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The proteasome inhibitor bortezomib is currently an important drug for treatment of
relapsed and refractory multiple myeloma (MM) and for elderly patients. However, cells
from some patients show resistance to bortezomib. We have evaluated the possibility of
improving bortezomib therapy with Apo2L/TRAIL, a death ligand that induces apoptosis in
MM but not in normal cells. Results indicate that cotreatment with low doses of bortezomib

Keywords: significantly increased apoptosis of MM cells showing partial sensitivity to Apo2L/TRAIL.
Bortezomib Bortezomib treatment did not significantly alter plasma membrane amount of DR4 and DR5
TRAIL but increased Apo2L/TRAIL-induced caspase-8 and caspase-3 activation. Apo2L/TRAIL
Mcl-1 reverted bortezomib-induced up-regulation of B-catenin, Mcl-1 and FLIP, associated with
Bcl-x;. the enhanced cytotoxicity of combined treatment. More important, some cell lines display-
Apoptosis ing resistance to bortezomib were sensitive to Apo2L/TRAIL-induced apoptosis. A cell line
Myeloma made resistant by continuous culture of RPMI 8226 cells in the presence of bortezomib (8226/
7B) was highly sensitive to Apo2L/TRAIL-induced apoptosis. Moreover, RPMI 8226 cells
overexpressing Mcl-1 (8226/Mcl-1) or Bcl-x;, (8226/Bcl-x;) also showed enhanced resistance
to bortezomib, but co-treatment with Apo2L/TRAIL reverted this resistance. These results
indicate that Apo2L/TRAIL can cooperate with bortezomib to induce apoptosis in myeloma

cells and can be an useful adjunct for MM therapy.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction recombinant form of Apo2L/TRAIL [3]. Expression in plasma

membrane of at least one of the two death receptors for Apo2L/

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(Apo2L/TRAIL) is a death messenger that induces apoptosis in
many types of human hematological neoplasia [1] including
multiple myeloma (MM) [2,3]. An improved recombinant form
of Apo2L/TRAIL (Apo2L/TRAIL.0), which exerts no toxicity in
normal human cells [4], is being currently evaluated in clinical
trials for non-Hodgkin’s lymphoma [5] and could also be useful
as an anti-myeloma weapon. We have recently evaluated the
factors determining sensitivity of human MM cells to this
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TRAIL (DR4 or DR5) and a significant expression level of caspase-
8 are essential to elicit apoptosis. In some myeloma cells
fulfilling these requirements, clustering of DRs in lipid rafts is
also necessary for an efficient signaling [3]. However, data from
a study with plasma cells from a significant number of MM
patients indicate that only about 30% of samples undergo
apoptosis upon TRAIL exposure [6].

On the other hand, the proteasome inhibitor bortezomib
(Velcade) has emerged in the last years as a very useful drug

Abbreviations: MM, multiple myeloma; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide; PS, phosphatidylserine;
A¥,, mitochondrial transmembrane potential; DiOCe(3), 3,3'-dihexyloxacarbocyanine iodide; TMRE, tetramethylrhodamine ethyl ester.
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for the treatment of relapsed and refractory MM [7], as well as
in elderly patients not suitable for bone marrow transplanta-
tion [8]. The overall response rate to bortezomib in phase III
trials was 43% [8], indicating that some patients show
resistance to bortezomib or develop secondary resistance,
not responding when they are rechallenged after relapsing
from an earlier response. Despite of its undoubted benefits,
bortezomib may cause thrombocytopenia [8], toxicity on
activated T cells [9] and significantly impairs the immunos-
timulatory capacity of human dendritic cells [10]. The
combined use of Apo2L/TRAIL with lower doses of bortezomib
could be useful to alleviate the mentioned problems. Indeed,
bortezomib potentiates TRAIL-induced apoptosis in some
types of solid tumors and this has been attributed to the
increase of Bik [11,12] or the decrease of FLIP [13]. In human
hepatoma and human non-small cell lung cancer cells,
bortezomib enhanced TRAIL-induced apoptosis in spite of
increased expression of FLIP [14,15] and this was associated in
the latter case to DR5 up-regulation [15]. Data concerning the
combined use of bortezomib and TRAIL in hematological
neoplasias are scarce. Bortezomib sensitized some primary
effusion lymphoma cells to TRAIL-induced apoptosis [16] and
cooperated with TRAIL to induce apoptosis in Jurkat cells
overexpressing Bcl-2 [17]. In a recent study, bortezomib
potentiated apoptosis in TRAIL-sensitive but not in TRAIL-
resistant mantle cell lymphoma [18]. In a single experiment,
bortezomib potentiated TRAIL-induced apoptosis in MM.1S
myeloma cells [2] though the TRAIL recombinant form used
(LZ-TRAIL) has shown to be toxic for keratinocytes [19] and
hepatocytes [14], and not suitable for in vivo use. The problem
of toxicity of recombinants forms of TRAIL for normal human
cells has been discussed in detail elsewhere [3].

