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Proteasome inhibitors induce a terminal unfolded protein response
in multiple myeloma cells
Esther A. Obeng, Louise M. Carlson, Delia M. Gutman, William J. Harrington Jr, Kelvin P. Lee, and Lawrence H. Boise

Consistent with reports that prosurvival/
physiologic UPR components are required for B-cell differentiation into antibody-secreting cells, we found that MM
cells inherently expressed the ER chaperones GRP78/Bip and GRP94/gp96. However, bortezomib rapidly induced components of the proapoptotic/terminal UPR,
including PERK, the ER stress–specific
eIF-2␣ kinase; ATF4, an ER stress–induced transcription factor; and its proapoptotic target, CHOP/GADD153. Consistent with our hypothesis that PIs induce
the accumulation of misfolded ER-pro-

cessed proteins, we found that the amount
of immunoglobulin subunits retained
within MM cells correlated with their sensitivity to PIs. These findings suggest
that MM cells have a lower threshold for
PI-induced UPR induction and ER stress–
induced apoptosis because they constitutively express ER stress survival factors
to function as secretory cells. (Blood.
2006;107:4907-4916)

© 2006 by The American Society of Hematology

Introduction
Multiple myeloma (MM), the second most commonly diagnosed
hematologic malignancy in the United States, is an essentially
incurable malignancy of terminally differentiated B cells or plasma
cells.1,2 Bortezomib (Velcade, PS-341) is a novel therapeutic agent
that has been shown to selectively induce apoptosis in malignant
cells.3,4 Bortezomib is particularly toxic to MM cells,5,6 but it has a
favorable toxicity profile and was approved by the US Food and
Drug Administration in 2003 for the treatment of relapsed refractory disease.7
Bortezomib is a potent and selective inhibitor of the 26S
proteasome,8,9 a multisubunit protein complex present in the
nucleus and the cytoplasm of all eukaryotic cells10 that is responsible for the degradation of ubiquitinated proteins.11 In addition to
damaged or obsolete proteins, the proteasome is responsible for the
degradation of proteins involved in cell-cycle regulation, oncogenesis, and apoptosis.12-20 Previous reports have demonstrated that
proteasome inhibition by bortezomib abrogates degradation of IB,
leading to the cytoplasmic sequestration and inhibition of the
transcription factor NF-B.5,21-25 Although constitutive NF-B
activity in MM cells has been shown to increase MM cell survival
and resistance to cytotoxic agents,26 bortezomib was shown to have
more profound effects on MM cell proliferation than a specific IB
kinase inhibitor, PS-1145,22 suggesting that NF-B inhibition
cannot completely explain the nature of the selectivity of bortezomib for MM cells.

One of the defining features of plasma cells is an expansive and
highly developed rough endoplasmic reticulum (ER) that is specialized for the production and secretion of thousands of antibody
molecules per second.27 In fact the detection of large amounts of
monoclonal immunoglobulin or light chain in the serum or urine is
one of the diagnostic features of MM.28 Conditions that disrupt
protein folding in the ER, such as a chemical insult or nutrient
deprivation, activate a stress signaling pathway known as the
unfolded protein response (UPR).29,30 UPR induction results in
both an initial decrease in general protein synthesis, to reduce the
influx of nascent proteins into the ER, and increased transcription
of ER resident chaperones, folding enzymes, and components of
the protein degradative machinery to prevent the aggregation of the
accumulating misfolded proteins. These misfolded proteins are
recognized by ER quality control systems and retained in the
ER, preventing them from proceeding further through the
protein maturation process.31-33 If these proteins cannot be
properly refolded, they are targeted for ER-associated protein
degradation (ERAD), which involves the retrograde translocation or dislocation of the misfolded proteins out of the ER and
subsequent degradation by cytosolic 26S proteasomes.34,35 The
UPR enables the cell to survive reversible environmental
stresses. However, if the stress is severe or prolonged, UPR
activation eventually leads to cell-cycle arrest36,37 and the
induction of apoptosis.38-41
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Multiple myeloma (MM) is an incurable
plasma cell malignancy. The 26S proteasome inhibitor, bortezomib, selectively
induces apoptosis in MM cells; however,
the nature of its selectivity remains unknown. Here we demonstrate that 5 different MM cell lines display similar patterns
of sensitivity to 3 proteasome inhibitors
(PIs) but respond differently to specific
NF-B inhibition. We further show that
PIs initiate the unfolded protein response
(UPR), a signaling pathway activated by
the accumulation of misfolded proteins
within the endoplasmic reticulum (ER).
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Pharmingen, San Diego, CA), anti-GRP94/gp96 (Stressgen Bioreagents,
Victoria, BC), anti–total eIF-2␣ and anti–phosphorylated eIF-2␣ (Biosource International, Camarillo, CA), anti–phosphorylated PERK (Cell
Signaling Technology, Danvers, MA), anti–total PERK, anti-ATF4, and
anti-GADD153/CHOP (Santa Cruz Biotechnology, Santa Cruz, CA) and
anti-actin (Sigma-Aldrich). Secondary antibodies were obtained from
Amersham Biosciences (Piscataway, NJ). Blots were developed by using
enhanced chemiluminescence. Protein expression was quantified by using
Bio-Rad Quantity One Software (Hercules, CA).
Enzyme-linked immunosorbent assay
The Human Lambda (bound and free) ELISA (enzyme-linked immunosorbent assay) Quantitation Kit (Bethyl Laboratories, Montgomery, TX) was
used to detect secreted and intracellular  light chain according to the
manufacturer’s instructions. For secreted , cells were cultured for 24
hours, and the supernatant from 1.0 ⫻ 106 pelleted cells was diluted 1:100
and 1:200 for use in the ELISA. For intracellular , whole-cell lysates
were prepared as described under “Immunoblotting,” and 500 ng total
protein was used in the assay.

