
The Proteasome Inhibitor PS-341 Markedly Enhances Sensitivity of
Multiple Myeloma Tumor Cells to Chemotherapeutic Agents1

Mark H. Ma, Hank H. Yang, Kimberly Parker,
Steven Manyak, Jeffrey M. Friedman,
Cibby Altamirano, Zhi-qun Wu, Mitesh J. Borad,
Malka Frantzen, Evanthia Roussos, Jason Neeser,
Amy Mikail, Julian Adams, Nelida Sjak-Shie,
Robert A. Vescio, and James R. Berenson2

Division of Hematology and Oncology, Cedars-Sinai Medical Center,
Los Angeles, California 90048 [M. H. M., H. H. Y., K. P., S. M.,
J. M. F., C. A., M. J. B., M. F., E. R., J. N., A. M., N. S-S., R. A. V.,
J. R. B.]; University of California Los Angeles School of Medicine
and Jonsson Comprehensive Cancer Center, Los Angeles, California
[M. H. M., H. H. Y., K. P., S. M., J. M. F., C. A., M. J. B., M. F.,
E. R., J. N., A. M., N. S-S., R. A. V., J. R. B.]; Division of
Microbiology, University of California San Diego School of
Medicine, San Diego, California [Z-q. W.]; and Millennium
Pharmaceuticals, Inc., Cambridge, Massachusetts [J. A.]

ABSTRACT
Increased nuclear factor �B (NF-�B) activity is associ-

ated with increased tumor cell survival in multiple myeloma.
The function of NF-�B is inhibited through binding to its
inhibitor, I�B. Release of activated NF-�B follows protea-
some-mediated degradation of I�B resulting from phospho-
rylation of the inhibitor and, finally, conjugation with ubiq-
uitin. We report that myeloma cells have enhanced I�B�
phosphorylation and increased NF-�B activity compared
with normal hematopoietic cells. The proteasome inhibitor
PS-341 blocked nuclear translocation of NF-�B, blocked
NF-�B DNA binding, and demonstrated consistent antitu-
mor activity against chemoresistant and chemosensitive my-
eloma cells. The sensitivity of chemoresistant myeloma cells
to chemotherapeutic agents was markedly increased
(100,000–1,000,000-fold) when combined with a noncyto-
toxic dose of PS-341 without affecting normal hematopoietic
cells. Similar effects were observed using a dominant nega-
tive super-repressor for I�B�. Thus, these results suggest
that inhibition of NF-�B with PS-341 may overcome che-
moresistance and allow doses of chemotherapeutic agents to
be markedly reduced with antitumor effects without signif-
icant toxicity.

INTRODUCTION
MM3 is a BM-based B-cell malignancy characterized by

the aberrant monoclonal expansion of plasma cells. Although
patients may initially respond to chemotherapy and/or steroids,
they ultimately suffer from resistant disease (1, 2). Recent
studies using high-dose chemotherapy followed by autologous
BM transplantation demonstrated a survival benefit compared
with conventional chemotherapy (3). However, MM remains
incurable and is associated with significant morbidity. Clearly,
more effective and less toxic treatment options are needed in the
battle against MM.

Members of the NF-�B transcription factor family may
play an important role in the pathogenesis of lymphoid malig-
nancies (4–8). The formation of a heterodimer between sub-
units p50 and p65 is the most common NF-�B complex (9, 10).
In unstimulated cells, NF-�B complexes are associated with a
class of inhibitory proteins, called I�B. NF-�B is bound to I�B
in the cytoplasm and the transcription factor is thereby rendered
inactive. The family of inhibitor proteins includes I�B�, I�B�,
I�B�, and the putative proto-oncogene product bcl-3 (11).
NF-�B activation generally requires signal-induced degradation
of I�B�, thus releasing the NF-�B transcription factor so that it
can translocate to the nucleus (12–14). The I�B proteins contain
multiple ankyrin repeats and physically associate with NF-�B
proteins. Signal-induced activation of NF-�B is preceded by
phosphorylation and degradation of I�B� (15–18) through the
ubiquitin-proteasome pathway (19). NF-�B is involved in the
control of various cellular processes, such as immune and in-
flammatory responses, cell growth, bone resorption, and apo-
ptosis. Importantly, NF-�B activation increases the survival of
tumor cells and confers their resistance to chemotherapy (20–
23). Elevated levels of NF-�B activity were found in relapsing
MM (24), suggesting that this transcription factor could be used
as a prognostic marker as well as a target for therapy to prevent
progression of the disease.

Newly developed proteasome inhibitors, such as PS-341
(Millennium Inc., Boston, MA), suppress NF-�B activity by
inhibiting I�B� degradation (25–27). The inhibition of NF-�B
activity by this proteasome inhibitor correlated with antitumor
activity against human prostate cancer and Burkitt’s lymphoma
in murine models (26, 27). However, it would be an oversim-
plification to attribute all of the antitumor effects of PS-341 to
the inhibition of NF-�B activity. PS-341 has been shown to
affect many intracellular regulatory molecules such as p53 and
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cyclin-dependent kinase inhibitors p21 and p27 (25). PS-341
can also block the antiapoptotic effects of Bcl-2, even though
the antiapoptotic effects of Bcl-2 are independent of NF-�B
activity. PS-341 induced apoptosis of human IgA� (ARP-1)
myeloma cells that overexpressed Bcl-2 protein in a dose-
dependent fashion (28). PS-341 can also decrease the binding of
MM cells to BM stromal cells, and we know that the interaction
between MM cells and BM stromal cells through extracellular
molecules plays an important role in the survival of MM cells
(29). PS-341 has shown growth-inhibitory effects in Lewis lung
carcinoma treated with doxorubicin, 5-fluorouracil, cisplatin,
and paclitaxel (27). This drug also demonstrated antiangiogenic
effects in an orthotopic pancreatic cancer model (32). PS-341
has shown anti-MM activity in vitro (29). Importantly, a Phase
I clinical trial evaluating single-agent PS-341 for patients with
chemoresistant MM showed antitumor responses (31). In addi-
tion, early results from an ongoing Phase II clinical trial show
evidence of antitumor activity in relapsing MM patients (32).
We investigated the relationship between the level of NF-�B
activity and the sensitivity of MM cells to cytotoxic agents and
whether the proteasome inhibitor PS-341 would suppress the
growth of MM cells and sensitize them to treatment with cyto-
toxic agents.

