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BACKGROUND: Cancer cells are frequently addicted to deregulated oncogenic protein translation. The small molecule 4EG-I selectively
inhibits the cap-dependent translation of mRNAs. As multiple myeloma is an incurable disease that requires new therapeutic
approaches, we investigated whether targeting the translation initiation pathway could be a target for myeloma therapy.
METHODS: Six myeloma cell lines and primary samples were included in this study. The 4EGI-1 effect was determined by AnnexinV
staining and caspase activation. Modification of Bcl-2 protein expression was analysed, and the significance of modified proteins was
analysed by knock-down experiments.
RESULTS: We demonstrated that 4EGI-1 impaired the assembly of the eIF4F complex and decreased the expression of the eIF4E-
regulated proteins in myeloma cells. Furthermore, we showed that 4EGI-1 induced strong apoptosis in five out of six myeloma cell
lines. Apoptosis is associated with the activation of the intrinsic mitochondrial pathway. The 4EGI-1 triggered Noxa induction only in
cells undergoing apoptosis through endoplasmic reticulum (ER) stress. Furthermore, Noxa silencing prevented myeloma cells from
4EGI-1-induced apoptosis. Finally, Noxa induction led to a disruption of Mcl-1/Bim complexes in parallel to the generation of
‘Mcl-1-free Noxa’.
CONCLUSION: Our results suggested that the use of inhibitors that directly target the translation initiation complex eIF4F could
represent a potential novel approach for multiple myeloma therapy.
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Multiple myeloma (MM) is a plasma cell malignancy characterised by
the accumulation of malignant plasma cells in the bone marrow.
Despite recent advances in the treatment of MM, including
proteasome inhibitors (bortezomib) and immunomodulatory agents
(thalidomide and lenalidomide), this disease remains largely incur-
able with a median survival of 6 years. Patients invariably relapse, and
therefore, alternative treatment strategies are urgently needed.

Dysregulation of protein synthesis has an important role in
oncogenesis. The role of the 50 cap mRNA-binding protein
eukaryotic translation initiation factor (eIF)4E (eIF4E) in tumour-
igenesis and tumour progression has been well documented, and
aberrant expression of eIF4E results in malignant transformation
and increased cancer susceptibility (Lazaris-Karatzas et al, 1990;
Ruggero et al, 2004). The expression and function of eIF4E are
regulated at multiple levels, including inhibitory interactions with
4-EBP proteins. The 4EBP1 protein prevents the assembly of eIF4F
by competing with eIF4G to bind to eIF4E. Elevated levels of
eIF4E stimulate the translation of a subset of mRNAs termed
‘weak mRNAs’, which are involved in critical cellular processes
implicated in cell proliferation, escape to apoptosis and angiogen-
esis. These weak mRNAs have long 50-untranslated regions and
high G/C content, resulting in complex hairpin structures that rely

on an increased eIF4E activity to be translated. The overexpression
of eIF4E in NIH 3T3 cells results in an increase in cyclin D1
translation, demonstrating that cyclin D1 is a putative target of
eIF4E (Rosenwald et al, 1993; De Benedetti and Graff, 2004). C-myc
is also one of the weak mRNA oncogene (Rosenwald et al, 1993),
and its expression is effectively increased by eIF4E overexpression
(Saito et al, 1983). Therefore, targeting eIF4E may be a rational
anticancer therapy. Antisense oligonucleotide (ASO)-mediated
eIF4E regulation in cancer cells has a limited effect on total
protein synthesis, but strongly affects eIF4E-regulated proteins and
induces apoptosis (Graff et al, 2007). Notably, eIF4E–ASO strongly
reduced eIF4E levels in human tumour xenografts, which
significantly decreased tumour growth without eliciting cytotoxi-
city in normal tissues (Graff et al, 2007, 2008). In addition to
eIF4E–ASO, other strategies have been developed to inhibit mRNA
cap-dependent translation. The small molecule 4EGI-1 pharmaco-
logically mimics 4E-BP function and inhibits mRNA cap-
dependent translation by competing for eIF4E/eIF4G interaction
(Moerke et al, 2007). It was previously reported that 4EGI-1
inhibits the cellular expression of oncogenic proteins encoded by
weak mRNAs and exhibits cytotoxic activity in cancer cell lines
(Moerke et al, 2007; Fan et al, 2010).