In the present work we have evaluated the ability of Apo2L/
TRAIL to cooperate with bortezomib in apoptosis induction in
myeloma, as well as the mechanism underlying their
cooperation. Results indicate that the apoptotic signals
elicited by each of these agents mutually reinforce and that
Apo2L/TRAIL can revert several antiapoptotic outcomes of
bortezomib treatment in myeloma cells.

2. Materials and methods
2.1. Materials

Recombinant Apo2L/TRAIL lacking exogenous sequence tags
(Apo2L/TRAIL.O, residues 114-281) was kindly provided by
Genentech (South San Francisco, CA, USA). The proteasome
inhibitor bortezomib (Velcade) was provided by Millenium
Pharmaceuticals (Cambridge, MA, USA). MTT was from Sigma
(Madrid, Spain).

2.2. Cell cultures

All cells were routinely cultured at 37 °C in RPMI 1640 medium
supplemented with 10% fetal calf serum, r-glutamine and
penicillin/streptomycin (hereafter, complete medium). The
following human multiple myeloma (MM) cell lines were used:
MM.1S, kindly provided by Dr. Atanasio Pandiella (CIC,
Salamanca, Spain), RPMI 8226 from Dr. Martine Amiot

(INSERM, Nantes, France) and NCI-H929 from the ATCC. IM-
9, a human B-leukemia from a patient with multiple myeloma
was from the ATCC. SUDHL-4 was from DSMZ (Germany). A
bortezomib-resistant MM cell subline (8226/7B) was generated
from RPMI 8226 cells by serial cultivation over 18 months with
increasing concentrations of bortezomib (from 2 to 100 nM)
and recovery of surviving cells. For the generation of Mcl-1-
overexpressing RPMI 8226 cells (8226/Mcl-1), the cDNA
encoding human Mcl-1 (kindly provided by Dr. Xiandong
Wang, University of Texas, USA) was cloned into a retroviral
expression vector containing GFP as a selectable marker
(pLZR-IRES-GFP-Mcl-1). RPMI 8226 cells were transfected by
retroviral infection as described previously [20]. Clones
derived from single cells were obtained by limiting dilution
and cells expressing significant amounts of GFP were
expanded. Clones were tested for the expression of Mcl-1 by
Western blotting, and those exhibiting increased expression of
Mcl-1 relative to controls were selected for experimental use.
Cells containing empty vector (pLZR-IRES-GFP) were used as
suitable controls. Bcl-x;-overexpressing cells were generated
from the retroviral construct MMP-1-AU1-Bcl-x;, generously
provided by Dr. X Pimentel-Muifios (CIC, Salamanca). Forty-
eight hours after retroviral infection of RPMI 8226 cells,
overexpression of Bcl-x; was analyzed by Western blotting.

2.3.  Cell proliferation and apoptosis assays

For toxicity assays, cells ((3-5) x 10° cells/ml) were treated in
flat-bottom, 24-well (1 ml/well) or 96-well plates (100 pl/well)
with different concentrations of Apo2L/TRAIL (2-200 ng/ml),
bortezomib (2-80 nM) or both, in complete medium, for the
indicated times. In combination experiments, MM cells were
preincubated with bortezomib for 1 h prior to treatment with
Apo2L/TRAIL. Cell proliferation was determined by a mod-
ification of the MTT-reduction method [21] and apoptosis by
determining PS exposure and A, loss by flow cytometry, as
indicated later. The cytotoxic effect of combinations of Apo2L/
TRAIL and bortezomib was analyzed by calculating the
combination indexes (CI) by the Chou-Talalay method [22],
using the CalcuSyn 2.0 software (Biosoft, Great Shelford, UK).
Briefly, data from cell toxicity assays were expressed as
fraction of cells affected by the dose in drug-treated cells
compared with untreated cells (controls). CalcuSyn program is
based on the Chou-Talalay method according to the following
equation: CI = (D)1/(Dx)1 + (D)1(D)2/(Dx)1(Dx)2, where (D)1 and
(D)2 are the doses of drug 1 and drug 2 that have the same x
effect when used alone, and CI is the combination index.
CI< 1.0 indicates synergism; CI~ 1.0 indicates an additive
effectand CI > 1.0 an antagonistic effect. MM.1S and H929 cells
were treated for 24h with a constant concentration of
bortezomib and increasing concentrations (0-100 ng/ml) of
Apo2L/TRAIL and the apoptosis evaluated by flow cytometry
as described below. CI values for each combination were
obtained from three different experiments fulfilling experi-
mental prerequisites of the Calcusyn program.