MATERIALS AND METHODS
Cell Lines and Fresh BM/PB Samples. Myeloma cell

lines U266, RPMI8226, NCI-H929, WAD-1, and ARH77 were
considered to be chemosensitive. Various chemoresistant MM
cell lines were developed by Dr. William Dalton (University of
South Florida, Tampa, FL) through selection for resistance to
specific drugs, such as doxorubicin (U266/dox4 and 8226/
dox4), melphalan (U266/LR7 and 8226/LR5), and mitoxantrone
(8226/MR20). These drug-resistant lines were maintained in the
medium with a certain concentration of chemotherapeutic
agents. Five other cell lines including three leukemia cell lines
(NB-4, U937, and molt-4), the primary effusion lymphoma cell
line KS-1, and the kidney tumor cell line 293 were kindly
supplied by Dr. Phillip Koeffler (Cedars-Sinai Medical Center,
Los Angeles, CA). BM aspirates were collected from MM

patients with high tumor burden and healthy individuals. PB
samples were obtained from healthy individuals. Samples were
obtained after informed consent was obtained in accordance
with the Human Subjects Protection Committee. Informed con-
sent was obtained from patients. Human experimentation guide-
lines of the United States Department of Health and Human
Services and those of the authors’ institutions were followed in
the conduct of clinical research.

BM aspirates and PB specimens were collected in hepa-
rinized tubes and then diluted 1:1 with Leibovitz L-15 medium
(Life Technologies, Inc., Grand Island, NY) supplemented with
fetal bovine serum (Life Technologies, Inc.). The mononuclear
cell fraction was enriched by Ficoll-Hypaque (Pharmacia, Up-
psala, Sweden) density gradient sedimentation at 600 � g for 20
min and washed twice in L-15/fetal bovine serum media. The
percentage of tumor cells in fresh BM samples was determined
by microscopic examination along with immunohistochemistry
showing light chain restriction.

CD34-expressing cells were selected from healthy individ-
uals’ (donors for patients undergoing allogeneic transplantation)
BMMCs using the Miltenyi column (Miltenyi Biotec, Auburn,
CA). BMMCs were placed on the Miltenyi column and washed
with Miltenyi washing buffer. The CD34-expressing cells were
harvested by washing the column with Miltenyi elution buffer,
and the harvested cells contained 80–95% CD34-expressing
cells.

Fig. 1 NF-�B activity is elevated
in MM cell lines. EMSA analysis
of the activity of NF-�B in both
chemoresistant (U266/dox and
RPMI 8226/dox) and chemosensi-
tive (U266 and RPMI8226) cell
lines, two BMMCs (MM-1 and
MM-2) from MM patients, and
normal BMMCs is shown. Nuclear
extracts derived from 12-O-tetra-
decanoylphorbol-13-acetate � cal-
cium ionophore-treated Jurkat
cells served as a positive control.
The same amount of nuclear pro-
teins was loaded for each sample.

Fig. 2 Phosphorylation of I�B� is increased in MM cells exposed to
doxorubicin. The MM cell line U266 was treated with doxorubicin (4 �
10�9 M) for up to 5 h. Phosphorylation of I�B� was determined using
a Western blot assay. Cytosolic protein extracts were collected hourly
after these cells were exposed to doxorubicin. Positive controls were
HeLa cells 12 min after TNF-� (HeLa-T) or IL-1 (HeLa-I) treatment.
Equivalent amounts of cytosol protein were loaded for each sample.
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BMMCs, PBMCs, and MM cell lines were suspended in 10
ml of RPMI medium (Irvine Scientific, Santa Ana, CA) supple-
mented with 10% FCS (Gemini Bio-products, Calabasas, CA),
penicillin (100 units/ml; Irvine Scientific), and streptomycin
(100 mg/ml; Irvine Scientific) in 75-cm flasks (Costar, Cam-
bridge, MA). Cells were incubated at 37°C in a CO2 incubator.

Nuclear and Cytosolic Extract Preparation. Nuclear
and cytosolic extracts were prepared according to the method of
Schreiber et al. (33), with modifications. Briefly, cell pellets
were suspended in buffer A [10 mM HEPES (pH 7.9), 10 mM

KCl, 1 mM EDTA, 1 mM DTT, 1� Complete (Boehringer
Mannheim), and 0.5% NP40 (Fluka, Milwaukee, WI)] and
incubated on ice for 15 min followed by centrifugation at 12,000
rpm for 5 min at 4°C. The supernatant that contained cytosolic
protein was separated and stored at �80°C. The pellet was
resuspended with buffer B [20 mM HEPES (pH 7.9), 0.4 M

NaCl, 1 mM EDTA, 1 mM DTT, and 1� Complete], kept on ice
for 30 min, and spun down at 12,000 rpm for 5 min at 4°C. The
supernatants containing nuclear protein were stored at �80°C.
The protein concentrations were determined with the Bradford
method (Bio-Rad Laboratories).