In the present study, we investigated the in vitro activity of the cap-
dependent translation inhibitor 4EGI-1 and its potential mechanism
of action in both myeloma and primary myeloma cells, and we
showed that 4EGI-1 effectively kills MM cells through Noxa induction.
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MATERIALS AND METHODS

Human myeloma cell lines and primary samples

L363, LP-1, OPM-2 and NCI-H929 human myeloma cell lines
(HMCLs) were purchased from DSMZ (Braunschweig, Germany).
The U266 cell line was purchased from the American Type Culture
Collection (Manassas, VA, USA). The XG-6 cell line has been
previously established in our laboratory and is cultured in the
presence of 3 ng/ml r-IL-6 (Novartis, Basel, Switzerland). The
HMCLs were maintained in RPMI-1640 medium supplemented
with 5% FCS, 2 mM glutamine and 5� 10� 5 M 2-bME. Primary
myeloma cells were obtained from four relapsed patients treated in
our institution. Plasma cells were purified using CD138-immuno-
magnetic beads. In all cases, the purity of the plasma cells was
higher than 90%, as assessed by morphology. Peripheral blood
lymphocytes (PBL) from healthy donors were obtained after Ficoll
Hypaque density gradient.

Reagents and monoclonal antibodies

The 4EGI-1 was purchased from Chembridge (San Diego, CA,
USA). z-VAD-fmk and caspase inhibitor were purchased from
Promega (Charbonnières, France) and Calbiochem (St Quentin en
Yvelines, France), respectively. The following antibodies were
used: eIF4E, eIF4G, c-myc, cleaved caspase-9 (Cell Signaling
Technology, Ozyme, Saint Quentin Yvelines, France); Bax mAb
(Immunotech, Beckman Coulter, Marseille, France); Bak, Puma
and PARP1 (Calbiochem, Merk); Bcl-xL (BD Biosciences, Le Pont
de Claix, France); Noxa (Alexis Biochemicals, Enzo Life Sciences,
Villeurbanne, France); caspase-3, caspase-9, cyclinD1, Mcl-1, ATF-
4 (Santa Cruz Biotechnology, Le Perray en Yvelines, France); cyclin
D2 (Abcam, Paris, France); survivin (R&D Systems, Lille, France);
Mcl-1 (Neomarkers, Thermo Scientific, Ilkirch, France); Bcl-2
(Dako, Trappes, France); Bim and actin (Millipore, Saint Quentin
en Yvelines, France).

Detection of apoptotic cells and Bax activation

Cell death was quantified either by AnnexinV staining (Beckman
Coulter) or by quantification of cells with a subG1 DNA content.
A total of 2� 105 cells was cultured alone or with 4EGI-1 for 18 h
and then labelled with Annexin V-FITC, according to the
manufacturer’s instructions. Quantification of cells with a subG1
DNA content was determined by cell cycle analysis using the
Modfit LT as previously described (Descamps et al, 2006). Flow
cytometric analysis was then performed on a FACSCalibur using
the Cell Quest software (Becton Dickinson, San Jose, CA, USA).
Bax activation was performed according to published protocol
(Gomez-Bougie et al, 2004).

7-Methyl-guanosine cap affinity assay

A total of 5� 106 cells was lysed in 300 ml lysis buffer containing
1% digitonin. Cell lysates were clarified by centrifugation (11 000 g,
30 min, 4 1C), and supernatants were incubated with 7m-GTP-
Sepharose beads (GE Healthcare, Chalfont St Giles, UK) at 4 1C for
2 h with constant shaking. Beads were washed three times with
1�PBS and denatured, and the supernatants were separated by
SDS–PAGE for western blot analysis.

Small interfering RNA

siNoxa (N8) and control non-targeted siRNAs were synthesised
by Ambion (Life Technologies, St Aubin, France). siPuma, siBax and
siBak were purchased from Thermo Scientific. Cells were plated at
1� 106 cells per well in a six-well plates. After 24 h, 100 pmol
siRNA was transfected into the cells using Lipofectamine
RNAiMAX (Invitrogen, Life Technologies, St Aubin, France)

reagent according to the manufacturer’s instructions. After
transfection, the cells were incubated for 72 h and subjected to
various analyses.