2.4.  Flow cytometry analysis

Plasma membrane expression of TRAIL receptors was ana-
lyzed by sequential incubation of cells (2 x 10° cells in 200 pl)
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at room temperature for 30 min, with either mouse anti-DR4
(clone DJR1) or anti-DRS5 (clone DJR2-4), both from eBioscience
(USA), and rabbit anti-mouse IgG-Alexa 488 (Invitrogen). In cell
lines transfected with pLZR-GFP constructs, the secondary
antibody used was a goat anti-mouse IgG-PE (Invitrogen).
Quantitative determination of apoptosis was performed by the
simultaneous determination of phosphatidylserine (PS) expo-
sure and mitochondrial membrane potential (A¥%,) in the
same cells, as indicated [23]. Briefly, cells (2.5 x 10° in 200 wl)
were incubated with 2 nM DiOCg(3) (Invitrogen) at 37 °C for
10 min in annexin-binding buffer (140 mM NacCl, 2.5 mM CaCl,,
10 mM Hepes/NaOH, pH 7.4). Then, 0.5pl annexin V-PE
(Invitrogen) were added and incubated at room temperature
for 15 min. In cells showing non-specific binding of annexin-
PE, annexin V-FITC was used and A%, determined separately
with tetramethylrhodamine ethyl ester (TMRE, Invitrogen). In
GFP-expressing cells, A¥,, was also determined with TMRE
[24]. Cells were incubated with 60 nM TMRE at 37 °C for 20 min
in complete medium. In all cases, cell suspensions were
diluted to 0.5 ml with annexin-binding buffer or culture media
and analyzed in a flow cytometer (FACScan, BD Biosciences).
Intracellular amount of active caspase-3 was determined by
immunolabeling with an anti-active caspase-3-FITC mAb
(clone C92-605, BD Biosciences). After the different treatments,
cells (1 x 10°) were fixed in 4% paraformaldehyde in PBS
(15min, 4°C), permeabilized with 0.1% saponin in PBS
containing 5% goat serum (15 min) and incubated with the
mAD at 20 °C for 30 min. Cells were resuspended in 500 pl PBS
and analyzed by flow cytometry.
2.5.  Western blot analysis

The amount of several cytosolic proteins involved in apoptosis
was determined by Western blotting of cell extracts. MM cells
were lysed in a 50 mM Tris/HCI pH 7.4 buffer containing 1%
Triton X-100 [3]. Solubilized proteins from equal numbers of
Trypan-blue negative cells (1 x 10° cells/lane) were resolved
by SDS-12%PAGE, transferred to nitrocellulose membranes
and incubated with one of the following antibodies: anti-
caspase-8 (clone 5F7, MBL), anti-c-FLIP (NF6, Alexis), anti-Mcl-
1 (sc-819) and anti-Bcl-x; (sc-1041) both from Santa Cruz
Biotechnology, anti-XIAP (clone 28), anti-B-catenin (clone 14)
both from BD Biosciences, and anti-B-actin (AC-15, Sigma).
Membranes were next incubated with the corresponding
phosphatase alkaline-labeled secondary antibody (Sigma) and
revealed with BCIP/NBT, as described [25].

3. Results

3.1. Cooperation between bortezomib and Apo2L/TRAIL
against MM cells

We have previously shown that the sensitivity of MM cells to
Apo2L/TRAIL depends on a sufficient amount of plasma
membrane DR4 or DR5 receptors and of cytosolic caspase-8
[3]. According to their respective DR4 and DR5 expression
levels, RPMI 8226 cells are highly sensitive and H929 and
MM.1S partly sensitive to Apo2L/TRAIL. IM-9 cells, which
express low levels of caspase-8 [2,3,26], the main initiator
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Fig. 1 - Effect of bortezomib treatment on proliferation of
MM cells. Cells were incubated with increasing
concentrations of bortezomib for 24 h and cell viability
determined by the MTT-reduction assay. Results are
expressed as percent of cell growth relative to untreated
cells and are the mean of four replicates from three
different experiments (bars, S.D.).

caspase in TRAIL pathway [26], are barely sensitive to Apo2L/
TRAIL-induced apoptosis. All of these cell lines were sensitive
to bortezomib, though they displayed significant differences
among their corresponding ICso values (Fig. 1), being H929 the
most sensitive and RPMI 8226 the most resistant. We first
evaluated if bortezomib could improve the apoptotic-inducing
ability of Apo2L/TRAIL in MM cells showing partial sensitivity
to Apo2L/TRAIL. H929 and MM.1S cells were incubated with
increasing concentrations of Apo2L/TRAIL in the presence of a
concentration of bortezomib equal or lower than their ICsq
(Fig. 1) and apoptosis evaluated by the simultaneous determi-
nation of Ay, loss (Fig. 2) and PS exposure (which give
comparable results). In these conditions, apoptosis induced by
Apo2L/TRAIL in both H929 and MM.1S cells was greatly
increased by bortezomib (Fig. 2). The application of Chou-
Talalay method indicated that, under these conditions, the
combination of TRAIL and bortezomib had an additive to
slightly synergic effect (combination indexes raging from 1 to
0.71). However, bortezomib was unable to sensitize IM-9 cells
to Apo2L/TRAIL (Fig. 2C). Therefore, bortezomib can cooperate
with Apo2L/TRAIL to increase apoptosis in MM cells showing
partial sensitivity to this death ligand.