Materials and methods
Multiple myeloma–derived cell lines
The 8226/S and U266 human MM cell lines were purchased from the
American Type Culture Collection (Manassas, VA). The MM.1S cell line
was obtained from Dr Steven Rosen (Northwestern University, Chicago,
IL), and the KMS-11 and KMS-18 cell lines were provided by Dr P. Leif
Bergsagel (Mayo Clinic, Scottsdale AZ). All cell lines were cultured in
RMPI 1640 supplemented with 10% fetal bovine serum, 1% L-glutamine,
and 1% penicillin/streptomycin (Mediatech, Herndon, VA).
Reagents
Bortezomib (PS-341, Velcade) was kindly provided by Millennium Pharmaceuticals (Cambridge, MA). Tunicamycin and melphalan were purchased
from Sigma-Aldrich (St Louis, MO). Epoxomycin, PSI, brefeldin A, BAY
11-7082, and staurosporine were obtained from EMD Biosciences (La
Jolla, CA).
Detection of cell death
For all cell death assays 2.5 ⫻ 105 cells/mL were treated with the indicated
concentration of drug for up to 24 hours. Cells were washed twice in
phosphate-buffered saline and then stained with Annexin V–FITC (Biovision, Mountainview, CA) and propidium iodide (Sigma-Aldrich) according
to the manufacturer’s instructions. Samples were acquired on a fluorescenceactivated cell scanner (FACScan) flow cytometer (Becton Dickinson,
Franklin Lakes, NJ) to assess viability.
Electrophoretic mobility shift assay
Electrophoretic mobility shift assays for NF-B–binding activity were
performed as described previously.47 Briefly, cell lysates were prepared
after 12 hours of the indicated treatment. Binding reactions containing
1.0 ⫻ 105 cpm ␥32P-labeled double-stranded NF-B consensus oligonucleotide probe (5⬘-GATCCAACGGCAGGGGAATTCCCCTCTCCTTA-3⬘)
and 10 g total protein were incubated at room temperature for 30 minutes.
Samples were run on a 4% nondenaturing polyacrylamide gel, dried on
Whatman paper, and visualized by autoradiography.
Immunoblotting
Whole-cell lysates (5.0 ⫻ 106 cells) were prepared in modified RIPA buffer
containing protease inhibitors (170 g/mL PMSF, 2 g/mL aprotinin, and 1
g/mL leupeptin; Sigma-Aldrich). Fifty micrograms of protein were
resolved on 8% to 15% SDS–polyacrylamide gels and transferred to
nitrocellulose membranes (Schleicher and Schuell, Keene, NH). The
following primary antibodies were used: anti-GRP78/BiP (BD Biosciences,

Results
Different multiple myeloma cell lines have different levels of
sensitivity to proteasome inhibitors

