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Glucose—a sweet way to die

Metabolic switching modulates tumor cell death
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RAIL, a putative anticancer cyto-

kine, induces extrinsic cell death by
activating the caspase cascade directly
(Type I cells) via the death-inducing sig-
naling complex (DISC) or indirectly
(Type II cells) by caspase-8 cleavage of
Bid and activation of the mitochondrial
cell death pathway. Cancer cells are char-
acterized by their dependence on aerobic
glycolysis, which, although inefficient
in terms of ATP production, facilitates
tumor metabolism. Our studies show that
TRAIL-induced cell death is significantly
affected by the metabolic status of the
cell. Inhibiting glycolysis with 2-deoxy-
glucose potentiates TRAIL-induced cell
death, whereas glucose deprivation can
paradoxically inhibit apoptosis. These
conflicting responses to glycolysis inhi-
bition are modulated by the balance
between the Akt and AMPK pathways
and their subsequent downstream regula-
tion of mMTORCI. This results in marked
changes in protein translation, in which
the equilibrium between anti- and pro-
apoptotic Bcl-2 family member proteins
is decided by their individual degradation
rates. This regulates the mitochondrial
cell death pathway and alters its sensitiv-
ity not only to TRAIL, but to ABT-737, a
Bcl-2 inhibitor. Taken together, our stud-
ies show that the sensitivity of cancer cells
to apoptosis can be modulated by target-
ing their unique metabolism in order to
enhance sensitivity to apoptotic agents.

The Role of Metabolism
in Tumor Cell Death

Typically, anticancer agents kill by induc-
ing apoptotic cell death, either through the
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extrinsic (death receptor) or the intrinsic
(mitochondrial) pathway. The extrinsic
pathway is activated when TNF ligand
family members, such as tumor necrosis
factor (TNFa), CD95L/FasL and TNEF-
related apoptosis-inducing ligand (TRAIL)
bind to their respective death receprors.!
Ligation initiates recruitment of the Fas-
associated death domain (FADD) adap-
tor molecule to the cytoplasmic death
domain of the trimerized/clustered recep-
tor, which, in turn, recruits procaspase-8
to form the death-inducing signaling com-
plex (DISC, Fig. 1A). In both CD95L and
TRAIL-induced cell death, the DISC kills
by directly activating effector caspases-3/7
(Type I cells) and/or by cleaving Bid to gen-
erate tBid, which activates Bak/Bax at the
mitochondrial membrane to induce cyto-
chrome ¢ release, apoptosome formation
and cell death (Type IT cells). Thus, TRAIL
according to cell type can employ two sepa-
rate but interlinked pathways for executing
cell death. Originally, TRAIL was thought
to be specific for all cancer cells, but most
primary neoplasms, notably leukemias and
several epithelial cell tumors are resistant,
potentially limiting the therapeutic poten-
tial of this cytokine.? TRAIL resistance can
be due to either defects in DISC assembly
and/or the downstream proteins involved
in the mitochondrial cell death pathway.
Thus, the mitochondria and attendant
pro- and anti-apoptotic proteins can play a
critical role in both the intrinsic and extrin-
sic cell death pathways. Mitochondria, by
generating ATP, which is used by anabolic
processes such as protein translation, can
potentially have other profound effects
on apoptotic cell death pathways. In this
respect, cancer cells, as originally described
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Figure 1. 2DG potentiates cell death. Cells treated with 5 mM 2DG are more sensitive to both TRAIL and ABT-737-induced cell death. This scheme
shows that in the presence of 2DG, the direct activation of effector caspases by the DISC is synergised by 2DG leading to more rapid and extensive
processing of caspases-8 and -3 (A). In addition, 2DG strongly inhibits glycolysis (ECAR) and reduces mitochondrial respiration (OCR) and oxidative
phosphorylation (B). ATP levels are reduced (C), leading to increased AMP levels and activation of AMPK, which inhibits mTORC1, thereby depressing
protein translation. In this model, Akt is not hyperactive, and hence, GSK3 would be dephosphorylated, thus promoting GSK3 activity and phos-
phorylation of Mcl-1, leading to its degradation via the proteasome. 2DG inhibited protein translation as judged by polysome profiling (D), and the net
result is to change the balance of pro- and anti-apoptotic Bcl-2 proteins, in favor of pore (MOMP) formation, cytochrome c release and apoptosome