3.2.  Characteristics of apoptosis induced by the
combination of Apo2L/TRAIL and bortezomib

To gain insight into the mechanism of cooperation in
apoptosis, we analyzed the effect of bortezomib and TRAIL
on the relative amounts of some proteins, relevant to their
respective mechanisms of apoptosis, in MM cells. Bortezomib
treatment for 6, 12 or 24 h (Fig. 3), did not significantly modify
the plasma membrane expression of DR4 and DR5 in H929 and
MM.1S cells. Caspase-8, the main initiator caspase of extrinsic
route, was strongly activated in cells incubated with TRAIL
alone or combined with bortezomib, as assessed by the
disappearance of its specific substrate, Bid (Fig. 4). The amount
of c-FLIP;, the main endogenous regulator of caspase-8
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Fig. 2 - Cooperation of TRAIL and bortezomib in apoptosis
induction in MM cells. (A) H929, (B) MM.1S and (C) IM-9
cells were treated for 24 h with increasing concentrations
of Apo2L/TRAIL in the presence or absence of 4 nM
bortezomib (H929, MM.1S) or 10 nM bortezomib (IM-9).
Apoptosis was quantified by determining A¥,, loss by flow
cytometry with DiOC4(3). Data points are the mean of three
to four triplicate determinations; bars, S.D. Numbers on
each point indicate combination indexes (CI), calculated
with the CalcuSyn software.

activation, increased with bortezomib treatment but the
combination of Apo2L/TRAIL and bortezomib led to a decrease
of both FLIP isoforms (Fig. 4). Combined treatment with TRAIL
and bortezomib also increased processing of the endogenous
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Fig. 3 - Bortezomib does not modify plasma membrane
amount of cytotoxic TRAIL receptors. Cells were incubated
with 4 nM bortezomib for 6 h and plasma membrane
expression of DR4 and DR5 determined by FACS analysis.
Similar results were obtained after 12 or 24 h incubation
with bortezomib. Numbers on histograms indicate the
mean fluorescence intensity (MFI) of each peak. Solid line,
isotypic control, dotted line, anti-DR4 or DR5 labelling.

inhibitor of apoptosis XIAP (Fig. 4). Apo2L/TRAIL reverted
bortezomib-induced up-regulation of the antiapoptotic protein
Mcl-1, as well as of the prosurvival protein B-catenin, associated
with the enhanced cytotoxicity of combined treatment (Fig. 4).
The mutual potentiation of apoptosis by the simultaneous
treatment with Apo2L/TRAIL and bortezomib resulted in the
increased generation of active caspase-3 in both H929 and
MM.1S cells (Fig. 5). Taken together, these results suggested that
cotreatment with Apo2L/TRAIL reverted some of the prosurvi-
val or antiapoptotic side effects elicited by bortezomib resulting
in a reinforcement of the apoptotic signal.

3.3. Apo2L/TRAIL induces apoptosis in bortezomib-
resistant cell lines

We next analyzed if Apo2L/TRAIL could be useful to boost
apoptosis in myeloma cells showing enhanced resistance to
bortezomib. First, we generated a resistant cell line (8226/7B)
by continuous culture of RPMI 8226 cells in the presence of
increasing concentrations of bortezomib. As shown in Fig. 6,
the LDsq of bortezomib increased around fivefold in these cells
(15 nM in parental RPMI 8226 cells versus 75 nM in 8226/7B
cells). Resistance of 8226/7B cells to bortezomib was greater
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Fig. 4 - Effect of Apo2L/TRAIL and bortezomib, alone or in combination, on caspase-8, Bid, FLIP, XIAP, 3-catenin and Mcl-1
protein expression. H929 and MM.1S cells were treated with either 4 nM bortezomib (B), 100 ng/ml Apo2L/TRAIL (T) or both
(B + T) for 24 h and protein expression analyzed by Western blotting with specific antibodies.

than that described for 8226/R5 cells (ICso, 42 nM), another
8226-derived cell line showing resistance to this drug [27] and
also greater than the resistance of SUDHL-4 lymphoma cells
(Fig. 6), previously used in several works as a model of
bortezomib resistance [28-30]. In spite of their resistance to
bortezomib, Apo2L/TRAIL efficiently induced apoptosis in
8226/7B cells (Fig. 6), which still expressed significant plasma
membrane amounts of DR4 and DR5 (Fig. 7B). Other possible
cause of bortezomib resistance could be the increased
expression of Mcl-1 protein. Bortezomib treatment increases
the intracellular amount of the anti-apoptotic protein Mcl-1
(Fig. 4) and this has been interpreted as a restraint reducing its
apoptotic potency [31,32]. To better evaluate the possible
contribution of the increased expression of Mcl-1 to bortezo-
mib resistance, we generated Mcl-1-overexpressing cells
(8226/Mcl-1) by retroviral infection of RPMI 8226 cell line.
8226/Mcl-1 cells showed a lower sensitivity to Apo2L/TRAIL
than vector-transfected cells (Fig. 7) and this was associated
with a reduced expression of DR4 and DR5 in their plasma
membrane (Fig. 7). 8226/Mcl-1 cells also displayed increased
resistance to bortezomib compared to vector-transfected cells
(Fig. 8). However, when Apo2L/TRAIL and bortezomib were

combined a significant increase in the amount of apoptotic
8226/Mcl-1 cells occurred (Fig. 8B). Moreover, myeloma
resistance to chemotherapeutic agents has been also linked
to Bcl-x;, expression [33,34]. The expression of this antiapop-
totic protein may largely vary among MM cell lines [35]. To
evaluate if Apo2L/TRAIL could be useful to improve the
apoptotic-inducing ability of bortezomib in MM cells expres-
sing high amounts of Bcl-x;, we generated a RPMI 8226-derived
cell line overexpressing this antiapoptotic protein (8226/Bcl-
x1). Results indicated that 8226/Bcl-x; were indeed highly
resistant to bortezomib treatment (Fig. 8). However, these cells
were still sensitive to Apo2L/TRAIL (Fig. 7), though less than
vector-transfected cells, and the combination of TRAIL with
bortezomib greatly increased this cytotoxicity (Fig. 8).