Quantitative real-time PCR

Quantitative PCR was performed using the TaqMan Universal PCR
Master Mix (Applied Biosystems, St Aubin, France) and the MX4000
instrument (Stratagene, Massy, France). TaqMan gene expression
assays for Noxa (also called PMAIP1; Hs00560402_m1) and
RPL37a (Hs01102345_m1) were from Applied Biosystems. The
following thermal cycling parameters were used: 50 1C for 2 min
for optimal AmpErase UNG activity and then 40 cycles at 95 1C for
30 s and 60 1C for 1 min. To control the specificity of the amplified
product, a melting curve analysis was performed. The amplifica-
tion of non-specific product was not observed. Amplification of
the housekeeping gene RPL37a was conducted for each sample as
an endogenous control.

Immunoprecipitation and immunoblot analysis

Immunoprecipitation and immunoblot analysis were performed
according to published protocols (Gomez-Bougie et al, 2007).

RESULTS

4EGI-1 impaired the translation initiating complex eIF4F
in HMCLs

Because 4EGI-1 mimics 4E-BP function by competing for eIF4E/
eIF4G interaction, we first examined the expression of these
proteins in HMCLs by immunoblotting. Whereas the level of
expression of eIF4E was comparable between the different cell
lines, except weaker in XG-6, the eIF4G level of expression is very
heterogeneous from highly expressed in LP-1, intermediate in
L363, OPM-2 and NCI-H929, to very low in both XG-6 and U266
(Figure 1A). We further examined whether 4EGI-1 inhibited the
interaction between eIF4E and eIF4G in myeloma cells by pull-
down assays using 7m-GTP sepharose beads that mimic the cap
structure of mRNAs. As shown in Figure 1B, incubation with 4EGI-
1 strongly decreased the amount of eIF4G bound to eIF4E in every
cell lines tested, suggesting that the translation-initiating complex
eIF4F assembly is impaired. We then examined the impact of
4EGI-1 on the expression of cyclin D, c-myc and survivin proteins,
which are well known to be regulated through cap-dependent
translation initiation mechanisms (De Benedetti and Graff, 2004;
Graff et al, 2007; Konicek et al, 2008). The downregulation of both
c-myc and survivin was observed in all cell lines (Figure 1C).
Because myeloma cells are always characterised by a dysregulation
of at least one cyclin D (Bergsagel et al, 2005), mainly cyclin D1 or
D2, the modifications of the expression of these two proteins were
analysed in the different cell lines. Upon 4EGI-1 treatment, we
always found a downregulation of cyclin D1 or cyclin D2, and both
when they were co-expressed (Figure 1C). Altogether, these results
indicate that 4EGI-1 reduced the expression of cell cycle and sur-
vival proteins regulated by a cap-dependent translation mechanism.

4EGI-1 induced apoptosis of both HMCLs and primary
myeloma cells

We further determined the effects of 4EGI-1 on myeloma cell line
survival after exposure for 18 h. Six HMCLs were treated with
various concentrations of 4EGI-1, and cell viability was assessed by
AnnexinV staining. As presented in Figure 2A, 4EGI-1 induced a
dose-dependent cytotoxic effect for five of the six HMCLs tested,
whereas L363, OPM-2 and XG-6 were the most sensitive cell lines.
The percentage of apoptotic cells ranged from 30–78% at 50 mM

4EGI-1. U266 was resistant to 4EGI-1 at the doses and time point
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investigated. In a similar manner, 4EGI-1 induced apoptosis in two
purified myeloma cell samples, and the percentage of apoptotic
cells at 50 mM 4EGI-1 was 30 and 42% (Figure 2A). In contrast,
PBLs from healthy donors were resistant to 4EGI-1 (Figure 2A).
To determine whether the intrinsic mitochondrial pathway
mediates 4EGI-1-induced apoptosis, we next investigated the
activation of caspase-9, and of downstream effector caspase-3
as well as PARP-1 cleavage (Figure 2B). Cleavage of PARP-1,
caspase-9 and caspase-3 was observed in every apoptosis-sensitive
cell line. In contrast, the 4EGI-1-resistant U266 cell line exhibited
neither PARP-1 nor caspase cleavage. To assess the involvement of
caspases, we evaluated the sensitivity to 4EGI-1 in the presence of
z-VAD-fmk or caspase-9 inhibitor. The pan-caspase inhibitor
significantly reduced the 4EGI-1 induced apoptosis (50% inhibi-
tion), the caspase-9 inhibitor was as potent as the pan-caspase
inhibitor showing the involvement of the intrinsic pathway
(Figure 2C). To confirm the importance of this pathway, Bax
activation was determined by flow cytometric analysis using an
anti-Bax conformational antibody. We further demonstrated that
4EGI-1 triggered Bax activation in both LP-1 and NCI-H929 cells
(Figure 3A). Altogether, these results indicated that 4EGI-1-
induced apoptosis is associated with the activation of the
mitochondrial pathway. We then investigated the respective role
of the Bak and Bax effector proteins in 4EGI-1-induced apop-
tosis by silencing Bax or Bak alone or together in LP-1 cells
(Figure 3B). The silencing of either Bax or Bak did not alter
apoptosis induced by 4EGI-1, whereas the silencing of both