by Otto Warburg, predominantly use aero-
bic glycolysis rather than mitochondrial oxi-
dative phosphorylation to fuel and support
their rapid growth and proliferation.’ This
is in spite of the fact that glycolysis gener-
ates only two ATP molecules per glucose
precursor, which is a very poor return in
comparison to the 36 ATP molecules that
can be produced during mitochondrial oxi-
dative phosphorylation. Some cancer cells
undergo metabolic switching thatallow very
high levels of glucose uptake (upregulated
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glucose transporters) and utilization, which
not only provides energy but, crucially, via
the pentose phosphate pathway, produces
ribose sugars, nucleotides, glycerol, citrate
(lipid synthesis) and non-essential amino
acids. This dependence on the “Warburg
effect” has attracted interest as a specific
cancer hallmark and a therapeutic target.
Already, clinical practice makes use of the
Warburg effect, as tumors can be imaged
using fluorodeoxygluocose in FDG-PET
scanning. But potentially, the Warburg
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effect can also be exploited to kill cancer
cells using their weakness for glycolytic
metabolism.’ In our recent studies and this
report, we explore metabolic mechanisms
and strategies for enhancing glucose-depen-
dent cell death in cancer cells.

2-Deoxyglucose
Potentiates Cell Death

Apoptosis induced by many chemothera-
peutic agents (and TRAIL/CD95L in

Volume 11 Issue 21



Type II cells) requires activation of the
mitochondrial cell death pathway, which
is believed to require high levels of ATP.6
As tumors invariably depend on the
“Warburg effect” for survival and growth,
we investigated whether or not metabo-
lism can alter the cell death response of
leukemic cells to TRAIL. We therefore
determined whether the ATP levels and
cellular response to TRAIL can be mod-
ulated by altering the balance between
mitochondrial oxidative phosphorylation
and aerobic glycolysis. Cancer metabolism
has been targeted by using either glucose
deprivation or 2-deoxyglucose (2DG, a
competitive inhibitor of hexokinase) to
abrogate glycolysis in the belief that either
anti-glycolytic
duce similar effects. However, when we

treatment would  pro-

compared the effects of 2DG or glucose
deprivation on cellular metabolism and
TRAIL-induced cell death in a mantle
lymphoma cell (Z138) line,® we found,
rather surprisingly, that in the presence of
pyruvate and glutamine, 2DG treatment
and glucose deprivation have quite differ-
ent and opposing effects. First, metabolic
characterization using extra-cellular flux
(XF) analysis showed that Z138 cells are
competent for both oxidative phosphory-
lation and glycolysis as measured by the
oxygen consumption (OCR) and extra-
cellular acidification rates (ECAR, mea-
sures lactate release), respectively. Treating
cells for 20 h with 2DG abolished ECAR
and reduced OCR by 30-35%, indicat-
ing a strong but not absolute dependence
on glycolysis (Fig. 1B). However, cellular
ATP levels decreased by 50% and were
accompanied by key changes in the cel-
lular cell death machinery and increased
sensitivity to TRAIL-induced cell death
(Table 1 and Fig. 1A). First, TRAIL
DISC formation was normal, but there
was a more rapid cleavage/activation of
caspase-8, caspase-3 and the canoni-
cal death caspase-3/-7 substrate, PARP.6
After 2DG  treatment, cFLIP,
were maintained, but the anti-apoptotic
short form cFLIP, was markedly down-
regulated.® This change in the ratio of
long and short isoforms of cFLIP would
enhance DISC-mediated caspase-8 activa-
tion and subsequently caspase-3 process-
ing. However, 2DG treatment induced
significant changes in the pro- and

levels
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Table 1. Effects of anti-glycolytic treatments on TRAIL and ABT-737 induced cell death and loss of

mitochondrial membrane potential

Anti-glycolytic treatment TRAIL (ng/ml) (EC,)) ABT-737 (nM) (EC,))
% Cell death
Control 180-200 150
2-Deoxyglucose 25-30 25
Glucose-free 400 N.T.
% Loss of AyM
Control 180-200 25-30
2-Deoxyglucose ~1000 N.T.
Glucose-free N.T. > 1000