EMSA. The sequence (5�-3�) of the oligonucleotide is
derived from the NF-�B binding sequence from the promoter
region of TNF-�. The oligonucleotide was end-labeled with
[32P]CTP and purified through G-25 columns. Ten 	g of nu-
clear extracts from MM cell lines and fresh BM aspirates from
either MM patients or healthy subjects were mixed with the
radiolabeled NF-�B oligonucleotide (5–20 � 104 cpm) in bind-
ing buffer containing 4% glycerol, 1 mM MgCl2, 0.5 mM EDTA,
0.5 mM DTT, 50 mM NaCl, and 10 mM Tris-HCl at pH 7.5. The
reaction mixtures were incubated for 20 min at room tempera-

ture followed by electrophoresis on a 4% nondenaturing poly-
acrylamide gel.

Fluorescence Assay for Intracellular Presence of NF-
�B. The relative amounts of nuclear and cytoplasmic NF-�B
were evaluated using the NF-�B HitKit (Cellomics, Inc., Pitts-
burgh, PA). Using a 96-well plate, 5000 cells/well were incu-
bated for at least 4 h. Next, culture medium was aspirated and
replaced with 200 	l/well prewarmed fixation solution. The
cells were incubated at room temperature for 10 min, and the
fixation solution was replaced with permeabilization buffer.
After washing the plate with 200 	l/well washing buffer, 50 	l
of primary antibody solution were added into each well, fol-
lowed by incubation for 1 h at room temperature. Next, 50 	l of
staining solution were added to each well and also incubated for
1 h. The cells were incubated with 200 	l of detergent buffer for
10 min, which was replaced with 200 	l of washing buffer. The
cells were evaluated using an UV light microscope.

Western Blot Analysis. Phosphorylation of I�B� was
analyzed using the PhosphoPlus I�B� kit (Cell Signaling, Bev-
erly, MA). Cytosol proteins were run on a 10% polyacrylamide
gel and then transferred to polyvinylidene difluoride membrane
and hybridized with anti-I�B� Ser-32 and anti-I�B antibodies.
Western blots were developed using an electrochemilumines-
cence reagent kit (Kirkegard & Perry Laboratories). The inten-
sity of protein bands was measured by autoradiography.

Cell Proliferation Test (MTT Assay). Cells were cul-
tured in T25 flasks at 37°C. After starvation overnight, cells
were placed in 96-well plates in fresh medium with cytotoxic
agents (Becton Dickinson Labware, Franklin Lakes, NJ). MTT
reagent (Sigma, St. Louis, MO) was added to each well after

Fig. 3 PS-341 inhibits the
growth of MM cells. The pro-
liferation test (MTT assay) on
chemosensitive (U266, ARH77,
RPMI8226, and WAD-1) and
chemoresistant (U266/LR7,
U266/dox4, and RPMI8226/
LR5) MM cell lines were
treated with PS-341 (500 pg/ml
to 500 ng/ml).
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48 h. The absorbance of samples was determined using a mi-
crotiter plate (ELISA) reader at a wavelength of 575 nm. The
reference wavelength was 650 nm.

Apoptosis Assay. Apoptosis was determined by using
the annexin V-EGFP kit (Clontech, Palo Alto, CA) or the cell

death detection ELISA plus kit (Roche, Mannheim, Germany).
Cells (1 � 105) were either treated with PS-341 or transduced
by dominant negative I�B�. For the annexin V-EGFP kit, cells
were incubated with 5 	l of annexin V and 10 	l of propidium
iodide for 15 min and then evaluated by flow cytometry. For the

Fig. 4 PS-341 reduces NF-�B
activity in MM cell lines. A,
ARH77 cells before and after ex-
posure to PS-341 (10 ng/ml) for
16 h. The NF-�B localization was
detected using a fluorescence-
labeled anti-NF-�B antibody. B,
nuclear extracts were obtained
from MM cell lines (U266/dox4,
PMI8226/dox, U266/LR7, and
RPMI8226/LR5) after treatment
with PS-341 (10 ng/ml), and
EMSA was performed. The nu-
clear extract derived from 12-O-
tetradecanoylphorbol-13-acetate �
calcium ionophore-treated Jurkat
cells was a positive control.

Fig. 5 Transfection with a dominant negative
I�B� (dm I�B�) produced apoptosis in MM cells.
MM cell lines (ARH77 and U266/LR7) were ex-
posed to recombined adenovirus with the super-
repressor dm I�B� and analyzed using photomet-
ric ELISA. ARH77 and U266/LR7 cell lines
infected with the adenovirus control vector (with-
out the I�B� gene) were used as negative controls.
� indicates transduction with dm I�B�, and �
indicates transduction with the control vector.
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cell death detection ELISA plus kit, 1 � 104 cells were lysed
with 200 	l of lysis buffer. Cell lysates were placed on strepta-
vidin-coated multiwell plates and incubated with immunore-
agent for 2 h. Plates were read using a mQuant plate reader for
photometric analysis.

Adenovirus Transfections with Dominant Negative
I�B�. Recombinant replication-deficient adenoviruses con-
taining dominant negative I�B�, which were kindly supplied by
Dr. Richard Gaynor (University of Texas Southwestern Medical

School, Dallas, TX), were used to infect 5 � 105 MM cells
(ARH77 and U266/LR7) in serum-free medium at a ratio of
10,000 viral particles/cell for 72 h. The viral titers were deter-
mined based on the percentage of NIH3T3 cells infected after
exposure to freshly collected virus. Adenovirus containing the
transfection vector without the I�B� gene was used as negative
control. After incubation, cells were washed with serum-free
medium, followed by quantitative measurement of apoptosis by
ELISA or annexin V assay.

