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Inhibition of MCL-1 by obatoclax sensitizes Sp2/0-Ag14 hybridoma
cells to glutamine deprivation-induced apoptosis
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For several cancer cell types, the lack of an adequate supply of the amino acid L-glutamine (Gln) triggers apoptosis, a phenomenon termed Gln
addiction. In this report, we examined the role of the anti-apoptotic proteins of the B-cell lymphoma 2 (BCL-2) protein family in the survival of
Sp2/0-Ag14 (Sp2/0) mouse hybridoma cells, a cell line that undergoes apoptosis within minutes of Gln deprivation. Western blot analysis revealed
that myeloid cell leukaemia 1 (MCL-1) was expressed at much higher levels than BCL-2, B-cell lymphoma extra-large and BCL-2-like protein 2
making it the prominent pro-survival BCL-2 family member in this hybridoma. Gln deprivation triggered a progressive decrease in MCL-1 protein
levels, which coincided with the decrease in Sp2/0 cell survival. Moreover, Sp2/0 cells were much more sensitive to the broad Bcl-2 homology
domain-3 (BH3) mimetic obatoclax (which targets MCL-1) than to the more selective drug ABT-737 (which does not target MCL-1). Finally,
we show that obatoclax sensitizes Sp2/0 cells to apoptosis following Gln starvation. All together, the data presented here reveal that modulation
of the pro-survival protein MCL-1 is an important step in the sequence of events leading to the initiation of apoptosis in Gln-starved Sp2/0 cells.
Cancer cells require an adequate supply of L-glutamine for their survival. Using a mouse hybridoma cell line that is exquisitely sensitive to glutamine
starvation, we show that the levels of the pro-survival BCL-2 family protein MCL-1 decrease upon glutamine starvation in a manner that correlates
with the loss of cell viability. Moreover, inhibiting MCL-1 with the drug obatoclax sensitizes hybridoma cells to glutamine starvation. Thus, in some
cancer cells, glutamine starvation triggers the inactivation of pro-survival proteins. Our data suggest that the combined inhibition of glutamine
biosynthesis pathways and BCL-2 proteins may prove effective against some cancers. Copyright © 2015 John Wiley & Sons, Ltd.
key words—apoptosis; glutamine; glutamine addiction; hybridoma; MCL-1; nutrient starvation; obatoclax
list of abbreviations—BAD, Bcl-2-associated death promoter; BAK, BCL-2 homologous antagonist killer; BAX, B-cell lymphoma associated
X; BCL-2, B-cell lymphoma 2; BCL-XL, B-cell lymphoma extra-large; BCL-W, BCL-2-like protein 2; BH3, BCL-2
homology domain 3; BID, BH3-interacting domain death agonist; BIM, Bcl2-interacting mediator of cell death;
BSA, Bovine serum albumin; FCS, FetalClone I; Gln, L-glutamine; IMDM, Iscove's modiﬁed Dulbecco's medium;
MCL-1, Myeloid cell leukaemia 1; MOMP, mitochondrial outer membrane permeabilization; mTOR, Mechanistic
target of rapamycin; PUMA, p53 upregulated modulator of apoptosis; SMAC/Diablo, Second mitochondrial-derived
activator of caspase / Direct IAP-binding protein with low pI; Sp2/0, Sp2/0-Ag14; TTBS, Tris-buffered saline/Tween
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INTRODUCTION
The amino acid L-glutamine (Gln) is an important component of intermediate metabolism, where it acts as a precursor
for protein and nucleotide synthesis and as cellular fuel.1,2
The contribution of Gln to metabolism is especially important for actively proliferating cells, where the amino acid is
used to replenish tricarboxylic acid cycle intermediates and
to generate the reduced form of nicotinamide adenine dinucleotide phosphate, a reducing co-factor essential to many
biosynthetic reactions.3 Furthermore, Gln and its metabolites
modulate several signalling events promoting cell prolifera*Correspondence to: Eric R. Gauthier, Department of Chemistry and
Biochemistry, Laurentian University, 935 Ramsey Lake Road, Sudbury,
