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GAPDH binds to active Akt, leading to Bcl-xL increase
and escape from caspase-independent cell death

MA Jacquin'?, J Chiche'2, B Zunino™®, M Bénéteau'™2, O Meynet'2, LA Pradelli"?, S Marchetti>*, A Cornille’?, M Carles™?
and J-E Ricci*'?3

Increased glucose catabolism and resistance to cell death are hallmarks of cancers, but the link between them remains elusive.
Remarkably, under conditions where caspases are inhibited, the process of cell death is delayed but rarely blocked, leading to
the occurrence of caspase-independent cell death (CICD). Escape from CICD is particularly relevant in the context of cancer as
apoptosis inhibition only is often not sufficient to allow oncogenic transformation. While most glycolytic enzymes are
overexpressed in tumors, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is of particular interest as it can allow cells to
recover from CICD. Here, we show that GAPDH, but no other glycolytic enzymes tested, when overexpressed could bind to active
Akt and limit its dephosphorylation. Active Akt prevents FoxO nuclear localization, which precludes Bcl-6 expression and leads
to Bel-xL overexpression. The GAPDH-dependent Bcl-xL overexpression is able to protect a subset of mitochondria from
permeabilization that are required for cellular survival from CICD. Thus, our work suggests that GAPDH overexpression could
induce Bcl-xL overexpression and protect cells from CICD-induced chemotherapy through preservation of intact mitochondria

that may facilitate tumor survival and chemotherapeutic resistance.
Cell Death and Differentiation (2013) 20, 1043-1054; doi:10.1038/cdd.2013.32; published online 3 May 2013

Cancer cells are diverse in origin, but they share some
features, including escape mechanisms from cell death and
increased glucose metabolism (Warburg effect'™). Most
physiological cell deaths in animals occur by apoptosis, and
most apoptosis in mammals occurs through the mitochondrial
pathway.4 In the simplest description of the mitochondrial
pathway, signals that elicit apoptosis activate the pro-apoptotic
members of the Bcl-2 family to form pores in the outer
membrane of the mitochondria. The anti-apoptotic members of
the family prevent this event and thereby block apoptosis.>-®
Mitochondrial outer membrane permeabilization (MOMP)
allows holocytochrome c¢ to diffuse out. It interacts with
Apaf-1, resulting in caspase-9 activation, leading to activation
of the executioner caspases-3 and -7, which then orchestrate
apoptosis by cleaving specific substrates within the cell.”
Shortly after caspases were identified as the enzymes that
orchestrate apoptotic cell death, it became apparent that
inhibition of caspase activity may not necessarily preserve cell
survival, even if the processes of apoptosis are effectively
blocked.® Indeed, numerous reports described in vitro and
also in vivo that complete caspase inhibition is not able to
prevent cells from dying.®~'2 Importantly, a deficiency of Bax
and Bak will prevent MOMP and cell death.® In general, dying
cells under the conditions described above do not resemble
cells dying by apoptosis, and accordingly, this form of cell
death has been called caspase-independent cell death

(CICD) to distinguish it from caspase-dependent apoptotic
morphology. '

The relevance of CICD is of particular interest in the context
of cancer as several studies have described that apoptosis
can be blunted in those pathologies (for a review, see Pradelli
et al®). However, as CICD is known to be as efficient as
apoptosis in preventing oncogenic transformation, and as one
death stimulus is able to induce apoptosis and CICD in
parallel, this led to the conclusion that transformed cells and
cells resistant to chemotherapeutic treatment were able to
simultaneously escape both types of cell death.

Experiments performed in vivo using KO models indicate
that CICD is a cell death mechanism engaged post MOMP
under conditions where caspase activation is blunted. MOMP
is frequently assumed to represent the point of no returnin cell
death. Several lines of evidence, however, suggest that this
might not always be the case.'®'® We recently established
that overexpression of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) could effectively protect cells from CICD
downstream from MOMP, allowing clonogenic outgrowth.
This study, therefore, established the glycolytic enzyme
GAPDH as the first known protein able to specifically regulate
CICD but not apoptosis. This makes it a very useful tool to
uncover the molecular mechanisms of CICD."”

GAPDH was long thought of as a glycolytic enzyme of
seemingly little interest. However, recent studies indicate that
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it is a multifunctional protein'®'° found to be overexpressed in
the vast majority of human tumors.?° In this direction, we
previously established in the context of chronic myeloid
leukemia (CML) that a spontaneous GAPDH overexpression
was participating in the resistance of tumor cells to imatinib-
induced death, thereby underlining the relevance of GAPDH-
dependent inhibition of CICD in pathological settings.?’

