2alpha) reduces protein synthesis and enhances
apoptosis in response to proteasome inhibition.
J Biol Chem. 2005;280(14):14189-14202.

15. Smyth MS, Laidig GJ. Compounds for enzyme
inhibition. US Patent 7232818.

32. Tanaka K, Ichihara A. Half-life of proteasomes
(multiprotease complexes) in rat liver. Biochem
Biophys Res Commun. 1989;159(3):1309-1315.

47. FitzPatrick DR, Ramsay J, McGill NI, et al. Transcriptome analysis of human autosomal trisomy.
Hum Mol Genet. 2002;11(26):3249-3256.

16. Zhou HJ, Aujay MA, Bennett MK, et al. Design
and synthesis of an orally bioavailable and selective peptide epoxyketone proteasome inhibitor
(PR-047). J Med Chem. 2009;52(9):3028-3038.

33. Majetschak M, Sorell LT. Immunological methods
to quantify and characterize proteasome complexes: development and application. J Immunol
Methods. 2008;334(1):91-103.

17. Shenk K, Parlati F, Zhou H-J, et al. Preparation of
peptide epoxyketones as selective immunoproteasome inhibitors. US Patent Application
20070293465 A1.

34. Oerlemans R, Franke NE, Assaraf YG, et al. Molecular basis of bortezomib resistance: proteasome subunit beta5 (PSMB5) gene mutation and
overexpression of PSMB5 protein. Blood. 2008;
112(6):2489-2499.

48. Pollack JR, Sorlie T, Perou CM, et al. Microarray
analysis reveals a major direct role of DNA copy
number alteration in the transcriptional program
of human breast tumors. Proc Natl Acad Sci
U S A. 2002;99(20):12963-12968.

18. Findlay JW, Smith WC, Lee JW, et al. Validation
of immunoassays for bioanalysis: a pharmaceutical industry perspective. J Pharm Biomed Anal.
2000;21(6):1249-1273.

35. Rückrich T, Kraus M, Gogel J, et al. Characterization
of the ubiquitin-proteasome system in bortezomibadapted cells. Leukemia. 2009;23(6):1098-1105.

49. Torres EM, Sokolsky T, Tucker CM, et al. Effects of
aneuploidy on cellular physiology and cell division in
haploid yeast. Science. 2007;317(5840):916-924.
50. Bianchi G, Oliva L, Cascio P, et al. The proteasome
load versus capacity balance determines apoptotic
sensitivity of multiple myeloma cells to proteasome
inhibition. Blood. 2009;113(13):3040-3049.

From www.bloodjournal.org by guest on May 3, 2017. For personal use only.

2009 114: 3439-3447
doi:10.1182/blood-2009-05-223677 originally published
online August 11, 2009

Carfilzomib can induce tumor cell death through selective inhibition of
the chymotrypsin-like activity of the proteasome
Francesco Parlati, Susan J. Lee, Monette Aujay, Erika Suzuki, Konstantin Levitsky, James B. Lorens,
David R. Micklem, Paulina Ruurs, Catherine Sylvain, Yan Lu, Kevin D. Shenk and Mark K. Bennett

Updated information and services can be found at:
http://www.bloodjournal.org/content/114/16/3439.full.html
Articles on similar topics can be found in the following Blood collections
Myeloid Neoplasia (1666 articles)
Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.

