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Abstract

Insufficient nutrients disrupt physiological homeostasis resulting in diseases and even death.
Considering the physiological and pathological consequences of this metabolic stress, the adaptive
responses that cells utilize under this condition are of great interest. We show that under low
glucose conditions, cells initiate adaptation followed by apoptosis responses using PERK/Akt and
MEKZ1/ERK?2 signaling, respectively. For adaptation, cells engage the endoplasmic reticulum
stress-induced unfolded protein response, which results in PERK/AKkt activation and cell survival.
Sustained and extreme energetic stress promotes a switch to isoform-specific MEK1/ERK2
signaling, induction of GCN2/elF2a phosphorylation and ATF4 expression, which overrides
PERK/Akt-mediated adaptation and induces apoptosis through ATF4-dependent expression of
pro-apoptotic factors including Bid and Trb3. ERK2 activation during metabolic stress contributes
to changes in TCA cycle and amino acid metabolism, and cell death, which is suppressed by
glutamate and a-ketoglutarate supplementation. Taken together, our results reveal promising
targets to protect cells or tissues from metabolic stress.
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Introduction

Physical and psychological stress disrupts homeostasis and promotes diseases such as
diabetes, obesity, cancer, neurological disorders and even death. Preventing this requires the
maintenance of a physiologic steady state by sensing, and then responding via positive and
negative feedback control mechanisms to maintain biological health even though the
external environment is constantly changing. Homeostasis mechanisms maintain pH,
temperature, energy, immunity, etc (Grayson et al., 2013). Metabolic homeostasis also
requires a balance between food intake (hutrients), hormone production and secretion, and
proper maintenance of organ physiology (Grayson et al., 2013). Glucose is a primary
component of metabolic homeostasis as it is a major energy source and is used for the
synthesis of DNA, RNA, proteins, and lipids (Cantor and Sabatini, 2012). Improper
maintenance of glucose levels is of great physiological and pathological importance.
Patients with diabetes have elevated glucose levels that can result in blindness, renal failure,
and vascular diseases (Szablewski, 2011). On the contrary, mildly or severely reduced
glucose causes symptoms ranging from mild discomfort, nausea, dizziness, to severe
confusion, fainting, seizures, coma, brain damage, and even death, highlighting the need to
maintain the perfect balance of glucose (Szablewski, 2011).

Although our knowledge of the detailed mechanisms of cell fate decisions under mildly or
severely reduced glucose conditions is limited, it is known that cells first operate an
adaptation/survival system to protect themselves. One of the general mechanisms for this is
inhibition of MRNA translation. As energetic sources are depleted, cells suppress translation
to save energy for their survival (Inoki et al., 2003). This is achieved by inhibition of
ribosome biogenesis (Shaw et al., 2004), prevention of ribosomal RNA (rRNA) transcription
through epigenetic modification of ribosomal DNA (rDNA) (Murayama et al., 2008), and
inhibition of translational factors (Inoki et al., 2003). Mammalian/mechanistic target of
rapamycin (mTOR) and p53 are involved in the regulation of mMRNA translation under these
conditions (Choo et al., 2010; Roberts et al., 2014). However, when extensive stress
overcomes the cells’ capacity to adapt, cells activate cell death mechanisms. Little is known
about the changes in cell signaling that promote this transition, but, it is known that low
glucose can induce cell death through disruption of mitochondrial integrity and activation of
pro-apoptotic molecules (Danial et al., 2003; Lowman et al., 2010).

Therapeutic approaches that take advantage of metabolic stress-induced cell death or ones
that attempt to reverse this stress have been actively investigated. For example, 2-
deoxyglucose, a compound that induces a glucose deprivation-like state at high
concentrations, has proven to be a potentially promising treatment of polycystic kidney
disease (PKD) (Rowe et al., 2013). However, in spite of the physiological, pathological, and
therapeutic importance of metabolic stress induced by mildly or severely low glucose, the
molecular mechanisms by which cells actively respond to this stress remain unclear (Altman
and Rathmell, 2012). In the present study, we have investigated the signaling mechanisms
utilized during mild to severe glucose deprivation to promote cell survival or cell death. We
have found that mTORC1, Akt, and ERK activities fluctuate during glucose deprivation-
induced stress and that ERK2 activation is the major signal used to promote the cell death
fate through its regulation of GCN2/elF2a/ATF4-dependent expression of pro-apoptotic

Mol Cell. Author manuscript; available in PMC 2016 August 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shin et al.

Results

Page 3

molecules. Furthermore, blocking the ERK2/ATF4 pathway protects cells from cell death
induced by this stress. Importantly, suppression of ERK2 under glucose starvation
conditions results in reprogramming of metabolism such as amino acid metabolism. Among
the many amino acids whose levels are altered by ERK2 inhibition, glutamate was sufficient
to protect cells from low glucose-mediated cell death.

Metabolic stress caused by low glucose levels induces cell apoptosis

A normal blood glucose level is ~ 4-5 mM, and hypoglycemia is defined by a level less than
2.2 mM (Szablewski, 2011). Many studies on the functions of low glucose on cellular
processes use 0 ~ 1 mM glucose as starting levels of glucose (Choo et al., 2010; Inoki et al.,
2003; Lee et al., 2014; Murayama et al., 2008; Roberts et al., 2014). We used 1 mM glucose
as starting low glucose conditions and 5 mM glucose as a control. Cells growing in the
presence of 5 mM glucose continuously proliferated over time course of 60 hrs (Fig. 1A). At
1 mM glucose, cell numbers increased for the first 24 h, but cell proliferation was not
sustained (Fig. 1A). Under these conditions, glucose levels decreased dramatically for the
first 24 h, after which they changed gradually (Fig. 1B). At around 50 h, cell death was
observed morphologically in low glucose conditions (Fig. SLA). By maintaining glucose
levels over a 60h time course, we determined that certain levels of glucose are needed for
optimal proliferation (Fig. 1C). To determine if cell death starting at around 50 h was via
apoptosis, we measured the sub-G1 population, an indicator of DNA fragmentation, a
hallmark of cell apoptosis. Growth in 1 mM glucose led to a profound increase in cell death
(Fig. 1D). We next examined the expression of a critical executioner of apoptosis, caspase 3,
which is activated by cleavage. Cleaved caspase-3 was increased during growth in low
glucose conditions and the level of cleaved poly ADP-ribose polymerase (PARP), an
apoptosis marker, was also increased (Fig. 1E). To determine if the cell death was caspase
dependent or independent apoptosis, we used a pan caspase inhibitor, Z-VAD-FMK, and
found that this inhibitor suppressed cell apoptosis induced by low glucose (Fig. 1F). Taken
together, these results suggest that upon depletion of extracellular glucose, there is a
concomitant increase in cell death that is caspase-dependent.