The phosphoinositide-3-kinase (PI3K) pathway is one of the
most commonly altered signaling pathways in human
cancers.?? The best-charactetized downstream effector is the
Akt pathway, which is essential for cell survival and growth during
development and carcinogenesis. PIBK—Akt signaling regulates
cell survival in part by phosphorylating FoxOs.2® Akt kinase is
frequently activated in tumors and represents one of the main
drivers for Warburg effect.2* Although it is clearly understood how
Akt can lead to increased glycolysis, current knowledge
regarding the impact of glycolysis on Akt activity remains limited.

In this study, we establish that GAPDH overexpression
stabilizes activated Akt, resulting in Bcl-xL overexpression
and CICD resistance. We also show that this effect is
mediated through protection of a pool of intact mitochondria
that are required for cellular recovery.

Results

GAPDH but not enolase or phosphoglycerate kinase can
stabilize active Akt and protect cells from CICD. Akt has
a central role in the regulation of cell survival and prolifera-
tion. We, therefore, investigated its role in GAPDH-
dependent protection from CICD." GAPDH-overexpressing
cells (Figure 1a and Supplementary Figure 1A) have more
active Akt than controls as judged by its phosphorylation on
Ser*”® and by phosphorylation of some key downstream targets,
FoxO1/3. This increase in Akt phosphorylation upon GAPDH
expression was confirmed in the colon carcinoma cell line
LS174 upon stable GAPDH overexpression (Figure 1b and
Supplementary Figure 1A) and also upon transient GAPDH
transfection of Hela cells (Figure 1c). Interestingly, overexpres-
sion of two other non-rate-limiting glycolytic enzymes, phos-
phoglycerate kinase (PGK) and enolase, was unable to induce
an accumulation of phospho-Akt (Figure 1c). The ability of
GAPDH but not PGK or enolase to lead to an increase in active
Akt correlated closely with its ability, but not of the other
enzymes, to allow clonogenic outgrowth of the cells following
y-radiation-induced CICD (Figure 1d). The ability of the GAPDH-
expressing cells to survive from CICD was confirmed upon
staurosporine-induced CICD (Supplementary Figure 1B) and
was found not to be associated with a difference in cell
proliferation (Supplementary Figure 1C). We could then estab-
lish that inhibiting GAPDH using koningic acid (KA), a specific
GAPDH inhibitor,?>2% impaired its ability to stabilize phospho-
Akt (Figure 1e). In the same line, partial knockdown of GAPDH
was sufficient to reduce the level of Ser*”® phospho-Akt
(Figure 1f). Altogether, it appeared that the capacity of GAPDH
but not enolase or PGK to stabilize active Akt correlated closely
with the ability of this specific enzyme to protect cells from CICD.

GAPDH-dependent protection from CICD is mediated
through stabilization of active Akt. To confirm the
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potential role of active Akt in GAPDH-dependent protection
from CICD, we used a potent Akt inhibitor (Akti). As shown in
Figure 2a, whereas GAPDH overexpression led to more
active Akt than in control cells, the Akti very efficiently
inhibited the kinase and prevented the phosphorylation of
FoxO. We, therefore, investigated the impact of Akt inhibition
on GAPDH-dependent protection from y-radiation-induced
CICD. Although GAPDH was protecting cells from CICD, this
protective effect was lost in the presence of the Akti
(Figure 2b). We verified that the Akti does not present any
toxicity in clonogenic tests over time (Supplementary
Figure 2A). To further support this result, a constitutively
active form of Akt (myrAkt; Supplementary Figure 2B) was
overexpressed. Interestingly, Akt activation was able to
significantly protect cells from y-radiation-induced CICD
(Figure 2c), altogether suggesting that GAPDH-dependent
stabilization of active Akt is required for survival from CICD.

To investigate if GAPDH could enhance Akt phosphoryla-
tion or prevent its dephosphorylation, we stimulated control or
GAPDH-expressing cells with insulin, a canonical Akt
activator. As shown in Figure 3a, whereas Akt phosphoryla-
tion rate was equivalent in both cell lines, the dephosphoryla-
tion rate was delayed in the GAPDH-expressing cells
compared with the control cells, suggesting that GAPDH
could stabilize phospho-Akt once produced. Importantly,
activated Erk, another key survival pathway member, was
not stabilized in the presence of GAPDH, indicating a
specificity of the effect (Figure 3a and Supplementary
Figure 3). To further confirm that GAPDH could prevent Akt
dephosphorylation, we stimulated control cells (Mock) and
GAPDH-expressing cells with insulin for 30 min and incubated
the cell extract at 30 °C in order to allow endogenous cellular
phosphatases to function. As shown in Figure 3b, the
dephosphorylation rate of Akt was lower in the GAPDH-
expressing cells than in the controls, further suggesting that
GAPDH could limit the inactivation of Akt.