4, Discussion

The proteasome inhibitor bortezomib is an important drug for
the treatment of relapsed and refractory myeloma and is also
useful in first-line therapy [36]. However, the appearance of a
significant number of patients with MM cells resistant to
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increases caspase-3 activation in MM cells. (A) H929 and
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the amount of active caspase-3 determined by flow
cytometry with a FITC-labeled anti-active caspase-3
antibody. A representative experiment is shown. (B)
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bortezomib, its immunosuppressive effect on activated T cells
and other side effects support its combination with another
drug to improve its clinical benefits. A recombinant form of the
death ligand Apo2L/TRAIL (Apo2L/TRAIL.0) may induce apop-
tosis in human myeloma cells while preserving normal cells.
This feature makes Apo2L/TRAIL an attractive candidate to
improve or complement therapy with bortezomib. However,
there are virtually no data concerning the potential usefulness
of this combination for myeloma therapy. There is a single
report describing an additive effect of TRAIL when combined
with bortezomib in the MM.1S cell line [2]. However this result
was obtained with LZ-TRAIL, a recombinant form toxic for
normal human keratinocytes [19,37] and hepatocytes [14,15],
and thus not suitable for its in vivo use. With regard to the
possible mechanism of cooperation, it has been described that
bortezomib potentiates TRAIL-induced apoptosis in a variety
of adherent tumor cell lines. This effect has been attributed to
either DR5 up-regulation or FLIP down-regulation [14,15].
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Fig. 7 - Effect of Apo2L/TRAIL in RPMI 8226 cells
overexpressing Mcl-1 or Bcl-x;. (A) Induction of apoptosis
by Apo2L/TRAIL in 8226/Mcl-1 and 8226/Bcl-x;, cells. Cells
were incubated with the indicated concentrations of
Apo2L/TRAIL for 24 h and apoptosis determined by
measuring A%, loss with TMRE by flow cytometry. Points
are the mean of four replicate determinations on three
different experiments; bars, S.D. (B) Flow cytometry
analysis of DR4 and DR5 expression in plasma membrane
of RPMI 8226, 8226/7B, 8226/Mcl-1 and 8226/Bcl-x;, cells.
Solid line, isotypic control; dotted line, anti-DR4 or anti-
DR5. Insert numbers indicate MFI for each peak.
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Fig. 8 - Cooperation between TRAIL and bortezomib in
apoptosis induction in Mcl-1 or Bcl-x.-overexpressing
cells. (A) Toxicity of bortezomib in 8226/Mcl-1 and 8226/
Bcl-x, cells. Cells were incubated with increased
concentrations of bortezomib for 24 h and apoptosis
determined by measuring A¥,, loss with TMRE by flow
cytometry. (B) Effect of combination of bortezomib with
Apo2L/TRAIL in apoptosis induction in 8226/Mcl-1 and
8226/Bcl-x,, cells. Cells were incubated or not (controls, C)
with the indicated concentration of bortezomib, Apo2L/
TRAIL or both for 24 h and apoptosis determined by
measuring A%, loss with TMRE by flow cytometry. Similar
results were obtained when measuring PS exposure with
annexin V-PE. Points and columns are mean of
quadruplicate (A) or triplicate (B) determinations; bars, S.D.
*P < 0.05; **P < 0.01; ***P < 0.001.

We show here that Apo2L/TRAIL and bortezomib indeed
cooperate in apoptosis induction in MM cells provided that
they display a measurable sensitivity to TRAIL. Consequently,
bortezomib did notincreased TRAIL-induced apoptosis in the
insensitive cell line IM-9. These results agree with those
obtained in other hematological neoplasias. Bortezomib
potentiated the toxicity of TRAIL in two primary effusion B-
lymphoma cell lines showing partial sensitivity to TRAIL, but
notinJurkat T-cells insensitive to TRAIL [16]. Bortezomib also
potentiated apoptosis in TRAIL-sensitive but not in TRAIL-
resistantlines of mantle cell lymphoma [18]. Cooperation was
not due to a strengthening of initial steps of TRAIL signaling
since bortezomib does not alter DR4 and DR5 receptor
expression. The effect seems to be rather due to the reversion
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by TRAIL of some anti-apoptotic side effects that occur during
apoptosis elicited by bortezomib. In particular, TRAIL
reverted the bortezomib-induced accumulation of c-FLIP,
the main endogenous regulator of caspase-8 activation, and
that of B-catenin, a transcription factor of the Wnt pathway
which controls growth, survival, and migration of MM cells
[38] and is up-regulated by inhibition of its proteasomal
degradation [39]. In its turn, bortezomib could improve the
apoptotic efficiency of TRAIL by blocking NF-kB activation, a
transcription factor involved in the resistance to TRAIL in
myeloma [40].