effector proteins strongly reduced apoptosis in LP-1 cells
(Figure 3C). This result confirmed that 4EGI-1 induced-apoptosis
mainly occurs through the mitochondrial pathway, in which Bax
and Bak have a redundant role.

4EGI-1 affected the Bcl-2 protein expression network and
upregulated Noxa expression that has a major role in
4EGI-1-induced apoptosis

To decipher the events that trigger apoptosis through the
mitochondrial pathway, Bcl-2 family protein expression was
analysed by western blot analysis after 4EGI-1 treatment. Among
these anti-apoptotic proteins, the cellular expression of both Mcl-1
and Bcl-xL was decreased, whereas Bcl-2 expression was not
affected by 4EGI-1 (Figure 4A). These changes were consistently
observed in every cell line studied. The opposite regulation of the
BH3-only proteins was observed in response to 4EGI-1 treatment;
although Bim EL expression decreased, Bim L and Bim S were not
affected, and both Puma and Noxa expression increased
(Figure 4A). Puma was upregulated in every cell line that showed
endogenous expression of Puma, whereas Noxa was only strongly
increased in myeloma cell lines that underwent 4EGI-1-induced
apoptosis (Figure 4A). Indeed, Noxa induction was observed in all
cell lines except U266, which was not sensitive to 4EGI-1-induced
apoptosis. We next focused our study on Noxa and Puma, because
these two proteins are essential initiators of apoptosis. To
determine whether 4EGI-1-induced apoptosis was dependent on
Noxa or Puma induction, we knocked down Noxa or Puma
expression by siRNA (siNoxa or siPuma, respectively). As shown
in Figure 4B, the complete downregulation of Noxa expression in
LP-1 cells caused a significant refractory effect on cell death, with a
40% reduction in the number of apoptotic cells (Figure 4B). A
similar result was also observed in OMP-2 cells (Figure 4B). In
contrast, whereas siPuma induced a highly significant decrease in
Puma expression, its impact on apoptosis was not significant.
Altogether, these results seemed to indicate that Noxa induction
has a major role in 4EGI-1-induced apoptosis. To confirm Noxa
induction in primary myeloma cells, a sufficient number of
myeloma cells has been purified from two patients to assess Noxa
expression by immunoblotting. As illustrated in Figure 4C, 4EGI-1
induced both a decrease of Mcl-1 associated with an induction of
Noxa in primary myeloma cells. To better characterise the role of
Noxa in 4EGI-1-induced apoptosis, we performed a kinetic
analysis in LP-1 cells that showed that Noxa induction occurred
as soon as 3 h post-treatment, and was associated with caspase-3
cleavage (Figure 4D). Finally, we determined whether the increase
in Noxa expression occurs at the transcriptional level. By real-time
PCR, we observed a 3.8-fold increase in Noxa mRNA in LP-1 cells
(Figure 4E). In contrast, Noxa mRNA did not significantly increase
in the 4EGI-1-resistant U266 cell line. Thus, these results suggest
that Noxa transcription mediated in part the pro-apoptotic effect
of 4EGI-1 in MM. To begin to unravel the mechanism of Noxa
induction, we investigated whether Noxa could be due to an ER
stress. Because ATF-4 is a well-known downstream target of the
PERK branch of the ER stress (Walter and Ron, 2011), but also acts
as a direct transcriptional activator of Noxa (Armstrong et al,
2010), we investigated whether ATF-4 was upregulated under
4EGI-1 treatment. Of interest, we found an upregulation of ATF-4
in OPM-2 cells in parallel to Noxa induction, whereas ATF-4 was
not induced in U266 (Figure 4F). These results suggest the
involvement of ATF-4 upregulation in Noxa transcriptional
induction.