7138 cells grown in glucose/pyruvate/glutamax RPMI media were treated with 5 mM 2-deoxyglu-
cose for 20 h before inducing cell death with various concentrations of TRAIL or ABT-737 for 4 h, as
described previously.® For glucose-free experiments, cells were conditioned in pyruvate/glutamax
media for 1-2 wk before treating with TRAIL or ABT-737, as described above. Cell death was mea-
sured by assaying for phosphatidyl serine (PS) exposure and/or loss of mitochondrial membrane

potential (AyM), as previously described.®

anti-Bcl-2 apoptotic proteins, which, in
general, decreased after 2DG treatment.
Furthermore, individual proteins showed
variable/opposing changes; notably, Bak
levels, for example, remained relatively
high, whereas its antagonist Mcl-1 was
significantly downregulated. Activation of
the TRAIL DISC in Type II cells results
in Bid cleavage, releasing tBid, which acti-
vates Bak by displacing Mcl-1” to induce
cytochrome ¢ release, apoptosome forma-
tion and caspase-3/7 activation (Fig. 1A).
This change in the Bak/Mcl-1 ratio would
sensitize cells to tBid-mediated mitochon-
drial cell death. Furthermore, Z138 cells
pre-treated with 2DG were also approxi-
mately 6-8-fold more sensitive to ABT-
737, a Bad mimetic and specific inducer
of the intrinsic pathway (Table 1). Other
recent studies have shown that 2DG sup-
presses glucose metabolism and poten-
tiates ABT-263/737 killing in a mouse
xenograft model of hormone-independent,
chemo-resistant human prostate cancer.®
Similarly, Bcl-2 antagonises 2DG-induced
toxicity in mouse B cell lymphoma cell
lines and is, in turn, neutralized by ABT-
7372 Thus, targeting glycolysis in cancer
cells may offer a promising strategy for
specifically enhancing the therapeutic
efficacy of anti-Bcl-2 compounds such
as ABT-737. This implies a link between
Bcl-2 family proteins and aerobic glycoly-
sis; the key question is, what is the link?
Increasingly, evidence points toward

energy-linked changes in the Akt, mMTOR
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and AMPK signaling pathways, which
control metabolism, cell growth and pro-
tein synthesis. In our studies with 2DG,
we found that global protein translation,
as judged by sucrose density polysome
analysis, was markedly downregulated
(Fig. 1D). As degradation rates of key pro-
teins are different, a slowdown in protein
synthesis leads to changes in the relative
levels of anti- and pro-apoptotic proteins.
Thus, there was a marked loss of Mcl-1
(T,, -1 h) in contrast to other Bcl-2 family
members, such as Bcl-2 (T, ~10 h), which
have much longer half-lives.” AMPK
is believed to be more sensitive to ATP/
AMP levels than mTORCI, and 2DG (25
mM) has been shown to activate AMPK
in HEK293 cells, leading to dephosphor-
ylation/deactivation of the downstream
targets S6K1 and 4EBP1 and inhibition
of protein translation.”! Additionally,
decreased Akt activation leads to reduced
phosphorylation and, hence, activation
of GSK-3, which is active in its dephos-
phorylated state. This kinase phosphory-
lates a large number of downstream
targets,”* including Mcl-1, targeting it
for proteasomal degradation,”® and also
elF2B, which in its phosphorylated state
inhibits eIF2 and disrupts formation of
the eIlF2.GTP.Met-tRNAI ternary com-
plex, which is required for the initiation of
protein translation.' These effects on pro-
tein translation in part support the model
shown in Figure 1A, where 2DG pre-
dominantly activates the AMPK pathway

3921



[ATP] [AMP]

(mpH /min/10° cells)

Glucose
Actlve AMPK
: ./baq
' v \Q
pmspm? ‘\\\ - Pyruvate
\
c:-w-aﬂ? ;‘é’:ﬂ {yl i \ m u:vaw
. 7 ABT 737
' apoptosome
: ®—0¢
: mTORC1
: active
. proteasome / \
Cell = C
Death Protelp <
Translation
A 1000 9 - Glucose B 5 C
i I o Glucose
%8 . lucose
OtC_’ 600 + Glucose ,2 g o
@2 D~ ,
o =
8 = 11 PGSK-3p s s
T 0- rsec |
0 40 80 120 160
BASAL ECAR Glucose + =