PP2A and PHLPP are known to negatively regulate Akt
activity in various systems.?”?® We did not observe a
modulation of the expression of those phosphatases in the
GAPDH-overexpressing cells (Figure 3c), suggesting that the
GAPDH-dependent stabilization of phospho-Akt is unlikely to
be linked to a modulation of the expression of those enzymes.

Finally, to understand how GAPDH could limit Akt dephos-
phorylation, we investigated if this enzyme could bind to
phospho-Akt. Therefore, 293T cells were transiently trans-
fected with Akt and GAPDH, and co-immunoprecipitation
experiments confirmed the interaction between phospho-Akt
and GAPDH (Figure 3d). We extended this observation in
Hela cells by showing that the interaction between endo-
genous phospho-Akt and GAPDH could be observed when
either GAPDH or phospho-Akt was immunoprecipitated
(Figure 3e). Very interestingly, the interaction between those
proteins was lost in the presence of the GAPDH-covalent
inhibitor KA (Figure 3e). This loss of interaction between
GAPDH and Akt correlates closely with the ability of KA to
prevent phospho-Akt stabilization by GAPDH (Figure 1e).
Collectively, these data show that GAPDH can bind directly or
indirectly (through the formation of a complex of proteins,
for example) to phospho-Akt, thereby limiting its depho-
sphorylation by endogenous phosphatase(s).
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Figure 1 GAPDH overexpression induces Akt pathway activation. (a) HeLa cells stably expressing a control pPCDNA3 vector (Mock) or a GAPDH-V5-encoding pcDNA3
vector were immunoblotted for the indicated proteins (phospho- or total). (b) The levels of active phospho- and total Akt, GAPDH and V5 were assessed in the LS174 cell line
stably expressing a control (Mock) or a GAPDH-V5-encoding vector. (c) HeLa cells were transiently transfected with the indicated encoding vectors and immunoblotted for the
indicated proteins 48 h later. Expression of GAPDH-V5, PGK-V5 or enolase-V5 was assed using the V5 tag (bottom panel). (d) HeLa cells were transiently transfected with an
empty vector (pcDNAg) or with pcDNA3 encoding GAPDH-V5, PGK-V5 or enolase-V5, and then irradiated as indicated + the caspase inhibitor Q-VD-OPh (20 uM). The
caspase inhibitor was added 30 min before the irradiation (12 Gy) and replaced periodically at 48-h intervals for 10 days. Colonies were stained with crystal violet and assessed
18 days after treatment (left panel). The number of colonies counted under each condition for four independent experiments is shown in the right panel. (e) Mock or GAPDH-V5
HeLa cells were treated with 0.5 ug/ml KA for 6 h and Akt activation was assessed by immunoblots of phospho-(Ser*’®) and total Akt. (f) GAPDH specific activity (left), GAPDH
protein level, and the level of active phospho- and total Akt (right) were assessed in HeLa cells transduced with either a control or an shRNA vector targeting GAPDH. The
pAkt/Akt ratio was quantified and normalized to control cells. The immunoblots are representative of 3-5 independent experiments. Erk2 was used as a loading control

*P<0.05, **P<0.005

GAPDH overexpression increases Bcl-xL levels. As
MOMP is a key event in death cascades and is tightly
regulated by Bcl-2 family members, the expression of one of
the most potent anti-apoptotic members, Bcl-xL, was
investigated in control and GAPDH-expressing cells. HelLa
cells overexpressing GAPDH showed a higher level of Bcl-xL
protein than their controls (Figure 4a and Supplementary
Figure 4). This increase in Bcl-xL upon GAPDH overexpression
was confirmed in two other cell types (LS174 (Figure 4b) and
K562 cells (Figure 4c)). As shown in Figure 4, inhibition of Akt
(Figure 4d) or GAPDH (Figure 4e) reduced Bcl-xL expression,

suggesting that GAPDH overexpression leads to increased Bcl-
xL expression in an Akt-dependent manner. To further support
our conclusions, we used loss-of-function approaches. We
established that Akt1/2 knockdown (Figure 4f) resulted in Bcl-
xL decrease to the same extent as that observed with the Akti
(Figure 4d). As active Akt inhibits FoxO and leads to an
increase in Bcl-xL expression, we verified whether FoxO
knockdown itself was leading to Bcl-6 decrease and Bcl-xL
increase (Figure 4g).