The induction of Noxa led to a disruption of Mcl-1/Bim
complexes and the generation of ‘Mcl-1-free Noxa’

Because Noxa specifically binds to Mcl-1 (Chen et al, 2005),
we investigated the dynamic of Mcl-1 complexes to further
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determine the role of Noxa in 4EGI-1 induced apoptosis.
As shown in Mcl-1 immunoprecipitates (Figure 5A, lane 2, 8
and 14), we found that Mcl-1 was associated with Bim, Puma
and Noxa, and the abundance of the various Mcl-1 complexes
depended on the relative quantities of each pro-apoptotic protein
(Bim, Puma and Noxa) in the different cell lines. Notably, LP-1

cells do not express Bim, which resulted in a high prevalence
of Mcl-1/Puma complexes in these cells (Figure 5A, lane 8).
The increased expression of both Puma and Noxa upon 4EGI-1
treatment lead to an increase in both Mcl-1/Puma and Mcl-1/Noxa
complexes, as shown in Mcl-1 immunoprecipitates (Figure 5A,
lane 5, 11 and 17). Notably, whereas all Noxa was complexed to
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Mcl-1 in viable cells, a large amount of Noxa was ‘Mcl-1-free’
in response to 4EGI-1 treatment in all cell lines tested.
Noxa ‘Mcl-1-free’ was evidenced by its detection only in the
supernatants of Mcl-1 immunoprecipitates treated by 4EGI-1
(Figure 5A, lane 6, 12 and 18), contrary to untreated samples
(Figure 5A, lane 3, 9 and 15). In both NCI-H929 and OPM-2 cells,
we found that Noxa upregulation led to a disruption of Mcl-1/Bim
complexes, particularly the complexes including Bim L and S
isoforms (Figure 5A, lane 5 and 17). Finally, we also investigated
the Bak/Mcl-1 complex, because the disruption of this complex

was reported as important under some stimuli (Willis et al, 2005;
Chen et al, 2007). However, the intensity of Mcl-1/Bak complexes
was similar in Mcl-1 immunoprecipitates treated or not by 4EGI-1,
indicating that these complexes were not affected upon 4EGI-1
treatment (Figure 5A). Because it was recently demonstrated that
‘Mcl-1-free’ Noxa could bind to Bcl-xL in response to some stimuli,
we next investigated whether this interaction occurred in response
to 4EGI-1 treatment (Lopez et al, 2010; Zhang et al, 2011). Bcl-xL

was immunoprecipitated from lysates that were previously
depleted of Mcl-1. As shown in Figure 5B, Bcl-xL was not
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1 for 18 h, and equivalent amounts of cell lysates were immunoblotted with the indicated antibodies. (D) LP-1 cells were treated with 50mM 4EGI-1 for 1, 3,
6, 10 or 18 h. Equivalent amounts of cell lysates were analysed by immunoblotting with anti-caspase-3 and anti-Noxa antibodies. Actin was used as a loading
control. (E) Noxa mRNA was measured by quantitative PCR in LP-1 and U266 cells treated with 50 mM 4EGI-1 at the indicated times. The mean±s.d. of
three experiments is expressed as a ratio to RPL37a mRNA. Statistics were done using Student’s t-test (*Po0.05) (F) OPM-2 and U266 cells were treated
with 50 mM 4EGI-1 for 1, 3 or 6 h. Equivalent amounts of cell lysates were analysed by immunoblotting with anti-PARP-1, anti-ATF-4 and anti-Noxa
antibodies. Actin was used as a loading control.
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associated with Noxa, whereas free Noxa was still detected as
evidenced in the supernatant of Bcl-xL immunoprecipitates
(Figure 5B, lane 6, 12 and 18). Altogether, these results suggest
that ‘Mcl-1/Bcl-xL-free’ Noxa could also induce the activation of
Bax or Bak.