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tion and survival.2 As a consequence, cancer cells show an
increased dependence toward this amino acid, a phenomenon called Gln addiction.4 While the Gln requirement of cancer cells has been known since the 1950s,5 the precise
cellular and molecular events linking Gln to such a complex
phenotype as cell survival need to be studied in more detail.6
In several normal or transformed cell types, Gln deprivation
triggers a stress response that leads to death by apoptosis.7 In
particular, several studies have shown that apoptosis triggered
by Gln starvation can be inhibited by pro-survival members of
the B-cell lymphoma 2 (BCL-2) family of proteins.8–10 These
proteins, which include BCL-2, B-cell lymphoma extra-large,
myeloid cell leukaemia 1 (MCL-1) and BCL-2-like protein 2
are well known for their role in the modulation of the intrinsic
apoptotic pathway.11,12 Mitochondrial outer membrane
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permeabilization (MOMP) is the central event in this pathway
and is triggered by the formation of pores by B-cell lymphoma
associated X and BCL-2 homologous antagonist killer, two
pro-apoptotic proteins of the BCL-2 family.12 The BAX/BAK
protein pores cause the release of apoptogenic factors such as
cytochrome c and Second mitochondrial-derived activator of
caspase / Direct IAP-binding protein with low pI from the
mitochondrial intermembrane space into the cytosol.12 This
contributes to the activation of a family of cysteine proteases
called caspases, which are responsible for triggering the cellular
morphological changes associated with apoptosis.12
The formation of the BAX/BAK pores is a critical regulatory step in the intrinsic apoptotic pathway. The change in
protein conformation leading to BAX/BAK activation and
the formation of mitochondrial pores can be triggered by a
sub-class of pro-apoptotic proteins of the BCL-2 family
called activator BCL-2 Homology Domain 3 (BH3)-only
proteins (which include BH3-interacting domain death agonist and Bcl2-interacting mediator of cell death).11,12 The
formation of the BAX/BAK pore is also antagonized by
their interaction with pro-survival BCL-2 proteins.11,12 Because of their role as modulators of MOMP, the pro-survival
proteins of the BCL-2 family are subjected to regulation by
a variety of mechanisms.13,14 For instance, sensitizer BH3only proteins (Bcl-2-associated death promoter, NOXA
and p53 upregulated modulator of apoptosis) bind and neutralize pro-survival BCL-2 proteins, preventing the latter
from interfering with the formation of the BAX/BAK
pores.11–14 Pro-survival BCL-2 proteins are also subjected
to post-translational regulation including phosphorylation,13,14 deamidation15 and limited proteolysis,16 all of
which have been shown to control the ability of these proteins to interfere with the initiation of apoptosis. Finally, another means of regulation of the pro-survival BCL-2
proteins is via the modulation of their turnover. This is the
case of MCL-1, which is targeted by a system of
ubiquitin-conjugating and deubiquitinating enzymes,
resulting in the complex regulation of the half-life of this
protein.13,17
The Sp2/0-Ag14 (Sp2/0) mouse hybridoma is acutely sensitive to a number of apoptosis-inducing stresses, including
Gln starvation.8,18 Remarkably, over 85% of Sp2/0 cells
show apoptotic membrane blebbing and nuclear condensation within 2 h of Gln deprivation.19 Moreover, cytochrome
c leakage and BAX translocation to the mitochondria, two
hallmarks of the intrinsic apoptotic pathway, are observed
in Sp2/0 cells within 60 min of Gln deprivation,19 suggesting
that the anti-apoptotic BCL-2 family proteins expressed in
this cell line are quickly inactivated upon Gln starvation.
While our work has shown that Sp2/0 cells express low levels
of BCL-2 and BCL-XL,8,20 whether other pro-survival BCL2 family proteins are found in this cell line is unknown.