Figure 2. Glucose withdrawal inhibits cell death. In this model, glycolysis is inhibited by conditioning Z138 cells for 2 wk on glucose-free (plus
pyruvate and glutamine) media. Under these conditions, the cells adapt and continue to grow, but are now resistant to TRAIL and ABT-737 induced
cell death. In glucose-free media, the cells have slightly reduced expression of TRAIL-R1/R2 and less DISC formation and activity in response to TRAIL
stimulation (A). The cells also upregulate oxidative phosphorylation to compensate for the lack of glycolysis (B), maintaining ATP levels (C). Under
these conditions, the Akt/mTORC1 pathway is activated, and key substrates such as GSK3[3 and S6K1 are phosphorylated (D). This results in a shift in
the balance between the pro- and anti-apoptotic Bcl-2 proteins, inhibiting MOMP and the action of ABT-737.

with little or reduced effect on the paral-
lel Akt pathway and inhibits downstream
mTORCI signaling.

Glucose Deprivation
Inhibits Cell Death

Intriguingly, using a chronic glucose
deprivation model, a different scenario
comes into play in that glucose removal
and depression of glycolysis results in a
corresponding increase in mitochondrial
oxidative phosphorylation and mainte-
nance of cellular ATP levels® (Fig. 2A-C).
Under these conditions, TRAIL DISC for-

mation/activation was reduced, coupled
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with a decreased sensitivity to TRAIL,
ABT-737 (Table 1) and radiation-induced
cell death. Cells maintained without glu-
cose were characterized by well-coupled,
with ultra-
structurally, extensively developed cristae.
This suggests that the absence of glucose

functional mitochondria,

induces re-structuring of the mitochon-
dria to allow the cells to utilize pyruvate
and glutamine to maintain ATP levels
and cell viability. Significantly, mitochon-
dria from glucose-deprived cells showed
increased levels of cytochrome ¢, perhaps
reflecting the increased demand for oxi-
dative phosphorylation and/or changes
in mitochondrial or associated proteins,
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which control the release of cytochrome
¢. Glucose deprivation induces a rapid
and transient phosphorylation of p53,"”
and activation of p53 affects both gly-
colysis and oxidative phosphorylation.
Thus, while hexokinase 2 is upregulated
to stimulate glycolysis, the enzyme TP53-
induced glycolysis and apoptosis regula-
tor (TIGAR) is also upregulated, which
decreases the levels of the glycolytic acti-
vator fructose-2,6-biphosphate and diverts
glycolytic intermediates into the pentose
phosphate pathway (for review, see refs.
16 and 17). In addition, p53 also regulates
the SCO2 gene (synthesis of cytochrome
¢ oxidase 2), which encodes an assembly
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factor for the 13-subunit cytochrome ¢ oxi-
dase (COX IV complex).”® Upregulation
of COX IV would lead to increased bind-
ing of cytochrome ¢, and this may explain
the increased levels of cytochrome ¢ found
in mitochondria isolated from glucose-
deprived cells. Possibly, the increased
binding of cytochrome ¢ to COX IV may
inhibit the release of cytochrome cafter an
apoptotic stimulus. However, our results
clearly show that in glucose-deprived
cells, the levels of the anti-apoptotic pro-
teins Bcl-2, Bcl—XL, and Mcl-1 are either
maintained or were higher than in glucose
cultured cells. This would antagonize the
pro-apoptotic effects of Bax/Bak (and
ABT-737), thereby inhibiting cytochrome
¢ release. In this context, Obatoclax, a
pan Bcl-2 antagonist enhances TRAIL-
induced cell death in Ramos cells by a
mechanism involving Bak/Bim release
from Bcl-2/ Bcl-XL complexes, Mcl-1 inhi-
bition and upregulation of TRAIL-R2,
resulting from Obatoclax-induced inhi-
bition of the TRAIL-R2 repressor Yin
Yang 1.” Maintenance of Mcl-1 levels
would also antagonize the effects of Bim,
Noxa and Puma. Bim has been suggested
in other studies to be a key effector in
2DG and low glucose-induced toxicity by
upregulating the BH3-only proteins Bim
and Bmf.>?° However, Z138 cells report-
edly do not express Bim,”
not detect Bim by immunoblotting in
whole Z138 cell lysates, suggesting that in
some cell types, other Bim-independent
mechanisms may come into play.