In consistence with our results, transient expression of
myrAkt in HeLa cells that protect cells from CICD (Figure 2c)

Cell Death and Differentiation
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Figure 2 Akt activation is required for GAPDH-dependent protection from CICD. (a) Mock or GAPDH-V5 Hela cells were treated with 1 .M Akti for 48 h and analyzed by
immunoblot. Akt inhibition led to a decrease in phospho-Akt and phospho-FoxO as expected. (b) Mock or GAPDH-V5 Hela cells were treated with 1 M Akti + the pan-
caspase inhibitor Q-VD-OPh (20 x:M). Inhibitors were added 30 min before a 12-Gy irradiation step and replaced periodically at 48-h intervals for 10 days. Colonies were
stained and quantified as described in Figure 1d. (c) Mock or GAPDH-overexpressing HeLa cells were transiently transfected with a constitutively active form of Akt (myrAkt)
and treated 48 h later as described in panel b. Typical pictures of the culture wells are shown on the left part and quantification of three independent experiments on the right
part. *P<0.05. The immunoblots are representative of four independent experiments. Erk2 was used as a loading control

led to an increase in Bcl-xL protein level (Supplementary
Figure 2B).

To generalize this observation further, we studied the ability
of GAPDH overexpression to increase Bcl-xL expression in
primary lymphoma cells isolated from Eu-Myc transgenic
mice, which develop pre-B and B non-Hodgkin’s lympho-
mas.2%3% As shown in Figure 5a, increased GAPDH expres-
sion upon transduction of primary cells led to increased Bcl-xL
expression. In addition, we observed that individual primary
Eu-Myc clones isolated from distinct mice had different levels
of endogenous GAPDH that correlated closely with increase
in phospho-Akt and Bcl-xL overexpression (Figure 5b).
Indeed clone 516 was the one with the highest endogenous
level of GAPDH, phospho-Akt and Bcl-xL levels (Figure 5b).

Cell Death and Differentiation

Importantly, this increase in endogenous Bcl-xL expression
observed in clone 516 could be reverted upon GAPDH
inhibition (Figure 5c) using an efficient (Figure 5d) but non-
toxic dose of KA (Figure 5e) or by knocking down endogenous
GAPDH (Figures 5f and g).

We have, therefore, established in three independent cell
lines as in primary lymphoma cells that GAPDH overexpres-
sion is able to lead to Bcl-xL upregulation. We also showed
that a spontaneous GAPDH overexpression was closely
correlating with an increase in endogenous Bcl-xL expression.

GAPDH-dependent increase in Bcl-xL expression is
required for protecting cells from CICD. To uncover the
role of GAPDH-dependent Bcl-xL expression upon CICD
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Figure 3 GAPDH limits the dephosphorylation of activated Akt by direct binding. (a) Mock or GAPDH-V5 HeLa cells were deprived of serum for 16 h and then stimulated
with 200 nM insulin for the indicated time periods. Akt and Erk activation was assessed by immunoblots of phospho- or total protein. (b) Mock or GAPDH-V5 Hela cells were
treated with insulin (200 nM) for 30 min as described in panel a, lysed on ice without phosphatase inhibitors and then incubated at 30 °C for the indicated time periods. Akt
activation was assessed by immunoblot and the pAkt/Akt ratio was quantified, shown in the lower panel, and normalized to time ‘0’ of the Mock cells. (¢) Mock or GAPDH-V5
HeLa cells were immunoblotted for the indicated proteins. (d) 293T cells were transiently co-transfected with a GAPDH-V5- and an Akt-encoding vector. After 48 h, the cells
were subjected to immunoprecipitation using anti-pAkt (Ser*”*) or an IgG control. Presence of co-immunoprecipitated GAPDH was assessed by wester blot. (e) HeLa cells
were treated or not with 0.5 ug/ml KA for 24 h and subjected to immunoprecipitation using anti-GAPDH (left panel), anti-pAkt (Ser*”?, right panel) or an IgG control. Presence of
co-immunoprecipitated Akt and GAPDH was assessed by western blot. IP, immunoprecipitation; WB, western blot. Results are representative of three independent

experiments

protection, ABT-737, a BH3-mimetic drug that binds to the
anti-apoptotic proteins Bcl-2, Bel-xL and Bcl-w,®! was used.
Although ABT-737 was not toxic over time (Supplementary
Figure 5A), it prevented GAPDH-dependent protection from
CICD (Figure 6a). In addition, Bcl-xL overexpression
(Supplementary Figure 5B) induced a significant level of
protection of Mock cells from CICD, but did not enhance the
protection induced by GAPDH (Figure 6b). These data
indicate that GAPDH overexpression increases Bcl-xL
expression, which was required for survival from CICD.