ERK is a key regulator of low glucose-induced cell apoptosis

To reveal the molecular mechanism by which low glucose induced cell apoptosis, we
performed a kinase inhibitor screen. Surprisingly, we found that a MEK/ERK pathway
inhibitor, U0126, potently suppressed cell death induced by low glucose (Fig. 1G and 1H).
This was interesting because ERKs (ERK1&2) are generally regarded as survival kinases.
Furthermore, another highly specific inhibitor of the MEK/ERK pathway, AZD6244, and
also found to inhibit cell death as determined by cell morphology (Fig. 1G) and by
measuring the sub-G1 population (Fig. 1H). Because inhibition of the ERK pathway blocked
cell apoptosis under our conditions, we next determined whether glucose depletion induced
ERK activation, and if so, when during the starvation process ERKs were activated. ERKs
were not activated when cells were first incubated in 1mM glucose but by ~50 hrs ERKs
became robustly activated (Fig. 11) and this coincided with cleavage of PARP (Fig. 1E). We
also measured cleaved PARP and active caspase-3 in cells growing in the presence of low
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glucose with U0126 or AZD6244. As shown in Fig. 1J and 1K, ERK pathway inhibition
suppressed expression of these apoptosis markers. These results suggest that ERKs are
important mediators of cell death induced under low glucose conditions. This finding was
also confirmed in other cell types including cortical epithelial cells (MCT) (Fig. S1B),
ureteric bud (UB) cells (Fig. S1C), and tubular epithelial cells (HK-2) (Fig. S1D). Inhibition
of ERK pathway also protected primary endothelial cells (Fig. S1E), primary prostate cells
(Fig. S1F), and primary fibroblasts (Fig. S1G) from cell death induced by low glucose. We
suspected that inhibition of ERK pathway might enable cells to consume less glucose,
thereby maintaining cells in the media with higher levels of glucose than control. However,
interestingly, changes of glucose levels in the media were similar irrespective of U0126
treatment (Fig. 1L).

MEK1 and ERK2, but not MEK2 and ERK1, are responsible for cell death induced by low

glucose

It is generally believed that ERK1 and ERK2 play identical roles based on their high
sequence homology (~85%). However, some reports have identified differences in ERK1 vs.
ERK2 signaling (Li et al., 2014; Shin et al., 2010). Because MEK inhibitors, U0126 and
AZD6244, block both ERK1 and ERK2, we wondered if either or both were responsible for
cell death. For this, we knocked down ERK1 or ERK2 using shRNAs (Fig. 2A) and
measured cell apoptosis. As shown in Fig. 2B and 2C, low glucose induced morphological
changes and apoptosis of control cells and ERK1 knockdown cells. However, cells with
ERK2 knockdown did not induce cell morphological changes (Fig. 2B) and failed to
undergo apoptosis (Fig. 2C) when cultured in low glucose. We also measured changes of
cleaved PARP. As shown in Fig. 2D, only ERK2 knockdown suppressed PARP cleavage.
These results indicate that ERK2 but not ERK1 is responsible for cell death. Using different
cell lines such as MCT (Fig. S2A), UB (Fig. S2B), and HK-2 (Fig. S2C) cells, we confirmed
that only ERK2 activation correlated with low glucose-induced cell death. To determine if
knockdown of ERK1 or ERK2 enabled cells to use glucose differentially, we measured
glucose levels in the media. As shown in Fig. 2E, cells consumed similar amounts of
glucose irrespective of the ERK isoforms. ERKSs are directly regulated by MEKs. The MEK
family consists of MEK1 and MEK2, and they also share high sequence homology (~85%).
Despite the current dogma, evidence also exists suggesting different roles for MEK1 and
MEKZ2 under certain conditions (Belanger et al., 2003; Scholl et al., 2009). Therefore, we
knocked down MEK1 or MEK2 and determined their respective roles in cell death.
Interestingly, only MEK1 knockdown cells showed resistance to cell apoptosis (Fig. 2F) and
morphology change (Fig. S2D). We also measured ERK1/2 phosphorylation in these cells.
Consistent with other results, knockdown of MEK1 but not MEK?2, inhibited ERK1/2
phosphorylation and expression of cleaved PARP (Fig. 2G). To confirm isoform-specific
functions of ERKs and MEKSs, we generated knockout cells using CRISPR systems. Similar
to the results from ERK and MEK knockdown, knockout of ERK2 or MEK1 blocked low-
glucose induced PARP cleavage (Fig. 2H and 21). Taken together, these results suggest that
MEKZ1 is responsible for ERK1/2 phosphorylation under glucose-deprivation conditions and
that only ERK2 plays an essential role in the observed cell death. Intrigued by these
findings, we also investigated Raf regulation under low glucose conditions. Rafs are
comprised of A-Raf, B-Raf, C-Raf (Raf-1). Using isoform specific knockdown, we found
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that C-Raf is responsible for ERK activation and cell death in low glucose conditions (Fig.
2J). Because of the isoform-specific functions of ERKs and their upstream molecules, we
wondered if activation of RSK, a downstream target of ERK, was also dependent on ERK
isoforms. We found that RSK was activated when ERK was phosphorylated and inhibition
of ERK blocked RSK phosphorylation under low glucose conditions (Fig. 2K). However,
both ERK1 and ERK2 knockdown decreased RSK phosphorylation, suggesting that RSK
phosphorylation is not ERK isoform specific (Fig 2L).