DISCUSSION

Elevated eIF4E function in tumours preferentially and dispropor-
tionately influences the expression of potent regulators of cell
growth and survival proteins that are involved in malignancy
and is thereby an attractive new anticancer therapeutic target.
The delivery of eIF4E-specific ASOs in human tumour xenografts
causes a selective and significant reduction in eIF4E expression
that results in the inhibition of tumour growth (Graff et al, 2007,
2008). The eIF4E/eIF4G interaction is inhibited by 4EGI-1, and it is
therefore an alternative to use eIF4E-specific ASOs. In the present
study, we demonstrated that 4EGI-1 inhibits the eIF4E/eIF4G
interaction and the subsequent translation of eIF4E-regulated
proteins in myeloma cells. Indeed, 4EGI-1 treatment suppressed
the expression of survivin, c-myc, and cyclin D1 and D2, which are
well known as cap-dependent proteins. Of note, whereas the
expression of eIF4E appears homogenous among the different cell
lines studied, the expression of eIF4G is very heterogeneous. Thus,
in this particular cell type, we could hypothesise that eIF4G, but
not eIF4E, is the limiting component of the assembly of eIF4F
complex. We further demonstrated that 4EGI-1 efficiently kills five
out of six myeloma cell lines; only the U266 cell line is resistant to
4EGI-1-induced cell death. This result is consistent with previous
studies that show that 4EGI-1 induced apoptosis (Moerke et al,
2007; Tamburini et al, 2009; Fan et al, 2010). We showed that cell

death occurs mainly through the mitochondrial pathway. Indeed,
both caspase-9 and Bax were activated in response to 4EGI-1
treatment, and cell death was significantly inhibited by the
caspase-9 inhibitor. Furthermore, Bak and Bax knockdown
simultaneously lead to a total inhibition of apoptosis, which
confirmed the involvement of the mitochondrial pathway. More-
over, the knockdown of either Bak or Bax had no effect on
apoptosis, indicating that both proteins have a redundant role in
4EGI-1-induced apoptosis.

Given the central role of Bcl-2 family proteins as the major
regulators of the intrinsic mitochondrial pathway in response to
diverse stress signals, we investigated the relative expression of the
Bcl-2 family members in response to 4EGI-1 treatment. We found
that Mcl-1 and Bcl-xL were consistently downregulated by 4EGI-1
in every cell line tested, whereas Bcl-2 expression was not affected.
In agreement with these results, several studies have reported that
Mcl-1 expression is controlled by eIF4E phosphorylation (Wendel
et al, 2007; Hsieh et al, 2010). Whereas a significant down-
regulation of Mcl-1 and Bcl-xL survival proteins was also observed
in U266 cells following 4EGI-1 treatment, this cell line did not
undergo apoptosis, which indicates that the reduction in expres-
sion of these anti-apoptotic proteins was not sufficient for
determining a commitment to cell death. In addition to these
changes in the anti-apoptotic protein levels, we observed that
4EGI-1 triggers the upregulation of Noxa and Puma expression.
The upregulation of Puma was modest, but was found in all cell
lines that endogenously expressed Puma. In contrast, Noxa
upregulation was more impressive than that of Puma and was
consistently associated with the induction of apoptosis. Indeed, the
4EGI-1-resistant cell line U266 did not present any induction of
Noxa expression. Notably, we previously reported that Noxa
induction could be detected in U266 cells under bortezomib
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Figure 5 ‘Mcl-1/Bcl-xL-free’ Noxa is involved in 4EGI-1 induced-apoptosis. (A) ‘Mcl-1-free’ Noxa is detected in Mcl-1 immunoprecipitate supernatant.
NCI-H929, LP-1 and OPM-2 cells were cultured with or without 50 mM 4EGI-1 for 18 h. Cell extracts were immunoprecipitated with an anti-Mcl-1 antibody.
Immunoblotting were then performed on both immunoprecipitates and immunoprecipitate supernatant using the indicated antibodies. (B) ‘Mcl-1/Bcl-xL