GAPDH-dependent increase in Bcl-xL is mediated by Akt
stabilization, which prevents FoxO’s ability to induce
Bcl-6. To understand how GAPDH could increase Bcl-xL

levels, Bcl-6 expression was investigated as it is a Bcl-xL
transcriptional repressor controlled by Akt.%2 Bcl-6 was
expressed at significantly lower levels in GAPDH-expressing
cells than in control cells (Figures 7a and b). In addition, Bcl-6
expression was found to be inversely correlated with the level
of GAPDH expression in the primary lymphoma cells
(Figure 5b). Decrease of this transcriptional repressor upon
GAPDH overexpression correlated closely with an increase
in Bel-xL (Figures 7b and c, and Figure 5b). Importantly, this
increase in transcription of Bcl-xL could be significantly
reversed using the Akti or KA (Figure 7d).

We then decided to determine whether endogenous
levels of GAPDH could control Bcl-6 and Bcl-xL expression.
We, therefore, knocked down GAPDH in HelLa cells

Cell Death and Differentiation
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Figure 4 GAPDH overexpression induces Bcl-xL upregulation in several cell lines through Akt pathway activation. (a-c) Expression of Bcl-xL was assessed by
immunoblots of Mock and GAPDH-V5-overexpressing Hela (a), LS174 (b) or K562 (c) cell lines. (d and e) Mock or GAPDH-V5 Hela cells were treated for 48 h with 1 .M Akt
(d) or 0.5 ug/ml GAPDH inhibitor (KA, e), and analyzed as described in panel a. (f and g) Mock or GAPDH-V5 Hela cells were transiently transfected 48 h with 50 nM siRNA
targeting Akt1/2 (f) or FoxO1A (g), and analyzed as described in panel a. The immunoblots are representative of 3-5 independent experiments. Erk2 was used as a loading

control. The Bel-xL/Erk2 ratios were quantified and normalized to Mock cells

(Figures 7e and f) and observed an increase in Bcl-6 and a
decrease in Bcl-xL expression, which is in agreement with our
described mechanism.

Finally, we knocked down Bcl-6 to further establish the role
of its GAPDH-mediated decrease in protection from CICD.
We observed that upon Bcl-6 decrease, Bcl-xL expression
increased (Figures 7g and h). Very importantly, we estab-
lished that the Bcl-6 knockdown was sufficient to allow
clonogenic outgrowth upon CICD induction (Figure 7i).
Altogether, our results indicate that GAPDH-dependent
protection from CICD is linked to stabilization of activated
Akt, which leads to Bcl-6 downregulation, resulting in Bel-xL
overexpression.

GAPDH-dependent Bcl-xL expression is protecting
some mitochondria from permeabilization. It was
recently suggested that upon cell death not all mitochondria
in a cell necessarily undergo MOMP, a process defined as
incomplete MOMP (iMOMP).3® Interestingly, iMOMP mito-
chondria seem to be required for clonogenic growth upon
stress, as they provide a pool of intact mitochondria that
permit cellular recovery following MOMP.3® We established

Cell Death and Differentiation

that Smac-GFP HelLa cells overexpressing GAPDH have
more iIMOMP than control cells (Figures 8a and b). Of note,
Smac-GFP cells expressing GAPDH or control cells were
verified to be killed in a similar way upon a kinetic analysis of
apoptosis (i.e., caspase-dependent) induction (not shown).
As ABT-737 was able to prevent GAPDH-dependent protec-
tion from CICD (Figure 6a), we measured the percentage of
cells showing iIMOMP in the presence of this BH3 mimetic.
Whereas the GAPDH-expressing cells showed significantly
more IMOMP compared with the control cells, this effect was
decreased in the presence of ABT-737 (Figure 8b). We then
reasoned that if GAPDH-dependent protection from CICD is
dependent on Akt activation (Figure 2), leading to Bcl-xL
overexpression (Figures 4 and 5), then inhibiting Akt or
GAPDH should also decrease the number of protected
mitochondria. Along this direction, the percentage of
iMOMP mitochondria was significantly reduced in the
GAPDH Smac-GFP cells in the presence of the Akti or
KA (Figures 8c and d).

Finally, we hypothesized that protection of specific mito-
chondria in a GAPDH-expressing cell undergoing MOMP
upon CICD was due to an increased level of Bcl-xL localized
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Figure 5 Bcl-xL expression is upregulated in primary mouse lymphoma cells in a GAPDH-dependent manner. (a) Primary lymphoma cells were isolated from an Ex-Myc
mouse (number #504) and transduced with a control (Mock) or a GAPDH-V5-encoding vector. GAPDH specific activity (right), and the level of Bel-xL and V5 expression (left),
were analyzed as described previously. (b) Primary lymphoma cells were isolated from three E-Myc mice (#136, #504 and #516) and the level of the indicated proteins was
analyzed by immublots. The GAPDH/Erk2 ratio was quantified and normalized to clone #136. (Right) GAPDH activity was measured in those clones. (¢) Ex-Myc lymphoma
cells (#516) were treated for 48 h with 0.25 ng/ml KA and analyzed as described in panel a. Specific GAPDH activity (d) and cytotoxicity of the treatment (e, analyzed by FACS)
were measured under the same conditions. (f and g) Protein expression (f) and GAPDH activity (g) were assessed in Eu-Myc lymphoma cells (#516) transduced with either a
control or an shRNA vector targeting GAPDH. The GAPDH/Erk2 ratio was quantified and normalized to control cells. The data shown are the means of three independent