Fig. 6 Addition of PS-341 to
chemotherapeutic agents enhan-
ces cytotoxicity of MM cells. A
and B, MM cells (RPMI8228/LR
and U266/dox4) treated for 24 h
with melphalan (3 � 10�4 to 3 �
10�11 M) or doxorubicin (4 �
10�6 to 4 � 10�12 M) alone or
melphalan with 5 mg/ml PS-341
(MTT assay). C, fresh MM
BMMCs treated with melphalan
(3 � 10�4 to 3 � 10�11 M) alone
or melphalan with 5 mg/ml PS-
341. D, analysis of apoptosis of
the MM cell line RPMI8226/
LR5 exposed to melphalan alone
or melphalan with a relatively
noncytotoxic dose of PS-341 (5
mg/ml). E, MTT assay on leuke-
mia cell lines molt-4 and normal
BMMCs and phytohemaggluti-
nin-stimulated PBMCs treated
with various concentrations of
melphalan alone or melphalan
with a relatively noncytotoxic
dose of PS-341 (5 mg/ml).
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RESULTS
The Activity of NF-�B Is Elevated in MM Cells. To

measure NF-�B activity, we obtained nuclear extracts from
chemoresistant and chemosensitive MM cell lines and fresh
BMMCs from MM patients (n 
 4) with a high proportion of
tumor cells (80–95%). These extracts were incubated with
[32P]CTP-labeled oligonucleotide probes containing a NF-�B-
binding sequence derived from the promoter region of the
TNF-� gene. We used the nuclear proteins from BMMCs from
healthy individuals as controls. The activity of NF-�B was
elevated in both chemoresistant and chemosensitive cell lines as
well as in fresh BMMCs from MM patients when compared
with normal BMMCs (Fig. 1). Moreover, among four MM cell
lines, the density of the DNA-binding band showed that the
NF-�B activity was approximately 3 times higher in the U266/
dox chemoresistant MM cell line than in the U266 chemosen-
sitive MM cell line. However, no difference in NF-�B activity
was found between RPMI8226 and RPMI8226/dox4 MM cell
lines.

Next, we determined whether the exposure of MM cells to

chemotherapy decreases I�B protein levels. Cytosol protein
extracts were obtained at 1, 2, 3, 4, and 5 h after doxorubicin
treatment of the U266 cell line with low concentrations (4 �
10�9

M) of doxorubicin, which corresponds to approximately
one-tenth of the serum concentration measured in patients who
receive standard doses of this agent. First, the amount of I�B�
phosphorylation, as determined by an antibody recognizing
phosphorylated I�B�, increased after exposure to doxorubicin
(Fig. 2). Second, as measured by a Western blot assay, the level
of cytoplasmic I�B� protein decreased after exposure to this
drug (data not shown).

The Proteasome Inhibitor PS-341 Reduces NF-�B DNA
Binding and Causes Cytotoxicity of MM Cell Lines. Be-
cause the degradation of phosphorylated I�B� is mediated by
the proteasome, inhibiting its function should increase I�B�
levels, thus inhibiting NF-�B activity. We examined the effects
of the proteasome inhibitor PS-341 (500 pg/ml to 500 ng/ml) on
the growth of MM cell lines using the MTT assay. The growth
of chemosensitive (U266, ARH77, RPMI8226, and WAD-1)
and chemoresistant (U266/LR7, U266/dox4, and RPMI8226/

Fig. 6 Continued.
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LR5) MM cell lines was substantially inhibited by PS-341 (Fig.
3) with an IC50 of 10–40 ng/ml. Interestingly, all chemoresis-
tant cell lines demonstrated a right shift in their dose-response
curves, indicating that these chemoresistant cell lines were more
sensitive to treatment with PS-341 than chemosensitive lines,
consistent with their enhanced NF-�B activity. We determined
whether treatment with PS-341 decreased NF-�B DNA binding
activity using the EMSA and fluorescence assay. After 10 h of
treatment with 10 ng/ml PS-341 (a dose that is relatively equiv-
alent to those used in the clinical patients), we performed EMSA
on nuclear protein extracts from MM cell lines (U266/dox4,
RPMI8226/dox4, U266/LR7, and RPMI8226/LR5), and we also
tested the intracellular location of NF-�B in ARH77 cells using
a fluorescence-based antibody assay. After treatment with PS-
341, the vast majority of NF-�B was contained in the cytoplasm,
where it cannot function as a transcription factor, whereas most
of the protein complex is located in the nucleus in the absence
of the proteasome inhibitor (Fig. 4A). We also evaluated the
DNA binding capacity of NF-�B in MM cell lines after expo-
sure to PS-341. PS-341 markedly decreased NF-�B DNA bind-
ing activity in a variety of chemosensitive and chemoresistant
cell lines (Fig. 4B).