ERK?2 inhibits PERK/Akt-mediated adaptation/survival signaling

As glucose levels are reduced, cells initially respond to the increasing metabolic stress by
activating adaptation/survival signaling to promote cell survival. However, survival cannot
be maintained with continued metabolic stress and eventually cell death signals are
activated. One of the main mechanisms for the protection of cells during metabolic stress is
inhibition of MRNA translation as this is a major energy consuming process. nTORC1 is a
key complex that senses nutrient availability and controls mRNA translation. To monitor
mTORC1 activity, we measured phosphorylation of 4E-BP1, a direct substrate of mMTORC1.
As shown in Fig. 3A, 4E-BP1 phosphorylation started to decrease around 18 h. We next
examined Akt, a well-known survival factor and upstream regulator of mTORC1.
Surprisingly, Akt phosphorylation started to increase around the time when mTORC1
became inactive, and decreased around the time when ERK2 was highly phosphorylated and
cell apoptosis occurred (Fig. 3A). We confirmed Akt and ERK signaling using a flow
cytometer (Fig. S3A). To determine if Akt functions as a survival factor, we treated cells
with Akt-specific inhibitors, MK-2206 and HY-10355. These inhibitors efficiently blocked
Akt phosphorylation (Fig. S3B), accelerated cell apoptosis in low glucose conditions (Figs.
3B and S3C). However, Akt inhibitors did not induce apoptosis of cells growing in 5 mM
glucose conditions (Figs. S3D and S3E). We also expressed a constitutively active
membrane targeted form of the catalytic domain (p110) of human PI3K, an upstream
activator of Akt, and also observed inhibition of PARP cleavage in low glucose conditions
(Fig. 3C). We next investigated the mechanism by which Akt was activated by metabolic
stress. Glucose is important for protein folding and stability because glucose metabolites are
used by the endoplasmic reticulum (ER) for protein N-linked glycosylation, a post-
translational modification that attaches carbohydrates to proteins (Altman and Rathmell,
2012). Therefore, reduced glucose evokes ER stress that activates the unfolded protein
response (UPR) which suppresses mMRNA translation and reduces ER stress (Altman and
Rathmell, 2012). Among three key proteins for UPR, PERK is the first to be activated by
autophosphorylation and plays an essential role in UPR and cell adaptation/survival
(Szegezdi et al., 2006). Therefore, we assessed whether low glucose induced PERK
activation as evidenced by a band shift. As shown in Fig. 3D, low glucose increased PERK
activation. Interestingly, PERK activity was upregulated (18h) (Fig. 3D) when Akt was
activated (18h) (Fig. 3A). Therefore, we asked if PERK was responsible for Akt activation.
For this, we used a highly specific PERK inhibitor, GSK2606414 (Axten et al., 2012). As
shown in Fig. 3E, this inhibitor decreased PERK activity and Akt phosphorylation. We also
knocked down PERK and found that decreased PERK protein inhibited Akt phosphorylation
(Fig. 3F). Taken together, these results suggest that low glucose induces the UPR response
that activates PERK and Akt to protect cells from death. We then determined if low glucose-
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induced signaling is similar to the signaling pathways induced by pharmacological inducers
of ER stress or apoptosis. We first used tunicamycin and thapsigargin that inhibit the first
step of glycosylation and the ER Ca-ATPase, respectively. As shown in Fig. 3G and 3H, ER
stress inducers, unlike low glucose, increased PERK activation and inhibited
phosphorylation of Akt and ERK at early time points. In addition, inhibition of ERKSs did
not prevent cell death induced by these ER stress inducers (Fig. S3F). We next used stress
and death inducers that are involved in inhibition of transcription (actinomycin D),
inhibition of mMRNA translation (cycloheximide), inhibition of a broad spectrum of kinases
(staurosporine), and induction of DNA damage and reactive oxygen species (camptothecin
and etoposide). As shown in Fig. S3G, the stress and death responses induced by these
pharmacological drugs were not similar to low glucose-induced signaling. Furthermore,
inhibition of ERK pathway did not prevent cell death induced by these drugs (Fig. S3H).
These results suggest that low glucose-induced cell protection and death signaling are
different from pharmacological inducers of ER stress and cell death.

Since ERK pathway inhibition led to suppression of low glucose-induced cell apoptosis, we
wondered if this was linked to the cellular adaptation/survival mechanism utilizing UPR and
Akt phosphorylation and activation. For this, we blocked the ERK pathway and found that
ERK inhibition resulted in sustained Akt phosphorylation in low glucose conditions (Fig.
31). ERK2 knockdown or knockout cells also exhibited higher Akt phosphorylation (Figs. 3J
and 3K). Since PERK was responsible for Akt phosphorylation, we examined the
relationship between PERK and ERK. As shown in Fig. 3L and Fig. 3M, cells with ERK
inhibition or ERK?2 knockdown showed increased PERK activation. These results suggest
cells activate PERK/AKt survival signaling under the initial metabolic stress conditions, but
subsequent activation of ERK2 as energetic stress increases, inhibits PERK and Akt
activation and cell survival. Similar results were observed in primary endothelial cells (Fig.
S3l), primary prostate cells (Fig. S3J), and primary fibroblasts (Fig. S3K).

Low glucose-induced ERK2 phosphorylation activates the death machinery

Next we investigated the mechanisms by which ERK2 promotes cell death. Although ER
stress-induced UPR protects cells from cell death, long-term ER stress eventually leads to
cell death. However, the mechanisms responsible for this transition are unclear. Based on
the change of PERK activity (Fig. 3D) and PERK’s role as an elF-2a kinase, we examined
the phosphorylation of elF2a, an important regulator of mMRNA translation. We expected
that elF-2a phosphorylation would be strongly increased upon PERK activation and
decreased by PERK inactivation. As shown in Fig. 4A, 5 mM glucose did not induce a
significant change in elF2a phosphorylation, however, under low glucose conditions, an
increase of elF2a, phosphorylation was observed around the time when PERK was activated.
Interestingly, however, elF-2a phosphorylation was further increased at the later time point
(54 h) (Fig. 4A) when ERK became highly phosphorylated (Fig. 3A). Intrigued by this
finding, we examined a downstream target of elF2a, ATF4. Although elF2a
phosphorylation suppresses general MRNA translation, it also promotes the translation of
certain transcripts such as ATF4. We found that the ATF4 protein level was increased at a
later time point (54 h) when p-elF2a was further increased, but not around 18h when PERK
phosphorylation increases (Fig. 4A). These findings suggested that other pathways, possibly
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another elF2a kinase, were responsible for elF2a phosphorylation and ATF4 expression.
Therefore, we performed additional studies to further define the mechanism. It has been
shown that different stresses increase elF-2a phosphorylation by different kinases. For
example, PERK, GCN2, PKR, and HRI directly phosphorylate elF-2a induced by ER stress,
amino acid deprivation, dsRNA, and low levels of heme, respectively (Koromilas and
Mounir, 2013). Based on the fact that glucose is used for biosynthesis of amino acids,
nucleotides, and lipids (Cantor and Sabatini, 2012), we hypothesized that the shortage of
glucose might disrupt amino acid metabolism, which activates GCN2 and then increases
elF-2a phosphorylation and subsequent ATF4 expression. To prove this, we first knocked
down GCN2 and analyzed phospho-elF2a/ATF4 levels and cell apoptosis. As shown in Fig.
4B and Fig. 4C, knockdown of GCN2 blocked the increase of phospho-elF-2a and ATF4
levels, and inhibited cell death induced by low glucose. ATF4 has dual functions, anti-
apoptosis or pro-apoptosis, depending on cellular context (Hetz, 2012). Therefore, we next
determined if ATF4 played a role in cell apoptosis under low glucose conditions. For this,
ATF4 was knocked down or overexpressed in cells. As shown in Fig. 4D, 4E, and S4A,
knockdown of ATF4 inhibited PARP cleavage and apoptosis. Whereas overexpression of
ATF4 accelerated cell death at an early time point when most control cells were still alive
(Fig. 4F, 4G, and S4B). Taken together, our results suggest that the GCN2/elF-2a/ATF4
pathway is required for low glucose-induced cell death. We next asked if ERK2 is
responsible for the activation of this pathway. As shown in Fig. 4H, inhibiting the ERK
pathway decreased phospho-elF-2a and ATF4 expression as did knockdown of ERK2, but
not ERK1 (Fig. 4l).