free’ Noxa is detected in Bcl-xL immunoprecipitate supernatant previously depleted of Mcl-1. Bcl-xL was then immunoprecipitated from Mcl-1-depleted
lysates, and immunoprecipitates and supernatants were analysed for the presence of Noxa.
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treatment, indicating that the absence of Noxa induction is not due
to a deletion of the gene (Gomez-Bougie et al, 2007). The absence
of Noxa induction was also found in PBLs (data not shown) that
were resistant to 4EGI-1. Because both Noxa and Puma were
upregulated in both p53 wt (NCI-H929 and XG-6) and p53-
mutated cell lines (LP-1, OPM-2 and L363; Moreaux et al, 2011), we
can exclude the possibility that Noxa and Puma upregulation is
due to a p53 responses. The siRNA-mediated knockdowns were
carried out to determine the specific involvement of Puma and
Noxa in 4EGI-1-induced apoptosis. We demonstrated that Noxa,
but not Puma, was critical for the induction of apoptosis. Thus, we
can hypothesise that Puma has a role in amplifying apoptosis in
this system. Furthermore, 4EGI-1 increased Noxa mRNA levels,
suggesting that this regulation occurs at the transcriptional level.
Different hypotheses can be proposed to explain the increase in
Noxa translation. Noxa could be translated in an IRES-mediated
manner, as it was previously demonstrated for Bmf isoforms
(Grespi et al, 2010). Indeed, it has been shown that Bmf isoforms
could be activated in response to stress that is associated with the
reprogramming of the translation machinery from cap-dependent
to cap-independent translation (Grespi et al, 2010). It is also
possible that 4EGI-1 could induce off-target effects as previously
reported. 4EGI-1 was shown to induce ER stress-related proteins
independently of its inhibitory action of cap-dependent mRNA
translation (Fan et al, 2010). The ER stress results in the unfolded
protein response due to the activation of different stress sensors
(Walter and Ron, 2011). Among them, transcriptional control
regulated by PERK leads to the upregulation of the transcriptional
factor ATF-4, which is known as a direct transcriptional activator
of Noxa (Wang et al, 2009; Armstrong et al, 2010). Of interest, we
demonstrated that Noxa was induced in concert with ATF-4
upregulation in cells undergoing apoptosis under 4EGI-1 treat-
ment, whereas both ATF-4 upregulation and Noxa induction were
not observed in U266-resistant cells to 4EGI-1-induced apoptosis.
Consistent with the study of Fan et al (2010), these results strongly
suggested that the ER stress is involved in Noxa induction, but
further investigations will be necessary to elucidate the mechanism
of resistance of U266 to ER stress. To address how Noxa induction
activates apoptosis, we therefore have investigated the interaction
of Noxa with its major binding partner Mcl-1 (Chen et al, 2005). In
viable myeloma cells, we found that Noxa was fully complexed with
Mcl-1, suggesting that Noxa was kept in check by Mcl-1. Upon
4EGI-1 treatment, despite the decrease of total Mcl-1, the Mcl-1/

Noxa complexes were significantly increased and a large amount of
Noxa appeared to be ‘Mcl-1-free’. In viable myeloma cells, we have
previously shown that both Mcl-1 and Bcl-2 sequester Bim, but
only the disruption of the Mcl-1/Bim complex seems to be related
to the induction of apoptosis (Gomez-Bougie et al, 2004, 2007). In
the present study, we showed that 4EGI-1 also induced a
disruption of the Mcl-1/Bim complex, indicating that Bim release
could trigger Bax/Bak activation. Of note, BimS isoform release
was the most important, this isoform was described as being the
most potent inductor of apoptosis (O’Connor et al, 1998). In LP-1
cells lacking Bim expression, Mcl-1 sequesters both Puma and
Noxa, and both Mcl-1/Puma and Mcl-1/Noxa complexes were
increased upon 4EGI-1 treatment, indicating that the release of an
activator BH3 protein is not an absolute requirement for the
induction of cell death. Thus, in LP-1 cells, we hypothesise that
Noxa can directly activate Bax or Bak. This last result is in
agreement with the recent study showing that BH3 domains other
than those of Bim and Bid can directly activate Bak or Bax (Du
et al, 2011). Indeed, Du et al (2011) showed that there are both
weak and strong direct activators, and they classified Noxa as an
intermediate activator that may significantly contribute to
apoptosis induction. In conclusion, our study demonstrates that
4EGI-1 leads to the inhibition of several oncogenic and survival
proteins that are deregulated in myeloma cells, and to the increase
in Noxa and Puma BH3-only proteins. Altogether, these modifica-
tions act in concert to induce robust apoptosis. Notably, among all
of the changes, Noxa induction appears to have a crucial role in the
induction of the apoptotic programme. Taken together with the
notion that malignant cells are preferentially susceptible to the
inhibition of cap-dependent translation, our study suggests that
inhibitors of the translation could become a very attractive and
potentially effective therapy in MM.
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