In more recent experiments we have
investigated the effects of glucose removal
on the AMPK, Akt and mTOR pathways
in Z138 cells by blotting for phosphory-
lated proteins and kinases involved in these
pathways. Our results suggest that under
chronic, glucose-free conditions, the Akt
pathway is hyper-activated as pAke levels
are increased (data not shown), leading to
downstream phosphorylation of GSK-33
and SOK1 (Fig. 2D). In normal cells,
glucose deprivation downregulates S6K1
phosphorylation and activation, thus inac-
tivation of GSK-3 would inhibit Mcl-1
phosphorylation and ubiquitin-dependent
degradation, leading to stabilization of the
protein, as observed in our earlier stud-
ies. The activation of S6K1 (via mTOR)
and inhibition of 4EBP1 would maintain

and we could
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protein translation. Activated Akt also
phosphorylates key proteins in the mTOR
pathway, specifically the TSC1/2 complex,
which is a negative regulator of mMTORC1
(for review, see ref. 22). TSC2 is phos-
phorylated by Akt (Ser®”*® and Thr'4?)
promoting 14-3-3 binding and inhibi-
tion of TSC2, which, in turn, inhibits
the GTPase activity of Rheb. GTP-Rheb
activates mMTORCI and stimulates protein
synthesis, the energy (ATP) demands of
which would be met by the increased oxi-
dative phosphorylation. Akt also directly
phosphorylates PRAS40, which binds to
14-3-3 and activates mTORCI, while,
conversely, AMPK directly phosphory-
lates Raptor, which also binds to 14-3-3
and inhibits mTORC1.?> The mainte-
nance of ATP levels in glucose-free cells
suggests that AMP levels would be low
and the AMPK pathway would not be sig-
nificantly activated. Taken together, these
data suggest that in glucose-free cells, the
Akt pathway predominates, whereas with
2DG, the AMPK pathway controls the
downstream mTORC1 complex and its
effector proteins.

Targeting Aerobic
Glycolysis: A Universal
Potentiator of Tumor Cell Death?

It is clear from our studies that 2DG and
glucose deprivation both block aerobic
glycolysis, but can potentially have differ-
ent outcomes on the sensitivity of tumor
cells to apoptosis. Thus, metabolic switch-
ing to oxidative phosphorylation can pro-
tect against cell death by promoting the
maintenance of the anti-apoptotic Bcl-2
family members, such as Bcl-2, Bcl-X,
and Mcl-1. In this respect, our studies
with TRAIL and ABT-737 indicate that
the Akt pathway is probably the most
important driver in this resistance mecha-
nism. Akt has been implicated in a vari-
ety of proposed survival mechanisms,
and clearly its effects via regulation of
protein translation support the idea that
it maintains the correct balance between
anti- and pro-apoptotic proteins to con-
trol cytochrome ¢ release. In this context,
Mcl-1 may be the key player, although in
some studies, glucose deprivation has also
been shown to induce Mcl-1 degradation
and upregulation of Bim, which promotes
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apoptosis.”’ However, in these studies, the
cells were maintained for 36 h in glucose-
free media, whereas we have looked at the
effects of chronic glucose deprivation in
the presence of alternative mitochondrial
substrates. Interestingly, when Z138 cells
are first cultured in glucose-free media,
they are slightly more sensitive to TRAIL,
exhibiting an increased necrotic cell death,
but after 20 h of glucose deprivation, they
become resistant to TRAIL and ABT-737.°
This suggests that the cellular response to
inducers of apoptosis varies between acute
and chronic glucose deprivation.
Following on from this, the use of
2DG to synergize
agents is an attractive proposition, as, in