ERK?2 regulates low glucose-induced cell death by modulating ATF4-dependent c-Fos, Bid,
and TRB3 expression

Since ATF4 is a transcription factor, we wondered which genes were regulated by the
ERK2/ATF4 pathway. For this, we screened for genes known to be involved in cell
apoptosis (Fig. S5) using gPCR analysis after ERK pathway inhibition (Fig. 5A). Among
these, BBC3 (PUMA), BID, FOSL1 (FRA1), MCL1, TRIB3 (TRB3), FOS (c-Fos), and
TNF (TNFa) mRNA levels were changed significantly by low glucose and these changes
were blunted by ERK pathway inhibition (Fig. 5B). To determine if these genes were
regulated by ATF4, we performed gPCR in ATF4 knockdown cells. As shown in Fig. 5C,
mRNA levels of BID, FOS, TRIB3, and TNF were affected, whereas BBC3, FOSL1, and
MCL1 mRNA levels were not significantly changed by ATF4 knockdown. Next, we
determined if mMRNA levels of the genes affected by ATF4 were regulated by only ERK2.
As shown in Fig. 5D, only ERK2 not ERK1 affected their expression. The transcription
factor c-Fos drew our attention because it can interact with ATF4 to form a transcriptional
heterodimer with increased activity (Hai and Curran, 1991) and therefore could potentially
be responsible for the induction of some of the other genes regulated by ERK2/ATF4
pathway (Figs 5B and 5C). Indeed, we found that knockdown of c-Fos significantly
suppressed the expression of TNFa and TRB3 (Fig. 5E).

Phosphorylation of elF2a suppresses general translation, but activates translation of certain
MRNAs under stress conditions. Therefore, we wondered if the mMRNAs regulated by ERK2/
ATF4 corresponded with increased protein levels. As shown in Fig. 6A, TRB3 and c-Fos
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protein levels were increased by low glucose and decreased by ERK inhibition. Like mMRNA
levels, TRB3 and c-Fos proteins were regulated by ERK2 not ERK1 (Fig. 6B) and ATF4
(Fig. 6C). Because ERK inhibition dramatically decreased mRNA levels of Bid, a well-
known proapoptosis molecule, we also examined its protein level and found that knockdown
of ERK2 (Fig. 6D) and ATF4 (Fig. 6E) decreased Bid levels. Although TNFa mRNA levels
increased, protein levels were not affected under low glucose conditions (Fig. 6F). We next
examined if these proteins are involved in cell death. Using ShRNAS against c-Fos, Bid, and
Trb3, we found that knockdown of these genes inhibited low glucose-induced cell death that
was measured at 54 h (Fig. 6G and Fig. S6A). Whereas Fos and Trb3 knockdown, like ERK
inhibition, delayed the onset of cell death even at 66 h, Bid knockdown did not (Fig. S6B),
suggesting that Fos/Trb3 pathway may be the main targets of ERK-mediated cell death in
low glucose conditions. We also used a TNFa antagonist, but it did not block cell apoptosis
(Fig. S6C). Interestingly, TRB3 is known as an Akt inhibitory protein by directly binding to
it (Du et al., 2003). Therefore, we knocked down TRB3 and found that reduced TRB3 levels
increased Akt phosphorylation (Fig. 6H). TRB3 is also known to positively regulate ERK
signaling (lzrailit et al., 2013). Based on our finding that inhibition of ERK sustained PERK
activation (Figs. 3L-3M), we were also interested in the link between TRB3 and PERK. As
shown in Fig. 6H, TRB3 knockdown decreased ERK phosphorylation while it induced
PERK activation. Combining our results and a previous report that TRB3 is a direct inhibitor
of Akt (Du et al., 2003), it appears that ERK-induced TRB3 suppresses Akt activity via
direct binding and indirectly by further promoting ERK signaling as part of a positive
feedback switch that inhibits PERK/AKkt (Figs. 31-3M). Taken all together, our results
suggest that ERK2/ATF4 coordinates the upregulation of another transcription factor (c-
Fos), a pro-apoptotic Bcl-2 family member (Bid), and negative regulator of Akt (Trb3) to
regulate cell death (Fig. 61).

Inhibition of ERK2 protects cells from death by modulating glutamate and glutamine