Transfection with a Dominant Negative I�B� Produced
Apoptosis in MM Cells. To more fully establish the importance
of inhibiting NF-�B activity as a potential therapeutic target in
MM, we transduced two MM cell lines (ARH77 and the melpha-
lan-resistant U266/LR7) with an adenovirus vector carrying an
inhibitor of NF-�B activity, a dominant negative I�B�. This super-
repressor of I�B� (dm I�B�) has alterations at amino acid posi-
tions 32 and 36 (from serine to alanine) and is resistant to phos-
phorylation, resulting in increased cellular levels of I�B�. With
increased amounts of cellular I�B� bound to NF-�B, the activity of
NF-�B will be suppressed. The cell lines were exposed to recom-
bined adenovirus with the super-repressor form (dm I�B�) for 2 h
and analyzed using both the annexin V apoptosis assay and pho-
tometric ELISA. ARH77 and U266/LR7 cell lines infected with the
adenovirus control vector (without the I�B� gene) were used as
negative controls. Compared with the negative controls, apoptosis
was increased by approximately 13 and 8 fold in the U266/LR7 and
ARH77 cells transfected with dm I�B�, respectively (Fig. 5).
These results support the concept that increasing cellular levels of
I�B� (which also results with PS-341 treatment) is a potential
means of producing cytotoxicity in chemosensitive as well as
chemoresistant MM.

Addition of PS-341 to Chemotherapeutic Agents En-
hances Cytotoxicity of MM Cells. We determined whether
there was a synergistic anti-MM effect between the proteasome
inhibitor and a variety of chemotherapeutic agents. Chemosen-
sitive MM cell lines (U266, ARH77, WAD-1, and RPMI 8226)
and MM cell lines resistant to doxorubicin (U266/dox4 and
RPMI8226/dox4), mitoxantrone (RPMI8226/MR20), and mel-
phalan (U266/LR7 and RPMI8226/LR5) were evaluated using
the drugs alone at various concentrations and then with the
addition of a noncytotoxic dose of PS-341 (5 ng/ml). No sig-
nificant growth inhibition of both of the melphalan-resistant
MM cell lines was observed when using chemotherapeutic
agents alone, unless their concentration was at high levels (3 �
10�5

M; Fig. 6A). In contrast, when the resistant MM cell lines
were exposed to melphalan with PS-341, these cell lines became

extremely sensitive to melphalan at a concentration of 3 �
10�11

M, which is 1,000,000-fold lower than the concentration
necessary for melphalan alone to induce cytotoxicity. Similar
effects were observed between PS-341 and doxorubicin or mi-
toxantrone, with PS-341 increasing the sensitivity of the doxo-
rubicin-resistant and mitoxantrone-resistant MM cell lines by
100,000-fold each (Fig. 6B). Similar synergistic effects were
also found in the treatment with the same combinations in fresh
BM samples obtained from active patients with MM (Fig. 6C).

To further demonstrate the enhancement of chemotherapy-
induced cytotoxicity by PS-341, we performed an ELISA-based
apoptosis assay on RPMI 8226/LR5 cells with PS-341 (5 ng/ml)
and varying concentrations of melphalan as outlined above (Fig.
6D). There was a marked increase in apoptosis induced by
PS-341 and melphalan compared with melphalan alone, which
correlated with the results of the MTT assay.

To determine the effects of PS-341 on other tumor types, we
treated the T-cell leukemia cell line NB-4, human myeloid leuke-
mia cell line U937, B-cell leukemia cell line molt-4, primary
effusion lymphoma cell line KS-1, and kidney tumor cell line 293
with PS-341 alone or in combination with chemotherapeutic
agents. Similar experiments were also performed on normal un-
stimulated and stimulated (with 20 nM phytohemagglutinin for 30
min) PBMCs and CD34-selected BMMCs obtained from healthy
individuals. Suppression of proliferation in either these non-MM
cell lines or normal hematopoietic cells was found with PS-341
treatment at higher concentrations (IC50, 100–300 ng/ml) than in
the MM cell lines (IC50, 10�40 ng/ml; data not shown). When
added to chemotherapy, PS-341 showed very little synergism in
inhibiting the proliferation of these non-MM cell lines or normal
CD34-selected BMMCs or PBMCs (Fig. 6E).

DISCUSSION
MM patients develop chemoresistance, and increasing the

concentrations of cytotoxic drugs fails to significantly improve the
therapeutic response. One hypothesis for the development of che-
moresistance is related to acquired resistance of the tumor cells to
apoptosis (34), allowing tumors to withstand high levels of chem-
otherapy. Tumor cells that are resistant to apoptosis also exhibit
increased proliferative capacity. Wang et al. (35) reported that
activation of NF-�B in response to chemotherapy is a principal
mechanism of tumor chemoresistance. Inhibition of such inducible
NF-�B activation enhances apoptosis. Increased activity of NF-�B
proteins has been reported in solid tumors resistant to chemother-
apy (36). In this report, we found that the activity of NF-�B was
elevated in MM tumor cells. The activity of NF-�B appeared to be
higher in chemoresistant MM cell lines compared with chemosen-
sitive ones, although the difference was not always consistent
between chemosensitive versus chemoresistant MM cells (Fig. 1).
Further work is needed to clarify this. The level of I�B� phospho-
rylation was significantly higher, and amounts of this inhibitor were
reduced in MM cells after exposure to chemotherapeutic agents.
These results suggest that increases in NF-�B activity may help
MM cells evade chemotherapy-induced cytotoxicity.

Phosphorylated I�B� becomes ubiquitinated and then be-
comes degraded through the proteasome pathway, resulting in
release of activated NF-�B. The blockage of this degradation by
proteasome inhibitors such as PS-341 increases the level of
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I�B�, resulting in the inhibition of the function of NF-�B. In
this report, PS-341 was shown to markedly reduce nuclear
localization of this transcription factor and its DNA binding
activity and markedly suppress growth of tumor cells from MM
patients and cell lines. Among the MM cell lines analyzed, the
chemoresistant lines were more sensitive to treatment with
PS-341 than the chemosensitive lines.