Moreover, the contribution of these proteins to the survival
of Sp2/0 cells, and their modulation following Gln deprivation, remain to be determined. In this paper, we show that
MCL-1 is the principal pro-survival BCL-2 protein expressed
in Sp2/0 cells, and that it plays an important role in determining the sensitivity of this cell line to Gln deprivation.
Copyright © 2015 John Wiley & Sons, Ltd.

MATERIALS AND METHODS
Reagents and cell lines
Unless speciﬁed, all reagents were from Sigma Aldrich (Oakville, ON, Canada). The Sp2/0 mouse hybridoma and Ramos
Burkitt lymphoma cells were purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA).
The BCL-XL-overexpressing Sp2/0 cells and pTEJ8 vectortransfected control were described elsewhere.8 The A431 epidermoid carcinoma and RIE-1 intestinal epithelial cell lines
were kind gifts from Dr David Deperthes (MedDiscovery
SA, Geneva, Switzerland) and Dr Kenneth D. Brown
(Babraham Institute, Cambridge, UK), respectively. The
Jurkat leukaemia cell line was obtained from Dr Leslie Sutherland (Health Sciences North, Sudbury, ON, Canada). The
MCL-1 antibody was from Biolegend (San Diego, CA,
USA). All other antibodies were from Cell Signaling Technology (Danvers, MA, USA). The BCL-2 protein inhibitors
obatoclax and ABT-737 were purchased from Selleck
Chemicals Inc. (Houston, TX, USA) and were prepared as
1000× stock solutions in dimethyl sulfoxide (DMSO).
Cell culture
A431 and RIE-1 cells were maintained in Dulbecco’s modiﬁed Eagle’s medium, while Ramos and Jurkat cells were cultured in Iscove’s modiﬁed Dulbecco’s medium (IMDM) and
RPMI-1640 media, respectively. All media contained 4 mM
Gln and were supplemented with 10% foetal bovine serum
(Fisher Scientiﬁc, Whitby, ON, Canada) and 1% antibiotics
(100 U ml 1 penicillin and 100 μg ml 1 streptomycin).
Sp2/0 cells were maintained in IMDM medium supplemented with 5% FetalClone I (FCS; Fisher Scientiﬁc), 1%
antibiotics and 4 mM Gln. This medium will be referred to
as complete IMDM. The BCL-XL and pTEJ8-transfected
Sp2/0 cells were cultured in complete IMDM containing
750μg ml 1 G-418 (Invivogen, San Diego, CA, USA).
For the glutamine deprivation experiments, exponentially
growing Sp2/0 cells were washed twice in warm (37 °C)
IMDM containing 5% FCS and 1% antibiotics, without
Gln supplementation (hereafter referred to as Gln-free
IMDM). The cells were then placed in Gln-free IMDM
(4 × 105 cells ml 1) and cultured for the indicated time periods. Controls were included in which Gln (4 mM) was
added at the start of the experiment. For the determination
of cell viability using Gln rescue assays, 1 ml aliquots were
taken from each experimental group at the indicated time
intervals. Gln was added (4 mM) to the amino acid-deprived
aliquots, and culture was resumed for 24 h. Cell viability was
then determined using the trypan blue dye exclusion assay.
The effect of obatoclax and ABT-737 on cell viability was
determined by adding the drugs at the indicated concentration
at the start of the experiment, and cell viability was determined
24 h later using the trypan blue dye exclusion assay. The control groups received DMSO instead of the inhibitors. To test
the effect of obatoclax on the sensitivity of Sp2/0 cells to
Gln starvation, the cells were cultured overnight in the presence of 25 nM obatoclax or an equivalent amount of DMSO.
Cell Biochem Funct 2015; 33: 334–340.
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The cells were then washed twice in warm Gln-free IMDM to
remove the drug or DMSO and placed in Gln-free IMDM for
1 h. Control groups were supplemented with 4 mM Gln. After
1 h, Gln was added (4 mM) to the deprived cells. Culture was
resumed for 24 h, and cell viability was determined using the
trypan blue dye exclusion assay.