Our results suggest that when energetic stress becomes extreme, cells activate ERK2 to
irreversibly induce cell death by inhibiting Akt survival signaling engaged during the
adaptation phase and by inducing activators of the apoptotic machinery. To investigate this
process further, we characterized the relationship between ERK2 and cellular metabolism in
cells growing in low glucose with or without an ERK pathway inhibitor. Metabolomic
analysis by targeted mass spectrometry (Yuan et al., 2012) indicated a correlation with
ERK?2 inhibition and a dramatic increase in the levels of most amino acids with the
exception of aspartate, which was decreased (Figs. S7A, S7B, 7A, and S7C). To determine
if the change in amino acid levels contributed to cell survival, we supplemented the culture
media with specific amino acids. Re-addition of many amino acids such as serine did not
show any protective effect against cell death induced by low glucose-induced stress (Fig.
7B). However, re-addition of glutamine partially blocked cell death and interestingly,
glutamate dramatically blocked cell death (Fig. 7B). Addition of a stress-induced amino
acid, aspartate, did not accelerate cell death (Fig. S7C). Using low concentrations of
glutamate, we determined if re-addition of any of the other amino acids had additive or
synergistic effects on cell death. As shown in Fig. 7C, only the combination of low
concentration of glutamate with glutamine exhibited a very strong anti-apoptotic effect. We
next determined if glutamate and/or glutamine affected cell adaptation and death
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machineries. As shown in Fig. 7D, the combination of these amino acids blocked the
increase of phospho-elF2a and ATF4, and increased Akt phosphorylation. Further studies
revealed that only ERK2 knockdown increased glutamate and glutamine (Figs. 7E and 7F).
Taken together our results suggest that low glucose induces apoptosis through the ERK2/
elF-2a/ATF4-dependent pathway and blocking the ERK pathway leads to changes of
cellular metabolism, which result in sustaining the Akt-dependent adaptation and inhibition
of elF-2a/ATF4-dependent cell death. Intrigued by our findings, we further studied the
mechanisms by which glutamate protected cell death induced by low glucose. Through the
transamination process, glutamate plays a central role in synthesizing new amino acids
(Newsholme et al., 2003). Glutamate is also involved in biosynthesis of a-ketoglutarate and
glutathione, a key intermediate in TCA cycle and an important antioxidant, respectively
(Newsholme et al., 2003). Because the addition of other amino acids did not show a
profound protective effect, we examined glutamate’s possible connection with a-
ketoglutarate and glutathione and found that a-ketoglutarate level was increased by ERK
pathway inhibition (Fig. S7D). Interestingly, other TCA cycle intermediates exhibited the
same pattern (Fig. S7D). Under low glucose conditions, oxidized glutathione (GSSG)
dramatically increased and ERK inhibition reduced its level (Fig. 7G). However, reduced
glutathione (GSH) level was further decreased by ERK inhibition making the GSSG/GSH
ratio, a marker of oxidative stress, similar irrespective of ERK inhibition under low glucose
conditions (Fig. 7G). These results suggest that a-ketoglutarate not glutathione may be
linked to glutamate’s protective effect under low glucose conditions. We next examined if
addition of a-ketoglutarate rescued cell death under low glucose conditions. As shown in
Fig. 7H, it potently blocked cell death. Although glutathione exhibited a protective effect, it
was not as profound as a-ketoglutarate (Fig. 7H). Since both a-ketoglutarate and glutathione
showed protective effects, we wondered if a-ketoglutarate and glutathione could function
similarly to ERK inhibition or glutamate in low glucose conditions. As shown in Fig. 71, a-
ketoglutarate decreased ERK phosphorylation, elF2a phosphorylation and cleaved PARP,
while it increased PERK and Akt phosphorylation. Glutathione also showed similar effects
but they were not as profound as a-ketoglutarate.

Discussion

Little is known about the detailed connections between ER stress, UPR, and cell death.
Moreover, most studies on ER stress-induced UPR and cell death use high doses of various
pharmacological inducers (e.g. tunicamycin, thapsigargin, and DTT) of ER stress (Hetz,
2012). As a result, UPR-mediated adaptation signaling and death signaling occur with
virtually identical kinetics, making it difficult to dissect the mechanisms underlying these
different signaling processes (Hetz, 2012). Considering this, it is not unexpected that there
are similarities and discrepancies between our low glucose-induced ER stress results and
other reports. For example, some studies using pharmacological ER stress inducers show
Akt inactivation by ER stress, sustained high PERK activity during ER stress and apoptosis,
or rapid cell death by PERK-mediated elF2a phosphorylation (Hetz, 2012; Merksamer and
Papa, 2010). Our studies suggest that there are three distinct but connected signaling phases
regulated under mild to severe metabolic stress conditions. In the first phase, cells grow and
proliferate with well-characterized and interconnected homeostatic pathways. In the second
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phase, cells respond to mild metabolic stress by inhibiting mTORCL1 signaling and activating
PERK/Akt-mediated adaptation/survival signaling. Finally, during the last phase, when cells
cannot overcome more severe stress, they respond by activating ERK2/ATF4-mediated
signaling, which blocks adaptation/survival signaling and induces cell death.

Here we show that during the last phase, the ERK2/ATF4 pathway determines cell fate by
inducing the c-Fos transcription factor, the Akt inhibitor and anti-survival protein Trb3, and
the pro-apoptosis protein Bid. Interestingly, ATF4 has been shown to homodimerize or
heterodimerize with other transcription factors such as c-Fos (Hai and Curran, 1991), and
ERK stabilizes the c-Fos protein by direct phosphorylation (Murphy et al., 2002). Based on
these and our findings, it appears that in the context of ER and energetic stress, ERK2
induces ATF4, ATF4 increases c-Fos mRNA/protein, and ERK?2 stabilizes c-Fos protein to
further activate ATF4, thus positively regulating each other to synergistically induce cell
death. Additionally, the common target of ATF4 and c-Fos was Trb3. ERK2 activation
increased Trb3, a direct binding inhibitor of Akt (Du et al., 2003). Akt promotes cell
survival under low glucose conditions (Chopra et al., 2012; Lee et al., 2014) and ER stress
conditions (Bobrovnikova-Marjon et al., 2012), and it prevents GCN2 activation by an
unknown mechanism (Koromilas and Mounir, 2013). However, Trb3 also promotes ERK
activation (lzrailit et al., 2013). Therefore, it is possible that ERK2/GCN2/elF2a/ATF4
dependent Trb3 expression inhibits Akt survival signaling while also further promoting ERK
and GCN2 activation and induction of ATF4-dependent apoptosis. Lastly, we show that
ERK2 regulates Bid (BH3-interacting domain death agonist). Bid regulates mitochondrial
apoptotic pathway and amplifies caspase signaling (Czabotar et al., 2014). Therefore, it
seems that ERK2/ATF4 also regulates Bid expression to collaborate with Trb3 and Fos to
execute cell apoptosis under metabolic stress. Taken together, our results suggest that
ERK2-dependent cell death under metabolic stress requires cellular signaling that mediates
communication between cell survival molecules and apoptotic molecules.

Here, we demonstrate that under conditions of energetic and ER stress, only MEK1
activated ERKs, and ERK2 not ERK1 induced cell death through an ATF4-dependent
regulation of c-Fos, Trb3, and Bid expression. Interestingly, MEK1 or ERK2 knockouts are
embryonic lethal whereas MEK2 and ERK1 are not (Belanger et al., 2003). It is still not
fully understood why MEK and ERK isoforms are functionally similar in many cellular
processes but different under certain conditions. Some of the reasons for this functional
difference may be due to different interacting molecules or differential cellular localization,
which are dependent on cellular context. Our results and growing evidence from others (Li
et al., 2014; Shin et al., 2010) suggest that although protein isoforms are physically and
structurally similar, they are not functionally alike in certain cellular processes such as
metabolic stress-induced cell death process.