Previous studies have shown that bortezomib induces a caspasedependent apoptotic cell death in different MM cell lines.5 We
further expanded on these studies by examining apoptosis induction in MM cell lines treated with 3 different proteasome inhibitors.
As nonsecretory MM occurs in less than 1% of patients, each of the
MM cell lines examined secreted immunoglobulin components.
The 8226/S, MM.1S, and KMS-18 myeloma lines are  light
chain–only secreting plasma cells; KMS-18 is a  light chain–only
secreting cell line; and U266 cells secrete a complete IgE antibody.48 Each cell line was treated for 12 and 24 hours with
increasing concentrations of 1 of 3 inhibitors selective for the 26S
proteasome: epoxomycin, PSI, or bortezomib (Velcade, PS341).49,50 We found that the 5 MM cell lines had different levels of
sensitivity to proteasome inhibition, but that they responded
similarly to all 3 PIs. In response to treatment with each PI, the
MM.1S cell line was the most sensitive, the 8226/S cell line was the
most resistant, and the other 3 cell lines had intermediate levels of
sensitivity (Figure 1). Profound decreases in MM.1S cell viability
were detectable after as little as 6 to 12 hours of treatment (Figure
1A; data not shown). Thus, after 24 hours, 6.4% ⫾ 1.1% of cells
were viable in 5 nM epoxomycin, 8.1% ⫾ 5.7% of cells were
viable in 5 nM PSI, and 6.4 ⫾ 4.2% of cells were viable in 10 nM
bortezomib. In contrast, at higher concentrations of drug, approximately 50% of the 8226/S cells remained viable after 24 hours of
treatment such that at 30 nM epoxomycin, 42.9% ⫾ 15.5% of cells
were viable, at 15 nM PSI 54.1% ⫾ 9.9% of cells were viable, and
45.9% ⫾ 14.1% of cells were viable at 100 nM bortezomib.
However, the fact that very low (nM) concentrations of each agent
could be used to induce 50% to 90% cell death after 24 hours of
treatment indicates that MM cells are extremely sensitive to the
inhibition of 26S proteasome activity.
Proteasome inhibition does not produce the same response as
NF-B inhibition in multiple myeloma cell lines

Constitutive NF-B activity in MM cells has been reported to
enhance MM cell survival and resistance to cytotoxic agents.26
Additionally, as proteasome inhibition sequesters NF-B in the
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The retrograde translocation of misfolded proteins from the ER
has been shown to be dependent on functioning cytosolic proteasomes.42-46 Thus, treatment of cells with proteasome inhibitors
(PIs) results in the accumulation of misfolded proteins within the
ER. We therefore hypothesized that treatment of MM cells with PIs
initiates the UPR by inhibiting the retrograde translocation of
misfolded proteins from the ER and that MM cells are highly
sensitive to these agents because they produce large amounts of
protein, namely immunoglobulin, that must be processed within the
ER. Interestingly, we found that MM cells constitutively express
high levels of UPR survival components, but that PI treatment
leads to the rapid induction of proapoptotic UPR genes. We further
demonstrate that the amount of immunoglobulin subunits retained
in PI-treated MM cells correlates with their level of sensitivity to
bortezomib. These data suggest that the secretory function of MM
cells makes them more sensitive than other cell types to PI-induced
UPR activation and ER stress-induced apoptosis.
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Figure 1. Different multiple myeloma cell lines have
different levels of sensitivity to proteasome inhibitors. Five different human multiple myeloma cell lines
were cultured for 12 (A) and 24 (B) hours in increasing
concentrations of the proteasome inhibitors epoxomycin
(EPOX), PSI, and Bortezomib (BZ). Cell viability was
determined by flow cytometry following Annexin V–FITC
and propidium iodide staining. The data are presented as
the mean ⫾ SD from at least 3 independent experiments.

shown to cause the accumulation of misfolded proteins within the
ER lumen.42-46 We therefore hypothesized that proteasome inhibition may lead to UPR induction in secretory MM cell lines,
presumably by inhibiting the retrograde translocation of misfolded
proteins from the ER.