Western blot analysis
Total cell protein extracts were prepared in RIPA buffer [1%
Igepal, 0·5% sodium deoxycholate, 0·1% sodium dodecyl
sulfate, 0·2 mM sodium orthovanadate, 50 mM sodium
ﬂuoride, 0·1 mg ml 1 phenyl methyl sulfonyl ﬂuoride and
1× Halt protease inhibitor cocktail (Fisher Scientiﬁc), in
phosphate-buffered saline (9·1 mM Na2HPO4, 1·7 mM
NaH2PO4, 150 mM NaCl and pH 7·4)], as described.19
Proteins were fractionated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred onto
Immobilon PVDF membranes (Millipore, Billerica, MA,
USA). Transfer efﬁciency was routinely monitored by staining the membranes with Ponceau S. For Western blot analysis,
the membranes were blocked for 1 h at room temperature with
Tris-buffered saline/Tween 20 (TTBS; 20 mM Tris base,
137 mM NaCl and 0·1% Tween 20, pH 7·6) containing 5%
bovine serum albumin (BSA). The membranes were then exposed to the primary antibodies (diluted in 5% BSA/TTBS)
for 1 h, washed three times in TTBS and exposed to a horseradish peroxidase-coupled secondary antibody for 1 h. After
washing in TTBS, the membranes were processed for chemiluminescence detection using the Immobilon Western reagent
(Millipore) and a Fluorchem 8000 imaging unit (Alpha
Innotech, San Leandro, CA, USA).
Statistical analysis
Data were analysed by one-way analysis of variance and
Scheffe’s post hoc test.
RESULTS

Figure 1. Myeloid cell leukaemia 1 (MCL-1) is the prominent pro-survival
B-cell lymphoma 2 (BCL-2) protein expressed in Sp2/0-Ag14 (Sp2/0) cells.
Protein extracts from A431, RIE-1 and Sp2/0 cells were processed for
Western blot analysis and probed with antibodies against BCL-2, B-cell
lymphoma extra-large, MCL-1 and BCL-2-like protein 2. β-actin was used
as a protein loading control

MCL-1 levels are reduced in glutamine-deprived Sp2/0 cells
MCL-1 has a short half-life, the result of a complex regulation involving phosphorylation and ubiquitin-mediated
proteolysis.13,17 The presence of MCL-1 as the predominant
pro-survival BCL-2 protein in Sp2/0 cells prompted us to
examine its regulation following Gln deprivation. Several
protein bands were detected with our MCL-1 antibody
(Figure 2). Notably, three prominent protein bands of 36,
37 and 39 kDa, respectively, are of a similar size to those recently reported by Perciavalle et al.,21 which they identiﬁed
as different MCL-1 isoforms. The 37-kDa band likely corresponds to the commonly reported anti-apoptotic MCL-1L
protein.22 Two additional, minor bands were also seen on
our immunoblots: a 26-kDa band, which is consistent with
the expected size of the pro-apoptotic splicing variant
MCL-1S,22,23 and a 30-kDa band, which was shown by
others to be a proteolytic product of the larger MCL-1L.24
Therefore, several MCL-1 isoforms are found in Sp2/0 cells.

Anti-apoptotic BCL-2-family protein expression in Sp2/0
cells
To better understand the modulation of apoptosis in Glnstarved Sp2/0 cells, we examined the expression levels of
four pro-survival BCL-2 family proteins (BCL-2, BCL-XL,
BCL-W and MCL-1) in this cell line (Figure 1). Protein extracts from A431 and RIE-1 cells were also included for
comparison purposes. Western blot analysis revealed low
levels of BCL-2 in Sp2/0 cells and higher levels in RIE-1
cells. Similarly, while BCL-XL could be seen in RIE-1 and
A431 cells, much lower amounts were observed in Sp2/0
cells. BCL-W was observed in RIE-1 and A431 extracts
but was found at very low levels in Sp2/0 cells. Interestingly, high levels of MCL-1 were present in Sp2/0 cells,
while lower amounts were observed in RIE1 and A-431 protein extracts. Therefore, these data indicate that MCL-1 is
the principal anti-apoptotic BCL-2 protein expressed in the
Sp2/0 cell line.