ERKs are also generally regarded as positive regulators of mMRNA translation (Hay and
Sonenberg, 2004). However, our study shows that ERK2 may attenuate mRNA translation
under metabolic stress conditions by increasing phospho-elF2a although translation of
certain transcripts such as ATF4 is not inhibited. Taken together, it seems that ERKs can
function as pro-apoptotic molecules under certain highly stressful conditions. Since ERKSs
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are regarded as strong therapeutic targets in many diseases, it will be important to determine
which functions of ERKSs, survival or cell death, predominate in certain diseases and tissues.

Since a variety of cellular stresses lead to disruption of metabolic homeostasis and
subsequent cell damage and death, finding a way to reorganize metabolism for cell survival
is of physiological and pathological importance. From metabolite profiling, we found that
ERK2 inhibition changed amino acid levels significantly, and glutamate, alone or with
glutamine, protected cell death induced by metabolic stress. Recent studies showed that
amino acid-induced signaling is essential for cell survival and proliferation. For example,
leucine, arginine, and glutamine activate the mTOR/S6K pathway for cell proliferation and
survival (Gallinetti et al., 2013). Serine has also received much attention recently because its
metabolism plays a central role in the synthesis of nucleotides, proteins, and lipids required
for cell proliferation (Amelio et al., 2014). Although inhibition of ERK led to changes in the
levels of many amino acids, glutamate was the major survival factor as cell death could be
rescued upon its re-addition to the low glucose media. It is not clear why glutamate is more
effective than glutamine considering glutamine can be converted to glutamate. It is possible
that the efficiency of the metabolism of glutamine to glutamate and/or glutamine uptake is
low under low glucose conditions. The function of glutamate is not understood in many cell
types and under various cellular conditions. Glutamate is not only an important source of
nitrogen metabolism that is used for the synthesis of new amino acids and TCA cycle
intermediates, but also a key factor for balancing redox potential (Newsholme et al., 2003).
Our studies suggest that ERK2 is involved in reprogramming glutamate metabolism and the
TCA cycle under low glucose conditions. Controlled cell growth, proliferation, and survival
require maintenance of at least three major factors: energy (ATP), macromolecules
(carbohydrates, proteins, lipids, and nucleic acids), and redox balance (Cairns et al., 2011).
The TCA cycle functions as a central hub to provide ATP and building blocks of many
macromolecules such as nucleotides and amino acids (Cairns et al., 2011). In addition, the
TCA cycle is one of the sources of NADPH, which provides reducing power that is
important for macromolecule biosynthesis and ROS scavenging (Cairns et al., 2011).
Considering the key roles of this cycle in the maintenance of cell growth and survival,
reprogramming of the TCA cycle under low glucose conditions may provide stronger anti-
apoptotic effects than modulating any single factor such as redox balance. In this regard,
ERK2 seems to be an important mediator between cell metabolism and death under low
glucose-mediated stress.

Metabolic homeostasis is adjusted and maintained through both external and internal factors.
Despite the intricate mechanisms evolved to maintain levels of nutrients in cells and tissues,
mildly or severely decreased glucose levels can be caused by inadequate intake/absorption
of food (e.g. due to fasting, improper/unbalanced diet, excess alcohol consumption, effects
from medication), or unbalanced internal factors such as in endocrine disorders (e.g. adrenal
insufficiency, pituitary gland malfunction), organ failure (e.g. liver failure, kidney failure),
and cancer (e.g. pancreatic cancer, liver cancer). A common example in which maintaining
metabolic homeostasis is a struggle can occur in type | diabetics following insulin injection,
which can result in plasma glucose concentrations of less than 1 mM (Cryer, 2007). The
symptoms of hypoglycemia range from mild discomfort to severe confusion, seizures, coma,
and brain damage (Szablewski, 2011). Furthermore, some diseases such as diabetes, chronic
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kidney disease, and acute coronary syndromes are associated with higher death rate due to
hypoglycemia (Cryer, 2012; Kosiborod et al., 2008; Moen et al., 2009). Although the
mechanisms for this are not well understood, recent clinical evidence suggests that even
acute hypoglycemia induces endothelial dysfunction in humans (Ceriello et al., 2013; Wang
et al., 2012), which is one of the reasons of increased cardiovascular risk and vascular
complication in diabetes (Wright and Frier, 2008). Based on our results that connect cellular
signaling, metabolism, and cell fate under metabolic stress conditions, our studies suggest
that certain metabolites such as glutamate, or manipulation of the signaling enzymes such as
ERK2 that regulate metabolism, can provide beneficial effects for these pathophysiological
conditions and disorders.

Experimental Procedures

TNFa assay

Secreted TNFa level was determined using TNFa ELISA kit (Life Technologies) according
to the manufacturer’s instruction. Briefly, cell culture media with different conditions were
collected and used with or without concentration using Amicon centrifugal filter units
(Millipore). TNFa standards and cell culture samples were incubated in human TNFa
antibody coated wells for various time (2 h ~ overnight). Manufacture’s instruction was used
with these various conditions.

Quantitative RT-PCR analysis

Total RNA was isolated using RNeasy mini kit (Qiagen) and first strand cDNA was
prepared using superscript I11 first-strand synthesis supermix kit (Life Technologies)
according to the manufacturers’ protocol. Quantitative PCR was performed using
QuantiTect SYBR green gPCR kit on Roche LightCycler 480. Pre-designed KiCqgStart
SYBR Green Primers were purchased from Sigma and melting curve analysis was
performed at the end of PCR. All experiments were performed in triplicate and repeated at
least three times.

Metabolite profiling and analysis

Cells were harvested in triplicate, and intracellular metabolites were extracted using 80%
(v/v) aqueous methanol. Targeted liquid chromatography - tandem mass spectrometry (LC-
MS/MS) was performed using a 5500 QTRAP triple quadrupole mass spectrometer (AB/
SCIEX) coupled to a Prominence UFLC HPLC system (Shimadzu) with Amide HILIC
chromatography (Waters). Data were acquired in selected reaction monitoring (SRM) mode
using positive/negative ion polarity switching for steady-state polar profiling of more than
260 molecules. Peak areas from the total ion current for each metabolite SRM transition
were integrated using MultiQuant v2.0 software (AB/SCIEX). Informatics analysis was
carried out using MetaboAnyst.ca free online software.