The use of other combinations of treatment for cancer
patients has been shown to be more efficacious than single-
agent therapy (37–40). In MM patients, the addition of GCs to
chemotherapy (melphalan) improves overall survival (41). Part
of the efficacy of this combination may result from the effects of
GCs on NF-�B activity. It has recently been shown that GCs
interfere with the interaction of one of the NF-�B members,
p65, with the basal transcription machinery (42). This inhibition
of NF-�B function by GCs may lead to the sensitization of MM
cells to the cytotoxic effects of chemotherapy, similar to what
we have shown in this study with PS-341. By combining a
noncytotoxic PS-341 dose with the chemotherapeutic agents
melphalan, doxorubicin, or mitoxantrone, we overcame drug
resistance in highly chemoresistant MM cell lines. These cell
lines became sensitive to chemotherapeutic agents at markedly
lower concentrations (100,000–1,000,000-fold) than were nec-
essary to kill these cells without PS-341. Both increased apo-
ptosis and a reduction in tumor cell accumulation result from
exposure of MM cells to chemotherapeutic agents with the
addition of PS-341. In contrast, we did not find any significant
cytotoxic effect of the proteasome inhibitor alone or in combi-
nation with chemotherapy, except at very high doses in normal
samples (CD34-selected BMMCs and PBMCs) that were ob-
tained from healthy individuals and cell lines derived from other
types of tumors. These results suggest that the antitumor effects
of PS-341 alone and its enhancement of chemotherapy cytotox-
icity have differential effects on MM cells than on normal
hematopoietic stem and PB cells.

To provide further support for the importance of inhibiting
NF-�B as an effective therapy for MM, we performed studies on
MM cells that were infected with dominant negative I�B�, and
we showed a similar apoptosis-enhancing effect. These data
provide further support for inhibiting NF-�B activity as a new
strategy for the treatment of MM. Although these results suggest
that proteasome inhibitors and other agents that increase I�B�
levels may overcome chemoresistance by inhibiting NF-�B
activity in MM cells, it is still possible that other factors may
contribute to this effect. In fact, recent studies show that another
inhibitor of I�B�, Bay 11-7085, actually produces its antileu-
kemic effects through a p38 mitogen-activated protein kinase-
dependent but NF-�B-independent mechanism (43). In addition,
drug resistance to camptothecins may result from proteasome-
mediated degradation of topoisomerase I rather than I�B (44). It
also remains to be determined what leads to the increased
NF-�B activity in MM cells. Recent studies from our laboratory
and others suggest that polymorphisms and/or mutations of the
I�B� gene might reduce the function and/or levels of this
inhibitor among patients with MM and other B-cell malignan-
cies (45). Abnormalities in other parts of the signal transduction
pathway may also be present in MM patients’ tumor cells, such
as alterations in the I�B kinase complex or tumor necrosis
receptor-associated factors.

Our findings indicate that resistance to chemotherapy in
MM may be related to overactivity of NF-�B. By using the
proteasome inhibitor PS-341, which reduces NF-�B activity,
chemoresistance in MM cells can be overcome without signif-
icant effects on normal hematopoietic cells. Combining PS-341
with chemotherapeutic reagents markedly reduces the concen-
trations of these drugs that are cytotoxic without affecting
normal hematopoietic cells. Thus, these results should provide
the basis for clinical trials using drug combinations involving
much lower doses of chemotherapy with inhibitors of NF-�B
activity that should produce maximal anti-MM activity with
minimal toxicity.

ACKNOWLEDGMENTS
We thank Dr. William Dalton for providing us with chemosensitive

and chemoresistant myeloma cell lines, Dr. Phillip Koeffler for provid-
ing non-myeloma cell lines, Dr. Michael Lill for providing normal BM
aspirates, Dr. Richard Gaynor for providing the dominant negative I�B
vector, Drs. James Economou and Anthony Ribas for giving us the
adenovirus negative control vector, and Christine James for assistance in
editing and typing the manuscript.

REFERENCES
1. Vescio, R. A., and Berenson, J. R. Myeloma, macroglobulinemia,
and amyloidosis. In: J. S. Berek (ed.), Cancer Treatment, 5th ed., pp.
1503–1539. Philadelphia: W. B. Saunders Company, a Harcourt Health
Sciences Company, 2001.
2. Berenson, J. R., Lichtenstein, A., Porter, L. Dimopoulos M. A.,
Bordoni, R., George, S., Lipton, A., Keller, A., Ballester, O., Kovacs,
M. et al. Long-term pamidronate treatment of advanced multiple my-
eloma patients reduces skeletal events. Myeloma Aredia Study Group.
J. Clin. Oncol., 16: 593–602, 1998.
3. Anderson, K. C., Hamblin, T. J., and Traynor, A. Management of
multiple myeloma today. Semin. Hematol., 36: 3–8, 1999.
4. Kyle, R. A. Update on the treatment of multiple myeloma. Oncolo-
gist, 6: 119–124, 2001.
5. Migliazza, A., Lombardi, L., Rocchi, M. Trecca, D., Chang, C. C.,
Antonacci, R., Fracchiolla, N. S., Ciana, P., Maiolo, A. T., and Neri, A.
Heterogeneous chromosomal aberrations generate 3� truncations of the
NFKB2/lyt-10 gene in lymphoid malignancies. Blood, 84: 3850–3860,
1994.
6. Gilmore, T. D., Koedood, M., Piffat, K. A., and White, D. W.
Rel/NF-�B/I�B proteins and cancer. Oncogene, 13: 1367–1378, 1996.
7. Cabannes, E., Khan, G., Aillet, F., Jarrett, R. F., and Hay, R. T.
Mutations in the I�B� gene in Hodgkin’s disease suggest a tumour
suppressor role for I�B�. Oncogene, 18: 3063–3070, 1999.
8. Rayet, B., and Gelinas, C. Aberrant rel/nfkb genes and activity in
human cancer. Oncogene, 18: 6938–6947, 1999.
9. Izban, K. F., Ergin, M., Qin, J. Z., Martinez, R. L., Pooley, R. J., Jr.,
Saeed, S., and Alkan, S. Constitutive expression of NF-�B is a charac-
teristic feature of mycosis fungoides: implications for apoptosis resist-
ance and pathogenesis. Hum. Pathol., 31: 1482–1490, 2000.
10. May, M. J., and Ghosh, S. Signal transduction through NF-�B.
Immunol. Today, 19: 80–88, 1998.
11. Barkett, M., and Gilmore, T. D. Control of apoptosis by Rel/NF-�B
transcription factors. Oncogene, 18: 6910–6924, 1999.
12. Whiteside, S. T., and Israel, A. I�B proteins: structure, function and
regulation. Semin. Cancer Biol., 8: 75–82, 1997.
13. Baeuerle, P. A., and Baltimore, D. NF-�B: ten years after. Cell, 87:
13–20, 1996.
14. Matthews, J. R., and Hay, R. T. Regulation of the DNA binding
activity of NF-�B. Int. J. Biochem. Cell Biol., 27: 865–879, 1995.
15. Roulston, A., Lin, R., Beauparlant, P., Wainberg, M. A., and His-
cott, J. Regulation of human immunodeficiency virus type 1 and cyto-