Copyright © 2015 John Wiley & Sons, Ltd.

Figure 2. Modulation of myeloid cell leukaemia 1 (MCL-1) protein levels
in L-glutamine (Gln)-starved Sp2/0-Ag14 cells. Sp2/0-Ag14 cells were cultured in Gln-free Iscove’s modiﬁed Dulbecco’s medium for the indicated
time intervals. Cells cultured for 3 h in the presence of Gln (180 + Q) were
used as control. Samples of each group were taken for the determination of
cell survival using the Gln rescue assay. The remainder of the culture was
processed for Western blot analysis of MCL-1 protein expression. Several
putative MCL-1 isoforms are indicated by arrows
Cell Biochem Funct 2015; 33: 334–340.
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The effect of Gln starvation on MCL-1 protein levels in
Sp2/0 cells was next examined in a time-course experiment.
During the ﬁrst 2 h of Gln starvation, the protein levels of all
three major isoforms and the minor 26-kDa MCL-1 isoform
did not signiﬁcantly change (Figure 2). However, after 3 h of
Gln deprivation, the levels of the 37- and 39-kDa MCL-1
isoforms had clearly decreased, while the 36-kDa isoform
remained elevated. This was accompanied with the disappearance of the 26-kDa MCL-1 band and the appearance
of a 24-kDa band (visible at the 2- and 3-h time points).
The latter may correspond to a caspase-generated MCL-1
fragment.25,26 Importantly, the decline in MCL-1 protein
levels correlated with a signiﬁcant decrease in Sp2/0 cell viability (Figure 2). Thus, these data show that the protein
levels of several MCL-1 isoforms are reduced in Glndeprived Sp2/0 cells in a time frame that coincides with
the loss of cell viability.
MCL-1 inhibition by obatoclax triggers Sp2/0 cell death
To determine whether MCL-1 plays a role in the modulation
of cell survival in Sp2/0 cells, we used two small molecule
BH3 mimetics: ABT-737, which inhibits BCL-2, BCL-XL
and BCL-W but is ineffective against MCL-1,27,28 and
obatoclax, which has been shown to inhibit a broader spectrum of pro-survival BCL-2 family members, including
MCL-1.29,30 As controls, we used Jurkat and Ramos cells,
two cell lines that have been shown by others to be sensitive
to the effect of both BH3 mimetics.31–33
ABT-737 (15 μM) caused a signiﬁcant reduction in Sp2/0
cell viability compared with the DMSO-treated cells
(Figure 3A). ABT-737 was also toxic to both Jurkat and
Ramos cells; however, a more pronounced effect was observed for the former, a phenomenon previously reported
by others.31 As expected,32,33 both Jurkat and Ramos cells
were sensitive to 15 μM obatoclax. Interestingly, the drug
proved to be signiﬁcantly more toxic to the Sp2/0 cell line,
because no viable cells remained after treatment with
15 μM obatoclax.
To determine the minimal concentration of obatoclax,
which is toxic to Sp2/0 cells, a dose–response experiment
was carried out. Sp2/0 cells were cultured for 24 h in the
presence of different concentrations of either drug, and cell
viability was determined using the trypan blue assay. While
ABT-737 was not toxic when used at concentrations of up to
1 μM, obatoclax caused a dose-dependent reduction in
Sp2/0 cell viability, with concentrations of 250 nM causing
over 90% cell death (Figure 3B). These results demonstrate
that Sp2/0 cells are signiﬁcantly more sensitive to the toxic
effect of obatoclax than to ABT-737. They also indicate that
MCL-1 plays an important role in the modulation of Sp2/0
cell viability.
Obatoclax sensitizes Sp2/0 cells to undergo cell death upon
Gln starvation
We next sought to determine whether MCL-1 inhibition by
obatoclax would sensitize Sp2/0 cells to Gln starvation.