Proteasome inhibitors marginally increase the expression of
physiologic UPR components in MM cell lines

Figure 2. Multiple myeloma cell lines respond differently to direct inhibition of
NF-B than they do to direct inhibition of the 26S proteasome. (A) Whole-cell
lysates were prepared from untreated multiple myeloma cell lines, cells treated with 5
M BAY 11-7082 or cells treated with 100 nM (8226/S and U266 cells), 25 nM
(KMS-11, KMS-18), or 5 nM (MM.1S) bortezomib and incubated with a doublestranded NF-B oligonucleotide probe. Samples were run on a native polyacrylamide
gel, and NF-B binding was visualized by autoradiography. (B) Five different human
multiple myeloma cell lines were cultured for 24 hours in increasing concentrations of
the NF-B inhibitor BAY 11-7082. Cell viability, as assessed by Annexin V–FITC and
propidium iodide staining, is presented as the mean ⫾ SD from at least 3 independent experiments.

MM cells are malignant plasma cells that, similar to their normal
counterparts, produce and secrete large amounts of immunoglobulin.1,2,27,48 The ER is the site where integral membrane proteins and
secretory proteins are folded into their proper tertiary structures,
and multimeric proteins, such as immunoglobulins, are assembled.31-33 The inhibition of cytosolic proteasomes has been
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cytoplasm, it has been rationally hypothesized that the selectivity
of PIs for malignant cells mainly involved the inhibition of
NF-B.5,21-25 However, growth inhibition studies have shown that
the effects of nanomolar amounts of bortezomib were far more
potent than up to 50 M of the selective IB kinase inhibitor
PS-1145.22 Consistent with these studies, when cell viability was
evaluated directly, we found that all 5 MM cell lines were nearly
100% viable after 24 hours of treatment with up to 100 M
PS-1145 (data not shown), although 10 M of this drug has been
reported to inhibit NF-B activation in MM.1S cells.22
Similarly, the response of the 5 MM cell lines to the irreversible
inhibitor of IB␣ phosphorylation, BAY 11-7082, is not the same
as their response to PIs. After 12 hours of treatment, NF-B DNA
binding is inhibited in all 5 MM cell lines treated with either 5 M
BAY 11-7082 or 10 to 100 nM bortezomib (Figure 2A). However,
after 24 hours of treatment, significant reductions in cell viability
are seen in bortezomib-treated cells (Figure 1), but at 5 M of BAY
11-7082 only the MM.1S and KMS-11 cell lines are sensitive to the
drug (Figure 2B). There is a slight decrease in the viability of the
8226/S, U266, and KMS-18 cell lines at this concentration, and
these 3 cell lines progressively undergo apoptosis as the concentration of BAY 11-7082 is increased up to 10 M. However, in
contrast to PI treatment, their responses are indistinguishable.
Taken together, these studies indicate that, although the inhibition
of NF-B has effects on MM cell viability, it cannot completely
explain the selectivity of PIs for MM cells.
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1.8-fold in MM cells treated with classical ER stress agents
compared with a 0.9- to 3.7-fold GRP94 induction and a 0.8- to
2.3-fold GRP78 induction in PI-treated cells. Cytotoxic agents that
do not induce ER stress also had little effect on ER chaperone
expression, causing only a 0.7- to 2.1-fold induction in GRP94 and
a 0.8- to 1.2-fold induction in GRP78.
Our finding that MM cells constitutively express ER chaperones
is consistent with previous reports that certain components of the
UPR are induced during plasma cell development and are required
to be constitutively expressed for these cells to function properly.56-58 It has been demonstrated that the expression of GRP78
and GRP94 is induced and maintained in mature B cells as they
differentiate into antibody secreting plasma cells, whereas UPR
components associated with decreased protein synthesis and apoptosis were not induced under these conditions.56-59 The specific
induction of UPR genes that enable cells to differentiate into
professional secretory cells capable of tolerating the constitutive
production of high amounts of ER-processed proteins has been
defined as a “physiologic” UPR. This UPR is distinct from the “ER
stress” or “terminal” UPR, which is induced by nutrient deprivation
or chemical agents that cause severe or prolonged ER stress.56,57
Taken together, these data suggest that prosurvival/physiologic
UPR components are already highly expressed in MM cells and
that their expression cannot be significantly altered by agents that
cause additional ER stress within the cell.