1143Clinical Cancer Research



kine gene expression in myeloid cells by NF-�B/Rel transcription fac-
tors. Microbiol. Rev., 59: 481–505, 1995.

16. Beg, A. A., and Baldwin, A. S., Jr. The I�B proteins: multifunc-
tional regulators of Rel/NF-�B transcription factors. Genes Dev., 7:
2064–2070, 1993.

17. Brown, K., Park, S., Kanno, T., Franzoso, G., and Siebenlist, U.
Mutual regulation of the transcriptional activator NF-�B and its inhib-
itor, I�B�. Proc. Natl. Acad. Sci. USA, 90: 2532–2536, 1993.

18. Henkel, T., Machleidt, T., Alkalay, I., Kronke, M., Ben-Neriah, Y.,
and Baeuerle, P. A. Rapid proteolysis of I�B� is necessary for activa-
tion of transcription factor NF-�B. Nature (Lond.), 365: 182–185, 1993.

19. Mellits, K. H., Hay, R. T., and Goodbourn, S. Proteolytic degrada-
tion of MAD3 (I�B�) and enhanced processing of the NF-�B precursor
p105 are obligatory steps in the activation of NF-�B. Nucleic Acids
Res., 21: 5059–5066, 1993.

20. Palombella, V. J., Rando, O. J., Goldberg, A. L., and Maniatis, T.
The ubiquitin-proteasome pathway is required for processing the NF-
�B1 precursor protein and the activation of NF-�B. Cell, 78: 773–785,
1994.

21. Kim, J. Y., Lee, S., Hwangbo, B., Lee, C. T., Kim, Y. W., Han, S.
K., Shim, Y. S., and Yoo, C. G. NF-�B activation is related to the
resistance of lung cancer cells to TNF-�-induced apoptosis. Biochem.
Biophys. Res. Commun., 273: 140–146, 2000.
22. Huang, Y., Johnson, K. R., Norris, J. S., and Fan, W. Nuclear
factor-�B/I�B signaling pathway may contribute to the mediation of
paclitaxel-induced apoptosis in solid tumor cells. Cancer Res., 60:
4426–4432, 2000.
23. Andela, V. B., Schwarz, E. M., Puzas, J. E., O’Keefe, R. J., and
Rosier, R. N. Tumor metastasis and the reciprocal regulation of pro-
metastatic and antimetastatic factors by nuclear factor �B. Cancer Res.,
60: 6557–6562, 2000.
24. Feinman, R., Koury, J., Thames, M., Barlogie, B., Epstein, J., and
Siegel, D. S. Role of NF-�B in the rescue of multiple myeloma cells
from glucocorticoid-induced apoptosis by bcl-2. Blood, 93: 3044–3052,
1999.
25. An, W. G., Hwang, S. G., Trepel, J. B., and Blagosklonny, M. V.
Protease inhibitor-induced apoptosis: accumulation of wt p53,
p21WAF1/CIP1, and induction of apoptosis are independent markers of
proteasome inhibition. Leukemia (Baltimore), 14: 1276–1283, 2000.
26. Lightcap, E. S., McCormack, T. A., Pien, C. S., Chau, V., Adams,
J., and Elliott, P. J. Proteasome inhibition measurements: clinical appli-
cation. Clin. Chem., 46: 673–683, 2000.
27. Adams, J., Palombella, V. J., and Elliott, P. J. Proteasome inhibi-
tion: a new strategy in cancer treatment. Investig. New Drugs, 18:
109–121, 2000.
28. Feinman, R., Pranoti, G., Miller, S., Barton, B., Harrison, L. F.,
Adams, I., Elliott, P. J., and Siegel, D. S. Proteasome inhibitor PS341
inhibits constitutive NF-B activity and bypasses the anti-apo-
ptotic bcl-2 signal in human multiple myeloma cells. Blood, 98: 640a,
2001.
29. Hideshima, T., Richardson, P., Chauhan, D., Palombella, V. J.,
Elliott, P. J., Adams, J., and Anderson, K. C. The proteasome inhibitor
PS-341 inhibits growth, induces apoptosis, and overcomes drug resist-
ance in human multiple myeloma cells. Cancer Res., 61: 3071–3076,
2001.
30. McDade, T. P., Perugini, R. A., Vittimberga, F. J., Jr., and Callery,
M. P. Ubiquitin-proteasome inhibition enhances apoptosis of human
pancreatic cancer cells. Surgery, 126: 371–377, 1999.
31. Orlowski, R. Z., Thomas, E. S., Mitchell, B. S., Shea, T. C.,
Baldwin, A. S., Stahl, S., Adams, J., Esseltine, D-L., Elliott, P. J., Pien,
C. S., et al. Phase I trial of the proteasome inhibitor PS-341 in patients