Sp2/0 cells were cultured for 24 h in the presence of a subCopyright © 2015 John Wiley & Sons, Ltd.

Figure 3. Effect of obatoclax and ABT-737 on Sp2/0-Ag14 (Sp2/0) cell
survival. (A) Sp2/0, Jurkat and Ramos cells were cultured for 24 h in the
presence of 15 μM of obatoclax or ABT-737. Cells cultured in the presence
of an equivalent amount of dimethyl sulfoxide (DMSO) were used as control. Cell viability was determined using the trypan blue dye exclusion assay. (B) Sp2/0 cells were cultured for 24 h in the presence of the
indicated amounts of obatoclax and ABT-737. Cell viability was then determined using the trypan blue assay. Data are the average ± standard deviation of three independent experiments. *p < 0·05 versus sample treated
with 0·025 μM obatoclax

lethal dose of obatoclax (25 nM). The cells were then
washed and deprived of Gln for 1 h, which in itself is not
sufﬁcient to commit Sp2/0 cells to undergo apoptosis.19 Cell
viability was ﬁnally determined using a Gln rescue assay.
Cell Biochem Funct 2015; 33: 334–340.
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As expected, the viability of cells treated with DMSO
remained high, whether or not they were deprived of Gln
(Figure 4A). However, a signiﬁcant decrease in cell viability
was observed in the Gln-deprived, obatoclax-treated cells.
In order to conﬁrm that this increased sensitivity to Gln
starvation by obatoclax was the result of the drug’s BH3
domain-mimicking properties, Sp2/0 cells stably transfected
with BCL-XL or with the pTEJ8 vector were tested (Figure 4B). As observed with the wild type Sp2/0 cells, 25
nM obatoclax caused a signiﬁcant increase in the sensitivity
of the pTEJ8-control cells to a 1-h Gln starvation treatment
(Figure 4C). Moreover, obatoclax did not sensitize BCLXL-overexpressing Sp2/0 cells to Gln deprivation, thus
conﬁrming that the drug’s effect was through the inhibition
of BCL-2 family proteins (Figure 4C).

DISCUSSION

Figure 4. Obatoclax sensitizes Sp2/0-Ag14 (Sp2/0) cells to L-glutamine
(Gln) starvation. (A) Sp2/0 cells were cultured for 24 h in complete Iscove’s
modiﬁed Dulbecco’s medium, the presence of 25 nM obatoclax or an equivalent amount of dimethyl sulfoxide (DMSO). The cells were then washed and
deprived of Gln for 1 h in the absence of obatoclax or DMSO. Control groups
were supplemented with Gln at the start of the experiment. Gln was then added
to the amino acid-deprived samples, and viability was assessed 24 h later by
the trypan blue dye exclusion assay. ¶ p < 0·05 versus Gln-supplemented control. (B) Expression of ectopic B-cell lymphoma extra-large (BCL-XL) in
transfected Sp2/0 cells and pTEJ8 vector control. HSP60 was used as a protein
loading control. (C) BCL-XL-overexpressing and vector-transfected Sp2/0
cells were processed as in (A). Data are the average ± standard deviation of
three independent experiments. *p < 0·05 versus corresponding Gln-supplemented control. §p < 0·05 versus Gln-deprived/DMSO-treated control
Copyright © 2015 John Wiley & Sons, Ltd.

Sp2/0 hybridoma cells show biochemical features of apoptosis within 30 min of Gln withdrawal, a process that is triggered by the intrinsic apoptotic pathway.19 Because the
pro-survival proteins of the BCL-2 family negatively regulate MOMP,12 we sought to examine their involvement in
the modulation of apoptosis in Gln-deprived Sp2/0 cells.
In this paper, we show that, of the four anti-apoptotic
BCL-2 proteins surveyed, MCL-1 is by far the one with
the highest level of expression in Sp2/0 cells (Figure 1).
While this was not surprising, because MCL-1 expression
has been demonstrated in a variety of haematopoietic
cells,13 this is, to our knowledge, the ﬁrst report of expression of MCL-1 in a mouse hybridoma cell line.