chemotherapeutic

theory, you could specifically target can-
cer cells (which in comparison to normal
cells have elevated glucose uptake and
utilization) with chemotherapeutic drugs
in combination with a compound with
known pharmacology and toxicology.
However, 2DG has also been reported*
to protect against cell death in some cell
types via Akt phosphorylation and activa-
tion, independent of LKBI/AMPK acti-
vation and inhibition of glycolysis. Thus,
an emerging picture is that dependent on
cell type and signaling repertoire, 2DG
can enhance or de-sensitize a particular
cancer cell to other agents. Interestingly,
2DG has been used as a single agent to
induce apoptosis in alveolar, but not
embryonal rhabdomyosarcoma cell lines
by downregulating Mcl-1 and upregulat-
ing Noxa.” Thus, some cells appear to be
very sensitive to 2DG treatment, while
others are not, depending on the activa-
tion balance between the Akt and AMPK
pathways. A further complication arises
from the fact that it is still not clear how
2DG synergizes cell death. Recent stud-
ies have reported that 2DG treatment
can synergize ABT-737/263 cell death
without depleting ATP or inhibiting pro-
tein translation and Mcl-1 levels.® In this
study, enhanced apoptosis was induced in
cells treated with 2DG for up to 6 h in the
presence of glucose before treatment with
ABT-263. This study reported that a com-
bination of 2DG and ABT-737/263 dis-
rupted the interactions between Mcl-1 and
Bak/Bax, implying a hitherto unknown
effect of 2DG. However, in our recent
studies, 2DG inhibited glycolysis within
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2 h leading to a rapid depletion of cellu-
lar ATP levels, which was not concurrent
with the increased sensitivity to TRAIL
(G. Miles, M.M. and K.C., unpublished
results). Thus, while in some cell types,
2DG may synergize with agents like
ABT-737 to activate the mitochondrial
cell death pathway, in other cell types, its
effects on Akt activation may promote cell
survival.

Nevertheless, the observation that low
glucose levels can increase resistance to
apoptotic cell death has implications for
the potential effects of nutritional and
metabolic status on cancer initiation and
progression. The finding that switch-
ing from aerobic glycolysis to oxidative
phosphorylation can alter the response to
some apoptosis-inducing agents is a sur-
prising finding. However, other studies
suggest that this may not be an uncom-
mon event. For example, MCF-7 cells in
single cultures are metabolically glycolytic
and sensitive to Tamoxifen-induced cell
death, but in co-culture with immortal-
ized human fibroblasts switch to oxidative
phosphorylation and become resistant to
the drug.*® Furthermore, in this study,
Dasatinib, a tyrosine kinase inhibitor,
reversed the metabolically switched co-
cultured MCF-7 cells back to aerobic
glycolysis, and the cells regained their
sensitivity to Tamoxifen. In other stud-
ies, cell death induced in the HEK293-T
cell line by serum withdrawal is prevented
by glucose and amino acid deprivation
or 2DG treatment.” Nutrient restric-
tion was associated with reduced activity
of the mTOR/S6 kinase cascade, which
could be reversed by pharmacological or
genetic inhibition. Typically, low ATP
levels caused by glucose deprivation and
anti-glycolytic inhibition (e.g., 2DG) or
oxidative phosphorylation inhibition by
metformin lead to AMPK activation and
inhibition of mTORCI1 (see for review,
ref. 28). Thus, hyperglycaemia and obe-
sity, which are associated with enhanced
risk of cancer, may be due to suppression
of the LKBI/AMPK pathway. Conversely,
activation of AMPK and inhibition of
mTORCI might play a role in the anti-
cancer effects associated with exercise and
low-calorie diets. However, our results
suggest that in some cell types, glucose
deprivation in the presence of pyruvate and
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glutamine is compensated by an increase
in oxidative phosphorylation. This results
in normal ATP levels and resistance to
apoptotic stimuli. In conclusion, the use
of 2DG or other anti-glycolytic strategies
may have the potential to synergize with
anti-chemotherapy therapies. However,
this is likely to be tumor cell-specific, and
we need to understand the complex inter-
play between metabolism and translation
mechanisms in greater detail in order to
predict or select which cancer is likely
to respond to this type of combination

therapy.
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