with refactory hematologic malignancies. J. Clin. Oncol., 20: 4420–
4427, 2002.
32. Richardson, P., Barlogie, B., Berenson, J., Traynor, A., Singhal, S.,
Jagannath, S., Irwin, D., Rajkumar, V., Srkalovic, G., Alexanian, R., et
al. A phase II multicenter study of the proteasome inhibitor bortezomib
(VELCADETM, formerly PS-341) in multiple myeloma patients (pts)
with relapsed/refractory disease. Blood, 100: 104a.
33. Schreiber, E., Matthias, P., Muller, M. M., and Schaffner, W. Rapid
detection of octamer binding proteins with “mini-extracts”, prepared
from a small number of cells. Nucleic Acids Res., 17: 6419, 1989.
34. Baldini, E., Gardin, G., Giannessi, P., Brema, F., Camorriano, A.,
Carnino, F., Naso, C., Pastorino, G., Pronzato, P., Rosso, R., Rubagotti,
A., Torretta, G., and Conte, P. F. A randomized trial of chemotherapy
with or without estrogenic recruitment in locally advanced breast can-
cer. North-West Oncology Group (GONO) Study, Italy. Tumori, 83:
829–833, 1997.
35. Wang, C. Y., Cusack, J. C., Jr., Liu, R., and Baldwin, A. S., Jr.
Control of inducible chemoresistance: enhanced anti-tumor therapy
through increased apoptosis by inhibition of NF-�B. Nat. Med., 5:
412–417, 1999.
36. Vanden Berghe, W., Francesconi, E., De Bosscher, K., Resche-
Rigon, M., and Haegeman, G. Dissociated glucocorticoids with anti-
inflammatory potential repress interleukin-6 gene expression by a nu-
clear factor-�B-dependent mechanism. Mol. Pharmacol., 56: 797–806,
1999.
37. Cusack, J. C., Jr., Liu, R., Houston, M., Abendroth, K., Elliott, P. J.,
Adams, J., and Baldwin, A. S., Jr. Enhanced chemo-sensitivity to
CPT-11 with proteasome inhibitor PS-341: implications for systemic
nuclear factor-�B inhibition. Cancer Res., 61: 3535–3540, 2001.
38. Chmura, S. J., Mauceri, H. J., Advani, S., Heimann, R., Beckett,
M. A., Nodzenski, E., Quintans, J., Kufe, D. W., and Weichselbaum,
R. R. Decreasing the apoptotic threshold of tumor cells through protein
kinase C inhibition and sphingomyelinase activation increases tumor
killing by ionizing radiation. Cancer Res., 57: 4340–4347, 1997.
39. Mauceri, H. J., Hanna, N. N., Beckett, M. A., Gorski, D. H., Staba,
M. J., Stellato, K. A., Bigelow, K., Heimann, R., Gately, S., Dhanabal,
M., Soff, G. A., Sukhatme, V. P., Kufe, D. W., and Weichselbaum, R.
R. Combined effects of angiostatin and ionizing radiation in antitumour
therapy. Nature (Lond.), 394: 287–291, 1998.
40. Heise, W., Arasteh, K., Mostertz, P., Skorde, J., Schmidt, W., Obst,
C., Koeppen, M., Weiss, R., Grosse, G., Niedobitek, F., L’Age, M.
Malignant gastrointestinal lymphomas in patients with AIDS. Digestion,
58: 218–224, 1997.
41. Vescio, R., Rosen, L., Schmulbach, E., and Berenson, J. Multiple
myeloma and chronic lymphocytic leukemia. Curr. Opin. Hematol., 3:
288–296, 1996.
42. Gundersen, Y., and Vaagenes, P. Steroid treatment of shock lung-
tune for re-evaluation? Tidsskr. Nor Laegeforen, 121: 1596–1598,
2001.
43. Hu, X., Janssen, W. E., Moscinski, L. C., Bryington, M., Dangsupa,
A., Rezai-Zadeh, N., Babbin, B. A., and Zuckerman, K. S. An I�B�
inhibitor causes leukemia cell death through a p38 MAP kinase-depen-
dent. NF-�B-independent mechanism. Cancer Res., 61: 6290–6296,
2001.
44. Desai, S. D., Li, T. K., Rodriguez-Bauman, A., Rubin, E. H., and
Liu, L. F. Ubiquitin/26S proteasome-mediated degradation of topoi-
somerase I as a resistance mechanism to camptothecin in tumor cells.
Cancer Res., 61: 5926–5932, 2001.
45. Parker, K. M., Ma, M. H., Sjak-Shie, N., Vescio, R., and Berenson,
J. R. Identification of polymorphisms of the I�B� gene associated with
an increased risk of multiple myeloma. Cancer Genet. Cytogenet., in
press, 2003.

1144 PS-341 in Myeloma Treatment