Glutamate and glutamine analysis

Intracellular glutamate and glutamine levels were measured using the kits for glutamate
assay (Sigma) and glutamine assay (Abnova) according to the manufacturers’ instructions.
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Flow cytometry

To measure cell apoptosis, the sub-G; cell population was measured using flow cytometry

as described previously (Chen et al., 2010). Cellular phospho-Akt and phospho-ERK levels
were measured using Cell Signaling Technology antibodies according to the manufacture’s
instruction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Low glucose induces cell apoptosis through ERK
Data are representative of at least three independent experiments. Where applicable, data are

the means £ SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t-test. (A) HEK293
cells growing in the presence of 5 mM or 1 mM glucose were counted at the indicated time
points. (B) HEK293 cells were incubated in 1 mM glucose media as starting levels of
glucose. Media were collected at the indicated time points and glucose levels were
measured. (C) HEK293 cells were incubated in the media with constant glucose levels and
cell numbers were counted at the indicated time points. (D) HEK293 cells were incubated in
the presence of 5 mM or 1 mM glucose for 54 h, and apoptosis was measured as the
percentage of subG1 cells. (E) HEK293 cells growing in the presence of 5 mM or 1 mM
glucose were lysed and immunoblot analysis was performed. (F) HEK293 cells growing in
the presence of 1 mM glucose for 36 h were treated with a caspase inhibitor for an additional
18 h and cell apoptosis was measured. (G-H) HEK293 cells treated with 10 M U0126 or 4
M AZD6244 were grown in the presence of 1 mM glucose for 54 h. Cell images were taken
(G) or apoptosis assay was performed (H). Scale bar, 50 m. (1) HEK293 cells were
incubated in the presence of 5 mM or 1 mM glucose. Cells were lysed at the indicated time
points and immunoblot analysis was performed. (J-K) HEK293 cells treated with 10 M
U0126 (J) or 4 M AZD6244 (K) were grown in the presence of 1 mM glucose. Cells were
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lysed at the indicated time points (J) or at 54 h (K), and immunoblot analysis was
performed. (L) HEK293 cells grown in the presence of 1 mM glucose as starting levels of
glucose were treated with DMSO or 10 M U0126. Media were collected at the indicated
time points and glucose levels were measured. See also Fig. S1.
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Fig. 2. MEK1 and ERK2 regulate low glucose-induced cell apoptosis
Data are representative of at least three independent experiments. Where applicable, data are

the means £ SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t test. (A-D) Stable
HEK293 cells were generated using ERK1 or ERK2 shRNAs (A). Cells were grown in the
presence of 1 mM glucose for 54 h. Cell images were taken (B), apoptosis assay was
performed (C), or immunoblot analysis was performed (D). Scale bar, 50 m. (E) Stably
knocked down HEK?293 cells with ERK1 or ERK2 shRNAs were grown in the presence of 1
mM glucose as starting levels of glucose. Media were collected at the indicated time points
and glucose levels were measured. (F-G) Stable HEK293 cells were generated using MEK1
or MEK2 shRNAs. Cells were grown in the presence of 1 mM glucose for 54 h. Apoptosis
assay was performed (F) or immunoblot analysis was performed (G). (H-1) Stable ERK1 or
ERK2 (H), MEK1 or MEK2 (1) knockout HEK293 cells were generated using CRISPR
systems. Cells were grown in the presence of 1 mM glucose for 54 h and immunoblot
analysis was performed. (J) HEK293 cells knocked down with A-Raf siRNAs, B-Raf
shRNAs, and Rafl (C-Raf) ShRNAs were incubated in the presence of 1 mM glucose for 54
h and immunoblot analysis was performed. (K) HEK293 cells treated with DMSO or 10 M
U0126 were grown in the presence of 1 mM glucose. Cells were lysed at the indicated time
points and immunoblot analysis was performed. (L) Stable HEK293 cells were generated
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using ERK1 or ERK2 shRNAs. Cells were grown in the presence of 1 mM glucose for 54 h
and immunoblot analysis was performed. See also Fig. S2.
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Fig. 3. PERK/Akt mediates survival signaling in low glucose conditions and Inhibition of ERK2
pathway sustains PERK/Akt pathway

Data are representative of at least three independent experiments. Where applicable, data are
the means + SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t test. (A) HEK293
cells growing in the presence of 1 mM glucose were lysed and immunoblot analysis was
performed. (B) HEK293 cells growing in the presence of 1 mM glucose for 24 h were
treated with 5 pM MK-2206 or 5 M HY-10355 for additional 20 h, and apoptosis assay was
performed. (C) Control or constitutively active PI3K subunit (CAAX-p110) overexpressing
cells were grown in the presence of 1 mM glucose for 54 h and immunoblot analysis was
performed. (D) HEK293 cells growing in the presence of 5 mM or 1 mM glucose were lysed
and immunoblot analysis was performed. (E) HEK293 cells growing in the presence of 1
mM glucose for 12 h were treated with 15 M GSK2606414 for an additional 12 h. Cells
were lysed and immunoblot analysis was performed. (F) PERK knockdown HEK?293 cells
grown in 1 mM glucose media for 24 h were lysed and immunoblot analysis was performed.
(G-H) HEK?293 cells treated with tunicamycin (G) or thapsigargin (H) were grown in the
complete media. Cells were lysed at the indicated time points and immunoblot analysis was
performed. (1) HEK293 cells growing in the presence of 1 mM glucose with or without
U0126 were lysed and immunoblot analysis was performed. (J-K) ERK1 or ERK2
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knockdown (J) or knockout (K) HEK293 cells were grown in 1 mM glucose media for 54 h,
lysed, and immunoblot analysis was performed. (L) The same method was used as described
in (). (M) The same method was used as described in (J). See also Fig. S3.
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Fig. 4. ERK2 regulates GCN2/elF2a/ATF4 pathway
Data are representative of at least three independent experiments. Where applicable, data are

the means + SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t test. (A) HEK293
cells growing in the presence of 5 mM or 1 mM glucose were lysed and immunoblot
analysis was performed. (B-C) GCN2 knockdown HEK293 cells were grown in 1 mM
glucose media for 54 h. Immunoblot analysis was performed (B) or cell apoptosis rate was
measured (C). (D-E) Control or ATF4 knockdown cells were incubated in 1 mM glucose
media for 54 h. Immunoblot analysis (D) or apoptosis assay (E) was performed. (F-G)
Control or ATF4 overexpressing cells were incubated in 1 mM glucose media for 30 h.
Immunoblot analysis (F) or apoptosis assay (G) was performed. (H) DMSO or U0126
treated HEK293 cells growing in the presence of 1 mM glucose were lysed and immunoblot
analysis was performed. (1) ERK1 or ERK2 knockdown cells growing in the presence of 1
mM glucose for 54 h were lysed and immunoblot analysis was performed. See also Fig. S4.
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Fig. 5. ERK2/ATF4 regulates mRNA levels of genes involved in apoptosis
Data are representative of at least three independent experiments. Where applicable, data are