On the other hand, our results indicate that Apo2L/TRAIL
may be a useful adjunct in the therapy of some myeloma
plasma cells displaying enhanced resistance to bortezomib.
Apo2L/TRAIL efficiently killed MM cells made resistant to
bortezomib by prolonged exposition to this drug. Apo2L/TRAIL
may be also useful in bortezomib resistance due to increased
expression of Mcl-1 or Bcl-x;.. Mcl-1 is an antiapoptotic protein
from Bcl-2 family, highly expressed in MM cells [41] and critical
for their survival [42,43]. The intracellular amount of Mcl-1
increase during bortezomib treatment and this has been
interpreted as a hindrance to the apoptotic effect of the drug
[31,32]. We confirm here that enhanced expression of Mcl-1in
RPMI 8226 cells is associated to increased resistance to
bortezomib. However, these cells were still sensitive to
Apo2L/TRAIL and the combination of TRAIL and bortezomib
overcame bortezomib resistance. We previously reported that
another MM cell line overexpressing Mcl-1 (U266/Mcl-1) was
also sensitive to Apo2L/TRAIL [3]. Cotreatment with Apo2L/
TRAIL and bortezomib also enhanced apoptosis in Bcl-x;
overexpressing cells (8226/Bcl-x;), highly resistant to borte-
zomib.

In summary, Apo2L/TRAIL could be a useful adjunct for
bortezomib in multiple myeloma therapy. Low doses of
bortezomib can potentiate Apo2L/TRAIL-induced apoptosis
in cells partly sensitive to this death ligand. More important,
Apo2L/TRAIL can induce apoptosis in MM cells displaying
resistance to bortezomib. This resistance may be due to either
repeated exposure to bortezomib or to overexpression of the
antiapoptotic proteins Mcl-1 or Bcl-x;.. Apo2L/TRAIL could
therefore improve the therapeutic efficiency of bortezomib
towards myeloma without eliciting side effects.

Acknowledgements

This work was supported by grants from Gobierno de Aragén
(PM058/2006), Ministerio de Educacién y Ciencia (SAF2004-
00577), Fundacién Mutua Madrilefia (FMM/2005) and Minis-
terio de Sanidad (RTICC-RD06/0020). We gratefully acknowl-
edge Dr. Avi Ashkenazi (Genentech, South San Francisco, USA)
for the gift of Apo2L/TRAIL.0O and Ami Sen (Millennium
Pharmaceuticals) for bortezomib.

REFERENCES

[1] Boehrer S, Nowak D, Hoelzer D, Mitrou PS, Chow KU. The
molecular biology of TRAIL-mediated signaling and its

2

[3

[4

[5

[6

7

[8

[9

(10]

(11]

(12]

(13]

[14]

[15]

[16]

(17]

potential therapeutic exploitation in hematopoietic
malignancies. Curr Med Chem 2006;13:2091-100.

Mitsiades CS, Treon SP, Mitsiades N, Shima Y, Richardson P,
Schlossman R, et al. TRAIL/Apo2L ligand selectively induces
apoptosis and overcomes drug resistance in multiple
myeloma: therapeutic applications. Blood 2001;98:795-804.
Gomez-Benito M, Martinez-Lorenzo MJ, Anel A, Marzo I,
Naval J. Membrane expression of DR4, DR5 and caspase-8
levels, but not Mcl-1, determine sensitivity of human
myeloma cells to Apo2L/TRAIL. Exp Cell Res 2007;313:
2378-88.

Kelley SK, Ashkenazi A. Targeting death receptors in cancer
with Apo2L/TRAIL. Curr Opin Pharmacol 2004;4:333-9.
Daniel D, Yang B, Lawrence DA, Totpal K, Balter I, Lee WP,
et al. Cooperation of the proapoptotic receptor agonist
rhApo2L/TRAIL with the CD20 antibody rituximab against
non-Hodgkin lymphoma xenografts. Blood 2007;110:
4037-4046.

Lincz LF, Yeh TX, Spencer A. TRAIL-induced eradication of
primary tumour cells from multiple myeloma patient bone
marrows is not related to TRAIL receptor expression or
prior chemotherapy. Leukemia 2001;15:1650-7.

San Miguel J, Blade ], Boccadoro M, Cavenagh J, Glasmacher
A, Jagannath S, et al. A practical update on the use of
bortezomib in the management of multiple myeloma.
Oncologist 2006;11:51-61.

Richardson PG, Sonneveld P, Schuster MW, Irwin D,
Stadtmauer EA, Facon T, et al. Safety and efficacy of
bortezomib in high-risk and elderly patients with relapsed
multiple myeloma. Br ] Haematol 2007;137:429-35.