MCL-1 has a short half-life,13,17 which suggested a mechanism by which this anti-apoptotic BCL-2 protein could be
rapidly inactivated in Gln-starved Sp2/0 cells. Our timecourse experiments showed that Gln deprivation led to a decrease in the levels of the 37- and 39-kDa MCL-1 isoforms
in a manner that coincided with the loss in cell viability,
while the 36-kDa band remained high throughout the time
course (Figure 2). In that regard, it is interesting to note that,
while the two largest MCL-1 bands reside on the outer mitochondrial membrane and exhibit anti-apoptotic properties,
the smaller, 36-kDa isoform localizes to the mitochondrial
matrix, does not participate in the modulation of survival
and is involved in the maintenance of the bioenergetic functions of the organelle.21,34 Thus, Gln deprivation leads to the
preferential degradation of the apoptosis-modulating MCL1 variants in Sp2/0 cells.
The modulation of MCL-1 is complex and occurs at several levels, including transcriptional, post-transcriptional,
translational and post-translational controls.13 Our data indicate that in Sp2/0 cells, the inhibition of MCL-1 following
Gln starvation occurs at least in part through a decrease in
its protein levels. The appearance of a MCL-1-speciﬁc 24kDa band (Figure 2) suggests that this may be achieved
through the caspase-mediated cleavage of MCL-1.25,26
However, the ubiquitylation and subsequent degradation of
Cell Biochem Funct 2015; 33: 334–340.
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MCL-1 by the proteasome, a well-characterized mode of
regulation of this protein,13,17 cannot be ruled out.
Our data indicate that the decrease in MCL-1 protein
levels is most evident in Sp2/0 cells 2 h after Gln starvation
(Figure 2). This coincides with other biochemical apoptotic
events such as the degradation of the pro-survival protein Xlinked inhibitor of apoptosis protein and caspase-3 activation.19 However, the recruitment of BAX to mitochondria
and the release of the mitochondrial apoptogenic proteins
cytochrome c and SMAC/DIABLO into the cytosol occur
as early as 1 h after Gln withdrawal.19 Therefore, it is likely
that the inhibition of MCL-1 in Sp2/0 cells involves other
regulatory mechanisms. One possibility is that the function
of MCL-1 is impeded through its interaction with modulatory proteins. For instance, the BH3-only proteins BIM
and NOXA are known to bind to and block the antiapoptotic function of MCL-1.35,36 Another way whereby
MCL-1 could be rapidly neutralized following Gln deprivation is through the modiﬁcation of its phosphorylation status. Phosphorylation on Ser64, triggered by the cyclindependent kinases CDK1 and CDK2 and by c-Jun Nterminal kinase, has been shown to be important to the
anti-apoptotic activity of MCL-1.37 In addition, phosphorylation of Ser162 is critical to the mitochondrial localization
and anti-apoptotic function of MCL-1.38 The recent demonstration of MCL-1 regulation by the protein kinase Mechanistic target of rapamycin,39–41 the activity of which is
controlled by glutaminolysis,42 may provide a mechanistic
link between intracellular glutamine levels and the cell survival machinery.
The correlation of the degradation of MCL-1 with the loss
of Sp2/0 cell viability suggested that this BCL-2 family protein constitutes a signiﬁcant barrier to the onset of cell death
following Gln starvation. Using the BH3 mimetic obatoclax,
we demonstrated that 250 nM of the drug was sufﬁcient to
kill Sp2/0 cells, while much larger amounts of ABT-737
(which does not target MCL-1) were required (Figure 3).
Importantly, we found that as little of 25 nM obatoclax
could signiﬁcantly sensitize Sp2/0 cells to undergo cell
death upon Gln starvation (Figure 4). Considering the current renewed interest in the use of inhibitors of
glutaminolysis as anti-cancer agents,43,44 our data raise the
interesting possibility that the combined use of glutamine
analogs and BH3 mimetics could improve treatment
efﬁcacy.45
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