experiments and expressed as means = S.D. ***P<0.005. n.s., not significant

on this specific intact organelle. Therefore, GAPDH-Smac-
GFP cells were treated with actinomycin-D (Act-D) in the
presence of Q-VD-OPh and imaged 24h later. In cells
showing iIMOMP (Figure 8e), increased levels of endogenous
Bcl-xL were observed on non-permeabilized mitochondria,
suggesting it was responsible for protecting the intact
mitochondria from MOMP. It is important to note that all
those observations could be reproduced when CICD was
induced using another death stimulus (Supplementary
Figures 6A and B).

Discussion

The rapid loss of mitochondrial function during apoptosis is
not dependent on MOMP per se, but rather on the subsequent
activation of caspases.?*¢ However, even upon caspase
inhibition, MOMP will eventually lead to ‘caspase-indepen-
dent cell death’. Because cancer cells have to develop ways to
prevent all forms of cell death to survive oncogenic transfor-
mation or resist chemotherapy, understanding the underlying
escape mechanisms seems important. So far, the vast

majority of studies have been centered on the identification
of escape mechanisms of cancer cells from apoptosis. This
led to the discovery that several types of human tumors have
diverse ways to prevent apoptosis.® However, many studies
showed that a complete caspase inhibition is often not
sufficient to allow oncogenic transformation or survival from
chemotherapy as CICD will prevent it."”3” Therefore,
uncovering CICD’s molecular mechanism seems essential.
We recently established that increased GAPDH expression
could allow cells to recover from MOMP and be protected from
CICD." This protective effect of GAPDH was dependent on
its glycolytic function and ability to induce the mitophagy of
damaged mitochondria. However, as intact mitochondria are
required to generate the new and functional organelles
needed for cell recovery and proliferation, understanding
how some mitochondria can be protected by GAPDH during
CICD remained to be found.

Here, we show that GAPDH overexpression stabilized
activated Akt (Figure 1). This stabilization was dependent on
the ability of GAPDH to bind to phospho-Akt (either directly or
through a complex of proteins; Figure 3), which was in turn
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dependent on GAPDH activity as its inhibition using the
covalent inhibitor, KA, prevents its binding with phospho-Akt
(Figure 3e) and stabilization of active Akt in cells (Figure 1e).
We also observed no modification of Akt phosphatases in the
GAPDH-expressing cells (Figure 3c). Altogether, our data
suggest that once produced, binding of phospho-Akt to
GAPDH limits the action of endogenous phosphatases (which
remains to be found), thereby maintaining its activity over time
(Figure 3). In this direction, recent reports indicate that GAPDH
can modulate the PI3K pathway®® and that GAPDH has the
ability to interact with Akt in other settings.®%° Therefore, once
stabilized by GAPDH, activated Akt leads to FoxO phosphor-
ylation (Figure 1a), preventing its nuclear relocalization and
resulting in Bcl-6 downregulation (Figures 7a and b). Decrease
of this transcriptional inhibitor leads to enhancement of Bcl-xL
expression (Figures 7a, b, ¢, g and h) and clonogenic
outgrowth from CICD (Figure 7i). We also showed that this
GAPDH-dependent increase in Bcl-xL was required for
protection of a subset of mitochondria needed for CICD
survival (Figure 8 and Supplementary Figure 6A; the general
model is shown in Supplementary Figure 7). The results
described here that upon GAPDH, but not PGK or enolase,
overexpression active Akt is stabilized, leading to Bcl-xL
expression, represent a new finding linking the expression of a
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glycolytic enzyme, observed to be overexpressed in human
tumors,2° to the expression of an anti-apoptotic member.