Figure 3. Multiple myeloma cell lines constitutively express high levels of physiologic UPR components. Five different multiple myeloma cell lines were treated for 12
and 24 hours with 50 M tunicamycin (TM), 1 M brefeldin A (BfA), 30 M melphalan (Mel), 250 nM staurosporine (STS), or the indicated concentration of the proteasome
inhibitors epoxomycin (EPOX), PSI, or bortezomib (BZ). Whole-cell lysates were isolated, subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to nitrocellulose membranes. The membranes were sequentially probed for GRP94, GRP78, and actin. The relative induction (Rel. Ind.) is the
amount of protein present in treated samples relative to untreated cells after normalizing protein loading to actin using densitometry. Cell viability was assessed from an aliquot
of the treated cells by Annexin V–FITC and propidium iodide staining. Representative blots from at least 3 independent experiments are shown.
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One of the ways the UPR enables any cell to respond to ER
stress is by up-regulating the expression of ER molecular chaperones and folding enzymes51,52 to prevent the aggregation of
misfolded proteins and to help them refold. ER chaperone induction was examined in each of the MM cell lines treated for 12 and
24 hours with the 3 different proteasome inhibitors. Because these
cell lines have different levels of sensitivity to proteasome inhibition, the highest concentrations of the PIs were used to treat the
8226/S and U266 MM cell lines, intermediate concentrations of PIs
were used to treat the KMS-11 and KMS-18 cell lines, and the
lowest concentrations of PIs were used to treat the MM.1S cell line.
Additionally, we compared the induction of the ER molecular
chaperones GRP78/BiP and GRP94/gp96 in PI-treated cells with
cells treated with known ER stress agents or other apoptosisinducing agents. Tunicamycin, an inhibitor of N-linked glycosylation, and brefeldin A, an inhibitor of ER to Golgi transport, are 2
chemical agents known to induce ER stress and the UPR.29,30 The
alkylating agent melphalan53,54 and the nonspecific kinase inhibitor
staurosporine55 were used as negative controls. Interestingly, we
found that all 5 MM cell lines constitutively expressed high levels
of both ER molecular chaperones, and that the levels of these
proteins remained unchanged or were marginally increased in
response to treatment with PIs or known ER stress agents, even as
these cells began to undergo apoptosis (Figure 3). Thus, GRP94
was induced 1.0- to 3.8-fold and GRP78 was induced 0.9- to
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Upstream terminal UPR component and eIF-2␣ kinase,
PERK, are rapidly activated in MM cells treated
with proteasome inhibitors
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eIF-2␣ phosphorylation in MM cell lines, preliminary experiments
suggest that PERK is also rapidly activated in MM cells treated
with bortezomib (data not shown). These data suggest that, similar
to classical ER stress agents, PIs induce the rapid activation of the
ER lumenal sensor, PERK, the primary eIF-2␣ kinase that is
activated during the terminal UPR.
Proteasome inhibitors induce the expression of transcription
factors associated with ER stress–induced apoptosis

Although the phosphorylation of eIF-2␣ leads to the attenuation of
global protein synthesis, it is also associated with stress-induced
gene expression, and different cellular stresses can influence the
types of genes that are induced.67,68 In response to ER or nutrient
stress–induced phosphorylation of eIF-2␣, there is a paradoxical
increase in the translation of the transcription factor ATF4.67,69
Consistent with our hypothesis that PIs induce ER stress and the
UPR in MM cells, ATF4 expression was rapidly increased after as
little as 1 to 2 hours of treatment with bortezomib or tunicamycin in
all 5 MM cell lines. However, ATF4 protein levels remained low to
undetectable after up to 12 hours of melphalan treatment (Figure 5).
Although ATF4 is responsible for up-regulating the transcription of various prosurvival stress response genes involved in amino
acid transport and the oxidative stress response, ATF4 also
increases the transcription of the proapoptotic transcription factor
GADD153/CHOP in response to ER stress and UPR induction.70
GADD153 induction has been shown to be specifically involved in
ER stress–induced apoptosis,38,71 and mouse embryonic fibroblasts
(MEFs) from GADD153-deficient mice have been shown to be
resistant to PI- and ER stress–induced apoptosis.38,72 Consistent