Blanco B, Perez-Simon JA, Sanchez-Abarca LI, Carvajal-
Vergara X, Mateos ], Vidriales B, et al. Bortezomib induces
selective depletion of alloreactive T lymphocytes and
decreases the production of Th1l cytokines. Blood
2006;107:3575-83.

Straube C, Wehner R, Wendisch M, Bornhauser M,
Bachmann M, Rieber EP, et al. Bortezomib significantly
impairs the immunostimulatory capacity of human
myeloid blood dendritic cells. Leukemia 2007;21:

1464-71.

Zhu H, Zhang L, Dong F, Guo W, Wu S, Teraishi F, et al. Bik/
NBK accumulation correlates with apoptosis-induction by
bortezomib (PS-341 Velcade) and other proteasome
inhibitors. Oncogene 2005;24:4993-9.

Nikrad M, Johnson T, Puthalalath H, Coultas L, Adams J,
Kraft AS. The proteasome inhibitor bortezomib sensitizes
cells to killing by death receptor ligand TRAIL via BH3-only
proteins Bik and Bim. Mol Cancer Ther 2005;4:443-9.
Sayers TJ, Brooks AD, Koh CY, Ma W, Seki N, Raziudin A,
et al. The proteasome inhibitor PS-341 sensitizes neoplastic
cells to TRAIL-mediated apoptosis by reducing levels of c-
FLIP. Blood 2003;102:303-10.

Ganten TM, Koschny R, Haas TL, Sykora J, Li-Weber M,
Herzer K, et al. Proteasome inhibition sensitizes
hepatocellular carcinoma cells, but not human
hepatocytes, to TRAIL. Hepatology 2005;42:588-97.

Liu X, Yue P, Chen S, Hu L, Lonial S, Khuri FR, et al. The
proteasome inhibitor PS-341 (bortezomib) up-regulates DR5
expression leading to induction of apoptosis and
enhancement of TRAIL-induced apoptosis despite up-
regulation of c-FLIP and survivin expression in human
NSCLC cells. Cancer Res 2007;67:4981-8.

Matta H, Chaudhary PM. The proteasome inhibitor
bortezomib (PS-341) inhibits growth and induces apoptosis
in primary effusion lymphoma cells. Cancer Biol Ther
2005;4:77-82.

Nencioni A, Wille L, Dal Bello G, Boy D, Cirmena G,
Wesselborg S, et al. Cooperative cytotoxicity of proteasome
inhibitors and tumor necrosis factor-related apoptosis-



812 BIOCHEMICAL PHARMACOLOGY 77 (2009) 804-812

inducing ligand in chemoresistant Bcl-2-overexpressing
cells. Clin Cancer Res 2005;11:4259-65.

[18] Roue G, Perez-Galan P, Lopez-Guerra M, Villamor N, Campo
E, Colomer D. Selective inhibition of IkappaB kinase
sensitizes mantle cell lymphoma B cells to TRAIL by
decreasing cellular FLIP level. ] Immunol 2007;178:1923-30.

[19] Qin ], Chaturvedi V, Bonish B, Nickoloff BJ. Avoiding
premature apoptosis of normal epidermal cells. Nat Med
2001;7:385-6.

[20] Gomez-Benito M, Balsas P, Carvajal-Vergara X, Pandiella A,
Anel A, Marzo I, et al. Mechanism of apoptosis induced by
IFN-alpha in human myeloma cells: role of Jakl and Bim
and potentiation by rapamycin. Cell Signal 2007;19:844-54.

[21] Martinez-Lorenzo MJ, Alava MA, Anel A, Pineiro A, Naval J.
Release of preformed Fas ligand in soluble form is the
major factor for activation-induced death of Jurkat T cells.
Immunology 1996;89:511-7.

[22] Chou T-C, Talalay P. Analysis of combined drug effects: a
new look at a very old problem. Trends Pharmacol Sci
1983;4:450-4.

[23] Perez-Galan P, Marzo I, Giraldo P, Rubio-Felix D, Lasierra P,
Larrad L, et al. Role of caspases and apoptosis-inducing
factor (AIF) in cladribine-induced apoptosis of B cell chronic
lymphocytic leukemia. Leukemia 2002;16:2106-14.

[24] Jayaraman S. Flow cytometric determination of
mitochondrial membrane potential changes during
apoptosis of T lymphocytic and pancreatic beta cell lines:
comparison of tetramethylrhodamineethylester (TMRE),
chloromethyl-X-rosamine (H2-CMX-Ros) and MitoTracker
Red 580 (MTR580). ] Immunol Methods 2005;306:68-79.

[25] Gamen S, Anel A, Lasierra P, Alava MA, Martinez-Lorenzo
M]J, Pifieiro A, et al. Doxorubicin-induced apoptosis in
human T-cell leukemia is mediated by caspase-3 activation
in a Fas-independent way. FEBS Lett 1997;417:360-4.

[26] Seol DW, Li ], Seol MH, Park SY, Talanian RV, Billiar TR.
Signaling events triggered by tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL): caspase-8 is required for
TRAIL-induced apoptosis. Cancer Res 2001;61:1138-43.