In agreement with our previous study,'” we observed that
the GAPDH-dependent Bcl-xL overexpression was not able to
protect cells from apoptosis, but could efficiently protect them
from CICD (Figure 1d). This effect is likely due to the mild
overexpression of Bcl-xL observed in those cells, which is not
able to protect all mitochondria from MOMP (Supplementary
Figure 7). Therefore, in the absence of caspase inhibition, the
non-protected mitochondria will be permeabilized, leading to
apoptosome formation, and executioner caspases will dis-
mantle the cells very quickly before any rescue mechanism
can take place. However, upon caspase inhibition, which is
observed in several types of cancer,* expressing more Bcl-
xL will protect some mitochondria from MOMP and promote
the ability of cancer cells to recover from CICD. In addition,
CICD is a slow but efficient process for killing a cell. Typically,
GAPDH-dependent protection from CICD takes several days
following MOMP, which is consistent with the notion that the
few protected mitochondria observed in the cells need time to
be expended and to generate new organelles in the surviving
cells to allow their proliferation. It is important to note that
generation of IMOMP mitochondria is not sufficient on its own
to protect cells from CICD. It also requires other repair
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mechanisms,'” coordinated by GAPDH but not by over- far that is able to lead to an overexpression of Bcl-xL and to
expression of PGK or enolase. protect cells specifically from CICD. This protection is

The potential clinical relevance of our work relies on the fact dependent on its ability to promote IMOMP, which very
that, similarly to most glycolytic enzymes, GAPDH is over- likely facilitates cell survival and impacts therapeutic efficacy.
expressed in the vast majority of human tumors in response to In light of these results, the ability of ABT-737 to prevent
oncogenes and/or HIF-1o stabilization.2° As far as we know, iIMOMP and CICD survival could also contribute to the

however, GAPDH is the only glycolytic protein described so potency of such chemotherapy.
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Materials and Methods

Reagents and antibodies. Anti-Erk2 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-V5 was purchased from Invitrogen
(Carlsbad, CA, USA). Other antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). KA was a kind gift from Dr. Keiji Hasumi (Tokyo
Noko University). ABT-737 was a generous gift from Abbott Laboratories (Abbott
Park, IL, USA). Act-D, staurosporine, Akti and insulin were purchased from Sigma
(St. Louis, MO, USA), and Q-VD-OPh was purchased from SM Biochemicals
(Yorba Linda, CA, USA).

Cell Death and Differentiation

Cell culture. Human cervical cancer HelLa cells, human colon adenocarcinoma
LS174 cells and human embryonic kidney 293T cells were cultured in
DMEM supplemented with 10% fetal calf serum and 100U/ml of penicillin
and streptoMycin. Chronic myeloid leukemic K562 cells were cultured in RPMI
medium supplemented with 5% fetal calf serum. Eu-Myc lymphoma cells
(B lymphoma cells) were isolated as described previously“1 and cultured in
DMEM supplemented with 10% fetal calf serum, 2-mercaptoethanol (50 uM),
L-asparagin (0.37mM) and HEPES (pH 7.4, 1mM). GAPDH-overexpressing
cells were infected as described previously.”” HelLa and 293T cells were



transiently transfected by the calcium phosphate method using the indicated
vectors.*

Proliferation assays. Cells (6 x 10*) were seeded in 35-mm dish. The cells
were detached 24 h after seeding and counted every 24h for 4 days. The
proliferation index was calculated by dividing the cell number obtained for each
day by that obtained 24 h after seeding.

Cell death and iIMOMP assays. After treatment, cells were resuspended
in 200 ul of phosphate-buffered saline (PBS) containing 0.5 mg/ml 4’,6-diamidino-
2-phenylindole (DAPI), and the samples were analyzed immediately by flow
cytometry using a MACSQuant analyzer (Miltenyi Biotec, Bergisch Gladbach,
Germany), the percentage of dying cells corresponding to the percentage of DAPI-
positive cells. HelLa cells expressing Smac-GFP and GAPDH were analyzed for
iIMOMP by measuring the highest GFP-fluorescent populations as described by
Tait et al*

Clonogenicity assays. Hela cells (6 x 10°) were seeded in a 12-well plate.
The next day, the cells were pretreated with or without Q-VD-OPh (20 xM) and/or
the indicated product for 30 min and then irradiated with 12 Gy using an X-ray
irradiator RS 2000 (RAD Source, Suwanee, GA, USA). If added, Q-VD-OPh was
replaced periodically at 48-h intervals for 10 days. The colonies were stained for
20 min with crystal violet (0.4% crystal violet, 20% EtOH) and assessed 18 days
after treatment.

Measurement of GAPDH activity. Cells were lysed in buffer containing
10 mmol/l HEPES (pH 7.4), 150 mmol/l NaCl, 5 mmol/l EDTA, 1% NP-40, 10 pg/ml
aprotinin, 1 mmol/l phenylmethylsulfonyl fluoride (PMSF) and 10 umol/l leupeptin.
Lysates were standardized for protein content and incubated with 0.25mmol/l
NAD, 3.3mmol/l DTT, 13mmol/l Na,P,0; (pH 8.5), 26 mmol/l sodium arsenate
and 25 mmol/l b-glyceraldehyde-3-phosphate in a black 96-well plate (Cellstar).
GAPDH activity was measured on a fluoroscan at 445nm as increase in
fluorescence related to NADH accumulation. Activity is expressed as change in
absorbance per milligram of protein.