the means + SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t test. (A-B) gPCR
was performed using mRNA from the HEK293 cells grown in the presence of 5 mM or 1
mM glucose with/without U0126 for 50 h (A). Significantly changed mRNA levels of
certain genes are shown in (B). (C-E) gPCR was performed using the mRNA from ATF4
(C), ERK1/2 (D), or c-Fos (E) knockdown HEK293 cells grown for 50 h in the presence of 1
mM glucose. See also Fig. S5.
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Fig. 6. ERK2/ATF4 regulates TRB3, c-Fos, and Bid to induce apoptosis
Data are representative of at least three independent experiments. Where applicable, data are

the means £ SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t test. (A-C)
Immunoblot analysis was performed using the lysates from (A) HEK293 cell grown in 5
mM or 1 mM glucose with/without U0126 for 54 h, (B) ERK1 or ERK2 knockdown cells,
or (C) ATF4 knockdown cells grown in the presence of 1 mM glucose for 54 h. (D-E) Bid
protein levels were determined using ERK1 or ERK2 (D), or ATF4 (E) knockdown cells
grown in the presence of 1 mM glucose for 54 h. (F) Extracellular TNF-a levels were
measured from HEK?293 cells grown in 5 mM or 1 mM glucose with/without U0126 for 54
h, ERK1 or ERK2 knockdown cells, or ATF4 knockdown cells grown in the presence of 1
mM glucose for 54 h. (G) Stably knocked down HEK293 cells with c-Fos, Bid, or Trb3
shRNAs were grown in the presence of 1 mM glucose for 54 h. Immunoblot analysis was
performed or cell death rate was measured. (H) Immunoblot analysis was performed using
the lysates from Trb3 knockdown cells grown in the presence of 1 mM glucose for 54 h. (1)
Schematic diagram of cell adaptation and death signalings under low glucose conditions.
See also Fig. S6.

Mol Cell. Author manuscript; available in PMC 2016 August 06.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Shin et al. Page 25
A panine Asparagine Glutamate Glutamine B wl:
1 —_—
18 | 10 - 10 = | @
05 05 05 == 508 B 30
00 00 00 00 g
95 05 45 o5 2
- — . | e 820
5 10! L aol— . 2
DMSO U0126 DMSO U0126 DMSO U0126 DMSO U0126 <
1 mM Glucose 1 mM Glucose 1 mM Glucose 1 mM Glucose 10
Histidine L 0
15 10 - 5 10 e Con Ala Asn Glu Gin His lle Leu Met Phe Pro Ser Thr Tyr
i3 | o 10 05
L = 05/ N .
00 o 00 05 Cc
bl B 05| 1o} w04z
= — Aplmmm
DMSO U026 DMISO U126 DMSO 0126 owso vorzs, 2
TrM Glucose TmM Glucose TrM Glucose TmMGucose O
=3
Proline Serine Threonine Tyrosine 22
18 10 -— 15 <
10 10 | os 10] ]
25 - 00 05 = Fo l—"-|
00 05 004
o8 |
So/ 05 40 0% 0
e 15 g el £ o 0 S 30 PP P O o o
owso urs,  owso iz, * pwso wizs  owso oias o 07 & 0% S W 0 € e
TmM Glucose TmM Glucose TrM Glucose TrM Glucose [ 0‘ N T ¥ ¥ o
* F 2 * -
2 ®
H £
£ E 15
Glutamate (mM) - 0.2 8 8
5 2 58
Glutamine (mM) - 1 29 2%
[ [N
Cleaved PARP | W P ]
P-GCN2 [ == s 5 s
o o
GCN2 [ = = "
AL B Control 21 2y Control 1 2 1 2
_
P-elF2a [ = ERK1 ShRNA ERKZ ShRNA ERK1 ShRNA ERK2 ShRNA
elF20 [ w v
G o =GSH H 50 aKG - 4 -
P-Akt = S0 GSH - - +
a2 GSHIGSSG 40 El Cleaved PARP
Akt |- - 2 500 2
L E==-
Actin | e w— o g ctin
2 300 2 20 2
= 200 =
2 EaRT)
& 100
0 0
5mM 1 mM 1 mM Control a-KG ~ GSH
Glucose  Glucose  Glucose
+U0126
| Gontrol aKe . Control GSH
12 18 24 30 36 4248 54 60 12 18 24 30 36 42 48 54 60 (h) 12718124:30.30 42 48 54.60 1218 24.30.30 424834 20 (1)
Cleaved PARP - .- — =] Cleaved PARP
= o o 0 % e e e e 0 0 e | PERK o e i 0 0 0 o | PERK
e cemes - ce=seee PAL - ree- === PAt
[ - - ] Akt ceserceccrecsneeee--e At
== P-ERK1/2 == =| P-ERK1/2
et R gt T I I T T T LT T ¢ o ERK1/2
rr— P-elF2a T - 7| p-elF2a
elF2a elF2a
Actin Actin

Fig. 7. Glutamate protects cells from cell death induced by low glucose
Data are representative of at least three independent experiments. Where applicable, data are

the means + SEM of three separate experiments performed in triplicate. Results were
statistically significant (*, p < 0.01) as assessed by using the Student’s t test. (A) Metabolites
from HEK?293 cells grown in the presence of 1 mM glucose for 54 h with or without U0126
were analyzed. Box plots show individual amino acids significantly changed by U0126. (B)
HEK?293 cells grown in the presence of 1 mM glucose for 36 h were treated with 2 mM
amino acids. After 18 h, cell death was measured. (C) HEK293 cells grown in the presence
of 1 mM glucose for 36 h were treated with both glutamate (200 M) and other amino acids
(1 mM). After 18 h, cell death was measured. (D) HEK293 cells grown in the presence of 1
mM glucose for 36 h were treated with 200 M glutamate and 1 mM glutamine. After 18 h,
cells were lysed and immunoblot analysis was performed. (E-F) ERK1 or ERK2 knockdown
HEK?293 cells were grown in 1 mM glucose media for 54 h, and glutamate (E) and
glutamine (F) levels were measured. (G) The levels of GSH and GSSG from HEK293 cells
grown in the presence of 1 mM glucose for 54 h with or without U0126 were analyzed. (H)
HEK293 cells grown in the presence of 1 mM glucose for 36 h were treated with a-
ketoglutarate (1 mM) or cell permeable glutathione (1 mM). After 18 h, cell death was
measured or cells were lysed and immunoblot analysis was performed. (1) HEK293 cells
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treated with a-ketoglutarate (1 mM) or cell permeable glutathione (1 mM) were grown in
the presence of 1 mM glucose. Cells were lysed at the indicated time points and immunoblot
analysis was performed. See also Fig. S7.
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