[27] Buzzeo R, Enkemann S, Nimmanapalli R, Alsina M,
Lichtenheld MG, Dalton WS, et al. Characterization of a
R115777-resistant human multiple myeloma cell line with
cross-resistance to PS-341. Clin Cancer Res 2005;11:6057-64.

[28] Strauss SJ, Higginbottom K, Juliger S, Maharaj L, Allen P,
Schenkein D, et al. The proteasome inhibitor bortezomib
acts independently of p53 and induces cell death via
apoptosis and mitotic catastrophe in B-cell lymphoma cell
lines. Cancer Res 2007;67:2783-90.

[29] Hideshima T, Chauhan D, Ishitsuka K, Yasui H, Raje N,
Kumar S, et al. Molecular characterization of PS-341
(bortezomib) resistance: implications for overcoming
resistance using lysophosphatidic acid acyltransferase
(LPAAT)-beta inhibitors. Oncogene 2005;24:3121-9.

[30] Chauhan D, Li G, Shringarpure R, Podar K, Ohtake Y,
Hideshima T, et al. Blockade of Hsp27 overcomes
Bortezomib/proteasome inhibitor PS-341 resistance in
lymphoma cells. Cancer Res 2003;63:6174—7.

[31] Nencioni A, Hua F, Dillon CP, Yokoo R, Scheiermann C,
Cardone MH, et al. Evidence for a protective role of Mcl-1 in
proteasome inhibitor-induced apoptosis. Blood
2005;105:3255-62.

[32] Gomez-Bougie P, Wuilleme-Toumi S, Menoret E, Trichet V,
Robillard N, Philippe M, et al. Noxa up-regulation and Mcl-1
cleavage are associated to apoptosis induction by bortezomib
in multiple myeloma. Cancer Res 2007;67:5418-24.

[33] TuY, Renner S, Xu F-h, Fleishman A, Taylor J, Weisz ], et al.
BCL-X expression in multiple myeloma: possible indicator
of chemoresistance. Cancer Res 1998;58:256-62.

[34] Amundson SA, Myers TG, Scudiero D, Kitada S, Reed JC,
Fornace Jr AJ. An informatics approach identifying markers
of chemosensitivity in human cancer cell lines. Cancer Res
2000;60:6101-10.

[35] Trudel S, Li ZH, Rauw J, Tiedemann RE, Wen XY, Stewart
AK. Preclinical studies of the pan-Bcl inhibitor obatoclax
(GX015-070) in multiple myeloma. Blood 2007;109:5430-8.

[36] Merchionne F, Perosa F, Dammacco F. New therapies in
multiple myeloma. Clin Exp Med 2007;7:83-97.

[37] Leverkus M, Neumann M, Mengling T, Rauch CT, Brocker
EB, Krammer PH, et al. Regulation of tumor necrosis factor-
related apoptosis-inducing ligand sensitivity in primary
and transformed human keratinocytes. Cancer Res
2000;60:553-9.

[38] Sukhdeo K, Mani M, Zhang Y, Dutta J, Yasui H, Rooney MD,
et al. Targeting the beta-catenin/TCF transcriptional
complex in the treatment of multiple myeloma. Proc Natl
Acad Sci USA 2007;104:7516-21.

[39] Hideshima T, Catley L, Raje N, Chauhan D, Podar K,
Mitsiades C, et al. Inhibition of Akt induces significant
downregulation of survivin and cytotoxicity in human
multiple myeloma cells. Br ] Haematol 2007;138:783-91.

[40] Mitsiades CS, Mitsiades N, Poulaki V, Schlossman R,
Akiyama M, Chauhan D, et al. Activation of NF-kappaB and
upregulation of intracellular anti-apoptotic proteins via the
IGF-1/Akt signaling in human multiple myeloma cells:
therapeutic implications. Oncogene 2002;21:5673-83.

[41] Wuilleme-Toumi S, Robillard N, Gomez P, Moreau P, Le
Gouill S, Avet-Loiseau H, et al. Mcl-1 is overexpressed in
multiple myeloma and associated with relapse and shorter
survival. Leukemia 2005;19:1248-52.

[42] Zhang B, Gojo I, Fenton RG. Myeloid cell factor-1 is a critical
survival factor for multiple myeloma. Blood 2002;99:1885-93.

[43] Derenne S, Monia B, Dean NM, Taylor JK, Rapp MJ,
Harousseau JL, et al. Antisense strategy shows that Mcl-1
rather than Bcl-2 or Bcl-x(L) is an essential survival protein
of human myeloma cells. Blood 2002;100:194-9.



	Cooperation between Apo2L/TRAIL and bortezomib in multiple myeloma apoptosis
	Introduction
	Materials and methods
	Materials
	Cell cultures
	Cell proliferation and apoptosis assays
	Flow cytometry analysis
	Western blot analysis

	Results
	Cooperation between bortezomib and Apo2L/TRAIL against MM cells
	Characteristics of apoptosis induced by the combination of Apo2L/TRAIL and bortezomib
	Apo2L/TRAIL induces apoptosis in bortezomib-resistant cell lines

	Discussion
	Acknowledgements
	References