Figure 4. eIF-2␣ is phosphorylated in multiple myeloma cells treated with a variety of cytotoxic agents. The indicated multiple myeloma cell lines were cultured in 50 M
tunicamycin (TM), 1 M brefeldin A (BfA), 30 M melphalan (Mel), 250 nM staurosporine (STS), or the indicated concentration of the proteasome inhibitors epoxomycin
(EPOX), PSI, or bortezomib (BZ). After 12 and 24 hours of treatment, cell viability was determined by Annexin V–FITC and propidium iodide staining, and whole cell lysates
were isolated to sequentially evaluate the amount of phosphorylated and total eIF-2␣ present by Western blot analysis. The data are representative of at least 3 different
experiments.
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The UPR also enables cells to survive stressful conditions through
a transient decrease in de novo protein synthesis to reduce the client
protein load in the ER. This is accomplished through phosphorylation of eukaryotic translation initiation factor-2␣ (eIF-2␣).60 To
determine whether this aspect of the UPR was activated in MM
cells treated with PIs, we examined the levels of phosphorylated
eIF-2␣ in cells treated with PIs, classical ER stress-inducing
agents, and other cytotoxic agents. Varying levels of phosphorylated eIF-2␣ were detected in untreated cells; however, all of the
cytotoxic agents used were able to induce the phosphorylation of
eIF-2␣ within 24 hours (Figure 4). Consistent with previous reports
that eIF-2␣ is a caspase-3 target,61 both eIF-2␣ antibodies also
detected a band that migrated slightly faster than full-length eIF-2␣
in treated MM cells that underwent apoptosis.
In addition to ER stress, the phosphorylation of eIF-2␣ can be
induced by other cellular stresses, such as amino acid starvation or
viral infection.62,63 To determine whether the PI-induced phosphorylation of eIF-2␣ in MM cells was associated with ER stress, we
examined the activation of PERK, the ER stress-associated eIF-2␣
kinase.40,64,65 PERK is rapidly and specifically activated by autophosphorylation in response to ER stress, leading to decreased
protein translation as early as 30 minutes after ER stress agent
treatment.66 Thus, we were able to detect PERK activation as early
as 30 minutes after treatment of the KMS-11 and KMS-18
myeloma cell lines with the classical ER stress agent tunicamycin.
Consistent with ER stress being the primary cause of PI-induced
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Figure 6. Proteasome inhibitors rapidly up-regulate a protein specifically involved in ER stress–induced apoptosis. (A) The 8226/S, U266, and MM.1S human multiple
myeloma cell lines were cultured for up to 24 hours in 50 M tunicamycin (TM), 1 M brefeldin A (BfA), or the indicated concentration of epoxomycin (EPOX) or bortezomib
(BZ). At the indicated time points, an aliquot of cells was taken to assess cell viability by Annexin V–FITC and propidium iodide staining, and the remainder of the cells was used
to prepare whole-cell lysates. Induction of GADD153 and actin expression were determined by Western blot analysis. Blots representative of at least 3 independent
experiments are shown. (B) Five different human multiple myeloma cell lines were treated for 12 and 24 hours with 50 M tunicamycin (TM), 1 M brefeldin A (BfA), 30 M
melphalan (Mel), 250 nM staurosporine (STS), or the indicated concentration of the proteasome inhibitors epoxomycin (EPOX), PSI, or bortezomib (BZ). Western blot and cell
viability analyses were performed as described above. The data are representative of at least 3 independent experiments.
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Figure 5. Proteasome inhibitors specifically induce the expression of the transcription factor ATF4. The indicated multiple myeloma cell lines were treated for up to 12
hours with 50 M tunicamycin (TM), 30 M melphalan (Mel), or the indicated concentration of bortezomib (BZ). Whole-cell lysates were prepared, and Western blots for ATF4
were performed. The blots were then stripped and reprobed for actin to confirm equal protein loading. Representative blots from 3 independent experiments are shown.
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with these reports, GADD153 was rapidly induced after as little as
4 hours in MM cell lines treated with PIs or known ER stress agents
(Figure 6A). Moreover, GADD153 induction is specific to ER
stress agent and PI treatment because it is not induced after up to 24
hours of treatment with other cytotoxic agents (Figure 6B). Taken
together, these results demonstrate that PIs cause the rapid and
sequential induction of UPR components that are associated with
severe or prolonged ER stress. These data further suggest that PIs,
similar to classical ER stress agents, specifically induce proteins
associated with a terminal UPR and ER stress–-induced apoptosis
in MM cell lines.