Western blot analysis. After treatment, cells were collected, washed in PBS
and lysed as described previously.?' When indicated, western blot quantification
was performed using the multigauge software (Fuijifilm).

Plasmids and interfering RNAs. GAPDH (M33197), PGK (NP_000282.1)
and enolase (NP_001419) were cloned by PCR into a pcDNA3.1/V5-His TOPO TA
expression plasmid (Invitrogen) using a cDNA library and following classical
methods. GAPDH was then subcloned into a pMIG viral vector for retroviral
infection. Control or human GAPDH-targeting shRNA®" were cloned into a
pSUPER retro.Neo + GFP (oligoengine). The shRNA targeting GAPDH in mouse
cells was obtained using the oligonucleotide sequences forward 5'-GATCCCCC
TACATGGTCTACATGTTCTTCAAGAGAGAACATGTAGACCATGTAGTTTTTA-3
and reverse 5'-AGCTTAAAAACTACATGGTCTACATGTTCTCTCTTGAAGAACA
TGTAGACCATGTAGGGG-3, and inserted into the pSUPER retro.Neo + GFP.

siRNAs targeting Akt1/2 (sc-43609; Santa Cruz Biotechnology) and FoxOf
(Thermoscientific Dharmacon, Lafayette, CO, USA) were transiently transfected into
Hela cells using RNAiMax (Invitrogen) at 50 nM for 48 h. Stable downregulation of
Bcl-6 was obtained using a pLKO.1-Puro vector shRNA lentiviral transduction using
the sequence TRCN0000135663 (Sigma) and selection with puromycin (10 wg/ml;
Invivogen, San Diego, CA, USA).

Co-immunoprecipitation. Protein-G-Sepharose 4B beads (Invitrogen)
were first incubated with an anti-phospho-Akt, anti-GAPDH antibody or a rabbit
IgG control (Santa Cruz Biotechnology) for 3h at 4°C. The beads were then
incubated for 6 h with 2mg of protein lysed in 40 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 20mM EDTA, 50mM NaF, 0.2% NP-40, 0.1mM NazVO,, 20 ug/ml
leupeptin, 20 ug/ml aprotinin and 1 mM PMSF obtained from 293T cells 48 h after
transfection or Hela cells. The samples were then washed five times with lysis
buffer, boiled in Laemmli buffer and analyzed by western blot.

Real-time PCR. Total RNA was extracted from Hela cells using the Trizol
reagent (Life Technologies, Gaithersburg, MD, USA) according to the
manufacturer's instructions. Briefly, cultured cells were homogenized in 1ml
Trizol and centrifuged after addition of chloroform. RNA was precipitated with
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isopropanol and washed with 75% ethanol. RNA purity was evaluated by
spectrophotometry. Total RNA (2 .g) was added to a 20-ul reverse transcription-
PCR (RT-PCR) reaction using the Omniscript kit (Qiagen Inc., Valencia, CA, USA).
The relative expression levels of GAPDH, Bcl-6 and Bcl-xL were quantified by real-
time RT-PCR using the TagMan PCR Master Mix (Eurogentec, Seraing, Belgium)
and a TagMan assay primer set (Applied Biosystems, Foster City, CA, USA) using
the 7500 Fast (Applied Biosystems) according to the manufacturer's instructions
(sequences provided upon request). The relative amounts of GAPDH, Bcl-6 and
Bcl-xL were compared with an 18S internal control and fold stimulation was
calculated.

Luciferase assay. After co-transfection with a Bcl-xL promoter-luciferase
construct*® and a control GFP-expressing vector, cells were lysed in a reporter
lysis buffer (Promega, Madison, WI, USA) for 15 min and the lysate was cleared by
centrifugation. The luciferase assay was performed using the luciferase assay
reagent (Promega) according to the manufacturer’s instructions and the results
were quantified with a centro LB 960 luminometer (Berthold Technologies,
Bad Wildbad, Germany). Luciferase activity was normalized to the transfection
efficiency and protein amount under each condition.

Immunofluorescence and microscopy. Hela cells (expressing Smac-
GFP and overexpressing GAPDH or not) were grown on glass coverslips and fixed
with 3% paraformaldehyde for 20 min followed by incubation for 1h in a solution
(BSA 1%, saponin 0.2%) containing a Bcl-xL antibody, followed by incubation for
1h with an anti-rabbit Alexa 594-conjugated IgG antibody (Molecular Probes,
Invitrogen). The cells were mounted on slides and analyzed with an LSM 510
confocal microscope (Zeiss, Oberkochen, Germany).

Statistical analysis. Statistics were performed using two-tailed Student's
ttest. All values shown in the text and figures are +S.D.
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