Table 2. Quantification of intracellular  light chain retained in
treated myeloma cell lines

Accumulation of intracellular  light chain correlates with
sensitivity to proteasome inhibitors

8226/S cells (Table 2), suggesting that higher amounts of misfolded
light chains, which require the proteasome for degradation, are
produced by the MM.1S cell line. The continued secretion of
properly folded proteins combined with the activation of the PERK
pathway (which decreases protein synthesis) is probably why the
ratio is less than 1 in PI-treated cells. This is in contrast to brefeldin
A–treated cells, in which the ratio of treated to untreated cells is
greater than 1 because this drug inhibits protein secretion. Consistent with the secretion ELISA analysis, more protein accumulates
within the brefeldin A–treated 8226/S cells compared with treated
MM.1S cells. Taken together these data suggest that, although all
MM cells are extremely sensitive to proteasome inhibition, the
efficiency of protein folding within the ER can affect the level of
sensitivity of individual MM cell lines to PIs.

Table 1. Quantification of  light chain secretion by multiple
myeloma cell lines
Cell line

Secreted , g/1.0 ⴛ 106 cells

8226/S

29.96 ⫾ 7.39
15.05 ⫾ 4.84

MM.1S

MM cells were cultured at 5.0 ⫻
cells/mL for 24 hours, after which the volume
of media containing 1.0 ⫻ 106 cells was removed from the culture. Cells were
pelleted, and the supernatant was removed for ELISA analysis. The data represent
the mean ⫾ the SD from 3 independent experiments.
105

Experiment 2

Experiment 3

Ratio

8226/S

MM.1S

8226/S

MM.1S

8226/S

BZ/UNTX

0.257

0.854

0.481

1.387

0.304

MM.1S
1.316

BfA/UNTX

2.208

1.517

1.908

1.470

2.603

1.402

The 8226/S and MM.1S myeloma cell lines were left untreated, treated with 10
(MM.1S) to 100 nM (8226/S) bortezomib (BZ), or treated with 1 M brefeldin A (BfA).
Cell lysates were prepared after 7 hours of treatment, and 500 ng total protein was
used to determine the amount of intracellular  light chain present by ELISA. Three
independent experiments are shown with the data presented as the ratio of the
treated cells (BZ or BfA) to the untreated controls.

Discussion
NF-B activity has been shown to enhance MM cell survival and
resistance to chemotherapeutic agents,26 and functional proteasomes are required NF-B activation.5,21-25 However, we found that
despite that 5 human MM cell lines responded similarly to low
concentrations of 3 different proteasome inhibitors (Figure 1), the
effect of the irreversible inhibitor of IB␣ phosphorylation, BAY
11-7082, on these MM cell lines differed from that of proteasome
inhibition (Figure 2). These findings are similar to reports that
bortezomib and a specific IB kinase inhibitor, PS-1145, do not
have the same effects on cell proliferation in MM cell lines22 and
suggest that the inhibition of NF-B cannot completely explain the
selective anti-MM activity of proteasome inhibitors.
Because MM cells, similar to their normal counterparts, produce significant amounts of ER-processed proteins,27 we reasoned
that these cells may be sensitive to perturbations in protein
degradation, which would result in the activation of the UPR. One
of the hallmarks of UPR induction is the increased transcription
and translation of ER molecular chaperones.29,30,51,52 These genes
are induced by the UPR transcription factors XBP1 and ATF6.52,73
Although XBP1 splicing and its resulting activation have been
shown to be inhibited in PI-treated MM cells,74 our finding that the
high constitutive expression of 2 XBP1 target genes products,
GRP78 and GRP94, is not reduced by PI treatment (Figure 3) and
the observation by Lee et al74 that the XBP1-dependent UPR target
gene ERdj4 was normally induced by PIs suggest that the UPR
remains functional in PI-treated MM cells. Because both XBP1 and
ATF6 can bind to ER stress response elements in the promoters of
UPR target genes,52,73 it is possible that ATF6 may compensate for
decreased XBP1 activity in PI-treated MM cells.75 Consistent with
this, it has been shown that the induction of GRP78 and GRP94 is
only slightly impaired in XBP1⫺/⫺ B cells59 and that the expression
of GRP94 requires either, but not both, ATF6 or XBP1.75
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Although PIs can induce the terminal UPR in each of the cell lines
examined, the amount of the drug required for terminal UPR
induction varies between different MM cell lines. Thus, a 10-fold
higher concentration of bortezomib (100 nM) is required to induce
apoptosis and the terminal UPR in the cell line that is most resistant
to PIs (8226/S) compared with the cell line that is least resistant to
PIs (MM.1S). Both of these cell lines are  light chain–only
secreting cells, which allowed us to investigate whether differences
in immunoglobulin production correlate with PI sensitivity.
As we have hypothesized that MM cells are more sensitive to
PIs than other malignant cells because they produce large amounts
of ER-processed proteins, one explanation for the differences in
sensitivity observed between MM cell lines is that cells that are
more sensitive to PIs produce more immunoglobulin. However,
when immunoglobulin secretion was quantitated by ELISA, we
found that MM.1S cells secrete half as much light chain as 8226/S
cells (Table 1). This assay measures the amount of immunoglobulin
produced by an equal number of cells over a defined period of time
without accounting for cell size, whereas visual inspection and
forward scatter analysis have shown that 8226/S cells are much
larger than MM.1S cells (data not shown).
In addition to cell size, ELISAs performed on cell supernatants
also do not address the efficiency of light chain folding within MM
cells. This is important because inhibition of the 26S proteasome
leads to the accumulation of misfolded proteins in the ER lumen,
whereas properly folded proteins can proceed along the secretory
pathway. This is in contrast to the inhibition of ER-to-Golgi
transport by brefeldin A, which inhibits all protein secretion. To
distinguish between retained and presumably misfolded  light
chains and the total amount of light chain that is processed in the
ER, whole-cell lysates were isolated from untreated, PI-treated, or
brefeldin A–treated MM cells, and the amount of  light chain
present within the lysates was quantitated by ELISA. Additionally,
the ratio of treated cells to untreated cells was used to normalize the
data to make comparisons between cell lines. When compared with
untreated controls, 10-fold less bortezomib caused the retention of
3- to 4-fold more  light chain in MM.1S cells compared with
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ences in sensitivity observed between MM cell lines also appears to
involve the efficiency of immunoglobulin folding. As each malignant myeloma clone arises from a mature B cell with a unique
rearrangement of its immunoglobulin genes, one would expect that
certain immunoglobulin protein subunits may fold or assemble
more efficiently than others. Mutations that cause the inefficient or
improper folding of ER-processed proteins have been associated with
the pathology of diseases such as cystic fibrosis, and cytosolic proteasomes have been shown to be required for the removal and the
degradation of these misfolded proteins from the ER.44,45 Consistent
with the idea that immunoglobulin folding efficiency can affect the
sensitivity of MM cells to PIs, higher amounts of  light chain were
found to accumulate within the more sensitive MM.1S cell line
compared with the more resistant 8226/S cell line even when MM.1S
cells were treated with 10-fold less drug (Table 2).
These studies further suggest that malignant cells can be sensitized to
PIs by combining them with agents that affect protein folding within the
ER or the cytoplasm. The accumulation of misfolded proteins in the ER
lumen of PI-treated cells is thought to occur as a consequence of
feedback inhibition, where the accumulation of ubiquitinated proteins
that cannot be degraded in the cytosol prevents the retrograde translocation of additional unfolded proteins from the ER.89,90 The presence of
misfolded proteins in the cytosol may partially explain why proteasome
inhibitors also induce the expression of heat shock–factor proteins
including HSP27, HSP70, and HSP90.6,91-95 HSP90 regulates the
stability and function of many protein kinases, including IRE1␣, the
endoribonuclease that activates XBP1,96 and disrupting the ability of
HSP90 to interact with its target proteins leads to their rapid destabilization and degradation by the proteasome.97,98 Thus, the ability of the
HSP90 inhibitor NSC683664 to increase the sensitivity of MM.1S
myeloma cells to bortezomib6 and the observation that treatment of
MCF-7 breast cancer cells with either the HSP90 inhibitor, geldanamycin, or bortezomib alone was cytostatic, whereas combining these drugs
is potently cytotoxic99 may both be explained by the fact that all cells
require functional proteasomes for the degradation of misfolded ER
proteins as well as destabilized cytosolic proteins.
Taken together, these data suggest that MM cells are inherently
sensitive to PIs because of their large volume of immunoglobulin
production, which requires the constitutive expression of physiologic UPR genes. This appears to lower their threshold for the
induction of a terminal UPR in response to PI-induced ER stress. In
addition to the amount, PI sensitivity also appears to involve the
efficiency of immunoglobulin folding within MM cells. These
parameters may lead to the more specific identification of MM
tumors that will respond to bortezomib. Furthermore, more resistant myeloma clones as well as other nonsecretory malignancies
may be sensitized to bortezomib by combining it with agents that
interfere with the UPR or agents that destabilize cytosolic proteins.
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